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PREFACE

In  spite of th e  trem endous progress th a t  has been m ade in  the p rev en tio n  
an d  trea tm e n t o f infectious diseases th e  problem  of enteric in fections 
can by  no m eans be regarded as o u td a ted . W e still h ea r about o u tb reak s  
o f cholera, an d  recently  a  dysen tery  epidem ic w ith  m ore th an  8000 f a ta l  
cases was caused by  Shigella dysenteriae 1, a m icroorganism  which w as 
th o u g h t to  have en tire ly  disappeared. D ysen tery  due to  Sh. sonnei a n d  
Sh. flexneri continues to  appear all over th e  world. T he cases are less d a n ­
gerous bu t n o t infrequently  th ey  respond  to  th e ra p y  poorly  and are lia b le  
to  have a p ro tra c ted  course. The im portance o f ty p h o id  fever and sa lm o ­
nelloses m ust n o t be underestim ated  either. Some m em bers of the  Escheri­
chia coli group p lay  a  more im p o rtan t p a r t  in  hum an  an d  anim al p a th o lo g y  
th an  i t  has previously been supposed.

I t  would ap p ear th a t ,  especially in  th e  highly industrialized coun tries 
w ith  a  d ram atic  developm ent in public installa tions like piped w ate r s y s ­
tem s, drainage, sewage trea tm en t and  w ith  an  adequate  control of “n o x io u s” 
foodstuffs, such infections can be strong ly  re stric ted  and  perhaps co m ­
pletely  elim inated.

E xpectations, however, have only been p artia lly  fulfilled. By th e  f irs t  
h a lf of our cen tu ry  m orbidity  due to  these diseases h ad  decreased, a n d  
th e  endemic areas h ad  in m any countries been to ta lly  or, a t least, p a r t ly  
elim inated. B u t no fu rth e r im provem ent has occurred an d  there has ev e n  
been a deterio ra tion  in th e  last 30 years.

The developm ent o f san itary  insta lla tions has been slower th an  w o u ld  
have been necessary  even in th e  rich est countries, especially as reg a rd s  
th e  q u an tity  an d  quality  of drinking w ater, dra inage and  the  n eu tra liz a ­
tion  of sewage. T his is typ ical no t on ly  of industrialized  areas, bu t also o f  
sm aller tow ns an d  even of ru ral d istric ts. As a  resu lt of this p a rad o x ia l 
situation , w ater- an d  food-borne epidem ics again occurred in the  m o st 
developed countries, e.g. the  recen t epidem ic of ty p h o id  fever conveyed  
b y  po ta to  salad  in  B aden-W ürttem berg , F.It.Gr. M echanized an im al-hus­
b andry  and  th e  m eat processing in d u s try  have helped to  spread certa in  e n ­
teric  bacteria.

The s itu a tio n  is even more alarm ing  in  countries of th e  th ird  w o rld . 
According to  th e  d a ta  of W HO, ev ery  year ab o u t 500,000,000 people a re  
affected by infection  w ith  enteric bac teria . W ate r and  food-borne in fec ­
tions regularly  occur in  these countries, where p iped w ater, drainage a n d
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sewage trea tm en t are alm ost unknow n. In  addition, undernourishm ent 
o f th e  population renders them  m ore susceptible to  these  pathogenic 
bacteria.

Escherichia coli an d  Shigella can m o s tly  be found in  th e  background 
o f enteric infections o f uncertain orig in . This has m ade it  necessary to  
in troduce fu rth e r san ita ry  measures as aspecific protection, since specific 
m easures like vaccination  proved insufficient.

Accordingly, investigations had to  be ex ten d ed  to  in tracellu lar parasitism  
and  th e  problem  h ad  to  be approached fro m  the  aspect o f tissue im m unity . 
The aim  of these stud ies has been to  elucidate the pathom echanism  of 
enteric infections a n d  probably also a  m o re  efficient p reven tive activ ity .

In  recen t years in te re st has tu rned  to w ard s  agents o f en teric infections. 
P reviously  unknow n biological p ro p erties  o f these organism s playing a 
p a r t in th e  pathogenesis o f enteric d iseases have been described. T he capac­
ity  of shigellae to  parasitize the ep ith e lia l cells and th e  ab ility  o f cholera 
vibrios to  produce peculiar toxic su b stan ces responsible fo r th e  typ ical 
clinical sym ptom s m ay  be listed am ong th ese  properties.

D a ta  ob tained  on  th e  pathogenesis o f  cholera have been dealt w ith  in 
a num ber o f extensive reviews. There is a n  obvious need for reviewing recent 
d a ta  on bacterial infections of the in testin e  such as shigelloses, salmonelloses 
as well as escherichioses. The contributors o f  the  present volum e undertook  
th is w ork all th e  m ore willingly because th e ir  own research in th is  field 
helped them  to  reconsider the available lite ra ry  inform ation in th e  light 
of th e ir own observations.

The advances rep o rted  on have been p a r tly  due to  recen t developm ent 
in th e  fields of im m unohistochem istry, e lec tron  microscopy, etc. b u t also 
to  th e  jo in t effort o f representatives o f  different fields, e.g. th e  team s 
organized by S. B. F o rm al in the U .S.A . T h e  results of F rench  (S. Szturm - 
R ubinsten , D. and  M. Piéchaud) and Ja p a n e se  (H. Ogawa an d  R . Sakazaki, 
N. T anaka  and  o thers) authors are also  well known.

The keratocon junctiv itis  model devised b y  the  H ungarian  m icrobiologist, 
B. Serény, in the early  1950’s is u n d o u b ted ly  the prim e source of m odern 
concepts as regards th e  pathogenic p ro p e rtie s  of dysentery  agents. M or­
phological investigations of experim en tal shigella keratoconjunctiv itis  
undertaken  by  P . R ácz on  the initiative a n d  under the guidance of Professor 
M. У. V oino-Y asenetsky in  1958, served as th e  starting  po in t for a lasting 
scientific collaboration o f H ungarian a n d  Soviet investigators in th e  s tu d y  
of enteric infections. T he present m onograph  sums up th e  resu lts o f th is 
collaboration.

The results p resen ted  have been o b ta in e d  in animal experim ents. Tim e 
and  again doubts are raised as to  th e  usefulness in hum an  pathology of 
inform ation ob tained  in th is  way. A n o th er problem  m ay also arise nam ely 
th e  one relating th e  applicability  of th e  findings of these experim ents in 
clinical practice, i.e. to  natu ra lly  occurring infectious diseases. T he answer 
is to  ob ta in  as m uch inform ation as possib le  on the pathological processes 
in  th e  hum an body as well as on th e  effec t of challenging experim ental 
anim als w ith  pathogenic organisms by  th is  o r th a t route. These problem s 
are extensively discussed in our book. W e also wished to  subm it com para-
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tiv e  analysis of th e  various experim ental models widely (though not alw ays 
justifiably) used in experim ental work on enteric infections.

Though enteric infections are d istinguished by certain  peculiarites, th e ir  
pathogenesis canno t be understood w ithout tak ing  into consideration th e  
dynam ics of developm ent of o th er infectious processes. This m ade th e  
discussion of som e general problem s necessary, p articu la rly  in the in tro ­
ducto ry  chapters o f the book. Therefore, we believe th a t  it might p ro v e  
useful not only to  researchers specially concerned w ith  enteric diseases 
b u t to  all those in terested  in th e  problem s of infectious pathology.

W e are pleased to  acknowledge th e  assistance of m any  colleagues w ho 
p artic ip a ted  in th e  research th is  book has been based on, especially L. S. 
B ibinova, T. N. K havkin , Yu. E . Polotsky, V. L. B elyanin, E . M. D ragun- 
skaya and B. M. Ariel of the D ep artm en t o f Pathology o f th e  In s titu te  of 
E xperim en ta l Medicine, Academ y o f Medical Sciences, U SSR, B. Serény , 
P . Rácz, К . Tenner, J .  Oláh an d  B. R édey  of the  H ungarian  N a tio n a l 
In s ti tu te  of Public H ealth , E . M. N ovgorodskaya, T. A. Avdeeva, M. K . 
V oino-Y asenetskaya, V. A. A rbuzova, N. R ., Vasser an d  L. A. Sm irnova 
o f the  P as teu r R esearch In s ti tu te  of Epidem iology an d  M icrobiology 
(Leningrad) as well as E. S. Snigirevskaya of the  In s ti tu te  of C ytology, 
A cadem y of Sciences of the  U SSR. The au tho rs are g ra te fu l to  the la b o ra ­
to ry  and  technical assistants for th e ir  help in carrying ou t th e  complex a n d  
tim e-consum ing investigations.

The Editors





PART I





C H A P T E R  1

GENERAL PRINCIPLES FOR THE STUDY OF THE 
PATHOGENESIS OF INTESTINAL INFECTIONS

by

M. V. V O IN O -Y A S E N E T S K Y

BIOLOGICAL GROUN DS OF T H E  IN T E R R E L A T IO N  
B E T W E E N  HOST A ND M ICROORGANISM

T hough th e  aetiology o f m ost infectious diseases has become sufficiently 
clear, th e  essence an d  causes of th e  whole complex o f in tricate  p a th o p h y sio ­
logical, morphological and  im m unological changes occurring in th e  body  
during  infection are still being stud ied . In  the chain  o f events underly ing  
some complex phenom enon, th e  m ain  and the m ost essential link  th e  
lack o f which m akes th e  phenom enon impossible —should be found  first. 
In  th e  case of infectious diseases th is  very link is th e  direct in te rac tio n  
betw een the  host an d  pathogenic organism s, in o th e r words, the in fectious 
process.

W ith o u t sufficient knowledge of th e  infectious process underlying a  ce rta in  
disease, it is impossible to  u n d ers tan d  its pathogenesis and to e s tim a te  
correctly  the im portance of th e  sym ptom s.

Infection  is now adays regarded as a  kind of parasitism  and, accordingly, 
th e  general biological laws th a t  govern  the  evolu tion  and in terre la tions 
betw een all living beings are also v a lid  as regards th e  developm ent o f infec­
tious diseases. T he pathogenic properties of organism s are often considered 
as th e ir  ab ility  to  invade a susceptib le host and  cause disease. H ow ever, 
it  is n o t the  disease th a t  is essential fo r the m icroorganism s (its n um erous 
m anifestations reflecting the  defensive responses o f  th e  host are, in  fac t, 
even dangerous for them ), b u t th ey  need  a medium su itab le  for their g ro w th  
an d  m ultiplication. I t  is equally  difficult to  assum e th a t  a certain  host- 
susceptib ility  to  harm fu l agents has developed in th e  course of evo lu tion . 
More possible is th e  form ation o f a  resistance or defence against th em . 
M etchnikoff (1905), who was th e  firs t to  adopt a  biological approach  to  
infectious diseases, was accused o f  a ttrib u tin g  to  m icroorganism s th e  
capacity  to  ac t ra tio n a lly  in  th e  “strugg le” betw een th e  host and organism s 
(Dubos, 1954). The m ost p rim itive forms of life frequen tly  dem o n stra te  
a strik ing  expedience in th e ir behaviour. H aving o rig ina ted  during ev o lu tio n  
and  n o t governed by  ra tio n a lity , th is  expedience, how ever, is ra ther re la tiv e : 
w ith  some change in th e  env ironm ent, th e  properties underlying i t  m ay  
becom e harm ful for th e  m icroorganism  itself. M oreover, th e  absence of 
any  ra tio n a lity  is also inheren t in defence reactions o f a host exposed to  
m icrobial invasion. E ven  in m an leukocyte em igra tion  and m acrophage 
ac tiv ity  are independent of the  h o s t’s will and consciousness. Such sp o n ta ­
neous responses m ay  occasionally p rove to  be usefu l n o t to the  h o st b u t  
to  th e  parasite  th a t  contrived to  g e t adap ted  to  th em .

13



14 М. V. VOINO-YASENETSKY

Considering th e  h o s t’s defence reactions, i t  is usually assu m ed  th a t  they  
a re  directed aga inst th e  agents of infectious diseases. An encoun te r w ith 
pathogenic organism s, except for epidem ic ou tbreaks, is n o t so frequent. 
O n th e  other hand , th e re  are  always v ast num bers of o ther m icroorganism s 
in  o u r environm ent w hich appear to  be harm less bu t are capab le  o f growing 
in  th e  tissues and  fluids of our body. I t  is from  these m icrobes t h a t  the  body 
m u s t mainly be defended. This defence is sufficiently re liab le  and such 
ag en ts  gain free access to  th e  tissues o n ly  a fte r the d ea th  o f th e  host.

U nder certain  conditions m any of th e  physiological func tions of the 
b o d y  m ay acquire a  p ro tec tive  character. H ow ever, th e  p rincipa l role in 
preven ting  infection is p layed  by  th e  barriers separating  the  in te rn a l medium 
from  th e  environm ent, as well as by  th e  specia l mechanisms ac tin g  against 
th e  microorganisms th a t  have somehow p en e tra ted  th e  tissues or the  
blood.

E x te rn a l barriers form ed by  th e  ep ithelia l tissue of various structures 
do  n o t only serve as m echanical obstacles. T he secretion o f certain  cells 
a n d  glands and th e  ac tiv ity  of cilial ep ithelium , peristalsis e tc . (Anitschkow, 
1960) m ay all con tribu te  to  th e  elim ination o f m icroorganisms from  mucosal 
surfaces. M acrophages of lung alveoli, engulfing both d u s t partic les and 
organism s reaching th e  lungs also have a  b a rrie r function. S till, external 
b a rrie rs  cannot be considered perfect, and  freq u en tly  they  m ay  be damaged. 
Therefore, the  second, in ternal, line o f defence (phagocytes and  non­
specific antibodies) m ust always be read y  fo r action.

Lysozym e and  o th e r hum oral factors a re  known to  be m ost efficient 
regard ing  “ban a l” organism s. Likewise, th e  cells capable o f phagocytosis 
(leukocytes, elem ents o f th e  reticu lo-endothelial system) are m o st successful 
in  coping with facu lta tiv e  pathogenic organism s always p re sen t on the  sur­
face  and  in the  open cavities o f th e  body. B u t  in most o rgans th e  num ber 
o f  phagocytic cells is ra th e r  low. Therefore, as a response to  microbial 
p en e tra tio n  th rough  th e  tissues, an  in flam m atory  reaction arises which, 
according to  M etchnikoff, is essentially a n  aggregation o f leukocytes in 
th e  affected area. Such a  response to  th e  p a ras ite  m ay pass unno ticed  for 
th e  host and, ap p a ren tly , occurs m uch m ore frequently  th a n  assumed.

Consequently, th e  developm ent of a progressive, p ronounced  infection 
is on ly  possible if one o f th e  following tw o conditions is p resen t: (i) im pair­
m e n t of the defensive powers of th e  b o d y  o r (гг) the  presence of special 
ag en ts  capable o f overcom ing th e  m echanism  o f na tu ra l im m unity .

T he im pairm ent o f defensive functions crea tes a  ground fo r non-contagi­
ous diseases developing as autoinfections b y  organism s in h ab itin g  the  skin, 
in testin e  and re sp ira to ry  tra c t. In  an im al experim ents i t  is possible to  
reproduce puru len t pneum onias, cholangitis, appendicitis e tc . by  merely 
dam aging various ex te rn a l barriers (A nitschkow , 1960). S im ilarly , a tten u a ­
tio n  o f phagocyte response caused, e.g. b y  cortisone or X -ray s  m ay result 
in  fa ta l infection due  to  th e  body’s “ ow n” (indigenous) m icroorganism s.

Infections caused b y  staphylococci, pneum ococci and o th e r  potentially  
pathogenic agents a re  term ed  banal, th o u g h  som e biological characteristics 
o f  th e  agents p en e tra tin g  th e  tissue do influence their developm ent. The 
specificity of th e  pathogenesis is more ev id en t in contag ious diseases.
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In  the  life cycle of agents causing infectious diseases there  are th ree  
m ain  stages, nam ely, (i) p en e tra tio n  into th e  in ternal m edium  of ano ther, 
(usually defined) living organism , (гг) presence and m ultip lication o f th e  
p arasite  in th e  host, (in) excretion  o f th e  parasite to  th e  environm ent. 
T he first and th e  last stages, w hich are extrem ely  im p o rtan t from  the ep id e­
miologic stan d p o in t have been stud ied  ra th e r thoroughly  (Zhdanov, 1964). 
T he fa te  and behaviour of pathogenic organism s which se ttle  in the  h o s t 
a re  less well known.

T he properties o f bacteria  grown on artificial m edia h av e  been s tu d ied  
in  detail, and  a  v ast am oun t o f in form ation has been ob ta ined  on th e  
physiology, biochem istry an d  genetics o f various organism s including 
th e  agents of infectious diseases. A t th e  sam e tim e, it has long been suspected 
an d  has^by now become a firm  belief th a t  pathogenic organism s residing 
in  th e  body m ay  display som e peculiar properties unobservable in vitro.

G reat a tten tio n  is devoted to  th e  problem  of v ita l a c tiv ity  o f the organism s 
w ith in  the  host (Howie an d  O ’H ea, 1955; Felton, 1957; H . Smith a n d  
T aylor, 1964). Such studies a t  th e  cellular level have been made in tissu e  
cultures and  isolated cells ob ta in ed  from  exudates. N evertheless, in th e  
body  parasites m ay encounter, in add ition  to  tissues su itab le for th e ir  
grow th, a  num ber of obstacles created  by  na tu ra l defence mechanisms. 
L ittle  is know n a t  present o f these com plex effects in th e  host, especially 
as regards certa in  infectious diseases. Still, th e  d a ta  o f th e  literature a n d  
th e  results o f our own studies m ade in collaboration w ith  m icrobiologists 
m ake it possible to  draw  som e general conclusions m ain ly  as to  bac te ria l 
a n d  protozoal infections.

The first an d  ra th e r im p o rtan t conclusion is th a t  th e  initial response 
o f th e  body to  th e  penetration  o f organism s into its tissues runs the  sam e 
course irrespective of th e  p roperties of th e  parasite. T his early  non-specific 
response efficiently protects th e  body  against common (facultatively  p a th o ­
genic) organism s. The specific response to  unknown antigenic stim uli, on  
th e  o ther hand , takes some tim e to  develop corresponding to  the  tim e  
required  to  bring  th e  specific antibodies in to  action. T he m ain  events d e te r ­
m ining the  developm ent o f infectious disease occur during  this period. 
T he m echanism s b y  which ce rta in  pathogens resist th e  bactericidal effect 
o f  blood serum  and  lysozym e are n o t fu lly  known. Som e are know n to  
p ro tec t them selves b y  exotoxin secretion or by th e  p roduction  of substances 
nam ed aggresins, leukocidins etc. in terfering w ith th e  em igration of leu k o ­
cytes and  w ith  phagocytosis. B u t th e  m ajority  of pathogenic agents a re  
unable to  coun teract th e  leukocytic reaction  and  engulfm ent by  phagocytes.

T he fa te  o f phagocytosed b ac te ria  m ay  be different. Saprophytes a n d  
slightly  v iru len t bacteria  perish ra th e r  quickly and a re  digested by p o ly ­
m orphonuclear leukocytes and  m acrophages. Some species of pathogenic 
organism s cap tu red  by  these cells m ay  n o t only rem ain alive b u t m ay m u lti­
p ly  rapidly, th u s  destroying th e  phagocyte itself. T he causative agents o f  
tuberculosis, leishm aniasis, sclerom a an d  a num ber o f o th er hum an a n d  
anim al infections have become ad ap ted  to  a prolonged existence inside 
inacrophage-type cells. T hey  grow an d  feed a t  the  expense of these cells 
w ithou t causing them  any  g rea t dam age, occasionally th e y  do no t even
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interfere with th e ir division, and surv ive in  daughter cells. The host cell 
m ay  become hypertroph ic  acquiring a  particu lar shape  (“epithelioid” , 
“ ty p h o id ” , “leprotic” cells), and is d estro y ed  only w hen densely packed 
w ith  parasites. M icroorganism s inhabiting th e  cells m ay be devoid of certain  
digestive enzymes w hich are  not necessary for such an  existence, though  
th ey  usually also preserve their ab ility  o f growing freely  in the  tissues 
(facultative in tracellu lar parasites). O th er kinds of b ac te ria  (e.g. agents 
o f leprosy) and some p ro to zo a  (malarial plasm odia, in p articu la r) are oblig­
a to ry  intracellular parasites . The h ighest degree of parasitism  is charac­
teris tic  of viruses: w hen infecting the cell, th e y  only tran sm it th e  inform ation 
encoded in the RNA w hich  induces th e  production o f new  v iral particles.

The above well-known facts  show th e  d iv ersity  of the  behav iou r of p a th o ­
genic organisms in th e  host. In  addition, th e  agents of d ifferent infectious 
diseases exhibit a p ecu lia r tropism  to ce rta in  tissues an d  organs,w hereupon 
some organisms (viruses, particularly) p a rasitize  no t on ly  phagocytes b u t 
also epithelial, m uscular an d  nerve cells as well as e ry th rocy tes.

SIG N IFICA N CE O F IN T RA C ELLU LA R  PA R A SITISM  
O F M ICROORGANISM S

The settling of various organisms in  certa in  host cells is frequently  
accounted for by th e ir need  for a particu la r medium  and  ad eq u a te  conditions 
fo r nutrition . M oulder (1962) has po inted  o u t th a t  all parasites, except th e  
obligatory  ones, are able to  m ultiply ou tside  th e  cells as well indicating th a t  
food dem and is not th e  sole determ inan t of parasitic h ab it. However, he 
still discerns o ther fac to rs  only in view o f th e  m etabolic peculiarities of 
th e  parasite. U nder th e  conditions of in tracellu la r existence th is ab ility  to  
tak e  up large, complex an d  m etabolically active m olecules is clearly of 
g rea t advantage. In  fac t, w ithout th is ab ility , little  is gained by  living 
inside a cell in preference to  outside (M oulder, 1962).

H aving adapted  them selves to  the ex istence in some cells th e  m icroorgan­
isms obtain  nu tritio n  an d  a safe sh e lte r against th e  defence reactions 
o f the body. This is th e  m ain  advantage o f in tracellu lar parasitism , obviously 
determ ining the course o f evolution of m an y  pathogenic agents. P arasites 
n o t susceptible to  th e  d igestive enzym es o f m acrophages or settling  in 
som e other cells are fa r from  being always resistan t to  polym orphonuclears, 
th e  m ost active phagocytes. Polym orphonuclears are n o t dangerous for 
th e  microorganism resid ing inside a living cell, as they  can n o t pene tra te  th e  
cell covered w ith an  in ta c t  membrane. H ow ever, leukocytes im m ediately 
a tta c k  the  parasites re leased  after th e  d e a th  of the  host cell protecting 
them . This is evident in  m alaria, rickettsiosis and psittacosis (ornithosis), 
th e  biochem istry of w hich  was studied b y  Moulder.

B u rn e t’s rickettsia, even  when overfilling th e  m acrophage, fail to  a t t ra c t  
leukocytes until the  fo rm er is destroyed (Fig. 1-la). Polym orphonuclears 
accum ulate and phagocytize parasites on ly  afte r th e  d estruc tion  of th e  
host cell (Fig. 1-16). Q uite  similar phenom ena were also observed in our
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laborato ry  in experim ents with orn ithosis (Tolybekov an d  Krasnik, 1966). 
To prove th e  role of polym orphonuclears in m ala ria  was more difficult. 
M alarial plasm odia inhab iting  e ry th ro cy tes  and c ircu la ting  with th em  in 
the  blood stream  are supposed to  be phagocytized o n ly  b y  reticulo-endothe- 
lial cells of th e  spleen, liver and bone marrow. S tu d y in g  the pathology o f  
trop ical m alaria we h a d  th e  o p p o rtu n ity  to  examine th e  placentae of w om en 
in labour a t  d ifferent stages of th e  cyclic course o f  th e  infection. In  th e  
in tervals betw een th e  a ttacks, th e  in trav illa r spaces o f  the  p lacenta w ere 
packed w ith  a  g rea t num ber of e ry th ro cy tes  in fec ted  w ith  small, m a tu r ­
ing schizonts. L eukocytes were alm ost absent; the  p resence of large m a c ro ­
phages overloaded w ith  pigm ent p artic les  was ch a rac te ris tic  (Fig. 1-2a, b). 
D uring labour, a t th e  peak of the  a t ta c k  when m a tu re d  parasites d iv id ed  
into d au g h te r cells are released from  th e  e ry th ro cy tes  destroyed by th e m , 
the  p lacen ta  is lite ra lly  flooded w ith  polym orphonuclears devouring th e  
plasm odia th a t  have no t yet p en e tra ted  fresh e ry th ro cy tes  (Fig. I -2d). 
In  o ther infectious diseases the im portance of leukocy tes in the defence 
of the body is no t qu ite  realized. U p  to  th e  present th e re  are different view s 
regarding th e  presence of polym orphonuclears in som e specific granulom as. 
F irstly , in histological p repara tions sta in ed  com m only w ithout using th e  
oxidase reaction, granulocytes are n o t always discernible.* In  foci of in flam ­
m ation, especially in  post-m ortem  m aterial, the  nuclei of po lym orpho­
nuclears are frequen tly  swollen a n d  spherical, s im ila r to  the undefined  
“ round cells” so frequen tly  described in granulom as (Florey, 1962; V oino- 
Y asenetsky and  Zhabotinsky, 1970). Secondly, n o t all investigators co n ­
sider th e  periodicity  an d  focal ch a rac te r of polym orphonuclear em igra tion  
connected w ith  th e  release of the  pathogenic agent fro m  the cells in fec ted  
by  them . This is ra th e r  obvious in sclerom a (Fig. 1-3a, b).

Organisms existing as parasites in  m acrophages o r  some other cells a n d  
acquiring a t  the  sam e tim e a ce rta in  resistance to  polym orphonuclears 
have ap p aren tly  th e  g reatest chance o f survival. As i t  will be shown la te r , 
such a  resistance is indeed possessed b y  th e  most v iru len t strains of b ac te ria . 
F a r less frequently , organism s acquire th e  ability  to  parasitize  po lym orpho­
nuclears them selves. This is supposed to  be charac teristic  of gonococci a n d  
meningococci.

I t  is highly probable th a t th e  properties of p arasites  settled in  a n y  
cell m ay change to  som e extent. T here is a  noticable difference in m orphology 
between salm onellae growing freely an d  those liv ing  inside m acrophages 
(see C hap ter 15). T he peculiar life cycle o f some pathogen ic  protozoa inside 
th e  epithelial cells o f anim al carriers is known. In  th e  course of in fec tion  
th e  behaviour of th e  cells tow ards parasites m ay change. Phagocytes o f 
im m unized anim als successfully d igest th e  organism s against which th e y  
were qu ite  helpless before (M etchnikoff, 1905; P o k ro v sk ay a  and K ag an o v a ,

* F o r th e  e lec tive dem o n s tra tio n  o f  g ranu locy tes w e p re fe r  S u d an -a -n ap h th o l 
sta in in g  suggested  b y  G oldm ann (1929,a  b, 1933) for lip id s  bound  to  p ro te in s . A s 
regards leukocy tes, th is  m ethod  p ro v id es th e  sam e re su lts  a s  th e  oxidase re a c t io n . 
N eu tro p h ilic  a n d  eosinophilic  g ranu les a re  sta ined  b row n  w h ile  lipid inclusions a re  
s ta ined  yellow  o r o range. Safran ine  m a y  b e  su b s titu ted  fo r S u d a n  I I I  (M argolin, 1948).

2 Voino-Yasene til j —
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F ig . 1-1. Coxiella burneti in  th e  gu inea p ig  liv e r, a  A b u n d an t g ro w th  in  K upffer cell. 
b Phagocy tosis o f  r ie k e tts ia  b y  leukocytes a f t e r  cell destruction . L e ish m an n  sta in , 

X 1750 (courtesy  o f T . H . K havkin)

1947; Suter an d  R am seier, 1964). This is n o t connected w ith  th e  effect of 
hum oral factors o f defence: the  infected cells are not p en e tra ted  by  specific 
antibodies (Rous an d  Jones, 1916); in ad d itio n , such s tim u la tion  is observed 
even in the absence of antibodies (M ackaness and Blanden, 1967).

N either antibodies nor bacteriophages (Cefalu et al., 1963; M anolov and 
K osturkov, 1965; B akhutashvili, 1968, 1969) a re  dangerous fo r th e  organism 
growing in th e  cells. Some drugs includ ing  certain an tib io tic s  are also 
ineffective against such organisms.

The effect o f  an tib io tics on in tracellu la r parasites has been  discussed 
extensively in th e  lite ra tu re  (Suter, 1954; Smadel, 1963; P lanelves and 
K haritonova, 1965; Smirnov, 1966; V .N . Solovyev, 1968;Thorpe and  Marcus, 
1967; B onventre e t  al., 1967). Most au th o rs  n o te  th a t an tib io tics have only 
a  slight effect, or none a t all, on the  organism s present in th e  cells. I t  should 
be noted th a t  th e  results of investigations carried out m ain ly  in tissue 
cultures are controversial. A pparently , som e antibiotics can  pass the 
cellular m em brane (e.g. rifampicin) (Osada e t  al., 1972a, b; L obo  and Man- 
dell, 1973). Y et, rad ical cure of infections caused  by in trace llu la r parasites 
is still a difficult problem .

W hile in tracellu lar parasitism  is u n d o u b ted ly  advantageous fo r  the  micro­
organism, the  ad v an tag e  of grow th of som e o f them  on the su rface  of epithe­
lia l cells is less clear. Such a localization o f pathogenic agen ts  was revealed 
b y  L indner (1921) in m any infectious diseases of the con junctiva . Some of 
his descriptions an d  figures are quite convincing, indeed, w hile others only 
suggest the  adso rp tion  o f organisms to  d y in g  epithelial cells, as pointed 
o u t by Hoffman an d  F ran k  (1966). These au th o rs  found v ario u s organisms 
on the  surface o f (and in th e ir opinion, even  inside) th e  epithelium  in
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F ig . 1-2. P lasm od ium  fa lc iparum  a n d  p h ag o cy te s  in  in te rv i lla r  spaces of p la c e n ta .  
a  a n d  b M a tu ra tio n  o f  p a ras ite s  p re se n t inside th e  e ry th ro c y te s  (in b e ry th ro c y te s  
a re  n o t sta in ed ), c A b u n d an t a c cu m u la tio n  o f  po ly m o rp h o n u clears  a t  th e  d iv is io n  
s tag e  o f p a ras ite s , d  P o lym orphonuclears  p h ag ocy tiz ing  d iv id in g  fo rm s of the  p a ra s i te  
a n d  young  p a ra s ite s  released a f te r  th e  d es tru c tio n  o f e ry th ro c y te s . P lacen ta l b lo o d  
sm ears, G iem sa s ta in , X 900 (a  a n d  6); h isto log ical p re p a ra tio n s , th ionine (c) a n d  

haem a to x y lin -eo sin  (d ), X 380 (V oino-Y asenetsky , 1950)

2*
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F ig . 1-3. a L ack  o f  re a c tio n  to  sclerom a a g e n ts  grow ing inside M iku licz’s cells. H ae- 
m atoxylin -eosin , X 800. b F o c a l aggregates o f  g ran u lo cy tes  n ea r d is in te g ra te d  in fec ted  
cells. G o ldm ann’s S u d an -a -n ap h th o l, X 120 (V oino-Y asenetsky a n d  Y am polskaya,

1956)

scrapings from th e  oral cav ity  and the  v ag in a  of healthy  hum ans, rabb its, 
an d  ham sters. I t  w ould be unreasonable to  deny th e  possib ility  of mic­
robial growth on th e  epithelium , especially  in view o f th e  fact th a t  th e  
same localization of pathogens was observed in  the  resp irato ry  tra c t  in whoop­
ing-cough (Brown and  B renn , 1931; V oino-Y asenetsky a n d  K hay , 1957; 
T arasova, 1958; R obbins, 1967), in th e  u re th ra  in gonorrhoea (W ard an d  
W a tt, 1972) and  also in the  in testine in  some of its  diseases as will 
be described below. I n  th e  opinion o f  W ard  and W a tt ,  th e  adherence 
o f gonococci to  th e  surface of the u re th ra l epithelium  of m an  prevents th e  
washing off of parasites b y  urine a t th e  v ery  onset of gonorrhoea (later 
th ey  penetrate  deep in to  th e  mucosa). Such an ad a p ta tio n  is likely to  
be useful also for th e  organism s inducing diarrhoea,

IN FEC TIO U S PRO CESS AND IN FEC TIO U S D IS E A S E

The concept of th e  infectious process is more re str ic ted  th an  th a t  of 
th e  disease, and it  does n o t comprise all th e  typical (though n o t necessarily 
obligatory) m anifestations. On the o th e r  hand, it refers to  all forms of 
infections including la te n t  ones, not m an ifested  as a disease. I t  is ra th e r 
ra re  th a t  the clinical-anatom ical com plex characteristic o f an  infectious 
disease m ay be com pletely  a ttrib u ted  to  th e  vital a c tiv ity  o f a parasite . 
T hus, th e  grave condition in  te tanus is d u e  to  th e  action o f th e  tox in  secreted
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b y  Clostridium tetani, and th e  injurious effect of toxins p lay  a p art in th e  
pathogenesis o f a  num ber of o th er diseases. A great nu m b er o f m an ifesta­
tions of th e  disease reflect th e  ac tive and  —in m ost cases - useful response 
o f th e  host.

The defensive role of cough in clearing th e  resp iratory  organs or the ro le  
o f increased peristalsis of th e  in testine relieving it of harm ful co n ten ts  
does no t need an y  justification. Veselkin (1963) proved th e  usefulness o f  
pyrexia, a sym ptom  typical of m any infectious diseases. Fever, a lthough  
evoking fatigue, contributes to  im m unological and some physicochem ical 
processes w hich help to  overcom e th e  infection.

All such reactions are expedient only to  a  certain  ex ten t. In frequen tly , 
th ey  m ay become pathologic an d  m ay persist a fte r the cure o f the  infectious 
process (cough a fte r whooping-cough, in testina l disorders a f te r  dysentery). 
Pathogenic microorganisms are undoub ted ly  capable o f using and ev en  
evoking some host reactions beneficial to  them . Cough and d iarrh o ea  
m ay con tribu te  to  the  elim ination of infection, b u t a t  th e  same tim e, th e  
spread  of the  causative agent m ay in itia te  new infections. The aggressiv ity  
o f anim als suffering from rabies ensures th e  chain o f th e  transm ission o f  
th e  virus. Thus, th e  above sta tem en t th a t  m icrobial parasites do no t n eed  
th e  illness of th e  host, should n o t be stipu la ted .

In  the  presen t book it is n o t possible to  discuss the  general problem s o f  
infectious pathology  in detail. Toxic substances and allergic phenom ena 
as well as o ther, still incom pletely know n factors play a  p a r t in the d ev e l­
opm ent of infectious diseases. Nevertheless, infection should  not be looked  
upon as in toxication, and th e  misuse o f th e  concept of allergy m ust lik e ­
wise be avoided. The pathogenesis of infectious diseases cannot be s tu d ied  
w ithou t th e  thorough analysis of a  com plex of causes and  sequences, 
lesions and  reactions. Thus, e.g. th e  phagocytes them selves, which d ig es t 
th e  cap tured  organism s also perish ra th e r frequently . Form erly , endotoxins 
released by th e  destroyed organism s were believed to  kill th e  phagocytes; 
recently , d isin tegration  by  th e ir  own lysosomes and enzym es is supposed  
to  p lay  th e  m ain  role. The an tigen-an tibody  complex resulting from  a  
seemingly useful im munological response m ay prove to  be toxic. T hese  
considerations are com plicated by  the  fac t th a t  the  results o f entirely d iffe r­
en t pathologic processes m ay be similar.

The problem s o f the  pathogenesis of in testina l diseases have not yet b een  
solved. The po in ts  we succeeded in  elucidating will be discussed in the fo llow ­
ing chapters. I t  appears th a t  research on in testinal b a rrie r systems an d  o n  
th e  location o f bacteria  will con tribu te  to  th e  solution of these problems.

E P IT H E L IA L  B A R R IE R  AND COMMON M ICROBIAL 
IN T E ST IN A L  FLORA

The ep ithelial layers of th e  skin, resp ira to ry  tra c t  an d  urinary  t r a c t  
have a m echanical defensive function. In  th e  gastro in testinal tra c t  th e  
b arrier role o f th e  mucosa is com bined w ith  complex processes of d igestion  
an d  absorp tion  o f nu trien ts an d  also, as it has recently  becom e known, w ith
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F ig . 1-4. S tru c tu re  o f  th e  w all o f sm all (a) a n d  la rg e  (b) in te s tin e . I ,  m ucous m e m ­
b ran e ; I I ,  subm ucosa; I I I ,  m uscu laris  e x te rn a ; I V ,  serosa. 1, V illi; 2, c ry p ts; 3, e p ith e ­
lium ; 4, lam ina  p ro p r ia ; 5, m uscularis m u co sae ; 6, blood vessels, 7, lym ph  follicle

(from  Eliseev e t  a l . ,  1972)

th e  production o f secreto ry  im m unoglobulins and bacterio ly tic enzym es 
(K raft and  K irsner, 1971; Erlandsen e t  a l., 1974; Poger an d  Lam m , 1974; 
Rowley, 1974; P eeters an d  V antrappen , 1975). In  various parts o f  th e  
tra c t, th e  mucosal s tru c tu re  has sim ilar features (Fig. 1-4).

The monolayer ep ithelium  of the in te s tin a l mucosa consists of p rism atic 
cells (also term ed ab so rp tiv e  or main cells) a n d  goblet cells producing m ucus; 
th e  la tte r  are most a b u n d a n t in the colon. P a n e th ’s cells an d  enterochrom affin 
cells w ith specific granules in the cy top lasm  are s itu a ted  deep in th e  ileal 
crypts. The epithelial lining is separated fro m  the so-called tun ica or lam ina 
propria by  a th in  b asa l membrane. T h e  lam ina p ropria  is composed of 
loose connective tissue resembling ly m p h o id  tissue. I ts  base is form ed of 
re ticu lar fibres con tain ing  plasma cells a n d  a num ber o f cells resem bling 
reticulo-endothelial cells w ith  lym phocytes among them . G ranulocytes are 
less frequent.* In  th e  term inal ileum th e  lam ina p ropria  contains ty p ica l

* P a tz e lt (1936) desc rib ed  th e  cellular c o m p o s itio n  of th e  la m in a  p ro p ria  o f v arious 
an im als in  g rea t de ta il. R e su lts  o f e lec tron-m icroscopic  s tud ies  in  m ice h av e  been  
rep o rted  b y  D eane (1964).
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lym phoid  aggregates, the  P eyer’s patches. The bo rder of the  lam ina p rop ria  
is form ed by a  th in  m uscular layer, called m uscularis mucosae, separating  th e  
lam ina propria from  the tu n ica  subm ucosa. N ex t to  this, th e  m uscular 
layer is found.

Some im portan t details of th e  s tru c tu re  of the  in testina l wall have recen tly  
been revealed b y  m odern histological and cytological techniques (Shesto- 
palova e t al., 1960; Trier and R ub in , 1965; R ifaa t e t al., 1965; Á ruin, 1967; 
T rier, 1967; Crane, 1968; Toner, 1968; Ito , 1969; L o jda e t al., 1970; R ubin , 
1971; K aye e t al., 1973; Owen an d  Jones, 1974).

T he cytoplasm  o f intestinal epithelium  has th e  same u ltra s tru c tu ra l 
com ponents as o th e r cells. T here are m any m itochondria and  a m oderate  
am o u n t of free ribosomes; th e  endoplasm ic re ticu lum  and the  Golgi a p p a ­
ra tu s  are pronounced. In  the ap ical portion lysosome derivatives, shapeless, 
electron-dense inclusions, bordered by  a m em brane, can be observed. N ear 
th e  apical surface the  cell organelles are absent, b u t the  cytoplasm  is 
denser here and  has a fine fibrillar s tructu re  (term inal web).

M uch a tten tio n  has been d evo ted  to  the  o u te r epithelial surface d irec ted  
to  th e  in testinal lum en. P reviously, it  was assum ed to  be covered w ith  
a  cuticulum  resem bling a brush w ith  its hairs glued. Electron-m icroscopic 
observations show ed the  “b ru sh ” to  be form ed o f narrow  (0.08-0.1 in  
w id th), finger-like prominences o f cytoplasm  an d  to  be covered, like th e  
whole cell, w ith  a  three-layer p lasm a m em brane (see Fig. 22-11, p. 316). R each ­
ing 0.5-1.5 g in  height, th ey  are  densely packed; th e ir num ber on each 
cell, according to  different au th o rs, am ounts to  1000-3000. These s tru c ­
tu res, the  m icrovilli, increase th e  absorptive surface of the  gu t m anifold.

T here is a  so-called fuzzy (extraneous) coat, up  to  1.5 [J . in th ickness, 
overlying th e  m icrovilli. I t  consists of a felt-like netw ork  of extrem ely  fine 
fibrils originating from  the  p lasm a m em brane o f microvilli. This coa t 
p robab ly  acquires such an appearance afte r fixation, and  has in vivo a  hom o­
geneous gel-like s tructu re  (Ito , 1969). Ito  believes it to  be a  p articu la rly  
developed glycocalyx, obviously presen t in all cells. A t any rate , all in v es ti­
gato rs consider m ucopolysaccharides of the fuzzy coat no t to  be re la ted  to  
th e  mucus p roduced  by goblet cells.

On lateral surfaces as well as on m icrovillar apexes occasional sm all 
rounded  bodies covered w ith a  m em brane are found  (Shnitka, 1964; R ifa a t 
e t al., 1965; D onellan, 1965; T akeuchi et al., 1968; R . C. Brown et al. 1969). 
T heir natu re  is n o t clear. R ifaa t e t  al., D onellan an d  Brown e t al. believe 
th em  to  be m erely  cross-sections o f protrusions originating from m icrovilli. 
R ifaa t e t al. consider them  possible fixation artifacts . I t  is n o tew o rth y  
th a t  the  parasitic  nature of such extrusions seems to  be ru led  ou t. As 
po in ted  ou t b y  Shnitka, th e  absence of a cen tra l nucleoid distinguishes 
th em  from viruses.

T he brush bo rd er is PAS positive, its microvilli are  intensely sta ined  w ith  
th ion ine. I t  is n o t always possible to  reveal th em  in th is way using com m on 
form alin fixation (especially in  au topsied  m aterial).

T he in terest devo ted  to  th e  fine s tructu re  an d  biochem ical peculiarities 
o f th e  ou ter surface of the in testin a l epithelium  is fully justifiable. T his is 
th e  site where n o t only absorption b u t also p a rtia l digestion of n u trien ts  —
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called “ m em brane or co n tac t digestion” b y  Ugolev (1965, 1967)—occurs. 
F u rtherm ore , Ito  (1964), T rier (1967), K om issarchik  and Ugolev (1970) 
consider th e  m ucopolysaccharide coating as a  b arrier defending th e  epithe­
lial cells.

T he m ucus produced b y  goblet cells p lays an  im p o rtan t defensive role 
in  th e  colon having rough contents ex trem ely  rich in m icroorganisms. The 
s tru c tu re  and function o f these cells w ere described in deta il b y  Florey 
(1960, 1962).

Considering the  b arrie r role of the  in tes tin a l epithelium , th e  connection 
o f its  single cells is of in terest. This connection is m ost stable betw een the  
ap ical portions of th e  cells where the  so-called junctional com plex is seen. 
One o f its  components, th e  zonula occludens, is s itu a ted  ju st below th e  micro­
villi a n d  is characterized b y  a  dense confluence of th e  plasm a m em branes of 
ad jacen t cells. In  th e  in term ediate  zone th a t  follows, the  contiguous m em ­
branes are not fused b u t connected by  m eans of an  unknow n substance. 
P ecu liar structures (desmosomes), located  deeper, link ce rta in  areas of 
la te ra l surfaces of ad jacen t cells, w ithou t surrounding them  com pletely. In  
th e  low er (basal) p a r ts  o f th e  epithelium  th e  connection is fa r less stable; 
betw een the  cells th ere  a re  spaces th e  w id th  of which depends upon the  
functional s ta te  of th e  intestine. These spaces have an  irreg u la r shape 
as th e  la te ra l surface o f th e  cells is q u ite  to rtuous. The epithelial cells 
seem to  have no definite links w ith th e  basa l m em brane; p resum ably  they  
m erely  adjoin it. Thus, th e  epithelial lay er is, obviously, able to  alter 
its position , which is necessary in view o f  th e  fact th a t  cell division occurs 
deep in th e  crypts. G radually  m aturing , th e  young epithelium  is pushed 
ou t o f th e  crypts u n til th e  old cells are shed  a t  th e  villar tips. This process 
takes a  ra th e r short tim e: 3 days in experim ental animals and  3—8 days in 
m an  (Lipkin, 1965; T im ashkevich, 1966; L ipk in  and  Bell, 1968). In  case 
of a  physiological d e tach m en t of th e  cells no defects (not even transien t 
ones) ap p ear in the  in testin a l epithelial lining. A t th e  same tim e, th e  absence 
of a s tab le  connection betw een its cells an d  th e  basal m em brane accounts 
for th e  fac t th a t  a fte r h u m an  or anim al d ea th  th e  epithelium  m ay  fall off 
th e  m ucosal surface v ery  rap id ly  and  som etim es alm ost com pletely.

As has already been m entioned, th e  lam ina propria underly ing  the  
ep ithelium  exhibits a  variab le  s truc tu re . T he variab ility  o f its  cellular 
elem ents has been confirm ed by  biopsy in  hea lthy  subjects (R ubin  and 
D obbins, 1965). The lam ina propria is less developed in th e  colon th an  
in  th e  ileum; its m acrophages lying n ea re r to  th e  ou ter surface contain 
a ce rta in  num ber of g ranu la r inclusions (Donellan, 1965). T he lam ina 
p ro p ria  m ay be th e  site  o f infectious processes as will be seen below. In  
add ition , because of its  resem blance in s tru c tu re  to  lym phoreticu lar tissue, 
th e  lam ina propria m ay p artic ip a te  in im m une processes (K raft an d  K irsner, 
1971).

M atu ra tion  and differen tation  of th e  lam ina propria (like all lym phoid 
an d  reticulo-endothelial tissues) are d is tin c tly  connected w ith  antigenic 
stim uli. In  germ-free anim als reared u n d er sterile conditions th e  intestinal 
m ucosa, and especially its  lam ina p rop ria , are underdeveloped; after 
colonization of th e  gastro in testinal t r a c t  b y  some organisms, however,
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Fig . 1-5. N u m ero u s sp irochetes on  th e  su rface  o f  epithelia l ce lls  o f  th e  m onkey’s la rg e  
in testine , a L e ishm an  sta in , X 2600. b P re p a re d  w ith  o sm iu m  te tra o x id e  fixa tion  a n d  

em bedded  in  E p o n , X 23 000. (V oino-Y asenetsky  e t  a l., 1975)

th e  usual appearance of th e  m ucosa m ight soon be observed  (H: G ordon, 
1960; Sprinz, 1962; A bram s et al., 1963; D onaldson, 1968; Bauer, 1968; 
K hlvstova and  Zaitsev, 1971; M iniats and  Valli, 1973; W östm ann e t  a l., 
1973). This s ta te  of th e  m ucosa in  h ea lth y  hum ans a n d  animals has b een  
called “physiological inflam m ation” b y  Sprinz (1962). Similarly, D ubos e t  
al. (1967) consider th e  norm al m icrobial in testinal flo ra  to  correspond to  
agents of chronic infectious processes, b u t having a  m ild  course. In s tea d  o f  
infection, however, it w ould p robab ly  be more co rrec t to  speak o f  a
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co n stan t stim ulation b y  enteric organism s o f the cells h av in g  defensive 
functions (Miyakawa e t  a l., 1965).

I t  has been po in ted  o u t by M etchnikoff th a t some o f  the  constant 
inhab itans of the  bowel produce toxic substances and a re  harm fu l to  th e  
host. However, in general, th e  in testinal flo ra is useful a n d  even  necessary 
(Perets, 1955, 1962; D onaldson, 1968; H en tg es , 1970; G orbach  and  Levitan, 
1970; Gorbach, 1971; L ebedeva et al., 1974).

As sta ted  by H ill a n d  D rasar (1975), in te re st in th e  h u m an  intestinal 
bac teria l flora has g rea tly  increased in re cen t years. This is, to  a  large ex ten t, 
d u e  to  new techniques w hich perm it th e  s tu d y  of the d o m in an t members 
o f th e  intestinal flora, th e  non-sporing s tr ic tly  anaerobic bac teria . These 
au th o rs  also m ention a  num ber of unso lved  questions in  connection w ith  
th e  functional significance and  even the  com position of th e  h u m a n  intestinal 
flora. This study  was b ased  chiefly on th e  exam ination o f  faeces, i.e. th e  
con ten ts of the d ista l colonic lumen, w hereas the m ucosal flora (bacteria 
growing in close associa tion  with the m ucosal surface) m ay  differ m arkedly 
from  this.

Almost all investigators dealing w ith  th is  subject sh are  th e  view th a t  
com m on intestinal b ac te ria  interfere, to  a  certa in  extent, w ith  th e  invasion 
o f  th e  intestine by  pathogen ic  organisms. Microorganisms capab le  of grow­
ing in the mucus sec re ted  by  goblet cells on  the surface o f  th e  epithelial 
lining are considered b y  D ubos and S avage to  play a specific role in host 
defence (Dubos et ah , Í965; Savage e t a l., 1968, 1971; S avage , 1969, 1970, 
1972; Gordon and D ubos, 1971). In  mice th e re  are fusiform ro d s  and sp iral­
like microorganisms appearing  in the  caecum  and in th e  colon in th e  
2 n d -3 rd  week of life, a n d  multiplying ab u n d an tly  in m u co id  films. T hey 
do n o t penetrate deep in to  the  epithelium  o r even into th e  brush  border, 
as  if they  formed a  second epithelial defensive harrier. F u s ifo rm  organisms 
residing in the m ucus w ere also d em o n stra ted  in rats to g e th e r  w ith some 
G ram -negative rods an d  cocci resting o n  ileal villi (Savage, 1970). P lau t 
e t  al. (1967) and N elson and  M ata (1970) reported on  sim ilar findings 
in  m an.

I t  is difficult to  decide w hether or no t th e  microorganisms growing in m u­
coid layers on th e  in te s tin a l surface are re a lly  useful for th e  h o st. However, 
th e re  is some evidence th a t  these (or sim ilar) organisms a re  capable of 
com ing into direct co n tac t with the epithelium . H a m p to n  and  Rosario 
(1965) found some ra th e r  long, rod-shaped  bacteria (Streptobacillus moni­
liformis in their opinion) protruding a t  various angles o v er d is ta l portions 
o f  th e  ileal mucosa. E lec tro n  microscopy show ed these o rgan ism s to  th ru s t 
in to  the brush bo rd er slightly  inden ting  th e  plasma m em brane. The 
epithelial cell displays ce rta in  m oderate changes only a t th e  s ite  of bacterial 
a ttachm ent.*  Savage a n d  Blumershine (1974), Davis a n d  Savage (1974), 
E rlandsen  and Chase (1974), reporting o n  sim ilar findings in  m ice and ra ts ,

* D escribing id en tica l fin d in g s in  th e  r a t  in te s tin e , R eim ann  (1965) s ta te s  th a t  
b a c te r ia  are engulfed b y  ep ith e lia ! cells. H o w ev er, h e  illustrates th i s  w ith  an  obviously  
w rong  p ictu re  of in tra c e llu la r  localization o f  a n  organism  w hich h a s  been  o b ta ined  
b y  oblique section th ro u g h  th e  epithelium .
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reject th e  idea th a t these m icroorganism s could belong to  Streptobacilli 
and call them  sim ply “segm ented filam entous m icrobes” .

Q uite frequent em bedding of spirochetes has been  described in th e  
brush  bo rder of the  colonic and  re c ta l epithelium  in m an and m onkeys 
(H arland  and  Lee, 1967; G ear and  D obbins, 1968; Takeuchi and  Sprinz, 
1969, 1970; Lee et ah, 1971; Takeuchi e t  al., 1971, 1974; Takeuchi and  Zeller, 
1972; V oino-Y asenetsky e t al., 1975). Over large p o rtio n s of the g u t th is  
border is occasionally wholly su b s titu ted  by densely arranged sp irochetes 
(Fig. 1-5). I t  is surprising th a t  th e re  are no a lte ra tio n s in the ep ith e lia l 
cells a t  sites where spirochetes are a ttach ed ; also th e  leukocyte response 
is absen t and  no in testina l disorders occur.

LOCALIZATION OF E N T E R IC  PA TH O G EN S IN  MAN

Bacteriological studies of p a tien ts ’ stools prove th a t  th e  agents o f en teric  
infections are present in the  co n ten ts  of the  d igestive tract. T herefore, 
a purely  toxic effect was for a long tim e  a ttrib u ted  to  these organisms w hen 
try ing  to  explain th e  pathogenesis o f such diseases. This is, hovew er, a 
sim plification not su itab le  for accounting  for th e  essence of all en teric  
infections.

The in testinal epithelial barrier does not only p rev en t the passing of 
organism s abundan t in the  digestive t r a c t  (especially in  its distal portions), 
b u t also th a t  of several noxious substances. W hen undam aged, it is a lm o st 
im perm eable to  endotoxins of G ram -negative organism s (see C h ap te r 4), 
like th e  agents of ty p h o id  fever, dysen tery  and E . сой-enteritis. H ence, 
for th e  developm ent o f infectious processes in th e  in testine a d is tu rb an ce  
of th is  defence, or th e  presence o f parasites capable o f overcoming it, is 
necessary.

In te s tin a l diseases caused by p ro tozoa are a good example. Entamoeba 
histolytica is quite harm less while it  is found in th e  in testinal lum en, b u t 
when, fo r some still unknow n reason , it p enetra tes th e  in testinal w all, 
am oebic dysentery  will develop. T hese parasites in v ad e  the colonic su b ­
m ucosa and  a ttack  th e  tissues by  help  of their enzym es, while leukocy tic  
response is alm ost absent. The pathogenesis of colitis produced by  B alanti­
dium coli is alm ost identical (Voino-Yasenetsky, 1964a).

The pathogenic properties of Giardia lamblia are n o t qu ite  clear. S h ak h n a- 
zarova (1962), Zam sheck e t al. (1963), R ubin  and D obbins (1965), T ak an o  
and  Y ard ley  (1965), H oskins e t al. (1967), M. M. Solovyev (1968), B arb ieri 
e t al. (1970), Brooks e t al. (1970), E rlandsen  and  Chase (1974) observed  
th a t  th ese  organisms inhab ited  n o t on ly  the in testina l lum en of hum ans b u t 
were also a ttach ed  to  th e  m ucosal surface. In freq u en tly  th ey  even p e n e tr a t ­
ed th e  epithelial cells (Morecki an d  P arker, 1967; B randborg  et al., 1967; 
B randborg , 1971; M ueller e t al., 1973). They are pathogenic because of 
dam aging th e  absorbing epithelial surface of the  sm all intestine w hich m ay  
lead to  im pairm ent of host feeding (Alp and  Hislop, 1969; Ament and  R u b in , 
1972; E rlandsen  and  Chase, 1974). M ueller e t al. (1973) believe th a t ,  by
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a ttach in g  them selves to  th e  mucosa, Giardia seem to  in g est superficial 
en terocy te structu res (the fuzzy coat, m icrovilli).

Some coccidiae, ex trem ely  widespread am ong  animals, a re  intracellular 
parasites. Almost all o f th e ir  life cycle takes p lace  in the in te s tin a l epithelial 
cells. The particulars o f th is  cycle were described  in detail by  K heisin  (1967). 
I t  should be po in ted  o u t th a t  th e  cell in v ad ed  by a large p a ra s ite  remains 
v iab le  while it grows an d  m ultiplies (Scholtysek, 1968). T he sam e occurs 
in  hum an coccidiosis, a  ra re , b u t occasionally le thal disease (B randborg e t 
ah , 1970).

E pithelial cells o f th e  insect digestive t r a c t  provide a site fo r th e  develop­
m en t of causative agen ts  of certain  h um an  diseases, such as m alaria and 
rickettsiosis. The h o s t’s v ita l functions do n o t appear to  be impaired: 
th e  mosquito keeps feeding on hum an b lood  and  infects its  v ictim  with 
plasm odiae (sporozoites) th a t  invade its sa liv a ry  glands. S till m ore striking 
is th e  harmless an d  obviously m utually  beneficial sym biosis of the host 
a n d  certain bac te ria  settling  in the in te s tin a l epithelial cells of insects 
(Steinhaus, 1947, 1949; A. Koch, 1960).

T he capability o f en teric  bacteria for in tracellu lar p a ras itism  was first 
established in typho id . G ranulom atous a lte ra tio n s  in ly m p h atic  form ations 
o f  th e  intestine an d  m esentery  in this disease had  long been know n. Using 
modified R om anovsky-G iem sa staining, G oodpasture (1937) and  Adams 
(1939) were the  first to  de tec t very small b ac te ria  in the ce llu lar cytoplasm  
o f such granulom as. T he cells harbouring th e  organisms — characterized 
b y  m oderate basophilia were nam ed plasm a cells. P lanelyes an d  F orshter 
(1946, 1947) suggested th a t  these cells were, in  fact, not p lasm a cells, bu t 
young reticular cells or histiocytes. Still th ey  w ere not righ t in  sta ting  th a t 
th e  organisms invaded  lym phocytes during  experim ental ty p h o id  infection 
in  mice. R ecent d a ta  p resen ted  in Chapters 13-18 perm it to  assum e th a t 
salm onellae parasitize  m acrophage-type cells.

T he ability of shigellae to  exhibit in trace llu la r parasitism  was a more 
unexpected finding though , alm ost since th e  v e ry  moment o f th e ir  discovery, 
th ese  organisms were suspected  not only to  in h ab it the  in te s tin a l lumen 
b u t  also to  invade its  walls (see C hapter 4). T hey  were assum ed  to  grow 
extracellularly , form ing aggregates in a reas  of erosion a n d  ulcerative 
defects of the  affected mucosa. S tudying th e  morphology o f experim ental 
keratoconjunctiv itis  p roduced  by shigellae, P iéchaud  et al. (1958) observed 
th ese  bacteria ra th e r  frequen tly  in th e  cy toplasm  of corneal epithelial 
cells. They p u t fo rw ard  th e  idea th a t th e  epithelial cells m ig h t serve as 
“ a  last shelter for p a ras ite s” , saving them  from  phagocytosis b y  leukocytes. 
L a te r , after study ing  experim ental shigella cystitis S ztu rm -R ubinsten  
a n d  Piéchaud (1963) assum ed th a t th e  epithelial cells them selves had 
defensive functions by phagocytizing m icroorganism s.

LaBrec and F orm al (1961) came to  a  d ifferen t conclusion. S tudying 
th e  intestine of guinea pigs infected w ith  shigellae after a  special p re trea t­
m en t, they  concluded th a t  dysentery organism s only pass th rough  the  
epithelium  and se ttle  deeper in  th e  loose tis su e  o f the lam ina p ro p ria  under­
ly ing th e  epithelium . F orm al, LaBrec an d  th e ir  co-workers m ade a series 
o f  investigations in to  th e  localization of shigellae; the resu lts w ere reported



GENERAL P R IN C IP L E S  OP TH E PA TH O G EN ESIS OP IN T E S T IN A L  INFECTIONS 20

in th e ir  papers published  in the y ea rs  1963-67. M eanwhile, d ata  had accu ­
m ula ted  proving th e  capacity o f shigellae to  in h ab it th e  epithelial cells 
an d  to  grow in th em  e.g. in the cornea (Rácz and  Serény, 1962; L evenbuk  
an d  Andreeva, 1962; Rácz, 1963), in  th e  u rinary  b lad d er (Levenbuk a n d  
Andreeva, 1962, 1965«) and in th e  respiratory  t r a c t  (Voino-Yasenetsky 
an d  V oino-Y asenetskaya, 1962«, b) o f experim ental animals. C ertain ly , 
these results did n o t allow the conclusion th a t in traep ithelia l parasitiz ing  
by  shigellae occurs in the  intestine w hen dysentery  ru n s  its norm al course. 
E vidence of th is w as, however, o b ta in ed  in spon taneous and artific ia lly  
induced dysentery  in monkeys (Voino-Yasenetsky, 1963; Voino-Yasenetsky 
an d  K havkin , 1964; Ogawa et a l., 1966a). Then also American in v es­
tig a to rs  (Takeuchi e t  ah, 1968) ag reed  with our conclusions on shigellae 
being localized precisely in the in testin a l epithelial cells. Inform ation on  
th e  localization o f shigellae in th e  h o st and  on th e  ro le  of these organism s 
in th e  pathogenesis of dysentery  infection is d iscussed in greater d e ta il 
in C hapters 4-12.

T he properties o f pathogenic E. coli described in C hapters 19-22 proved  
m ore diverse. Some peculiarities o f  g row th  in vitro as w ell as certain antigenic 
featu res of these organism s resem ble those of salm onellae and shigellae, 
suggesting some genetic connections between them . T h e  behaviour of E. coli 
in  vivo confirms th is  point. E x p erim en ts  with an im als revealed th a t  like 
salm onellae, all Escherichia (pathogenic or non-pathogenic) are able to  
m u ltip ly  in m acrophage-type cells (Polotsky and  A rbuzova, 1967; P o lo tsky  
e t a l., 1968). H ow ever, such in trace llu la r parasitiz ing of E. coli is of ra th e r  
sh o rt duration  an d  is usually re s tr ic ted  to  one cycle of bacterial m u lti­
p lication. W hen th e  cell overfilled w ith  the organism s perishes, th ey  a re  
released and read ily  destroyed by  polym orphonuclears. Varieties of E. coli 
causing dysenterv-like diseases in m an  inhabit, s im ilarly  to  shigellae, th e  
ep ithelial cells (Polo tsky  and A rbuzova, 1967; Ogawa e t  ah, 19686; P o lo tsk y  
e t a l., 1968, 1971; Form al et al., 1971«). E. coli organism s associated w ith  
in fan tile  enteritis grow on the surface of the in testina l epithelial lin ing 
(Ilgner, 1956). F ina lly , in recent years some p a rtic u la r  strains of E. coli 
causing cholera-like diseases in h um ans and producing  enterotoxins have 
been found (Form al e t al., 1971«; Sack et al., 1971; Avdeeva e t  a l., 
1973«). These organism s grow extracellu larlv  (see C hap ter 22).

T h e  localization o f th e  m icroorganism s causing cholera is not fully u n d e r­
stood. They m ultip ly  abundan tly  in  th e  liquid filling th e  intestinal lum en  
du rin g  the  course o f th e  disease a n d  seem to  possess th e  ability  to  com e 
in to  d irect con tac t w ith  the m ucosa.

K och (1883) d e tec ted  great am o u n ts  of vibrios in th e  intestinal co n ten ts  
of p a tien ts  who h ad  died of cholera. H istological s tud ies dem onstrated  th a t  
a t  autopsies m ade soon after d e a th  o r some hours la te r  small “rod-shaped  
organism s” did n o t only densely colonize the ep ithelia l surface of ileal villi, 
b u t th ey  also p en e tra ted  it and  even  invaded deep layers of the  in testin a l 
wall. Koch, however, warned th a t  his findings m ig h t be taken  for p o s t­
m ortem  growth o f pu trefactive b ac te ria  observed in  “not quite fresh  
cad av ers” . This com pels us to  be  cautious in dealing  w ith  similar re p o rts  
b y  B abes (1885), Tizzoni and C a tta n i (1888) and  o th e r authors, who h a d
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n o t paid  a tten tion  to  th e  period elapsing betw een the d ea th  o f th e  patien ts 
a n d  autopsy.* S toerk  (1916), w orking w ith  a large m ateria l, absolutely 
re jec ted  the possib ility  of a p rev ita l pene tra tion  of tissues by vibrios. 
A t early  autopsies v ibrios were found only  in the in testina l contents and 
p a r tly  on the ep ithelia l surface “as if s tu c k ” . This is in  agreem ent w ith 
th e  observations o f D u t t  (1967) as well as w ith  the  results o f experim entally  
induced  infection o f anim als and experim ents on isolated in te s tin a l segments 
(Goodpasture, 1933; L aB rec et al., 1965; Cruickshank e t al., 1966; P atnaik  
a n d  Ghosh, 1966; D u tt ,  1967; F reter, 1969; E llio t et al., 1970). P enetra tion  
o f vibrios into th e  ep ithelial cells or deeper mucosal layers has not been 
observed  in these experim ents. H ow ever, A v tsy n  et al. (1971) hav e  recently 
described th a t V. cholerae adm inistered in to  th e  ileal lum en o f 10-12-day 
old  suckling rab b its  resided not only on  th e  mucosal surface b u t  also pene­
t r a te d  the cytoplasm  o f single ep ithelial cells.

W ith  the use o f electron  microscopy th e re  appeared a  considerable in te r­
e s t in  “W hipple’s d isease” , in spite o f its  ra re  occurrence. T his disease is 
characterized  by th e  accum ulation of large macrophages contain ing  lipids 
a n d  PAS-positive g ran u la r inclusions in th e  in testinal m ucosa a n d  subm ucosa 
(as well as in m esenteric lym ph nodes a n d  in  some organs). W hipple him ­
se lf (1907) who was th e  first to  describe such lesions, found  some small 
organism s detectable w ith  L evad iti’s silver im pregnation m eth o d  in mesen­
te ric  lym ph nodes. Y e t, for a long tim e  th is  disease was considered to be 
th e  sequel of m etabolic disturbances. A t present, its infectious nature is 
a lm o st certain. M ost investigators recognize th e  small “bacteria-like bodies” 
fo u n d  in  the tissues a t  in testinal b iopsy as genuine organism s. The forms 
o f th e ir  division h av e  been described and  antibiotic th e ra p y  has proved 
successful.** These organism s lodge in th e  lam ina propria. T hey  are  predom ­
in an tly  arranged betw een  the cells b u t  m any  are ca p tu red  by m acro­
phages (histiocytes). In  these cells th e  organism s are com m only enclosed 
in  phagolysosomes an d  undergo destruc tions.

T rie r e t al. (1965) an d  Dobbins an d  R uffin  (1967) estab lished  th a t the  
ag en ts  of W hipple’s disease were also phagocytized  by polym orphonuclears 
appearing  in the affected  tissues. O ther au th o rs , studying a few cases, failed 
to  n o te  the active role o f polym orphonuclears. Dobbins and  R uffin  revealed 
characteristic sm all organism s in th e  ep ithelium  of the  sm all intestine as 
well. They pointed o u t th a t  in the  cy top lasm  o f basal p a rts  o f  th e  epithelial 
cells only single, well preserved organism s were seen whereas in  the  apical 
p a r ts , their degenerative forms were em bedded  in large phagolysosomes 
in  th e  form of aggregates. According to  these authors, th e  pathogenic 
ag en ts  of W hipple’s disease pen e tra te  th e  epithelium  from  beneath , from 
th e  lam ina propria, b u t  do no t survive th e re . Sim ilar findings w ere described 
b y  W atson and H au b rich  (1969), R o b erts  e t  al. (1970), an d  Pages (1971).

* P ost-m ortem  changes t h a t  h ad  n o t b een  ta k e n  in to  accoun t led  t o  th e  erroneous 
c o n c e p t ab o u t th e  a lm o s t com plete  sh ed d in g  o f  ep ithe lia l lin ing  o f  ile a l m ucosa in  
ch o le ra  (for details see V oino-Y asenetsky  a n d  Z habo tin sky , 1970).

** F o r  re levant li te r a tu re  see th e  rev iew s o f  D av id  (1967), O tto  a n d  B egem ann 
(1970), G reenberger e t  a l. (1971), Á ru in  e t  a l. (1971).
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W atson  and  H aubrich , however, w ere very  cautious in  discussing th e  w ays 
of th e  agen t’s p en e tra tio n  through th e  epithelial cells. T hey showed g reat 
am oun ts of such b ac te ria  to  be p re sen t between th e  epithelial cells, th e  
la te ra l surfaces of w hich were exceedingly convoluted in their lower p o r­
tions. Hence, th e  sections m ay h av e  given a false im pression of in t ra ­
ep ithelial localization o f the organism s. Y et, the possib ility  of finding b ac ­
te ria l clumps in th e  u pper (apical) p a r ts  of epithelial cells is doubtless. 
T here, th ey  are su rrounded  by a m em brane and a p p e a r to  have been d e­
stroyed . I t  follows th a t  the  ep ithelial cells are able to  re s tric t as well as to  
d igest th e  parasites th a t  have e n te red  them .

In  addition  to  pathological processes developing m ain ly  in the in testine , 
th e  m ucosa of the  la t te r  m ay serve as the  po rta l o f en try  for agents o f 
o th er infectious diseases. Such diseases are, for exam ple, brucellosis, 
listeriosis and pseudo tuberculosis, w hich we do n o t discuss here, dealing 
w ith  “ en teric” pathogens only.



C H A P T E R  2

BIOLOGICAL FEATURES OF ENTERIC BACTERIA 
CAPABLE OF INTRACELLULAR PARASITISM

by
B . S E R É N Y

T h e  fam ily E nterobacteriaceae consists o f  peritrichous or non-m otile Gram- 
negative rod-shaped bacteria. They fe rm en t glucose rap id ly  w ith  or w ith­
o u t gas, reduce n itra te s  to  n itrite s  a n d  grow on sim ple cu lture m edia 
(R ep o rt of the  E n terobacteriaceae Subcom m ittee, 1958). T he family, by  
m eans of biochem ical m ethods, is d iv ided  into groups an d  subgroups, 
w hich are subdivided in to  serogroups a n d  serotypes. The serotypes can be 
classified into b io types and  into phage-tvpes (Kauffm ann, 1956a).

T he family E n terobacteriaceae is m ade u p  o f a num ber o f re la ted  organ­
ism s, many of th em  having com m on antigenic factors. T he arb itrarily  
estab lished  groups a re  no t sharp ly  de linea ted  w ithin th e  fam ily; they  
fo rm  dense centres consisting of serologically and biochem ically more or 
less homogeneous b ac te ria , m any of w hich are serologically re la ted  (Ewing, 
1953; R eport, 1958).

T he modern classification system  o f th e  E n terobacteriaceae has passed 
th e  te s t of practice. B y  m eans of th e  ava ilab le  biochemical an d  serological 
procedures the overw helm ing m ajo rity  o f th e  isolated s tra in s  of entero­
b ac te ria  may be re la tive ly  easily identified. Certain s tra in s , however, 
p re sen t difficulties even  w ith the  m ost careful exam ination. A few of th e  
num erous publications on such in term ed ia te  forms are as follows. The 
s tra in s  of P iéchaud e t ah (1965) corresponded to  Shigella, b u t developed 
s tro n g  saccharolvtical ac tiv ity , an d  were, therefore, classified into a new 
group , “Parashigella” . Trifonova (1965) concluded th a t s tra in s  identified 
as E . coli 025, 028 , 0102  belonged to  shigellae (Sh. sofia, Sh. scholtensii, 
a n d  Sh. niemi, respectively). K erekes (1965) isolated an  interm ediate 
Shigella-E. coli s tra in  which corresponded to  the  sorbitol positive  varian t 
Sh. flexneri 2a, b u t ferm ented  rham nose an d  salicin. W ith  th is  he induced 
experim ental shigella kera tocon junctiv itis  in guinea pigs.

T he criteria of our present system  of classification have n o t included the  
pathogenicity  of E n terobacteriaceae. I t  has been found th a t  only certain 
g roups of enteric b ac te ria  are able to  p en e tra te  the  cells o f  th e  intestinal 
m ucosa (i.e. of in tracellu la r parasitism ), and  there is a close connection 
betw een  in tracellu lar parasitism  an d  th e  pathogenicity  o f these micro­
organism s. Only those strains are able to  induce intestinal infections which 
e n te r  the  cells of th e  in testinal m ucosa an d  grow there.
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CLASSIFICATION OF IN T R A C E L L U L A R  PA R A SITIC  
B A C T E R IA

E nterobacteriaceae m ay be classified into tw o m ain  groups, nam ely  
in tracellu la r parasites, and  bac teria  n o t growing inside cells. P a r t  o f th e  
in tracellu la r parasites m ultiply a lm ost w ithout exception  in the ep ithelia l 
cells o f  the  mucosa (in traepithelial parasites), while o ther in tracellu la r 
p arasite s  a ttack  m acrophage-type cells.

INTRAEPITHEL LAL PA RASITES

All bac teria  belonging to  the Shigella group (except phase I I  of Sh. sonnei 
an d  a  few others) a re  virulent w hen freshly isolated. In  hum an d y sen te ry  
(B akács et ab, 1970) an d  in m onkey dysentery  (Voino-Yasenetsky, 1963; 
F o rm al e t al., 1971a) th ey  p en e tra te  th e  epithelial cells of the in testina l 
m ucosa, where th ey  grow and d estro y  th e  epithelial cells producing local 
inflam m ation. They pene tra te  th e  ep ithelial cells o f th e  conjunctiva an d  
o f th e  cornea in th e  guinea pig’s eye (Piéchaud e t a l., 1958; Rácz e t al., 
1960; Levenbuk an d  Andreeva, 1962). E xperim ental nasal infection o f 
alb ino mice (Voino-Yasenetskaya’s m odel) affects th e  epithelial cells o f th e  
b ronchi (Voino-Yasenetsky and V oino-Y asenetskaya, 1962a, b). E xp erim en ­
ta l o ra l infection o f s ta rv ed  guinea pigs ( Form al’s model) results in p e n e tra ­
tion  o f th e  organisms in to  the  ep ithelial cells of th e  in testin e  (Form al e t al., 
1965c/; B ibinova e t a l., 1968a, b). A fte r experim ental vesical infection o f 
gu inea pigs (Bingel’s model) th e  b ac te ria  enter th e  ep ithelial cells o f th e  
b lad d er (Szturm -R ubinsten  and P iéchaud , 1963; T enner e t al., 19716); 
w hen given into th e  isolated in tes tin a l loop of th e  ra b b it (De’s m odel) 
th ey  pen e tra te  the  epithelial cells a n d  m ultiply th e re  (see C hapter 22). In  
guinea pigs p re trea ted  w ith strep to m y cin  and in  alb ino mice a f te r  o ra l 
infection (F reter’s model) a prolonged excretion of th e  pathogenic ag en t 
was dem onstrated  (F re ter, 1955, 1956; R auss et al., 1966a, b). In  ex p e ri­
m en ta l vaginal infection of mice (K ash ib a’s model) a  puru len t secretion  
was observed (K ashiba e t al., 1967). In  orally infected  cats in traep ithelia l 
p arasites  induced a  clinical picture sim ilar to  dysen tery  (Sergeevich, 1954). 
Shigellae are able to  infect cell cu ltu res and  elicit a  cytopathogenic effect 
(see C hap ter 5). A viru len t shigella cu ltures are e ith e r unable to  en ter, o r 
p en e tra te  only a very  sm all p a rt o f th e  epithelial cells an d  fail to  m u ltip ly  
th e re . V irulent form s of different serotypes of sliigellae are ep ithelial 
parasites . In  this case in traep ithelial parasitism  is a  g roup  property .

T here  is a genetic homology betw een  the  Shigella and  E. coli g roups 
(L uria  and  Burrous, 1957; Falkow  e t al., 1963; Schneider and Falkow , 
1964; Stenzel, 1965). Because of th e  close relationship , these two g roups 
were ranged  in th e  sam e main divison (Ewing and  E dw ards, 1960). T he 
num erous serological connections o f th e  Shigella a n d  E. coli groups are 
well know n (Ewing, 1953), and m an y  interm ediate form s between these  
tw o genera were described (Manolov, 1958, Stenzel, 1962c; P iéchaud e t al., 
1965; Trifonova, 1965).

3 Voino-Yasenetsky — Bakács
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T he Escherichia g roup  occupies a c en tra l place in th e  fam ily E ntero- 
bacteriaceae, hav ing  num erous re lationships w ith  the  o th e r groups. T he 
g rea test am ount o f com m on antigens, sh ared  w ith o ther groups, is found 
in  th e  genus Escherichia. Owing to  th is  fac t some au th o rs  suggest th a t  
in  th e  course o f evolu tion , this genus m igh t have been th e  progenitor 
o f all o ther E n terobacteriaceae groups (Polotsky, 1967, 1970). As regards 
in tracellu lar p arasitism , a  sim ilar connection m ay be estab lished  between 
E. coli and o th er en terobacteria . C erta in  E. coli sero types are in tra ­
epithelial parasites, o thers are more o r less capable o f m ultiplying in 
m acrophages while th e  rest exhibit no in tracellu la r parasitism  (see Chap­
te rs  20-22).

Novgorodskaya (1968, 1970) (see C h ap ter 19) divides enteropathogenic 
E. coli (EEC) in to  tw o  categories. The first category includes organisms 
causing epidemic in fan tile  gastroen teritis  (E E C -I or “E . coli dyspepsiae” ), 
th e  second category com prises serotypes inducing dysentery-like diseases 
in  adu lts and ch ild ren  [EEC-11 or “shigelloid coli” (R édey, 1964a, b), or 
“ dysentery-coli ty p e ” (Stenzel, 1965)]. Serotypes know n as common in ­
h ab itan ts  in the  bowel or causative agen ts o f ex tra in te stin a l diseases are 
te rm ed  as non-enteropathogenic (NEEC) organism s, and  can n o t be included 
in to  these categories. According to  R éd ey  (1970) th e  following E. coli 
serotypes m ay b e  classified as in traep ithelia l parasites: 028a28c:K 73(B18), 
0 2 9 , Ü32, 0 1 1 2 a ll2 c :K 6 6 , О Ц 5, 0124:K 72(B 17), 0135, 0136 : K78(B22), 
01 4 3  and 0144, i.e. th e  so-called “shigelloid coli” serotypes. These and  
som e other E. coli sero types are called b y  N ovgorodskaya (19666, c, 1968,
1970), N ovgorodskaya e t al. (1966a, 1968, 1970), N ovgorodskaya and 
P o lo tsk y  (1972) Shigella-like group of E E C -II  (see C h ap ter 19).

T his category is in te rm ed ia te  betw een Shigella and E. coli as regards its 
biochem ical and serological properties. T he О antigens of several serotypes 
a re  identical w ith  Shigella antigens (see C h ap ter 19). N ovgorodskaya and  
P o lo tsk y  (1972) n o ted  th a t  E. coli s tra in s classified into ca tegory  I I  had  
ferm entation  p roperties  closer of those o f Shigella th an  o th e r  Escherichia. 
E a r lie r  a sim ilar view  was published b y  Sakazaki e t al. (1967). E. coli 
0 1 1 5  strains, as ex am in ed  w ith k eratocon junctival te s t an d  b y  oral adm in­
is tra tio n  to  hum an  volunteers, produced ty p ica l dysentery . These strains 
fe rm ented  lactose la te  o r no t a t all, d id  n o t decarboxylate  lysine, were 
non-m otile and p ro d u ced  no gas from  glucose and o ther sugars (Trabulsi 
a n d  Eernandes, 1969). E . coli 0124, 0143 an d  0144 failed to  produce lysine 
decarboxylase (Serény, 1963; Costin an d  Olinici, 1965; Stenzel, 1965; 
A ldová and L áznicková, 1967). A lthough 0124  strains show a  relatively 
n arrow  ferm entation  spectrum  (Stenzel, 1965), there are cultures which 
fe rm en t lactose ra p id ly  (K olta, 1967). U sing  th e  d a ta  o f tw elve authors, 
V asser (1968) sum m arized  the  biochem ical activ ities o f serogroup 0124 
a n d  m entioned th a t  som e 0124 cultures fe rm ent lactose p ro m p tly  while 
o th ers  failed to  a t ta c k  th is  sugar. As regards their biochem ical activ ity , 
keratoconjunctiv itis-inducing  m embers o f E . coli 0136 m igh t be looked 
u p o n  as in term ediates betw een Shigella a n d  Escherichia: th e y  produce gas 
from  glucose, do n o t ferm ent lactose, do n o t decarboxylate  lysine, are 
non-m otile and p a r t  o f th em  fail to  u tilize c itra te  (Aldová a n d  Láznicková,
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1967). In  biochemical ac tiv ity , ex cep t for lysine decarboxylase, serogroup 
01 4 4  is similar to  o th er Escherichia strains (A ldová and  Láznicková, 
1967).

T he disease induced by  serotypes o f  th e  second ca teg o ry  resembles sh igel­
losis (Serény, 1963; R édey, 1964a, 6; Novgorodskava, 1968). In  an im al 
experim ents (V oino-Y asenetskaya’s, B ingel’s, F o rm al’s, D e’s models an d  
cell cultures) they  behave like in traep ith e lia l parasites (R édey and Csizm a- 
zia, 1960; Stenzel, 1962a, 6, Serény, 1963; N ovgorodskaya et al., 1964a, 
19666; Ogawa et al., 19666, 19686; Polotsky and  A rbuzova, 1966, 1967; 
P o lo tsk y  e t al., 1968, 1971; N ovgorodskaya, 1968, 1970; P olotsky a n d  
V asser, 1970a,6; F o rm a le ta l . ,  1971a). Shigella-like E. coli s trains may induce 
a  reaction  in anim als different from  th a t  caused b y  shigellae. Polotsky a n d  
co-workers (Polotsky an d  A rbuzova, 1966, 1967; P o lo tsk y  et al., 1968; 
Ariel e t al., 1968; N ovgorodskaya e t al., 1968a) found th a t  E. coli 028a28c, 
0124  and  0143, exam ined  w ith V oino-Y asenetskaya’s model, sim ilarly to  
o th er E. coli types, m ultiplied in th e  alveolar m acrophages within th e  firs t 
24 h, while salm onellae m ultiplied in  cycles (Voino-Yasenetsky, 19646).

Cross-im m unity furnishes fu rth e r d a ta  on the hom ology of in traep ithelial 
en teric  parasitic bac te ria . C ross-im m unity was unam biguously  dem onstra ted  
n o t only between d ifferent Shigella serotypes, b u t also between Shigella 
and  shigella-like E. coli serotypes (Stenzel, 19626, c; Serény, 1963; I s t ra ti  
e t  a l., 1963a; Is tra ti an d  Is tra ti, 19646; O gaw aet al., 19666). C ross-im m unity 
has never been show n between shigellae and salm onellae.

P A R A S IT E S  O F  M A C R O PH A G E S

T he in traep ithelial parasites form  a  well-defined group . This is n o t t ru e  
for th e  parasites o f m acrophages, w hich mainly m u ltip ly  in the cy toplasm  
o f th e  m acrophage-type cells. H istological changes induced  by them  are  
a t  first sim ilar to  th e  p icture of infections caused b y  shigellae and sh igella­
like E. coli. M acrophage-type cells, as  a  reaction to  in traep ithelia l parasites , 
m ay  also appear am ong the  polym orphonuclear leukocytes infiltrating th e  
subepithelial area an d  la te r some m acrophages con tain ing  bacteria in th e ir  
cy toplasm  m ay be discernible in  th e  subepithelial tissu e  (Tenner e t al., 
19716). These organism s, however, generally do n o t dam age the ep ithelia l 
cells, b u t en ter th e  lym phoreticu lar tissue, where th e y  are phagocytized 
b y  th e  m acrophages (Rácz e t a l., 1970; Tenner e t a l., 1971a).

Som e Salmonella serotypes (S . typhimurium, S. enteritidis and possib ly  
also S. typhi), w hich m ay induce experim ental salm onella keratocon jucti- 
v itis  w hen freshly iso lated , seem to  occupy an in te rm ed ia te  position betw een  
in traep ithelia l and  m acrophage p arasites  (Stenzel, 19626, c; Is tra ti e t al., 
1963a; Gleiberm an e t al., 1964). S ix hours a fte r infection with S. typh i­
murium, m any b ac te ria  m ay be seen in  the  epithelial cells of the  conjunctiva. 
These salmonellae m ultip ly  m ainly  in  th e  area above th e  lym phoreticu lar 
tissue. L a te r the  n u m b er of these  cells decreases, w hile the num ber o f  
m acrophage-type cells o f th e  lym phoreticu lar tissue increases (Bakács e t  a l., 
1970; T enner et al., 1971a). I t  m ay be established in general th a t  the  m a jo rity

3*
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o f  Salmonella sero types possess the  ab ility  o f m ultiplying in  th e  macrophage- 
ty p e  cells and o f destroy ing  them  (Voino-Yasenetsky, 1964).

A greater p a r t o f  freshly isolated S . paratyphi-A  a n d  S . paratyphi- В , 
S. typhi, S. rostock, S . meleagridis, S . muenchen strains, th o u g h  inducing 
no macroscopical change in the guinea p ig 's  eye, gain access to  the blood­
stream  and the v iscera  (Serény, 1955a, 1957; Moore, 1957; Trabulsi, 1965). 
U sing V oino-Y asenetskaya’s model, fresh ly  isolated an d  o ld  strains of S. 
typhimurium  and  S. heidelberg were fo u n d  to  begin m ultip ly ing  4-5 days 
a f te r  infection in th e  lung of the  m ouse. S. paratyphi-В  m ultip lies persist­
en tly  bu t has no fa ta l  effect; S. typhi does no t m ultiply a t  all (Arbuzova, 
19646). Occasionally salm onellae are d iscernible in the  b ronch ia l epithelium  
(Ariel and B ernovskaya, 1970). Sim ilar findings were rep o rted  in  the “lung 
m odel” with E E C -I (E . coli dyspepsiae), which first show ed m ultiplication 
in macrophages b u t  were killed a f te r  24 h (Polotsky e t  al., 1968) (see 
C hap ter 21). In  B in g el’s model fresh s tra in s  of S. enteritidis and  S. java 
w ere highly v iru len t, while S. typhimurium, S. bareilly a n d  S. reading were 
m oderately v iru lent. On the whole, b lad d e r salmonellosis results in less 
significant changes th a n  cystitis shigellosis (Stenzel, 1960). S. typhimurium  
a n d  S. enteritidis p e n e tra te  epithelial cells of the b lad d er an d  m ultiply 
th e re  (Bakács e t al., 1970). In  F o rm al’s m odel 8. typhimurium  enters the 
ep ithelial cells o f th e  sm all intestine (Takeuchi, 1967). In  mice, 8. typhi 
a n d  S. paratyphi-B  easily pene tra te  th e  intestinal m ucosa after oral 
infection; however, th e y  usually rem ain  in  th e  in testinal t r a c t ,  where they  
persist ra ther long (0 rsk o v  and K auffm ann , 1936). 8 . typhimurium  on the  
o th e r hand, p en e tra tes  th e  intestinal m ucosa, multiplies in  th e  peripheral 
lym ph  nodes and  en te rs  blood circu lation  causing fa ta l in fection  in albino 
m ice after 5-10 d ay s (0rskov and K auffm ann, 1936; B elyanin , 1968). 
S. typhimurium  m ultip lies well in gu inea pig peritoneal m acrophage culture 
a n d  destroys m acrophages. 8. paratyphi-B , on the o th er hand , is killed 
in  th e  macrophages (Arbuzova, 1964a). A fte r salmonella keratocon junctiv i­
tis  a  cross-protection develops against o th e r  Salmonella sero types (Gleiber- 
m a n n e ta l . ,  1964) b u t  n o t against Shigella (Rauss, 1968). B etw een  Listeria 
monocytogenes and  8. typhimurium  a ce rta in  form  of cross-im m unity  (m utual 
bactericidal effect o f th e  macrophages) m ay  be found in a lb ino  mice (Blan­
den  e t al., 1966).

Accordingly Salmonella serotypes m ay  show different reac tions in various 
an im al models. This seem s to  be obvious from  their d ifferen t aetiological 
role in natural h u m an  an d  anim al en teric  infections.

T he uncertain lim its  o f  this grouping a re  dem onstrated  b y  th e  observation 
th a t  the keratoconjunctiv itis-negative Arizona  strains m u ltip ly  in pu l­
m onary  tissue (V oino-Y asenetskaya’s m odel) and  kill a p a r t  o f  th e  animals. 
In  cell cultures and  o ra l infection of alb ino  mice they  elicit a n  effect similar 
to  th a t  of 8. typhim urium  strains (A rbuzova, 19706).

In  Table 2-1 we sum m arized  the grouping  o f intracellular p a rasitic  Entero- 
bacteriaceae. B iological properties are p resen ted  as described  by  Möller 
(1954), R eport (1958), K auffm ann (1956a), Rédev (1964a, b), Aldová and 
Láznicková (1967), A ldová et al. (1968), Ew ing (1968), N ovgorodskaya
(1968), Trabulsi an d  Fernandes (1969).



TABLE 2-1

S u b d iv is io n  oj intracellular parasitic Enterobacteriaceae

Lysine. Л Glu-~ , Am- de- ,Gas tam ic
Mo- (in Lac- i In- гг о i acid\  , mum , , x i2b boxy- ,j  tility  glu- tose I dole 1 decar-

cose) , /n i boxv-' rate (C arl- ,. . .  lase quist)

Intraepithelial parasites
Shigella — — — — d | —- — +
Shigella-like EEC-11

(“ shigelloid coli” ) — d  +  +  — +  — -  d -f-
or X

Macrophage parasites 
EEC -I (E . coli dyspepsiae)

and NEEC +  d + '  +  — — — +  +
or X

Salmonella +  +  >— j  +  ~  |  +
Note: + positive within 1 —2 days,

X delayed or irregularly positive 
d different biochemical types

P a r t  of th e  pathogens em anating  from th e  d isin teg rating  m acrophages 
are  phagocytized b y  leukocytes (Bakács e t ah, 1970). In tra n asa l experim ental 
infection w ith  en teropathogenic E. coli strains belonging to  the first c a te ­
gory  (EEC-I) an d  w ith  non-enteropathogenic E . coli (NEEC) has no fa ta l  
outcom e; th e  m icroorganism s do no t penetra te  th e  ep ithelial cells o f th e  
bronchi, b u t m ultip ly  in a lveo lar m acrophages th e  firs t day following 
challenge (Po lo tsky  et al., 1968) (see C hapter 21). P ilo tti  (1965) exam ined 
22 E. coli dyspepsiae cultures w ith  D e’s m odel an d  found 12 positive 
s tra in s  am ong th em . E. coli s tra in s  originating from  u rin a ry  trac t infections 
were av iru len t w ith  the test. E E C -I induced inflam m ation in the iso la ted  
in testina l loop o f the  rab b it (see C hapter 22). In  albino mice, afte r o ra l 
ingestion of these bacteria, no fa ta l infection developed; th e  organisms w ere 
n o t recovered from  the  blood and  viscera of mice (A rbuzova et al., 1970). 
These organism s m ay also m u ltip ly  and elicit a cytopathogenic effect in  
cell cultures orig inating from  hum an am nion (see C h ap ter 20).

T he categories o f in tracellu lar parasitism  overlap th e  taxonom ic groups,
i.e. organisms differing in in tracellu la r parasitism  m ay belong to th e  sam e 
biochem ical g roup. This difference between taxonom ic groups and grouping 
on  th e  basis of parasitism  is still more strik ing if one considers the v iru len t 
an d  av iru len t v a rian ts  of a  single serotype, or even o f th e  same s tra in . 
H ence a closer connection betw een biochem ical a c tiv ity  and  in tracellu lar 
parasitism  can n o t be expected.

As a fu rth e r conclusion it should  be em phasized th a t  association betw een  
in tracellu lar parasitism  and  pathogenicity  has so fa r only been verified  
fo r in traep ithelia l parasites.

E N T E R IC  BACTERIA CAPABLE OF INTRACELLULAR PARASITISM  3 7
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IN T E R R E L A T IO N  O F PA T H O G E N IC IT Y  AND BIOLOG ICAL
P R O P E R T IE S

A close correlation has been found betw een in traep ithelia l parasitism  
an d  pathogenicity  (LaBrec et al., 1964; F orm al et al., 1971a; Voino-Yase- 
netskv , 1963, 1966a, 6, 1970). C onjunctival infection, a sim ple experim ental 
m odel for the  exam ination  of pathogen ic ity , is the o ldest m ethod used in 
such studies (Serény, 1955a, b) and th e  m ost suitable for mass investiga­
tions (Form al et ah, 19716). Rédey (1957, 1960, 1964a, b) dem onstra ted  th a t 
th e  virulence of Shigella and  shigella-like E. coli s trains, as te s ted  by the  
keratocon iunctival m odel, is valid for m an . Experim ents b y  o ther authors 
(Is tra ti, 1961; Is tra ti e t  al., 1964a; S tenzel, 19626; Trabulsi and  Fernandes,
1969) confirmed the  resu lts of R édey.

T he available incom plete d a ta  are n o t  sufficient to  recognize v iru len t 
bac teria l cells on th e  basis of their m orphological and  stain ing  properties. 
R oelke (1943) showed th a t  the “ Klatsch-Praeparatum” (im prints) made 
from  S-colonies of Sh. sonnei consisted uniform ly of sho rt, th ick  rods. 
The cells of th e  R-colonies resembled filam entous fungi. O blique illum ination 
shows viru len t Shigella colonies to  be  fluorescent (see below). F rom  the  
exam ination  of A katova (1964, 1965), v iru len t cells seem to  be less thick 
th a n  av iru len t ones. F lo rey  (1933) has s ta te d  th a t bacteria  from  a dense S. 
typhimurium  suspension, when p u t on  th e  surface of th e  sm all intestine 
invade th e  epithelial cells, and m ay b e  seen occasionally in  th e  form of 
coccoid, fa in tly  p a in ted  rods. M orphological exam inations in shigella 
keratoconjunctiv itis (see C hapter 7) hav e  show n shigellae p en e tra tin g  ep ithe­
lial cells afte r conjunctival infection to  h av e  grown in size com pared with 
ex tracellu lar bacteria. In  smears p rep ared  from  the con junctival discharge 
salm onellae form foci in  th e  cytoplasm  o f  epithelial cells called salmonella- 
s tars  (Tenner et al., 1971a). In tracellu lar shigellae are sh o rte r and  have less 
d istinc t outlines righ t a f te r  conjunctival infection th an  in th e  la te  phase of 
th e  disease (Lin e ta l . ,  1964). V oino-Y asenetsky (19646) has observed in sal­
m onella pneum onia of m ice th a t the pathogen ic  agent a t  first becomes longer, 
th en  shorter; stains poorly  and  regains its  usual shape only  in  th e  necrotic 
tissues a fte r having been released from  th e  cells. In  th e  opinion of Mano- 
lov (1968) all virulent E. coli 0124 cu ltu res  consist of capsu la ted  bacteria.

V iru len t cultures of E . coli 0124 m a y  be actively m otile by  help of 
peritrichous flagella (M anolov, 1968). F lagella , however, do n o t prom ote 
p en e tra tio n  into ep ithelial cells, as non-m otile  shigellae an d  E. coli m ay 
also en te r the  epithelial cells of the  m ucosa.

I t  has been supposed th a t  adhesion o f  shigellae to th e  in testina l mucosa 
happens by means of fim briae. F im b ria te d  Shigella an d  E. coli cultures 
become rapidly  a ttach ed  to  the colonic m ucosa in m odel experim ents, 
while non-fim briated b ac te ria  fail to  do so. However, ce rta in  newly isolated 
Sh. dysenteriae, Sh. flexneri and Sh. sonnei serotypes have  no fimbriae 
(D uguid and Gillies, 1957; Duguid, 1968). As in k eratocon junctival tes t 
non-fim briated shigellae m ay be v iru len t, there is no d irec t connection 
betw een th is p roperty  an d  pathogenicity . Falkow e t al. (1963) showed 
th a t  fim briated  hybrids h ad  a  lower g ro w th  ra te  th an  th e  p a ren t strains
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a n d  o ther hybrids. F im bria ted  S. typhi-E. coli hybrids were aviru len t in 
m ouse experim ents (Baron et a l., 1960).

Only virulent shigellae are able to  a ttach  to  th e  surface o f the  cells a n d  
s tim u la te  the ruffling m ovem ent of the  cell m em brane, resulting in th e  
incorporation o f th e  bacteria. A  very  vivid m ovem ent o f in tracellu lar 
shigellae m ay be observed in th e  cell. Therefore, shigellae entering th e  cells 
seem  to  have an  autonom ous m oving capacity (Ogawa e t  al., 1968a).

According to  T akeuchi e t al. (1965) non-flagellated shigellae en ter th e  
lam ina propria o f th e  in testinal m ucosa w ithin 12 h  in  significant num bers. 
T here  is obviously an  in teraction  between th e  bac te ria  an d  cytoplasm ic 
organelles (especially endoplasm ic reticulum  and  Golgi apparatus). R ácz 
e t  al. (1970) an d  T enner e t al. (1970) have observed electron-m icroscopi- 
cally  the  direct tran sfe r of th e  pathogenic agent from  one corneal epithelial 
cell to  another.

Stenzel (1961c, 1962c) found no parallelism  betw een virulence a n d  
g row th  rate; therefore, a reduction  in the  m ultip lication ra te  in  vitro c a n ­
n o t be responsible fo r decreased virulence. Falkow  e t al. (1963) exam ined 
th e  m ultip lication of v iru len t a n d  conjugated stra in s ( in  vivo) using  
F o rm a l’s model. T he v iru lent p a re n t s train  and  a v iru len t E. coli-Shigella 
h y b rid  m ultiplied well in th e  in testine  of the  guinea pig. O ther hyb rid s 
m ultip lied  w eakly or n o t a t  all. T here is am ple evidence o f a  d irect co rre­
la tio n  between m ultip lication ( in  vivo) and  virulence (Serény, 1955a, 
1957; Voino-Yasenetsky and V oino-Y asenetskaya, 1962a, b).

According to  Bogdanova (1965), th e  change in virulence is reflected in  
th e  electrokinetic po ten tia l of th e  culture which is higher in av irulent Sh. 
flexneri variants th a n  in the orig inal virulent strains.

T he morphological properties o f enterobacterial colonies m ay be associated 
w ith  th e ir pathogenicity . V irulent strains form S-colonies, while the R -form  
is av irulent. Sh. sonnei cultures, shown to be av iru len t by  the  keratocon- 
ju n c tiv a l test, correspond m orphologically to  phase I I ,  as dem onstrated  b y  
R au ss (1955) a n d  confirmed by  others (Serény, 1955z, 1957; Gekker e t  
a l., 1957a, 6; M anolov, 1957a, 6; Siroko, 1957, 1958; S ztu rm -R ubinsten  
e t  al., 1957; G orea, 1959; N oskov, 1959; Mackel e t ab, 1961; S tenzel, 
19626, c). The pathogenicity  m ay, however, be lacking in S-form Sh. sonnei 
cu ltu res (Gekker e t ah, Í957a, b; Serény, 1957, 1960a). K otelko e t al.
(1960) have differen tiated  four morphological varian ts  o f Sh. sonnei colonies, 
tw o  o f which w ere virulent.

F orm al et al. (19656) have observed less tran sp a ren t av iru len t colonies 
o f Sh. flexneri 5 am ong the  characteristic  tran sp a ren t v iru len t colonies in  
ag a r cultures. T he av irulent v a r ian ts  have been used as genetic recipients 
in  th e  course o f hybrid ization  w ith  E. coli K-12 donor stra in . Mo3t o f th e  
recom binants, gained  in this w ay , were avirulent an d  form ed colonies ch a rac­
te ris tic  of av iru len t strains. Some o f the  hybrids, however, seemed to  be  
v iru len t; most o f them  regained th e  colony m orphology o f the orig inal 
s tra in . Accordingly, the connection between colony m orphology a n d  
virulence was n o t always close.

Colony s tru c tu re  can be m ore exactly  stud ied  b y  oblique illum ination 
(W alters e t al., 1954; Cooper e t a l., 1957; B elaya, 1970a). This tech n iq u e
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is suitable for d ifferen tiation  betw een v iru len t and av iru len t colonies of 
Sh. flexneri (Falkow e t al., 1963). T he m ethod  has no t been unanim ously 
accepted (W atkins, I960).

W e have recom m ended the use o f oblique light w ith  vary ing  angles of 
incidence. Using o u r m ethod , v iru len t p a r ts  of a Sh. sonnei colony m ay be 
recognized by v irtu e  o f their charac teristic  fluorescence. K erekes (1962) 
was able to d iffe ren tiate  between v iru len t and  av iru len t colony variants 
in  Sh. flexneri cultures. W e exam ined (Serény, 1963) E. coli 0124:K72(B17) 
cultures and found th a t  colony s tru c tu re  reflected virulence in  th is organism 
as well, Rauss (1963a, b, 1968) applied o u r m ethod w ith  success, and  dem ­
o n stra ted  a close correlation  betw een virulence m easured w ith  th e  kerato- 
conjunctival te s t a n d  certain  properties of shigella colonies. R efractive 
colonies contained v iru len t clones. On th e  basis of colony s tru c tu re , Andree­
v a  e t al. (1965) derived  variants d ifferen t in virulence from  th e  parent 
shigella culture. A k a to v a  (1965) d em o n stra ted  th a t  in ten sity  and  colour 
o f fluorescence of b ac te ria l colonies w ere related  to  th e  phenom enon of 
ligh t diffraction, determ ined  by tw o facto rs: the th ickness of microbial 
cells and  their re la tive  position to  th e  d irection  of light.

T he source of w ild Shigella strains h as  no influence on th e ir  pathoge­
n ic ity ; strains iso lated  freshly from th e  faeces of carriers an d  from  th a t 
o f p atien ts  were eq u a lly  virulent (N akum ara, 1967; K erekes, 1968).

T here is a not too  close connection betw een biochem ical ac tiv ity  and 
in tracellu lar parasitism . Shigella-like E . coli, belonging to  th e  in traepithelial 
parasites, are in term ediates between Shigella and o ther E. coli serotypes 
as regards their biochem ical properties (Serény, 1963; Sakazaki e t al., 1967; 
T rabulsi et al., 1967; A ldová et al., 1968; Novgorodskaya, 1968; Rédey,
1970). Gleiberman e t al. (1964) showed th a t  m ainly anaerogenic S. typhimu- 
rium  strains are able to  elicit salm onella keratoconjunctiv itis  in  th e  eye 
o f th e  guinea pig. T hough  certain differences have been n o ted  betw een the 
sugar ferm enting cap ac ity  of v iru len t a n d  av irulent shigella cultures by 
S hantarenko and T esla (1960), no correlation  is accepted betw een the  two 
properties (Serény, 1955a, 1957).

T he factors of th e  virulence of shigellae have been stud ied  only for a 
very  short time. A ccordingly, it is ev id en t th a t  fu rth e r investigations are
necessary.*

* T h is chap te r w as co m p le ted  b y  B. S e rén y  in  1971. Som e a d d itio n a l d a ta  are 
p re sen ted  in  th e  fo llow ing ch ap te rs . B iological p ro p ertie s  an d  g enetics o f  shigellae 
h a v e  been  discussed com prehensively  b y  T im a k o v  and  P e tro v sk a y a  (1972).



C H A P T E R  3

METHODS APPLIED IN THE STUDY OE THE 
PATHOGENESIS OF INTESTINAL INFECTIONS

by

M. V. V O IN O -Y A SE N E T SK Y

As it  has been shown in C hapter 1, agen ts  of infectious diseases often d isp lay  
certain  im portan t characteristics w hen  observed o n ly  in the host. T his 
m ay be revealed by m eans of bacteriological m ethods combined w ith  
m orphological investigations. H ow ever, bacteriologists apparently  p re fe r 
to  use biochem ical m ethods though, as th e y  them selves adm it, these in v e s ti­
gations have not as y e t been very successful (Dubos, 1954, 1957; G arb er, 
1960; M oulder, 1962; W oods and F o ste r, 1964; A. L. S m ith , 1964; P e tro v ­
skaya, 1967; H . Sm ith, 1968; Rowley, 1971). I t  seem s quite possible th a t  
the behaviour of m icroorganisms depends on chem ical or physical fac to rs . 
H ow ever, first it is necessary  to  know how the  p arasite  in  question b ehaves 
in th e  host and  to  observe its in te rre la tion  with v ario u s tissue e lem ents, 
first o f all w ith phagocytes.

In  com m on histological p repara tions pathogenic G ram -negative b a c ­
te ria  canno t be d istinguished from rods norm ally in h ab itin g  the in te s tin a l 
trac t. W ith  the  fluorescent an tibody  technique (Coons, 1958) it is possib le 
to  iden tify  not only certa in  m icroorganism s b u t also  their b reakdow n 
products, as well as specific antibodies produced by  h o s t cells. This m e th o d  
has bridged the  gap separating  bacterio logy from p ath o lo g y  and has becom e 
a useful tool in m any fields of research, especially in immunology. I t  also 
con tribu tes significantly to  the investigation  of en teric  infections, th o u g h  
there  a re  still considerable difficulties in this sphere.

In te s tin a l lesions occurring in d y sen te ry  or ty p h o id  fever can o n ly  be  
stud ied  a t  autopsy. H ow ever, a lte ra tio n s in the in te s tin e  set in very  ea rly , 
w ith in  hours or even m inutes afte r d e a th , thus p rev en tin g  a correct e v a lu a ­
tion  o f th e  findings. M oreover, d ea th  ra te s  in en teric  infections have  been  
reduced  considerably, and  today  one can hard ly  ex p ec t to ob tain  fresh  
au to p sy  specimens fo r studying th e  m ost in teresting acute stages o f  th e  
disease. F o r reasons to  be dealt w ith  later, re la tiv e ly  little  in fo rm ation  
has been  gained from  in testina l b iopsy  specimens in  dysen tery  and ty p h o id  
fever. Therefore, th e  m ain sources o f  inform ation on  th e  pathogenesis o f  
these infections are s till the  anim al experim ents.

Investigations of th e  pathology o f hum an infectious diseases a re  b ased  
on so-called model experim ents. Inocu la tion  of ra b b its  or guinea pigs w ith  
pathogenic agents fails to  produce a  tru e  nosological model (Voino-Yase- 
ne tsky , 1966c, 1969). E ven  if th e  b es t approx im ation  is a tta in ed  (e.g. 
salm onellosis in rab b its , influenza o r pertussis in fection  in mice), in an im als
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th e  disease runs a  som ew hat different course; some characteristic  sym ptom s 
fa il to  appear, th e  outcom e is different, e tc . The principles o f modelling, 
however, do n o t presuppose a com plete id en tity  betw een m odel and its  
original. I t  is m erely assum ed th a t th e  m ain  an d  essential fea tu res  coincide.

I t  is generally considered th a t the  closer the experim en tal anim al is 
to  m an in its an a to m ica l and  physiological properties th e  m ore valuable 
is th e  model experim ent. The greatest im portance is u su a lly  a ttached  to  
experim ents perform ed on monkeys.* This is undoubtedly  co rrec t, bu t studies 
in  experim ental p a tho logy  cannot en tire ly  depend  on this expensive animal, 
w hich is not very  convenient to  handle. Besides, monkeys are known to  
be  resistan t to  ce rta in  organisms pathogen ic  for man. A t th e  same tim e, 
fo r some reason, th ese  organisms m ay cause severe d isease in mice or 
gu inea pigs. I t  should  be no ted  th a t fo r th is  purpose such u n n a tu ra l p ro ­
cedures are som etim es used as to  make th e  re liab ility  of th e  re su lts  question­
able.

Indeed, it is d o u b tfu l w hether some o f  these models m ay  be term ed 
“ experim ental d y sen te ry ” if the  mice on ly  succumb to enorm ous doses of 
Sh. flexneri in jected  in traperitoneally . A ccording to some scep tical authors, 
th ese  experim ents can  be term ed “ in jec tio n a l” ra ther th a n  infectious. 
N evertheless, ce rta in  questions of patho logy  or therapy m ay  occasionally 
be answered by these experim ents. In  fac t, inoculation of b ac te ria  into th e  
conjunctival sac o r re sp ira to ry  trac t o f  m ice, a procedure which m ight 
seem  u tterly  inadequa te , has led to  th e  discovery and investigation  of 
a  highly im portan t p ro p e rty  of these organism s, namely th e ir  capacity to  
grow  within ep ithelial cells.

In  general, experim ents on animals are  o n ly  justified w hen th e ir  purpose 
is clearly realized an d  th e  lim itations and  re la tiv ity  of the re su lts  are recog­
nized. These conditions can only be o b ta in ed  with a carefu l stu d y  of the  
m odel representing no m ore th an  a certa in  asp ec t of the n a tu ra l  pathologic 
process under investigation .

Different procedures fo r reproducing h u m an  enteric diseases in animals 
a re  described in d e ta il in  handbooks on experim ental techn iques (Sarkisov 
a n d  Remezov, 1960; W und t, 1966). T hese descriptions, however, only 
dea l w ith the technical aspects. E ven F re n k e l’s paper (1969) containing 
som e interesting general statem ents, o n ly  enum erates techniques and 
an im als th a t m ay be used  in studies on in fec tious pathology. Som e inform a­
tio n  on the na tu re  o f pathological processes occurring in an im als inoculated 
in different ways w ith  shigellae, salm onellae an d  escherichiae is available 
from  other reports p resen ting  the  results o f  m odel experim ents w ith these 
organism s. These d a ta  will be considered critica lly  in the follow ing chapters. 
A t th e  same tim e, it  seems appropriate  to  consider some o f  th e  general 
aspects of anim al experim ents.

* D u P o n t et al. (1969) in fec ted  hum ans w ith  Sh ige lla , term ing  th e  d isease  a dysen­
te ry  m odel. B u t is th is  re a lly  a  m odel ? I t  is g e n u in e  dyscn terv  th a t  h a s  been  deliber­
a te ly  induced (w hich is h a rd ly  perm issible).
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E N T E R A L  INOCULATION O F ANIMALS W IT H  PATHOGENIC 
E N T E R IC  BACTERIA

The most n a tu ra l  way o f inoculating w ith en teric  bacteria is to  feed  
th em  to anim als w ith  their d iet. A sim ilar procedure is the  adm in istra tion  
o f  bacilli th rough  a  stom ach tu b e ; th is m ethod increases the  likelihood o f  
infection and provides a possibility o f determ ining m ore exactly  the am o u n t 
o f bacteria necessary  for the developm ent of infection. However, th is  
procedure, w ith o u t any p re trea tm en t, is only successful in monkeys in ­
ocu lated  w ith shigellae or in mice infected w ith  m ouse-pathogenic salm o- 
nellae. A ttem pts to  infect o ther anim als in a sim ilar m anner proved to  be  
unsuccessful. Occasionally, cats an d  rabb its  could be infected with ag en ts  
o f dysentery  (see C hap ter 10), b u t th e  results were on ly  rarely  reproducible. 
T h e  authors o f th ese  reports ap p a ren tly  dealt w ith  particularly  v iru len t 
strains, losing virulence gradually , which is a  fea tu re  characteristic o f  
dysen tery  and  o th e r enteropathogenic bacteria.

Animals failing to  contract th e  disease afte r inoculation w ith a pathogenic 
organism  are o ften  term ed non-susceptible or insensitive to  a ce rta in  
infection. I t  was, however, shown in C hapter 1 th a t  m any  organisms, in c lu d ­
ing saprophytes t h a t  would be able to  inhabit organs an d  tissues of an im als 
a re  prevented b y  host defence from  penetra ting  these tissues and fro m  
m ultiplying in an  environm ent su itab le  for th e ir  n u trition . P a thogen ic  
organism s are ab le  to  overcome it, b u t only in som e particu lar a n im a l 
species. O ther an im als should n o t be term ed non-susceptible. They sh o u ld  
ra th e r  be reg ard ed  as resistant. F o r a correct eva lua tion  of procedures 
used  in experim ental infection o f anim als w hich norm ally resist u su a l 
m ethods of inoculation, it is im p o rtan t to  keep th is  distinction of te rm s  
in mind.

As early as 1885, Koch, who was then  s tu d y in g  cholera, found t h a t  
vibrios given o ra lly  in great am oun ts induced no disease in guinea p igs, 
because they  w ere killed in the an im als’ stom ach. F a ta l  infection occurred , 
however, if th e  sam e vibrio was in troduced  into th e  duodenum  bypassing  
th e  stom ach. In  a  series of elegant experim ents K och  stud ied  the d igestion  
o f  guinea pigs a n d  found th a t, in con trast to  m an, food was not ch u rn ed  
in  their stom ach, b u t was deposited  in layers as ingested  and stayed th e re  
fo r a considerable tim e during w hich th e  highly acid gastric juice d es tro y ed  
th e  vibrios. T he sm all in testine, where alkalin ity  proved favourable fo r  
th e  agent of cholera, was trav e rsed  rapidly b y  partic les discharged fro m  
th e  stom ach. K o ch  found th a t o ra l infection o f guinea pigs was successful 
a f te r  pre lim inary  neutralization o f th e  gastric con ten ts  w ith sodium b ic a r ­
bonate  solution an d  in traperitoneal adm in istra tion  o f 1 ml of op ia te  to  
suppress in tes tin a l peristalsis.

In  similar experim ents with 8. typhi Koch, as well as W . Sirotinin (1886), 
ob tained  inconclusive results. L a te r, by  in troducing  th e  agent in to  th e  
duodenum , V aldm an  (1931) succeeded in infecting rab b its  with S. typhi- 
murium, to  w hich  th ey  were “ non-susceptible” on oral adm inistration. As 
shown by K u ch ery av v  (1956), ra b b its  fed w ith  m ilk can be infected w ith  
salmonellae. T he organisms p ro b ab ly  survive w ith in  flakes of casein ,
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form ed owing to  th e  curdling of th e  m ilk  in  the stom ach. Besides, as ob­
served by Smirnov (1966), with th is m ode of adm in istration  salm onellae 
appear in  the duodenum  w ithin as li tt le  as 3-5 minutes.

In  th e  case of shigellae a safe passage through th e  g astric  b arrier was 
insufficient to  ensure th e ir  hab itation  in  th e  intestine. A ttem p ts  were made 
to  in troduce shigellae d irectly  into th e  in testin a l lum en o f labo ra to ry  an i­
m als (per rectum  or th ro u g h  the caecum ) —but-w ithout.success. Assuming 
th a t  in ju ry  of the  in testin a l mucosa p ro m o tes the developm ent o f infection, 
th e  m ucosa was first irrita ted  w ith am m onia  solution (Grigoryev, 1891) 
or croton oil (Shiga, 1898), then d y sen te ry  bacilli were in troduced . This 
m ethod  proved occasionally successful in  experim ents on cats b u t  th e  ir r ita t­
ing or injuring procedures used by A v e tik v an  in experim ents on mice, 
provoked no infection.

Shigella infection was more successful w hen artificial im pairm en t of the 
digestive function w as associated w ith  certa in  procedures affecting the  
general condition of th e  anim al. Thus, K azarin o v  (1903, 1904) used K och’s 
m ethod  successfully in  experim ents on ra b b its  (intragastric adm in istration  
of sodium  bicarbonate an d  in traperitoneal opiate prior to  infection) after 
a th ree-day  fast. A sim ilar procedure w as adop ted  by F orm al e t al. (1958) 
who produced d y sen tery  infection in g u inea pigs; th ey  m odified their 
m ethod  subsequently  (Form al e t al., 1959) using carbon te trach lo ride 
instead  of starvation .

I t  seems more or less obvious how neu tra lization  of gastric  juice and 
im pairm ent of in testina l peristalsis affect enteric infection in  “ non-suscep- 
tib le” animals. I t  is m uch more difficult to  explain the  p a r t  played by 
s ta rv a tio n  in the m ethod  of Koch as m odified by K azarinov, o r th a t  played 
by carbon te trach lo ride  poisoning in F o rm a l’s modification o f K och’s 
m ethod. Form al no ticed  fa tty  d y strophy  o f  the  liver in s ta rv e d  animals. 
T h a t is why he rep laced  starvation  w ith  carbon tetrach lo ride injection, 
causing even more severe liver lesions. T hese  lesions have been stud ied  in 
g reat detail (Myren, 1956; Hübner, 1965; K rishnan and  S tenger, 1966; 
D avid , 1967; Thom an d  Schlicht, 1970; e t  al.), bu t it is still fa r  from  clear 
how th ey  contribute to  th e  onset of en te r ic  infection.

The m echanism of local effects on th e  in testin e , contributing, as reported  
by a num ber of investigators, to  the developm ent of infectious processes 
a fte r en tera l inoculation o f animals is ev en  less clear. In  ad d itio n  to  the 
above-m entioned adm in istra tion  of i r r i ta tin g  agents (croton oil, etc.) 
which appear to  prom ote shigella infection, a ttem pts have been m ade to  
produce sim ilar effects b y  prelim inary sensitization  of th e  in testin e  with 
killed bacilli (R ubinsh tein  and Skavronskaya, 1950). As th is  procedure 
yielded inconsistent o r contradictory  re su lts , no significant ro le could be 
a ttr ib u te d  to  allergic phenom ena in ea rly  dysentery.

N um erous experim ents and  observations dem onstrate th a t  th e  develop­
m ent o f enteric infections depends to  a  considerable ex ten t on th e  general 
condition of the experim ental animal, or ra th e r ,  on mechanisms underlying 
so-called na tu ra l im m unity . I t  has been p ro v e d  by a num ber o f investiga­
to rs th a t  the  injection o f corticosteroids, ionizing rad iation  as well as other 
factors depressing phagocy tic  activity , increase the severity  o f experim en-
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ta l salm onella infection. In  experim ents by T ro itsky  e t  al. (1958) ionizing 
rad ia tion  was found to  activate  la te n t (subclinical) chronic dysentery  in  
m onkeys and  to  prom ote Sh. flexneri infection in ra b b its . I t  is not c lear in  
w ha t m anner enteric infections are influenced by h ea t o r cold (K ucheryavy, 
1957; M iraglia and  Berry, 1962), u ltra -h ig h  frequency rad ia tion  of d iffe ren t 
intensities (Sviridov, 1970) and o th e r agents used  b y  investigators fo r 
various purposes.

The experim ents m ay  be influenced by  factors som etim es ignored, such  
as th e  d ie t and its v itam in  conten t (Newberne e t a l., 1968; H altalin  an d  
Nelson, 1970; and others). I t  is w orth  no ting  th a t evidence has been o b ta in ed  
on seasonal varia tions in  the resistance of anim als (B elaya, 1958; F o rm a l 
e t al., 1961a). The possib ility  th a t  th e  virulence of b ac te ria  used for an im a l 
inoculation m ay n o t have been uniform , cannot be excluded either.

I t  seems difficult to  explain th e  ind iv idual differences in the re sis tan ce  
of labora to ry  anim als. Indeed, inoculation of a g roup  o f mice, rats, g u in ea  
pigs or rabb its  in th e  same m anner never results in infection tak ing  th e  
same course in each anim al. In view o f th e  unavoidable irregularity o f  th e  
results o f these experim ents, m icrobiologists have a d o p ted  the index L D 50 
representing the  am o u n t of organism s causing d ea th  in  h a lf of the an im als. 
I t  usually  rem ains unknow n why th e  o ther half survives.

Lines (or strains) o f mice have been  selected th a t  display p articu la rly  
high o r low resistance to  salm onellae. E ven  in th ese  animals ind iv idua l 
varia tions cannot be excluded. E xperim enta l re su lts  m ay be influenced 
by various occult diseases or la ten t infections, cu rren tly  occurring in la b o ra ­
to ry  anim als. In th e  special colony o f mice (NCS), w hich  were free of p a th o ­
genic organism s, experim ents of Schaedler and  D u b o s (1964) p ro d u ced  
more uniform  resu lts th an  is usual.

The norm al in h ab itan ts  of the in testine  interfere w ith  the  developm ent o f 
experim ental enteric infection. T he suppression w ith  antibiotics o f th e  
v ita lity  of these organism s m ay decrease the L D 50 considerably (by several 
tens o f thousands) as te s ted  in en tera l salm onella in fection  (Bonhoff e t  al., 
1954). The same m easure has been found  to enhance cholera infection in 
guinea pigs (F reter, 1955). In  th is  w ay shigella-resistant animals (mice 
and  guinea pigs) can be infected w ith  shigellae (F re te r, 1956; Cooper, 1959), 
or th e  in testine of m ice can be colonized w ith alien s tra in s  of E. coli (R auss 
and  K e ty i, I960; A shburner and  M uslim, 1962). Successful experim ents 
have also been m ade on germ-free anim als (Form al e t  al., 1961a; M uslim  
and  D ubos, 1965), as well as on new born anim als, a  few days a fte r b ir th , 
when enteric organism s have no t y e t been estab lished  (Kétyi, 1964). In  
these cases enteric infection w ith shigellae or pathogen ic  Escherichia s tra in s  
usually  results only in  a more or less prolonged sym ptom less excretion o f 
bac teria  w ith  the faeces or in th e  d e a th  of the  an im als from a generalized 
infection (see C hap ter 22).

The fac t th a t  norm al intestinal b ac te ria  exert a  p ro tec tiv e  effect b y  in te r ­
fering w ith  the  estab lishm ent of pathogens is o f  considerable p ra c tica l 
im portance and  has long been discussed by clinicians and m icrobiologists 
(Perets, 1955, 1962), b u t still lacks a  reliable ex p lan a tio n . The p ro b ab ility  
of a d irec t antagonism  was suggested and  a ttr ib u te d  to  colicin p rod u c tio n
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b y  saprophitic E. coli (H albert, 1948; L ev ine , 1963; K u d lay  a n d  Liklioded, 
1966; Filichkin, 1969). Un th e  o ther h an d , F re ter (1956), H entges (1969) 
a n d  other investigators no ted  th a t the  g ro w th  of shigellae was inh ib ited  
b y  non-colicin-producing strains of Escherichia. According to  the  hypo­
thesis  of K éty i (1965), com m on colon bacilli establish close contact w ith  
th e  intestinal ep ithelium  an d  prevent o th e r  bacteria from  do ing  the  same. 
T h is hypothesis, how ever, does no t agree w ith  the observations of patholo­
g ists  proving th a t  such in tim ate  con tac ts  w ith  the in te s tin a l epithelium  
a re  established only by  pathogenic stra in s o f  E. coli which grow  on its su r­
face or within th e  cy toplasm  of its cells (see Chapters 19-22). F re te r (1962) 
discussed a possible com petition  for n u tr ie n t substances am o n g  organisms, 
w hile Bonhoff e t al. (1964) considered shigellae and salm onellae to  be u n a ­
d a p te d  to  the usual pH  o f colonic conten ts, depending on th e  production o f 
acetic  and bu ty ric  acids by  bacteroids occurring here. B u t  in H en tges’
(1969) opinion none o f these factors per se are dangerous for shigellae.

These explanations, how ever, provide no  clue as to why escherichiae an d  
bactero ids inhabiting m ain ly  the colon in terfere  with th e  v ita lity  of sal­
m onellae, cholera vibrios and  en teropathogenic E. coli, m ultip ly ing  in th e  
sm all intestine. In  discussing their experim ents in germ -free guinea pigs, 
F o rm al et al. (19616) suggested th a t th e  protective role o f  escherichiae 
ag a in s t shigella infection depended on th e  stim ulation o f  host defence 
m echanism s by  saprophites, ra ther th a n  on  direct an tagon ism  between 
m icroorganisms.

D onaldson (1967a, b) reviewed the re su lts  of investigations in germ- 
free animals and  concluded th a t  a norm al m icrobial popu lation  o f the  in tes­
t in e  influenced th e  microscopic s tru c tu re  o f th e  intestinal w a ll as well as 
th e  developm ent of th e  reticulo-endothelial system  and th e  ap titu d e  for 
defence. Still, it rem ains to  be explained w h y  a  single dose o f  strep tom ycin , 
24 hours before inoculation w ith  shigellae, m akes natu ra lly  re s is tan t mice 
susceptible to  shigella infection. The rem ark ab le  investigations of Abram s 
a n d  Bishop (1966) should be m entioned in  th is  connection. T hey  studied 
th e  m ultiplication o f S. typhimurium  in  th e  intestine o f germ -free and  
conventional mice; th e ir  first impression w as th a t a n o rm a l microbial 
popu lation  was favourable for the  developm ent of intestinal m ucosa, thereby 
m ak ing  it  less perm eable for bacilli. A fter m ore careful experim en tation , 
how ever, they had  to  deny  th e ir theory, concluding th a t th e  norm al flora 
does no t influence m ucosal resistance d irec tly , bu t m ay a l te r  infection 
b y  affecting in testina l em ptying. Indeed , th e  significance o f  in testinal 
peristalsis had already  been regarded b y  K o ch  as a fac to r in  resistance 
w hen  he used opiates for its  suppression in  the experim ents described 
above.

T he inhibition o f peristalsis is the m ain  feature of a n o th e r  model o f 
en te ric  infection, in troduction  of the in fective agents into an  isolated seg­
m e n t of the in testine. Technical details a n d  the results w ith  Shigella, 
Salmonella and Escherichia are dealt w ith  in  C hapter 22.

Assuming th a t “en tero trop ism ” is an in h e re n t property o f en teropatho- 
gens, a ttem pts have been m ade to  provoke intestinal lesions typ ical of 
ty p h o id  fever, by  in jecting  th e  agent in travenously  or subcutaneously
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(B esredka, 1925; Sanarelli, 1926; e t al.). V aldm an (1955, 1964) proved  
these experim ents to  be inconclusive. This also applies to  more recent experi­
m ents by M orgunov e t  al. (1962, 1963), who a tte m p te d  to  provoke ty p h o id  
fever or dysentery  b y  subconjunctival adm in istration  of the agent. T he 
evidence (particu larly  the  pathom orphological findings) presented in these  
papers is not convincing, and th e  m ethod  has no t been used to  any fu r th e r  
advan tage.

It is obvious w hy  investigators endeavour to  produce enteric infections 
w ith  intestinal lesions. I t  seems doub tfu l, however, w he ther these a tte m p ts  
a re  always justified. W hile in m onkeys dysentery ru n s a  course practically  
iden tical to  th a t in  m an, the sam e infection in guinea pigs involves th e  
in testine  only a fte r prelim inary in ju ry , and the  sym ptom s are not ty p ica l 
o f th e  disease. C erta in  features inheren t in these experim ental diseases 
com plicate the eva lua tion  of th e  resu lts of experim ents based on m ethods 
e labo rated  by K och  and  K azarinov or Koch and  F orm al. Besides, th ey  a re  
com plicated technically . No w onder, therefore, th a t  these models have 
n o t become w idely used.

E n te ra l inoculation of salm onellae has been app lied  more widely. S. 
typhimurium  or S. enteritidis p roduce intestinal lesions in ra ts  and  m ice 
w hich are very sim ilar to  those o f hum an typho id  fever. As will be show n 
in C hapter 17, how ever, this ap p a ren t sim ilarity conceals some very signifi­
can t differences, so th a t  com parison between ty p h o id  fever and experim en­
ta l  salmonellosis can  only be m ade w ith  m any restric tions.

T hus, even if en te ra l inoculation of animals w ith  agen ts of enteric infec­
tions is successful, th e  investigator has to  proceed w ith  care when evalua ting  
th e  results. Unless m erely the d ea th  ra tes of in fected  anim als are recorded, 
tim e-consum ing stud ies are necessary to  establish th e  fa te  of the  agen t in  
th e  in testine by  cu ltu ra l, microscopic and o th er m ethods. T h at is w hy  
m ethods of p aren tera l infection are  commonly preferred , particu larly  w hen 
large num bers o f anim als are used. I t  is, therefore, relatively sim pler to  
observe the process of infection induced by enteric bacilli outside th e  a li­
m en ta ry  trac t.

P A R E N T E R A L  INOCULATION OF ANIM ALS W IT H  
SH IG E LLA , SALM O N ELLA  AND E SC H E B IC IIIA

Subcutaneous, in travenous, in traperitoneal and  even  intracerebral ad m in ­
is tra tio n  of various bacteria an d  viruses is w idely used  by bacteriologists 
a n d  im munologists. This also concerns agents n o t know n either to  elicit 
periton itis  or encephalitis, nor to  spread by  th e  haem atogenous ro u te . 
In  addition  to  th ese  currently u sed  m ethods, en teric  infection m ight also 
be stud ied  w ith  th e  keratoconju n c tival te s ts  (Zoeller and M anoussakis, 
1924a; Serény, 19556), with in jection  of bacteria  in to  th e  urinary  b lad d e r 
o f guinea pigs (Bingel, 1943a), o r in to  the  resp ira to ry  tra c t of mice (Voino- 
Y asenetskaya, 1957). These procedures are regarded  as extrem ely artific ia l 
b y  some investigators, who, how ever, do no t h es ita te  to  inject shigellae
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in to  th e  blood s tream  or peritoneal cav ity . There are also au th o rs  who do 
n o t believe in using experim ental m odels involving u n n a tu ra l situations.

Model experim ents are no t only u sed  because the original situation  is 
poorly  accessible. M odelling as a m ethod  o f research involves th e  breaking 
dow n o f complex phenom ena into single com ponents w hich can thus be 
m ore expediently analysed. As s ta ted  above, a model is supposed  to  reflect 
on ly  th e  main featu res o f the phenom enon under consideration, while 
aspects of secondary im portance m ay n o t necessarily resem ble th e  original. 
In  th e  case of infectious disease, consequently , it  m ust be clear in  the first 
place to  w hat ex ten t one or another m odel reflects features characteristic 
o f th is  particu lar infectious process. Considering this, the  experim ent, even 
if perform ed outside th e  digestive tra c t, m ay  prove to  be h igh ly  instructive 
in th e  investigation o f infections w hich u nder norm al conditions affect 
m ain ly  the intestine.

T hus, model experim ents m ust be b ased  on prelim inary inform ation on 
th e  n a tu re  of the  phenom enon u nder s tu d y . I t  would be im possible o ther­
wise to  decide w hich is the  m ain fa c to r an d  which are on ly  secondary 
phenom ena. From  th e  n a tu re  of the  lesions, insight into th e ir  causative 
ag en t and  pathogenesis m ight be gained. Nevertheless, inform ation  avail­
able on the m echanism  o f action of these agen ts as well as on th e  im m ediate 
causes o f the pathologic processes th ey  evoke is still fa r from  being com­
plete . Accordingly, b lanks in our knowledge on  the  pathogenesis o f infection 
are  filled by various hypotheses. T rends in experim ental research  and the 
choice of models depend  on these hypotheses.

A t first sight th e  m ost im portan t fea tu res  of enteric diseases appear to  
be th e ir  clinical m anifestations and  th e  lesions occurring in th e  alim entary  
tra c t .  I f  dysentery was still to  be regarded  as a clinico-anatom ical complex 
o f sym ptom s, anim al experim ents should  be expected in th e  firs t place to  
reproduce the characteristic  in testinal dysfunction  and to  provoke colitis. 
I t  is hard ly  w orth m entioning, however, th a t  diarrhoea (as well as cough 
or fever) are, in fact on ly  consequences o f som e more im p o rtan t pathological 
process. Inflam m ation o f the  in testinal m ucosa (colitis), too , is th e  sequel 
o f som e prim ary cause.

In  adm itting  dysen tery  to  be a specific infectious disease no th in g  has as 
y e t been said of th e  im m ediate causes o f  th e  functional and  m orphological 
a lte ra tio n s inherent in it. For a long tim e  th e  principal role in  th e  devel­
opm en t of the disease was a ttr ib u te d  to  toxic products o f shigellae, 
ra th e r  th an  to  the  organism s them selves. I t  was assum ed th a t  toxins (or 
endotoxins), being absorbed  first, d id  n o t affect the intestines d irectly  bu t 
in ju red  the  in testinal m ucosa while being elim inated from th e  blood stream . 
This hypothesis justified  experim ents involv ing  intravenous, in traperitoneal 
o r subcutaneous adm in istra tion  of shigellae o r th e ir d isin tegration  products. 
These experim ents w ere in current use an d  investigators w ere convinced 
th a t  th ey  reproduced genuine dysen tery  in  anim als by th is un u su al route 
o f inoculation.

I t  m ay be assum ed, finally, th a t  th e  process underlying dysen tery  is 
n o t sim ple in toxication b u t ra th e r the  pecu lia r interaction betw een  parasite 
an d  host, as discussed in  C hapter 1. T he approach  applied to  experim ental
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investigation should, accordingly, be different. This hypo thesis can o n ly  
be verified in experim ents which m ake it possible to  o b serv e  the com plete 
pathological process including th e  p a ra s ite ’s v ita lity  a n d  the host’s r e ­
sponses. These observations should n o t necessarily be m ad e  on the in te s ti­
nal mucosa. Shigellae are know n to cause in  some an im als (and occasionally 
in man) lesions of th e  conjunctiva or cornea, and the  m u co sa  of the u rin ary  
b ladder or resp ira to ry  tra c t. I f  th e  specific infectious process proves to  
develop sim ilarly on different m ucous m em branes, th e n  shigella k e ra to ­
conjunctivitis, cystitis, or pneum onia m ay  serve as conven ien t models.

The situation  is sim ilar to  o th er en teric infections w ith  unclarified 
pathogenesis. However, it w ould be wrong to  choose the experim ental m ethods 
in order to favour a single hypothesis, or to  use certain  experim ental m odels 
and to  reject others. Only if th e  following conditions a re  fulfilled can  a  
sound opinion be form ed: (i) cu rren t hypotheses m u s t be reconsidered 
critically; (гг) pathological processes induced in an im als  by inoculation 
o f agents of enteric infections by  different routes m u s t be  studied com ­
prehensively; (in) results o f experim ents m ust be co rre la ted  with reliable 
d a ta  on the n a tu ra l course o f the  infection in hum ans. Therefore, we sh a ll 
have to  reconsider th e  inform ative or p ractical value o f  m odel experim ents 
in th e  investigation of en teric infections a f te r  having p re sen ted  all re levan t 
experim ental findings.

4  Voino-Yasenetsky — Bakács
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C H A P T E R  4

HUMAN DYSENTERY AND HYPOTHESES ON ITS 
PATHOGENESIS

by

M. V. V  О IN  О - Y A S E N E T 8K Y

S trik ing  clinical m anifesta tions—diarrhoea w ith  exceedingly frequen t 
bloody mucous stools, tenesm us an d  abdom inal pa in  were so characteristic 
o f dysen tery  th a t it  has been acknowledged as a  clinical en tity  since anc ien t 
tim es. I ts  d istinction  was also justified  by the  pecu lia r m orbid anatom ical 
featu res involving th e  m ost d ista l p a r ts  of the  a lim en tary  trac t. In  acu te  
cases th e  mucous m em brane of th e  large in testine is thickened and tu rn s  
to  a  dark  pink, a lm ost red  colour. I t  is coated w ith  haemorrhagic m ucous 
an d  puru len t or greenish-white layers of exudate . W hen these films are  
absen t or insignificant, th e  case is classified as c a ta rrh a l colitis; if th e  coat 
is th ick , as fibrinous colitis. This group m ay include so-called croupous 
form s (with read ily  detachable layers of exudate) o r diphtheritic form s 
(w ith d ir ty  greenish-gray or brow nish coats adhering  firm ly to  the  in testina l 
wall). Usually dysenteric lesions are particu larly  severe in distal p a r ts  o f  
th e  colon, although th ey  may be equally  m arked in  o th e r portions, occasion­
ally  involving even th e  term inal ileum. These lesions are not necessarily 
continuous, being frequently  in terspersed w ith  areas of alm ost h ea lth y  
m ucosa. As a rule, th e  crests of folds are affected m ore severely.

E v en  in early stages of dysentery , defects of th e  in testina l mucosa ap p ear 
as erosions or ulcerations. At la te r  stages the m orphology is characterized 
by  a  num ber of defects of different shape an d  size (ulcerative colitis). 
Association of u lcer w ith  rem nants (or recurrence) o f active inflam m ation 
com plicates m orphological classification in colitis, and , therefore, in te r ­
m ediate  forms have also been distinguished, such as catarrhal-u lcerative 
an d  fibrinous-ulcerative colitis. A t th e  same tim e, th e re  m ay be cases o f 
positive in trav ita l o r post-m ortem  bacteriological findings in which th e  
m ucous m em brane shows an alm ost norm al appearance a t autopsy.

HISTOLOGY OF D Y SE N T E R Y  C O LITIS

Gross in testina l lesions th a t occur in d y sen tery  are described a lm ost 
un iform ly by differen t pathologists, only disagreeing as regards the  classi­
fication of various form s of colitis. Considerable d isagreem ent may, however, 
be found  concerning th e  microscopic changes.

T hus, according to  Fischer (1929), MacCallum (1945), Skvortsov (1946), 
A brikosov (1957), D avydovsky (1956), Dvizhkov (1964) and a num ber o f
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o th e r authors, the  ca ta rrh a l form (or stage) o f colitis in dysen tery  is m ainly 
due to  congestion and  oedem a of the  m ucosa, as well as to  enhanced  pro­
ductio n  of mucus. The leukocyte response m ay be slight, o r even  absent, 
while profuse desquam ation  of the  ep ithelium  frequently occurs, and  sur­
face necroses of the  m ucosa can often be observed.

A ccording to  o ther investigators, th e  in itia l stage of dysen teric  colitis 
is associated w ith inflam m atory  processes w ith  the  active p artic ip a tio n  of 
leukocytes. As early  as 1866, H eubner described seropurulent exudation 
w ith  focal liquefaction (rather th a n  necrosis) of the m ucosa. Similar 
observations were m ade by B ibinova (1954, 1967) who n o ted  th a t  this 
liquefaction often, though  no t invariab ly , tends to  occur a t  sites of the 
colonic mucosa where lym phatic follicles are embedded. In  th e  opinion 
o f Aschoff (1928) dysen tery  is in itia ted  by  leukocytic in filtra tion  of the 
m ucosa and  small defects of the ep ithelium  coated w ith fibrino-purulent 
layers (resembling m ushroom s and  d isp layed  more clearly by  th e  oxidase 
reaction). At the same tim e, Aschoff also m entioned the necrotizing form of 
colitis, associated w ith  a  more expressed destruction  of surface layers of the 
m ucosa. An im portan t po in t in these cases was th a t the necro tized  tissue 
was usually  densely in filtra ted  w ith leukocytes, a ttrib u ted  by  Aschoff to  a 
previous inflam m atory response. In  v ery  severe lesions necrosis involved 
also th e  subm ucosa an d  was accom panied by  a  massive deposition  o f fibrin.

Aschoff’s description o f severe form s o f  colitis was con trad ic ted  by Sieg- 
m u n d  (1929), Skvortsov (1946) and A brikosov (1957) who m ain ta in ed  th a t 
“ fibrinous” colitis, defined in term s o f th e  appearance of the m ucosa, was in 
fac t n o t accom panied by profuse deposition  of fibrin. H ow ever, Löhlein 
(1921), Lorentzen (1923) and  o ther investigato rs found a m ore o r less dense 
fib rin  network in some o f their cases. B u t som etim es leukocytes an d  debris 
p revailed  in the film-like layer of ex u d a te . According to  S tru k o v  (1971) 
a  d istinction  between croupous colitis (w ith easily detachable films) and 
d ip h th eritic  colitis can be m ade according to  th e  depth  of fibrin deposition.

A n old argum ent still rem ains u n se ttled  on dysenteric lesions involving 
th e  so lita ry  follicles (lym phoid nodules) to  be found sca tte red  deep in 
th e  colonic mucosa. Felsen (1936, 1945) claim ed th a t dysen teric  colitis 
was in itia ted  by toxic dam age of these follicles. However, it appears from 
his descriptions and  photom icrographs, th a t  he mistook perfec tly  norm al 
s tru c tu re s  for pathologic ones: a certain  degree of hyperplasia o f these folli­
cles occurs frequently , especially in  ch ildren , and dimple-like depressions 
over th e ir apex are also norm al form ations. According to  L öhlein  (1921) 
an d  M aksimovich (1960), these depressions allow a closer an d  m ore pro­
longed contact of dysen tery  toxin w ith  th e  mucosa, while th e  follicles 
them selves display som e resistance to  th e  action of the toxin . I f  th ey  are 
dam aged , this occurs a t  a la ter period, an d , evidently, the in ju ry  is due to 
secondary infection.

I t  seems possible th a t  secondary infection  plays a decisive p a r t  in the 
developm ent of ulcerous lesions o f th e  m ucosa in p ro trac ted  dysentery. 
T he im m ediate cause, however, of th e  occurrence of long-standing, often 
m ultip le  ulcers which m ay even ex ten d  beyond the mucosa, rem ains to 
be elucidated.



Ill-defined an d  conflicting views on th e  microscopic morphology o f  
in testinal lesions in  dysen tery  have, up to  recent tim es, led  to  a num ber o f  
unsound hypotheses on the  pathogenesis of the  disease. C urren t hypotheses 
will be discussed below.

D IF F E R E N T  FORM S O F D Y SE N T E R IC  
IN T E ST IN A L  LESIO N S

The different grades of severity  of colitis m ay be assum ed  to  represen t 
various stages o f a  pathological process, s ta rtin g  as a  m ild  catarrh, th e n  
growing gradually  in severity  to  culm inate in fibrinous (diphtheritic) 
inflam m ation. Accordingly, in  m ost handbooks on m orbid ana tom y ca ta rrha l, 
fibrinous and u lcerative colites are regarded  as stages, ra th e r  than  forms o f  
dysentery. I t  is usually  no ted, however, th a t  tran sitio n  from  one stage to  
ano ther m ay be lacking. Indeed , even if th e  disease h a d  ru n  a p ro trac ted  
course, au topsy  m ay reveal no m ore th a n  ca tarrha l inflam m ation of th e  
colonic mucosa. On th e  o th er hand , colitis m ay be o f th e  fibrinous ty p e  
even in p a tien ts  dying on th e  1st to  3rd day  of th e  disease. I t  appears, 
therefore, m ore correct to  distinguish different forms o f dysenteric colitis, 
th e  peculiarities of which depend on several factors, ra th e r  th a n  exclusively 
on  th e  duration  of the  disease.

I t  seems reasonable to  suppose th a t  th e  form  of in tes tin a l lesion occurring 
in  the  individual p a tien t m ight depend on th e  host’s response to  the infection. 
Mild catarrhal colitis has m ostly  been observed in young  children. T hus, 
extensive post-m ortem  findings, including a  to ta l of 1434 cases (Vishnevet-

TABLE 4-1

In te stin a l lesions revealed post-m ortem  in  pa tien ts o f d ifferent ages 
who died  o f dysentery  

(Voino-Yasenetskaya et al., 1942)

Form s of colitis (per cent)
Age group i

(years) °atar- | fibrinous gangre- ulcera- chronic No. of
rhal i nous five ca ta rrh a l cases

Under 1 08.4 20.0 — 5.6 6.0 424
1- 2 56.0 27.5 — 10.1 6.4 502
2 -  3 43.2 31.0 0.7 12.2 12.9 139
3 - 5 41.0 31.3 1.2 19.3 7.2 83
5-10 24.1 32.1 1.5 37.2 5.1 137

10-20 20.6 23.8 2.4 40.5 12.7 126
20-30 12.1 9.1 1.5 62.5 14.8 264
30-40 4.9 5.9 1.5 65.9 21.8 202
40-50 8.4 6.7 1.1 55.3 28.5 179
50-60 11.7 4.2 1.7 48.3 34.1 120

Over 60 14.1 3.8 2.0 52.8 27.3 106
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skaya, 1941), revealed th a t  alm ost h a lf o f  th e  patients aged  under 3 years 
h ad  been affected w ith  ca ta rrha l colitis (48.7 per cent), while betw een 9 
and  12 years of age th e  incidence of th is  form was on ly  25.6 per cent. 
D etailed  inform ation on  our own p ost-m ortem  findings in  2382 children 
and  adults is p resen ted  in  Table 4-1.

I t  is apparen t from  these  d a ta  th a t  th e  d istribution o f d ifferent forms of 
colonic lesions am ong persons succum bing to  dysentery  a t  various ages 
was far from  being uniform . The incidence of ca tarrha l colitis decreased 
down to  a  m inim um  level between 30 a n d  40; then it  increased slightly. 
F ibrinous colitis occurred m ost freq u en tly  in  children aged  2-10, though 
it  never form ed m ore th a n  one-third o f  all intestinal lesions in these age 
groups. A strik ing fea tu re  was the g rad u a l growth of incidence of u lcerative 
colitis, found to  p revail in  the  age g ro u p  of 20-40. L a te r , the  incidence 
of ulcerative colitis decreased slightly ag a in , while th a t  o f chronic ca ta rrh a l 
in testinal lesions rose. Lesions charac teristic  of acute d y sen te ry  prevailed 
in children, while those  of chronic d y sen te ry  occurred m ain ly  in  adults.

D espite th e  strik ing  dependence o f post-m ortem  findings on age, the  
in testinal wall cannot be assum ed to  respond  to infection in  a different 
m anner a t  different periods in hum an life. Cases of d ip h th eritic  or croupous 
colitis were no t in frequen t in infants, w hile in adults th e  local lesion was 
occasionally restric ted  to  catarrhal inflam m ation. I t  is th u s  ev iden t th a t  th e  
prevalence of ca ta rrh a l dysentery  in y o u n g  children, revea led  a t au topsy , 
was only relative.

I t  is well known th a t  shigella in fec tion  in adults m ay  cause b u t a re l­
a tively  slight d iarrhoea w ith  a sim ple catarrhal in flam m ation  of the  
colonic m ucosa de tec ted  by  sigm oidoscopy. These cases a re  no t included 
in  au topsy  statistics. B u t a diarrhoea easily  to lerated  b y  an adu lt, who 
som etim es even fails to  consult a d o c to r, m ay prove fa ta l  for a child. A 
sim ilar conclusion was draw n by V ishnevetskaya (1941), b u t Skvortsov
(1946) considered th a t  d ea th  of young children from an  essentially  mild 
dysentery  is actually  due to  v ital func tions being upset, w hich m ay be fa ta l 
fo r the  young organism . I t  remains to  b e  determ ined w h e th e r dysenteric 
infection itself can e ith e r be severe or re la tively  mild.

COM PARISON OF PA TH O LO G ICA L AND BA CTERIO LO G ICA L
F IN D IN G S

Clinical evidence has shown th a t Sh. dysenteriae 1 is associated w ith  
th e  severest forms of dysentery , w hereas Sh. sonnei is u sually  dangerous 
to  young children. H ow ever, neither L oren tzen  (1923), n o r  H uebschm an 
(1925), nor Ter-G rigorova (1938) could  find any significant difference in 
th e  m orbid anatom y o f dysentery  caused  by  different Shigella types. The 
tw o form er investigators based th e ir conclusions on th e  resu lts  o f 10 and  
6 post-m ortem  investigations, respectively. Ter-Grigorova h a d  an extensive 
m aterial b u t she, too, used  an incom plete classification o f dysen tery  bacilli 
into “ Shiga” and  “F lex n er” bacilli ( th e  la tte r  including “ Y-bacifli” and  
“ S trong’s bacilli” , as form erly distinguished).
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Fig . 4-1. D is trib u tio n  o f  in te s tin a l lesions accord ing  to  th e  p a th o g en s  Sh. dysenteriae  
1 (121 cases), Sh . flexneri (558 eases), a n d  S h . sonnei. 1 B o w el a t  au topsy  w ith o u t  
a n y  a p p a re n t a lte ra tio n s; 2 sligh t c a ta rrh a l co litis; 3 p ro n o u n ced  ca ta rrh a l a n d  c a ta r ­
rh a l-u lce ra tiv e  colitis; 4 fib rinous and  fib rinous-u lce ra tive  co litis ; 5 chronic u lc e ra tiv e  

co litis; 6 ch ron ic  c a ta rrh a l co litis (V o ino-Y asenetskaya e t  ah, 1942)

F igure  4-1 shows th e  d istribu tion  o f the  forms o f colitis referable to  th e  
principal types of shigella (Voino-Yasenetskaya e t a l . , 1942). Sh. dysenteriae 1 
was m ostly  isolated from  cases of fibrinous or u lce ra tiv e  colitis, a n d  less 
freq u en tly  from severe cases of ca ta rrh a l colitis. Sh. flexneri occurred b o th  
in fibrinous colitis and  in the  absence o f any  apparen t lesion of the in te s tin a l 
m ucosa.* The m ildest lesions were produced by  Sh. sonnei: in 8 o u t o f 
19 cases th e  in testinal wall was a lm ost norm al in appearance a t au to p sy  
in young children w ith  so-called to x ic  dyspepsia.

One cannot claim, o f course, th a t  th e  natu re  o f  lesions in d y sen te ry  
depends entirely  on th e  ty p e  of th e  causative agent a n d  th a t the response 
of th e  h o st is of no im portance. I t  w ould  equally be erroneous to  a t t r ib u te  
too g rea t an  im portance to  host re ac tiv ity , ignoring differences in p a th o ­
genicity  am ong m em bers of the Shigella group.

* T h ere  is no ev idence a s  y e t  th a t  d ifferences in  th e  s e v e r ity  o f in te stin a l les ions 
v a ry  w ith  ty p e s  w ith in  th e  S h . flexneri g ro u p .
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I t  m ay be seen am ong the  cases p resen ted  in Fig. 4-1 t h a t  Sh. sonnei 
dysentery  occurred m uch less frequently  th a n  Sh. dysenteriae 1 or Sh. 
flexneri dysentery . A t th e  tim e when th ese  observations w ere made Sh. 
sonnei was n o t freq u en t; today  Sh. sonnei an d  Sh. flexneri have become 
th e  leading types am ong agents of d ysen tery , while Sh. dysenteriae 1 have 
disappeared alm ost everywhere. A ccordingly, post-m ortem  exam ination 
in  rare  cases of d e a th  from  dysentery  reveals a  prevalence o f m ild  catarrhal 
or ca tarrhal-u lcerative colitis. I t  is usually  considered th a t  th is  decreased 
severity  of in testin a l lesions is m ainly due to  the use of an tib io tics. This 
m ight be so, b u t severe cases of colitis are  no longer seen p o st m ortem  even 
in  cases w ithout ad eq u ate  trea tm en t. C linical or sigmoidoscopic exam ina­
tions yield sim ilar results. This is why we shall have to re fer repeatedly  to  
observations m ade in th e  past, in speculations on the pathogenesis of 
dysentery'.

H Y PO T H E SE S ON PA T H O G EN ESIS

The clinical resem blance of dysenteric colitis to  colitis observed  in uraem ia 
o r sublim ate poisoning has led to  the  assum ption  th a t in  each of these 
cases the in testina l m ucosa is injured by  to x ic  products e lim ina ted  through 
it. Studies on th e  causative agent of d y sen te ry  have confirm ed, ra ther 
th a n  contradicted , th is  assum ption. A tte m p ts  to  inoculate anim als w ith 
shigellae by the  n a tu ra l rou te produced inconsistent, or, m ore often, nega­
tiv e  results (see C hapters 3 and  10). N o ap p a ren t dam age w as produced 
by large quan tities o f toxic products o f th ese  bacteria in tro d u ced  orally 
or directly into th e  in testinal lumen. On th e  o th er hand, p a ren te ra l adm in­
istra tion  of live o r killed shigellae, or th e ir  disintegration p ro d u c ts  (endo­
toxin), as well as o f Sh. dysenteriae 1 exotoxin , sometimes re su lted  in dysen- 
teriform  lesions in th e  in testine of rabb its a n d  dogs (Conradi, 1903; Flexner 
an d  Sweet, 1906; D oerr, 1907; etc.).

V ariations of th e  hypothesis th a t  in te s tin a l lesions in d y sen te ry  are due 
to  release of to x in  b y  th e  bacteria  are still popular. D irect dam age of th e  
m ucosa by toxic products released in to  th e  intestinal lum en , appears 
unlikely a t p resen t. C irculating dysenteric to x in s are u sually  said  to  affect 
blood vessels o f th e  in testinal wall selectively , either d irec tly  or through 
th e  m ediation o f th e  nervous system  (B ibinova, 1932a, b; P enner and 
Bernheim , 1942, 1960; L etterer, 1944; D ergachev, 1954). T h is  is an  im por­
ta n t  correction since th e  possibility of to x in s  entering the  in testin a l lum en 
from  the circulating blood has no t been proved  (Troitsky, 1952; Ado, 
1963). Also, agen ts of dysentery  or tox ic  products arising a t  their lysis 
have not been p roved  to  find their w ay in to  circulation a t  th e  onset of 
th e  disease, before th e  in testine has been dam aged.

B acteraem ia is n o t a  characteristic fe a tu re  of dysentery. Shigellae m ay 
b u t  rarely be cu ltu red  from  the  blood, a n d  if so, usually sh o rtly  before th e  
p a tien ts ’ death  or a t  post m ortem  (Fischer, 1929; Lentz a n d  Prigge, 1931). 
B acteraem ia was n o t shown in cats, dogs o r rabbits a fte r o ra l inoculation 
in  carefully conducted  experim ents by  S iro tin in  and B ro d sk ay a  (1959).



HUM AN DYSENTERY AND H Y PO TH ESES ON ITS PATHOGENESIS 59

Only in young m ice inoculated in tragastrically  w ith  a  b lun t needle w ith  
large am ounts o f shigellae (up to  Ю9) were th e  agents recovered occasionally 
from  the blood an d  internal organs 5—15 m inutes a f te r  inoculation (Cooper 
an d  Keller, 1948; Sinav et ah , 1951; Obukhova, 1956). Although th ese  
investigators a ttr ib u te d  their findings to  the  rap id  p ene tra tion  of b ac te ria  
th rough  the g astric  or intestinal wall, ano ther rou te of penetration  (discussed 
in  C hapter 15) appears to be m ore likely. A t any  ra te , these experim ents 
a re  hardly  com parable to the n a tu ra l course of dysentery .

Since in tox ication  could no t be explained by a d irec t en try  of shigellae 
in to  the blood stream , colitis was supposed to  depend  on the action  o f  
endotoxin released in the in testine on d isin tegration o f th e  bacteria a n d  
absorbed th ro u g h  th e  mucosa. This assum ption is n o t confirmed by o b se r­
vations showing th e  undam aged intestine to  be im pervious or alm ost so 
to m acromolecules sim ilar in size to  shigella endotoxin  (Clark, 1959; Bérezi, 
1968; Bérezi e t  ah , 1968/1969; W alker and Isselbacher, 1974).

In  anim als fed  w ith  shigella endotoxin  (Troitsky an d  Tum anyan, 1955; 
Li, 1959) or E . coli endotoxin (Fine e t al., 1959; R av in  et ah, 1960; 
R av in  and F ine, 1962) labelled w ith  32P , rad io ac tiv ity  was found in th e  
blood, which m ight be an evidence o f the  en try  o f an tigen  into circulation. 
However, rad ioactive  isotopes w hich are insufficiently bound to endo tox in , 
m ay be split in th e  digestive tra c t  and  absorbed independently  (Grechko 
an d  Sedova, 1960; Ondrácek e t ah, 1966). Thus 51Cr form ing a firmer b o n d  
w ith  antigens,* failed  to get in to  th e  blood from  th e  intestine in sim ila r 
experim ents (Sanford and Noyes, 1958).

Certain d a ta  ind icate  th a t, u nder abnorm al conditions, like s ta rv a tio n  
o r im paired in te s tin a l peristalsis, certain  am ounts of p roducts of b ac te ria l 
lysis given in large doses orally m ay en ter the  blood circulation. In  ex p e ri­
m ents by B ib inova et ah (1971) (see C hapter 10) p a r t  of the guinea p ig s  
th a t  had  been s ta rv e d  and given opiates, even died a f te r  oral adm in istra tion  
o f shigella endo tox in . This finding, o f course, cannot be accepted as a p ro o f  
o f massive in te s tin a l absorption of toxic products. F orm al et ah (I960) 
showed th a t L D 50 of shigella endotoxin  was 1700 m g in normal g u in ea  
pigs, while only  53 mg in sta rv ed  anim als and  4 mg in those poisoned w ith  
carbon te trach lo ride . They a ttr ib u te d  th e  results to  an  im pairm ent o f th e  
detoxifying a c tiv ity  of the liver. In  th e  experim ents m entioned above, in  
which toxin was in jected  into th e  blood stream  subcutaneously  or in trap e ri- 
toneally , ex trem ely  large, alm ost le thal doses were needed. Even these, as  
n o ted  by F lex n er and  Sweet (1906), gave rise only to  vascular d iso rders 
an d  desquam ation  of the sm all bowel epithelium . Lesions resem bling 
ce rta in  forms o f dysenteric colitis were only found in  a  few dogs a n d  in  
ab o u t one-fourth  to  one-third o f th e  rabb its  th a t  h ad  died 1-3 days a f te r  
injection (Conradi, 1903; F lexner and  Sweet, 1906; D oerr, 1906; O litsk v  
an d  Kligler, 1920; Bibinova, 1932a, Ъ). As a  rule, these  lesions (ulcers a n d  
fibrinous colitis) were located in th e  caecum w ithout involving the sigm oid 
an d  rectum , w hich are the  p a rts  m ost severely affected by  dysentery.

* G u p ta  an d  R e e d  (1969) have  show n th a t  d ifferen t iso topes a re  bound  to  d if fe re n t 
s tru c tu re s  o f b a c te r ia ; e.g. 51Cr labe ls cap su la r po ly saccharides.
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T he lesions which a re  sometimes fo u n d  in  the caecum a fte r  paren tera l 
adm in istra tion  of shigella toxin are no p ro o f of any p a rticu la r “ trop ism ” 
o f th e  tox in  for th is section  of the in te s tin e . I t  was d em o n stra ted  by  Fell 
e t  al. (1961) th a t changes induced by  im p aired  circulation healed rapidly 
in  the  small in testine, w hile in the large in testine , in h ab ited  by  num erous 
organism s, injured areas of the m ucosa tended  to becom e infected and 
u lcerated . A sim ilar ro le  of in tercurren t bacterial infection in inflam m a­
tion  of the  caecum in  rabbits was cla im ed  by some investigators, who 
stud ied  the  results of paren tera l ad m in is tra tio n  of shigella toxin  (Doerr, 
1907; B ibinova, 1932a, b; Letterer, 1944). These authors, however, realized 
th a t  th e ir results m igh t have suggested th a t  toxic p roducts  of shigellae 
exerted  a selective haem atogenic action  on  this particu lar section of the  
in testine. Indeed, L e tte re r  (1944), who believed th a t p rim ary  toxic vas­
cular in ju ry  was th e  decisive event in  th e  developm ent of dysenteric 
colitis, claimed th a t  a ll subsequent p henom ena were no longer specific for 
dysentery .

The question arises w hether toxic p ro d u c ts  of shigellae do, in fact, 
exert a  specific action. Since Sh. dysenteriae 1 is the only exotoxin  producer, 
in testina l lesions are u sually  a ttribu ted  to  endotoxin present in  all members 
o f th e  Shigella group. Moreover, the ac tio n  on the host of endotoxins 
produced by a v arie ty  o f bacteria is essen tially  the sam e, in  con trast to  
th e  selective ac tiv ity  o f  exotoxin (B urrow s, 1951; G ilbert, 1960).

L a te r  it became ev id en t th a t under uniform  conditions, i.e. in lethal 
p aren tera l in toxication, sim ilar vascular disorders and  in testin a l lesions 
are brough t about by  endotoxins of E. coli, Salmonella, Brucella and  Serratia 
marcescens (Franke, 1944—1945; S an d ritte r an d  H eym ann, 1953; Golubeva, 
1954; H eym ann, 1955; M acLean and W ell 1956; Weil an d  Spink, 1957; 
Lillehei and M acLean, 1958; Mullens et, a l., 1964). F iltra te s  of Proteus 
cultures. (Güldner, 1936), exotoxins of Sh. dysenteriae 1, of Corynebacterium 
diphtheriae (Penner an d  Bernheim , 1942; P e n n e r and K lein, 1952; S an d ritte r 
and  H eym ann, 1953; H eym ann, 1953, 1955) and of staphylococci (Rigdon 
and  Leff, 1936) had  sim ilar effects. M oreover, injections of p arasy m p ath o ­
m im etic agents (Moeller and  Kirsner, 1954) or histam ine (B rasher et al., 
1955; Fell e t al., 1961) ac ted  in the sam e m anner. Similar findings m ay be 
seen in different form s o f shock (Noble a n d  Collip, 1942; P en n er and  Bern- 
heim , 1942; K roneberg an d  Sandritter, 1953; Ross, 1957; W eil and  Spink, 
1957; Lillehei and  W ashington, 1957; S an fo rd  and Noyes, 1958; F ine e t  
al., 1959; R einert e t a l., 1964; S an d ritte r, 1965; W ray  an d  Thom linson,
1969). I t  has been suggested  th a t these pathological processes m ay be th e  
resu lt o f hom eostatic responses (Penner a n d  Bernheim, 1942) apparen tly  
re la ted  to  th e  Selye syndrom e (S andritter an d  Heym ann, 1953; K roneberg 
an d  S andritter, 1953; H eym ann, 1953, 1955).

Thus, all the basic assum ptions underly in g  the hypotheses of a resorp­
tion-elim ination m echanism  alleged to  b e  responsible fo r th e  in testinal 
lesions in dysentery, p rove to  be unfounded. Since it has been dem onstra ted  
th a t  th e  mere presence o f  shigellae in th e  in testina l lum en fails to  produce 
colitis either directly  o r indirectly, it rem ain s to  be supposed th a t  th e  agent 
o f dysentery  tends to  colonize within th e  in testina l wall.



E A R L IE R  DATA AND C O N JEC TU R ES ON LOCALIZATION 
OF SH IG E L L A E  IN  T H E  IN T E ST IN A L  MUCOSA

I t  is well know n th a t, when th e  diagnosis of dysen tery  is supported  b y  
clinical and epidemiological evidence, isolation of shigellae from  the faeces 
is no t always possible, even if cultures are m ade during  th e  first days o f  
th e  disease, and  if stools have th e  typ ical appearance containing mucus a n d  
blood. B acteriological diagnosis can, however, be m ade in no more th a n  
h a lf  of the clinical cases of dysentery . I t  was due to  th is fac t th a t  the sym ptom  
com plex of dysen tery  was suggested to  be of poly-aetiological origin. D o u b ts  
were even raised as to  the pathogenic role of th e  Shigella g roup (D avydovsky, 
1956; etc.). A t th e  same tim e bacteriologists disclosed th e  im portan t fa c t , 
w hich still has n o t been adequately  explained, th a t  insistent, rep ea ted  
cu lturing  of faeces m ay often resu lt in isolation of th e  agen t of the disease. 
Shneerson e t al. (1941) noted fluctuations in th e  faecal excretion of shigellae 
even  in the  course of a single day . This m ay only be possible if sh igellae 
grow a t a  h idden site and en ter th e  in testinal lum en a t  irregular in terva ls .

W hen Shiga (1898) obtained post-m ortem  cultures from  three p a tie n ts  
who died of dysen tery , he found th a t  shigellae could be isolated both  from  
th e  surface of th e  dam aged m ucosa and  from  inside; those recovered from  
deeper layers ten d ed  to  grow in purer cultures. Gross (1919) made p o s t­
m ortem  exam inations early (1-5 hours a fte r death) an d  cultured S h iga 
bacilli in 6 cases and  Flexner bacilli in 5, tak ing  the  specimens from  th e  
tu n ica  subm ucosa (after rem oving the  in testinal m ucosa). Sikl (1920)

TABLE 4-II

Connection between ante- and  post-mortem culturing o f shigellae and  
the condition of the colon 

(Voino-Yasenetskaya et al., 1942)

Ante-m ortem cultures Post-m ortem  cu ltu res

A utopsy diagnosis No 0f j Percentage Gf I Percentage
of positive ‘ of positivecases i cases ,,cultures I cultures

Absence of intestinal lesions
Control 14 ! 0 j  94 0
Dyspepsia 264 j 6.4 | 292 | 8.9

Colitis
Slightly catarrhal 58 20.7 130 31.5
Pronounced ca ta rrhal 136 39.7 110 86.3
Fibrinous and fibrinous-catarrhal 189 52.4 85 83.5
U lcerative 292 39.7 108 65.7
Catarrhal-ulcerative 117 47.0 61 67.2
Chronic catarrhal 205 21.5 127 44.1

Total 1275 I 1007

HUM AN DYSENTERY AND H Y PO TH ESES ON ITS PATHOGENESIS 61



obtained  positive resu lts  in 59 out o f 96 autopsy cases, culturing films of 
exuda te  or m ucus from  the  surface o f th e  gu t and th e  conten ts of small 
cysts or abscesses. B o th  Shiga and Sild n o te d th a t  the-bacteria  were cu ltured  
m ainly from the  m ore severely affected p a rts  of the  intestine.

Shigellae were iso lated  from cultures ta k e n  from th e  surface of or inside 
th e  m ucosa in dysen tery  by Solovyeva e t  al. (1938), Ter-G rigorova (1938), 
Izrailim skv (1939) an d  other investigators. Our observations, shown in 
Table 4 -II, included a  comparison, in a  large num ber o f patien ts , of faecal 
an d  post-m ortem  cu ltu res  (suspensions from  specimens o f the  in testinal 
wall). As seen from th e  table, post-m ortem  cultures tak en  from intestinal 
wall tissue were, in all forms of colitis, 1.5 times or tw ice as frequently  
positive as faecal cultures, although th ese  were repeated  several times.

The purpose of these studies, carried o u t  in Central Asia, was to  elucidate 
th e  causative agents o f  intestinal in fections which were th en  prevalent. 
C ultures of specimens from  the colon w all proved beyond any  doub t th a t  
th e  m ajority  of severe cases of colitis (ca tarrha l and  fibrinous) were o f a 
dysenteric nature. A t la te r  stages o f th e  disease —in cases of u lcerative 
or chronic ca tarrha l colitis - the percentage o f positive post-m ortem  cultures 
was lower, b u t still som ew hat higher th a n  ante-m ortem . In  these cases 
negative cultures were n o t accepted to  exclude the diagnosis of dysentery  
o r as an admission o f any  other reason fo r the in testinal lesions.* W hen 
sim ilar studies were undertaken  some years la ter in an o th er locality  in 
w estern U kraine strik ing ly  similar, in fa c t, alm ost identical results were 
ob ta ined  (Voino-Yasenetskaya and V oino-Y asenetskv, 1948). Thus, one 
m ay s ta te  th a t  bacteriological confirm ation of dysentery  depends on some 
common factors, such as th e  technique o f  exam ination** and  the  peculiari­
ties of pathogenesis of th e  infection.

In  experim ental anim als Sirotinin a n d  B rodskaya (1959) found the 
g reatest am ount of shigellae in mucus a n d  in the mucosa of th e  large bowel, 
whereas th ey  d em onstra ted  very few b ac te ria  in the m uscular coat of the 
in testinal wall, sim ilarly  to  the findings o f Shiga (1898). Shigellae were 
som etim es detected  outside the in testin a l wall, nam ely in regional lym ph 
nodes. These observations are of no p a rtic u la r  im portance, since lym ph 
nodes are known to  a rre s t any organism  spreading beyond th e  local focus 
of infection. Gindes (1940) reported th a t  a t  autopsy shigellae were more 
frequently  detected  in  mesenteric ly m p h  nodes th a n  in  th e  intestine. 
Grinfeld et al. (1959) cu ltu red  Sh. sonnei o r Sh. flexneri from  lym ph nodes 
in several cases where th e  intestine w as unaffected and  th e  patien ts  had  
died of non-dvsenteric diseases. I t  was assum ed th a t shigellae m ay survive

* In the area surveyed, the incidence o f  protozoal diseases — amoebiasis and 
balantidiases — was low; the belief, current among practitioners, that intestinal 
diseases were related to malaria, was not confirmed (Voino-Yasenetsky, 1943). As 
to the cases of mild colitis, their agents might have been enteropathogenic Escherichia  
coli not known at that time.

** Specimens for post-mortem cultures were taken from a small area of the intes­
tine, usually from the rectum, before its lumen had been opened and the mucosa 
examined. In some cases negative cultures were due to the masking effect of abundant 
growth of Proteus in the nutrient media.
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for a long tim e w ithin lym ph  nodes. T he fac t th a t ly m p h  nodes and follicles 
m ay ac t as reservoirs o f .shigellae was supported  by M orgunov et al. (1965). 
These views are not new. W estenhöfer (1918) suggested th a t  the pathogene­
sis of dysen tery  was re la ted  to th a t  o f  typhoid  fever o r intestinal tu b e r ­
culosis, w here prim ary lym ph node involvem ent is a characteristic  fea tu re . 
A lthough th is  alleged analogy was criticized severely (Löhlein, 1921; e tc .) , 
la ter it was claimed again  by Felsen (1936, 1945) t h a t  th e  primary e v e n t 
in the  developm ent o f dysenteric colitis affected ly m p h  follicles o f th e  
colonic m ucosa. The problem  will be considered later, i t  m ay  be stated  h ere , 
however, th a t  Felsen’s claims are den ied  by the m a jo r ity  of pathologists 
today.

Im p o rtan t inform ation on the location  of shigellae could be ex p ec ted  
from microscopic investigations. U p  to  recently, how ever, bacteria w ere 
hardly ev er m entioned in reports on histo logy of dy sen teric  colitis. In g ro w th  
of various bacteria  including G ram -positive ones th ro u g h  the in testin a l 
wall (Grigoryev, 1891; M aksimovich, 1960) should ev id en tly  be a ttr ib u te d  
to  post-m ortem  changes. W ith ro u tin e  bacterioscopic methods, shigellae 
cannot be distinguished from other bacilli, e.g. E. coli. Lorentzen (1923) 
studied au topsy  specim ens from 16 cases of d y sen te ry , obtained fro m  
Gross, who perform ed post-m ortem  investigations, a s  mentioned ab o v e , 
soon a f te r  death . L oren tzen  applied various m ethods fo r  staining th e  sec ­
tions tak en  from the  in testine  and revealed  a wide ran g e  o f different o rg a n ­
isms in surface layers o f inflam m atory scab-like deposits , while d eep er, 
a t  the boundary  w ith  rem nants of m ucosa, there w ere only accum ulations 
of short, coarse rods. H e  considered th e  la tte r to  be  dysentery  bacilli. I n  
two of these cases, w hich had run a v ery  brief course, clusters of the  sam e  
bacilli were seen in th e  surface layers o f th e  mucosa t h a t  was not so severely  
dam aged, and  also “in  den oberflächlichen Epithelien u n d  in  den Epithelzellen 
einzelner in  die Noduli versenkter Drüsenschläuche” . Lorentzen re s tr ic ted  
his rep o rt to  this b rie f description (w ithout giving a n y  illustrations), a n d  
ap p aren tly  did not a tta c h  particu la r significance to  h is finding. A t a n y  
rate , he failed to  m ention  in traep ithelial location of sh igellae in the su m m ary , 
merely saying th a t th e y  penetrated  th e  intestinal m u co sa  from the lu m en . 
I t  should be noted th a t  in areas where th e  epithelial la y e r  had  been d es tro v e d  
Lc irentzen sometimes found  bacilli resem bling shigellae even in the co n n ec­
tive tissue of the lam ina propria. H ere  they  were arran g ed  singly o r  in 
clusters and  some o f them  were engulfed by h istiocytes.

L oren tzen ’s investigations were n o t continued. P a th o lo g is ts  made v ario u s  
assum ptions in th e ir descriptions o f lesions affecting th e  intestine in d y s e n ­
tery , a ttem p tin g  to  explain  their origin, bu t seldom  tried  to search  fo r 
organism s in the  in testin a l wall. L e tte re r  (1944) w h o  used only G ra m ’s 
m ethod o f staining (which is ap t to  reveal only superinfecting organism s, 
ra th e r th a n  the  agent o f  dysentery) still ventured to  claim: “ Ich glaube 
nicht, dass man aus dem färberisch oder kulturell geführten Nachweis von 
Ruhrerregern im Darmlumen oder in  der Darmwand, a u f oder in der Schleim ­
haut, Endgültiges schliessen d a r f’ (p. 692). I t  was fo u n d , however, t h a t  th e  
explanation  of the  perplexing pathogenesis of d y sen te ry  was to be so u g h t 
in the  peculiar behav iour of its ag en t in the host.
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Some of the p a rticu la r biological fe a tu res  o f shigellae h a v e  become know n 
recen tly  from m orphologic studies o f cells and  tissues in fec ted  with these  
organism s. These stud ies were p rom pted  b y  successful a t te m p ts  to  re p ro ­
duce dysenteric in fection  outside the d ig estiv e  tract, n am ely  in the u rin ary  
bladder, conjunctiva, cornea and lungs o f  laboratory an im als .

Thus, inform ation on th e  essence o f  in testinal lesions in  dysentery is 
ra th e r  controversial an d  is in  itself insufficient for und erstan d in g  the p a th o ­
genesis of th is infectious disease. The possib ility  of the dam ag ing  effect of 
shigella endotoxins has n o t been proved  a n d  now it seem s ra th e r im prob­
ab le. However, d a ta  s ta tin g  th a t d y se n te ry  agents in v a d e  not only th e  
in testina l lum en b u t also its walls, hav e  long  been ava ilab le , and they  are  
v e ry  im portant for eva lua ting  the resu lts o f  th e  latest exp erim en ta l investi­
gations dealt w ith in  th e  following ch ap te rs .
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C H A P T E R  5

INTRAPERITONEAL CHALLENGE, CELL CULTURE 
AND CHICK EMBRYO EXPERIMENTS WITH SHIGELLAE

by

T. N . K H A V K IN  a n d  V. L . B E L Y A N IN

IN T R A P E R IT O N E A L  C H A LLEN G E W IT H  SH IG ELL A E

E xperim ents w ith  in traperitoneal inoculation of shigellae have been carried  
o u t since the  beginning of this century . A t first dogs, cats, rab b its  and guinea 
pigs (Rosenthal, 1903; R aczvnsky, 1904) were used; to d ay  th e  white m ouse 
is preferred. Sufficiently high doses (varying widely in different cultures) 
induce sym ptom s of intoxication in mice: flaccidity, hypertherm ia, convul­
sions, paralysis accom panied occasionally by d iarrhoea an d  haem orrhagic 
colonic lesions. Shigellae usually  m ultip ly  ab u n d an tly  in  the  blood an d  
in terna l organs. A fter receiving sublethal doses, som e o f the anim als 
recover. A ddition o f mucin to  cultures of shigellae increases their pathoge­
n icity  several hundred  thousand  or even million-fold (Sidbjerg and H ansen, 
1943, cit. by  W u n d t, 1966).

The ab ility  o f shigellae to  produce th e  above syndrom e is usually a t t r i ­
b u ted  to  toxic properties of th e  organism s (Selter, 1910; W undt, 1966). 
F o r a long tim e these properties were regarded  as signs o f virulence a n d  
pathogenicity  of shigellae. In trap erito n ea l inoculation o f animals w as 
even regarded as a “peritoneal m odel” o f dysentery  an d  was used both  fo r 
evaluating the  virulence of different cultures and  for study ing  the p a th o ­
genesis of dysen tery . Time and  again doubts were raised  as to  the correc t­
ness of this m ethod. One of th e  argum ents had  been th a t  oral inoculation 
o f volunteers or m onkeys w ith  shigellae, found highly pathogenic in th e  
peritoneal te s t, failed to  cause dysen tery  (Shaughnessy e t al., 1946a, b; 
B ranham  e t al., 1949). The results of vaccination of h u m an  subjects an d  
those of in traperitoneal tes ts  w ith  th e  vaccines on m ice were likewise 
d iscordant (T roitsky, 1958a).

The m ost convincing argum ents against experim ental in traperitoneal 
inoculation o f shigellae were advanced  in th e  last decade, when th e ir  
ab ility  to  m ultip ly  in epithelial cells, ra th e r  th an  th e ir  to x ic ity  was show n 
to  be the  m ain fac to r of th e ir specific pathogenicity . No parallelism w as 
found betw een te s ts  dem onstrating  the  parasitic  cap ac ity  of shigellae in  
th e  epithelium  and  experim ents w ith  in traperitonea l challenge of w h ite  
mice. Cultures giving positive keratoconjunctival te s ts  m ay be of low  
pathogenicity  fo r mice when inoculated  in traperitoneally , and, on th e  
contrary , cu ltu res failing to  pen e tra te  th e  epithelium  an d  incapable o f  
producing specific in testinal lesions, m ay be fa ta l to  m ice in  the in traperi- 
toneal test. I f  th e  bacteria  of a cu ltu re lose th e ir cap ac ity  to  m ultip ly  in  
epithelial cells, th ere  need n o t be a parallel significant decrease in the dose
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necessary to  cause th e  death  of in traperitoneally  inocu lated  mice. This 
prom pted  LaB rec e t al. (1964), Stenz el (19626, c, Í966), N akam ura (1967), 
Ogawa e t al. (1967a), P etrovskaya a n d  Blinova (1971) to  consider in tra- 
peritoneal inoculation unsuitable for eva lua ting  the  pathogenic properties 
of shigellae.

Nevertheless, in traperitoneal in ocu la tion  is still in  use in labo ra to ry  
practice. I t  is applied in tests to  d e tec t virulence of shigellae, to  determ ine 
th e  tox ic ity  of th e ir products and to  an a ly se  the effects o f various ex ternal 
agents (drugs, rad ia tio n , etc.) on th e  organism s, as well as in experim ents 
on active and  passive im m unity. I t  h as  also been a tte m p te d  to  correlate, 
w ith some restric tions, th e  syndrom e p rovoked  in mice w ith  certain  aspects 
of hum an dysen tery  (McGuire and F lo y d , 1958).

The results of in traperitoneal inocu lation  are usually  eva lua ted  in term s 
o f m orta lity  (or survival) of the in o cu la ted  animals. T he cu lture is ad m in ­
istered to  groups of m ice in different d ilutions, som etim es w ith the  ad d i­
tion  of 5 per cent m ucin. Some of th e  anim als die w ith in  a few hours 
a fte r inoculation, and  th e  deaths are reco rded  for th ree  days. The results 
of th e  experim ent are statis tica lly  an a ly sed  and expressed in  term s o f le thal 
or infective doses. W ith in  each sero type o f  Shigella, le th a l doses of different 
cultures m ay v ary  considerably b u t, as m entioned above, these differences 
are no t correlated  w ith  th e  ability  o f a n y  individual cu ltu re  to  grow w ithin 
epithelial cells. In  add ition  to  the estab lishm en t of le th a l doses, some inves­
tigato rs also prepared  cultures from th e  peritoneal fluid, blood and in terna l 
organs, recording usually  th e  bacterial co u n ts  in the fluid or tissue suspension.

W ith  th is  k ind  of experim ent, re la tionsh ips between th e  bac teria  and  
th e  cells in in flam m atory  exudates rem a in  unknown. U nless it becomes 
clear w hat ac tua lly  happens in the  p erito n ea l cavity , it is impossible to  
form  an adequate  opinion of the n a tu re  o f the pathological process.

Evidence derived from  experim ental stud ies on peritoneal exudate  in 
vitro is inconclusive because it merely ind icates th a t  peritonea l cav ity  cells 
(polym orphonuclear leukocytes and m acrophages) are capable of phago- 
cvtizing shigellae. I t  is, therefore, n o t possible to draw  reliable conclusions 
from  th e  d a ta  ob ta ined  w ith  a num ber o f  different experim ental techniques, 
as to  th e  factors affecting phagocytosis. T he difference in th e  properties of 
Shigella s trains should n o t be neglected either.

F reidlin  (1961, 1962) observed a pronounced  phagocytosis of Sh . flexneri 
(previously n o t te s ted  for epitheliotropism ) b y  peritoneal cav ity  polym orpho­
nuclear leukocytes of guinea pigs a n d  detected  reactive changes in th e  
la tte r. The phagocytic ab ility  of leukocy tes taken from  vaccinated  anim als 
increased trem endously. On the o ther h an d , according to  th e  observations 
of Calabi (1970), shigellae showed no d is tin c tiv e  liability  to  being phagocy- 
tized by polym orphonuclear leukocytes a n d  bacterial resistance to  phagocy­
tosis was independent o f the  result of th e  keratoconjunctiv itis  te s t in guinea 
pigs. U p to  now no evidence has been obtained  on th e  re la tion  betw een 
shigellae and  peritoneal macrophages o r  on reactive processes occurring in 
th e  peritoneal tissue.

E xperim ents were perform ed in collaboration  w ith A rbuzova (P asteur 
In s titu te  of Epidem iology and M icrobiology, Leningrad), who was respon-
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sible for bacteriological investigations aim ed to  elucidate th e  fate of bacilli 
introduced in to  the peritoneal cavity, an d  the  reactive processes induced  
in the peritoneum  of w hite mice inoculated  w ith Sh. sonnei.

Two stra in s were stud ied : a pathogenic stra in  (giving a  positive k e ra to - 
conjunctival te s t in guinea pigs) and a non-pathogenic s tra in  (negative w ith  
the  same tes t). Different doses of 1,8-hour cultures o f these strains w ere 
adm inistered to  the  anim als. The peritoneal fluid and th e  gastrocolic o m en ­
tum  were investigated . The om entum  was studied since it is known to  
possess a phagocytic m echanism  and to  contain  large num bers of h is tio ­
cytes and  m acrophages (Maximow, 1927). The om entum  is more a p t  to  
rap id  and ac tive  response to  m icroorganism s or foreign bodies than  o th e r  
peritoneal s truc tu res (W ilson and  Miles, 1964). M oreover, spread p re p a ra ­
tions of th e  om entum  are convenient fo r cytological exam ination.

The anim als were sacrificed, 8 a t a tim e, every 3-5 m inutes, 3, 6, 9, 12, 
24 and  48 hours after inoculation. Specim ens were ta k e n  from 4 an im als 
for bacteriological study , and  from 4 anim als for m orphological investiga­
tion  from  each group of 8 anim als. S eparate  cultures w ere made from  th e  
om ental tissue and  peritoneal fluid. Before grinding th e  om entum  in saline, 
it  was thorough ly  rinsed.* P relim inary  experim ents show ed th a t in th is  
m anner b ac te ria  adsorbed onto the surface of the  om entum  could be  r e ­
moved. F o r cultures of peritoneal fluid, th e  peritoneal cav ity  was w ashed  
with 0.5 m l o f saline, which was then  collected and  p oured  on a n u tr ie n t 
medium.

B oth stra in s, irrespective of their cap ac ity  for in traep ithelia l m u ltip lica­
tion, p roduced an infectious process. Im m ediately  a f te r  inoculation a 
considerable p a r t  of th e  bac teria  p en e tra ted  the blood; th e  rest rem ained  
d istribu ted  betw een th e  om entum  an d  peritoneal fluid. B oth organism s 
m ultiplied in the  om entum , b u t m ainly in the  peritoneal fluid. Nine to  12 
hours a fte r inoculation th e  am ount o f bacteria  cu ltu red  from th e  flu id  
was m anifold com pared to  the  in itia l values.

B y th is  tim e the  inflam m atory  response of the  peritoneum  was q u ite  
apparen t. I t  was of an  exudative n a tu re , sim ilar to  th a t  obtained a f te r  
in traperitoneal adm in istra tion  of indifferent particles o r o ther organism s. 
A ccum ulation of polvm orphonuclears, as well as of m acrophages (m onocyte- 
type cells an d  om ental histiocytes) was observed.

Independen tly  of th e  s tra in  and dose of shigellae, w ith in  the firs t 12 
hours a fte r inoculation, polvm orphonuclears prevailed in the  in flam m atory  
exudate ; 15-30 per cent of th e  cells o f th e  exudate w ere macrophages. T h e  
in tensity  o f inflam m ation, however, w as different. W ith  absolutely le th a l 
doses of shigellae, inflam m ation was sligh t and in filtra tion  of the om en tu m  
was scarce, occurring in  m inute foci. W ith  sublethal doses, there w as a  
stronger response.

As m entioned  above, th e  om entum  adsorbed only a  sm all p roportion  o f  
the  bac te ria  introduced. N ot less th a n  3 million organism s were needed fo r

* T he m e th o d  fo r th e  bacte rio log ica l in v es tig a tio n  o f th e  om en tum  is d e sc r ib e d  
in  C h ap te r 14.

5*
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Fig. б-l. O m en ta l sp read  p rep a ra tio n s  of w h ite  m ouse  a fter in tra p e r ito n e a l in o cu la ­
tio n  w ith  Sh . sonnei. a  9 h  a f te r  inocu la tion  w ith  25x10° p a th o g en ic  organism s, 
R om anovsky  s ta in , b 24 h a f te r  inoculation  w ith  7 X 10° pathogenic organ ism s, irnm uno- 
fluorescent sta in , c S im ilar p ic tu re , R o m an o v sk y  s ta in , d 24 h a f te r  inoculation  w ith  
3 x 1 0 °  non-pathogenio  organism s; the  p ic tu re  show s a few b a c te r ia  an d  deb ris; 

im m unofluorescent s ta in ,  X 960
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their successful recovery  from th e  om ental spread preparations and  from  
the peritoneal sm ears. W hen the dose was high enough, the bacteria were 
revealed both  extracellu larly  and in th e  cytoplasm  of leukocytes, m acro­
phages and  histiocytes o f the om entum . Even a fte r inoculation w ith lethal 
doses o f shigellae, th e  infiltrating leukocytes and  m acrophages contained 
engulfed organism s (Fig. 5-la).

The s ta te  of phagocytized bac teria  and of the cells th a t  ingested them , 
showed th a t  both  an  accomplished and  an unaccom plished phagocytosis 
occurred in the  peritoneum . P a r t  o f th e  shigellae were digested: th ey  no 
longer h ad  sharp  outlines, were swollen and stained  poorly. Others re ta ined  
their u sua l m orphological features an d  were even dividing. Similarly, am ong 
the leukocytes and m acrophages th a t  had ingested bacteria, there were 
cells showing no signs o f injury, while others were definitely dam aged (pvk- 
notic nuclei, carvorhexis and considerably vacuolized or intensely baso­
philic cytoplasm ). F inally , on the  surface of the om entum  microcolonies of 
shigellae were seen am ong the cell debris. E vidently , these colonies s ta r te d  
to  grow from  surviving bacteria, released from destroyed  phagocytes.

The lesions observed 9-12 hours a f te r  inoculation depended  on the am oun t 
of organism s in troduced  into the  peritoneal cav ity . Microscopic findings 
closely correlated  w ith  the results o f cultivation. Inoculation w ith lethal 
doses led to  ab u n d an t m ultip lication of shigellae, while the inflam m atory 
response in the  peritoneum  was suppressed. In  th e  mice sacrificed a fte r 
24 hours, or succum bing a t earlier periods, shigellae p ene tra ted  the en tire  
om entum  (Fig. 5 -lb) and  invaded th e  peritoneal fluid. Phagocytosis was 
infrequently  seen an d  signs of digestion of bacteria  were absent (Fig. 5-lc).

Inocu la tion  w ith sublethal doses led to  two types o f infection: (i) e ither 
to  an  unrestra ined  grow th  of the agen ts  in the peritoneal cavity  and  a su p ­
pression of the inflam m atory response resulting in th e  dea th  of the anim als; 
or (гг) to  a decrease in the num ber of bacteria resu lting , by th e  end of 
the second day, in a  complete clearance of shigellae of the peritoneal 
cav ity  an d  the subsequent recovery of the anim als. W hen the  outcom e 
of infection was favourable, the num ber of bacteria  revealed in histological 
p repara tions also decreased sharply , although th e  inflam m atory infiltration 
of th e  peritoneum , m ainly w ith m acrophages, becam e more pronounced. 
At th is  period shigellae were only d etec ted  in the om entum  with the fluores­
cent an tib o d y  technique. The b ac te ria  formed sm all groups, or were a r ­
ranged  singly. Some of them  m ain ta ined  their charac teristic  outline w ith  a 
b rig h tly  fluorescent rim , while o f o thers, only th e  rem nan ts were seen as 
am orphous lum ps (Fig. 5-Id). In  som e of the mice sacrificed 48 hours a f te r  
inoculation, no trac e  of antigenic m ateria l was found  in the peritoneum .

T hus, parallel cu ltu ra l and m icroscopic investigations of the peritoneum  
revealed a regular p a tte rn  of the  infectious process following in traperitoneal 
inoculation w ith bacteria . This process was independent of the  epithelium - 
invasive properties o f shigellae. Since the peritoneum  is not covered by 
ep ithelium , only th e  in teraction between the infective agent and  leuko­
cytes, as well as m acrophages o f local and haem atogenous origin, m ight 
be observed in the  peritoneal cav ity . The results o f th is  in teraction determ ine 
the  outcom e of th e  process: e ither a com plete clearance of the peritoneum



70 X. N. K H A V KIN  AND V. L. BELYANIN

of bacteria by phagocytosis, or a  suppression of the inflam m atory  response 
an d  the  death  of host from  septicaem ia and  intoxication.

Our observations fail to  support th e  assum ption th a t shigellae m ultiply 
w ith in  peritoneal m acrophages (see below). There was no evidence of in tra ­
cellular m ultip lication sim ilar to  th a t  observed in salmonellosis (see C hapter 
14). A lthough dividing shigellae were occasionally seen w ith in  leukocytes 
or m acrophages, th e re  was no w ay to  decide w hether th ey  were dividing 
w ith in  the cell, or h ad  been engulfed a t  th e  mom ent of division.

T he results of these investigations s tren g th en  the doubts raised  in con­
nection with th e  use of in traperitoneal inoculation for tes tin g  the  p a th o ­
genic properties o f shigellae. At th e  sam e tim e, in traperitoneal inoculation 
m ay  be useful for study ing  the  in teraction  between shigellae and  phago­
cy tic  cells or for solving certain  o ther problem s related  to  shigellosis.

C ELL C U LTU R E STU D IES

Since the 1960’s, cell cultures have been widely used in  th e  study  of 
Shigella. The ab ility  o f these bac te ria  to  m ultiply in growing cells was 
first described by W atk ins (1960), an d  G erber and W atk ins (1961) and 
la te r  also by o ther investigators (LaBrec e t al., 1964; B akhutashv ili, 1967, 
1968, 1969; Form al e t al., 1967«; N akam ura, 1967; Ogawa e t al., 1967«, b; 
1968«; Y am ada and  Ogawa, 1967; A ndreeva and B akhutashvili, 1968; 
B akhutashvili and  Gulevich, 1968; Ogawa, 1970; Calabi, 1970; Belaya, 
1970«; Nosova e t al., 1970, 1972).

An im portan t fac t established in re la tion  to  the  pathogenicity  of these 
b ac te ria  was, th a t  only those strains m ultip lied  in cell cultures which were 
epit heliotropic in an im al experim ents, i.e. which caused keratocon junctiv i­
tis  in guinea pigs an d  were pathogenic for orally infected m onkeys and 
s ta rv ed  guinea pigs.

Cell culture m ethods and  infectious procedures as well as th e  evaluation 
o f th e  results vary  som ew hat according to  different au thors; th e  technique 
in  general is as follows:

Suspensions of 24 h bacterial cu ltures are p ipetted  into tu b es or dishes 
contain ing coverglasses w ith  growing cells. One or two hours la te r these 
coverglass cultures are w ashed and tran sferred  into a fresh m edium . A nti­
biotics are added to  prevent bacteria from  m ultiplication in th e  medium, 
a lthough  Gerber an d  W atk ins (1961), an d  Cefalu et al. (1963), showed th a t 
ce rta in  antibiotics inh ib ited  shigella m ultip lication  in the  m edium  as well 
as w ith in  the cells. Cefalu et al. (1963) successfully replaced an tib io tics with 
specific immune serum . Inh ib ition  of th e  extracellu lar g row th  after the 
add ition  of an tidysen terv  phage was observed by B akhutashvili (1967). 
I f  the  medium is free o f bacterial g row th  inhibitors, the coverglasses with 
th e  infected cells are w ashed every 2—3 h w ith  subsequent tran sfe r into 
a  fresh medium.

W ilder and E lberg (1973) believed th a t  extensive washings failed to 
elim inate all the bac teria  from th e  m edium . In  experim ents w ith  Listeria 
th e y  showed th a t  continuous phagocytosis o f bacteria which grew  in the
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Fig. 5-2. HeLa cell monolayer 7 h after inoculation with pathogenic Sh. flexneri, 
Giemsa stain, X 420 (Formal et al., 1965a)

m aintenance m edia appeared to  acco u n t for the changes observed in th e  
num ber o f  in tracellu la r organisms.

As a rule, the  resu lts o f cell and  tissu e  culture experim ents are read  n o t 
la te r th a n  24-28 It periods, some experim ents being lim ited  to 2-8 h. T he 
results are eva lua ted  e ither in term s o f infected cell co u n ts  in stained p re p ­
arations or by  estim ating  the n u m b er of organisms in  the  cultured cells. 
Sometim es th e  num ber of destroyed  cells and the  dam age to cell lay ers  
are also tak en  into account.

Differences in th e  m ethods of in fected  cell cu ltiv a tio n  can influence 
the  u ltim ate  results (Calabi, 1970) a n d  ham per th e ir comparison. I t  is also 
difficult to  com pare th e  results of bacteriological an d  microscopic ex am in a ­
tions. The bacteriological techniques only  reveal liv ing bacteria in th e  cu l­
tu res, while microscopic exam ination  detects destroyed  organisms as well.

I t  should be no ted  th a t  av iru len t shigellae can som etim es cause d am ag e  
and  d ea th  o f these cells w ithout penetra ting  th em  (Nakam ura, 1967). 
M oreover, v iru len t organism s d es tro y  infected cells a t  various ra tes. T h e  
ability  to  inhab it th e  growing cells correlates only w ith  th e  epithelio tropism  
of shigellae; the  cy to toxic properties o f the organism  play no sign ifican t 
role (Bondarenko et al., 1973«, b). T herefore, the in tracellu la r bacterial m u lti­
plication rem ains, up  to  now, the  m o st reliable ind ication  of positive re su lts . 
Besides, it  is difficult sometimes to  d istinguish  m icroscopically in trace llu la r 
bac teria  from  bac te ria  adsorbed o n to  th e  cell surface.



72 T. N. KHAVKIND AND V. I.. BELYANIN

Differences in  experim ental procedure a n d  evaluation o f th e  results of cell 
cultures infected w ith  shigellae h am p er th e  quan tita tive  comparison of 
th e  data  of d iffe ren t authors. However th ese  differences do  not diminish 
th e  significance o f th e  discovery m ade w ith  th e  aid of cell cultures, i.e. th e  
selective ab ility  o f only epitheliotropic shigellae to p en e tra te  the cells. I t  
should be no ted  th a t  th e  experim ental re su lts  vary not on ly  because of th e  
differences in tech n iq u e  b u t also because o f th e  divergent cell resistance to  
shigellae and th e  vary in g  degree of in trace llu la r m ultip lication  among the  
representatives o f  th e  genus Shigella.

Special com parative  investigations ca rried  out by B akhutashv ili (1967) 
an d  Ogawa e t al. (1967a, b) showed th a t  shigellae possessed no species or 
organ-specific tro p ism  to  anim al cells. M oreover, they w ere able to  grow 
bo th  in p rim ary  cu ltu red , and in es tab lish ed  cell lines. However, the  
m ultiplication ra te  an d  the  am ount o f in fec ted  cells v a r ied  from culture 
to  culture. Ogawa e t al. dem onstrated  t h a t  24 hours a f te r  infection the  
bacteria  were fo u n d  w ith in  no more th a n  5 p er cent of cells in established 
cell lines (HeLa, L , hum an embryo in te s tin a l epithelium ) while in some 
prim ary  cu ltured  lines (rabbit cornea, m ouse lung) 70-90 p e r  cent of cells 
were affected as ea rly  as 6 hours after in fec tion . Certain cell lines appeared 
to  be completely re s is tan t to  pathogenic shigellae (B akhutashvili, 1967; 
Nosova et al., 1970).

There are few d a ta  on the  alteration o f cells infected w ith microorganisms. 
U sually, the b ac te ria  in  such cells accum ulate  around the nucleus and some­
tim es fill the cell processes (Fig. 5-2). F re q u e n tly  the cells re ta in  their usual 
appearance for several hours. B akhu tashv ili and  Gulevich (1968) described 
m itosis of infected cells. The signs of in ju ry  as well as th e  destruction  of 
th e  cells can be seen shortly  afte r infection. T he cell dam age is preceded by  
th e  activation o f cell m etabolism  and, in  particu la r, by an  increase in acid 
phosphatase a c tiv ity  (Jervis and L aB rec, 1966), which is a  non-specific 
response to infection and  is observed in cell cultures infected by  a num ber 
o f  bacteria and  v iruses (Khesin, 1967). In  th e  course of bac te ria l m ulti­
plication there is a  decrease in the cell ac id  phosphatase a c tiv ity , indicative 
o f lysosomal d am ag e ; karyopyknosis and d estruc tyon  of th e  cytoplasm  have 
also been observed (Jerv is and LaBrec, 1966).

Experim ents h av e  also been made w ith  cultures of peritonea l m acro­
phages, which re ta in  th e ir  strong phagocy tic  activ ity  in vitro and  are able 
to  destroy the an tig en s taken  up by th em  (Jacoby, 1965; B ennett, 1965, 
1967a, b; F u rth  a n d  Cohn, 1968). In  co n tra s t to  other cells, th e  macrophages 
can  engulf both  pathogen ic  and non-pathogenic shigellae. H ow ever, patho­
genic strains u sually  m ultip ly  actively a n d  k ill the phagocy te , while non- 
pathogenic ones grow  slowly and are u ltim a te ly  digested by  th e  cell (Cefalu 
a n d  Puglisi, 1967a; B elaya et al., 1968; B ondarenko  et al., 1973a). The most 
strik ing  differences betw een pathogenic a n d  non-pathogenic strains are 
observed when th e  m acrophages are in fec ted  with sm all doses (Cefalu 
e t  al., 1963); large doses of bacteria can d e s tro y  the cell layer independently  
o f  th e  organisms’ v iru lence (Yee and B uffenm yer, 1970).

Ogawa et al. (19676) showed th a t Sh. flexneri m ultiplied m ore actively 
th a n  Sh. sonnei. T h ev  a ttr ib u ted  this d ifference to  the v iru lence of the for-
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mer. Б  owever, the  possible correlation between th e  m ultip lication ra te  of 
different shigellae in cell cultures an d  th e ir virulence fo r animals has no t 
yet been thoroughly studied.

The correlation betw een epitheliotropism  of shigellae and their ab ility  
to  m ultip ly  w ithin cu ltu re  cells allowed us to  consider tissue cultures as an  
additional model w hich m ight be used  fo r the d e term in a tio n  of the specific 
pathogenicity  of d ifferent shigellae, in addition to  th e  keratoconjunctival 
and pulm onary tes ts  and oral infection of starved gu inea pigs. H ow ever, 
it is ev ident th a t  s tan d a rd  and op tim um  experim ental procedures m ust be 
e laborated  for use in routine practice. S tandard ization  should ev idently  
involve th e  choice o f cell lines, m edia, num ber o f cells and bacteria, the  
m ethod of prevention of ex tracellu lar bacterial m ultip lication  as well as 
tim e schedule and  analysis of results.

In fected  cell cu ltu res can also be used for theo re tica l studies. However, 
dedifferentiation (dependent on cell origin and p rep ara tio n  m ethod) and  
the  lack of the in teg ra tive  influence o f  the  host o rganism  (Khlopin, 1946; 
Alov e t al., 1969) m ay  interfere w ith  the in te rp re ta tio n  of the resu lts 
ob tained . I t  was dem onstrated  th a t  in  vitro shigellae multiplied in cells 
in w hich th ey  never occurred in vivo. Sometimes th e ir  propagation in such 
cells was more in tensive than  in those  susceptible to  infection in vivo.

As an  example le t us quote th e  experim ental re su lts  with infection of 
guinea pig corneal cells in a prim arily  trypsinized cu ltu re  consisting o f two 
cell types: epithelial cells and fibroblasts (Ogawa e t ah , 19676). Shigellae 
were shown to m ultip ly  more in tensively  in connective tissue cells th a n  in 
the epithelium , susceptible to experim ental keratoconjunctiv itis in guinea 
pigs. These authors found  th a t cell cu ltu res from h um an  intestinal epithelium , 
which is th e  pred ilectional site o f  shigella m ultip lication  in vivo, were 
re sis tan t to  these bacteria .

Some investigators used tissue cu ltu res in stud ies on the general phe­
nom ena of in teraction  between shigellae and the h o st cell. In  this respect, 
the  cinem icrographic studies of Ogawa e t ah (1968«) an d  of B akhutashvili 
(1969) are of g reat in terest. They showed th a t, in co n trast to  av iru len t 
strains of Shigella, th e  virulent ones could a ttac h  them selves to  th e  cell 
surface. According to  Ogawa e t ah  (1968«), a t th e  a ttach m en t sites th e  
cytoplasm  showed a  vigorous ruffling m ovem ent, invaginations and  pino- 
cv to tic  vesicles were formed and  incorporation of th e  bacteria could be 
observed. The killed bacteria, even those of highly  v iru lent strains, lost 
th e ir capacity  to  becom e attached  to  cu ltured  cells a n d  failed to  p en e tra te  
them .

U sing a cinem icrographic m ethod, Ogawa e t ah (1968«) described th e  
autonom ous m ovem ents of shigellae and  their p o la rity  within th e  cells; 
one end  of bacterium , “ the head” always p o in ted  in the d irection o f 
bac teria l m ovem ent. They did no t d raw  a definite conclusion concerning 
the mechanism  of bac teria l incorporation into the tissu e  culture cells which, 
as th ey  noted, could be ra ther difficult to  apply  to  th e  host. I t  rem ains 
to  be elucidated w h e th e r this process is active or passive. I f  the  process is 
passive, th an  it should  he estab lished  w hether it is connected w ith  th e  
norm al cytoplasm ic m ovem ent or w he ther it is th e  re su lt of changes in th e
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colloidal s ta te  o f the  cytoplasm  produced  by  the bacteria . Nevertheless, 
th e  d ata  jiointing to  the  role o f th e  v iab ility  and autonom ous m ovem ent 
o f shigeilae during  the  in teraction w ith  th e  cells deserve fu r th e r  consid­
eration.

C H IC K  EM BRYO E X P E R IM E N T S

The ability  o f shigeilae to  m ultip ly  in chick embryos w as described by 
W eil and V olentine in 1940. T hey m ade an  a ttem p t to  use  th e  infected 
em bryo as a m odel for their investigations on the  process o f  shigella infec­
tion . F u rth er stud ies have shown th a t  chick embryos are o f  little  use for 
th is  purpose, b u t th ey  can be em ployed for testing  pathogenicity , virulence 
an d  toxicity  of different strains.

Usually the  em bryos are infected on th e  9th  to  1,1th d ay ; la te r th ey  
become resistan t to  shigeilae. The b ac teria l cu lture is in ocu lated  either into 
th e  extraem bryonic area (i.e. yolk sac, surface or cavity o f chorio-allantois) 
o r into the yolk vein. The technique o f inoculation into th e  ex traem bryonic 
area is the sam e as described by  Schm idt an d  Lennete (1965) and  Sokolov 
(1965) for viruses and  rickettsiae. K é tv i (19666) described th e  methods 
o f intravenous shigella infection in detail. T he results of in fection  are evalu­
a ted  on the basis of the  num ber of em bryos dying and o f cu ltu ra l data .

T he bacteria inoculated  into th e  yolk sac reach the em bryo m ore rapidly 
th a n  those applied  onto the  chorio-allantoic surface. D eath  o f  th e  embryos 
se ts  in within 24—72 hours after infection depending upon th e  zone of inoc­
ulation , on the  dose and on th e  p roperties of the  strain  u sed  (K abanova, 
1952; E rlandson e t al., 1958).

W hen inoculated in travenously  th e  b ac te ria  reach the  em bryo  directly 
an d  m ay cause its  dea th  w ithin th e  first 12 hours before th e y  m ultiply 
significantly. K é ty i (19666) suggested th a t  rap id  fa ta lity  w as due to  the  
effect of shigella toxin . B acterial cultures unable to  kill th e  em bryo when 
inoculated into th e  extraem bryonic zone were lethal when in jected  in tra ­
venously (Rauss e t al., 1967).

In jec ted  in re la tive ly  large doses (tens o f thousands or m illions of organ­
isms), shigeilae m ultip lied  intensively an d  caused the em bryo’s death , inde­
pendently  of th e  pathogenicity  o f th e  cu ltu re  for man an d  experim ental 
anim als. This fac t aroused scepticism  in a num ber of au th o rs  as regards 
th e  adequacy o f chick em bryo for shigella pathogenicity  te s ts . According 
to  Stenzel (19626, c) b o th  the  chick em bryo an d  the  in traperitoneal m ethod 
are of little value for th is purpose. H ow ever, o ther au thors do no t share 
his doubts.

B elaya (1959, 19626) inoculated em bryos w ith different cultures and 
found significant differences betw een th e ir  effect in correlation w ith  their 
pathogenicity  in th e  keratoconju n c tival te s t in  guinea pigs. F resh  cultures 
w ith a positive keratoconjunciával te s t were able to cause 100 per cent 
em bryonic d ea th  even when a  sm all num ber of bac teria  (2—200 cells) 
were inoculated into th e  ex traem bryonic zone. Bacteriological exam ination 
showed th a t these bacteria  grew rap id ly  an d  abundantly  in  th e  allantoic 
fluid, blood, liver an d  brain. On th e  o th er hand , the m inim um  lethal dose
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fo r the  em bryo was m uch larger (2 X Ю3 1 x fO 10 cells) if  th e  culture was 
non-pathogenic in the  keratoconjunctival test. The m ultip lication curve 
fo r these bacteria  reflected a slow and  gradual increase in the  am ount o f  
viable bacteria which, even a t  th e  end of the  experim ent, did not reach  
th e  level which causes em bryonic death . Shigellae were found in sm all 
am ounts in th e  em bryo’s blood and  organs b u t never in th e  brain.

B elaya found th a t  in shigellae m ain tained  for a long tim e in artific ial 
m edium , the loss o f the  ab ility  to  pene tra te  the  corneal epithelium  was 
accom panied by  a decrease in pathogenicity  for the  chick embryo. T h e  
m inim um  lethal dose of such stra in s increased more th a n  100 000-fold, as  
com pared w ith th e  parent organism . These observations were confirm ed 
b y  P etrovskaya an d  Blinova (1971).

The changes occurring in the  infected chick em bryo, an d  the  in terre la­
tions between th e  bacterium  and  chick em bryo are alm ost unknown. T here  
a re  only few d a ta  available on haem orrhage, pu ru len t exudates and  in ­
flam m atory infiltrations developing in envelopes of th e  em bryo (Weil a n d  
Yolentine, 1940; E rlandson e t ah , 1958; Elchinova, 1960). Levenbuk a n d  
A ndreeva (19656) observed shigellae in the  cells of yolk an d  chorio-allantoic 
ectoderm . Nevertheless, the  pathological processes occurring in the em bryo  
have no t yet been clearly defined, and  th e  usefulness o f th e  chick em bryo  
te s t  applying ex traem bryonic inoculation has no t been established. T h e  
intravenous em bryo infection, as K é ty i (19666) assum ed, can mainly b e  
used for the evaluation  of tox ic ity  b u t parallel tests, using other ex p e ri­
m ental models, should  be perform ed.

As shown by  m any researchers, when shigellae are adm inistered in tra -  
peritoneallv, an  exudative inflam m ation of the peritoneum , accom panied 
b y  an  ab undan t inflow ofleukocytes, develops. Large bac te ria l doses ra p id ly  
suppress the defensive response and  th e  anim als die o f sepsis. W hen re la ­
tively  small doses are used, th e  organism s disappear from  the  peritoneum  
an d  the anim als recover. The developm ent o f the  infectious process in th e  
peritoneal cav ity  does not depend on th e  capacity  of shigellae to p en e tra te  
th e  epithelium  and  does no t dem onstra te  pathogenic properties o f th e  
stra in s studied.

The ab ility  o f shigellae to  m ultip ly  inside cells o f cu ltures in vitro is 
correlated w ith th e ir  pathogenicity  in en tera l challenge an d  k eratocon juncti­
val tests.

In  intravenous challenge chick em bryos die due to  th e  effect of to x ic  
products of shigellae. W ith  o ther modes of challenge, generalized infection 
o f th e  em bryo arises regardless of th e  pathogenic properties of the s tra in .
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CHAPTER 6

EXPERIMENTAL SHIGELLA KERATOCONJUNCTIVITIS
by

B. SE R É N Y

Two decades have passed  since the ap p earan ce  of th e  first reports on th e  
experim ental con junctival infection o f g u inea pigs and  ra b b it  w ith Shigella 
and  th e  description o f th e  pathological processes produced thereb y  (Serény, 
1954, 1955a, b). W ith in  a  short tim e, th e  m ethod becam e w idely used and  
th u s th e  relevant li te ra tu re  can hard ly  b e  surveyed. The applied  technique 
undoubtedly  plays a role in its popu larity , since the m ethod  is very simple, 
an d  th e  reading of th e  results is also sim ple and convenien t because th e  
provoked pathological process appears in the cornea an d  conjunctiva. 
M erelv these advan tages, however, w ould  no t have inspired  so m any re ­
searchers to  apply  th is  m ethod repea ted ly ; its p o p u la rity  can m ainly 
be a ttrib u ted  to  its  reliable reproducibility . A fu rth e r advan tage of the 
m ethod is the o p p o rtu n ity  to  study  th e  interaction betw een  the organ­
isms and  the host fro in different aspects. W ith  this m ethod  o f experim ental 
conjunctival infection, shigellae and som e other enteropathogenic m icro­
organism s can be identified  and their v iru lence determ ined; m oreover, the  
model can be applied  advantageously in  serological, im m unological and  
genetical experim ents.

T H E  K ER A TO C O N JU N C TIV A L TEST

History. Artificial conjunctival infection has been in troduced  in anim al 
experim ents by C alm ette  (1928), who po in ted  out th a t  th is  kind of ex ­
perim ental infection is an  equivalent o f th e  infection ensuing w ithin n a tu ­
ra l conditions.

F irs t Shigella dysenteriae, then Salmonella typhi, S. paratyphi-A  and  
S. paratyphi-В  were used  by Zoeller an d  co-workers (Zoeller and  B astouil, 
1924; Zoeller and M anoussakis, 1924a). At th a t tim e sensitization w ith  
bile (Besredka, 1919) was o f great im portance in the induction  of in testinal 
infections. The severely dam aging effect o f sterile ca ttle  bile on the eyes 
o f guinea pigs was estab lished  in p re lim inary  experim ents (Zoeller and  
B astouil, 1924); a 75 p e r cent solution o f  th e  bile caused visible corneal 
tu rb id ity  lasting for 3 -4  days. The eyes o f  th e  experim ental anim als were 
tre a ted  with this co n cen tra ted  bile so lu tion  before the  conjunctival infec­
tion , th en  the Shigella cu ltu re  was in tro d u ced  into the  b o tto m  of the  con­
ju n ctiv a l fornix. In  th is  w ay keratoconjunctiv itis  developed, in 50 per cent
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of the  infected  guinea pigs, followed b y  spontaneous healing. R einfection 
caused keratocon junctiv itis  again. W ith  th e  same techn ique Zooller a n d  
B astouil (1924) could induce experim ental keratoconjunctiv itis w ith  S. 
paratyphi-A  and S. paratyphi-В  cu ltures; recent observations failed to  
confirm th is  hnding (Serény, 1955a, 1957; Gekker et a l., 1957a, b; Y akhn ina 
and  K uznetsova, 1959; Gekker, 1964). T he explanation o f  th e  con trad icto ry  
results was th a t  the F rench  au thors adm inistered  th e  bac te ria  into tissu es  
dam aged artihciallv .

Bacterial flora of the guinea pig's conjunctival sac. B acteria  present in  
the  norm al guinea pig’s eye are show n in Table 6-1 (Serény, 1955a).

TABLE 6-1

jBacteria cultured from, conjunctival sam ples of healthy guinea pigs

Average number of 
. . colonies**

Organism I n c i - ----- -------------------------------
dence* * on

on agar , , j°  blood-agar

Corynebacterium pseudodiphtheriticum  100 29 28
Staphylococcus albus 100 7 18
Spore-forming aerobic bacilli 46 0.5 1.2
Sarcina  20 0.15 0.20
Escherichia coli 14 0.55 0.70
Staphylococcus aureus 6 0.10 0.06

' Streptococcus 5 — 0.05
Neisseria catarrhalis 2 0.08 0.07
Proteus 2 0.03 0.01

* In per cent of samples.
** N o .  of colonies per plate, average of 100 plates.

Experimental animals and technique of bacterial cultures. Usually g u in ea  
pigs, ra re ly  rab b its  are used for the  conjunctival test. F o r  the iden tihcation  
of a freshly isolated suspected Shigella s train , sex, age, weight and co lo u r 
of the  anim als m ay be neglected. F o r experim ents to  be evaluated s t a t i s t i ­
cally, a  s tr ic tly  homogeneous group o f anim als should  be chosen.

Before th e  infection, each experim en tal anim al should  be exam ined , 
th e ir w eight and their tem p era tu re  should  be m easured, and the c o n d i­
tion  of th e ir  eyes should be checked. U nder special conditions, cu ltu rin g  
of the con junctival sam ple is desirable, in order to  exclude the p resence 
of en terobacteria  (Serény, 1955a; M ackel et al., 1961).

The s tra in  to  be exam ined m ay be cultured in liq u id  (broth, p ep to n e  
water, syn thetic) or on solid (blood-agar, agar, e tc .) medium. O p tim u m  
culturing tim e is 16-24 h. Depending on the w eight o f  the animal, 0 .Öl-  
О.02 ml should  be inoculated into th e  conjunctival sac of the guinea pig.

W ith  stra in s  used for continuous exam inations ca re  should be ta k e n  to  
delay a decrease in virulence during storage (lyophilized or on D orse t egg 
culture-m edium  in a refrigerator). S ubcultures should  be made from  colo-
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nies appearing m ost su itab le  a t oblique illum ination  (Serény, 19616; K erekes, 
1962). Loss o f virulence m ay be p rev en ted  by  passage o f th e  strain  on th e  
guinea pig’s eye, or by  th e  use of shigellae obtained from  th e  exudate o f 
chronic shigella keratoconjunctiv itis (B elaya , 1961a). Selection of the  colo­
nies on the basis o f th e ir  virulence, judged  b y  their colony s tru c tu re , provide 
a  fu rther m eans for th e  preservation o f  virulence. Serial i noculations w ith ­
o u t checking th e  colony structure will re su lt in a fast decrease, or to ta l  
loss, of virulence (Serény, 1955a, 6; G ekker e t  al., 1957a, b; Noskov, 1959; 
Shantarenko an d  Tesla, 1960; Stenzel, 1963a; Ciufeco, 1970).

Technique of conjunctival infection. The bac te ria l culture should  be inocu­
la ted  into th e  space betw een the ta rsa l a n d  the bulbal conjunctiva (the 
bo ttom  of the con junctival sac). Then th e  palpebrae should  be kept closed 
fo r about one m inute. Infection may be carried  out w ith  a  platinum  loop 
or glass rod (Serény, 1955a). B acterial suspensions m ay  be inoculated 
w ith  a P as teu r p ip e tte  (Serény, 1958a) o r with a th in  injection needle 
fitted  to  a tubercu lin  syringe (Istrati and  I s t r a t i ,  1964a, b). V iru len t shigellae 
inoculated to  th e  in terpalpebral zone s tic k  very  quickly, therefore there is 
no need for th e  technical m anipulations ap p lied  by some au th o rs  to  ensure 
a successful con junctival infection. Also, th e  simple tech n iq u e  resembles 
n a tu ra l infection m ore closely.

The exact infective dose remains a p rob lem  in con junctival infection. 
T he bacterial coun t o f th e  inoculum m ay be estim ated by th e  usual m ethods 
w ith in  a reasonable lim it o f accuracy. T h e  num ber of b ac te ria  taking p a r t  
in the infection is, how ever, far from being identical with th e  num ber in tro ­
duced. As the eyeball is n o t situated in a  closed cavity a n d  is also in con­
nection w ith th e  nasal cav ity  via the n a sa l duct, the in ocu lated  bac teria  
m ay leave the  site o f e n try  within a sh o rt tim e. Yet, a g re a te r  p a rt of th e  
bacteria  seem to  rem ain  in  the con junctival sac and p a rtic ip a te  in th e  
induction of th e  infection. W ashing of th e  conjunctival sac one m inute 
a f te r  conjunctival infection does n o t p reven t the developm ent o f 
shigella keratocon junctiv itis  (Serény, 1955a, b). C onjunctival infection 
w ith  graded doses is perform ed in biological experim ents fo r m athem atical- 
statis tica l analysis (Serény, 19586, 19606; Stypulkow ska, 1962; Cross and  
N akam ura, 1970).

The degree of virulence m ay be e s tim a ted  by use of a  s tra in  cu ltivated  
in liquid culture m edium  (Stypulkowska, 1962) or by use o f  a  desiccated 
s tra in  (Serény, 19606). These methods allow  the estim ation  o f the m ini­
m um  infective dose (M ID) or the m edium  infective dose (ID 50), the  values 
o f which m ay v a ry  considerably according to  the strain  used .

Infections conveyed by  a  contact ro u te  depend  on the  conditions under 
which the anim als are k ep t. In  overcrowded cages shigella k eratocon juncti­
v itis  will m ost p robab ly  spread to h e a lth y  animals. As excretion  of th e  
bac teria  decreases w ith  th e  progress of th e  disease, the possib ility  of spon­
taneous infections is reduced  later on.

Infection m ay spread  from  one eye to th e  o th e r  in the sam e an im al (Szturm- 
R ubinsten  et al., 1957; Noskov, 1959).

Symptoms and course of shigella keratoconjunctivitis. T he sym ptom s and  
course of shigella keratoconjunctiv itis m ay  b e  influenced, o n  th e  one hand,



by th e  general s ta tu s  o f the host an d , on the o ther, by  th e  quan tita tive  an d  
q u alita tiv e  re la tions of the pathogenic m icroorganism. The pathological 
process m ay change considerably due to  the  developm ent of im m unity  
(reactions of th e  im m une host will be discussed la te r  in this C hapter).

Incubation period. Im m ediately a fte r conjunctival infection cytologioal 
a ltera tions can be observed (Serény, 1955a; R ácz, 1963) and fluctuations 
in th e  num ber an d  resistance o f th e  m icroorganism s are also ev ident.

T he cellular reaction  developing afte r con junctival infection consists 
m ainly in an  appreciable increase in  cellular elem ents (chiefly polym orpho­
nuclear leukocytes) as early as 1—2 h afte r the  infection; the  cytoplasm  o f 
large m ononuclear cells contains a  conspicuously high num ber of bac teria  
(see C hap ter 7). A t first, pathogenic microorganisms inoculated into th e  
conjunctival sac show signs of decay, and the resistance of the surviving 
ones is also reduced. Then surviving bacteria begin to  m ultiply and  th e ir  
resistance increases (Serény, 1955a).

E stim atio n  of th e  incubation period is a rb itra ry  to  a  certain  degree; 
the  tim e lapse betw een the conjunctival infection an d  th e  first observable 
a lte ra tio n  seems to  be th e  best approxim ation.

In  case of a conjunctival infection w ith a g reat num ber of v iru len t shi- 
gellae, the  first m acroscopically observable a ltera tions usually occur on th e  
conjunctiva; th e  conjunctival sac an d  the plica sem ilunaris are hyperaem ic 
and  swollen, th en  chemosis and a  m ucopurulent ex u d a te  appear. The first 
signs o f conjunctiv itis  might be observed w ith in  5 h afte r con junctival 
infection in 10 p er cent, within 6 h  in 6 per cent, w ith in  7 h in 9 per cen t, 
w ith in  8 hours in 23 per cent, and  w ith in  12 h in 32 p er cent of the  anim als. 
In  th e  rem aining 20 per cent, th e  first signs develop later.

R eduction  o f th e  infective dose results in a  longer incubation period  
(Table 6-II).

Follow ing con junctival infection w ith  m inim um  doses of v iru lent Shigella 
cu ltu res or w ith cu ltures of low virulence, the  first lesions on th e  cornea 
appeared  as la te  as afte r 5-7 days in some o f th e  cases (Gekker e t a l.,

TABLE 6-II

Incuba tion  period o f shigella keratoconjunctivitis after conjunctival infection w ith
different num bers of bacteria

No. of animals
, . No. of developing signs/

Technique bacteria a fter days Io tal

I 1 I 2 I 3 4 I

Inoculation w ith loop 109 228 I 11 3 — | 242
Inoculation w ith glass rod j 109 15 — — 15
Instillation I 108 40 10 — — 50
Instillation I 107 34 40 5 — 79
Instillation j 106 3 I 10 — 1 14

T ota l ! j 320 j 71 8 j  1 [ 400
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1957«, b; Manolov, 1957«, 6; S ztu rm -R ub insten  et al., 1957; Siroko, 1958; 
G orea, 1959; Y ak h n in a  and  K uznetsova , 1959; Shantarenko  and  Tesla, 
1960; D unareanu an d  Brindus, 1961; M ackel et al., 1961.; G leiberm an et 
al., 1964; Lin e t al., 1964; Ciufeco, 1970; K andyurina, 1970«, b).

Conjunctivitis. Shigella kera tocon junctiv itis  usually s ta r ts  w ith  fever 
an d  w ith acute conjunctiv itis accom panied by  abundan t exudation . Acute 
conjunctiv itis in itse lf is not charac teristic  of shigella infections, because 
it m ay be produced by  other b ac te ria  (m ainly salmonellae). Some minor 
a lterations (hyperaem ia, oedema) m ay  be frequent on the  conjunctiva of 
norm al guinea pigs (m ainly albinos) a n d  cannot, therefore, be regarded as 
signs of infection. T he criteria of experim en tal conjunctivitis include signifi­
can t changes appearing  on a com pletely norm al conjunctiva. C onjunctival 
lesions usually n o t observed u nder physiological conditions are: strong 
ery them a and swelling of the con junctival sac, resulting in th e  appearance 
o f a circular, red, thread-like fo rm ation  betw een the  ta rsa l an d  th e  bulbar 
conjunctiva. H yperaem ia and oedem a ex tend  to  the plica sem ilunaris 
o f th e  bu lbar conjunctiva, and are  observable on the  following days, 
w hen chemosis spreads w ithout swelling o f the  conjunctival sac.

Chemosis is a reliable sign of th e  developm ent of conjunctiv itis and  also 
o f its  healing. The b u lb ar conjunctiva an d  th e  underlying connective tissue 
becom e highly oedem atous, so th a t  th e  conjunctiva overlaps th e  sclera 
an d  covers it alm ost to ta lly : as long as chemosis lasts, th e  sclera cannot be 
seen. This sym ptom  is observable as ea rly  as the  beginning of conjunctivitis, 
an d  persists even w hen other sym ptom s (exudation, hyperaem ia) have sub­
sided. The onset o f chemosis depends on th e  virulence of th e  cu ltu re and 
on th e  infective dose; th e  higher th e  v iru lence and  the g rea ter th e  num ber 
o f th e  infecting organism s, the earlier th is  sign will develop. Chemosis is 
u sually  evident on th e  day  following con junctival infection; w ith  less virulent 
s tra in s  and sm aller num ber of bac te ria  it appears after 2 or 3 days or m ay 
be absent. I t  usually  lasts for 2-3 weeks, b u t its duration  varies w ith the 
s tra in  used; it m ay cease afte r 4 days, o r m ay  persist for a longer tim e, occa­
sionally  for more th a n  a m onth (Serény, 1955«).

Shigella keratoconjunctiv itis is usually  accom panied by  th e  production 
o f ab u n d an t exudate . Microscopically, th e  exudation s ta rts  im m ediately 
a f te r  conjunctival infection; the  m ucopuru len t exudate, however, becomes 
visible only abou t 6—24 h later. I ts  volum e gradually  increases an d  reaches 
th e  m axim um  abou t 2-3  days afte r th e  conjunctival infection, w hen a tu rbid , 
w hite, tough, m ucopurulent exudate fills th e  in terpalpebral zone alm ost 
to ta lly ; occasionally it covers the whole bulb. The ab undan t exuda te  m ay 
ru n  over the confines o f the  in terpa lpeb ral zone, and, while trick ling  down 
th e  fu r of the anim al, m ay  propagate th e  infection. Tough exuda te  m ay make 
th e  palpebrae stick  together. The infected  eye is often held closed for a 
few days. The volum e of the exudate  usually  decreases a f te r  one week. 
Microscopic exam ination  shows th e  presence of num erous polym orpho­
nuclear leukocytes fo r several days following macroscopic recovery.

Inflam m atory  oedem a rapidly sp reads to  the palpebrae, w hich become 
strong ly  swollen. N o t only a m arked narrow ing  of the in terpa lpebral zone 
b u t also ectropium  m ay  occur. The severely swollen con junctiva  causes
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a bulging o f th e  palpebra, which first assum es an oblique position, th en  i t  
m ay be tu rn ed  ou t alm ost entirely. T h u s the  tarsal con junctiva  becomes 
detached  from  th e  cornea.

The above-m entioned sym ptom s ap p e a r quickly a n d  an  acute, in tense, 
puru len t conjunctiv itis develops in m o st o f the an im als as early as one 
day  afte r th e  conjunctival infection.

T he ta rsa l conjunctiva m ay be pale because of severe oedema and  in ­
creased tissue pressure; no vascularization  can be observed. H yperaem ia o f 
th e  bu lbar conjunctiva appears in th e  fo rm  of a red, v iolet-iridescent ring  
around th e  cornea. D uring  the second week isolated pin-head-sized infil­
tra tions appear on the conjunctiva, th e  confluence o f w hich results in th e  
developm ent of larger spo ts  w ith a th ick , m ucopurulent content. Sm aller 
ulcerations m ay also be observed.

A fter a few days th e  inflam m atory oedem a decreases, the  ectropium  
ceases and  th e  palpebrae regain th e ir original thickness a n d  position. T he 
exudation  also lessens, finally the sclera becomes visible. Some sym ptom s, 
particu larly  th e  m oderate thickening o f  th e  palpebrae a n d  chemosis m ay  
persist for a  longer period (Serény, 1955a; Gekker et al., 1957a, b; Manolov, 
1957a, b; Siroko, 1957, 1958; Szturm -R ubinsten  et a l., 1957; Gorea, 1959; 
P iéchaud an d  S zturm -R ubinsten , 1959; Y akhnina an d  K uznetsova, 1959; 
D unareanu and  B rindus, 1961; M ackel e t  al., 1961; R ácz an d  Serény, 1962; 
Stenzel, 19626, c; Rácz, 1963; Ciufeco, 1970).

Keratitis. In flam m ation  of the con junctiva  is alw ays accom panied b y  
keratitis  w hen the  conjunctival in fection  has been ca rried  out w ith  an  
adequate num ber of v iru len t shigellae. Conjunctivitis appears earlier a n d  
is usually well established by  the tim e th e  first signs of k e ra titis  are observed 
on the  cornea. Sometim es th e  corneal lesion is only assoc ia ted  with a m ild  
conjunctiv itis, or observable signs o f conjunctiv itis m ay  even be ab sen t.

A typ ical shigella keratocon junctiv itis  is characterized  by a diffuse, 
rough tu rb id ity  extending to  the w hole corneal surface. Occasionally th e  
alterations s ta r t  as pin-point-sized sm all infiltrations. T h e  strong tu rb id ity  
o f the  cornea is associated w ith  an  increased  infiltration a n d  with oedem a- 
tous changes (Rácz, 1963).

A few days a fte r the conjunctival in fection  the cornea loses its brilliance, 
becomes fa in t, a m ild o p ac ity  appears in  th e  region of th e  limbus, and sm all 
epithelial erosions, s tainab le w ith fluorescein, develop. O n th e  following d a y  
th e  cornea becomes to ta lly  opaque an d  its  tu rb id ity  increases progressively. 
On th e  1st to  4th day  th e  cornea becom es unclean, w h ite  coloured a n d  
tu rb id  as a  resu lt of rough, diffuse in filtra tion  and oedem a masking th e  
contours o f th e  pupil so th a t  the  iris a n d  pupil cannot be  observed by focal 
illum ination. The en tire  corneal surface stains with fluorescein.

The m argin of the  b u lb a r con junctiva  appears a t  th e  border o f th e  
tu rb id  cornea as a narrow , hazy, unclean , white, h a rd ly  prom inent fram e. 
The a lterations observable in the course of subsequent days seem ingly 
s ta r t  from th is region. T he circular de tach m en t of th e  epithelium , w hich  
is form ed on th e  cornea an d  consists in  reality  of d eb ris  and leukocytes 
(Rácz, 1963), s ta rts  from  th e  limbus a n d  resu lts in a progressive denudation  
o f the  loosened, swollen, red  cornea. I n  th e  “ red ring” phase  the cornea is
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ulcerated (R ácz, 1963), becomes severly  infiltrated w ith  leukocytes an d  
thickens four to  five-fold in consequence o f intense oedem a. On the  3 rd  
to  5th day th e  swollen bu lbar con junctiva  extends over to  th e  cornea w ith ­
o u t a definite borderline. I t  m ay give th e  impression th a t  th e  conjunctiva 
has grown onto  th e  cornea. The area o f  th e  rough coat decreases gradually  
w ith in  the red  rin g  and  disappears on th e  7th to 14th d a y  of the disease. 
T he gradually b roadening  ring is covered w ith  epithelium  a n d  is unstainable 
w ith  fluorescein.

As soon as th e  coa t has detached itse lf  from  the cornea, b u t frequently  
earlier, swelling an d  loosening decrease, th e  red colour fades, and th e  
cornea regains its  norm al flat shape. H istologically th e  thickness of th e  
cornea decreases an d  the oedema d isappears (Rácz, 1963). The process 
s ta r ts  from th e  periphery  and progresses tow ards th e  ce n tre  in the form  
o f a gradually broadening ring. W hen i t  reaches the  cen tre , the eyeball 
is covered by  a  d ark , highly tu rb id , uneven , rough su rfaced  form ation . 
T he flattening o f  th e  cornea occurs u su a lly  between th e  10th and 20th  
d ay  of the disease (Serény, 1955«),

Sim ultaneously, w ith  th e  gradual f la tten in g  of the  loosened cornea, a  
vascularization m ay  be observed, b o th  superficially and  deeper in the  cor­
nea. The superficial vessels resemble th e  branches of a tre e , while the  deep 
ones look like brushes or brooms, and do n o t extend b ey o n d  the m argin o f 
th e  cornea. T he h igher num ber of superficial vessels suggests th a t  the process 
takes place m ain ly  in the  superficial layers of the cornea.

The form ation o f th e  new epithelial lay e r of the cornea does not m ean 
an  accomplished repara tion ; in this s ta te  th e  cornea has n o t  yet regained 
its  original s ta te . I ts  surface is rough an d  granulated , an d  i t  has not regained 
its  normal tran sp aren cy . In  animals w ith  light-coloured fu r  complete gross 
recovery ensues w ith in  a few days. In  dark-furred an im als, however, a  
longer period (from  th e  16th-21st d ay s  to  the 18 th -23rd  days) m ay be 
necessary for com plete recovery or the  co rnea may even rem a in  in a perm a­
nen tly  tu rb id  s ta te . Occasionally a few sm aller or larger p igm ented spo ts 
m ay persist (Serény, 1955a, b\ Gekker e t  a l., 1957a, b\ M anolov, 1957a, b; 
S zturm -R ubinstein  e t al., 1957; Siroko, 1957, 1958; Y a k h n in a  and K u zn e­
tsova, 1959; D u n arean u  and B rindus, 1961; Mackel e t a l., 1961; Stenzel, 
19626, c; R ácz, 1963; Gleiberman e t a l., 1964; Lin e t a l., 1964; Ciufeco,
1970).

Body temperature. In  shigella keratocon junctiv itis  th e  b o d y  tem peratu re 
of guinea pigs raises over the  norm al level, bu t is u su a lly  n o t more th a n  
40.5 °C, and n ev e r exceeds 41 °C. A rise  in  tem perature o n  th e  day of th e  
infection occurs on ly  exceptionally (6.6 p e r  cent). I t  is m o st frequent on 
th e  first (76 p e r cent), and second (17.4 p e r cent) day a f te r  the infection. 
In  about h a lf o f th e  cases the  fever la s ts  24-72 h; in a b o u t 25 per cent,
2 -6  hours; and  in  abou t 25 per cent, 6—24 h. L ater th e  tem peratu re  d e ­
creases below 40 °C and  remains a t th is  level until th e  e n d  of the disease 
(Serény, 1955a; Ciufeco, 1970).

Body weight. A  loss of body weight occurs in some o f  th e  animals 2—3 
days after th e  con junctival infection. A  few  days la te r th e  weight begins 
to  increase (Serény, 1955a; Ciufeco, 1970).
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Bacteraemia. B acteraem ia lasting  for a short tim e  can be re la tively  
frequen tly  revealed in  shigella keratoconjunctiv itis. T he num ber of bac teria  
reaching th e  blood is small. The bacteraem ia has no  significance in th e  
pathogenesis of keratocon junctiv itis; shigellae usually  en te r  the circulation 
via th e  lesions o f th e  eye. E xceptionally  a shigella-sepsis m ay develop 
(Serény, 1955a; A ndreeva, 1962; L evenbuk  and A ndreeva, 1962; Lin e t al., 
1964; Ciufeco, 1970).

Recovery of shigellae from infected eyes. V irulent shigellae inoculated in to  
th e  conjunctival sac can  be cu ltu red  from  ocular d ischarge from the  very  
beginning of the  infection un til healing.

T he course of shigella keratoconjunctiv itis can be adequately  followed 
by  culturing. The num ber of shigellae in  th e  exudate increases after a  t r a n ­
sient decrease following conjunctival infection. The increase of the bacterial 
count precedes th e  developm ent o f local lesions. As long as the acute s ta te  
of shigella keratoconjunctiv itis lasts, th e  num ber o f shigellae rem ains a t  
a m axim um  level. The local lesions usually  persist even  a fte r the specimens 
become negative fo r shigellae. The presence of b ac te ria  influences the  p ro ­
cess o f healing; a fte r th e ir disappearance, recovery is n o t hindered. In  th e  
m ajo rity  o f anim als w ith  shigella keratocon junctiv itis  the  conjunctival 
exudate  becomes negative in 2-3 weeks.

In  th e  acute stage shigellae m ay be cultivated  from  different parts of th e  
eye (conjunctiva, cornea, capsula of Tenon), bu t the bacteriological exam ina­
tions o f th e  in terna l organs and th e  faeces yield u su a lly  negative resu lts 
(Serény, 1955a, 6; G ekker e t al., 1957a, 6; M anolov, 1957a, 6; Szturm - 
R ub insten  et al., 1957; Siroko, 1957, 1958; Gorea, 1959; Y akhnina and  
K uznetsova, 1959; M ackel et al., 1961; Strongovskaya, 1963; G leiberm an 
e t al., 1964; Lin e t al., 1964; Ciufeco, 1970; Cross a n d  N akam ura, 1970).

Serological examination. A gglutinins for shigellae can n o t be detected  in 
the  blood serum  o f hea lthy  anim als. A pplication o f living av irulent or 
killed Shigella cu ltures no t inducing a reaction in th e  eye, may give rise 
to  specific an tibody  production due  to  the abso rp tion  of endotoxins. In  
keratocon junctiv itis  type-specific agglutinins appear on  th e  second week, 
and rap id ly  reach a  m axim um  titre  (1:80-1:640). F rom  the  th ird  week on 
the agglu tinating capacity  of the b lood  serum decreases and drops to  zero 
in 2—3 m onths. A ntibody  production m ay be entirely  ab sen t (Serény, 1955a; 
Gekker e t al., 1957a, 6; Gekker an d  Belaya, 1968; G orea, 1959; Noskov, 
1959; Shantarenko , 1959; Y akhnina an d  K uznetsova, 1959; Belaya, 1964; 
G leiberm an et al., 1964; Lin et al., 1964; Aldova e t al., 1968; Ciufeco, 1970; 
Cross and  N akam ura, 1970). The haem agglutinin t i tr e  of the blood serum  
runs parallel w ith agglu tination  (Belaya, 1964; A ldova e t al., 1968). The 
increase in the  num ber of p ro tec tive  antibodies du rin g  shigella k e ra to ­
conjunctiv itis is sim ilar to  th a t in  hum an dysentery . Developm ent and  
specificity of these antibodies are show n in Tables 6 - I I I  and  6-IV. There is 
no correlation betw een th e  pro tective effect and th e  agglutinin titre  of th e  
serum  (Serény, 19586; Ogawa e t a l., 19666; A ldova e t  al., 1968). Specific 
haem agglutinins m ay  be found in  th e  conjunctival exudate , as well as in 
the  cornea, sclera an d  iris of infected guinea pigs (Lin e t  al., 1964; A ldova 
e t al., 1968).

0*



TABLE 6-III

Protective capacity of guinea p ig  serum  against the homologous strain  
after recovery fro m  shigella keratoconjunctivitis*

1st series of experiments
(a) Number of survivals in groups of 25 mice

Guinea pig serum
Sh. flexneri 3 — ;— ---------------

Serum dose, ml rabb it hyper- after recovery | un trea ted
immune serum  from kerato- 1 anim als 

conjunctivitis

0.1 — I 13
0.025 — 17 I 10
0.00623 24 10 I 6
0.0015625 19 I 9
0.000390625 I 12

(b) Percentage protective capacity

„ Relative I FiducialSerum , ,.potency lim its

R abbit hyperim m une serum 100 —
Guinea pig sera:

after recovery from kerato­
conjunctivitis 4.2 0.61-12.6

untreated anim als 0.61 0.14-1.50

U nd series

(a) Number of survivals in groups of 25 mice

F irst experim ent Second experim ent
(11th January ) (1st February)

I Guinea pig Guinea pig 
Serum dose, ml Sh. flexneri I serum  after serum after

rabbit hyper- recovery recovery U ntreated
immune from  kerato- from kerato- animals 

i  serum conjunctivi- conjunctivi­
tis  tis

0.1 —  —  —  I 12
0.025 — 21 15 I 11
0.00625 24 I 20 11 4
0.0015625 23 I 16 6 1 —
0.000390625 16 — — —

* Conjunctival infection: S h .  fle x n e r i 3 and S h .  s o m ié i “ S” (in the I l lr d  series).
M e th o d  (mouse protection test): subcutaneous immunization followed, one hour later, by intraabdominal challenge 
with a 0.5 ml suspension containing 0.08 p.g dried S h .  f l e x n e r i 3 ( S h .  so n n e i)  in 5 per cent mucin.
O b serva tio n  -period: 3 days.
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TABLE 6-III ( c o n t’d )

(b) Percentage protective capacity

^ Relative I Fiducialherum , i • •,potency limits

Rabbit hyperim m une serum 100
Guinea pig serum  after recovery from

keratoconjunctivitis 10.9 1.3-41.2
Guinea pig sera:

after recovery from keratoconjunctivitis 100
untreated anim als 14.5 2.2-62.9

I l lr d  series

(а) Number of survivals in groups of 25 mice

Guinea pig serum
Sh. sonnei “S”

Serum dose, ml rab b it hyper- ------------------------т------------
immune serum ] after recovery | untreate(j

írom  kerato* • .,. ... animalsconjunctivitis

0.1 — — 3
0.025 _ — 9 2
0.00625 ’ 21 5 1
0.0015625 9 1
0.000390625 7

(б) Percentage protective capacity
I Relative Fiducialoerum , ,. .,potency lim its

R abbit hyperim m une serum 100 — ^
Guinea pig sera:

after recovery from keratoconjunctivitis I 3.8 0.9-9.5
untreated anim als | 0.2 j 0.01-0.8

Chronic shigella keratoconjunctivitis. There are great differences in th e  
course of keratoconjunctiv itis  infections. In  the  m ajo rity  of the cases 
(about 90 per cent) there is a  spontaneous healing w ith in  2—3 weeks, while 
5 per cent recover w ithin a m onth . In  ab o u t 3 per cen t recovery tak es  
2—3 m onths. F in a lly  in about 2 per cent of th e  cases chronic keratoconjunc­
tiv itis  m ay develop (Serény, 1955a), which m ay, however, be as high as 
13 per cent (Gorea, 1959).

The developm ent of chronic keratoconjunctiv itis  is determ ined  by th e  
condition of th e  host and n o t by  th e  properties of the  invading  organisms. 
This is suggested b y  th e  fact th a t  only p a r t  of th e  anim als in fected  sim ulta­
neously w ith th e  sam e microorganism  develop chronic disease, moreover, a
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TABLE 6-IY

Protective capacity of guinea p ig  serum  against the homologous 
strain  after recovery fro m  shigella keratoconjunctivitis*

1st series

(a) Number of survivals in groups o f  25 mice

Guinea pig serum 

after recovery from
Serum dose, ml keratoconjunctivitis untreated

induced by animals

Sh. sonnei Sh. flexneri

0.1 — 4 j 3
0.025 10 2 2
0.00625 6 1 * 1
0.0015625 4 — I —

(b) Percentage protective capacity

Serum Relative Fiducial limits
potency

Homologous guinea pig serum 100
Heterologous guinea pig serum 1.7 8.9 • 10-6—11.2
U ntreated guinea pig serum 0.95 | 3.3 • 10“ 15-8.5

U nd series
(a) Number of survivals in groups o f  25 mice

Guinea pig serum 

' sonnei S after recovery
Serum dose, m l rabbit hyper- from kerato- untreated

j  lmmune serum  conjunctivitis animals
by Sh. sonnei

j j j
0.1 I 10 10 11
0.025 9 j  9 9
0.00625 4 7 2
(b) Percentage protective capacity

Serum Relative Fiducial limits
potency

Heterologous rabb it hyperimmune serum  1 —
Guinea pig sera:

after recovery from keratoconjunctivitis 1.85 i 0.17-109.4
untreated anim als 1.12 | 0.23-5.98

* S e r u m :  pooled guinea pig serum obtained during convalescence following shigella keratoconjunctivitis 
induced with S h . fle x n e r i 3.
C o n tro l s e r u m :  Pooled guinea pig serum obtained during convalescence following shigella keratoconjunctivitis 
induced with S h .  so n n e i (1st series) and S h .  so n n e i “S” rabb it hyperimmune serum (U nd series).
M e th o d  (mouse protection test): gradual subcutaneous immunization followed, one hour later, by intraabdominal 
challenge with 0.5 ml suspension containing 0.08 /xg dried S h .  so n n e i in 5 per cent mucin.
O b se rv a tio n  p e r io d :  3 days.
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sim ultaneous infection of both eyes o f  the same an im al m ay result in  a  
chronic process in only  one of the eyes. In  the m ajority  o f th e  cases chronic 
shigella keratoconjunctiv itis is a p rim ary  disease ru n n in g  its course before 
sufficient im m unity could  develop.

Chronic shigella keratocon junctiv itis  responds well to  aim ed trea tm e n t 
w ith  antibiotics. A spontaneous recovery  is also possible, the first sign o f 
which is the  absence o f bacteria from  the conjunctival exudate. A fte r­
wards th e  loosened cornea flattens a n d  more or less regains its usual ap- 
pearence. Chemosis also ceases, b u t th e  eye heals w ith  perm anent lesions 
(Serény, 1955«, 6, 1957; Gekker e t a l., 1957«, 6; M anolov, 1957«, 6; Szturm - 
R ub insten  et al., 1957; Gekker a n d  Belaya, 1958; Siroko, 1957, 1958; 
Gorea, 1959; Y akhnina and K uznetsova , 1959; S han tarenko  and Tesla, 
I960; D unareanu an d  B rindus, 1961; M ackel et al., 1961; Stenzel, 19626, c; 
B elaya, 1964; Is tra ti an d  Is tra ti, 1964«, 6; Lin et al., 1964; Ciufeco, 1970).

Sepsis. A shigella sepsis m ay o ccu r exceptionally a fte r conjunctival 
infection (0.7 per cen t). A t a la te r s tag e  of the d isease (3-4 weeks) th e  
local process m ay flare up, the b ac te ria l count, showing previously a 
decreasing tendency, m ay  rise suddenly  and  the body tem peratu re  m ay also 
increase. The general condition of th e  anim al worsens rap id ly  and it  soon 
dies. A t autopsy th e  w eight of th e  spleen is found increased and in th e  
liver th e re  are irregularly  shaped, com pact, yellow foci, 4 -5  mm in d iam ­
eter. Shigellae m ay be cu ltivated  from  different o rgans (liver, spleen, 
om entum , suprarenal glands, m yocardium , ileum, colon) as well as from  
all p a r ts  of the eye (Serény, 1955«).

T he prognosis of shigella keratoconjunctiv itis is good. The disease is 
liable to  spontaneous healing and on ly  exceptionally does it end in d ea th .

FACTORS D E T E R M IN IN G  TH E D EV ELO PM EN T 
OF SH IG E L L A  K ER A TO C O N JU N C TIV ITIS

T he p rim ary  infection of a guinea p ig ’s eye with a large dose of a v iru len t 
Shigella culture resu lts  in shigella keratocon junctiv itis  in  every case. T he 
consequent occurrence of experim ental shigellosis w ould  suggest th a t  a  
successful infection depends only on th e  virulence a n d  th e  quantity  o f th e  
bac terium . However, serial con junctival infections ca rried  out w ith low er 
num bers of bacteria  have proved th a t  the developm ent of the disease 
depends no t only on th e  m icroorganism  b u t also on th e  host. The in teraction  
betw een the  m icroorganism s and th e  host may be observed  im m ediately 
a fte r th e  conjunctival infection (leukocyte em igration to  the  conjunctival 
exuda te , or to ta l destruc tion  of bac te ria ).

THE PATHOGENIC AGENT

Species and serotypes of Shigella. T h e  most obvious difference betw een  
shigella keratoconjunctiv itis induced b y  Sh. flexneri an d  by Sh. sonnei 
is in  th e  intensity  a n d  duration o f th e  disease. The nu m b er of Sh. sonnei
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cells usually decreases rapidly in th e  conjunctival ex u d a te  a t  the end of 
th e  first week. In  Sh. flexneri infection th e  decrease occurs, as a  rule, later. 
B o th  disease an d  recovery  have a m ore rap id  course w ith  Sh. somiéi as 
com pared w ith Sh. flexneri. In  Sh. flexneri infections, th e  exudation is 
m ore intensive an d  las ts  longer in m ost o f  th e  cases. S tra ins belonging to  
subgroups В, C a n d  D  elicit more p u ru le n t lesions th a n  bac te ria  of th e  
A  subgroup (Serény, 1955a, 6; S ztu rm -R ubinsten  et al., 1957; Gekker 
a n d  Belaya, 1958; Y akhnina and K uznetsova , 1959; S han tarenko  and 
Tesla, 1960; I s tra ti  an d  Is tra ti, 1964a; L in  et al., 1964; Ciufeco, 1970).

Infecting dose. A  ce rta in  correlation can  be dem onstrated  between th e  
dose of shigellae a n d  th e  incubation period . A reduction in  dose results 
in  an  increase of th e  incubation period  (see Table 6-II); if  sm aller doses 
a re  applied, the  b ac te ria  a t first m u ltip ly  on the con junctiva, until th ey  
reach  an ap p ro p ria te  num ber to  elic it an  inflam m atory response. Less 
re s is tan t (less v iru len t) m icroorganisms a re  destroyed b y  the  defence 
mechanisms of th e  host. Larger in fecting  doses contain a  g rea te r num ber 
o f  resistan t bacterial cells capable of an  ea rly  in tracellu lar m ultiplication.

The bacterial co u n t o f the inoculum influences the course o f the disease 
to  a certain degree. W ith  very small doses th e  sym ptom s o f conjunctivitis 
a re  usually very m odera te , only iso lated  infiltrations ap p ear on the cornea 
du ring  the first few d ay s and the whole course of the disease m ay  be sh o rt­
ened. A massive infection, however, is characterized by a  rap id ly  ensuing 
acu te  inflam m ation (Serény, 1955a; L in  e t al., 1964). V iru len t shigellae 
g iven  in lower num b ers th an  the  m in im um  infecting dose are, as a rule, 
destroyed. Som etim es th ey  m ay be cu ltu red  from  the con junctival exudate 
fo r several hours.

Virulence. In  th is  ch ap te r virulence is in te rp re ted  as th e  disease-inducing 
capacity  of shigellae in  the  guinea p ig’s eye. In  relation to  shigella kerato­
conjunctivitis, an y  Shigella s train  is qualified  as v iru lent if  i t  is able to  
elic it keratoconjunctiv itis on the eye o f a  healthy  guinea pig in doses of 
less th an  107 organism s. Reproducible re su lts  are obtained on ly  if a t least 
10 guinea pigs a re  u sed  for each of th e  g rad ed  doses and  b o th  eyes of th e  
anim als are infected. T he results should be  statistica lly  analysed . The degree 
o f virulence varies g rea tly  from stra in  to  stra in . The ID 50 m ay  range b e­
tw een  102 and 107 cells (Serény, 19586, 19606, 1962c; Stenzel, 1961c; Rauss 
e t  al., 1967).

Shigella s trains iso lated  freshly a re  v iru len t (with th e  exception of 
Sh. sonnei phase II ) ,  b u t they  lose th e ir  pathogenic cap ac ity  on storage, 
e.g. after 3-12 m on ths on Dorset cu lture m edium  in the re frig era to r (Serény, 
1955a, 6; Gekker e t  al., 1957a, 6; Siroko, 1957, 1958; P iéchaud  et al., 
1958; Belaya, 1959; Gorea, 1959; Y ak h n in a  e t al., 1960a; Mackel et al., 
1961; Stenzel, 19626, c; Gleiberman e t  a l., 1964; M irzoev e t  al., 1966; 
Cefalu and Puglisi, 19676; N akam ura, 1967; Kerekes, 1968; Ciufeco, 1970; 
K andyurina, 1970a, 6). The ra te  of th e  decrease of v iru lence depends on 
environm ental fac to rs  (composition of th e  cu ltu re medium, p H , tem perature 
an d  duration of storage). Sometimes th e  organism  retains its  virulence for 
a  surprisingly long tim e  in w ater (Siroko an d  Verkholomov, 1965). Virulence 
is lost more rap id ly , if  the  culture is s to red  under disadvantageous condi-
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tions (e.g. a t  high tem perature). In frequen tly , av iru len t strains m ay o ccu r 
am ong freshly isolated cultures (M anolov, 1957a, 6; S ztu rm -R ubinsten  
e t al., 1957; Noskov 1959; S han tarenko  and T esla , I960; S tenzel, 
19626, c).

Serial passage of v iru len t Shigella strains on artific ia l culture m ed ia  
results in the  decrease o f virulence (Gekker et al., 1957a, b; Belava, 1959, 
1968; Noskov, 1959; S hantarenko a n d  Tesla, 1960; Stenzel, 1963a; Bog­
danova, 1965; Serény, 1966; Ciufeco, 1970). The loss o f  virulence u su a lly  
ensues suddenly and  seems to  be th e  resu lt of a m u ta tio n  (Stenzel, 1971,6). 
A virulent m utan ts are easy to  o b ta in  from  v irulent s tra in s by cu ltu rin g  
on m edia containing antibiotics or ce rta in  dyes (Stenzel, 19616; T e n n e r  
e t al., 1969).

The virulence of th e  strain  can be preserved in d ifferent ways. O ne o f 
these m ethods is th e  induction o f a  conjunctival in fection  with th e  sam e 
stra in  a t  intervals o f 1-2 m onths a n d  the m ain tenance of the cu ltu re  
isolated  from the conjunctival ex u d a te  (Serény, 1960a). Sh. sonnei cu ltu res  
preserve th e ir pathogenicity  for a long tim e if subcu ltu res are m ade from  
colonies w ith  star-like form ation from  tim e  to  time (Serény, 19616). C hronic 
keratoconjunctiv itis m ay  also be u sed  for m aintaining virulence; in th is  
condition viru lent shigellae are re leased  (Belaya, 1962a). Lyophilization 
is no t su itab le for preserving virulence fo r a longer perio d  (Belaya, 1962a). 
R eversion of Shigella s trains to  v iru lence has no t been  reported  (S h an ta ­
renko an d  Tesla, 1960; Mackel e t a l., 1961; B ogdanova, 1965) unless b y  
genetical m anipulation (Form al e t  a l., 19656).

T H E  H O S T

The developm ent, o r the  absence, o f  shigella keratoconjunctiv itis  m ay  
be highly influenced b y  general an d  local conditions in  th e  host. T he su s ­
cep tib ility  or the resistance of the  h o s t depends on specific and non-specific 
factors.

The im portance o f th e  host’s general condition in  th e  developm ent o f 
shigella keratoconjunctiv itis is in d irec tly  shown b y  th e  fact th a t th e re  is 
no obvious difference between th e  disease-inducing capacity  of d iffe ren t 
Shigella strains iso lated  from various forms of h u m an  dysentery, a c u te  
and  chronic patien ts, sym ptom less carriers (Y akhnina e t al., 1960; N a k a ­
m ura, 1967; Kerekes, 1968). The sev e rity  and the course of shigella k e ra to ­
conjunctiv itis are associated w ith th e  resistance o f th e  animals (G orea, 
1959). Seasonal varia tions, due to  hypovitam inosis, in  th e  course of sh igella 
keratoconjunctiv itis, suggest the  significance of th e  general condition o f 
the  host (Belaya, 1964). X -ray irrad ia tio n  of the  te s t  animals, how ever, 
did n o t modify th e  disease (G oryunova, 1963). Sex an d  body w eight o f  
the  guinea pigs do n o t influence th e  developm ent o f  th e  disease o r  th e  
in ten sity  of the sym ptom s (Serény, 1955a); the colour o f the fur, how ever, 
is of g rea ter im portance. R ecovery is more rap id  a n d  more perfec t in  
albinos (Serény, 1955a; Shantarenko  and  Tesla, 1960: S typulkow ska,
1962).
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Starvation for a  sh o rt tim e (3 days) does no t reduce th e  resistance to  
conjunctival infection (Serény, 1955a). A scorbic acid accelerates the recov­
ery , while B 1; B 12 an d  D vitam in ad m in is tra tio n  results in  a  prolonged 
excretion of bac te ria  (Shantarenko and T esla , 1960). The an im a l’s previous 
sensitization w ith  a  killed Shigella culture h as  no effect on th e  developm ent 
o f shigella keratocon junctiv itis  (Shantarenko , 1959), b u t a f te r  recovery 
a  hypersensitiv ity  m ay  occur against d iffe ren t agents (E. coli cultures, 
killed shigellae), m anifesting as mild, qu ick ly  healing lesions (Serény, 19586, 
19606).

The significance of local factors is p roved  by  the influence o f the in tac t­
ness of the con junctival epithelium  on resistance (Shantarenko and Tesla, 
1960). Inoculation in to  bo th  eyes of th e  sam e anim al m akes it  possible to  
s tu d y  the role of local factors. Small doses o f  virulent Shigella cultures or 
m edium  doses of less v iru len t strains m ay  affect one of th e  eyes while the  
o th er remains u n in ju red  a t  sim ultaneous infection. Differences in the clear­
ance from bac teria  an d  in th e  tim e of th e  clinical recovery  m ay also be 
n o ted  (Serény, 1955a).

Congenital im m unity of different animals. Susceptibility o f  experim ental 
anim als to con junctival infection with Shigella cultures is h igh ly  different. 
G uinea pigs and  rab b its  are m ost susceptible (Serény, 1955a, 6, 1957,1960a, 6; 
Manolov, 1957a, 6; S zturm -R ubinsten  e t  a l., 1957; Ciufeco, 1970; Cross 
an d  N akam ura, 1970). In  these animals a b o u t 108-109 b ac te ria  of a virulent 
Shigella culture w ith o u t exception induce a  typical keratoconjunctiv itis. 
G oats and horses a re  also susceptible (R édey , 1960). Inocu la tion  of cats 
w ith  large doses resu lts  in keratocon junctiv itis  only in a sm all percentage. 
Successful infections are preceded by a  long  incubation period  and local 
lesions are lim ited  to  isolated  foci (Serény, 1955a, 1957). I n  ham sters th e  
conjunctival infection is no t always followed b y  lesions o f th e  eye; kerato­
conjunctiv itis developing occasionally is v e ry  m ild and heals in a  few days 
(Serény, 1955a, 1957; M anolov, 1957a, 6). Polecats, w h ite  mice, ra ts , 
chickens, dogs an d  m onkeys are resistan t (Serény, 1955a, 6, 1957, 1960a, 6; 
M anolov, 1957a, 6; S zturm -R ubinsten  e t a l., 1957; Shan tarenko  and Tesla, 
1960; Ciufeco, 1970). R édey  (1960) was ab le  to  produce shigella keratocon­
junctiv itis  in w hite m ice and  rats. I t  is in teresting  th a t  shigella kerato­
conjunctiv itis m ay  be induced w ith sh igellae on the eye o f  th e  monkey 
a f te r  artificial poliom yelitis virus infection (Rédey, 1960).

Acquired immunity. T he developm ent o f  im m unity  in  shigella kerato­
conjunctivitis can be followed by the  use o f a  suitable techn ique . Blokhov 
(1964) dem onstrated  th e  establishm ent o f  resistance in th e  course of the  
disease.

Im m unity  of th e  infected  eye m ay be re liab ly  detec ted  b y  a second 
conjunctival infection of the  eye w ith g rad ed  doses of b ac te ria  (Table 
6-V) (Serény, 19586). Such experim ents allow  one to  d raw  conclusions 
as to  cross-im m unity against o ther Shigella types (Serény, 1955a, 1957, 
1960a, 6; Gekker e t  al., 1957a, 6; Gekker a n d  Belaya, 1958, S zturm -R ubin­
s ten  and  P iéchaud, 1958; Gorea, 1959; K o te lk o  et al., 1960; Gleiberman 
e t  al., 1964; Is tra ti  an d  Is tra ti , 1964a; L in e t  a l., 1964; Cross a n d  Nakam ura, 
1970).



TABLE 6-V

Im m u n ity  of the guinea pig 's eye a fter recovery fro m  shigella keratoconjunctivitis

First infection Second infection
Effect of conjunctival infection* * ------------ ------------------------------------------

No. of eyes per cent No. of eyes per cent

E ye remained in tac t 474 50.1 95 32.1
Mild conjunctivitis — — 13 4.5
A bortive keratoconjunctivitis — — 147 50.3
Typical or chronic keratoconjunctivitis 472 49.9 28 9.2
A typical keratoconjunctivitis — — 10 3.5
Shigella sepsis — — 1 0.4

Total 946 100.0 , 294 100.0

* Infecting doses: 107 to 10® cells.

Local resistance seems to  have no serotype specificity. A decrease in th e  
frequency of th e  pathological reac tion  after the second conjunctival infec­
tio n  indicates im m unity  developing following shigella keratoconjunctiv itis . 
F u rth e r  evidence includes: (г) m ild  abortive diseases often  occurring a f te r  
reinfection; (гг) shigellae in troduced  into the  con junctival cavity  a f te r  
recovery are usually  destroyed; (in) reinfection is followed by sh o rt-te rm  
bacteraem ia and  hyperpyrexia only  rarely (Serény, 1955a, 1957). E. coli 
(В or К - 12) given sim ultaneously w ith  the  homologous culture increases 
resistance (Cross and  N akam ura, 1970).

Im m unity  developing in th e  course of shigella keratoconjunctiv itis  is 
on ly  relative an d  m ay be overcom e by  small infective doses. The second 
kera tocon junctiv itis  m ay be even more severe th a n  th e  prim ary disease. 
T he increased re la tiv e  resistance o f the  healed eye is associated w ith tissue 
im m unity , due to  an  altered  reac tiv ity  of the epithelial cells form ed new ly 
in  th e  course o f regeneration. U ltra s tru c tu ra l a ltera tions in the  ep ithelial 
cells of the  cornea during the  developm ent of cellular im m unity  are ev iden t 
from  the  increased num ber of m itochondria and  from  th e  m arked develop­
m en t of the  endoplasm ic reticulum  (Bakács e t ah, 1970). According to  Cross 
a n d  N akam ura (1970) im m unity is th e  result o f th e  appearance of specific 
shigella antibodies in  the tissues o f th e  eye.

H ypersensitiv ity  analogous to  th e  postdysenteric s ta te  of m an m ay also 
occur and resu lt in  inflam m atory reaction o f th e  tissues in response to  
otherw ise harm less injuries. I t  is interesting from  an  epidemiological p o in t 
o f view, th a t th e re  is no change in  th e  m orbid ity  ra te ; th e  only effect o f  
im m unity  is th a t  abortive processes occur instead  of severe typ ical sy m p ­
tom s (Serény, 19586) (see T able 6-V).

The resistance o f the  eye usually  increases in th e  course of rep ea ted  
reinfections. I t  also increases w hen different types or species of Shigella 
cultures are used  for consecutive conjunctival infections. In  spite o f th e  
progressive increase of the resistance, serial reinfections cannot induce a  
100 per cent im m unity  against a  massive infection (Serény, 1955a, 19586;
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M anolov, 1957a, 6; S ztu rm -R ubinsten  a n d  Piéchaud, 1958; Gorea, 1959; 
Y akhnina and K u zn etso v a , 1959; N oskov, 1959; S han tarenko , 1959; 
S hantarenko and  T esla, 1960; Stenzel, 19626, c; G leiberm an e t  al., 1964; 
Is tra ti  and Is tra ti, 1964a).

I f  one eye of th e  experim ental an im al is infected earlier an d  th e  other 
la te r, i t  m ay be d em o n stra ted  th a t th e re  are qualita tive an d  q uan tita tive  
differences between th e  local resistance o f th e  healed eye an d  th e  general 
im m u n ity  of the  o th e r eye. The local resistance is more in tensive and  non­
specific, the general im m u n ity  is w eaker an d  species-specific (Serény, 1955a, 
1957, 1958; Gekker e t  a l., 1957a, 6; M anolov, 1957a, 6; Gorea, 1959; Noskov, 
1959; Shantarenko a n d  Tesla, 1960; S tenzel, 19626, c; G leiberm an e t al., 
1964; Is tra ti and  I s t r a t i ,  1964a; Lin e t al., 1964; B elaya, 1964).

R ecovery from shigella keratocon junctiv itis  results in a re la tive resistance 
lasting  about nine m o n th s (Serény, 1955a, 6; Manolov, 1957a, 6; Gekker 
an d  Belaya, 1958; Y ak h n in a  and K u zn etso v a , 1959).

T he immune host m ay  differ from th e  susceptible one, n o t only in respect 
o f its  unresponsiveness to  an  otherwise infectious dose of bac teria , b u t also 
in  th e  lesions developing after a successful reinfection. Of th e  num erous 
varieties, the following m ain types o f reaction  deserve m ention: (i) the 
eye rem ains in tact; (i i ) a  mild con junctiv itis  develops w ithou t a  keratitis; 
(Hi) m ild keratoconjunctiv itis; (iv) ty p ica l keratocon junctiv itis; (v) 
atyp ica l k e ra tocon junctiv itis ; (vi) shigella sepsis (Serény, 1955a).

A fte r the second o r subsequent infections the  grow th o f th e  infecting 
agen t is less intensive th a n  after th e  firs t infection (Serény, 1955a; Cross 
an d  N akam ura, 1970). R einfection is characterized  by a  less frequen t and 
m inor rise in tem p era tu re  and by an  insignificant loss o f body weight.

T here m ay be significant differences betw een the  titres  of th e  aggluti­
n a tio n  reaction du rin g  th e  first shigella keratoconjunctiv itis an d  during 
th e  reinfection period. T he titre  often increases, b u t it m ay  also decrease. 
T here is no regular correlation  betw een th e  degree of local reaction  after 
reinfection and th e  agglu tin in  titre  o f  th e  serum, or a  close connection 
betw een the  agg lu tina ting  antibodies o f th e  serum  and  resistance (Serény, 
1955a; Gekker and  B elay a , 1958; Gorea, 1959; Y akhnina u n d  K uznetsova, 
1959; Noskov, 1959; Shantarenko and  Tesla, 1960; M ackel e t al., 1961: 
L in  e t al., 1964; Cross an d  N akam ura, 1970). Mouse p ro tec tive  antibodies 
an d  th e  healing o f th e  disease in th e  course of th e  first shigella kerato ­
conjunctivitis are likew ise not associated  (Serény, 1955a).

Haemagglutinins in  th e  blood serum  a n d  in corneal ex trac ts  are not 
specific either; by  haem agglutination inh ib itio n  th ey  can be dem onstrated  
tw o weeks afte r th e  healing of the  second shigella keratoconjunctiv itis 
(Lin e t al., 1964).

Cross-immunity between shigellae and other bacteria. F rom  eye lesions in 
guinea pigs induced w ith  bacteria o th e r th a n  shigellae, som e in teresting 
conclusions m ay be d raw n . K era tocon junctiv itis  produced by  Corynebacte- 
rium  diphtheriae is n o t followed by th e  developm ent of cross-resistance to  
shigellae (Gekker e t a l., 1957a, 6; S han tarenko , 1959; Is tra ti  an d  Is tra ti, 
1964a). N either Listeria monocytogenes an d  Shigella (S zturm -R ubinsten  
an d  Piéchaud, 1958) n o r Sh. flexneri 2 an d  S. enteritidis (Stenzel, 1962c)
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are re la ted  in th is respect. In  con trast, cross-im m unity w as dem onstra ted  
between shigellae and  E . coli strains pathogenic to  th e  guinea pig’s eye 
(Stenzel, 1962c; 1965; I s tra ti  e t al., 1963«, b; Serény, 1963; Istra ti a n d  
Is tra ti , 1964a).

ANALOGY B E T W E E N  SH IG E L L A  K ER A TO C O N JU N C TIV ITIS  
AND IM M U N ITY  IN  H U M A N  D Y SE N T E R Y

I t  would be wrong to  insist on seeking analogies b etw een  experim ental 
and  hum an shigellosis, b u t th e  re la tionsh ip  between ce rta in  reactions is 
striking. Clinical, epidemiological, bacteriological and  im m unological e x a m ­
inations have equally p roved  the  developm ent of a sm all degree of im m u ­
n ity  following hum an dysen tery  (H ardy e t  al., 1942; S inay , 1950; Polyansky, 
1953; R auss, 1955, 1968). The first infection w ith shigellae in infancy p ro ­
duces a m ore or less severe disease; th e  following infections become m ore 
and  more localized. The short-term  im m unity  after d y sen te ry  can be p re ­
served w ith  frequen t s tim u li (Rauss, 1963a, b, 1968). A ll these s ta tem en ts  
are also valid  for shigella keratocon junctiv itis . Serological similarities in th e  
production o f agglutinins and  mouse p ro tec ting  an tibodies are also ev id en t 
(Cooper and  Keller, 1947; R auss and  K é ty i, 1952a, b, 1955; Rauss, 1955).

In  spite of the  above findings there appears to  be a pronounced difference 
between shigella keratoconjunctiv itis  an d  dysentery  in respect of the spec i­
ficity of clinical protection, since im m unity  developing a f te r  hum an d y sen ­
te ry  is usually  considered to  be type-specific. However, recen t observations 
do n o t confirm the  above opinion. A ccording to  R auss (1955) a cross-im m u­
n ity  develops between Sh. flexneri types sharing d o m in an t group an tigens 
(Rauss, 1955). In  mice, a  resistance is established to Sh. sonnei phase I  a f te r  
im m unization w ith Sh. flexneri (Istra ti e ta l . ,  1958a). C linical and epidem io­
logical observations have shown th a t th e  infection o f m an  with a single 
Shigella ty p e  usually resu lts  in an im m u n ity  against o th e r  types (Dosser, 
1953; R ubashkina, 1953; K am enskaya, 1956; Meshalova, 1955). As im m unity  
in hum an dysentery  an d  in  shigella k eratocon junctiv itis  displays several 
im p o rtan t common characteristics, th e  m odel seems to  be  suitable for th e  
investigation of different im m unological problems.

Cell-m ediated im m unity  lias a  decisive role in resistance to  shigella 
keratoconjunctiv itis. In  o u r opinion th is  finding shou ld  be considered in  
hum an dysentery . The failure of specific prophylaxis against dysen tery  
m ight be caused by striv ing  only for hum oral im m unity  produced by v a c ­
cines. In  th is  m anner th e  num ber of circulating an tibodies could be signifi­
can tly  increased w ithou t, however, ob ta in ing  clinical p ro tection . I t  m ay be 
supposed th a t  induction o f cell-m ediated im m unity w ith  living, av iru len t 
shigellae w ould produce b e tte r  results.
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PRA CTICA L A PPLIC A TIO N S OF TH E G U IN E A  
P IG  EY E R E A C T IO N

I t  took a re la tive ly  sh o rt tim e for th e  m ethod to becom e popular a n d  
there  are several p rac tica l as well as th eo re tica l uses o f th e  test. Because 
o f its high selectivity , i t  is suitable for th e  isolation of sh igellae from faeces 
and  sewage. The faeces should be seeded on  agar or on blood-agar m edium  
an d  the culture should be inoculated in to  th e  eyes of g u in ea  pigs (R édey 
an d  Csizmazia, 1960; B als and  Leonesco, 1961; Is tra ti  a n d  Ciufeco, 1962; 
Avdeeva and  T uru lévá, 1968).

W hen testing  w ater, i t  should be passed  through a m em brane filter an d  
th e  conjunctival infection is to  be carried  o u t with the cu ltu re  grown on th e  
m em brane (Istra ti e t al., 1962a). By con junctival in fection  shigellae th a t  
cannot be dem onstra ted  w ith  the usual m ethods and o th e r  keratocon junc­
tivitis-producing b ac te ria , m ay be iso la ted  (Rédey an d  Csizmazia, I960; 
Bals and Leonesco, 1961; B ayram ova, 1962, 1963; I s tra ti  e t  al., 1962«, 6; 
B linkin, 1963; G leiberm an et al., 1964; Vörös et al., 1964; Avdeeva an d  
Turulévá, 1968).

The consistent capacity  to  produce k eratocon junctiv itis  seemed to  be 
used for the  taxonom ic definition of Shigella organisms (Manolov, 1958, 
1959; Manolov e t al., 1962; Stenzel, 1962«; Trifonova, 1963, 1965; P iéchaud  
e t  al., 1965). Stenzel (1964) made a p roposa l to the E n terobacteriaceae 
Subcom m ittee of th e  In ternational Microbiological Society  to  include th e  
keratoconjunctiv itis inducing capacity  in the definition o f the Shigella 
genus. However, th e  Subcom m ittee has refused the p roposa l (Carpenter, 
1963«, b).

The shigella keratoconjunctiv itis  m odel has been successfully used in 
o th er exam inations, e.g. in phage m ultip lication  studies (S trongovskaya,
1963) and for th e  selection of Sh. sonnei p h ase  I  colonies, e tc . (Serény, 1959«, 
1960c, d, 19616; K otelko  e t  al., 1960). T he virulence of Shigella strains m ay 
be preserved for a long tim e by m eans o f serial con junctival infections a t  
intervals of one or tw o m onths (Serény, I960«; B elaya, 1962a). Gekker 
e t al. (1957a, 6) have suggested to  use th e  keratoconjunctiv itis inducing 
capacity  of Shigella cu ltu res for the selection  of vaccine s tra in s . Form al e t 
al. (1967a, 6) used conjunctival infection for checking th e  virulence o f 
vaccines.

Typical shigella keratoconjunctiv itis  m ay  be spontaneously  conveyed 
from  infected to  norm al guinea pigs (Serény, 1955a; G orea, 1959; R édey  
an d  Csizmazia, 1960; I s t ra ti  and M eitert, 1963). A pplication of this obser­
vation  as an epidem iological model has revea led  th a t th e  antigenic s tru c tu re  
o f Shigella s trains shows no essential change during th e  dissem ination of 
th e  infection and  in th e  course of th e  disease (Serény, 1962a, 6) and th e  
phage-type also rem ains stable (Istra ti a n d  Meitert, 1963). In  the course 
o f mixed shigella infections an in terference can be d em onstra ted : the  su p ­
pressed agent d isappears from  the eve ex u d a te  within a few  days (Manolov. 
1963).

The conjunctival infection may be used  fo r examining th e  hum an entero- 
pathogenicitv  o f Shigella and  E. coli s tra in s , as there is a  s tr ic t  correlation



TABLE « VI

In fec tive  doses of some enteropathogens a s tested by conjunctival in fection  and by oral
infection o f hum an  volunteers 
(R édey, 1957, I960, 1964a, b)

N um ber of I
,. bacteria ^  ,.~  . Rfiective , . . , .Reactions ^  ,Organism , adm inistered I . i Remarksdose „  in manorally to

m an

E . coli 0143 105 109 ■ Fever,
bloody
stool

E . coli 0124 З х Ю 4 104 ? о  Mild symptoms
Sh. flexneri 2a 5.X102 2 х Ю 3 I ? Mild symptoms
Sh. flexneri 2a 5 X Ю2 2 X 10s 8-10 bloody stools
Sh. flexneri 2a, —* * 1013 -}- Endotoxin intoxication

heated
Sh. flexneri lb  ** 4 х Ю 13 -)- j Endotoxin intoxication
Sh. flexneri lb , ** 2 х Ю 13 ? Very mild endotoxin

heated  | intoxication
Sh. sonnei I  ** 2 x  1013 W ith mucin 1-2 cells

caused fatal infection 
in mice

Sh. sonnei II  ** 2 x l 0 13 Five different strains

* For conjunctival infection a large inoculum was needed.
** Avirulent with conjunctival infection.

betw een their pathogenicity  to  th e  guinea pig’s eye and  to  hum ans (Rédey, 
1957, 1960, 1964) (Table 6-VI).

I s t ra ti  and co-workers (Istra ti 1961; Is tra ti e t ah , 1963a, 1964a) confirmed 
th ese  findings on a  num ber of volunteers. Stenzel (19626) confirmed these 
resu lts  in a self-experim ent. Accordingly, the  pathogenicity  sta ted  by  
con junctival infection m ay be regarded  as an  ind icator o f hum an entero- 
pathogenicity , i.e. s tra in s displaying an  affinity tow ards th e  conjunctiva 
o f th e  guinea pig, independently  o f th e ir biochemical properties, m ay be 
reg ard ed  as pathogenic for the colonic mucosa o f m an (Rauss, 1968).

Several workers estim ated  th e  active and passive p ro tec tive  effect o f  
d y sen tery  vaccines by paren tera l im m unization of w hite mice. However, 
dysen tery  vaccines, p rotective in m ice experim ents, were no t suitable fo r 
th e  prophylaxis o f hum an dysen tery  (H ardy e t al., 1948; Shaugnessv e t  
ah , 1964a, 6; M edzhinov, 1953; H iggins et ah, 1955a; T ro itsky , 1958a; Is tra ti  
e t  ah , 1963a; R auss, 1968). D ifferent kinds of Shigella vaccines failed to  
p ro tec t guinea pigs against shigella keratoconjunctiv itis  (Manolov, 1957a, 6; 
N oskov, 1959; Stenzel, 19616; Serény, 1962c; S typulkow ska, 1962; A rons, 
1966; Ogawa e t ah , 19666; A ldova e t ah, 1968).

I s tra ti  and co-workers (Is tra ti e t ah, 1963a, 1964a, 1965, 1967, 1968; 
I s tra ti  and Is tra ti, 1964a, 6, 1966; Ciufeco et ah, 1965) were the  first to
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repo rt on successful local application o f living av iru len t Shigella variants. 
T hey dem onstrated  th a t  a cross-im m unity  existed betw een Shigella sub­
groups. Their v a r ia n t was not in jurious fo r m an a t  o ral adm in istra tion  and 
rem ained stab ly  av iru len t after seria l passage in th e  in testine of man. 
The living vaccine was successfully app lied  in children w ith  chronic shigella 
excretion. A fter th e  experim ents o f I s t r a t i ’s team  several workers have 
a ttem p ted  im m unization  w ith av iru le n t Shigella cultures. Ogawa et al. 
(19666) have found  th a t  the local app lication  of an  a tte n u a te d  Shigella 
v arian t results in a  m oderate resistance. Inoculating  repeated ly  w ith 
strep tom ycin-dependent Sh. sonnei a n d  Sh. flexneri m u tan ts , Sergeev e t al. 
(1967) induced local im m unity  in th e  eye of guinea pigs. The vaccine was 
harmless for m onkeys (Sergeev e t a l., 1968). According to  B elaya (1968), 
av iru len t shigellae selected by serial passages on cu ltu re m edia are  a tte n ­
u a ted  variants w hich “retain  th e ir cap ac ity  to  en ter th e  epithelial cells 
and  induce an in flam m atory  response in  th e  mucosa, w hich can be dem on­
s tra ted  only w ith histological m ethods (Levenbuk e t al., 1968). R epeated 
conjunctival app lica tion  of a tten u a te d  shigella cultures produces a definite 
pro tective effect. M onkeys can be successfully im m unized w ith  such vaccines 
adm inistered orally  (B elaya et al., 1970); oral adm in istration  was harmless 
in 147 hum ans (R ub tsov  et al., 1970). A g reat num ber of av iru len t variants 
were selected w ith  a  simple procedure by  Tenner e t al. (1969). The pro­
tective  effect of th e  av iru len t varian ts  w as established on th e  guinea pig’s 
eye and strains d isplaying the m ost pronounced im m unogenic capacity 
were used in subsequen t experim ents. In  th is m anner a 80 per cent p rotec­
tion  could be reached  against shigella keratoconjunctiv itis.

I t  has been d em o n stra ted  (Godun, 1962; K ovalev, 1965a, b) th a t  the 
dysentery  phage ex e rts  no beneficial effect on local adm inistration. In  
contrast, shigella keratocon junctiv itis  reac ts  well to  specific an tibacterial 
drugs and is, accordingly, suitable fo r estim ating th e  in  vivo effect of 
various preparations (Manolov, 1957a, 6; Siroko, 1957, 1958; M anolov e t al., 
1958; Serény, 1958a; Shantarenko an d  Tesla, 1960). Chloram phenicol alone 
o r in com bination w ith  riboflavin is h igh ly  effective (K ovalev, 1965a, b). Of 
furacillin, svntom vcin  and  strep tom ycin , th e  last one shows the m ost pro­
nounced therapeu tic  effect a t local ad m in is tra tio n  (Strongovskaya, 1963).

The success of specific drug th e ra p y  depends on (Serény, 1958a): 1 2 3

1. drug sensitiv ity  o f the  agent,
2. dose and period  o f adm inistration,
3. defence m echanism  of the host.
T he conjunctival infection m ay also be applied for genetic investigations; 

th e  virulence of th e  p aren t strains m ay  be estim ated  and  v iru len t and 
av iru len t m u tan ts  m ay  be selected. S tenzel (1961c, d, 1966) found no 
correlation between th e  degree of s trep to m y cin  resistance and  th e  virulence 
of hybrids of streptom ycin-sensitive a n d  strep tom ycin-resistan t Sh. flexneri 
and  strep tom ycin-resistan t E. coli K -12. Form al and  co-workers (19656) 
used spontaneous av iru len t m utan ts o f Sh. flexneri 5 as genetical recipients. 
T heir m ating w ith  E. coli K-12 cu ltu res resulted in av iru len t as well as 
v iru len t hybrids. A ccording to th e  investigations o f P e trovskaya  and
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Lycheva (1970), there  is a  genetic locus on the chrom osom e of shigellae 
ad jacen t to  th e  strep tom ycin  zone responsible for sh igella  keratoconjuncti­
vitis inducing capacity .

COM PARATIVE INV ESTIGATIONS ON S H IG E L L A  
K ER A TO C O N JU N C TIV ITIS A N D  OTHER E X P E R IM E N T A L

SH IG ELL O SES

P iechaud  and S zturm -R ubinsten  (1959) carried o u t  conjunctival, su b ­
cutaneous, in traabdom inal, vaginal, n asa l and vesical infections in gu inea 
pigs. I t  m ay be concluded from th e ir  results th a t  con junctival infection 
is th e  m ost advantageous experim ental technique. The m o re  laborious vesical 
infection also yielded excellent results. In  general, Shigella strains pathogen­
ic to  th e  eye also induce cystitis in gu inea pigs. A d isad v an tag e  of the la t te r  
m ethod is th a t  the  allergic com ponents m ay hide th e  anti-infectious p ro ­
tection. B elaya (1959) com pared th e  resu lts  obtained b y  th e  conjunctival 
infection, mouse te s t an d  chicken em bryo  technique. T here  was a  good 
agreem ent between th e  virulence estab lished  in g u in ea  pigs and chicken 
em bryos; the  virulence found for m ice and chicken em bryos, however, 
showed no correlation. Stenzel (19626, c) stated  t h a t  strains displaying 
pathogenicity  for th e  m ucous m em branes can induce a  disease in th e  eye 
of th e  guinea pig as well as in its b ladder; the  sensitiv ity  o f  the  latter m odel 
is usually  superior to  th a t  of the form er. Vesical in fec tio n  is less specific 
th an  shigella keratoconjunctiv itis an d  its  sym ptom s a re  also less differen­
tia ted . R auss e t al. (1966a, 6, 1967) observed  a com plete agreem ent betw een  
the  mouse in testinal te s t  and  the reac tion  in the guinea p ig 's  eye. According 
to  F orm al and  co-workers (1965ci, 1971a) the keratoconjunctiv itis  t e s t  
and  the  penetra ting  ab ility  into H eL a cells agree w ith th e  capacity of in v a d ­
ing in testina l epithelial cells. B linova (1970) carried o u t  parallel ex p e ri­
m ents w ith  nasal (Voino-Yasenetskaya, 1957, 1958; V oino-Yasenetsky a n d  
Voino-Yasenetskaya, 1962) and  con junctival infection u sin g  E. coli-Shigella 
recom binants. She dem onstra ted  definite differences as to  th e  in  vivo m u ltip ly ­
ing capacity  of v iru len t, a tten u a ted  a n d  avirulent h y b rid s  by m eans o f  
nasal infection bu t n o t b y  conjunctival infection. She considered the  lu n g  
model su itab le  for th e  differentation o f  Shigella h y b rid s  which could n o t 
be d ifferentiated  by shigella keratoconjunctiv itis.

DISADVANTAGES OF T H E  K ER A TO C O N JU N C TIV ITIS  TEST

1. The ab undan t eye discharge, contain ing shigellae in  great num bers, 
m ay be th e  source of hum an  lab o ra to ry  infection a n d  th e  infection o f th e  
experim ental anim als m ay  be conveyed to  healthy an im als.

2. Shigella keratoconjunctiv itis an d  hum an d y sen te ry  differ in sev era l 
respects, nam ely in th e  (г) infected  host, (ii) co n d itio n s of infection, 
(in) site  of en try  of th e  pathogenic agent, (iv) ta rg e t  organ, (v) clin ical 
sym ptom s. Accordingly, th e  results o f conjunctival in fec tio n  can be ap p lied  
to  hum an dysentery  w ith  num erous restric tions only.

7 Voino-Yasenetsky — Bakács
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HISTOPATHOLOGY OF EXPERIMENTAL SHIGELLA 
KERATOCONJUNCTIVITIS

by

M. У. У OINO-YASENETSKY and T. BAKÁCS

I n  the  preceding ch ap te r m acroscopic m anifestations o f  shigella k e ra to ­
conjunctiv itis in guinea pigs have been described. In  one o f  his early w orks 
Serény (1957) m entioned  histologic investigations m ade b y  Kerényi, who 
show ed th a t th e  inflam m atory  process b eg an  a t the site o f  th e  conjunctival 
fo ld . Then a superficial ulceration of th e  cornea, accom panied by its oedem a 
a n d  leukocytic in filtration , occurred. W ith  the decrease o f  inflam m ation, 
th e  epithelial lining was gradually  rep a ired . A similar descrip tion  of ex ­
perim ental shigella keratocon junctiv itis  was given b y  Siroko (1958). 
N e ith er of these w orks provided any in fo rm ation  on the  p resence or absence 
o f  bacteria in th e  im paired  tissues. H ow ever, still earlier S erény  (1955a, b) 
found  single rods in th e  polym orphonuclear leukocytes in  sm ears of inflam­
m ato ry  exudate from  th e  palpebral fissure o f  infected an im als . The bac teria  
w ere more num erous in  th e  cytoplasm  o f  sloughed epithelial cells. The sam e 
w as later repo rted  by  M anolov (1959) w ho believed th a t  shigellae m u lti­
p lied  in the corneal epithelium ; in re a lity , only im paired o r  destroyed cells 
appeared  in th e  p u ru len t exudate accum ulating  in th e  con junctival sac. 
I t  was, therefore, necessary to  find o u t w hether shigellae could colonize 
v iab le  cellular elem ents of the  co n ju n ctiv a  and cornea.

P iéchaud e t al. (1958) investigated th e  eyes of 17 g u in ea  pigs sacrificed 
a t  different in tervals (from 3 hours up  to  40 days) after co n junctiva l infec­
tio n  w ith shigellae. In  addition  to  haem atoxy lin  and eosin  th ey  also used 
m ethylene blue for stain ing  histological preparations. The superficial dam age 
o f  th e  cornea appeared  as early  as a f te r  9 h; a t 36 h th e  epithelial lining 
show ed only sm all islets, b u t after 2 -4  d a y s  it became en tire ly  destroyed. 
B y  th is time th e  inflam m atory  response (accompanied b y  vascularization  o f 
th e  corneal strom a) had  subsided b u t ep ithelia l reparation  proceeded very  
slowly, taking som etim es more th an  30—40 days. In  th e  acu te  stages o f 
infection, rod-like b ac te ria  were seen in  th e  corneal ep ith e liu m  not only  
in  its  superficial layers b u t also in th e  well-preserved cells of the basal 
layer. As m entioned in  C hapter 1, th e  ab o v e  authors su g g ested  th a t th e  
epithelium  m ay serve as th e  “last re so rt” fo r shigellae, seek ing  refuge from  
phagocytes.

Levenbuk an d  A ndreeva (1962) also n o te d  the p e n e tra tio n  of shigellae 
in to  the epithelial cells o f the  guinea p ig  cornea. T h e  bacteria  were 
la rg e r in the superficial epithelial la y e r th a n  in the d ee p e r layers. This 
finding, as well as th e  increase in the  n u m b er of bacilli in  single cells a f te r

98
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Fig. 7-1. Experimental shigella keratoconjunctivitis, a Sagittal section (not passing 
directly across the centre of the cornea) through the eyelids and the anterior portion 
of the guinea pig eyeball 48 h after inoculation. Thionine, lens, b The same after 16 
days. The eyelids have regained their normal appearance but the cornea is still som e­
w hat thicker (especially towards the centre) and denser than normally. Dominici’s 

stain, lens. N ote the lymph node in the region of the corneal fornix

7 *
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F ig . 7-2. C on junctiva l lesions caused b y  shigellae . a B ac te ria  in  th e  ap ica l p a r t  of th e  
ep ithe lia l cells (arrow s) a n d  tw o p o lym orphonuclears  (P) pass ing  be tw een  th e  cells 
1 h  a f te r  inoculation . D om in ic i’s s ta in , X 1000. b O rganism s o f d iffe ren t size in  th e  
ex u d a te  and inside th e  d esq u am ated  b in u c le a r ep ithe lia l cell. E x u d a te  sm ear 3 h  
a f te r  inoculation. E o sin -azu re , X 1180. c F o rm a tio n  o f a  m icroabscess in  th e  co n ju n c ti­
v a l epithelium  3 h  a f te r  inocu lation . T h ion ine , X 476. d E rosion  w ith  organ ism s in  th e  
cy to p lasm  o f th e  ep ith e lia l cells p resen t a lo n g  its  edges 6 h  a f te r  ino cu la tio n . Thionine,

X 1000

th e  2nd day, suggested  a m ultip lication inside the  ep ithelial cells. L abora­
to ry  Shigella s tra in s w hich have ev id en tly  lost th e ir pa thogen ic ity  caused 
no morphological a lte ra tio n s in th e  eyes even if in troduced  together w ith 
endotoxin.

A ttem pting to  c larify  the  pathogenic properties of shigellae, P iéchaud 
e t al. (1958) used six different s trains o f th e  agent (Sh. dysenteriae 1, Sh. 
flexneri 1 and 2, Sh. sonnei, Sh. boydii 2 and  4) to  infect th e  eyes of 17 
guinea pigs. Since each  strain  was on ly  tes ted  on 1-3 guinea pigs sacri­
ficed a t various in te rv a ls , their resu lts  are no t su itab le fo r drawing far 
reaching conclusions. In  the  brief descrip tion  by L evenbruk  an d  Andreeva
(1962) of histological alterations o f th e  conjunctiva an d  cornea, some 
controversial, ap p a re n tly  artificial, s tru c tu res  were m entioned  (bulging
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F jg . 7-3. In itia l co rn ea l lesions, a  Shigellae in  th e  superficial ep ith e lia l cells 9 h  a f te r  
inocu la tion , b S lough ing  o f u pper lay e rs  o f  th e  ep ithe lium  a n d  b a c te r ia l invasion o f  

th e  d eep e r ones 18 h  a f te r  inocu la tion . T h ion ine, X 1000

of the  nuclei an d  form ation of hollow spaces in th e  epithelial cells, showing, 
in fact, the  im m igration of leukocytes).

In  a more deta iled  histopathological s tu d y  m ade a t  ou r institutes, ab o u t 
400 guinea pigs were used and  bacteriological and  clinical observations 
were m ade (Rácz e t ah, 1960; R ácz and  Serény 1962; R ácz, 1963). In  acco rd ­
ance w ith the  technique described in  C hapter 6, th e  cu ltu re contain ing 
shigellae was e ith e r dripped in to  th e  conjunctival sac (108 bacteria) o r  
in troduced  th ere  b y  means of a p la tinum  loop (about 10° bacteria). W ith  
th e  first m ethod th e  process developed m ore slowly, th e  conjunctival dam age 
was less pronounced and recovery m ore rapid. The anim als were sacrificed 
a t  different in terva ls , from 1 m in u te  to  1 year (not less th a n  3 anim als a t  
a time).

The first experim ent was no t en tire ly  successful. T he corneal epithelium  
n o t covered w ith  eyelids dried u p  very  rap id ly  a fte r th e  anim al had been  
sacrificed, th u s becoming hard ly  su itab le  for study . Therefore, in s u b ­
sequent series th e  eyeball was e x tra c ted  together w ith  th e  eyelids (carefully 
su tu red  a t  first) and  the  o rb ital connective tissue fo r histological s tu d y . 
T he best resu lts were obtained by  a  2 h fixation in M iiller’s solution w ith  
subsequent tran sfe r of the  specim ens to  Zenker-form ol, and  em bedding 
in paraffin. Sections were sta in ed  w ith  haem atoxylin-eosin according to  
D om inici’s m ethod  and  w ith carbolic thionine.*

I t  soon becam e evident th a t  shigellae were n o t on ly  able to  p en e tra te  
living epithelial cells of the con junctiva  and  cornea b u t also to  m u ltip ly  
in their cy toplasm  (Rácz e t ah , 1960; R ácz and  Serény, 1962), and t h a t  
developm ent o f  experim ental shigella keratocon junctiv itis  (Fig. 7-1) 
obviously depends on these biological properties of its  agents (Rácz, 1963).

* T hionine is recom m ended  fo r s ta in in g  G ram -negative  organ ism s in  h is to lo g ic  
p rep a ra tio n s ; b e in g  m ore stab le  th a n  m e th y len e  b lue i t  u su a lly  gives m uch b e t t e r  
resu lts . I t  should  be  n o ted  th a t  n o t a ll com m ercial b ran d s  o f  th io n in e  are s u i ta b le  
fo r th is  pu rpose .
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Fig. 7-4. C orneal lesions 24 h  a fter th e  b e g in n in g  of th e  ex p erim en t, a  A  sm all islet 
o f ep ithelia l cells on  th e  su rface , oedem a a n d  leukocy te  in f iltra tio n  o f  th e  p ro p er tissue 
in  th e  cen tra l a rea  o f th e  cornea. T hionine, X 140. b Shigellae in  th e  re s t o f ep ithe lia l

cells. T h io n in e , X 1000

W ithin the  first hours after inocu lation , the organism s were seen to  
appear inside the  ep ithelia l cells in th e  reg ion  of the con junctival fornix. A t 
first only a few (Fig. 7-2a), then more a n d  more rods could be dem onstrated . 
A t th e  early stage in tracellu lar shigellae were especially large (Fig. 7-2b). 
The infected cells appeared  quite n o rm a l a t the beginning b u t afte r the  
agents had m ultip lied  in them  they  w ere  destroyed o r desquam ated  (Fig.
7-2 a-d).

The inflam m atory response arose a lm o s t sim ultaneously w ith  the  inva­
sion of the epithelium  b y  shigellae (th ey  w ere never found  to  be p ene tra ted  
deeper). As early as one hour after th e  beginning of th e  experim ent poly- 
m orphonuclears em ig ra ted  from the  sm all blood vessels in to  th e  subepithe- 
lial tissue and, in  rap id ly  increasing num bers, th ey  passed betw een the  
epithelial cells and  p a r tly  accum ulated th e re  (Fig. 7-2« an d  c); th en  they  
em igrated into th e  conjunctival sac form ing  a p u ru len t exudate . Their 
ab ility  to  engulf an d  destroy shigellae was evident th o u g h  in th is case 
phagocytosis was n o t very  pronounced.

The inflam m ation firs t appeared in th e  region of th e  fornix , la te r involv­
ing the  palpebral conjunctiva, and ex ten d in g  onto th e  cornea a fte r 6-9 
hours. Three to  6 hours afte r inoculation only occasional corneal epithelial 
cells contained organism s but such cells could readily be observed later. 
Shigellae appeared first in superficial cells (Fig. 7-3). T he affected cells 
died and  were shed in  th e  same way as  in  the  conjunctiva. B u t here the  
process was more pronounced, progressing until alm ost th e  whole corneal 
epithelial lining was destroyed (Fig.7-4). T he injury rem ained  superficial; 
in  underlying tissues o n ly  oedema, haem orrhages and leukocy te  infiltration, 
extending ra th e r fa r in to  the loose connective tissue o f th e  o rb it, were 
present. Blood vessels gradually  grew in to  th e  corneal s tro m a. I t  is w orth  
m entioning th a t no appreciable a lte ra tio n s  could be n o ted  in  th e  lym ph 
nodes of the co n junctiva l fornix.
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F ig . 7-5. Shigellae p ass in g  fro m  one ep ith e lia l cell in to  a n o th e r . T he organism  c a u se s  
in d e n ta tio n  o f  th e  o u te r  m em branes o f b o th  cells. 9 h  a f te r  inoculation , a X 9400,

b  X 2 8 ,0 0 0
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W hen using large doses of Sh. flexneri, th e  pathological signs reached a  
peak  by the  end  of th e  first to  the  th ird  d ay . From  the fo u r th  day onw ards 
th e  inflam m ation subsided first on th e  conjunctiva. As th e  cellular in filtra­
tio n  and the oedem a decreased and  th e  organisms g rad u ally  disappeared, 
th e  conjunctival epithelial lining was fa ir ly  rapidly resto red , acquiring 
its  usual appearance by  th e  ten th  day . C orneal lesions h ea led  m uch slower. 
A  ra th e r intense grow th  of the  ep ithelium , starting  from  th e  periphery, i.e. 
from  the bu lb ar conjunctiva, could be observed  from th e  s ix th  day of th e  
experim ent. The inflam m atory response in  the cornea usually  lasted  as 
long as a fo rtn ig h t (sometimes even longer). The newly fo rm ed  epithelium  
was partly  affected by  shigellae again .

The conjunctival-type epithelium  sp read in g  over the  ra w  surface of th e  
cornea gradually  acquired  th e  s tra tified  structure ch arac te ristic  of th e  
cornea, though it  frequen tly  exhib ited  som e initial fea tu res  suggesting its  
conjunctival origin. Thus, in certain  a reas  m ucus-producing cells were still 
p resent. A fter recovery, p igm entation  o f  th e  corneal ep ithelia l lining, a  
norm al featu re o f th e  conjunctival ep ithe lium  in dark-coloured anim als, 
was preserved for a long time.

In  additional series of experim ents th e  results of challenge w ith I08-10° 
shigellae of an  av iru len t s tra in  were s tu d ied . These organism s caused only  
a  short-term  an d  slight conjunctival inflam m ation, no t involving the  co r­
nea. Shigellae were occasionally seen b e tw een  the epithelial cells; th ey  d id  
n o t penetrate  th e  cells and  were rap id ly  phagocytized.* T h e  killed shigellae 
as well as th e ir endotoxins had  hard ly  a n y  effect, except fo r a slight leuko­
cy te  infiltration of th e  conjunctiva a n d  an  increased m ucus secretion b y  
th e  epithelial cells.

Thus, the  developm ent of shigella keratocon junctiv itis  in  th e  experim ents 
on  guinea pigs was evidently  re la ted  to  th e  ability of th ese  bacteria to  
pene tra te  the  epithelial cells and to  m u ltip ly  there. T h e  dam aged cells, 
seemingly un alte red  and  viable a t  firs t, were finally destroyed . This was 
confirmed during fu rth e r electron-m icroscopic studies o f th e  cornea.

The first electron-m icroscopic investigations (Wessel a n d  Rácz, 1967) 
cannot be considered successful. D ue to  th e  somewhat inappropria te  process­
ing of the  m ateria l, a m arked shrivelling o f  th e  organisms inside the  ep ith e ­
lial cells occurred. As a result, th ey  b ecam e surrounded b y  em pty spaces 
sim ulating phagocyte vacuoles. In  subsequen t experim ents perform ed 
w ith  increased care (Tenner et al., 1970; B akács et ah, 1970) valuable in for­
m ation  was ob ta ined  n o t only on shigellae lodging in th e  ep ithelial corneal 
cells b u t also on th e  m anner of b ac te ria l penetration  in to  these  cells.

F igure 7-5 shows th e  passing of sh igellae from one ep ithelial cell in to  
another. The organism  appears to  in d e n t th e  cell an d  p u sh  along w ith  
i t  th e  m em branes of bo th  cells. F igure 7-6« also shows a  bac te ria l passage

* A ccording to  o b serv a tio n s o f L evenbuk  e t  a l. (1968), Shigella  m u ta n ts  possessing 
red u ced  viru lence p reserv ed  th e  ab ility  to  p e n e tr a te  in to  th e  e p ith e lia l cells o f  th e  
gu in ea  pig c o n ju n c tiv a  b u t  did n o t m u ltip ly  th e re  and  d isap p ea red  12 hours a f te r  
inocu la tion . B y  t h a t  tim e  leukocy te  in f il tra t io n  o f  th e  co n ju n c tiv a , d e tec tab le  o n ly  
h isto logically , also  subsided.
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F ig . 7-6. Shigellae in  corneal ep ith e lia l cells, a T he o rgan ism  n e a r  th e  nucleus (N ) 
is su rrounded  b y  a  double  m em brane . T he  u ltra s tru c tu re  o f  th e  cell is p reserved 12 h  
a f te r  inocu la tion , X 36,000. b N u m ero u s m icrofibres n ea r a  b a c te r iu m  lying f re e ly  
in  th e  cy to p lasm  48 h a f te r  inocu la tion , X 25,000. c A g re a t  n u m b er of sh ig e llae  
(som e o f th em  d iv id in g  p a rtly ) in th e  cy top lasm . T here a re  n o  m em branes a ro u n d  

th e  b ac te ria  12 h after' inocu la tion , X 17,500
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F ig . 7-7. Shigellae in  th e  ep ithe lia l cells 12 h  a f te r  inoculation . P ro n o u n ced  d am age 
o f  cellular u lt ra s tru c tu re  a n d  d estruc tion  o f  c e llu la r  m em branes on  th e  surface, X 5500

from  one cell into ano ther. The o rgan ism  is surrounded b y  a  double m em ­
brane. I t  seems p robab le th a t  the inner m em brane and  th e  substance ad jo in ­
ing the m icroorganism  h ad  been b ro u g h t along from a p rim arily  infected cell, 
while the ou ter m em brane belonged to  th e  neighbouring cell. L a te r these 
m em branes obviously d isappear since shigellae, as a ru le , lie freely in th e  
cytoplasm  of corneal epithelial cells (F ig. 7-6b, c). T he cy toplasm  d irec tly  
adjoining the organism s m ay become d en se r (see Fig. 7-5). B u t, usually , as 
long as the organism s inside th e  cell are n o t  too  num erous, its  u ltra s tru c tu re  
is well preserved. In  th e  cells of deeper corneal layers signs o f lesion are in fre­
quently  revealed even if th ere  are m any  shigellae in th e  cytoplasm . In  such 
cells (as well as in non-infected ones) th e  cytoplasm  is densely  packed w ith  
organelles, i.e. an  ac tiv e  response to  in ju ry  can be observed. However, in 
th e  outer epithelial layers, as early  as 3—12 hours a f te r  th e  beginning 
o f the  experim ent, g radually  increasing areas are seen w here dystrophic 
changes in both  in fected  and  non-infected cells are evident. T he plasm a m em ­
brane becomes obviously more fragile th a n  norm ally an d  i t  can easily be 
destroyed in the  process of m aking p repara tions (Fig. 7-7).

The lesion of th e  epithelial cells in o u te r  layers of the  cornea are probably  
due  to  toxic substances of th e  p u ru len t ex u d a te  accum ulating  in th e  con­
ju n ctiv a l sac which are th e  toxic p ro d u c ts  of shigellae d igested  by  poly- 
m orphonuclears. Phagocytosis m ay be observed  in sm ears from  th e  con-
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ju n c tiv a l exudate containing free organism s growing here or released w hen 
dam aged  epithelial cells d isin tegrate . Shigellae are ra re ly  seen in poly- 
m orphonuclears inside th e  cornea. Leukocytes m ay  be disposed q u ite  
n ea r the  epithelial cells filled w ith  organism s b u t th ey  do  n o t penetrate  th em . 
Shigellae (obviously free ones) engulfed by polym orphonuclears are found  
com m only in phagosom es and , being digested, are frequen tly  deform ed.

L in e t al. (1964) have also established the  fac t of shigella m ultip lication 
inside the  epithelial cells. A ccording to  observations of Ogawa et al. (1967a), 
who used th e  im m unofluorescent technique, th ere  is a d irect association 
betw een the num ber of infected epithelial cells and  th e  in ten sity  of in flam ­
m ation  in the  con junctiva and  cornea.

E ye lesions caused by shigellae sim ilar to  those o f experim ental gu inea 
pig keratoconjunctiv itis m ay  occasionally occur in m an  (Lentz and Prigge, 
1931). In  this respect th e  observation  of D rozdova and  P etrova (1929) 
is o f interest, who described th e  developm ent o f a  serious keratocon juncti­
v itis in a m other tw o days a fte r th e  faeces of her child suffering from d y sen ­
te ry  got into her eyes.

Thus, the developm ent of experim ental shigella keratocon junctiv itis  is d u e  
to  parasitism  of th e  agent in th e  epithelial cells of th e  cornea and the  con ­
junctiva . L aborato ry  Shigella s trains, which preserve o ther properties 
characteristic of these bacteria , b u t are devoid o f th is  capacity , m erely  
cause a short-term  leukocyte response detectab le on ly  histologically.

I t  should be em phasized th a t  shigellae invade undam aged  epithelial cells 
an d  exert no toxic effect while lodging there. I t  is th e  m ultip lication o f th e  
organism s in th e  cytoplasm  th a t  results finally in th e  destruction  of th e  
host cell. Toxic substances appearing in the  process o f shigella digestion 
by  phagocytes seem to  p artic ip a te  in the  developm ent o f local lesions.

T he infectious process in th e  guinea pig’s conjunctiva sets in and is finished 
m ore rapidly, while in the  cornea it lasts longer and  resu lts  in the  d estruc tion  
of th e  epithelial lining.
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EXPERIMENTAL SHIGELLA CYSTITIS
by

M. V . V O IN O -Y A S E N E T S K Y  and  T. B A K Á C S

Shigella cystitis occasionally arises as a  com plication in  dysenteric  patien ts; 
th e  num ber of cases so fa r described is ab o u t 50 (Bingel, 1943a). Since these 
com plications were rep o rted  m ainly in l i tt le  girls the  infection was obviously 
o f ascending natu re . B ingel (1943a, 6, 1944a) him self successfully reproduced 
shigella cystitis in  gu inea pigs, recom m ending his m ethod  as a model for 
th e  experim ental s tu d y  of dysentery .

According to  B ingel’s technique th e  b lad d er is a t first em ptied  by means 
o f a  th in , glass ca th e te r, then  1 ml of 24 hour shigella b ro th  cu ltu re is in tro ­
duced into it. Fem ale anim als are ap p lied  as their u re te r  is sho rter and  is 
n o t curved as it is in m ales. A fter th e  challenge, a ra th e r pronounced oedema 
o f the  vulva arises on th e  first day. M oisture in the genito-anal region and 
some o ther general sym ptom s (anorexia, adynam ia) m ay  be present and 
some of the anim als die. R ecovery in  survivors generally sets in  by the 
15th day. B acteriuria  is found in th e  course of the disease. A t au topsy  of 
sacrificed guinea pigs shigellae m ay be cu ltu red  from th e  b ladder. B ingel also 
isolated the agents from  other organs b u t  only in anim als th a t  have died.

Bingel was the  first to  dem onstrate  t h a t  only com paratively  freshly iso­
la ted  shigellae were pathogenic, while o lder strains m ain ta ined  on ai’tificial 
n u trien t media d id  n o t induce cystitis  though  th ey  re ta in ed  th e ir  ability  
to  produce toxins. Subsequently , B ingel (19445) used his m odel for a num ber 
o f experim ents aim ed a t  studying th e  pathogenesis of dysen tery . H e came 
to  th e  conclusion th a t  th e  developm ent o f an  inflam m atory  process in the 
u rin ary  bladder canno t be a ttr ib u ted  sim p ly  to  the  effect o f shigella toxins 
on th e  mucosa or blood vessels. H e assum ed  th a t the  ac tiv ity  of th e  m icro­
organism s them selves was of im portance . H e d em onstra ted  histological 
dam age (even necrosis and  ulcer form ation) in the vesical m ucosa. As to 
th e  results of bacterioscopy, Bingel (19445) reported  th a t  organism s were 
predom inantly  p resen t in superficial debris, less frequen tly  th ey  were seen 
am ong epithelial cells which were s till preserved or in  superficial layers 
o f inflam m atory in filtra ted  mucosa. A ccording to  his hypothesis, dysentery  
bacteria, using a  ce rta in  enzyme (w hich th ey  possess on ly  for a  lim ited 
tim e), penetrate th e  ep ithelium , die off a n d  release th e ir endotoxins. U nder 
th e  influence of endotoxins some p a r t  o f  th e  tissue becomes necrotized and 
microorganisms grow in the  debris form ed.

L e tte rer and Seybold (1949) criticized B ingel’s hypothesis. B ased on a 
num ber of experim ents on guinea pigs th e y  a ttrib u ted  significance to  the
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effect o f shigella endotoxins on m ucosal blood vessels .in the  pathogenesis 
of dysentery . They described vascular disorders (oedema, haem orrhages) 
which th ey  though t to  arise before ep ithelial dam age; 8—10 h afte r challenge 
they  observed vacuolar epithelial degeneration (hydropic swelling) an d  
la te r a destruction  and  desquam ation o f th e  epithelium , resulting in to ta l  
denudation  of certain  m ucosal areas. T he leukocyte response (with leuko­
cyte em igration into th e  b ladder lum en) on ly  appeared  in  the  14th h o f th e  
experim ents. They (not s ta tin g  the  m ethod  of stain ing) failed to  show 
organism s in the  epithelium  and  explained all pathological processes observed 
in th e  m ucosa only as p rim ary  toxic dam age of blood vessels.

L evenbuk and  A ndreeva (1962) study ing  experim ental k era to co n ju n cti­
vitis an d  cystitis in guinea pigs (see C hap ter 7) were th e  first to  re p o rt 
briefly on the  presence of shigellae inside th e  epithelial cell of th e  b lad d er 
m ucosa. L a te r (Levenbuk and  A ndreeva, 1965a) th e y  m entioned th a t  in  
experim ental cystitis th e  organism s were s itu a ted  n o t deeper th a n  th e  
ep ithelial layer and even when in troducing  shigellae in to  the  b ladder w all, 
th e  b ac te ria  proliferated only in ep ithelial cells.

S zturm -R ubinsten  and  P iéchaud (1963) stud ied  shigella cystitis in gu inea 
pigs as well, b u t ap p aren tly  (it is n o t qu ite  clear from  th e ir paper) th e y  
m ainly  investigated  sm ears from the  u rin a ry  sedim ent o f infected anim als. 
In  th e  sm ears they  observed the  sam e p ictu re as in th e  exudate o b ta in ed  
from  th e  palpebral fissure in experim ental keratoconjunctiv itis . The b lad d er 
con ten t displayed m any sloughed epithelial cells filled w ith  organism s as 
well as leukocytes also containing shigellae b u t in a sm aller num ber. Some 
infected  epithelial cells were destroyed; o thers, densely filled w ith organism s 
appeared  well-preserved. Discussing th e ir  observations, th ey  ra ised  th e  
problem  of th e  possible defensive role o f epithelial cells phagocytizing th e  
causative agents. This question, however, rem ained unansw ered.

T enner e t al. (19716) stud ied  experim ental shigella cystitis  using B ingel’s 
technique. The same course of the  infection was also reported  by  these  
au th o rs , b u t in more detail. Some of th e  guinea pigs died, others were sac ri­
ficed a t  various in tervals a fte r challenge (from 1 up  to  144 h).

Gross post-m ortem  changes were observable as early  as 6 h afte r challenge. 
Oedem a of the  b ladder wall was slight a t  first b u t it  gradually  increased 
an d  ex tended  over th e  connective tissue o f the sm all pelvis and  along th e  
u re te rs  by  the  9-24th  h. H aem orrhages on the  congested vesicular m ucosa 
were discernible; la ter, a t  th e  beginning o f the  second day , ulcers appeared . 
Occasionally, single areas of m ucosa were covered w ith  yellowish grey 
films.

As know n, the  b ladder is lined w ith  th e  so-called transitional ep ithelium  
com posed of several layers, th e  upper one being com posed of ra th e r  large 
rounded  cells. According to  L e tte rer an d  Seybold (1949) in norm al gu inea 
pigs th e  epithelial lining consists of 3 cellular layers. In  a  d istended b lad d er 
th e  epithelium  becomes flattened.

T enner e t al. (19716) found  th a t as early  as 1 h a f te r  challenge th e  n u m ­
ber o f polym orphonuclears in the subm ucosal blood vessels increased in all 
anim als. L eukocytes were also present ou tside the  vessels, in a sm all n um ber,
i.e. in th e  connective tissue beneath  th e  epithelium  th ro u g h o u t th e  b lad d er
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F ig . 8-1. F ocal d am ag e  an d  organism s in  ep ith e lia l cells o f gu inea p ig  b lad d er a f te r  
in troducing  S h . flexneri suspension, a 1 h  a f te r  challenge, X 1200; Ъ a f te r  6 h , X 1200; 

c a f te r  24 h, X 450; <1 a f te r  24 h , X 1200. T hionine

wall. Slight diffuse oedem a of the  connective tissue was observed. In  th e  
cytoplasm  of single epithelial cells hav ing  an  ord inary  s tru c tu re  1-2 well- 
s tained  rods were found  (Fig. 8-la ). In  th e  course of th e  first tw o days th e  
signs of inflam m ation became m ore p rom inen t. Three to  six hours a f te r  
challenge a focal leukocyte in filtration  appeared  in the  epithelium  (Fig.
8-2). In  such foci polym orphonuclears w ere found betw een th e  epithelial 
cells dam aged b y  shigellae (Fig. 8-16, c). T he num ber o f th e  organism s 
inside the epithelial cells as well as th a t  o f th e  dam aged cells increased. 
This was regarded as evidence of th e  b ac te ria l m ultip lication in th e  cellular 
cytoplasm  and  o f th e  possibility of shigella transfer from  infected in to  
in tac t cells.
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Fig. 8-2. F ocal leu k o cy te  in filtra tio n  in  vesicu lar m ucosa  a n d  (below  in  cen tre) 
u re te ra l m ucosa  6 h  a fte r  challenge; oedem a o f subm ucosa . T hionine, X 70

As in shigella keratocon junctiv itis , the  nuclei an d  th e  cytoplasm  o f  
vesicular epithelial cells containing bac teria  usually  rem ained  well preserved. 
Signs of degeneration were observed only in cells filled w ith  a  great num ber 
o f organisms. As shown in a y e t unpublished electron-m icroscopic s tu d y , 
shigellae th a t were situ a ted  in th e  cytoplasm  of epithelial cells were d ividing 
an d  did not d isplay  any  signs of dam age. In  con trast, th e  organism s engulfed 
by  phagocytes exh ib ited  signs o f in jury  and  were enclosed in vacuoles 
which, in addition , contained an  electron dense substance.

Infected  epithelial cells were finally destroyed o r sloughed in increasing 
num bers (Fig. 8 -ld ). Most of them , evidently , were excreted  w ith  th e  
urine. A t sites superficial defects o f  various extension appeared  (Fig. 8-3«). 
I t  is im portan t to  no te  th a t these  defects were confined to  th e  epithelial 
lining and did n o t spread  to  th e  subm ucosa, where only  a  m oderate local 
leukocyte response was observed. In  accordance w ith  observations o f 
B ingel (1944h), shigellae did  n o t pen e tra te  beyond th e  epithelial lay e r 
an d  were exceptionally  detected  in  m acrophage-type cells in the  areas o f  
defects devoid o f epithelium . In  some places leukocytes accum ulated  
betw een the epithelial cells form ing “ microabscesses” as seen in the  con ­
junctiva] epithelium  (see C hapter 7). A t early stages, ep ithelial cells in fected  
b y  shigellae and  undergoing destruc tion , as well as leukocytes phagocytiz- 
ing th e  agents w ere found in th e  microabscesses. L a te r, vacuoles containing 
fragm ents of d isin teg rated  cells rem ained  occasionally a t  these sites (Fig. 
8-36). Beginning w ith  the  second day , form ation o f non-specific g ranu la tion  
tissue was no ted  in  th e  seriously dam aged areas, th o u g h  a sim ultaneous 
production of fresh  infectious foci was also observed. In  m any  cases sim ilar
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F ig . 8-3. a  P a rtia l d e s tru c tio n  of th e  e p ith e lia l lining 48 h  a f te r  challenge, X 40. 
H aem a to x y lin  eosin. b V acuole w ith  le u k o c y te  fragm en ts on its  superfic ia l layer 

a f te r  72 h , X 500. H a e m a to x y lin  eosin

pathologic processes were observed in th e  mucosa of th e  u re te rs  (see Fig. 
8-2) and  also in the  renal pelvis.

In  subsequent experim ents, av iru len t o r killed shigellae an d  th e ir endo­
tox ins were in troduced  into the b lad d er of guinea pigs. Confirming the 
results of Bingel, no cystitis  developed, though  in histological sections there 
was a slight transien t accum ulation of polym orphonuclears (lasting for 24 h) 
u nder th e  epithelium  an d  a slight oedem a. The sam e phenom ena were 
evoked by  introducing sterile b ro th  in to  th e  bladder.

Thus experim ental shigella cystitis a n d  keratoconjunctiv itis have much 
in common. In  bo th  m odels parasitism  in  epithelial cells o f  the  m ucosa is 
responsible for the  dam age observed. I n  experim ents on th e  b ladder focal 
injuries conceivably connected w ith shigellae lodging a t  iso lated  areas of 
th e  epithelial lining are conspicuous . In  co n trast to  descrip tions by L etterer 
and  Seybold (1949) such epithelial in ju ries appear qu ite  soon, as early  as 
a few hours after challenge. A t the sam e tim e a leukocyte response begins. 
I t  is a t  first diffuse, because of the general irrita tion  of th e  m ucosa by  the 
bac teria l suspension in troduced  in b ro th  th en  it is s tric tly  lim ited  to  sites 
where shigellae have se ttled  in the epithelium . V esicular m ucosal lesions 
m ay be ra th e r extensive bu t, as a ru le , th ey  are confined to  the  ou ter 
surface. U nder the  ep ithelial lining o n ly  vascular d istu rbances (oedema, 
haem orrhages) are seen, which develop sim ultaneously w ith  th e  epithelial 
dam age.

F inally , it should be m entioned th a t  shigellae occasionally induce vulvo­
vagin itis in hum ans (bem ann, 1920; Teveli, 1934; Tem m e e t al., 1969). 
In  guinea pigs the  susceptib ility  of th e  vagina was observed b y  P iéchaud 
and  S zturm -R ubinsten  (1959) as well as b y  Levenbuk and  A ndreeva (1965a). 
K ash ib a  e t al. (1967) even suggested th e  use of vaginal challenge of young 
mice as a model for study ing  shigella infection.
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Sum m arizing, shigellae in troduced into the  b ladder of guinea pigs, 
p en e tra te  the  m ucosa and  gain en trance  into epithelial cells. As in th e  
cornea, shigellae usually  settle  d irec tly  in the  cytoplasnL an d  do no t p ro ­
duce any  perceptible cell dam age u n til having reached g reat num bers by  
m ultip lication. In  th e  b ladder th e  focal na tu re  of in flam m atory  changes 
of th e  m ucosa re la ted  to  its im m ediate dam age by th e  organism s are clearly 
visible. The in troduction  of apathogenic or killed shigellae and  th e ir endo­
tox in  in to  the  b lad d er evokes b u t a  slight leukocyte response sim ilar to  
th a t  induced by b ro th .

8  Voino-Yasenetsky — Bakács
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INTRANASAL CHALLENGE OF LABORATORY 
ANIMALS WITH SHIGELLAE 

(THE SHIGELLA LUNG MODEL)
by

M. K . V O IN O -Y A SE N E T SK A Y A  

a n d

M. V. V O IN O -Y A S E N E T S K Y

Air-borne infection o f animals as w ell as in tranasa l an d  in tra trachea l 
adm inistration o f m icrobial suspension in to  the  resp ira to ry  tra c t has long 
been employed in lab o ra to ry  practice. T he m ethod is m ainly used for studying 
th e  developm ent o f pneum onia induced  by  pneumococci, tuberculosis and  
certain  o ther pu lm onary  infectious diseases. A t au to p sy  of dysentery  
patien ts, focal o r lo b ar pneum onia (F ischer, 1929), occasionally w ith areas 
o f abscess which m ay  even develop in to  gangrene, are frequen tly  observed 
(Polonsky and  V oino-Yasenetsky, 1940). However, no direct relation 
has been proved betw een these com plications and  th e  p rim ary  disease and  
in m ost cases th e y  a re  though t to  be a secondary infection (Tarasova, 1958). 
Felsen (1945) described  a peculiar “ pneum onic ty p e ” o f dysentery  b u t 
his work had been based on clinical observations an d  h ad  no t been con­
firmed by bacteriological exam inations.

Thus, there seem ed to  be no sense in adm in istration  o f shigellae into 
an im al’s resp ira to ry  tra c t. However, hav ing  failed to  reproduce dysentery  
in young rabb its  b y  m eans of oral ad m in is tra tio n  (using a  b lun t needle), 
we found th a t m any  of the anim als developed focal pneum onia. In  these 
cases shigellae w ere recovered in p u re  cu ltu re from  th e  pu lm onary tissue 
(Bibinova and V oino-Y asenetskaya, 1954). These observations have shown 
th a t  (i) bacteria  adm inistered  orally  m ay  reach no t only th e  oesophagus 
b u t the trachea as well; (ii) they  do n o t perish in the  lungs b u t are capable 
o f inducing a local infectious process. This observation gave th e  idea to  
use the  lung infection as a model for s tu d y in g  certain  properties o f shigellae. 
A  special s tudy  (Voino-Yasenetskaya, 1957) dem onstra ted  th a t  th e  experi­
m ents should be m ade on w hite mice w ith  a re la tively  sm all num ber (mil­
lions) of shigellae as inoculum. Thus th e ir  fa te  in th e  body can be followed 
by  means of bacteriological and histological exam inations perform ed a t 
different stages o f th e  infection.*

* A t ab o u t th e  sam e tim e  in tran asa l cha llenge  w ith  shigellae w as also used b y  
V edm ina e t al. (1956) b u t  th e y  ad m in is te red  h ig h  num bers  o f o rgan ism s (up to  2 X Ю8) 
a n d  expressed th e  re s u lts  in  te rm s of th e  d e a th  ra te  o f th e  an im als . A v tsy n  and  B ere­
z in a  (1958), who u sed  th e  sam e m ethod  fo r s tu d y in g  th e  effect o f an tib io tic s , did n o t 
p ub lish  th e  re su lts  o f  bacterio log ic  in v es tig a tio n s .
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IN TRA N A SA L IN FE C T IO N  OF M ICE W IT H  SH IG E L L A E

E ighteen-hour b ro th  culture (0.05 ml) was in troduced u nder light e th e r  
anaesthesia  in tranasa lly  to  w hite mice weighing 12 to  14 g.

T he above volum e contained ab o u t 107 bac teria  of which approx im ate ly  
70 per cent reached th e  lungs. T he ac tu a l infecting dose was determ ined  
by m eans of pu lm onary tissue cultures tak en  im m ediately a f te r  inoculation. 
The lungs of mice killed by e th e r were finely ground w ith  1 ml of saline, 
m easured portions o f its various d ilu tions were seeded on ag ar plates, an d  
th e  colonies grown were counted. The q u an tita tiv e  assay was repeated  in  
th e  course of the  experim ent a t  certain  in tervals. Taking into consideration

F ig . 9-1. S h . sonnei (a) an d  S h . dysenteriae  2 (b) in  th e  lungs o f m ice a t  d iffe ren t- 
p e rio d s a f te r  challenge. D o ts  deno te  th e  n u m b e r o f  organ ism s in  th e  lungs o f sing le  
m ice; co n tin u o u s line, m ean  logarithm ic  va lues ch a rac te ris tic  o f periods o f th e  e x p e r i­
m e n t; d o tte d  line, d y n am ics  o f m u ltip lica tio n  o f  th e  sam e o rganism s in  liqu id  m e d iu m

(bro th )

8 *
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the inev itab ility  of individual fluctuations in the developm ent of infection, 
cultures were m ade from  not less th a n  5 killed mice each tim e. Anim als 
dying spontaneously  were exam ined separate ly .

Figure 9-1 represen ts the  results o f  tw o  experim ents on a lung model 
using a highly v iru len t Sh. sonnei s tra in  and  an alm ost non-pathogenic 
strain  of Sh. dysenteriae 2. In  the first experim ent alm ost all the  anim als 
died w ith in  24 hours, while in the second one only some mice died of chance 
complications.

The characteristic features of the  curves displaying th e  grow th (Fig. 9 -la) 
and  dea th  (Fig. 9: 16) o f shigellae in th e  lungs of mice should he no ted. In  
bo th  cases an  increased num ber of organism s were recovered from th e  lung 
tissue 3 h a fte r inoculation. W ith Sh. dysenteriae 2 th is  increase was n o t 
considerable b u t recu rred  regularly in  all sim ilar experim ents. A la te r 
decrease in th e  num ber o f organisms, u su a lly  by the  6 th  h  a fte r the beginning 
of the  experim ent, was regularly observed, independently  of the virulence 
of the organism . The difference in th e  fa te  of th e  tw o organisms becam e 
evident only later. H istological s tu d y  in  these experim ents (Voino-Yase- 
nestkv  and  Voino-Yasenetskaya, 1962a, b) explained th e  reasons of the  
above-m entioned phenom ena, and p resen ted  a certa in  am ount of ad d i­
tional evidence on th e  peculiarities o f  th e  course of experim ental shigella 
infection.

Shigellae could be revealed in eosin-azure or th ionine-stained sections 
of pulm onary tissue im m ediately a f te r  inoculation. A t first th ey  were few 
in num ber appearing as single rods m o stly  in the apical portion  of the  lung 
as well as abou t th e  hili. W ithin 3 h  th e  num ber of organism s m arkedly  
increased and  m ost of th em  rested on a lv eo la r walls. E v en  w ith the slightly

Fig. 9-2. A ccum ula tion  o f g ranu locy tes (s ta in in g  dark ) in th e  lungs 2 h (a) a n d  3 h 
(b) a fte r  challenge w ith  shigellae. G o ld m an n ’s S udan  a lp h a -n ap h th o l s ta in , X 100
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Fig . 9-3. P hagocy to s is  o f  S h . flexneri (a) an il Sh . sonnei (b) b y  leukocytes in  p u l­
m o n ary  alveoli 6 h  a f te r  challenge. A bsence o f  phagocytosis b y  m acrophage (b, r ig h t 

bo tto m ), a  T hionine, X 2000; b im p rin t, eosin a z u re , X1700

viru len t s trains of Sh. dysenteriae 2 only a sm all p a r t  of the organism s 
(10—30 per cent) were phagocytized by  m acrophages which could alw ays 
be found  ready  in pu lm onary alveoli. This som ewhat reduced bu t did n o t 
suppress bacterial m ultiplication. M ore viru lent organism s of Sh. sonnei 
were scarcely engulfed by these cells an d  showed th e  sam e growth ra te  as 
on artificial m edium  during the first hours (see Fig. 9-16).

The course was different when circulating granulocytes invaded the a lveo li. 
Leukocytes first accum ulated  in the  blood vessels a ro u n d  the  small bronchi 
(Fig. 9-2a) b u t la te r  th ey  appeared m ainly in th e  capillaries of the pu lm o­
nary  tissue (Fig. 9-2b). A pproxim ately from  the  3rd h o f the  experim ent, 
the  leukocytes g radually  em igrated from  the  blood s trea m  into the alveoli 
of apical and perih ilar portions of th e  lung where th e  b ac te ria  were s itu a ted . 
H aving reached th e  alveoli, the polym orphonuclears im m ediately s ta r te d  
to  ingest the  organism s. In  lung sections and im prin ts  a  few polym orpho­
nuclears could be found  as early as 2-3 h following th e  challenge; the phago­
cytosis reached its  clim ax in the 6 th -9 th  h, when th e  am ount of shigellae 
in the  lungs, determ ined  by cultivation, ceased to  rise an d  even dim inished 
(see Fig. 9-1).

In  th e  pu lm onary  alveoli leukocytes engulfed all shigellae including 
those m ore or less pathogenic to  mice (Fig. 9-3a, b). H ow ever, the ou tcom e 
of the  phagocytosis was different.

In  o u r experim ent an  alm ost non-pathogenic s tra in  of Sh. dysenteriae 
2 ingested by leukocytes appeared first as long or sh o rt, well-staining rods. 
A fter 9 h some o f th em  stained very  fain tly . M oreover, in the cy toplasm
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F ig . 9-4. L eu k o cy te  response in  th e  lungs (a ) a n d  unim peded b a c te r ia l g row th  in  
single alveoli (b) 9 h  a f te r  challenge w ith  S h . sonnei. a Sudan a lp h a -n a p h th o l, X 100;

b eosin  az u re , X 900

of leukocytes sm all microbial fragm en ts w ith  uneven ends were frequently  
observed. S im ultaneously w ith  th e  signs o f intracellular d igestion  of bacteria, 
th e  nuclei of leukocytes becam e considerably  deformed.

I t  should be no ted  th a t along w ith  vigorous and successfully com pleted 
phagocytosis, single organisms rem ained  free and even fo rm ed  microcolo­
nies composed o f scores of sho rt coccoid rods. By the end  o f th e  first 24 h 
bacterial counts in the lungs had  decreased significantly, so th a t  lung sections 
an d  im prints ra re ly  contained m icrobial fragm ents a f te r  ano ther 24 h. 
However, the  presence of viable shigellae ranging from  4 X Ю3 to  I X 105 
were still detec ted  in the  cultures. In  th e  epithelial cells o f th e  bronchi 
such organisms were present very  ra re ly .

The destruction  of Sh. dysenteriae 2 organism s was fa ta l fo r th e  leukocytes 
them selves; la te r  they  were engulfed b y  m acrophages or e lim ina ted  through 
th e  bronchi. Perivascular oedem a and  haem orrhage were n o ted  frequently , 
b u t were less com m on in certa in  groups o f alveoli. In  m ost mice killed on 
th e  5 th -7 th  day  of the  experim ent th e  pu lm onary  tissue p resen ted  a p rac ti­
cally norm al picture. Only sm all groups o f macrophages a b o u t th e  alveolar 
duc ts  and accum ulation of round  m ononuclear cells a b o u t some arteries 
an d  veins showed the pathologic processes th a t had tak en  place.

A pparently , bac teria  of v iru len t shigellae engulfed b y  leukocytes were 
m ost frequently  destroyed as w ell: th e y  were observed to  becom e smaller, 
as if shrinking an d  were som etim es enclosed into vacuoles. In  some o ther 
leukocytes fa irly  well preserved organism s filled the cy top lasm  and  these
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F ig . 9-5. Sm all n u m b er of d is in teg ra tin g  leu k o cy tes  in  th e  alveo li (a) w hich a re  filled  
w ith  o rgan ism s (6) 24 h a f te r  challenge, a S u d an  a lp h a -n a p h th o l, X 100; b eo sin

azu re , X 950

cells were characterized by m arked ly  deform ed nuclei (see Fig. 9-36). 
Following th e  destruction  of such a  cell, th e  released organism s were p re ­
sum ably  engulfed by o ther leukocytes. In  m any cases, however, the alveoli 
d id  no t con tain  an  adequate num ber o f leukocytes, so th a t  most o f  th e  
organism s rem ained  free.

The insufficiency of leukocyte response seemed to  be particu la rly  n o tic e ­
able w ith  a  highly  pathogenic s tra in  o f Sh. sonnei. A t th e  very  beginning  
o f these experim ents th e  polym orphonuclears slowly em igrated  from  th e  
blood vessels. A fter 6-9 h, p a r t of th e  alveoli still con tained  a  considerable 
am ount o f g ranu la r leukocytes (Fig. 9-4«). In  these alveoli most b ac te ria  
were phagocytized, while o ther alveoli (frequently  ad jacen t ones) were a lm o st 
com pletely devoid of leukocytes an d  bacterial grow th was no t h in d ered  
(Fig. 9-46). A t la te r stages th e  m igration  of leukocytes to  th e  lungs ceased 
alm ost en tire ly . Polym orphonuclears w hich had  earlier reached  the alveoli 
and  fulfilled th e ir  function d isin teg ra ted  w ithout being replaced. T h ere  
were also com paratively  few leukocytes in  th e  capillaries; th ey  were a lm o st 
absent in  oedem atous perivascular spaces and  in the lum en of the bronchi. 
G ranu lar leukocytes were som etim es on ly  seen along th e  walls of some s tro n g ­
ly  d ila ted  blood vessels (Fig. 9-5a). In  th e  same anim als bacterial m u lti­
plication was especially intensive in th e  alveoli (Fig. 9-56). The deficiency 
o f host defence could be detec ted  in som e mice as ea rly  as afte r 12 h o u rs , 
while in  o thers it was only observed la te r. However, in  th is  series o f e x ­
perim ents nearly  all the  mice died even tua lly . The ind iv idual re ac tiv ity  o f



120 М. К. VOINO-YASENETSKAYA AND М. V. VOINO-YASENETSKY

Fig. 9-6. M u ltip lica tion  o f  S h . flexneri 2 6 h  (a) S h . sonnei 9 h  (6) a n d  Sh . sonnei 12 h  
(c) a fte r  challenge, a E o sin  azure, X2200; b th io n in e , X 1400; c eosin  azure, X 310

the  animals p layed  an  essential p a rt in  experim ents w ith  less pathogenic 
strains of Sh. sonnei, Sh. flexneri 2a, Sh. flexneri 6 and  Sh. boydii. In  some 
mice the  leukocyte em igration from th e  blood vessels increased stead ily  
and, 24-48 h  a fte r th e  challenge, organism s th a t had escaped phagocytosis 
and destruction  could hard ly  be found in  th e  alveoli filled w ith exudate. 
In  o ther anim als depression of leukocy te  response occurred resulting in 
unrestrained b ac te ria l proliferation a n d  th e  death  of th e  animal.

The ab ility  to  parasitize  in epithelial cells seems to  be ano ther im portan t 
feature of v iru len t shigellae; this w as observed in in tran asa l challenge 
of white mice (Fig. 9-6a—c). The b ac te ria  w hich settled  in  th e  epithelium  of 
bronchial m ucosa appeared  to  be quite v iab le  on the basis o f  dividing form s 
found among them . T he epithelial cells seem ed to surv ive for a long tim e. 
Their nuclei freq u en tly  re ta ined  their n o rm al appearance even if the cy to ­
plasm had been densely packed with m ultip ly ing  organism s. L ate r on, how-
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ever, the  cells g radually  d isin tegrated  and  were shed, and  th e  defects ap p e a r­
ing in their place were replaced bv polymorphonuclear's.

I f  very intensive grow th of shigellae in the  alveoli and  bronchial ep ithelium  
occurred in dying or dead mice, bacterial proliferation could also be 
observed in th e  expanded perivascular areas. Though in such cases th e  
branches of lung a rte ry  were occasionally surrounded by  massive sh ea th s  
of microbial colonies, single bac te ria  were seen in regional lymph nodes 
extrem ely  rarely .

In  experim ents w ith v iru len t Shigella strains m ore serious lesions o f 
th e  lung tissues were observed, m ainly in the  form  o f vascular d isorders 
(oedema, haem orrhage). No fibrinous deposits were seen.

Outside th e  lungs an increased leukocyte count was detected  in th e  
capillary netw ork  of the kidneys and  the  liver; a breakdow n of lym phoid  
cells (especially in  th e  thym us), indicating considerable general in tox ication, 
took  place. B lood cultures from  th e  heart and  the  suspended spleen p u lp  
revealed m oderate bacteraem ia in all the  experim ents (including th o se  
w ith  apathogenic strains) d irectly  afte r inoculation. A fte r 1-3 h the b lood  
cultures were negative and th e  infectious process was lim ited  to the lungs. 
Shigellae were cu ltured  in considerable num bers from  th e  blood and  th e  
spleen of the  m aio ritv  of dead  anim als as well as im m ediately  before th e ir  
dea th .

As has been m entioned, th e  ab ility  of shigellae to  induce pneum onia 
was noted in experim ents on rab b its . Since the  experim ents required  a  
g rea t num ber of anim als, all fu r th e r observations w ere m ade on mice. 
P iéchaud  and  S zturm -R ubinsten  (1959) repeated  our first investigations 
in  experim ents w ith  in tranasal infection of guinea pigs. T he results o b ta in ed  
were less reliable, as only h a lf of the  anim als succum bed to  infection. 
H istological s tu d y  of pulm onary tissue was no t repo rted .

OBSERVATIONS ON T H E  PA TH O G EN ESIS OF E X P E R IM E N T A L  
S H IG E L L A  PNEU M O N IA

Pathological processes occurring in  the  lungs afte r in tran asa l ad m in is tra ­
tio n  of v iru lent o r av irulent shigellae m ay be regarded as pneum onia. T h e  
focal-tvpe infection develops m ostly  in the posterior regions of the u p p e r 
an d  middle portions of the lungs, i.e. where the m icrobial bulk seems to  
se ttle  after in tran asa l inoculation.* The histological changes are essentially  
sim ilar to  those observed in  o th e r types o f pneum onia especially if  th e  
sections are sta in ed  with haem atoxylin  and  eosin. H ow ever, the in te rre la ­
tio n  between shigellae and th e  various types of host cells in the lung tissue 
has ra th e r im p o rtan t peculiarities.

* Inocu la ting  m ice  w ith  aerosol th ro u g h  inha la tion  (e.g. Bordetella pertussis  -  
V oino-Y asenetsky  a n d  K hai, 1957) th e  low er (caudal) p o rtio n s o f  th e  lungs w ere m o s t 
severe ly  affected.
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First and forem ost, shigellae are able to  parasitize epithelial cells in the 
resp irato ry  trac t as w ell as on other m ucous m embranes. This ab ility  will 
be disc issed in detail a f te r  considering o th e r  models of d ysen tery  infection 
an d  its m anifestation u n d e r natural conditions. In  the lung m odel the  in te r­
action between shigellae and  phagocytizing cellular elem ents is especially 
notew orthy. This phenom enon is best observed in the  lung  because the 
inflam m atory exuda te  an d  the  agents rem a in  in the alveoli, no t being ex­
creted  as in cystitis a n d  n o t overflowing as in keratoconjunctiv itis. Cough 
reflexes which w ould resu lt in expecto ration  of the  ex u d a te  are lacking 
in mice.

As mentioned above, n o t only v iru len t shigella b u t also those which 
had  lost pathogenicity  are able to  su rv iv e  and m ultip ly  in pulm onary 
alveoli. Apparently, th e  substances m oisten ing  the alveolar surface and 
th e  protein fluid exuding  from  the blood vessels serve as a  n u trien t medium. 
Local macrophages do n o t interfere w ith  shigellae. H ow ever, these cells 
are capable of clearing th e  alveoli, of various foreign partic les and  organisms. 
T hus, staphylococci in jec ted  into the  lungs are alm ost com pletely  engulfed 
b y  alveolar m acrophages (Laehr, 1887; Vysokovich, 1889; Ilyin, 1958). 
F o r some reason, th e  sam e cells do not respond  to shigellae and  th e  defense 
aga inst these organism s is mainly accom plished by polym orphonuclears.

In  contrast to  apathogenic shigellae, v iru len t ones a re  no t always de­
stroyed  by leukocytes. As regards th e  experim ents described above, two 
possible reasons for polym orphonuclears n o t being able to  in terfere w ith the  
v iab ility  of v iru lent shigellae, m ight be suggested, (i) Phagocytosis of such 
bac teria  frequently rem ains unaccom plished, as the phagocyte itself is d e ­
stroyed . I t  seems p ro b ab le  th a t only th e  leas t virulent an d  dying organisms 
in  the  inoculum are ingested . (ii) V iru len t shigellae som ehow prevent the  
em igration of leukocytes into the alveoli. The deficiency o f  leukocyte re ­
sponse a t the in itial s tages of the infectious process deserves special mention. 
T he suppression of th is  response, which is alm ost com plete during  the  te rm i­
n a l period, is less characteristic . I t  is observed  in the  final stages of o ther 
experim ental le thal infections and is obviously  an evidence of a  dram atic 
process occurring in th e  body.

No substances inh ib itin g  chemotaxis h av e  been d e tec ted  in shigellae so 
far. There is no reason  to  connect leukocy te  suppression w ith  th e  products 
o f disintegration, i.e. endotoxins. In  ad d it ional experim ents we adm inistered

TABLE 9-1

M o rta lity  o f mice after in tra n a sa l adm inistration  
of 109 killed shigellae

M ortality rate after
S train  ----------------------------------------------

24 h I 48 h I 72 h
j I

Sh. dysenteriae 2 0 6.0 2.1
Sh. sonnei 0 14.3 j 27.5
Sh. flexneri 2 0 17.0 34.0
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F ig . 9-7. F illing  o f  p u lm o n ary  alveoli w ith  g ran u lo cy tes  24 h  (a) and  48 h (b) a f t e r  
in tra n a sa l in o cu la tio n  w ith  109 k illed  shigellae. S u d an  a lp h a-n ap h th o l. a X 10;

b X 50

* large doses (109) o f various heat-k illed  shigellae in to  th e  lungs of m ice.* 
It^w as fa ta l for som e of the anim als; Sh. sonnei an d  S h . flexneri 2 d isp layed  
higher tox icity  th a n  Sh. dysenteriae 2 (Table 9-1).

Local response to  such large doses o f antigen was pronounced. P e riv a s ­
cu lar oedema developed almost im m ediately  an d  was prom ptly  follow ed 
by  perivascular haem orrhage a f te r  which g ran u la r leukocytes accu m u ­
la ted  rap id ly  in th e  pulm onary capillaries. T hey  em igrated  into som e 
alveoli w ithin 3 h  an d  large pneum onic foci developed (Pig. 9-7«) b y  th e  
24th h  in th e  m ajo rity  of anim als. L iquid  ex u d a te  was com paratively  
scarce, b u t th e  filling of alveoli w ith  leukocytes continued  up  to  th e  e n d  
o f th e  second d ay . This was followed by  the  onset o f clearing of pu lm o n ary  
tissue, a  process frequently  lasting  for 10-20 days.

T here was no essen tial difference in  leukocyte response between v ario u s 
killed shigellae. T he m ost im portan t finding was th a t  leukocyte em igra tion  
was in  no case inh ib ited . Even in  m ice which h ad  succum bed, the p u lm o ­
n a ry  alveoli were densely filled w ith  cellular exuda te  (Pig. 9-7b).

A lthough th e  m echanism  of resistance of v iru len t shigellae to  phagocytiz- 
ing cells is no t y e t clear, there is no d o u b t th a t  th is  p ro p erty  of th e  m icro ­
organism s is o f g rea t significance in  th e  onset an d  developm ent o f th e

*,T his am o u n t co rresponds to  th e  la rg e s t num ber o f sh igellae  p resen t in th e  lu n g s  
o f  m ice in  le th a l in fec tion .
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infection. The experim ents carried ou t o n  th e  lung model enable us to  draw  
th e  following conclusion: the p a th o g en ic ity  of shigellae is due to  their 
ab ility  to  parasitize in  epithelial cells, w hile the virulence o f a  pathogenic 
s tra in  depends on th e  ex ten t of its re s is tan ce  to  phagocytes

PRACTICAL PRO BLEM S OF T H E  U SE  OF T H E  S H IG E L L A
LUNG M O D E L

In  an earlier p ap e r (Voino-Yasenetskaya, 1957) it was s ta te d  th a t Sh . 
dysenteriae 2 as well as avirulent strains o f  Sh. sonnei are p ro m p tly  destroyed 
in  th e  lungs of mice. Sh. boydii is able to  re s is t the host’s defence to  a  certain 
ex ten t bu t this p ro p e rty  is characteristic on ly  of freshly iso lated  strains and 
is lost fairly rap id ly  in  cultures grow ing on  artificial m edia. In  Sh. flexneri 
2, Sh. sonnei and  Sh. flexneri 6 (N ew castle), th e  ability  to  m u ltip ly  is more 
stab le  b u t it is lost a f te r  a certain tim e  though  the biochem ical and  sero­
logical characteristics rem ain  unchanged. I n  general, this fac t is in  conformity 
w ith th e  observations m ade during in trav esica l (Bingel, 1943a) and  con­
ju n ctiv a l (Serény, 19556) challenge o f g u in ea  pigs.

A special com parison of the keratoconj u n c tival tes t and  th e  lung model 
was m ade by K a n d y u rin a  (1970a, b). She drew  the conclusion th a t ,  while the 
results alm ost fu lly  agreed, the lung m odel perm itted  to  estab lish  a broader 
spectrum  of bac teria l virulence. The sam e conclusion was d raw n  by  Blinova
(1970). P e trovskaya  an d  Blinova (1971) te s ted  various classes of hybrids 
o f v iru len t Sh. flexneri 2a and non-pathogenic strains of E. coli using them  
in different models (keratoconj uncti v a l a n d  enteral infection of guinea 
pigs, in tranasal an d  in traperitoneal challenge of mice, infection of the  
chorionallantoic sac o f chick em bryos). T h e  in traperitoneal te s t was found 
inconclusive, th e  chick embryos could o n ly  be employed for an  approxim ate 
differentiation of th e  strains, while th e  lu n g  model, the  keratoconjunctival 
te s t w ith graded doses and  enteral challenge of starved guinea pigs (accord­
ing to  Form al e t al., 1958) yielded th e  m o s t precise results.

I t  should be po in ted  o u t th a t experim ents using the lung m odel, especially 
if  combined w ith  m orphological investigations are ra th e r laborious. In  
th is  respect th e  keratoconjunctival t e s t  is more advantageous. The in tra- 
nasal infection o f w h ite  mice may help in  solving m any p rac tica l questions 
(e.g. testing  th e  ac tio n  of a n tib io tic s -  V oino-Y asenetskaya, 1958), b u t 
th e  technique is m ost valuable in re search  on the in te rac tio n  between 
parasite  and host. In  th e  work of A vdeeva (1963, 1964), B lank  (1968, 1969), 
Ivanova  (1968), Iv a n o v a  and A vdeeva (1968), Chilingaryan (1970), B lank 
and  A vetikyan (1972) th e  lung model w as ad o p ted  and successfully em ployed 
for studying th e  im m unology of d y sen te ry  and  the eva lua tion  of shigella 
vaccine. As it will be shown later in th is  book, the in tranasa l infection of 
mice was useful fo r th e  analysis of in fec tious processes induced no t only 
b y  shigellae b u t also b y  other enteric a g e n ts  like salm onellae (see C hapter 
15) and  enteropathogenic E. coli (see C h a p te r  21).

In  conclusion, in tran asa l challenge o f  w h ite  mice w ith  shigellae results 
in th e  developm ent o f an  infectious p rocess mainly lim ited  to  the  lung
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tissue. I f  a  m oderate num ber of shigellae is adm inistered, th e  course a n d  
th e  outcom e of the  infection depend on the  virulence o f the organism ; 
th e  resu lts of the  lung m odel are in conform ity  w ith th o se  of other re liab le  
tests  (conjunctival, en tera l challenge etc.).

In  infectious processes induced by shigellae in mouse lungs, these o rg a n ­
isms exh ib it no t only th e ir capability  o f parasitism  in epithelial cells b u t  
also some im portan t peculiarities o f  th e ir  re lationship  w ith  phagocytes 
(m acrophages and polvm orphonuclears).
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ENTERAL CHALLENGE OF EXPERIMENTAL 
ANIMALS WITH SHIGELLAE

by
L. S. B E B IN O V A

C H A LLEN G E W ITHOUT P R E L IM IN A R Y  TR EA TM EN T

M any a ttem pts have been made to  re n d e r laboratory  an im als susceptible 
to  shigellae. These a ttem p ts  included adm in istra tion  o f  organisms w ith  
food, by stom ach tu b e  or direct in jec tio n  into the in tes tin a l trac t. All 
these efforts, how ever, failed to produce dysentery . N evertheless, in 1901 
Deycke described a fa ta l dysenterv-like condition in ca ts  which had been 
given food contain ing  a  large am ount o f  v iru len t shigellae. S im ilar findings 
were published by  o th e r authors (Sergeevich, 1954; B u d y lin a  et al., 1957; 
B elaya, 1958). Several series of experim ents were carried o u t by Sirotinin 
e t  al. (1958) to  com pare the susceptib ility  o f various species and  classes o f 
anim als to  d y sen tery  ranging from in v erteb ra tes  to  m onkeys. These e x ­
perim ents enabled  th em  to  place cats a f te r  monkeys on a  scale of models 
for reproducing d ysen tery . Sirotinin e t a l. (1958), as well as o ther au tho rs 
m entioned above, em phasized an obvious inconstancy o f  positive results 
in rendering k itte n s  an d  cats susceptible to  a  fatal en te ric  infection w ith  
shigellae.

Hyperaem ia, haem orrhages, oedema a n d  sm all u lcerations of the colonic 
m ucosa were observed  a t  autopsy in c a ts  th a t  died o f shigella infection. 
T he same was n o ted  by  o ther investigato rs in the m ucosa of the sm all 
intestine (Lebedeva, 1959; Khom ik, 1957)*. Sergeevich (1954) and  Lebedeva 
(1959) described d ip h th eric  colitis in ca ts . None of th e  papers m entioned 
above gave a d e ta iled  histological accoun t.

Dogs are usually  re s is tan t to  in testina l infection w ith shigellae. The only 
successful a tte m p t to  infect these an im als was th a t of Shiga (1898). A fter 
several a ttem p ts , he succeeded in p roducing  dysentery o n ly  once, by a d ­
m inistering un d ilu ted  ag ar culture of d y sen te ry  organisms in to  the stom ach; 
th is  experim ent re su lted  in a severe cond ition , with in te s tin a l lesion and  a 
high num ber of shigellae in the  in testin a l contents.

Enteric infection could  no t be, as a  ru le , caused in sm all laboratory  
anim als, m ostly m ice an d  ra ts  (Floyd a n d  H oogstral, 1954; S irotinin e t al., 
1959; Buchin et al., 1961, etc.). McGuire a n d  Floyd (1958) observed increas­
ing quantities o f shigellae in the in testina l t ra c t  and th e ir penetra tion  into

* Tt is n o tew o rth y  t h a t  non-specific in te s t in a l lesions as w ell a s  salm onellosis a re  
o ften  observed in  c a ts . A fte r  ad m in is tra tio n  o f  shigellae, th e  lesions occasionally  
develop  from  a la te n t  s ta te  to  an  acu te  one.
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blood circulation, b u t they  adm inistered  extrem ely  high doses (about 5 X 10й) 
o f Sh. flexneri 3 th rough  a stom ach tube. T h irty  per cen t o f the anim als 
succum bed to  th e  disease; th ey  had diarrhoea and d ied  24-36 h a f te r  
being infected. This repo rt d id  no t contain  histological findings. K lodn itsky  
an d  K ats  (1936) tried  to  infect ra ts , th ey  failed to  p roduce disease, b u t 
observed a long-term  carriership.

R abb its are usually  resistan t to  en teral infection, b u t a f te r  intravenous 
injection w ith living shigellae or th e ir toxin , intestinal lesions frequently  
develop. The only  description o f a  dysentery-like condition in these anim als 
comes from D o p te r and  R epaci (1910), who infected ra b b its  orally by huge 
doses of Shiga-dysentery bacilli and  observed lesions m ain ly  in the  caecum . 
On histological exam ination th ey  found ca tarrha l changes with h y p er­
secretion of glands, hyperaem ia, haem orrhages, oedem a an d  inflam m atory 
infiltration a t  th e  earliest stages of the  disease, w hereas la te r  necrosis o f 
th e  in testinal m ucosa and superficial ulcerations occurred. The organism s 
used for challenge were no t found  in sections of the  in tes tin a l wall.

I t  appears from  these investigations th a t  laborato ry  an im als are v irtu a lly  
resistan t to  dysen tery  infection; still there  m ust be som e facto rs—n o t 
identified so fa r —th a t render them  susceptible to  the agen ts. Investigators 
using very large doses were m ore successful. I t  has also been m entioned 
th a t  the  anim als were more susceptible if freshly iso lated  shigellae were 
used. Moreover, th ere  have been discrepancies in the w ay o f evaluating th e  
resu lts  of the  experim ents. In  some of th e  studies the  diagnosis of dysen tery  
was based on sym ptom s o f in testina l d isorder or findings of shigellae in 
excrem ents, although the anim als rem ained healthy. O nly a few papers 
include a more or less detailed  description of m orphological changes in 
th e  in testinal tra c t.

O ur a ttem p ts  in producing dysen tery  in cats and k itten s  by feeding th em  
Sh. flexneri suspended in m ilk (B ibinova e t al., 1960) fa iled  to  yield con­
vincing results. Sim ilarly, our first experim ents on rab b its , when we ad m in ­
istered  shigellae directly  into different p a rts  of the  in testine  (Bibinova, 
1932a, b) or o ra lly  (Bibinova e t al., 1960) were not successful either, excep t 
for a  single series.

A dult, u n trea ted  rabb its were given a  highly v iru len t strain  of Sh. 
sonnei in traduodenally , which had  been isolated from  a  p a tien t who h ad  
died  not long before the  beginning of our experim ent. T en  o u t of 11 anim als 
infected developed an acute form  of the  disease and  4 d ied during th e  
first day a f te r  th e  challenge. Six of the  rem aining 7 ra b b its  had diarrhoea 
for several days; shigellae were constan tly  found in th e ir  excrem ent. These 
rab b its  were killed a t various stages of th e  infection. I t  is w orth no ting  
th a t  during th e  first 4 days shigellae were isolated from  various parts o f  
th e  in testine o f all the  anim als an d  from  th e  blood o f some.

In  anim als th a t  died w ithin 26 h  as well as in a  ra b b it killed 24 h a f te r  
th e  infection, morphological changes occurred m ainly in th e  small intestine. 
T he following vascular d isturbances, especially severe in th e  fatal cases, 
were found: paretic  enlargem ent of th e  capillaries o f th e  mucosa w ith  
enorm ously swollen endothelium , v ast haem orrhages, throm bi in th e  
veins, oedem a o f the  m ucosa and  subm ucosa w ith an  enlargem ent of th e
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F ig . 10-1. Caecum  o f r a b b i t  26 h  a fte r  in fec tio n , a  V ast h aem o rrh ag es  in  th e  m ucosa, 
severe  oedem a in th e  su b m u co sa . H aem ato x y lin -eo sin , x  40. b P a r t ly  destroyed  c ry p t 
w ith  a  g reat n u m b er o f b a c te r ia . T hionine, X 714. c and  d  N ecrosis  o f superficial 
lay e rs  o f m ucosa w ith  a  g re a t num ber o f  sh igellae . S tained  w ith  th ion ine  (c) an d  

tre a te d  w ith  specific im m unofluo rescen t serum  (d ). X 80

cen tra l cavity of villi. A t th e  same tim e th e re  was an  in flam m atory  in filtra­
tion  of the mucosa, accum ulation of neu troph ils in cryp ts  a n d  considerable 
changes in the con ten t o f lym phoid elem ents. Lym phocytes were num erous 
b o th  in the epithelium  o f crypts and  in  th e  dilated lym ph  vessels of th e  
in testina l wall, and  an  increased ra te  o f destruction  of th ese  cells could be 
observed in P eyer’s patches and in th e  lam ina propria . T he m ost severe 
changes were revealed in  rabb its dying 26 h  after the in fection  and  exam ined 
soon afte r death. There w ere lesions n o t on ly  in the sm all in testine , b u t also 
in  the  caecum (Fig. 10-la). In  ad d itio n  to  the c ircu la to ry  disturbances 
an d  destruction of inflam m atory elem ents in the  m ucosa, there was a 
m arked  necrosis bo th  in  m ucosal superficial layers and in m an y  crypts which 
w ere invaded by a  g rea t num ber o f G ram -negative b ac te ria  (Fig. 10-16
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F ig . 10-2. Caecum  o f  r a b b i t  3 -4  d ay s a f te r  infection, a N ecrosis o f sp iral va lve  to p , 
o edem a an d  in flam m ato ry  in filtra tion  o f  m ucosa  and  su b m u co sa , b U lcer o f caecum , 

o edem a and  in f lam m ato ry  in f iltra tio n  o f  subm ucosa. H aem atoxy lin -eosin , X 60

an d  c). In  supplem entary  investigations* these b ac te ria  showed a  specific 
fluorescence after tre a tm e n t w ith  fluorescent gam m a-globulin  against Sh. 
sonnei (Fig. 10-Id).

* F o r  these  in v es tiga tions, carried  o u t  to g e th e r w ith  D r. K h a v k in , we used m a te r ia l 
em b ed d ed  in  paraffin  6 y ea rs  earlier.

9  Voino-Yasenetsky — Bak ács
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F ig . 10-3. Shigellae in  th e  ep ith e lia l cells o f  superficial layers o f  th e  m ucosa (a, b) 
a n d  c ry p ts  (c, d) o f th e  r a b b i t  caecum , a, c S ta in e d  w ith  th io n in e ; b, d  t re a te d  w ith  

specific  im m unofluorescen t serum . X 980

In  rabbits sacrificed 3—4 days after th e  infection the  sm all in testine ap­
peared  almost unchanged, b u t in the  caecum  and  in the  p rox im al portion of 
th e  colon there was a  strong  inflam m atory  reaction w ith  focal necrosis 
on th e  top of the  sp ira l valve (Fig. 10-2«) and  num erous superficial and 
deep ulcerations (Fig. 10—26); th e  lum en  o f some veins was filled with 
fibrin throm bi. Along th e  margins of erosions and in th e  walls of partly  
destroyed  crypts of th ese  rabb its  we observed  num erous rod-shaped  bacteria, 
a rranged  inside th e  ep ithelia l cells an d  showing brigh t fluorescence after 
tre a tm e n t with specific antibodies (Fig. 10-3«-d). Shigellae were phagocy- 
tized  in great num bers b y  leukocytes especially  a t  the b o tto m  o f the  ulcer­
ous defects, and in th e  preserved in te s tin a l epithelium  as well. In  the 
lam ina propria b ac te ria  were rarely seen an d  they  were m ain ly  inside the
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leukocytes. A t la te r  stages of th e  infection (10 and  14 days) the anim als 
hard ly  exhibited  an y  intestinal pathological signs and , by th is tim e, th ey  
show ed no clinical sym ptom s either.

The d a ta  described above show th a t  some very v iru len t strains of shigel- 
lae freshly isolated from  m an are able to  produce en teric  disease in rab b its  
w ith o u t any  p re trea tm en t of the  anim als. I t  is w orth  no ting  th a t the high 
degree of virulence is n o t stable an d  decreases very rap id ly : our subsequent 
a ttem p ts  to  rep ea t th e  experim ent w ith  the  same s tra in  failed, although 
th is  w ould have been necessary since it  was very difficult to  ob tain  conclusive 
resu lts due to  post-m ortem  alterations.

T he character an d  localization of in testinal changes in infected rab b its  
(especially in those killed on the 3 rd -4 th  day of the  illness) closely resem ble 
th e  m ild forms of dysenteric colitis in  m an and m onkeys (see C hapters 
11 an d  12). A t th e  sam e tim e, a strik in g  resem blance o f some histological 
findings (circulatory disturbances, necrosis in the  area  o f th e  spiral valve) 
ex ists between these experim ents a n d  those in w hich rab b its  were given 
p aren tera lly  viable an d  killed shigellae or their tox in  (D oerr, 1907; B ibinova, 
1932«, b: L etterer, 1944, etc.).

R ecen tly  Ogawa an d  N akam ura (19696) have rep o rted  on successful 
infection of rab b its  w ith  shigellae. T hey  introduced b ac te ria  into an isolated  
segm ent of the  colon afte r having em ptied  its con ten ts b y  washing. A clip 
a t  th e  d ista l p a r t o f  th e  ligated colon loop was rem oved before th e  challenge, 
and  5 h afte r th e  inoculation of Sh. flexneri 2a suspension the  clip a t  th e  
proxim al p a r t w as also removed. T he animals show ed bloody m ucous 
d iarrhoea for 3—4 days after inoculation and  4 ou t o f  th e  18 rabbits died 
w ith in  2 days. H istological exam ination  of these an im als and  of 5 o thers 
w ith  acu te disease killed a t the  sam e tim e, revealed ca ta rrha l p u ru len t 
colitis accom panied by  form ation o f microulcers an d  abscesses in th e  
cryp ts . Sh. flexneri was dem onstrated  by  means of th e  fluorescent an tibody  
techn ique in the  region of ulcers an d  inside the ep ithelial cells. The in testine 
o f th e  rest of th e  anim als killed 5—7 days after th e  infection was alm ost 
unchanged, b u t som e of th e  ep ithelial cells contained shigellae. (For th e  
descrip tion  of sim ilar experim ents on isolated segm ents o f th e  small in testine 
see C hap ter 22.)

In  th e  opinion of som e authors, d y sen tery  infection w ith  intestinal lesions 
can be produced by  subcutaneous (V aillard and D opter, 1903) intravenous 
(Besredka, 1925) or subconjunctival (Morgunov e t al., 1963) adm inistration  
of shigellae into lab o ra to ry  animals. Shiga (1898), B rauer-E ppendorf (1922), 
A livisatos and Y ovanovic (1926) claim ed to  have cu ltu red  dysentery bacilli 
from  th e  in testinal con ten ts afte r m assive paren tera l adm inistration . A long 
w ith  o th er au thors we failed to confirm  these findings in  sim ilar experim ents 
(B ibinova, 1932).

9 *



SPECIA L M ETHODS OE E N T E R A L  CHALLENGE O F ANIMALS
W ITH S H IG E L L A E

As has been m entioned in C hapter 3, p re trea tm en t reducing  the  host’s 
resistance m ay render animals sensitive to  experim ental dysen tery  infec­
tion. The technique o f Form al et al. (1958, 1959), which is a  modification 
o f th e  m ethod used by  K och (1885) a n d  K azarinov (1904) m uch earlier, is 
th e  one most frequen tly  employed.

Guinea pigs are e ith e r deprived of food  for 4 days or in jec ted  subcutane­
ously w ith 0.15 ml carbon  tetrach loride 24 to  48 h before challenge. Three 
hours before th e  challenge, 125 mg calcium  bicarbonate is in troduced  into 
th e  stom ach in 5 m l d istilled  water, an d  1 m l of tincture o f op ium  is injected 
in traperitoneally  im m ediately  or 0 .5-1  h afte r infection. F o r challenge 
Ю6—107 bacteria are in troduced into th e  stom ach by m eans o f a stom ach 
tu b e; th is dose produces an  acute disease no t infrequently  becoming fa ta l 
w ith in  1-2 days.

Form al et al. (1958, 1959) only p erfo rm ed  routine histological investiga­
tions m ainly in anim als th a t  died o f th e  infection. A t ea rly  stages they  
found inflam m atory changes, focal p u n c ta te  necroses in th e  ileum and 
ra th e r vast ulcerations in the caecum. In  anim als th a t  h ad  e ith e r died or 
been killed w ith in  2 -4  days afte r th e  infection there w ere no changes 
in th e  small in testine, b u t lesions in th e  caecum and  colon w ere m ore profound 
an d  extensive th an  earlier. Shigellae w ere frequently  found in th e  intestinal 
contents.

L ater, using th e  m icrotom e cryosta t an d  fluorescent a n tib o d y  technique, 
LaB rec and F orm al (1961) detected  shigellae in tissue sections from the  
in testina l wall of guinea pigs th a t  d ied  o f the  infection o r were killed a t 
an  early  stage. Shigellae were present n o t  only in the  in tes tin a l lumen, b u t 
also in the wall, especially in ulcerous regions of the m ucosa. H aving found 
shigellae in the  lam ina propria close to  th e  unchanged epithelium , the  authors 
concluded th a t  th e  organism s m ultip lied  there  having p en e tra te d  through 
the  epithelial cells o r between them . T h e  authors associa ted  th e  d estru c­
tio n  o f epithelium  an d  form ation o f u lcers w ith the  effect o f endotoxin 
accum ulating in th e  m ucosa beneath  th e  epithelium , as a re su lt of a partia l 
destruction  of b ac te ria  (see also F o rm al e t  al., 1965d).

Meanwhile it was show n th a t in d y sen te ry  infection p roduced  in monkeys, 
shigellae failed to  invade th e  lam ina p ro p ria  bu t grew in th e  epithelial cells 
o f th e  mucosa (Voino-Yasenetsky, 1963; Voino-Yasenetsky an d  K havkin, 
1964). There is no reason to  assum e th a t  dysentery in fection  in guinea 
pigs differs from  th a t  in monkeys, especially  in view o f th e  fact th a t  in 
m any different m odel experim ents, described in th e  previous chapters, 
shigellae exhibited  a  peculiar ab ility  to  parasitize cells o f th e  epithelial 
type.

W e repeated  th e  experim ents of F o rm al e t al. (1958, 1959). In  addition, 
when studying th e  localization of shigellae in the in testin a l wall, we care­
fully com pared th e  resu lts obtained b y  fluorescent an tib o d y  technique and  
ligh t microscopy. T he sam e places of th e  sections, first tre a te d  b y  th e  m ethod 
o f Coons (1958) an d  th en  stained w ith  th ion ine or according to  Leishm an’s

132 L. S. B IBIN O V A
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Fig . 10-4. U lcer o f gu inea  p ig  caecum  w ith  shigella colonies in  necro tic  tissue  24 h  
a f te r  in fec tion , a S ta ined  w ith  th ion ine ; b tr e a te d  w ith  specific im m unofluorescen t

se rum . X 100

technique, were exam ined under fluorescent and ligh t microscope. W ith  
th is m ethod  the  localization of G ram -negative bacteria in  the  tissue could  
be estab lished  more precisely. W e investigated  only fresh  m aterial th a t  
had been obtained  from  anim als sacrificed a t various stages of the in fection 
in order to  exclude any  post-m ortem  changes and m ultip lication  of b ac te ria  
in tissues o f dead anim als.

T he resu lts  of our experim ents, ca rried  ou t on 100 guinea pigs, generally  
agreed w ith  those of Form al et al. (1958, 1959, 1965d) described above. 
A nim als deprived of food for 4 days fell ill after in troducing  into th e ir  
stom ach (the contents o f which were previously neutralized) 1 X 107-5  X Ю7 
cells o f Sh. flexneri or Sh. sonnei\ th en  tin c tu re  of opium  was injected in tra -  
peritoneally  to  suppress intestinal peristalsis. P art o f th e  infected gu inea 
pigs d ied  w ithin 1-2 days, the o th e rs  showed a g radual im provem ent 
from  th e  3rd day on, and  finally fu lly  recovered. H istological and m icro­
biological findings in dead  anim als a n d  in those k illed  a t  3, 6 and 18 h 
and  1, 2, 3, 4 and 6 days afte r infection, confirmed th e  d a ta  of LaBrec an d  
F orm al (1961).*

O ur microscopic in v estig a tio n —like those of F o rm al (Form al et al., 
1958, 1959, 1963a, 6, 1965d, LaB rec a n d  Formal, 1961) revealed ac u te  
enterocolitis w ith severe lesions in th e  ileum on th e  1st day; changes in 
the  caecum  and in the  proxim al p a r t  o f  the  colon occurred  later. In  th e  
ileum th ere  were very sm all erosions a n d  ulcers as well as aggregation of 
polym orphonuclear leukocytes in c ry p ts  in the area o f P ever’s patches. 
This la t te r  finding indicated  abscess form ation as a re su lt of d estru c tio n  
of th e  c ryp ts. In  the  caecum more ex tensive defects o f  th e  mucosa w ere 
observed, which were covered w ith  m em braneous depositions, consisting 
of leukocytes, ery throcytes, am orphous protein masses an d  tissue debris.

* T he  o n ly  difference w as th a t  in  o u r se rie s  shigellae, e spec ia lly  Sh. sonnei, w ere  
occasionally  cu ltu red  n o t o n ly  from  th e  in te s tin e , b u t also fro m  th e  m esenteric ly m p h  
nodes, b lood , liver and  spleen.
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F ig . 10-5 a and  b. S h igellae  in  epithelial cells o f  g u in e a  pig caecum  24 h  a fte r  infection .
T hionine, X 980

Like Form al an d  his co-workers, we also found  a g reat num ber of shigellae 
in  the  intestinal lum en  and their accum ulation  in necro tic  debris in th e  
area  of ulcerous defects (Fig. 10-4«, b). T h e  lam ina p ro p ria  of the caecal 
m ucosa showed th e  presence of few b ac te ria ; th ey  were, as a  rule, phagocy- 
tized  by leukocytes o r occasionally b y  m acrophages. In  co n tra st, surface 
epithelial cells a t  th e  edges of erosion sites a n d  ulcers as well as th e  epithelium  
o f partly  destroyed c ry p ts  contained large  num bers of b ac te ria  (Fig. 10-5«, 
b) which becam e b rig h tly  fluorescent a f te r  using specific immune sera. 
Dividing shigellae w ere dem onstrated  in  th e  cytoplasm  o f  th e  epithelial 
cells. Some of th e  epit helial cells contain ing bac teria  were som etim es norm al 
in  appearance, b u t  frequently  d isp layed  som e signs o f degeneration. In  
th e  necrotic tissue, a t  th e  base of ulcers a n d  in the lum en o f the intestine, 
desquam ated ep ithelia l cells overfilled w ith  shigellae w ere often found. 
T hey constantly  ap p eared  inside the  leukocy tes, bu t th e ir  fluorescence was 
n o t so bright as u su a l; the  antigenic m a te ria l in the leukocytes appeared 
as fluorescent clum ps.

Thus, shigellae in  gu inea pigs, as in m onkeys and rab b its , do invade th e  
epithelial cells of th e  intestinal wall, b u t  do no t settle in  tissues under th e  
epithelial lining. L arge  num bers of shigellae in the  lam ina p ropria  can only
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be detected  in dead  anim als. Obviously, however, p en e tra tio n  of b ac te ria  
into circulation is also possible in living infected anim als. In  some guinea 
pigs sacrificed on th e  3rd—4th  day  of the  illness shigellae w ere found in th e  
lym phatics of th e  in testina l wall (in th e  area of deep ulcerous defects o f  
th e  caecum) and  som etim es in the  regional lym ph nodes, b u t w ithout a n y  
signs of m ultiplication.

MICROSCOPIC CHANGES IN  T H E  IN T E S T IN E  INDUCED 
BY E N T E R A L L Y  A D M IN IST E R E D  D Y SE N T E R Y  EN D O TO X IN

In  view of th e  discovery of the  in traep ithelial p a rasitism  of shigellae, 
earlier suggestions concerning the pathogenesis of d y sen te ry  (see C h ap ter 
12) should be revised. The m ultip lication of bacteria in  th e  epithelial lay e r 
of intestinal m ucosa as well as the  subsequent dea th  o f dam aged epithelial 
cells and form ation of ulcers are certain ly  o f g reat significance for the d ev e l­
opm ent of th e  illness. The question arises w hether th e  absorption of to x ic  
substances produced by shigellae only occurs when th e  epithelial lay e r 
is dam aged. This problem  has no t so fa r  been fully solved. E xperim ental 
anim als can endure, w ithout any noticeable consequences, th e  in troduction 
of great num bers of killed Sh. dysenteriae 1 bacteria o r th e ir  toxins in to  
the  in testinal t ra c t  (Doerr, 1907; E lexner and  Sweet, 1906; B ranham  e t  
al., 1949, etc.). Only D um as and  Combiesco (1922) rep o rted  positive resu lts  
in sim ilar experim ents. I t  has been suggested th a t th e  in testinal b a rrie r  
is im perm eable to  the  large molecules of dysen tery  endotoxin (Clark, 
1959; and others). Sanford and  Noyes (1958), who adm inistered 51Cr- 
labelled E. coli endotoxin  to  dogs, observed no ab so rp tio n  through th e  
in testinal wall. L e tte re r (1944, 1949) observed neither clinical illness n o r 
in testinal lesions in mice a fte r en teral adm in istra tion  o f  20 lethal doses o f  
Sh. flexneri endotoxin ; Form al (cit. LaB rec e t al., 1964) fed  huge doses o f 
acetone-killed and  dried Sh. flexneri to  m onkeys for a  m o n th , bu t failed to  
record any sym ptom s.

I t  is well know n, however, th a t  young children m ay  die on the  firs t 
day  of shigella infection, showing signs of severe in tox ication , w ithout, 
however, any  in testina l sym ptom s. G uinea pigs and  rab b its  often d ied  
w ithin several hours a fte r en tera l infection w ith  Sh. flexneri and Sh. sonnei, 
before in testinal lesions developed. H istological exam ination  of th ese  
anim als (and o f those killed soon afte r infection) revealed fresh  inflam m atory 
changes in th e  in testina l wall (vascular disturbances, leukocytic in filtra ­
tion) bu t an  in tac t epithelial layer. D uring th is  period single shigellae w ere 
dem onstrated  w ith in  some epithelial cells.

R avin  and  F ine (1962) proved the possib ility  of E. coli endotoxin ab so rp ­
tion  from the  in testine a f te r  enteral adm in istra tion  o f these bacteria to  
coliform-free rab b its . Grys (1966) in troduced  E. coli endotoxin  en tera lly  
in to  sheep and, using the  im m unofluorescent and rad iograph ic techn iques, 
detected  it in th e  surface epithelial cells o f th e  in testine as well as in th e  
blood and in tern a l organs. There is no d irec t proof as to  th e  absorption o f 
dysentery  endotoxin  from  th e  intestine. N evertheless, U ndritsov (1955)
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found  Sh. flexneri endo tox in  in th e  b lo o d  of dogs 30 m in  afte r en tera l 
adm in istration  of h ea ted  vaccine p rep ared  from  the corresponding bacteria . 
Going and K eiser (1966) fed large a m o u n ts  of Sh. flexneri endotoxin (200 
to  1000 mg) to  dogs an d  observed the  developm ent of a  sh o rt- te rm  diarrhoea 
in  h a lf of the  anim als; th e y  perform ed no  histological investigations. Ogawa 
an d  N akam ura (1969a) observed v ascu la r disturbances a n d  inflam m atory 
changes in ligated colon segment of im m unized  rabb its a f te r  injection of 
an  ex trac t of u ltrason ica lly  killed Sh. flexneri 2a cu ltu re . There were no 
changes after in jecting heat-killed shigellae.

I t  would appear th a t  th e  intestinal b a r r ie r  is not abso lu te ly  im perm eable 
to  toxic substances w hich are accum ula ted  in the in tes tin a l lum en due to  
th e  presence of shigellae. I t  is very likely  th a t  under ce rta in  conditions th is 
b a rrie r m ay be broken  down.

A nim al experim ents have shown th a t  one of the m ain factors reducing 
th e  resistance to  d y sen tery  is long-term  fasting. Form al e t  al. (1960) dem ­
o n stra ted  th a t fasting  dam aged th e  detoxifying func tion  of the  liver 
resu lting  in increased sensitivity  to  endotoxin . P resum ab ly , long-term  
fasting  weakens th e  in testin a l barrier w ith  th e  result o f a n  easier p en e tra ­
tio n  of pathogenic agen ts  and their to x ic  breakdown p ro d u c ts  into th e  
in testina l wall. T here are some d a ta  indicating th a t fasting  lessens th e  
resistance of th e  in testin a l epithelium  to  lesions (W iebecke e t al., 1969) 
an d  th a t th e  endotoxin  of G ram -negative bacteria in itse lf  increases th e  
perm eability  of th e  in testin a l wall (Sviridova, 1965).

LaB rec and F orm al (1961) failed to  detec t soluble b ac te ria l antigens 
in  th e  organs o f fasting  guinea pigs in fected  with Sh. flexneri 2a. T hey  
suggested th a t  th e  p ro d u c t might have been  present in  am o u n ts  no t d e tec t­
able w ith the techn ique th ey  used. B esides, they  infected th e  fasting guinea 
pigs enterally w ith m uch  larger doses o f  killed organism s th an  th ey  used 
o f living bacteria. T h ey  reported  m erely  th a t  shigellae fa iled  to  p en e tra te  
th e  in testinal wall an d  no ulcerous d efec ts  developed. T h u s  it  is no t clear 
w hether the infected anim als fell ill a n d  w hether or no t som e other changes 
h a d  occurred in th e ir intestine.

W e tried  to  o b ta in  indirect ev idence b y  histological investigation of 
th e  in testinal wall and. in terna l organs o f  th e  animals w hich, after a  long 
fasting, were given in jections of d y sen te ry  endotoxin (com plete Sh. flexneri 
an tigen  prepared by  th e  m ethod of T o p ley  and  R aistrick) in to  the  stom ach.

Control (non-fasting) guinea pigs w eighing 350-550 g easily endured  
th e  in troduction of large doses (200—500 mg) of d y sen te ry  endotoxin. 
H istological exam ination , however, rev ea led  changes in  th e  wall of th e  
sm all intestine. T hree h  a fte r the in jection  desquam ation o f  surface epithelial 
cells of the villi was seen (Fig. I0-6a) as well as leukocytic infiltration in 
th e  P eyer’s patches, m ucosa and subm ucosal tissue (Fig. 10-66), d isin te­
gra tion  of th e  leukocytes and  their re m o v a l into the  c ry p ts  and  lum en of 
th e  intestine. An accum ulation of leukocy tes was also seen in th e  liver 
capillaries. These changes were only o bserved  within one d ay  after th e  b e ­
ginning of the  experim ent.

E q u al doses o f endotoxin  given to  gu inea pigs th a t  h a d  been fasting 
for 4 days, after th e  u su a l neu tra lization  o f  th e  gastric ju ice and  suppression
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F ig . 10-6. C hanges in  th e  m ucosa o f th e  sm all in te stin e  o f n o n -fa s tin g  guinea p ig s 3 h  
(a) and  8 h  (6) a f te r  endo tox in  ad m in is tra tio n . H aem ato x y lin -eo sin , a X240; b X 470
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F ig . 10-7. C hanges in  th e  w all o f the caecu m  o f  fasting  guinea p ig s  a f te r  endo tox in  
ad m in is tra tio n , a T h ro m b u s in  vein of th e  su b m u c o sa  after 18 h . H aem atoxy lin -eosin , 
X 470. A b u n d an t leu k o cy tic  in filtra tion  o f th e  su rfa c e  m ucosa a f te r  3 h  (b) and  P e y e r’s 
p a tc h  a f te r  9 h  (c). d  A dhesion  of leu k o cy tes  t o  th e  connective tissu e  fibres o f  th e  
subm ucosa  a f te r  24 h . G o ld m an n ’s Sudan a lp h a -n a p h th o l sta in ing , b, с X 116; d  X 240

of peristalsis by  opiate, caused the d e a th  o f  14 out of 82 anim als. The rest, 
being a t first inactive a n d  torpid, becam e fully norm al w ith in  1-2 days. 
In  th e  anim als of th is  group, histological exam ination show ed more intense 
changes in th e  in testin e  th an  found in co n tro l guinea pigs given endotoxin 
w ithou t any p re trea tm en t. In  the sm all in testine  and caecum  th e  following
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■vascular lesions were seen: hyperaem ia, oedem a o f th e  in testinal wall, 
haem orrhages into th e  follicles o f P eyer’s patches an d  the  subm ucosal 
tissue and  occasionally vascular throm bosis (Fig- 10-7a). Leukocytic 
in filtration  of th e  m ucosa was especially m arked in  P e y e r’s patches w here 
leukocytes were degranu lated  an d  destroyed. A pronounced  accum ulation 
o f these cells was found  in th e  cry p ts  adjoining th e  pa tches and  in th e  in tes­
tin a l lum en (Fig. 10-76, c). In  som e anim als leukocytes obstructed  th e  
cap illarly  lum en an d  accum ulated  in great num bers in th e  superficial 
layers o f the mucosa, form ing erosions. In  others, th e  em igration of leuko­
cy tes was delayed; these cells d isplayed signs of increased viscosity a n d  
accum ulated  beneath  th e  endothelium  o f some blood vessels forming clusters 
o f  cells in the  lum en o f veins o f th e  in testinal wall an d  liver. In  these a n i­
m als there  were also large aggregations of leukocytes along th e  connective 
tissue fibres giving an extrem ely  characteristic p ictu re in specimens sta in ed  
w ith  G oldm ann’s technique (Fig. 10-7/7). Some anim als show ed even m inu te  
ulcerations in th e  region of P ey er’s patches of th e  caecum . On the  surface 
o f  these ulcerations there  was a  m ixed although n o t ab u n d an t b ac te ria l 
population. Soon (3 h) afte r endotoxin  adm in istra tion  changes in th e  
in testina l epithelium  could be observed both  in p re trea ted  and  u n trea ted  
anim als. The epithelium  becam e loose, uneven an d  displayed signs o f  
desquam ation. Three to  four days afte r the  beginning o f th e  experim ent 
th e  in testinal t ra c t  of th e  m ajo rity  of the  anim als was practically  free 
from  any  lesions. B u t in one o f th e  guinea pigs th a t  died afte r 3 days th e re  
was acu te fibrinous-purulent colitis which developed as a  consequence o f  
add itional staphylococcal infection.

Histological changes described above seemingly indicate endotoxin  
absorp tion  from th e  in testinal lum en. They developed soon after the  ad m in ­
is tra tio n  of the endotoxin and  were o f a tran sien t character. We fa iled  
to  observe these changes in con tro l fasting anim als* an d  in guinea pigs 
th a t  obtained noth ing  b u t b ro th  afte r fasting. T he absorbed endo tox in  
p robab ly  enters th e  blood stream , as shown by th e  sym ptom s of in to x i­
ca tion  (which m ay be lethal) as well as by vascular changes and  histological 
signs o f a general in toxication, i.e. accum ulation o f leukocytes in th e  
capillaries of in te rna l organs an d  increased d estruc tion  of lym phocytes 
in lym phoid tissues (Delaunay, 1953; B ibinova an d  P an o v a , 1958; H u b en ­
stein  e t ah, 1962).

T he experim ents failed to  solve th e  problem  o f th e  role of endo tox in  
in  th e  course of dysen tery  infection. The objection m ight be raised th a t  th e  
dose o f endotoxin adm inistered  in our experim ents was too  high. H ow ever, 
such a high dose is p robably  necessary to  overcome th e  resistance o f th e  
in testin a l barrier an d  th e  defensive reactions o f th e  host. I t  is also possible 
th a t  even more ac tive toxic substances are released in  th e  in testinal t r a c t  
during  dysentery  infection. T he resu lts obtained show th a t  dysentery  en d o ­

* U sing  electron m icroscopy  T ak eu ch i e t  al. (1965) revealed  o n ly  insign ifican t ch an g es  
in  fa s tin g  guinea p igs. T he n u m b er o f  cells in th e  lam in a  p ro p r ia  decreased r a th e r  
th a n  increased.
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to x in  (evidently also o th e r endotoxins) can be absorbed b y  th e  in testinal 
w all when its concen tra tion  in the  lum en  is sufficiently high.

Thus, even when using  highly v iru len t organisms, positive results cannot 
be expected from th e  en te ra l challenge o f  laborato ry  anim als w ith  shigellae 
w ith o u t p re treatm en t o f th e  animals. Tollo wing p re trea tm en t of guinea 
pigs according to  F o rm a l’s technique experim ental d ysen tery  infection 
accom panied by charac te ristic  lesions in  th e  intestines develops. Shigellae 
invade and parasitize th e  epithelial cells o f  th e  in testina l mucosa. Fasting 
an d  suppression of in te s tin a l peristalsis increase th e  perm eab ility  of the  
in testinal mucosa to  to x ic  substances o f shigellae.
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DYSENTERY IN MONKEYS
by

M. V. V O IN O -Y A SE N E T SK Y

In  con trast to  o th er anim als, m onkeys con tract d y sen te ry  spontaneously  
w ithou t any  help of the investigator. I t  is not know n how often it occu rs 
u n d er n a tu ra l conditions, b u t th e  incidence of shigella infection am ong  
m onkeys kep t in breeding farm s or an im al houses is v e ry  high (Lapin, 1961; 
L apin  and  Y akovleva, 1960, 1963). A t th e  same tim e, artific ial inoculation  
w ith  shigellae is fa r from  being invariab ly  successful.

T ro itsky  (1958a, b), sum m arizing num erous con tribu tions from th e  
In s ti tu te  of E xperim ental P athology  an d  Therapy o f th e  USSR A cadem y 
o f Medical Sciences a t Sukhum i, a ttr ib u te d  the fa ilu res to  infect o ra lly  
m onkeys artificially  w ith Sh. flexneri to  im m unity induced  by their v e ry  
frequen t and  alm ost sym ptom less carriership  of th e  organisms. F eed ing  
Sh. sonnei gives m ore uniform  b u t, as reported  by T ak a sak a  et al. (1969), 
a t  tim es negative results. N evertheless, monkeys are u sed  in experim ental 
studies ra th e r widely, m ainly in search fo r m ethods of im m unization ag a in s t 
dysentery . S tudies on spontaneously  affected or artific ia lly  inocu lated  
m onkeys have provided valuable inform ation  on the  pathogenesis of d y se n ­
te ry  infections.

In  m onkeys th e  disease runs a  course very sim ilar to  th a t of h u m an  
dysentery . Y akovleva (1958a, b, c), an d  L apin and Y akovleva (1960, 1963) 
have also no ted  th e  resem blance of microscopic in testina l lesions.

Among th e ir large num ber o f cases (582) these au th o rs  observed th e  
sam e forms o f colitis from ca ta rrh a l to  d ip h th eritic  and  ulcerative — 
as described in hum an dysentery . In  agreem ent w ith  m any pathologists 
who stud ied  dysenteric lesions in hum ans, Lapin a n d  Y akovleva consider 
desquam ative m ucous ca ta rrh  to  be th e  m ildest in testin a l lesions. H isto log ­
ically it appears m ainly as sep ara tio n  and dea th  o f  th e  mucous m em ­
brane epithelium , against th e  background of an  enhanced  secretion. T h e  
m ucous m em brane m ay be destroyed  in  places, the  sm all defects being filled  
w ith  exudate containing leukocytes. W hen the lesions are more severe , 
th e  process assum es the  form  of a  m uco-purulent inflam m ation, or of d ip h ­
th eritic  colitis w ith  deep necrosis o f th e  mucous m em brane, considerable 
leukocyte infiltration of destroyed tissues and oedem a o f the  subm ucosa. 
In  ra re  cases th e  m ain featu re is necrosis w ith  slight cellu lar response. F i ­
nally , when th e  disease has run  a  p ro trac ted  course, u lcera tiv e  defects t e n d  
to  clear up  w ith  epithelial repair; som e abnorm alities in  th e  s tru c tu re  o f  
th e  m ucous m em brane m ay persist a f te r  term ination  o f th e  inflam m atory
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reaction w ith a  ten d en cy  to  recurrence a t  places. As in  hum ans, th e  
lesions in m onkeys a re  non-uniform; polym orphous changes m ay appear 
in different p a r ts  of th e  sam e bowel segm en t.

Lapin and Y akovleva d id  not in v estig a te  the direct p a r t  p layed by shi- 
gellae in the developm ent of these lesions. Besides, they s tu d ied  anim als th a t  
h ad  died in th e  course of th e  disease, so th a t  pathologic in testin a l lesions 
m ight well have been  accom panied b y  post-m ortem  changes, tending to  
develop very rap id ly . O ther investigators sacrificed m onkeys affected w ith  
dysentery  and  stu d ied  th e ir  organs im m ed ia te ly  afte r d e a th  (Voino-Yase- 
netsky , 1963, 19666; Voino-Yasenetsky a n d  K havkin, 1964; LaB rec e t al., 
1964; Levenbuk an d  A ndreeva, 19656; O gaw a et al., 1966a; Form al e t a l., 
1966a, 6; Sergeev e t  a l., 1968; Takeuchi e t  a l., 1968; L evenbuk  et al., 1970; 
Ogawa, 1970); these investigations p ro v id ed  more d a ta  th a n  the above- 
described findings. A n im portan t ad v an ce  in  this d irec tion  is due to  th e  
use of Coons’ im m unofluorescent m ethod  w hereby shigellae m ay be dem on­
s tra ted  electively w ith in  th e  affected tissues.

In  histological p repara tions shigellae s ta in  well w ith b asic  aniline dyes, 
particu larly  w ith  th ion ine (not all b rands, however, are reliable) and azure, 
which is one of th e  com ponents of various modifications o f th e  R om anovsky 
dye (Giemsa, L eishm an and  others). G ood, b u t ra th e r in co n stan t results 
are  obtained w ith  th e  PAS-reaction, dem onstra ting  th e  w all and the  so- 
called polar bodies o f bacteria. A ntigenic substances o f shigellae are p re ­
served after form alin  fixation and paraffin  embedding o f  th e  specimens. 
Therefore, rou tine paraffin  sections as w ell as cryosta t sections m ay be 
used  successfully fo r Coon’s fluorescent an tibody  m ethod .

Our own studies m entioned above w ere  based on investigation  of th e  
in testine and o th er organs of 15 Macaca rhesus monkeys th a t  h ad  contracted  
dysentery  caused b y  Sh. flexneri 4b an d , a s  a  comparison, those  of 8 n o r­
m al animals, or anim als w ith  diarrhoea cau sed  by other agen ts .

Six out of th e  15 m onkeys w ith d y se n te ry  were found  to  have overt 
colitis appearing as a  thickening o f  th e  in testinal wall, w ith  a red an d  
swollen mucous m em brane coated w ith  o p aq u e  sanguineous fluid; a t places 
a  greenish w hite o r g rey  layer of exudate  w as also seen in  4 anim als. In  one 
o f these monkeys th e  m ucous m em brane o f  th e  descending colon, sigmoid 
an d  rectum  was a lm ost uniform ly co a te d  w ith  1.5-2 m m  th ick  films o f 
resilient consistency. A n o th er 5 anim als h a d  mild colitis; in  these anim als, 
i t  resembled th a t  o f th e  morphological p ic tu re  seen now adays a t  autopsy in 
children after a  p ro tra c ted  course of d y sen te ry : a sm ooth surface of pink 
o r greyish pink m ucosa, a few superficial erosions or sm all ulcers. F inally , 
in  4 of the m onkeys th e  in testine was a lm o s t normal in appearance.

In  healthy  m onkeys th e  colonic m ucous m em brane has a  s tru c tu re  sim i­
la r  to  th a t in m an. I ts  lam ina propria is  relatively poor in  cells with few 
granu lar leukocytes occurring m ainly in  basal parts o f th e  mucosa. In  
cases of non-dysenteric in testinal d isorders, a  slight leu k o cy te  infiltration 
o f th e  mucous m em brane was occasionally seen, though th e  epithelial lining 
rem ained in tac t and , as in norm al anim als, never contained m icroorganism s.

In  dysenteric colitis o f m oderate sev e rity  th e  colonic m ucous m em brane 
showed a t m ost, areas o f m oderate congestion  with num erous goblet cells
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Fig. 11-1. Colonic m ucosa  o f  m onkey: p o r tio n  o f  c a ta rrh a l lesion. M onkey N o . 7. 
P A S -reac tion  (H o tchk iss) , X 150

producing copious secretion. However, in  contrast to  th e  “desquam ative 
ca ta rrh ” described in hum ans as well as in  monkeys exam ined some tim e  
after d ea th , no desquam ation of ep ithelial cells was dem onstrated  (Fig. 
11-1). B acte ria  were ab sen t in these a reas o f th e  m ucosa. A t sites o f tru e  
inflam m ation, the production  of m ucus decreased, ra th e r  th an  increased, 
or h ad  ceased altogether (Fig. 11-2).

F ocal accum ulation o f granular leukocytes* near th e  mucosal surface 
(Fig. I l -За) m ay be regarded  as the  m ildest m anifestation o f inflam m atory  
response. A t these sites th e  epithelial lining appeared rough or shaggy  
(Fig. 11-36) while th ion ine staining show ed m any epithelial cells, s itu a ted  
betw een th e  crypts or a t  th e  m outh o f th e  crypts, in h ab ited  by rod-shaped  
bac teria  (Fig. 11-4«). These bacteria, w ith  num erous dividing rods am ong  
them , produced a b righ t glow in u ltrav io le t light a fte r tre a tin g  the sec tion  
w ith fluorescent Sh. flexneri an tibody  (Fig. 11-46). In  th e  lam ina p ro p ria

* F o r  elec tive  d em o n s tra tio n  o f leukocy te  g ran u les  we pre fe r S u d an  a lp h a -n a p h th o l, 
as suggested  b y  G oldm ann (1929a, b, 1933), w h ich  sta ins p ro te in -b o u n d  lipids. W ith  
respec t to  leukocytes, th is  m e th o d  gives re su lts  sim ilar to  those  o f  th e  oxidase re a c tio n . 
N eu tro p h il a n d  eosinophil s ta in  brow n, w hile com m on lipid inclusions assum e a  y e llow  
or o range  colour. S afran in  m a y  be  used in s te a d  o f  Sudan I I I  (M argolin, 1948).
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F ig . 1 L-2. A bsence o f  m ucous p roduc tion  in  in f lam m ato ry  foci a n d  hypersecre tion  
in areas o f u n a ffec ted  m ucosa. Section th ro u g h  B au h in ’s va lve . M onkey N o. 3, 

PA S-reaction  (H o tch k iss) , X 12

of the  mucous m em brane shigellae occurred  much less frequently , usually  
being engulfed by  leukocytes or m acrophages. Im m unohistochem ical in ­
vestigation of m acrophages in the lam ina p ro p ria  also revealed  both in ta c t 
bacteria and  p ro d u c ts  o f disintegration o f shigellae as in d istin c t fluorescent 
form s (Fig. ll-4 c , d). In  two m onkeys th e  lesions involved the  term inal 
ileum. Num erous shigellae were seen w ith in  th e  mucous m em brane ep ith e­
lial cells (Fig. 11-5«).

Cells infected w ith  shigellae exhibited  differen t conditions. Some of th em  
were apparen tly  sligh tly  injured, while o thers, containing more bacteria , 
showed an irregular, often  rounded o u tlin e  and had  d ark  pyknotie o r 
ligh t vesicular nuclei. Vacuoli, however, w ere seldom seen in  th e ir cytoplasm . 
E pithelial cells in fec ted  w ith bacteria w ere finally destroyed , b u t on th e  
free surface o f th e  m ucous m em brane th e y  were usually  cast off while 
still unbroken (Fig. 11-56) and appeared  th u s  in th e  in testina l lum en. 
In  non-infected ep ithelia l cells ad jacen t to  those filled w ith  bacteria, ce r­
ta in  dystrophic changes were app aren t (loss of the  b rush  border, slight 
swelling of nuclei, e tc.) though they  d id  n o t culm inate in  cell death.

In  addition to  th e  destruction  of the superficial mucosa, th ere  were alm ost 
invariably  deeper defects of the m ucosa (Fig. 11-6«). In  severe colitis these 
defects reached th e  m uscularis m ucosae (Fig. 11-66) w ithou t spreading, 
as a rule, beyond its  lim its. In  these cases shigellae w ere present in th e  
term inal cells of persisting  parts of th e  c ry p ts  (Fig. 11-7«, 6), in  th e  epithelium  
bordering th e  u lcers, as well as in leukocy tes of th e  ex u d a te  filling th e  
defects. B u t, w hereas w ithin epithelial cells the  b ac te ria  appeared as
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F ig . 11-3. F o ca l superficial leukocy te  in f iltra tio n  o f m ucosa. S u d a n  a lp h a -n a p h th o l 
(G oldm ann), a M onkey N o. 3, X 36; b m onkey  N o. 1, X 70

regular having a  clear outline and  sta in ing  well, w ithin polym orphonuclears 
th ey  were m ostly  seen as shapeless debris (see Fig. ll-4 c).

Microscopic exam ination showed th e  destruction  of th e  crypts to p roceed  
from  th e  surface to  the dep th  of th e  m ucosa w ith a  g rad u al penetra tion  o f  
shigellae from  one epithelial cell in to  th e  ad jacen t one. T he epithelial lin in g  
o f th e  cryp ts  seemingly m elted aw ay an d  th is was followed by a d e s tru c ­
tio n  of th e  rem nan ts of the lam ina propria . Much less frequently , s im u lta ­
neous involvem ent of m any ep ithelial cells of the  c ry p t could be seen ,

10  Voino-Yasenetsky — Bakács
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F ig . 11-4. Shigellae in  ep ith e lia l cells of co lon ic  m ucosa  (a, b), th e i r  debris in  leu k o ­
cy tes  o f th e  ex u d a te  (c) a n d  in m acro p h ag es o f  th e  lam ina  p ro p r ia  (d). M onkey 
N o. 2. a Thionine, X 890; b, c, d  sections t r e a te d  w ith  fluorescein-labelled Sh. flexneri 

an tise ru m ; 6 X 830 ; c, d  X 1350

m ostly  when th e  lum en of the c rv p t h a d  been blocked and d istended 
(Fig. 11-8).

P articu larly  deep, narrow , slit-like u lce rs  were occasionally seen (as in 
hum an dysentery) a t  th e  sites of follicles w ith in  the colonic wall. In  these 
cases, local leukocyte response resulted  in  w hat appeared  to  be p u ru len t
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F ig . 11-5« and  b. Shigellae in  th e  ep ith e liu m  o f th e  ileum  te rm in a le . M onkey N o . 4,
th io n in e , X810

decay o f individual follicles, a lth o u g h  usually th e y  were well p reserved  
even in severe colitis.

G ranu lar leukocytes are the m ain  com ponents of exuda tive  layers cover­
ing defects of th e  m ucosa, as dem onstra ted  w ith th e  oxidase reaction or 
by  stain ing  the sections w ith G oldm ann’s Sudan alpha-naph tho l (Fig. 11-6, 
11-9a), when the  specific granules, persisting afte r degranulation  or c y to ­
plasm  disin tegration, as well as w hole cells, are clearly  seen. In  fresh film ­
like layers leukocytes are not d isposed random ly, b u t appear to  re p ea t 
th e  outlines of destroyed  crypts (Fig. ll-6 a , l l -9 a ) ;  th e  exudate here 
is in terspersed w ith  homogenous m asses showing positive reaction to  m ucus

10*
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F ig . 11-6. D efects in  th e  colonic m ucosa c o a te d  w ith  a  layer o f  e x u d a te  consisting 
m a in ly  o f g ran u la r leu k o cy tes . Sudan  a lp h a -n a p h th o l (G oldm ann), a  M onkey No. 2,

X 70; b m onkey  N o . 1, X 36

F ig . 11-7. Shigellae in  th e  te rm in a l ep ithe lia l cells o f  c ry p t rem n an ts , a  M onkey No. 1, 
th ionine, X 725; b m onkey  N o. 2, P A S -reac tio n  (H otchk iss), X 2200
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F ig . 11-8. Shigella invasion  o f n um erous ep ithe lia l cells in  cy s tic  en largem en t 
o f c ry p t. M onkey N o. 1, th ion ine , X 770

(Fig. 11-96). The layers o f exudate  contain  very little  fibrin; Van G ieson’s 
or M allory’s stain , or silver im pregnation dem onstra te  th e  presence o f 
persisting connective tissue fibrils, form erly disposed along the c ryp ts. 
A t th e  ou ter p a r ts  o f these layers some quite s tructu reless sites are found; 
these assume a  uniform ly d irty  brow n colour on stain ing  w ith  Sudan a lpha- 
naphthol, while w ith  th e  usual s tains (haem atoxylin-eosin, eosin-azure) 
th ey  produce th e  im pression of necrosis. On the surface o f these “necroses” 
m ultitudes of various bac teria  m ay occasionally occur, b u t these organism s, 
unlike shigellae, fail to  pene tra te  deeper.

I t  was no tew orthy  th a t  th e  m ucous m em brane bordering  deep defects 
often  rem ained alm ost u naltered  (see Fig. 11-66) or was ju s t  slightly oedem a- 
tous. A nother rem arkable finding was th e  striking ad eq u acy  of the leuko­
cy te  response: g ranu la r leukocytes were seen to  fill erosions or ulcers, to  
in filtrate  th e  lam ina propria a t  areas where the  m ucous m em brane was 
affected w ith shigellae, b u t th e ir num ber was low in the  v icin ity . Deeper in 
th e  subm ucosa—polym orphonuclears were accum ulated  m ainly a round  
th e  vessels, or were found m igrating tow ards the affected mucosa. Only a t  
sites of deeper lesions of th e  m ucous m em brane d id  th e  inflam m atory 
infiltration involve th e  u pper layers of th e  oedem atous submucosa.
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F ig . 11-9. S tru c tu re  o f  sloughs in severe d y se n te r ic  colitis, a  M onkey  No. 1, S udan  
alpha-naph tho l, X 50; b m onkey  N o. 2, PA S -reaction  (H o tch k iss) , X 220

In  the cases u nder consideration, even  when lesions o f th e  mucous m em ­
brane were severe, oedem a of the subm ucosal core w as ra th e r  m oderate 
an d  sometimes even slight. D eposition o f fibrin in th e  subm ucosa was 
absen t, although it h as  been described as a  feature characteristic  of th e  
d iph theritic  form of colitis in m onkeys (L apin  and Y akovleva, 1960, 1963) 
as well as in man.

Shigellae were u su a lly  no t so num erous a t  the b o tto m  o f deep erosions 
or ulcers as in lesions affecting the  o u te r  layers of th e  in testin a l mucosa. 
T hey  were p articu la rly  scarce a t sites where d estru c tio n  of the  crypts 
appeared  to  have been  arrested  and  a  new epithelial lining had  grown 
over the  surface o f th e  defect. This d isp lay  of regeneration  m ight have 
occurred next to  c ry p ts  where an  ac tiv e  infectious process was going on 
w ith  intracellular p a rasitic  growth o f shigellae.

Shigellae were seldom  found to  in h a b it the  regenerating epithelium . A t 
th e  same time, a pecu lia r and ev iden tly  im portan t fe a tu re  was noted in 
cases of subacute colitis. In  addition to  th e  superficial o r deep lesions of 
th e  mucosa described above, in 5 cases th e re  was a copious desquam ation 
o f superficial epithelial cells w ithout an y  loss of its co n tin u ity  (Fig. 11-lUa). 
In  contrast to  post-m ortem  desquam ation , when th e  d e tach ed  epithelium  
(leaving a denuded surface) is hardly  a lte red , or m ay even  re ta in  its usual 
structu re , the  re jec ted  cells were ro u n d ed  or, having assum ed irregular 
or indistinct outlines, appeared to  hav e  m erged into one ano ther, form ing
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F ig . 11-10. D esquam ation  o f surface  ep ith e liu m  in  chronic co litis . M onkey N o. 20. 
a  H aem ato x y lin -eo sin , X 165; b th ion ine , X 1150; c an d  d th e  sam e  a rea  of th e  p r e p a ­
ra t io n  a f te r  t r e a tm e n t w ith  fluo rescen t im m u n e  serum  (d ), fo llow ed b y  L e ish m an ’s

s ta in  (с), X 1300

conglom erates. Some of these cells con tained  only lip id  droplets in th e ir  
clear cytoplasm , while others were in h ab ited  by  shigellae (Fig. 11-106, c, d). 
D eeper, th ere  were 1-2 layers o f fla tten ed  epithelial cells w ith  basophilic 
cytoplasm .
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A t sites w here desquam ation  of th e  cover epithelium  was intense, th e  
crypts were constric ted  or, on the co n tra ry , enlarged like cysts, b u t always 
w ith  low num bers o f goblet cells. O ccasionally, the  m ucous m em brane 
was th in , ap p a ren tly  n o t having recovered  after dam age. As a rule, local 
leukocyte response w as insignificant.

In  bacteriologically confirmed d y sen te ry , when a t au to p sy  the  in testine 
o f monkeys appeared  alm ost norm al, histological findings were likewise 
scanty . There was evidence of earlier lesions (epithelized ulcers, focal 
a tro p h y  of th e  m ucous m embrane, coarseness of th e  subm ucosa, etc.). 
M inute foci of sm ouldering inflam m ation w ith  or w ith o u t shigeflae in th e  
epithelial cells could, however, be d em o n stra ted  w ith difficulty, by  exam in­
ing num erous specim ens, tak en  from d iffe ren t sites of th e  mucosa.

This finding has p rov ided  evidence o f  th e  ability  o f shigellae of p a ra ­
sitic existence w ith in  epithelial cells o f th e  intestine. I t  shou ld  be stressed 
th a t  in testinal lesions d irec tly  caused b y  shigellae are lim ited  to  the m ucous 
m em brane and  are o f focal nature. In  a c u te  colitis th is focal na tu re  often  
appears to  be m asked b y  signs of diffuse ca ta rrh , which shou ld  in no way be 
considered an  in flam m atory  process. I n  dysentery , th e  t ru e  inflam m atory 
response is effected m ain ly  by polym orphonuclears which, accum ulating in  
high num bers, engu lf an d  destroy m ore o r less effectively extra-cellu lar 
bacteria.

In  addition to  th e  phagocytic ac tiv ity  o f  leukocytes, w hich tend  to  accu­
m ulate in excessive am ounts, a p ro tec tiv e  role is ap p a ren tly  played b y  
desquam ation —rejection  of epithelial cells affected w ith  shigellae or w ith  
degenerative changes. This is particu la rly  th e  case w hen cells desquam ate 
w ithout any  d isrup tion  o f the epithelial lining, as in o u r cases of chronic 
colitis.

In  specimens o b ta in ed  im m ediately a f te r  killing th e  anim als, there were 
no signs of p rim ary  necrosis of th e  m ucous m em brane o r of epithelial 
desquam ation a t  sites o f simple ca ta rrh . A t the sam e tim e, additional 
post-m ortem  investigation  of animals succum bing to  d y sen tery  and  au top - 
sied after some tim e (being the usual p ra c tic e  w ith pathologists) has shown 
th a t  much o f th e  evidence described ab o v e  no longer ex isted  by  then . 
E pithelial cells affected w ith  shigellae w ere destroyed, th e re  was a w ide­
spread desquam ation  o f unaffected ep ithelium , m im icing th e  p icture o f 
desquam ative ca ta rrh , while a t the sites  o f  local inflam m ation there were 
spurious p ictures o f necrosis of th e  m ucous m em brane and  underlying 
tissues due to  au to ly tic  processes (Fig. 11-11).

In  view of th e  stud ies o f Ogawa e t a l. (1964) on th e  histopathologv o f 
dysentery  in cynom olgus monkeys (M acaca iris), post-m ortem  changes in  
th e  intestine should be discussed fu rth er. T h ey  used th e  fluorescent an tibody  
technique for th e  exam ination  of m ain ly  dead  anim als, an d  came to  th e  
conclusion th a t  shigellae m ultiplied on th e  surface of the  m ucous m em brane, 
am ong necrotized ep ithelium . They fa iled , however, to  no tice any grow th 
of bacteria w ith in  epithelial cells, a lth o u g h  besides m onkeys succum bed 
to  spontaneously co n tracted  d ysen tery , th ey  investiga ted  16 anim als 
inoculated artific ia lly  w ith  Sh. flexneri 2a and  killed 3—14 days afte r th e  
onset of the  disease. L a te r, Ogawa e t a l. (1966a) revised th e ir  own experi-
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F ig . 11-11. P o st-m o rtem  au to lysis s im u la tin g  necrosis (left) an d  “ d esq u am ativ e  
c a ta r rh ” (right) o f th e  colonic m ucosa ; au to p sy  24 h  a f te r  d e a th . H aem ato x y lin -

eosin , X 90

m en ta l evidence and , after having exam ined a  few m ore anim als, th e y  
assum ed th a t shigellae grew w ith in  epithelial cells of th e  intestine. In  th e  
lam ina propria th e  organisms occurred only a t  th e  sites of erosions.

A lthough Ogawa and  his collaborators (Ogawa e t al., 1966a; Ogawa, 
1970) m ain tain  th a t  in traep ithelial parasitic  grow th o f shigellae plays th e  
leading role in th e  pathogenesis o f  dysentery  infection, th ey  still assum e 
th a t  in testinal lesions are somehow related  to  allergic factors. They a t t r i ­
b u te  th e  inflam m atory  response in th e  lam ina p ropria  to  hypersensitiv ity  
involving som etim es the  subm ucosa as well. In  th e ir  view th is does n o t 
agree w ith  the conform ity  betw een location of b ac te ria  and  lesion, w hich 
is th o u g h t to be th e  case in o th er bac teria l infections. H ow ever, all inflam ­
m ato ry  responses, particu larly  a t  in itia l stages, sp read  beyond th e  m icro­
b ial focus, and em igration of leukocytes from blood vessels m ay frequen tly  
be seen a t d is tan t locations.

Ogawa et al. (1966a) did  not s tu d y  phagocytosis of shigellae by  leukocytes 
and  m acrophages (in fact, th is w ould hardly  be possible using only sections 
tre a te d  w ith fluorescent serum  o r stained w ith  haem otoxylin  and  eosin) 
an d  Ogawa (1970) only  m entioned its  occasional occurrence. A t th e  sam e 
tim e, reporting th e  results of electron-m icroscopic studies in his la te s t 
contribu tion , Ogawa noted  th a t  shigellae engulfed by  phagocytes w ere 
seen in  m em brane-bound vacuoles, while in epithelial cells th ey  lay  free 
in th e  cytoplasm .

T he in traep ithelial location of Sh. flexneri in th e  in testine of m onkeys 
was also confirmed in spontaneous infection (Levenbuk and  A ndreeva
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19656) and after artific ia l inoculation o f Macuca rhesus for testing  the  effec­
tiveness of im m unization  w ith  live d y sen te ry  vaccine (Sergeev e t al., 1968; 
Levenbuk et al., 1970). The same conclusion was also draw n by  Takeuchi 
e t  al. (1968), who fo rm erly  believed th a t  shigellae only pass th rough  the 
undam aged in testin a l epithelium , se ttlin g  deeper in th e  lam ina propria 
(LaBrec et al., 1964; F o rm al et al., 1966a). In  electron-m icroscopic studies 
o f the  intestine of m onkeys challenged w ith  shigellae, Takeuchi e t al. 
(1968) made approx im ate ly  the same findings as th ey  described previously 
in  guinea pigs in fec ted  w ith  shigellae (Takeuchi et al., 1965). Shigellae 
occurred m ainly w ith in  epithelial cells, w here th ey  were seen in  th e  cy to ­
plasm , or were b o u n d  to  the m em brane. These in tracellu la r organisms 
showed signs of division. Besides, in one o f th e  illustrations given by  Takeuchi 
e t  al. (1968) passage o f bacteria from  one cell to  an o th er was evident, 
although not so d is tin c tly  as d em o n stra ted  in  experim ents on th e  cornea 
o f guinea pigs (Tenner e t al., 1970) (see C hap ter 7). I t  was also no ted  by 
Takeuchi and co-w orkers th a t  the  few shigellae th a t  had  p en e tra ted  the 
lam ina propria of th e  m onkey in testine w ere phagocytized by  neutrophils, 
in which they  were fo u n d  within m em brane-bound vacuoles. In  contrast 
to  observations m ade b y  Ogawa et al. (1966a), these au thors found th a t the 
cellular inflam m atory reaction  was confined to  the  mucosa, and  th a t  there 
was a  distinct co rre la tion  between th e  q u a n tity  of bac teria  presen t in tis ­
sues and the in ten s ity  o f the in flam m atory  response.

Takeuchi e t al. (1968) also described dystrophic changes in epithelial 
cells which were p articu la rly  severe in  th e  surface ep ithelium  (located 
betw een crypts). T hese included the  shorten ing  of m icrovilli, d ila ta tion  of 
endoplasm ic re ticu lum , Golgi cisternae, th e  appearance of m em brane-bound 
phagosomes and accum ulation  of lipid droplets. I t  was also stressed, th a t  
th e re  were num erous “ d a rk ” epithelial cells w ith  pvknotic cytoplasm  and 
undam aged nuclei. In  th is  case severely dam aged cells could be found ad ­
jacen t to  seemingly in ta c t  ones. I t  was also no ted  th a t  various alterations 
m ight occur in u n in fec ted  cells, as well as in cells infected w ith  shigellae, 
while the u ltra s tru c tu re  o f epithelial cells containing b ac te ria  in  th e ir cy to­
plasm  rem ained freq u en tly  well preserved . A fter detailed  exam ination  of 
th e  process of sep a ra tio n  of injured ep ithelia l cells, Takeuchi and  co-workers 
(1968), as well as ourselves, came to  th e  conclusion th a t  th e ir  intense de­
squam ation corresponded to  an ad eq u ate  pro tective biological response of 
th e  host.

Peculiar lesions o f th e  term inal ileum seen in  three of our m onkeys deserve 
special mention. Two o f  these anim als w ere affected w ith  dysentery , while 
th e  th ird  had succum bed to  d iarrhoea o f unknow n aetiology. In  these 
cases certain ep ithelial cells of the ileal v illi were deform ed; th ey  had  clear 
vesicular nuclei while th e ir  cytoplasm  con tained  num erous globular inclu­
sions, intensely sta in in g  w ith thionine (Fig. ll-12a). Some of these cells 
(remaining in situ, o r desquam ating) w ere densely coa ted  w ith  bacteria 
having shapes of cocci o r short rods (Fig. 11-126). These bac teria , as well 
as shigellae, were G ram -negative bu t, in  co n tra st to  th e  la t te r  th ey  failed 
to  em it fluorescence a f te r  trea tm en t w ith  fluorescent im m une sera against 
Sh. flexneri or Sh. sonnei. They m ay h av e  been coliform bac teria , capable
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Fig. 11-12. D am age (v ira l? )  o f epithelial cells in  th e  te rm in a l ileum  (a) an d  g ro w th  
o f u n d e te rm in ed  b a c te r ia  o ver th e  surface o f  these  cells (b). M onkey  No. 16, th io n in e ,

X 1150

of growing on th e  surface of epithelial cells. W h a tev er m ay be the  n a tu re  
of these bacteria  o r th e  cause of epithelial dam age (resembling th a t  fo u n d  
in v irus infections), these  observations are u ndoub ted ly  of interest. In  th e  
first place, they  show th a t  dam aged cells do not a t t r a c t  shigellae (harboured  
in g reat num bers b y  tw o of these m onkeys). In  th e  second place, as show n 
by  Fig. 11-126, i t  is ap p a ren t th a t  th e  grow th of b ac te ria  over the  surface 
of ep ithelial cells bears no resem blance to  in tracellu la r m ultiplication o f 
shigellae.

Thus th e  s tu d y  of intestinal lesions in dysen tery  of monkeys, w hich  
resem ble hum an dysenteric colitis, contribu tes to  th e  elucidation of co n tro ­
versial problem s o f th e  pathogenesis o f dysentery , inasm uch as pathological 
changes in the  in testine  of monkeys, autopsied  im m ediately  after d e a th , 
were no t d isto rted  b y  post-m ortem  alterations.

E arlie r theories presum ing the pu re ly  toxic n a tu re  o f dysenteric in te s t i ­
nal lesions have n o t been confirmed. The m ain pecu lia rity  of this infection 
is parasitism  of its agen ts in epithelial cells of th e  colonic mucosa. In  co n ­
form ity  w ith  unequal colonization o f th e  mucosa by  shigellae, local in flam ­
m ato ry  (leukocyte) response is also o f focal n a tu re . However, the p a tc h y  
ch arac te r of specific lesions can be  detected  only  u n d er the m icroscope 
because it is frequen tly  (especially in  m ild forms o f colitis) m asked by diffuse 
com m on ca tarrh  a t  gross exam ination.
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PATHOGENESIS OF DYSENTERIC INFECTION 
IN THE LIGHT OF RECENT OBSERVATIONS 

AND MODEL EXPERIMENTS
by

M. У. V O IN  О - Y A S E N E T S K Y

Investigations of th e  gu t in dysenteric  m onkeys (see C h ap te r 11) have 
shown th a t  th e  developm ent of colitis depends on the  selective dam age 
of epithelial cells of th e  colonic m ucosa b y  shigellae. The p rincipa l m orpho­
logic features of acu te  or p ro tracted  d y sen teric  colitis are due to  in tracellu­
la r parasitic  g row th o f bacteria and  to  local host responses. These findings 
have been achieved by  examining th e  in testin e  before it underw en t p o st­
m ortem  changes occurring prom ptly  a f te r  d ea th . Post-m ortem  investigation 
of p a tien ts  who died o f dysentery  can n o t, a t  present, be perform ed on a 
sufficiently large scale in E uropean  coun tries. Still, pathologic p a tte rn s  
established in m onkeys m ay be accep ted  for hum ans, p rov ided  (г) it 
can be proved th a t  in  m an shigellae also grow within th e  in testina l epi­
thelium ; (гг) th e  id en tity  of m orphologic findings in m an a n d  m onkeys is 
confirmed.

Ind irect p roof of th e  occurrence of shigellae somewhere w ith in  th e  in te s ti­
nal wall had  been ob ta ined  by m eans o f bacteriological stud ies a  long tim e 
ago (see C hapter 4). In  addition, L o ren tzen  (1923) revealed organism s w ithin  
epithelial cells in  th e  colon of tw o p a tie n ts  who had died o f dysentery .

R ecently , sim ilar findings have been  rep o rted  in some fa ta l cases o f  
dysen tery  in children (Levenbuk an d  A ndreeva , 19656; S h astin a  an d  Leon­
tyev , 1970; R ácz e t ah , 1973). B ib inova succeeded in finding rod-shaped 
m icroorganism s in th e  in testinal ep ith e liu m  o f children w hen re-exam ining 
earlier p repara tions. Levenbuk and  A n d reev a  (19656) an d  S hastina and  
L eontyev  (1970), using the fluorescent an tib o d y  technique, identified the  
in tracellu la r organism s as shigellae. H ow ever, Shastina and  L eo n ty ev  (1970) 
have n o ted  th a t  sm all groups of b ac te ria  are m ainly observed in desqua­
m ated  epithelial cells. They have no t re p o rte d  on the tim e elapsing between 
th e  d ea th  of p a tien ts  and  autopsy. T sinzerling  (1973a, 6) d id  n o t consider 
th e  invasion by  shigellae to  be a reg u la r phenom enon th a t  w ould play an  
essential p a r t  in th e  pathogenesis. B u t th ese  autopsies w ere m ade a t in ­
terva ls  of up to  24 h  or more (personal com m unication, no t m en tioned  in his 
paper); however, as we have pointed o u t, i t  is useless to  s tu d y  th e  in testinal 
epithelium  afte r such a  long in terval. T h a t is w hy the post-m ortem  obser­
vations of R ácz e t al. (1973) in th e  in te s tin e  o f th ree p a tien ts  who died of 
dysentery , are of p articu la r in terest. A u to p sy  in these cases was perform ed 
no longer th an  30 m in after death . T he connection between shigella in tra ­
cellular parasitism  an d  the  in testinal lesions was quite d is tin c t, and th e
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au tho rs confirmed our conclusions based on the  investigations of dysenteric 
m onkeys (Voino-Yasenetsky, 1,963, 1966«, b).

The analogy betw een dysenteric colitis in m an an d  m onkeys m ay ap p e a r 
easy to  prove. T he sim ilarity  of m anifestations is doubtless, bu t there a re  
controversial descrip tions o f microscopic events (see C hapter 4). Som e 
reported  d a ta  confirm  while o thers con trad ic t th e  findings obtained in a n i­
m als. For exam ple, some pathologists consider dysen teric  colitis in m an to  
s ta r t  w ith common ca ta rrh  and  ep ithelial cell desquam ation , while o th e rs  
believe the origin o f th e  lesion to  be th e  exudative (puru len t) inflam m ation 
of mucosa resu lting , as in m onkeys, in th e  form ation  o f erosions and sm all 
ulcers. The sam e holds tru e  for such im p o rtan t details as mucous m em brane 
necrosis, the presence or absence of fibrin in fibrinous colitis, etc.

The disparity  an d  some vague points of the  m icroscopic anatom y o f d y ­
sen tery  m ake th e  com parison o f colitis in m an and  m onkeys, based o n ly  
on literary  d a ta , pointless. D irect com parison of histologic specimens o b ­
ta in ed  by sim ilar m ethods is necessary. This has been accom plished by a k in d  
o f excursion into th e  past.

COM PARISON OF M ICROSCOPIC ANATOMY O F D Y SEN TER IC  
C O LITIS IN  M ONKEYS AND IN  MAN

B y courtesy of D r. Yu. N. D arkshevich, Chief of th e  Pathological D e p a r t­
m ent of the  B o tk in  M emorial H osp ita l in L eningrad , we cu t some pieces 
o u t of specimens o f the  gut from  23 p a tien ts  who d ied  o f dysentery som e
20-50 years ago. All essential form s of colitis were represented rang ing  
from  slight ca ta rrh a l to  the  m ost severe d iph theritic , gangrenous or u lcerous 
ones. From  th is m ateria l, stored in K aiserling solution, satisfactory  sections 
were obtained in m ost cases (although the  paraffin em bedding of tissues 
resulted  in a m ore in tense shrivelling th an  usual). S ta in ing  histochem ical re a c ­
tions and even th e  fluorescent antibodies could be app lied  for these sections.*

Some of the specim ens showed considerable add itional alterations, ev id en t­
ly  no t associated w ith  their prolonged storage, b u t ra th e r  w ith the d e lay  
before autopsy. T he post-m ortem  origin of these a lte ra tio n s (Fig. 12-1) is 
confirmed by th e ir  close sim ilarity  to  the  histologic p ictu re observed in  
m onkey gu t a f te r  sim ilar delay of au to p sy  (see Fig. 11-11, p. 153). As a  ru le , 
cadaveric au tolysis is m ost pronounced in tissues dam aged  or infiltrated b y  
leukocytes. This som etim es leads to  th e  false im pression of focal necrosis 
of mucosa w ith  dem arcated  inflam m ation.

A rtifacts sim ulating  necrosis were ra re  in old sections, b u t the  loss o f  
epithelial cells on  th e  mucous m em brane surface was alm ost a co n stan t 
feature. The ep ithelium  was only well preserved in th e  d ep th  of the c ry p ts .

* O gaw a e t a l. (1964) could n o t in v es tig a te  ch ild ren ’s d y sen te ric  g u t spec im ens 
s to red  in  fo rm alin  fo r m ore  th a n  1 yea r. N evertheless, in  so lu tio n s  used for p re se rv in g  
m u seu m  specim ens, th e  h isto logic s t ru c tu re  o f  th e  tissues a n d  th e ir  sen s itiv ity  to  
s ta in in g  are  m a in ta in e d  fo r m an y  y ea rs  (V oino-Y asenetsky, 1940).
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Fig. 12-1. P o st-m o rtem  changes of h u m an  co lon ic  m ucosa in  a c u te  co litis: ep ithe lia l 
d esquam ation  (bo ttom ), a n d  to ta l  au to ly sis  in  a reas o f fo rm er in f lam m atio n  (top). 
D y sen te ry  (S h . so n n e i) . D ea th  on th e  7 th  d a y  o f  illness (in 1970). H aem ato x y lin -

eosin, X 90

This alteration  g rea tly  lim ited the  investigation  of specific lesions which 
occurred first in th e  superficial ep ithelium  or in the c ry p t m ouths.

The general characteristics of patho log ical processes observed in the  
hum an in testine coincide, to  a g reat ex ten t, with findings in monkeys. 
A perfect coincidence could be observed  in mild colitis. In  these cases 
solitary, either alm ost continuous erosions or small ulcers o f different dep ths 
covered by a layer of exuda te  consisting m ainly of neu troph ilic  leukocytes 
and  products of th e ir d isin tegration w ere revealed in bo th  h u m an  and  m on­
key preparations (Fig. 12-2). The fib rin  content of th is  lay er was low; 
so litary  strands form ing a  delicate n e tw ork  only in a few places were revealed 
b y  M allory’s phosphotungstic acid haem atoxylin . The lay er could easily be 
rem oved (as evidenced b y  splits seen in  F ig . 12-26) and was n o t consistently  
preserved in the  specim ens studied.

In  the mucous m em brane under th e  exuda te  layer rod-shaped  bac teria  
w ere dem onstrated, w hich stained w ith  thionine (Fig. 12-3) and  showed 
b righ t fluorescence a f te r  trea tm en t w ith  specific fluorescein-labelled serum  
(Fig. 12-4). Shigellae w ere located a t  th e  sam e sites as in  m onkeys, viz. on
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F ig . 12-2a, b. Defects o f  colonic m ucosa  (pa rticu la rly  deep  o v e r  th e  follicle) covered  
b y  a  la y e r  o f exudate  consisting  m a in ly  o f  g ranu lar leu k o cy tes . D eath  on th e  2nd  

d a y  of illness (in 1950). G o ld m an n ’s Sudan a lp h a -n a p h th o l, X48

the  m ucous surface betw een  the  c ry p ts  or a t cryp t m ouths (Fig. 12-3«, b 
and  F ig . 12-4«, b, c), as well as in  th e  rem nants of c ry p ts  in the d ep th  of 
erosions (Fig. 12-3c, d, e and  Fig. 12-4d). The only difference was th a t  th e  
ep ithelial cells, dam aged by the  b ac te ria , were destroyed  or desquam ated . 
Besides shigellae w ere considerably less num erous in hum an m ucous 
m em brane than  in m onkeys. In  m onkeys the in tra-ep ithe lia l localization of 
shigellae, as well as o th e r fine details  o f morphologic a ltera tions, were well 
observable in sections tak en  im m ediately  or not la te r  th a n  1-2 h a fte r th e  
an im als’ death. S im ilar findings a re  no t available in  hum an specim ens 
owing to  the  reasons referred  to  above.

As po in ted  out in  C hapter 10, ab u n d an t post-m ortem  m ultip lication 
of shigellae on the  colonic m ucous m em brane surface was observed in 
rab b its  th a t  had died  a f te r  effective inoculation w ith  Sh. sonnei. In  m an  
w ith  dysen tery  caused by  Sh. flexneri or Sh. dysenteriae 1 , there were no 
signs o f m ultiplication o f these b ac te ria  in the cadaveric  gut. W ith  ra re  
exceptions, long rods characteristic  o f  bacterial g row th  u n d er unfavourable 
conditions (Hughes, 195G) were observed  in epithelial cells (see Fig. 12-3d). 
Shigellae (usually sm all num bers) w ere dispersed am ong th e  exudate cells 
in dam aged  areas, b u t th ey  did n o t grow  into micro-colonies.

A fa r  greater v a r ie ty  o f organism s appeared on th e  ex ternal surface of 
th e  ex u d a te  layers covering the m ucous mem brane. B acte ria  not reacting  
specifically after tre a tm e n t by fluorescent anti-shigellae globulin were grow ­
ing in  dense colonies b u t usually d id  n o t penetrate deeply . This should n o t 
be considered a solely post-m ortem  event, since th e  sam e phenom enon, 
a lthough  to  a lesser ex ten t, could be observed in m onkeys autopsied d irec tly  
a fte r dea th .
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F ig . 12-3. B acteria  in  ep ith e lia l cells on th e  su rface  of m ucous m em b ran e  (a, b) 
a n d  in  c ry p t rem n an ts  (c, d, e). D y sen te ry  (S h . flexneri). D e a th  o n  th e  2nd day  o f 

illness (in 1936 a n d  1949). T hionine, a, b X 830; c, d  x  1100; e X 1200

E vidently  it is th e  emergence of foreign flora th a t accoun ts for the in­
d is tin c t structure o f th e  ex ternal p a r t  o f th e  exudate layers. As a rule the 
granulation  dem onstrab le w ith Sudan alpha-naph tho l s ta in in g  disappeared 
gradually , w ithout clear boundaries; how ever, in one case, a long with a well-
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Fig. 12-4a -d . B ac te ria  in  d is in teg ra ted  o r  d esq u am ated  ep ith e lia l cells a n d  th e i r  
rem n an ts  in  exudate  leu k o cy tes  a fte r  t r e a tm e n t  o f sections w ith  fluorescent im m u n e  

se ru m  against S h . flexneri. The sam e  case as show n in  F ig . 12-3», b, c

preserved leukocyte coa t (Fig. 12-5«), th e  ou ter layers o f exudate resem bled  
a ra th e r  clearly dem arcated  necrotic zone in som e of the  in te s tin a l 
specim ens studied (Fig. 12-56). I t  seem ed probable th a t  p a r t of the  m ucous 
m em brane had perished and  then  a n  inflam m atory reaction arose. T he 
developm ent of necrosis appeared to  be  due to  a vascu lar throm bosis; th is  
is, how ever, an unusual event as o th er, ra th e r  big necrotic areas of th e  g u t 
were n o t associated w ith  any ischaem ic infarction. Besides, in an  a lm o st 
structureless p art of th e  exudative lay e r th e  traces o f exudate cells (th e ir 
previous com ponents) could still be discerned, an d  thionine or G ram - 
W eigert’s s tain  revealed m any differen t G ram -positive or G ram -negative 
bacteria . I t  is quite probable th a t such  alterations in  layers of ex u d a te  
coats (if th ey  have no t been  detached fo r a  long period) m ay  occur even w hen  
the  p a tie n t is still alive.

In  4 o u t of 9 cases o f Sh. flexneri o r  Sh. sonnei colitis, th e  lesions o f  deep  
layers o f th e  in testinal wall were n o t considerable. M anifestations included  
m oderate  oedema o f th e  subm ucosa (m ore pronounced in  severely d am ag ed  
areas o f th e  mucous m em brane), d ila ta tio n  of blood vessels or slight, m ain ly  
perivascular leukocytic infiltration. H aem orrhages, i f  present, were in sig ­
n ificant; fibrin was alm ost never d e tec ted .

11 Voino-Yasenetsky — Bakács
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M g. 12-5. M assive la y e r  o f ex u d a te  on  dam aged  m u co u s  m em brane, consisting  m a in ly  
o f leukocytes a n d  p ro d u c ts  o f th e i r  d is in teg ra tio n  (a). Loss o f s tru c tu re  in  th e  o u te r  
p a r t  of th e  e x u d a te  la y e r (6 ). D e a th  on  th e  11 th  d a y  o f  illness (in 1936). a G o ldm ann’s 

S u d a n  a lp h a -n ap h th o l, X 48; b D o m in ic i’s sta in , X 60

D iphtheritic colitis was caused by  Sh. dysenteriae 1 in all six oases studied. 
In  areas th a t  w ere th e  m ost seriously d am ag ed  (and in tw o cases over th e  
whole in testina l section studied), the  in te s tin a l surface was covered w ith  a  
d irty , dry, greenish-brow n crust which cou ld  n o t be rem oved. The gut wall, 
having a purp le-red  cu t surface, was 6-10 m m  thick; th e  m ucous m em brane 
was almost to ta lly  absent. More often th e  in testin a l surface was s tru c tu re ­
less with d is in teg ra ted  leukocytes in deeper layers (Fig. 12-6«, b) and a n u m ­
ber of various organism s on th e  surface. In  th e  considerably thickened su b ­
mucosa there  w as evidence of oedema, haem orrhage and  ab u n d an t fibrin 
deposition (Fig. 12-6c, d).

The walls o f sm all blood vessels close to  th e  considerably dam aged in ­
testinal surface o ften  seemed unevenly th ick en ed  showing stain ing  for fibrin 
o r PAS-positive reaction. The vessels lo ca ted  deeper in th e  tissue, which was 
soaked by  fib rin  or blood, were only m ark ed ly  congested and  contained 
no throm bi.

A pparently , th e  severe alterations observed  in th e  subm ucosa do n o t 
signify its final destruction . W hen d y sen te ry  did  no t rap id ly  lead to  th e  
p a tien t’s d ea th , a  p a r tia l rem oval of fib rin  strands by  m acrophages to o k
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F ig . 12-6. In te s tin a l lesions in  d ip h th e ritic  co litis  caused b y  S h .  dysenleriae 1 . D e a th  
o n  th e  7 -9 th  d a y  o f illness (in  1932 a n d  1936). a  D om inici’s s ta in , X 6 6 ; b G o ld m an n ’s 
S udan  a lp h a -n ap h th o l, X 52 ; c ( X 46) a n d  d  (X l3 5 )  M allory’s p h o spho tungstic  a c id

h ae m a to x y lin

11*
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F ig . 12-7. M acrophages (a) an d  fib rob lasts (6 ) betw een  su b m u co sa l fibrin deposits. 
a  The same case a s  show n  in  Fig. 12-6a. H o tc h k is s ’ PA S reac tio n , X 460. b U lcera tive  

colitis (in 1930). T h io n in e , X 390

place (Fig. 12-7«) or else signs of connective tissue fo rm ation  were observed 
ih  areas of fibrin  deposition (Fig. 12-76). I n  most of th e  specim ens studied, 
only the m ucous m em brane was com pletely  destroyed, th o u g h  a t sites it  
remained preserved  in  spite of considerable alterations in  th e  subm ucosa 
(Fig. 12-8a). T his was m ost frequently  seen a t  sites bordering on  less dam aged 
intestinal portions. Y et, occasionally, d eep er necrosis ex ten d in g  to  the m uscu­
laris externa was recorded (Fig. 12-86). In  such  patchy areas, there  was a real 
inflam m atory d em arcation  w ith p en e tra tio n  of well-preserved leukocytes 
into the necrotic zone. The direct cause o f th e  developm ent o f  focal necrosis 
was not established. These phenom ena p robab ly  lead to  th e  developm ent 
o f rather deep ulcers penetrating  u n d er th e  mucous m em brane, form erly 
frequently observed  in  chronic dysentery .

In  almost all cases of d iph theritic  colitis there  were a reas  (mainly in th e  
ascending or tran sv e rse  colon) where th e  colonic mucous m em brane was n o t 
so severely dam aged . In  appearance th e se  areas conform ed to  the above- 
mentioned, less severe forms of acute colitis. Only th e  oedem a was m ore 
considerable, o r a t  som e sites there w ere fibrinous meshes o f  haem orrhages 
in  the subm ucosa. In  the  poorly preserved  mucous m em brane epithelium , 
intracellular b ac te ria  were also found b u t, fo r lack of a specific Sh. dysenteriae 
1 fluorescent serum , th ey  could no t be identified.

These investigations confirmed the  close sim ilarity betw een  the m ain 
(catarrhal and  croupous) forms of d ysen teric  colitis in m an  a n d  in monkeys. 
Some differences, especially in the occurrence of epithelial cells affected b y  
shigellae, are m ostly  due to  post-m ortem  changes presen t in  the  in testine
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Fig . 12-8. T he m u co sa  is p a rt ly  p reserved  o v e r a  m ark ed ly  chan g ed  subm ucosa (a ); 
deep  necro tic  focus dem arca ted  b y  a  b a n d  o f in flam m atio n  w ith  h aem o rrh ag es  
(b u p p e r r ig h t co rner). D ysen te ry  (Sh. dysenteriae  1). D ea th  o n  th e  8 th  day  o f  illn ess  
(in 1935). a  H o tc h k is s ’ PAS reac tion , X 50 ; b G o ldm ann’s S u d an  a lp h a -n a p h th o l,

X 17
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of dead  hum ans an d  absent in m onkeys. Judging by  lite rary  evidence 
(Lapin an d  Y akovleva, 1960, 1963), d ip h th e ritic  forms o f colitis, which we 
have n o t y e t encountered, can be o bserved  in  dysenteric monkeys.

T H E  M ECHANISM  OE IN T E S T IN A L  D Y SE N T E R IC  
LESIO N S AS R E V E A L E D JB Y  RECENT STU D IES

H aving  established th e  identity  o f  th e  most frequen t forms of colitis 
occurring in dysen tery  of monkeys a n d  m an , one m ay feel more assured  in 
using th e  d a ta  p resen ted  in C hap ter I I  to  explain th e  pathogenesis of 
dysentery  infection. As it  has been n o te d  there , shigella se ttling  in ep ithelial 
cells of th e  colonic m ucosa may he h e ld  responsible fo r th e  developm ent 
of colitis. The infected cells gradually  d isin tegrate an d  desquam ate p ro ­
ducing th e  characteristic  intestinal lesions (which have previously been 
a ttr ib u ted  to  bac teria l toxins). The sam e conclusions were draw n by Ogawa 
(1970) who proposed a  scheme for th e  various stages o f th e  destruc tion  
of th e  in testin a l ep ithelium  by shigellae. However, o ther im p o rtan t p a th o ­
logic processes observed in various fo rm s o f colitis were n o t included in  
his scheme (neither in  a  sim ilar scheme b y  Rácz et ah , 1973). F igure 12-9 
shows our a tte m p t to  classify the m ain com ponents of m orphologic in testina l 
changes in dysentery . T hey are as follow s: (г) direct involvem ent of th e  
epithelium  by  shigellae, (гг) in flam m ato ry  leukocyte response, and  (ггг) 
sequelae o f toxic vascu lar lesions.

I t  should be em phasized again th a t  specific lesions o f th e  colonic m ucosa 
are of local natu re . In  m oderate forms o f  colitis such foci m ay  be quite sm all; 
the signs o f diffuse c a ta rrh  are ev iden t on ly  from an increased secretory  
ac tiv ity  of th e  ep ithelium  and from a  m ore pronounced congestion. O ur 
studies do n o t confirm th e  view of ce rta in  au thors considering such ca ta rrh  
to  be th e  in itia l stage o f m ore severe form s o f colitis (see C h ap ter 4). C ata rrh a l 
phenom ena cannot be generally called in flam m atory  (D avydovsky, 1961). 
Increased m ucus secretion is one of th e  defensive responses o f th e  body to  
prevent lesions of th e  epithelial lining (Florey, 1962). D esquam ation  of 
cells described in th e  ca tarrha l stage o f  dysen tery  is th o u g h t to  be a p o s t­
m ortem  a rtifa c t (Voino-Yasenetsky a n d  Zhabotinsky, 1970).

In  accordance w ith  observations m ad e  by  H eubner (1886), B ibinova 
(1954, 1967) and  Aschoff (1928) (see C h a p te r  4), the in flam m atory  response 
accom panied by em igration of polym orphonuclears to those areas of m ucosa 
where shigellae have se ttled , has been fo u n d  already a t  th e  very  onset 
of colitis in dysentery . In  the affected areas leukocytes accum ulate in 
excessive num bers. T he leukocytes an d  ce llu lar debris connected n o t only  
w ith fibrin b u t even m ore with mucus a n d  connective tissue  fibre rem nan ts 
constitu te  those ra th e r easily detachable film y layers w hich are ch a rac te r­
istic of m ore severe (croupous) form s o f  colitis. Such layers m ay be 
ra th e r th ick  and  m ay occasionally show considerable e lastic ity . Obviously, 
purulent liquefaction does not occur in sid e  them  as leukocy te lysosomes 
containing pro teo ly tic enzymes rem ain in ta c t. Specific leukocyte granules 
corresponding to  lysosomes are d e tec tab le  w ith  oxidase reaction  or w ith
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Fig. 12-9. Schem e o f  in te s tin a l lesions in  d y se n te ry . 1 — T u n ica  m ucosa, 2 — tu n ic a  
m u scu la ris  m ucosae, 3 — tu n ica  subm ucosa , 4 — tu n ic a  m uscu la ris  ex te rn a . L  — 
ly m p h  follicle. I  — m o d e ra te ly  p ronounced  c a ta rrh a l co litis. I I  — m ore severe c o litis  
w ith  f ilm y  layers (c roupous form), I I I  — d ip h th e r itic  co litis. B lack  a reas in d ica te  e p ith e ­
lia l cells infected  w ith  shigellae; do ts sh o w  g ran u lo cy tes ; c ro ss-stria tion  in d ic a te s  

o ed em a , deposition o f  fib rin  an d  haem orrhages

G oldm ann’s Sudan alpha-naphthol s ta in ing , even a fte r a com plete d es tru c ­
tion  o f these cells. H ow ever, as m entioned  above, in superficial layers o f th e  
films th e  granules m ay  become ind istinguishable due to  the  grow th (in tra - 
v itam  or post-m ortem ) of some ex tran eo u s m icroorganisms.

M any earlier investigators found th a t  severe colonic lesions in d y sen te ry  
s ta r te d  w ith focal m ucosal necrosis caused by tox ins of shigellae p resen t 
in th e  in testinal lum en. The results o f experim ents m ade on various ex p eri­
m en ta l models (see C hapters 5 and  7—10) and  th e  d a ta  ob tained  by  s tu d y in g  
th e  n a tu ra l course o f dysentery in m onkeys are in  disagreem ent w ith  th is  
s ta tem en t. Changes resem bling such p rim ary  necrosis were only observed  
in au to p sy  m aterials obtained w ith  a  delay. I t  should be stressed ag a in  
th a t  post-m ortem  autolysis, as a  ru le , is m ost m arked  in tissues th a t  h a d  
been affected and  in filtra ted  by leukocytes. As a  resu lt, findings sim ula ting  
no t on ly  necrosis b u t even inflam m atory dem arcation  a round  it are occasion­
ally  seen in colitis.

T he possibility o f  th e  noxious effect of tox ic breakdow n-products o f 
G ram -negative organism s cannot b e  ruled o u t w ith  certain ty . U ltra -  
s tru c tu ra l changes in  superficial layers of th e  corneal epithelium  in experi­
m en ta l conjunctiv itis (see C hapter 7) as well as th e  signs of dy stro p h y  in  
ce rta in  non-infected epithelial cells in  m onkey in testines can be p ro b ab ly  
accoun ted  for by  shigella endotoxins. H ow ever, sm all mucosal defects 
only appeared  alongside leukocyte in filtra tion , w hen huge doses of endo tox in  
were inoculated in to  th e  gastro in testinal t ra c t  of s ta rv ed  anim als w ith  
im paired  in testina l peristalsis (see C h ap ter 10).

T he action of bac te ria l toxins o n  blood vessels o f th e  in testina l w all 
seems to  be m ore convincing. L ocal circu latory  d isturbances m anifested  
as congestion, oedem a and m oderate  haem orrhages can be observed in  
early  stages of various forms of colitis. This canno t be considered an  exclu-
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sive sign of to x ic  vascular lesion since sim ilar phenom ena m ay occur in 
th e  presence o f an y  inflam m atory reac tio n . In  colitis of the d iph theritic  
ty p e , however, an  im pairm ent of v ascu la r perm eability  was quite evident. I t  
led bo th  to  m arked  oedema w ith a b u n d a n t haem orrhages and  to  deposi­
tion  of a th ick  netw ork  of fibrin filam ents in th e  involved areas of th e  
in testina l subm ucosa.

Obvious lesions o f intestinal blood vessels revealed in hum an d iph theritic  
colitis cannot be definitely ascribed to  shigellae them selves. A fter d estruc­
tion  of the e p ith e lia l. barrier by shigellae growing inside it, shigella toxins 
as well as o th er noxious substances (or microorganisms) alw ays present 
in th e  in testinal lum en, m ay gain access to  the  in testinal wall.

H aving stu d ied  th e  intestinal lesions in  anim als poisoned by  corrosive 
sublim ate, K au fm an n  (1888) considered d iph theritic  inflam m ation of the  
colon to  be a secondary  phenom enon caused  by the  m ultip lication of cer­
ta in  bacteria in th e  affected tissues. Ja ffe  an d  Laing (1934) found  th e  above- 
m entioned fibrinoid necrosis (more p recisely  fibrinoid w ith  fibrin) of blood 
vessels directly  underly ing the d estro y ed  colonic surface in dysenteric as 
well as in uraem ic colitis. In  their op in ion , in b o th  cases such lesions were 
secondary, being ap p aren tly  connected w ith  th e  ab u n d an t proliferation of 
various bacteria  inhab iting  th e  in te s tin a l surface afte r th e  destruc tion  of 
its epithelial lining. I f  this is th e  case, th e  apparen t s im ilarity  betw een 
th e  types of d ip h th eritic  colitis hav ing  d ifferent aetiology can be explained. 
This resem blance h a d  earlier led to  th e  supposition  of the sam e m echanism  
o f developm ent fo r uraem ic sublim ate a n d  dysentery  colitis.

Secondary infection seems to  play a  r a th e r  im p o rtan t p a r t  in th e  develop­
m en t of u lcerative colitis in cases o f d y sen te ry  w ith  a p ro tra c ted  course 
or w ith  com plications. The m ost s trik in g  (but, fo rtunate ly , ra th e r  rare) 
com plication is colonic gangrene caused b y  anaerobic bacteria.

CONTROVERSIAL AND U N SO L V E D  PRO BLEM S 
O F D Y SEN TERY  PA T H O G E N E SIS

In  discussing th e  pathogenesis of d y sen te ry  we only considered in testina l 
lesions, which a re  th e  most charac teristic  findings. N evertheless, as it is 
th e  case w ith o th e r infectious processes hav ing  a  characteristic ta rg e t organ, 
th e  disease, in fac t, affects the whole b ody . Also, the  general s ta te  of the 
body  influences th e  developm ent an d  ou tcom e of th e  infectious process in 
th e  intestines. Im m u n e processes connected  w ith  the  infection are of p a r­
ticu la r interest. Sym ptom s of general in tox ication  infrequently  observed 
in dysenteric p a tien ts  should no t be neglected  either.

Toxic agents m ay  easily en ter th e  b lood  circulation from  th e  colon 
im paired by shigellae; moreover, th e  b lood  flowing from d ista l p a r ts  of the  
gastro in testinal t r a c t ,  most severely affected  in dysentery , en ters the  
inferior vena cava. Consequently, i t  by-passes the  liver where th e  toxins, 
com ing through th e  po rta l vein from  o th e r  sections of th e  in testine , are 
detoxicated . F a r  less probable is th e  passage of dysen tery  endotoxins 
(in am ounts dangerous for the body, a t  least) th rough  the  in ta c t epithelial
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barrier (see C hapter 4). However, sm all children in fec ted  w ith shigellae 
m ay die w ithin a v e ry  short tim e, am id st signs o f severe general in tox ica­
tion. T he m orphologic changes in such cases are m o d era te  and m ostly  
restric ted  to  the sm all intestine.

In  shigella-infected, starved  guinea pigs p re trea ted  w ith  opiate injection, 
in itial lesions appeared in the small in testine .F o rm al e ta l .  (1963a) established 
th a t  m ultip lication o f the  inoculated organisms, obviously  enhanced b y  
the  suppression of peristalsis occurred in  this case. E ig h t hours after in fec­
tion th ey  found signs of circulatory  disturbance (congestion, m oderate  
oedem a) in the  sm all intestinal m ucosa. L eukocyte infiltration and  th e  
onset o f  shigella p en e tra tio n  th rough  th e  mucosa was no ted .

F rom  the  above-m entioned facts it would appear t h a t  dysentery  in fec­
tion  arises first in th e  small in testine even if the  d isease runs its com m on 
course and, m aybe, th is  stage canno t be observed in p a tien ts  dying som e 
tim e later. This suggestion is erroneous because as soon  as on the second 
day  a f te r  the onset o f dysentery pronounced lesions are revealed in th e  
colon, b u t not in th e  sm all intestine (see Fig. 12-2). T h ey  are directly co n ­
nected  w ith the v ita l ac tiv ity  of shigellae (see Figs 12-3 and 12-4). T h e  
results of artificial shigella infection o f monkeys are  no less convincing: 
as soon as afte r 12 h th e  pathologic processes are lim ited  to  the colon (Ogawa 
et ah , 1966a).

F o r the  developm ent of shigella lesions in th e  sm all intestine, specia l 
conditions are obviously  necessary: first of all, a  sudden  disturbance o f 
peristalsis. The fac t th a t  in infants an  early absorp tion  of dysentery to x in s  
becomes possible u n d er such conditions cannot be ru led  out.* H ow ever, 
th ere  is no reason to  believe th a t th e  same phenom enon can be observed  
when dysentery infection takes its common course.

This sta tem en t does no t exclude th e  possibility o f a lterations occurring  
in th e  sm all in testine  in dysentery. A long w ith th e  functional d istu rbances 
(also observed in th e  stom ach) w hich have long been known, c e r ta in  
s tru c tu ra l dam ages (Bluger et a l., 1973a, b) have been reported.

T he recognition o f intracellular shigella parasitism  as th e  most im p o rtan t 
fa c to r in the pathogenesis of d y sen tery  poses several questions.

I t  is n o t known how non-motile organism s p en e tra te  th e  epithelial cells. 
The m ost evident suggestion is th a t  th e  cells them selves engulf d y sen te ry  
agents. Some au th o rs  believed th a t  ep ithelial cells m igh t be able to phagocy- 
tize various small particles, including m icroorganism s. Most investigators 
deny  th is  possibility. However, even  if the  phagocitizing ability  of ep ith e lia l 
cells is proved it rem ains to  be exp lained  why th e  cells only engulf shigellae 
w hen th e  in testine  contains a w ide varie ty  o f b ac te ria . Moreover, ev en  
am ong shigellae th e y  m ust find th e  m ost v iru len t ones, capable of in t r a ­
cellu lar growth. I t  is more probable th a t  parasites them selves settle in th e  
cells th ey  need.

* I n  new born m ice  a n d  guinea p ig s su b stan ces like  b ile , colloid dyes, p a r t ic le s  
o f  In d ia n  ink  (M öllendorff, 1925) a n d  ho rse  rad ish  p e ro x id a se  p ene tra te  th e  ile a l 
a n d  duodenal ep ith e lia l cells.
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As is known, severe lesions o f d y sen te ric  colitis appear m ost frequently  
(though not necessarily) in the  m ucosa o f the rectum  a n d  sigm oid as well 
as on top  of th e  folds of the  descending  colon. F orm erly  it  was believed 
th a t  a t  these sites th e  mucosa is m ore  prone to  the  to x ic  effect of th e  
in testin a l contents, which moves slow ly here. B ut these fac to rs  m ust also 
co n trib u te  to  th e  penetra tion  o f sh igellae from the in te s tin a l lumen in to  
m ucosal epithelial cells.

Shigella invasion o f the  epithelium  is undoubted ly  also fac ilita ted  by th e  
ro u g h  mucosal surface showing n o t on ly  folds b u t also sm all depressions and  
protrusions. Therefore, the  foci of in flam m ation  caused b y  shigellae m ost 
freq u en tly  appear in  cryptal orifices o r  n ea r the prom inences (with a p it 
a t  th e  top) pro jecting  over lym ph follicles in the subm ucosa.

Findings dea lt w ith  in the preceding  chapters suggest th e  possibility of 
ac tiv e  m igration o f living shigellae. F o r  exam ple, Fig. 7-5 show s th e  passage 
o f  an  organism from  one epithelial cell in to  another. The in te rac tio n  between 
p arasites  and cells will be discussed in  d e ta i l  in the last c h a p te r  a fte r having 
rep o rted  on d a ta  ob ta ined  in o ther in te s tin a l infections.

COM PARISON OF D IF F E R E N T  E X P E R IM E N T A L  
D Y SEN TER Y  IN F E C T IO N  MODELS

E xperim ental m odels of dysen tery  in fec tion  may be classified into tw o 
groups:

1. Models of conjunctival (C hapters 6 and  7), in tran asa l (Chapter 9), 
in travesical (C hapter 8) and en teral (C h ap te r 10) infection as well as experi­
m en ts  on isolated in testina l segm ents (C hapter 22) on m ice, guinea pigs 
a n d  rabbits. Some o f th e  experim ents o n  tissue cultures also  belong to  th is 
g roup . C om parative investigations h av e  show n these models to  yield sim ilar 
re su lts  (Stenzel, 1960, 19626, e; L aB rec e t  al., 1964; F o rm al e t al., 1965d; 
A ndreeva, 1965; R auss e t ah, 1967; B akhutashv ili, 1968; A ndreeva and  
B akhutashv ili, 1968; K andvurina, 1970; P etrovskaya an d  Blinova, 1971). 
M oreover, shigellae th a t  had proved to  b e  pathogenic w hen  te s ted  in any  
o f  these models w ere capable of ev o k in g  typical d y sen tery  in  monkeys 
(W atk ins, 1960; L aB rec et al, 1964; N ak am u ra , 1967; O gaw a e t  ah, 1967a; 
M ikhailov et ah, 1968) and  in m an ( I s t r a t i ,  1961; Redey, 1964, 1970 cit. by 
B ak ács  et ah, 1970).

A ll these artificial pathologic processes h av e  a single and  h igh ly  im portan t 
com m on feature: in  sp ite  of the d ifference in location a n d  course of the  
in fection, they  invariab ly  affect ep ith e lia l tissue. A ssum ing th a t  in tra ­
ep ith e lia l parasitic  g row th  of shigellae is th e  most im p o rtan t pathogenic 
fa c to r  in dysenteric infection, these m odels conform to  th e  conditions 
o u tlin ed  in C hapter 3. Indeed, th ey  re flec t th e  most essen tial aspect of the  
in te rac tio n  betw een shigellae and th e  h o st.

T h e  results of experim ents w ith tis su e  culture, also included  in this 
g roup , present som e contradictions. I n  th ese  tests v iru len t shigellae dis­
p lay  th e  capacity  to  m ultip ly  w ithin cells o f different origin, in  epithalial
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cells as well as in fibroblasts an d  monocytes. Iso la ted  cells, however, growing 
on artificial m edia acquire peculiar properties and  should n o t be com pared 
indiscrim inately to  th e ir p a ren t cells in vivo (W illmer, I960).

2. The second group includes one of the  m ost cu rren tly  u sed  methods fo r 
testin g  shigellae in  anim als, nam ely  in traperitoneal inoculation  into w hite 
mice. I t  is assum ed th a t  th e  virulence of th e  organism s m ay  be assessed 
in  term s of the  d e a th  and  su rv ival rates of th e  mice. As show n in Chapter 5, 
however, a fa ta l infectious process in the peritoneal cav ity  develops not on ly  
w ith  pathogenic, b u t also w ith  non-pathogenic shigellae which cannot 
p en e tra te  in to  epithelial cells an d  are perfectly  innoxious to  monkeys an d  
m an. Besides, th e  process is n o t specific. I t  cannot, therefo re , serve as a  
m odel of dysen tery  infection.

A pparently , in travenous o r subcutaneous adm in istra tion  o f shigellae also 
belong to  th e  second group since, using these routes, th e  bac teria  do n o t 
com e in contact w ith  ep ithelial cells. The significance o f experim ents w ith  
chick em bryos has been d ispu ted  e.g. by S tenzel (19626, c), who claim ed 
th a t  in the em bryo, as well as in the  peritoneal cav ity , shigellae cause a  
non-specific general infection. Nevertheless, B elaya (1959) an d  P etrovskaya 
an d  Blinova (1971) ob tained  a  satisfactory  correlation betw een  the resu lts 
o f  th e  keratocon junctival te s t and  experim ents in chick em bryos inoculated 
w ith  shigellae in to  th e  yolk sac (see C hapter 5).

The fact th a t  certa in  experim ental procedures proved  to  be inadequate 
in  research on shigellosis does no t imply th a t  in traperitoneal, intravenous 
an d  o ther sim ilar m ethods o f anim al inoculation should be rejected. In  a  
num ber of o th e r infections (including salmonellosis) th e y  are  quite accep t­
able. I t  cannot be denied th a t  these m ethods m ay yield inform ation on th e  
properties of shigellae, or on host responses.

Thus, re-exam ination  of earlier hum an in testina l sam ples taken from  
dysenteric colitis cases yielded results sim ilar to  those o b ta in ed  in monkeys. 
In  th e  ca ta rrh a l an d  croupous forms of colitis, th e  m orphology of in testinal 
lesions m ostly on ly  differed due to  post-m ortem  changes in  man, w hich 
are  absent in m onkeys. The pathogenesis o f th e  severest, fibrinous form  o f  
colitis, most frequen tly  induced in m an by Sh. dysenteriae 1, is not yet su f­
ficiently clear.

B y correlating th e  results ob ta ined  in n a tu ra l d y sen tery  cases with th o se  
o f model experim ents, th e  practical value o f th e  la tte r  as well as the scope 
o f th e ir application  can be assessed.
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C H A P T E R  13

TYPHOID FEVER AND EXPERIMENTAL SALMONELLA
INFECTION

by

M. V. V O IN O -Y A S E N E T S K Y

A m ong num erous species of th e  Salmonella genus, S. typhi, th e  agent of 
h um an  typhoid, is of peculiar in terest. The aetiology o f th is  disease was 
established long ago b u t its pathogenesis is s till unclear.

In  th e  clinical p ic tu re  of ty p h o id  fever general sym ptom s of infection 
prevail, such as g radual rise o f body tem peratu re , weakness, headache, 
e tc. P ea  soup-like stools w hich were earlier considered to  be typical, are 
ra re ly  observed a t  p resent, constipation  being m ore frequen t (Bilibin, 1962). 
H ow ever, occasional haem orrhages and in testina l perfo ration  poin t to  
serious bowel lesions, which are fu lly  revealed a t  au topsy .

M ORPHOLOGY

Along w ith inconsistent signs o f a  mild diffuse in testin a l ca ta rrh , th e  m ost 
characteristic lesions appear in  th e  ileum, m ostly  in its  d ista l portion. 
L ym phatic  structu res, i.e. th e  P e y e r’s patches an d  so lita ry  follicles, swell 
considerably during  th e  first w eek of the  disease. T he hyperplastic tissue 
is soft, succulent an d  reddish-grey in  colour (“ m edullary  swelling” ). D uring 
th e  second and  a t  th e  beginning o f the  th ird  week, necrosis develops in  th e  
tissue  of swollen patches. A fter sloughing during th e  th ird  an d  early  in  th e  
fo u rth  week of th e  disease, ulcers m ay ex tend  deep in to  o r th rough  th e  
m uscle coat; th ere  is danger o f profuse haem orrhages from  th e  affected 
vessels as well as of in testin a l perforation. I f  th e  course of th e  disease 
is favourable, th e  ulcers heal g radually  w ithou t noticeable traces.*

Pathologic phenom ena occurring during typ h o id  fever in th e  in testinal 
walls are due to  th e  appearance o f granulation tissue consisting of large, 
m ononuclear, pulpish  cells called “ typhoid  cells” (Pig. 13-1). They have 
phagocytic properties and  freq u en tly  contain engulfed ery th rocy tes and  
debris. They develop from  re ticu la r cells and h istiocy tes and  are, in fact, 
com m on m acrophages. Their m assive accum ulation in  th e  form  of granulo­
m as and  whole fields extending  p a r tly  beyond th e  outlines o f follicles and

* A ccording to  C h ris te ller (1928), th e  du ra tio n  o f th e  in d iv id u a l s tages m en tioned  
is observed  only  in  one h a lf  to  tw o -th ird s  of fa ta l ty p h o id  cases. C om plete necrosis 
o f  P e y e r’s p a tch es is n o t u su a lly  observed  in  th y p h o id  o f  ch ild ren  a n d  is n o t a  con ­
s is te n t finding in  a d u lts  e ith e r (G räff, 1918; D avydovsky , 1956; A brikosov , 1957).
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F ig . 13-1. T yphoid  cells in  P e y e r ’s p a tch e s  o f  a  p a tie n t w ho d ied  o n  th e  14 th  d ay  ol 
th e  d isease. H aem atoxy lin -eosin , X 320

th e  P ey e r’s patches is p articu la rly  characteristic . In  co n tra st to  dysentery, 
pathologic processes in  ty p h o id  fever tak e  place in th e  lam ina p ropria  and 
no t in th e  epithelium . F o r some tim e before the  onset o f necrosis of the 
patches, the  epithelial co a t over th e  foci of the lesions rem ains seemingly 
in tact.

A nother im portan t fe a tu re  of ty p h o id  is its generalized ch arac ter. Lesions 
sim ilar to  those seen in  th e  P ay e r’s patches also occur in th e  m esenteric 
lym ph nodes (Fig. 13-2a). In  th e  liver, spleen, and  occasionally in th e  bone 
m arrow  and some o th e r  organs, focal lesions (single granulom as) appear 
(Fig. 13-26).

The mechanism of ty p h o id  granulom a form ation has n o t been sufficiently 
studied. D eath  hard ly  ev e r occurs earlier th an  th e  end  of th e  first week. At 
th is  stage granulom as consisting alm ost exclusively o f “ typ h o id  cells” are 
disclosed, f t  is generally  th o u g h t th a t  local inflam m atory  response is of 
p roductive natu re  from  th e  very beginning, i.e. i t  is d isp layed  b y  focal 
grow th of m acrophage-type cells and  leukocytes do n o t p a r tic ip a te  in the 
process. Granulocytes on ly  appear w hen granulation  tissues fo r som e reason 
become necrotized during  th e  second week of the  disease. Some investigators 
consider this response to  be th e  sequence of secondary non-specific infection 
o f necrotized areas.

Granulom as formed in  th e  liver during  typhoid  occasionally reach  th e  size 
o f 1-2 mm in diam eter, b u t usually  th e y  are small an d  can only be  revealed
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F ig . 13-2. G ranu lom as in  a  m esen teric  ly m p h  node (a) an d  th e  liver (b) o f m a n  in  
ty p h o id . H aem ato x y lin -eo sin , (a) X 290; (Ь) X 240

microscopically. Being m ost frequen tly  round, th ey  a re  arranged in  th e  
liver lobules irregularly, nearer e ither to  th e  periphery  or to  the  cen tre . 
Two kinds o f “ typho id  nodules” , necrotic and cellular, a re  distinguished.*

* O ccasionally  “ ly m p h o m as” , i.e. agg reg a tio n s o f round  cells in  th e  in te r lo b u la r  
connec tive  tissue , a re  considered  as such  nodu les . B u t, be ing  encoun te red  in  m a n y  
in fec tious d iseases th e y  a re  n o t pecu lia r to  ty p h o id  fever (F ab e r , 1921; M es titz , 
1923; G ruber, 1930). T h e ir inc idence in  th e se  d iseases w as n o t  h ig h e r  th a n  in  h e a l th y  
persons w ho died  acc id en ta lly  (V oino-Y asenetsky, I960).

12 Voino-Yasenetsky — Bakács
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Only M estitz (1923), G ruber (1930) and, to  som e extent, Ja ffé  (1920) believe 
th a t  these form s of local lesions are d ifferen t, arising independently . O ther 
investigators consider them  to  be m anifesta tions of an  advanced  stage o f 
typhoid g ranu lom a form ation.

According to  F raenkel and  Simmonds (1886), Reed (1895), Graff (1918) 
and Faber (1921), form ation of typho id  granulom as in th e  liver begins w ith  
the  appearance o f foci of necrosis resulting  in  local cellular response. O ther 
m orphologists hold  th e  opposite view, considering nodule form ation from  
th e  reticuloendothelial cells (h istiocy tes)—th a t  are d estro y ed  later — to  
be the p rim ary  phenom enon (Schm idt, 1907; Joest, 1914; Jaffé, 1920; 
Christeller, 1928; L ennert, 1961).

Christeller (1928) and  M acCallum (1945) em phasized th a t  typho id  g ran u ­
lomas in th e  liver are unique exam ples o f  m acrophage response w ithou t 
th e  partic ipa tion  of polym orphonuclears from  the very beginning. H av ing  
applied histochem ical techniques, F ab er (1921) and M estitz (1923), however, 
found a ce rta in  num ber o f granulocytes to  be present a t  every stage o f 
granulom a developm ent in th e  liver. S chm id t (1907) a n d  Graff (1927) 
have also m ent ioned th e  leukocyte response (as if it were re la ted  to necrosis).

Mallory (1898) proved th a t  typhoid  granulom as form in th e  liver as a resu lt 
of occlusion o f liver capillaries (sinusoids) b y  m acrophages which get there  
from the spleen on haemogenous route. G ru b e r (1916) d isproved  this supposi­
tion  by showing th a t  mice challenged w ith  salmonellae developed granulo­
mas in the  liver even in cases when the sp leen  had previously been removed. 
However, M acCallum  (1945) repeated  M allory’s hypothesis, w ithout s ta tin g  
th e  origin o f th e  occluding cells. H av ing  n o ted  th a t an im als challenged 
w ith salm onellae exhibit m any  large m ononuclears in th e  blood vessels o f 
different organs, McGuire e t al. (1968) concluded  th a t m acrophages revealed 
in the liver an d  th e  spleen seem to orig inate from  different p a r ts  of the body. 
The question, however, arises why granulom as then fail to  appear in these 
organs in m alaria  when, as shown in C h ap te r 1, large m acrophages m ay be 
found in th e  blood flow in high num bers.

There is an  alm ost unanim ous agreem ent o f authors th a t  granulom a fo rm a­
tion  in the  liver is due to  th e  effect of salm onella endotoxins. Endotoxins, 
however, m ust accum ulate a t  la te r sites o f  granulom a fo rm ation . C irculat­
ing endotoxins cause a different kind of liver damage, w hich is usually m ore 
diffuse or localized in th e  centre of the  lobules. I t  is easier to  assume th a t  
granulomas arise  in places of salm onella colonization (or destruction) as 
suggested by  th e  frequent positiv ity  o f bacteriological cu ltu res made from  
th e  im paired organs.

Salmonellae have no t y e t been revealed  m icroscopically in  the  hepatic  
foci, bu t th ey  have been found in granulom as of o ther organs. Moreover, 
S. typhi is know n to  have been d iscovered while s tu d y in g  the  im paired 
tissues m orphologically, and  m any years h ad  to  pass till  th e  direct role 
of salmonellae in the  developm ent of lesions was understood .
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SALM ONELLAE IN  FOCAL LESIO N S IN  T Y P H O ID  FEV ER

In  histological preparations from  m esenteric lym ph nodes an d  the spleen 
o f 23 patien ts who had  died o f typho id  fever, E b e rth  (1880) found m icro­
colonies of rods w ith  rounded ends in 12 cases. F o r lack o f a  good staining 
m ethod, he used unsta ined  sections. H e only found colonies intercellularly 
(Fig. 13-3a), and  ra th e r  infrequently , i.e. from  1-2 p er several sections 
u p  to  2 and more in  one section. E b e r th  m entioned a num ber o f authors who 
h a d  previously rep o rted  on th e  presence of some organism s in the tissues 
du ring  typhoid, nevertheless, his description is regarded as th e  discovery o f 
ty p h o id  agents.

N obody doubts th a t  the  b ac te ria  th a t  E b e rth  observed and  described 
w ere S. typhi. H ow ever, soon afterw ards, R eher (1885) suspec ted  th a t colo­
nies of S. typhi in th e  dead tissue h ad  formed during the  post-m ortem  growth 
o f a  few or even single organism s. P ictures sim ilar to  those  described by  
E b e r th  (1880, 1881) and la ter by  G affkv in 1884 (who was th e  first to  isolate 
S. typhi in pure culture) were found  by R eher (1885) only  in one case, 
w hen autopsy was m ade 42 h  a f te r  th e  p a tien t’s dea th . A t autopsies m ade 
soon a fte r d e a th , accum ulation o f bac te ria  was n o t revealed. * L a te r  F raenkel 
an d  Simmonds (1886) came to  th e  sam e conclusion. H av ing  stud ied  a con­
siderable am ount o f au topsy  m ate ria l and having carried  o u t m any experi­
m ents on anim als, th ey  had  been convinced of th e  m ultip ly ing  ability  of 
ty p h o id  organism s in  dead tissues (Fig. 13-3&). They even  suggested to  
grow th e  organism s artificially b y  leaving pieces of organs unfixed for 24 h 
p rio r to  histological study . L a te r  Fraenkel (1900) successfully applied 
prelim inary  tissue incubation for studying  typho id  roseolas. The technique 
o f “ additional grow ing” of salm onellae is also useful in  experim ental in ­
vestigations (see C hap ter 17), b u t th e  relations preexisting betw een organisms 
an d  cells of the  affected host can n o t be judged in th is  w ay.

C hristeller (1928) pointed  o u t th a t  post-m ortem  grow th o f salmonellae 
m ay  also be observed because bacteraem ia is frequen tly  present in th is 
infection. In  dealing w ith the  pathology  of typhoid , how ever, microcolonies 
o f ra th e r  large rods in the P ey e r’s patches, lym ph nodes an d  splenic pulp  
are usually  m entioned. B ut m ostly  it is not s ta ted  th a t b ac te ria  m ultiplying 
a t  these  sites are responsible for th e  specific lesions. In  hypotheses on typhoid  
pathogenesis and  th e  causes o f morphological changes in  th e  intestine and  
o th e r organs, th e  m ain role is a ttr ib u te d  no t to  salm onellae them selves b u t 
to  th e ir  endotoxins.

Meanwhile, G oodpasture (1937) showed the  possibility o f a  new approach 
to  s tu d y  the  m echanism  of ty p h o id  infection. In  testing  various organisms 
in experim ents on  th e  chorio-allantoic m em brane of chick em bryos, Good- 
p as tu re  and A nderson (1937) show ed S. typhi to  possess a  peculiar feature.

* I n  th e  cases described  b y  E b e r th  in  1880 and  1881 w here he  found  colonies o f  
o rg an ism s in  m esen te ric  lym ph  nodes, a u to p sy  w as usua lly  m a d e  as  la te  as 18-46 h 
a f te r  th e  p a tie n ts ’ d e a th . I n  th e  o rg an s  o b ta ined  a t  th e  th ree  e a rlie s t au topsies (2, 3, 
6 h  a f te r  death ) he  fa iled  to  d e te c t a n y  organism s. G affky (1884) d id  n o t rep o rt on 
th e  tim e  th a t  h a d  elapsed  betw een  d e a th  and  au to p sy .

12*
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F ig . 13-3. M icrocolonies o f  ty p h o id  b a c te r ia  in  h isto logical p re p a ra tio n s , a U nsta ined  
sec tion  (draw ing b y  E b e r th , 1880); b m e th y le n e  b lue s ta in  (F ra e n k e l a n d  Sim m onds,

1886)

T hey grew in en toderm al epithelium  w here they  were v ery  small, while in 
necrotic tissues th ey  ap p eared  as ra th e r  large rods sim ilar to  8. typhi grown 
on artificial n u trien t m edia. H aving  exam ined, 90 m in a fte r dea th , the 
in testine of a girl who h ad  died on th e  eleventh d ay  o f th e  disease, Good- 
pastu re  (1937) stained  th e  sections as described by  W rig h t (R om anovsky’s 
technique modified). T his enabled him  to  find in the affected  Fever's patches 
an d  mesenteric lym ph nodes small rods and  coccoid organism s resembling 
those detected  in chick em bryos. These organisms, how ever, were not lodged 
in th e  epithelial coating preserved above th e  patches b u t in  cells having a 
ra th e r large cytoplasm  w ith  some degree of basophilia. In  these cells, which 
G oodpasture (1937) considered to  be young  plasm a cells, num erous organisms 
form ed aggregates in circum scribed lig h t areas of th e  cy toplasm . Such cells 
containing organisms were, in general, n o t num erous b u t were encountered 
in  each section.

G oodpasture’s observations were confirm ed by A dam s (1939); he studied 
th e  organs of six p a tie n ts  who had  d ied  of typho id . Using a  modified 
stain ing technique, A dam s observed sm all bacteria in cells resem bling plasm a 
cells or lym phoblasts (Fig. 13-4). H e considered the  organism s to  be inside 
th e  vacuoles, their n u m b er am ounting  to  100 or m ore in  each vacuole. 
A t th e  same tim e th e  infected  cells appeared  viable, occasionally displaying 
signs of m itotic division.

Pointing out the  u n d o u b tfu l im portance of G oodpastu re’s investigations 
one should note th a t  he, as well as A dam s, were ev iden tly  w rong in  consider­
ing th e  cells which con tained  sm all form s of 8. typhi to  be p lasm a cells. 
As Planelyes and F o rsh te r  (1946, 1947) sta ted , these w ere young re ticular 
cells or histiocytes also d istinguished b y  th e ir basophilic cytoplasm .
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F ig . 13-4. Sm all o rgan ism s (arrows) in  th e  cy top lasm  o f  cells o f a  P ey e r’s p a tc h  in  
ty p h o id  fever. B asic  fu ch s in -lig h t g reen sta in , X 2500 (A dam s, 1939)

U n fo rtu n ate ly , th e  work of G oodpasture (1937) an d  Adams (1939) has 
n o t been continued and  no fu rther d a ta  on in tracellu lar parasitism  of ty p h o id  
agen ts in hum an in testine are available.

Sprinz e t al. (1966) took repeated  biopsies from  volunteers infected w ith  
S. typhi. Pieces of m ucosa were ta k e n  from  the  in itia l po rtion  of the jejunum . 
T he findings were ra th e r  scanty: on ly  signs of en teritis  such as “focal g ra n u ­
lom atous changes” were described; th e  presence (or absence) of b ac te ria  
in th e  tissues was n o t m entioned.

K eiserling e t al. (1972) studied a  m esenteric lym ph node removed from  a  
child w ith  ty p h o id  fever. In  necrotic areas rods strongly  staining w ith  
th ion ine were p revalen t. In  the  cytoplasm  of ce rta in  m acrophages th e re  
were fa in tly -sta in ing  small organism s; as shown b y  electron m icroscopy 
th ey  were inside m em brane bound  vacuoles.

Considering salm onella infection n o t to  be lim ited  to  the  a lim en tary  
tra c t , B ilibin e t al. (1970) stud ied  th e  bone m arrow  o f typho id  p a tien ts  as 
well as of 8. typhi an d  S. paratyphi-В  carriers. T he bone m arrow cu ltu re  
ob ta in ed  by  biopsy from  the iliac crest was investigated . In  13 out o f 20 
cases th e re  was a  m acrophage infection  w ith ty p ica l salmonellae; hetero - 
m orphic and  L-form s of the agents exhibited  a specific reaction afte r t r e a t ­
m en t o f the  p repara tions w ith  fluorescent antisera.

IN FE C T IO U S PR O C ESSES CAUSED IN  MAN 
BY VARIOUS SA LM O N E LLA  SPE C IE S

In  add ition  to  S. typhi, the agent o f “ classical” ty p h o id  fever, o ther m em ­
bers o f th e  Salmonella group are pathogenic to  m an. On th e  basis of li te ra ry  
d a ta , S hur (1970) enum erated  30 ty p es  of these b ac te ria  as having an im p o r­
tan ce  in  hum an pathology, bu t in D a c k ’s (1963) opinion, each serotype (m ore 
th a n  1600 are know n a t present) m ay  be considered a  po ten tial m enace.

B ased  on epidemiologic considerations, S. typhi an d  S. paratyphi-A, В  
an d  О found only  in  hum ans h av e  been grouped separately . Serotypes
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affecting both  hum ans and anim als h av e  been called “b ipathogen ic” . From  
th e  pathogenic p o in t o f view this g rouping  is no t adequate because S. para- 
typhi-A  causes diseases which are a lm o st indistinguishable from  typhoid  
fever, while the  course of infection caused  b y  8 . paratyphi-B  an d  especially 
b y  S. paratyphi-C is very  frequently  q u ite  different. In  th is  respect S. 
paratyphi-B  and  8. paratyphi-C stan d  closer to  “ bipathogenic” salmonellae.

In  most schemes classifying clinical fe a tu res  of salmonella in fection  gastro­
in testinal, typhoid-like, septic forms a n d  various focal lesions, more fre­
quen tly  occurring as secondary com plications of some o th er diseases, are 
stressed. In  Table 13-1 d a ta  on 7779 cases o f salmonella infection published 
b y  Saphra and W in te r (1957) are given. These clinical d a ta  are probably 
no t quite precise, since salmonella in fec tion  frequently  rem ains unrecognized 
(according to  T arasov , 1971, in 54 p er cen t of the  cases), th ey  nevertheless 
show the sim ilarities and  differences in  th e  pathogenic p roperties  of ind i­
v idual salmonella types.*

As shown in T able 13-1, certain  clinical sym ptom s are n o t alw ays associ­
a ted  w ith a definite ty p e  of Salmonella. A cute gastroenteritis  is the  most 
ty p ica l m anifestation o f the  m ajority  o f th ese  organisms (exceptS . paratyphi- 
A  and  B, and S. cholerae-suis). As a  ru le , th e  disease appears in population 
groups having ea ten  some food co n tam in a ted  witli salm onellae. The com­
para tive ly  rapid appearance of enteric d isorders accom panied by sym ptom s 
o f general in tox ication  suggested poisoning  w ith toxic substances produced 
b y  salmonellae; in fac t, the term  food poisoning is still used for these cases 
(P rost and R eim ann, 1967). However, sim ilarly  to  shigellae, large doses of 
killed  salmonellae o r endotoxin ex tra c te d  from  them  has been found harm ­
less when in troduced in to  the a lim en tary  tra c t  of experim ental anim als. A t 
th e  same time, clinical and epidem iological d a ta  prove salm onella gastro­
en teritis  to  be undo u b ted ly  an  infectious disease (Dack, 1956, 1963; Nov- 
gorodskaya, 1960; R alovich  et al., 1968; A rbuzova, 19686; C hakhutinskaya, 
1968; Gurevich, 1970; Bluger e t al., 1975).

In  acute gastroen teritis  caused b y  S . paratyphi-B  and 8 . typhimurium, 
signs of ca tarrh  an d  o f vascular d is tu rb an ces w ith occasional superficial 
erosions were found  in  th e  in testinal m ucosa. Lesions of lym ph  follicles and 
P a y e r’s patches characteristic  of ty p h o id  feverw ere absent o r  these  lym phoid 
struc tu res only show ed slight non-specific swelling (H uebschm ann, 1913; 
P ick , 1928; K iparisov , 1956, 1964; S to ry  an d H an sb u ry , 1957). In flam m atory  
changes were m ainly observed in th e  sm all in testine, particu la rly  in  its distal 
portion . Pick (1928) was of the opinion th a t  th e  lesions o f th e  colon were 
th e  result of d ysen tery  infection assoc ia ted  w ith  salmonellosis. However, in

* T he d a ta  o f S ap h ra  a n d  W in te r (1957) d o  n o t  reflec t th e  tem p o ra l a n d  geograph ica l 
flu c tu a tio n s in  th e  im p o rtan ce  of ce rta in  sa lm o n e lla  ty p es  in  h u m an  p a th o lo g y  (D ack, 
1963). S . typh im urium  h a s  long been th e  p re v a le n t  sero type all o v e r th e  w orld; in  
L en in g rad  S . Heidelberg w as p rev iously  r a n k e d  th e  second (N ovgorodskaya, 1960) 
w hile  in  1969 th e  inc idence  o f diseases c au sed  b y  8 . panam a  a n d  S . derby w as th e  
h ig h es t (B alabanova e t  a l., 1970). A ccord ing  to  th e  d a ta  o f K ra sn itsk a y a  e t  al. (1970) 
in  th e  U SSR  60 p e r  c e n t o f tox in fec tion  o u tb re a k s  are  caused b y  8 . typh im urium , 
20 p e r  cen t b y  S . enteritid is, 4.5 p e r c en t b y  S .  cholerae-suis an d  3.5 p e r  cen t b y  S .  
dub lin  (see also B lu g er e t  al., 1975).



TABLE 13-1

Clinical m anifesta tions o f sahnonellosis 
(according to  S aph ra  a n d  W in te r, 1957)

Clinical m anifestations (per cent)
Most im portant and ^  , ------------------;-----------7-------;------------------j-----------------  D ea th
frequent Salmonella ‘ ‘7  Gastro- | T yph° 1.d  or | Fo?f1 ! Carrier (Per

types enteritis i septic I mamfes- conditions cent)
syndrom e tations

j j
Total, averages 7779 68.3 8 .8  7.4 15.5 4.1

S . paratyphi-A  40 7.5 67.5 7.5 17.5
S . paratyphi-B  349 37.0 41.3 5.4 16.3 1.1
S . san-diego and

S. saint-paul 133 74.4 7.6 6.0 12.0 0.8
S. derby 182 65.4 6.0 6.6 22.0 2.2
S . typhim urium  2385 80.8 4.1 4.9 10.2 4.1
S . bredeney 82 53.7 4.9 19.5 22.0 3.7
S . cholerae-suis 359 15.6 47.6 35.7 1.1 20.3
S. montevideo 659 70.7 3.5 5.5 20.3 2.4
S . oranienburg 641 65.2 7.6 8.7 18.5 3.6
S . bareilly 236 66.9 3.0 6.3 23.7 4.2
S . tennessee 739 55.6 5.0 3.3 36.0 1.3
S. newport 701 77.3 4.3 4.6 13.8 2.7
S . muenchen and

S . manhattan 254 76.8 3.1 5.5 14.5 2.0
S . enteritidis 240 75.8 5.0 9.6 9.6 5.8
S . panama  234 55.5 16.7 12.0 15.8 4.3
S . anatum  and

S . newingion 346 68.2 2.3 4.0 25.4 2.3
etc.

salmonellosis, too , the  colonic m ucosa m ay  be involved in  the p a th o ­
logical process as indicated  by  th e  presence o f mucus and  blood in the stoo ls. 
“ Colitis syndrom e’’ was m ost frequen tly  observed in diseases caused b y  
S. panama. In  these cases the  inflam m ation o f colonic m ucosa was confirm ed 
b y  sigm oidoscopy (K asatk ina e t al., 1970).

A case of fu lm inan t infection w ith  S. saint-paul described by  H artz  e t  al. 
(I960) is of in te rest. A utopsy was m ade 30 m in afte r th e  p a tie n t’s d e a th  
(girl, aged 2 years), and  histological s tu d y  d e tec ted  acute inflam m ation w ith  
superficial erosions lim ited to  th e  colon.

In  m an, infections induced by  S. typhim urium  and  b y  m ost o ther k in d s  
o f  salm onellae ra re ly  become septic or cause focal lesions in some o rgans. 
In  con trast, such a  course (frequently  fa ta l) o f disease is alm ost in v ariab ly  
seen in infections caused by  S. cholerae-suis (see Table I3-I). G urevich 
(1956) found th a t  dam age of in testinal lym pho id  structu res was com pletely  
absen t in diseases caused by  salm onellae o f group C (among th em  S. cholerae-
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suis). A t th e  sam e tim e, Gurevich n o te d  th e  com plexity  and d iversity  o f 
the  pathologic p ic tu re  in these diseases since in the  m ajo rity  salmonellosis 
is associated w ith  o th er infections or patho log ic sta tes. The same is tru e  
for com plications o f o th er kinds of salm onellosis as well. In  some clinical 
classifications th e y  are called special “ nosoparasitic form s” .

There was a  tim e w hen certain organism s, very freq u en tly  joining spiro- 
chetae in recu rren t typhus, aroused g re a t in terest. Iso la ted  by K ulesha an d  
T itova (1922, 1923), and  Ivashentsov (1923, 1926), th e y  were fo rm erly  
called “B. p a ra ty p h i N 1” and “N 2” , a t  p resen t th ey  b ea r the  nam e o f 8. 
paratyphi-C an d  S. moscow. In  a v a s t post-m ortem  m ateria l of 268 cases 
of recurren t ty p h u s , K ulesha and T ito v a  o n ly  detected  signs of ca tarrh  in  th e  
intestines; secondary  salmonella in fec tio n  was m ain ly  associated w ith  
lesions of th e  renal cortex  resembling g ranu lom as or focal infiltrations con­
taining diverse cells w ith  small colonies o f  rod-like organism s among them .

In  the  s ta tis tic s  of S aphra and W in te r (see Table 13-1) salmonella in fec­
tions w ith  ty p h o id  course were assessed together w ith  those having  a 
septic course. No inform ation is av a ilab le  on the occurrence of pecu lia r 
typhoid lesions of th e  lym phoreticular ap p a ra tu s  of th e  intestine in  an y  
type of salm onellosis, except in infections caused by 8. typhi, 8. paratyphi-A, 
and occasionally by  8. paratyphi-B. O n th e  o ther hand , th e  lesions induced  
by S. typhi are, in  cases, lim ited to  th e  in testina l m ucosa, leaving follicles 
and P eyer’s p a tch es in tac t (one case w as described b y  Balogh, 1922).

E X P E R IM E N T A L  STUDY O F  SALM ONELLOSIS

The aim  o f th e  in itia l anim al experim en ts was to  confirm  the aetiological 
role of organism s iso lated  in typho id  fev er in man. However, efforts to  
infect anim als b y  th e  n a tu ra l route, i.e. b y  feeding th em  S. typhi or in tro ­
ducing the  agen t into th e  alim entary can a l, proved to  be futile. The only  
successful a tte m p t was th a t  by R em iinger (1897) who succeeded in causing 
severe infection in  four rabbits and te n  r a ts  which h ad  been fed for a long 
tim e (up to  10 days) on greens in fec ted  w ith  large am ounts of ty p h o id  
bacilli. H e n o ted  swelling and even u lce ra tio n  of the P e y e r’s patches in dead  
animals. A pparen tly , these experim ents hav e  not been repeated, an d  th e  
opinion prevails th a t  laboratory  an im als are com pletely resistant to  8. 
typhi when challenged orally.

Lower p rim ates  are also resistant to  8 . typhi. Successful experim ents w ere 
only repo rted  on th e  chimpanzee (G rünbaum , 1904; M etchnikoff an d  
Besredka, 1911; Gaines e t al., 1968). Som e o f the  anim als receiving th e  ag en t 
w ith food developed  a m ild disease a n d  som e died.

The m ain  purpose of a long series o f  experim ents on the  chim panzee 
(Edsall e t al., 1960; Gaines et al., 1968; a n d  others) was to  find out w h e th e r 
vaccination aga inst ty p h o id  was possib le; in  addition, certa in  in form ation  
on the  course o f experim ental in fection  in  monkeys was also expected.

In  spite o f an  ex trem ely  massive challenge (monkeys received b an an as 
infected w ith  1011 viable S. typhi), th e  response ranged  from  a m oderately  
severe disease to  th e  absence of sy m p to m s and bacteraem ia. H ow ever,
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specific antibodies appeared  in th e  blood in all cases. A lterations in  th e  
P e y e r’s patches an d  lym ph nodes, sim ilar to those seen in typhoid  fever 
were only observed in a  few of th e  anim als sacrificed a t  various in terva ls 
a f te r  challenge. A t th e  same tim e, conspicuous responsive follicular h y p e r­
p lasia  of lym phoid tissue of the  m esenteric lym ph nodes and  of the  spleen 
was no ted  in all m onkeys. (In c o n tra s t, in hum an ty p h o id  fever such fo l­
licles are m arkedly decreased, th e y  alm ost d isappear an d  are replaced by  
ty p h o id  cells.) In  all th e  anim als th e  authors d iagnosed a  diffuse en teritis  
characterized by infiltration  of th e  lam ina p ro p ria  w ith  lym phocytes, 
m onocytes, p lasm a cells and m acrophages. However, s im ilar cells are found  
in a  variable (occasionally considerable) am ount in th e  intestinal lam ina 
p ro p ria  of healthy m onkeys and m an  (see Chapter 1). T he monkeys used by  
E d sa ll and  others could hardly be considered h ea lth y  as their in testines 
were abundan tly  invaded  by helm in ths. The presence o r absence of ty p h o id  
organism s in various organs was o n ly  judged b y  bacteriological ex am i­
nation .

T hus, enteral challenge of m onkeys has so far co n trib u ted  little  to  th e  
understand ing  of h um an  typhoid . T he same holds tru e  for the resu lts o f 
pa rén te ra l in troduction  of S. typhi to  various anim als.

H av ing  failed in th e  oral challenge o f animals w ith  S. typhi, Fraenkel an d  
Sim m onds (1886) experim ented w ith  a  whole series o f o th er techniques on 
rab b its , such as th e  introduction o f bacteria into th e  duodenal lum en by  
m eans of laparo tom y, inhalation o f microbial suspension and in jection o f 
organism s directly  in to  the lungs, subcutaneous a n d  peritoneal in jection  
o f salm onellae and  th e ir  injection in to  the  ear vein. In trav en o u s inoculation 
alone resulted  in an  infection w ith  a  septic course an d  lethal outcom e. 
T he sam e result w as obtained w hen th ey  employed peritoneal challenge o f 
mice. A t autopsy, enlargem ent o f th e  spleen, Peyer’s p a tch es and m esenteric 
lym ph  nodes was observed; histological investigation was no t made.

A v tsyn  and B erezina (1958, 1971) made successful in tranasal challenge 
o f mice w ith very  large doses o f S. typhi (see C h ap te r 15). The au th o rs  
recom m ended th e  use of the in fectious process induced  in the  lungs as an  
experim ental m odel for testing an tib io tics.

T akak i (1927), V edibeda et al. (1972), and some o th e r  workers c ited  b y  
th em  reproduced ty p h o id  carrier s ta te  of a very long duration  (up to  2 
years and  longer) b y  introducing S . typhi into the  bone m arrow of an im als, 
u sually  rabbits. Bacteriological s tu d ies  made by V edibeda and co-workers 
show ed th a t  during th e  first 2-4 m o n th s, typhoid o.rganisms could be iso la ted  
n o t only from th e  bone m arrow b u t  also from various viscera, faeces an d  
urine.

T he experim ents carried ou t b y  P lanelyes and F o rsh te r  (1946) a t t ra c te d  
a tte n tio n  in th e ir tim e. Using th e  m eth o d  described b y  B erm an e t al. (1939), 
th ey  in troduced 200-500 v iru len t typ h o id  organism s subcutaneously in to  
th e  fron t footpad o f mice. Then, s tudy ing  im prints m ade from the  sites o f 
in jection  and regional lym ph nodes, th ey  concluded th a t  these organism s 
grew  em bedded in  lym phocytes w here they p e n e tra ted  th e  nucleus. W hen  
m ultip ly ing salm onellae formed cen tra l or eccentric colonies which g ra d u ­
ally  ingested the  cell nucleus, leav ing  of the la tte r  som ething like a rin g  o r
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F ig . 13-5. Mouse po ly m o rp h o n u c lea rs  filled w ith  organism s. I m p r in t  o f th e  lung 
m a d e  6 h  a fte r  in t r a n a s a l  ad m in is tra tio n  o f  1.5 X Ю9 h ea t-k illed  S h . dysenteriae 2.

E osin-azure, X 600

a  narrow  circle. Photom icrographs record ing  th e  au tho rs’ conclusions are 
very  similar to  th a t  show n in Fig. 13-5. N evertheless, o u r m icrographs do 
n o t show bacterial g row th  inside th e  lym phocytes, m erely  phagocytosis 
o f heat-killed shigellae by  mouse polym orphonuclears. A  fa lse impression 
o f cell nucleus erosion (the  cell is th e  sam e size as a lym phocyte) is obtained 
because in mice y o u n g  polym orphonuclears, corresponding to  hum an 
b an d  leukocytes, h av e  frequently  ring-shaped  nuclei. E v en  Planelyes and 
F orsh ter, who were n o t morphologists, d id  n o t repeat th e ir s ta tem en t about 
salmonellae p en e tra tin g  lym phocytes in  th e ir  la te r pub lications (Planelyes 
an d  Forshter, 1950; F o rsh ter, 1957). R ecen tly , Bondarenko e t  al. (1970), 
however, have m ade an  a ttem p t to  confirm  th e  sta tem en t t h a t  S. typhi is 
capable of parasitiz ing  lym phocytes. T h ey  observed th e  g ro w th  of these 
bac te ria  in lym phoid cells cultivated  in  vitro. W ithout d isp u tin g  their s ta te­
m en t, we must em phasize once more th a t  cells growing iso la ted  on  artificial 
n u trien t media differ considerably from  p a ren t cells in  th e  organism.* 
T his is evidently th e  reason why b ac te ria  capable of in trace llu la r growth 
m ay  parasitize various cells in vitro, including those w hich  th ey  never 
in h ab it in vivo (see C h ap te r 5). This is, essentially , s ta ted  in  B ondarenko’s

F * B ondarenko e t  a l. (1970) repo rted  t h a t  ly m p h o cy tes  c u lt iv a te d  b y  th em  were 
re a d ily  transfo rm ed  in to  po lyb lasts.
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earlier w ork (1967) where th e  ab ility  o f 8 . typhi to  grow  on fib roblasts, 
H eL a cells, and  cells of certain  o th er tissue cultures was dem onstra ted . 
This had  also been rep o rted  previously by Shepard  (1959) and S m adel
(1963).

U nlike S. typhi and S. paratyphi-A, o th er kinds o f salmonellae causing  
hum an disease, are pathogenic for m ost laboratory  anim als. Of spec ia l 
in terest is th e  fact th a t  en tera l challenge o f mice and  rab b its  with 8. typhi- 
murium, S. enteritidis, an d  some o th e r m em bers of th e  Salmonella genus 
m ay cause disease closely resem bling ty p h o id  bu t no t tox infection  (V aldm an, 
1928a, b, 1930, 1931a, b). The peculiarities of these experim ental d iseases 
should, however, be tak en  in to  consideration when assessing the  results.

The resu lts of the  experim ents perform ed by V aldm an (1955, 1964) 
sum m ed up  in two m onographs have p rov ided  a sound basis for the  u n d e r ­
standing  o f th e  pathogenesis of salmonelloses. However, she did  not succeed  
in establishing the re la tions between ce rta in  m orphologic a lterations a n d  
th e  ac tiv ity  of pathogens. H aving failed  in  the  bacterioscopy of histological 
p repara tions and  sm ears, she concluded th a t  salm onellae were p resen t in  
th e  tissues in a  peculiar invisible form . Meanwhile, th e  above-m entioned 
observations of G oodpasture (1937) a n d  Adam s (1939) show th a t, th o u g h  
8. typhi m ay  undergo considerable changes in a host, th ey  still can  be 
detec ted  even by light microscopy.

Using eosin-azure stain ing , O akberg (1946) was ab le  to  reveal sm all, 
fa in tly  sta in ing  rods in re ticuloendothelial cells of th e  liver and spleen o f 
mice infected w ith S. typhimurium. H e  assum ed th em  to  be degenerative 
forms o f organism s perishing in phagocytes. B y apply ing  fluorescent a n t i ­
bodies, T an ak a  et al. (1960a, b) d e tec ted  organisms o f various sizes a n d  
shapes in  th e  same cells o f mice challenged w ith S. enteritidis. H ow ever, 
they  d id  no t consider th e  heterogeneity  to  be a sign of m icrobial d estru c tio n , 
assum ing th a t  the s ta tu s  of the bacilli in  the an im al was su b s tan tia lly  
different from  th a t observed in vitro. T he same conclusion was also d ra w n  
by P ritu lin  (1963) who investigated  th e  sm ears from th e  subcutaneous tis su e  
of various anim als afte r local injections o f salmonellae.* T he characteristics 
of in tracellu lar salm onella grow th can  be best s tud ied  in  the  lung m odel 
described in C hapter 15 (Voino-Yasenetsky, 19646).

F or a  detailed  stu d y  o f th e  in te rre la tion  between salm onellae an d  h o s t 
cells th e  use of enteral challenge as well as o ther m odels m ay be a d v a n ta ­
geous. In  con trast to  experim ents w ith  shigellae, th e  subcutaneous, in t r a ­
venous (see C hapter 18) an d  in traperitoneal (see C hap ter 14) m odes o f 
challenge are occasionally useful. Only som e Salmonella strains are cap ab le  
of inducing experim ental conjunctiv itis in  guinea pigs, b u t the resu lts  o f  
such experim ents as well as of those in troducing  salm onellae into the b la d d e r  
are of un d o u b ted  in te rest (see C hapter 16).

Obviously, no t all salm onellae are equally  capable o f a ttack ing  lab o ra to ry  
anim als. The usual assessm ent of pa thogen ic ity  based  on death r a te  is

* M itsuhash i e t  al. (1959) h av e  also e s tab lish ed  in d irec tly  (b y  m eans o f  c e n t r i ­
fugal fra c tio n a tio n ) th a t ,  24 h  a f te r  sto rage , S .  enteritidis in  th e  m ouse viscera b eco m e  
sm aller th a n  w hile g row ing on  n u tr ie n t m ed ia .
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insufficient, since th e  infection does no t in v a riab ly  result in dea th . I ts  devel­
opm ent m ay be detec ted  by  means o f bacteriological investigations of th e  
viscera (K lyachko, 1947; Arbuzova, 1960; C hakhutinskaya, 1960).

Strains showing various degrees of p a th o g en ic ity  are com m only encoun­
tered  w ithin th e  sam e serological ty p e . In  a  study of 862 cultures of S. 
typhimurium  iso lated  from  hum ans, A rb u zo v a  (1957, I960) showed th a t  
less th an  h a lf o f them  were able to  kill m ice within 6-12 days which h ad  
been given 5 X102 bac te ria  per os. E v e n  20 X109 bac teria  o f m ost of th e  
remaining cu ltures caused b u t a p ro longed infection, lead ing  to  d ea th  in 
a  smaller p a r t  o f th e  cases. Such stra in s  w ere characterized by  a  h igher 
enzyme ac tiv ity . Differences in the v iru len ce  of certain  S. typhimurium  
strains were ev id en tly  associated w ith gene tic  factors. T he a ttem p t to  in ­
crease the virulence b v  passages in m ice w as no t successful.* However, in  
contrast to  shigellae, th e  virulence o f m ore  pathogenic stra in s did  n o t 
diminish w ith  prolonged cultivation on artific ia l medium. T o highly p a th o ­
genic 8. typhimurium  s tra in  No. 4669 an d  s tra in  No. 4801 w ith  low pathoge­
nicity  have been successfully used in experim ental w ork. The difference 
between these tw o strains was fully ex h ib ited  only afte r en tera l challenge. 
W hen mice were in jected  in traperitoneally  w ith  only several scores of cells, 
bo th  strains caused a fa ta l infection (A rbuzova, 1957).

The great difference in th e  dose of b a c te r ia  necessary fo r enteral and  
paren tera l challenge o f mice is striking. T h e  sam e was observed by  K lyachko
(1947) in study ing  8. heidelberg, and b y  Planelves and  F o rsh ter (1950) 
who com pared th e  response to  oral a n d  in traderm al infections in mice. 
Obviously, only  very  few o u t of hundreds o f  millions an d  even billions o f  
salmonellae g e tting  into th e  alim entary  t r a c t  succeed in penetra ting  th e  
inner medium o f th e  body. These s ta rt th e  infectious process while all o thers 
perish or are rap id ly  elim inated from th e  in testines. This was also confirmed 
by  bacteriological studies (Orskov et a l., 1928; Planelves and  F orsh ter, 
1950).

The infecting dose of salmonellae m ay be decreased 10-20 thousand  tim es 
in  oral challenge of mice if th e  organisms a re  introduced w ith  w ater or m ilk 
and  not w ith  solid food (e.g. bread) (Pshenichnov, 19‘16; P lanelyes an d  
K rasinskava, 1950). The organisms in th e  liq u id  rapidly reach  the  in testine  
w ithout being exposed to  th e  dam aging effect of saliva a n d  gastric ju ice  
(Planelyes and  K rasinskaya, 1950). A fte r o ra l in troduction  of m icrobial 
suspensions to  mice, no lesions of th e P e y e r’s patches are com m only observed 
(Valdman, 1935, 1955), and  salmonellae m a y  first p en e tra te  th e  m ediastinal 
lym ph nodes (Planelyes and  K rasinskaya, 1950). In  ra b b its  and guinea 
pigs the  same m ode o f challenge is responsib le  for a ra th e r  characteristic 
infection involving th e  in testinal and m esen teric  lym phoid structu res (see 
C hapter 17).

The in troduction  o f salmonellae in to  th e  duodenal lum en of rabb its  
produces various effects depending on th e  in jec ted  dose. Sm all doses cause 
a  disease sim ilar to  typho id  fever, while m assive doses induce a severe dif-

* M arkov e t  a l. (1966) rep o r ted  on  an  in c rea se  in  th e  viru lence o f  S .  typ h im u r iu m  
a s  a  resu lt o f a  10-15 h  g ro w th  in  dead m ice o r  m in ced  m ea t a t  37 °C.
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fuse enteritis (Valdm an, 1931«, b, 1955; B ibinova, 1939). In  guinea pigs 
fa ta l  en teritis m ay  be produced w ithou t changing th e  oral dose, by in h ib i­
tio n  of the elim ination  of the organism s by  m eans o f suppressing the in te s ­
tin a l peristalsis (K en t et al., 1966a).

To im itate  n a tu ra l conditions as closely as possible th e  m inim um  am o u n t 
o f organisms causing the infection should be a]»plied. In  bacteriology h igh  
doses are frequen tly  used. This accelerates th e  developm ent of the infection 
a n d  thus m akes th e  evaluation o f the  resu lts easier. Massive challenge 
(paren teral particu larly ) is far less adequate  for clarifying th e  pathogenesis 
o f  infectious processes. When there  are m any free organism s in the  infectious 
focus, it is difficult to  decide w hether th e  organism s engulfed by  phagocytes 
a re  capable of m ultiplying. U nder such conditions, the  increase in the n u m ­
b er o f organism s in the  m acrophage’s cytoplasm  m ay be due to  the m u lti­
p lication of organism s previously ingested as well as to  continued p h ag o ­
cytosis. In  add ition , a considerable p a r t  of th e  organism s introduced s u b ­
cutaneously in to  th e  blood stream , resp ira to ry  trac t, etc. is usually rap id ly  
destroyed. This m ay  result in a  poisoning o f th e  experim ental anim al w ith  
tox ic m icrobial breakdow n products.

Very high doses o f microorganisms can even be th e  cause o f co n trad ic to ry  
resu lts. In fecting  mice with pneum onia virus, Gogolak (1953) no ted  a  
reduction  of an im al m ortality  in cases when the  concentration of v iru s  
adm inistered was exceedingly high. W e observed th a t  in tranasa l ad m in is tra ­
tio n  of 1.2 XlO7—1.3 XlO9 B. pertussis rods induced rap id  dea th  in a g re a t 
num ber of w hite mice while in surviving anim als the fu rth e r course o f th e  
infection was m ilder than  afte r challenge w ith  sm aller doses (Voino-Yase- 
n e tsk y  and K h a i, 1960). This finding m ay be explained by the  so-called 
non-specific resistance appearing under the  effect of bacterial endotoxins.

As in experim ental study of o th er infections, th e  course of salmonellosis 
m ay  be changed b y  exposing the  anim als to  various influences (Sarkisov a n d  
Rem ezov, I960; Valdm an, 1964; Sm irnov, 1966; W undt, 1966; Boros a n d  
G erichter, 1968; R eade and B atem an , 1969; O litzki, 1972). In te rv en tio n s 
decreasing (v itam in  deficiency, cooling, cortisone, blockade of the re ticu lo ­
endothelial system , etc.) or increasing (non-specific resistance induced b y  
endotoxin  p re trea tm en t) the defensive functions of th e  host are m ostly  a s ­
sessed in term s o f th e  death ra te  and  of th e  tim e elapsing u n til death. D ire c t 
observations on th e  changes in th e  infectious process itself are ra th e r sca n ty .

Mouse stra in s characterized b y  an increased resistance to  salm onellae 
have been o b ta in ed  by  inbreeding. The resistance is principally  due to  su c ­
cessful phagocytosis and digestion of organism s by reticuloendothelial cells 
(Gowen, 1960), th ough  certain o th er unclarified non-specific factors m ay also  
be  o f im portance (Boehme, 1970).

The m echanism  of specific resistance arising afte r th e  term ination  o f  
salm onella in fection  or vaccination is n o t qu ite  clear either. The problem s 
o f im m unity  in en teric  diseases are extensively  stud ied  b u t these are b ey o n d  
th e  scope of th is  paper. F o r th e  understand ing  of th e  pathogenesis o f  
salmonellosis it  is im portan t th a t ,  according to  th e  p resent view, an  increased  
ab ility  of phagocytes to  digest th e  organism s engulfed underlies acq u ired  
resistance. M acrophages are believed to  p lay  th e  m ain p a r t  here (Collins,
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1971). Meanwhile, th e  activ ity  of polym orphonuclears is significantly in ­
creased in the  recovering and im m unized host (Metchnikoff, 1905; B erm an 
and  Slavskaya, 1958; Podlevskv, 1962; P okrovskaya e t al., 1963).

Im m u n ity  in salm onellosis (as well as  in  certain  o ther infections caused 
by in tracellu lar parasites) provides safe  pro tection  against new infection 
by sim ilar m icroorganism s, but does n o t  interfere w ith  th e  persistence of 
the  agents of th e  prev ious infection in  th e  body, which is a ra th e r frequen t 
phenom enon. These organism s seem to  dwell in reticuloendothelial cells 
w ithout losing th e ir virulence (Hobson, 1957), and a relation, resem bling 
symbiosis, is estab lished  between th em  a n d  the  host.

D IF F IC U L T IE S  ARISING IN  AN IM A L E X P E R IM E N T S

As is known, occasional epizootics cau sed  by  S. typhimurium, S. enteritidis 
or o ther salm onellae occur among la b o ra to ry  animals. A part from  causing 
economic losses, th ey  create considerable difficulties and  m ay even be 
responsible for errors in  experim ental re su lts . In  this respect th e  prolonged 
carrier s ta te  developing in part of th e  an im als th a t  had  suffered from  the  
insidious form  of th e  disease is especially dangerous. The balance betw een 
the  host and the  p a ras ite  m ay be d is tu rb ed  in such cases during th e  experi­
m ent. Then an ou tb reak  of the infection (easily transferred  to  o ther experi­
m ental anim als) will interfere with th e  experim ent, or, if it rem ains unno­
ticed, will d is to rt th e  results.

O ther la ten t infections are also r a th e r  w idespread am ong labo ra to ry  
anim als (Cohrs e t al., 1958; Cotchin a n d  R oe, 1967; V oino-Yasenetsky and  
Zhabotinsky, 1970). T hey  may, in th e ir  tu rn , interfere w ith  salm onella 
experim ents. Thus, W u n d t (1966), re fe rrin g  to  some form er observations, 
rem arks th a t  th e  high m ortality  ra te o f m ice infected w ith  salm onellae and  
exposed to  cold m ay possibly be acco u n ted  for by an  ac tiva tion  o f la ten t 
viral infection induced b y  cooling.

Spontaneous disease of the anim als m ay  be an  im pedim ent of all 
experim ental investigations. In s tu d y in g  salmonellosis such in tervening 
circum stances are especially im portant. I t  is, for instance difficult to  s tu d y  
granulom a developm ent in  the liver if  s im ilar hepatic s tructu res are fre ­
quently  encountered in healthy  mice (see C h ap ter 18). I t  has been m entioned 
th a t helm inth invasion o f monkey in te s tin e  com plicated some experim ents. 
In  our laborato ry  P o lo tsky  has som etim es experienced m uch difficulty 
when using th e  in testina l loop technique in  rabbits infected w ith  coccidiae 
(see C hapter 22). In  add ition , not all investigato rs are aw are of th e  fac t th a t , 
as a rule, certain  organism s, which m ay occasionally be ra th e r num erous, are 
present in lym phoid structu res of th e  r a b b i t ’s intestine (see C hap ter 17). 
Inconstancy  o f ce rta in  physiological signs in  laboratory  anim als, leukocyte 
count in the  circulating blood, in p a r tic u la r , m ay cause trouble in experi­
m ental work. The obstacles mentioned c a n n o t be consideredunsurm ountable, 
b u t th ey  should be know n and borne in  m ind.

In  conclusion, it m ay  be stated th a t salm onella infection in m an appears 
m ainly as typho id  fever o r gastroenteritis. Though typho id  and  p ara ty p h o id
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fever a re  usually  accom panied by bacteraem ia, the  m a jo r pathologic p ro ­
cesses occurring in th em  are of focal n a tu re , m anifesting themselves in  th e  
developm ent of specific granulom as in  lym phoid s tru c tu re s  of the in testine  
or m esentery  as well as in  the organs o f th e  reticuloendothelial system. T he 
fo rm ation  of such granulom as appears to  be related to  th e  ab ility  of salm onel- 
lae to  parasitize in m acrophage-type cells. However, au to p sy  m aterials do 
not m ake a  thorough s tu d y  of the pathogenesis of ty p h o id  and paratypho id  
fever possible.

Since labora to ry  an im als are re s is tan t to  enteral challenge with S. typhi 
and  S. paratyphi-A , o th e r kinds of salm onellae pathogen ic  for mice, rab b its  
and  guinea pigs are u sed  for research. To assess th e  re su lts  and the signifi­
cance o f these experim ents correctly , it  is necessary to  understand th e  
developm ent of th e  processes in the experim ental an im als.



CHAPTER 14

INTRAPERITONEAL CHALLENGE WITH SALMONELLAE, 
EXPERIMENTS ON ISOLATED CELLS AND CHICK

EMBRYOS
by

T. N. KHAVKIN and V. L. BELYANIN

As it was shown in C hapter 5 th e  in trap e rito n ea l challenge o f  animals w ith  
shigellae seems inexpedient; nevertheless, th e  use of th e  sam e m ethod 
proves justifiable for salmonellae. T he peritoneum , especially th e  om entum  
an d  the  peritoneal cav ity  itself, abounds in  re ticuloendothelial cells: m acro­
phages and histiocytes, in which p a ras itism  of these o rganism s m ay be 
observed. S im ilarly, shigellae, as a  ru le , do no t invade th e  blood e ither 
a f te r  peritoneal in jection or under n a tu ra l  conditions; in  co n tra s t, experi­
m en ta l and n a tu ra l salm onella infections a re  accom panied b y  bacteraem ia 
a n d  specific lesions o f various organs.

In traperitonea l salm onella in jection is used for d ifferent purposes such 
as testing drugs an d  vaccines, checking im m unity , study ing  visceral lesions 
(particu larly , those of the liver) and  fo r determ ining th e  virulence of th e  
pathogenic agent. I t  is true, th e  assay o f virulence of salm onellae by adm in­
is tra tio n  of ra th e r large am ounts of organism s is of d o u b tfu l value. R ap id  
d e a th  of the  anim als observed a t th a t  tim e  m ainly reflects to x ic  properties 
o f  salmonellae (W undt, 1966), w hich do no t necessarily correlate w ith  
virulence (Rowley, 1971). A dm in istra tion  o f relatively sm alle r am ounts o f 
organism s is m ore acceptable. R ecen tly  th is  m ethod has b een  successfully 
used  in the analysis of th e  dynam ics o f salm onella dissem ination in the host 
(Johnson et al., 1974). However, th e  n a tu re  of the pa thogen ic  process 
occurring in th e  peritoneal cav ity  has n o t y e t been elucidated .

There are im p o rtan t new d a ta  on th e  in teraction  betw een  salmonellae 
a n d  macrophages an d  leukocytes of th e  peritoneal fluid as well as on th e  
inflam m atory  ex u d a te  tak en  from  th e  peritoneal cav ity . However, th e  
resu lts  (to be d ea lt w ith  later) are n o t sufficient to exp lain  th e  infectious 
process. To ob ta in  fu rth e r d a ta , we carried  out jo in t morphological 
an d  bacteriological studies together w ith  Arbuzova (1.972, 1973), em ­
ploying S. typhimurium  cultures of m o d era te  and high v iru lence in various 
doses.

The om entum , sm ears of the  peritonea l exudate, and  th e  washing fluid 
from  the peritoneal surface were the  su b jec t of the  study. F o r  m orphological 
investigations, th e  specimens were fixed w ith  acetone a n d  trea ted  w ith  
ra b b it  fluorescent gam m a-globulin accord ing  to  the d irect Coons’ m ethod 
o r stained w ith th e  modified G iem sa-L eishm an technique em ployed  in our 
laboratory .*
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Fig . 14-1. Salm onella phagocy to s is by  h is tio c y te s  o f t he o m en tu m  an d  of th e  e x u d a te . 
a O rgan ism s in h is tio cy tes  o f a  m ilk sp o t 90 m in  a fte r challenge; X 1450. b Salm onella  
p h ag o cy to s is  by leukocy tes  and  m acro p h ag es  of th e  e x u d a te  24 h  a f te r  challenge;

G iem sa-L eishm an  sta in , X 960

O m ental spreads proved  to be a  convenient ob ject for phase-contrast 
m icroscopy in the n a tiv e  state. To investigate the om entum  for m icrobial 
count, i t  was prelim inarily  rinsed to  remove the organism s which were 
loosely adsorbed to  it. Special experim ents showed th a t  it was sufficient 
to  rinse th e  om entum  in fO portions o f  saline.

T he tw o different salmonella cu ltu res  used induced fa ta l generalized 
infection in white mice. V irulent cu ltu re  No. 28,747 caused death  w ith in  
72-96 h independent of the dosage, while in challenge w ith  m oderately  
v iru len t culture No. 4838 an infectious process could be observed from  4—5 
days up  to  1 week depending on th e  dose of organism s. The peritoneal 
infectious process could  be best s tu d ie d  with doses o f 3 -5  X106 organism s 
of cu ltu re  No. 4838; in  th is case th e  b ac te ria  were d e tec ted  in the  om entum  
im m ediately  after challenge also m icroscopically and th e  infectious process 
lasted  ab o u t five days.

Bacteriological stud ies (Arbuzova, 1972, 1973) show ed th a t p a r t o f th e  
organism s invaded th e  blood in th e  peritoneal cav ity  im m ediately a f te r  
challenge. Only 0.03-0.09 per cen t o f the  inoculated bac teria  rem ained  
in th e  om entum , th en  afte r a sh o rt in terva l, the salm onella content o f th e

* T h e  specim ens a re  p laced  in to  th e  in itia lly  und ilu ted  so lu tio n  o f L e ish m a n ’s 
s ta in  fo r 5 m in  and  th e n  tran sfe rred  in to  a n  aqueous so lu tio n  (4:100) o f G iem sa- 
R o m an o v sk y  s ta in  w ith o u t rinsing. S ta in in g  la s ts  for 1-2 h  a t  37 °C and  for 16-18 h  a t  
room  te m p e ra tu re . I f  necessary , th e  in te n s i ty  of sta in ing  m a y  be reduced  b y  m e a n s  
o f c i t ra te  buffer (pH  3.5). T h is is follow ed b y  dehydra tion  in  tw o  p o rtions o f ace to n e , 
c la rif ica tion  in  acetone-xy lo l and  p u re  x y lo l; afterw ards th e  specim ens are  em b ed d ed  
in p o ly s ty ro l o r C anada  balsam .

13 Voino-Yasenetsky — Bakács
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F ig . 14-2. Specific fluo rescence  of salm onellae in  o m en tu m  sp reads 24 h  a f te r  challenge. 
B ac te r ia  sca ttered  in  th e  cy top lasm  o f m ac ro p h ag es  (a) or as sm a ll aggregates (b). 
c A m orphous m asses o f  an tig en  m ateria l show  fluorescence in  po lym orphonuclears.

Coons’ m e th o d , X 700

om entum  and th e  p erito n ea l fluid began to  increase. Three h  a f te r  challenge 
th ere  was an ap p ro x . 17-fold increase in  th e  num ber of v iab le  organisms 
in th e  omentum a n d  in  th e  peritoneal cav ity . A fter 6 h th e  increase was 60- 
fold and after 24 h  50,000-fold.

Similarly to  shigellae, salmonellae caused  an  exudative inflam m ation of 
th e  peritoneum w ith  leukocytes in the  ex u d a te . Leukocytes an d  histiocytes 
(before the appearance  of the form er) ingested  organism s (Fig. 14-la). 
U nlike shigellae, salm onellae continued m ultip ly ing  not on ly  in  the perito­
neal fluid bu t also in  macrophages and  om en ta l histiocytes.

Leukocytes m ig ra tin g  into the peritoneum  first concen trated  around the 
m ilk spots of th e  om entum , b u t la te r com pletely in filtra ted  th e  whole of 
its  tissue. Three h  a f te r  challenge signs o f m acrophage response started  to  
become apparent a n d  a f te r  24 h the  m acrophage content in  th e  inflam m atory 
exudate increased considerably. Organism s were present in  m any  of these 
cells as well as in  leukocy tes (Fig. 14-16). T h ey  were sca tte red  in  the cy to­
plasm  or formed sm all aggregations (Fig. 14-2a, 6). In  add ition , amorphous 
granules of an tigen , evidently  rem nan ts o f destroyed organism s, were 
detected  by m eans o f  th e  fluorescent a n tib o d y  technique (Fig. 14-2c).

Salmonellae grow ing in the abdom inal cav ity  exh ib ited  polym orphism  
an d  considerable d ifference in the in ten sity  o f staining. In  th e  liquid exudate 
an d  leukocytes, especially  in dam aged cells, th e re  were m any  large rod-like, 
intensively stain ing  fo rm s (Fig. 1.4-3a). Sm all, poorly sta in ing  rods or small 
coccoid forms, ap p ro x im ate ly  th e  sam e as in alveolar m acrophages, p re­
vailed  in m acrophages (see C hapter 15). In  addition  g igantic  thread-like 
form s strongly s ta in in g  w ith aniline dyes an d  brightly  fluorescent when 
trea ted  with Coons’ m eth o d  (Fig. 14-36, c) w ere sometimes seen in peritoneal 
macrophages. T he in te n s ity  of specific m icrobial fluorescence m ay be con­
siderably different. B y  means of m icrofluorim etric pho to g rap h y  (Barsky
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and  K havk in , 1969) i t  was dem onstrated  th a t  th e  brightness of organism s 
ranged  w ithin 10 to  15-folcl lim its.

Beginning w ith 48 h  afte r challenge, some anim als died. A t tiiis tim e th e  
om entum  of m ost anim als exhibited g reat num bers of organism s residing 
extracellu larly . As before, polym orphonuclears, m any of them  overfilled 
w ith  phagocytized organism s and ev iden tly  destroyed, prevailed in the  in ­
flam m atory  exudate  (Fig. 14-4a). A t th e  sam e tim e, in some mice sacrificed 
when still in a com paratively  good condition, m acrophages were p re v a ­
len t in th e  inflam m atory  exudate b u t th e  num ber of leukocytes considerably 
dim inished. The ag en ts  were localized m ostly  in m acrophages and histiocytes 
(Fig. 14-46) in the  om entum ; they were rarely  seen extracellu larly . H istiocy tes 
w ith  organism s could be best detec ted  in native p repara tions of the om en­
tu m  w ith  phase-con trast microscope (Fig. 14-5a). M any organism s were d i­
viding; these b ac te ria  exhibited sligh t fluorescence (Fig. 14-56).

A sim ilar, ap p a ren tly  favourable, course of the  local process in the p e ri­
toneum  was freq u en tly  seen when mice were challenged w ith a  sm aller 
num ber (3-5 XlO5) o f salmonellae o f th e  same m oderately  v iru lent s tra in , 
though  these anim als also died of generalized infection. In  contrast, larger 
doses (5 X l07-5  XlO8) resulted in d ea th  in 24-48 h. The organism s invaded  
th e  whole body an d  settled  m ostly in  the  om entum  extracellularly . T he 
inflam m atory response was suppressed here, and  phagocytosis appeared  
only during  the  first hours after challenge.

W hen mice were challenged w ith  th e  highly v iru len t 8. typhimurium  
s tra in  No. 28,747, th e  infection had  a  severe course regardless of the dose

Fig. 14-3. Salm onella po lym orphism  in a n  in fec tious focus, a  L arge  rod-like organ ism s 
in  a  p o ly m o rp h o n u c lea r cell (arrow) a n d  sm alle r ones in  a  m acro p h ag e  w ith  lo b u la ted  
nucleus. G iem sa-L eishm an  sta in , X 2400. 6 , c G igan tic  th read -lik e  salm onellae. 

b G iem sa-L eishm an sta in , X 1000, c Coons’ m e th o d , X 2000

13*



196 Т. N. KHAVKIN A N D  V. L. BELYANIN

F ig . 14-4. V arie ties o f  th e  in flam m atory  e x u d a te  in th e  p e ritoneum , a  Polym orpho- 
nuc lea rs  tak in g  up  b a c te r ia , a b u n d an t e x tra c e llu la r  salm onella m u ltip lic a tio n  (48 h 
a f te r  challenge), b M acrophages were m o s t n u m ero u s in th e  e x u d a te  a f te r  clearing 
ex trace llu la r o rgan ism s from  th e  p e rito n e u m  (72 h  a fte r  challenge). G iem sa-L eishm an

stain , a X 1450, b X 960

F ig . 14-5. Salm onellae  in  om ental h is t io c y te s  a u nder p h ase -co n tra s t m icroscope 
( X 1000) a n d  b a fte r tr e a tm e n t w ith  Coons’ m ethod  (X 1800)

(3-5 XlO5 to 3-5  X 10е). Culturing fro m  th e  om entum  and  th e  peritoneal 
fluid yielded approx im ate ly  the sam e re su lts  as in case o f challenge w ith  a 
less virulent s tra in  (Arbuzova, 1972, 1973). However, as show n b y  m orpho­
logical investigations, m any organism s in  the  om entum  were n o t phago- 
cytized. Challenging mice with 3—5 Xl O5 organisms of a highly  v iru len t
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s tra in , the inflam m atory response was m arked, b u t w ith 3—5 X 10° organisms 
it was obviously inhibited .

I t  has been found th a t  m acrophages and  histiocytes o f th e  om entum  are 
th e  first to  in te rac t w ith  the  organism s. The m ost ac tive  p a r t  in the body 
defence is p layed by polym orphonuclears which rap id ly  em igrate from  
th e  blood vessels. Leukocytes d igest th e  phagocytized organism s and are 
n o t infrequently destroyed  them selves. A conspicuous salm onella parasitism  
is observed in m acrophages, as th e  infected cell obviously rem ains viable 
fo r a short tim e; while the  cell is in tac t, leukocytes do n o t respond to th e  
organism s lodging in it.

M icrobial polym orphism  is ap p a ren t bo th  in the  p eritoneum  and o ther 
organs during th e  infectious process. U nlike w ith in tran a sa l challenge o f 
anim als (see C hap ter 15) the  transfo rm ation  of salm onellae in  the  om entum  
canno t be followed. The reason for th e  appearance o f different forms is 
n o t quite clear; th e  influence o f various environm ental conditions inside an d  
outside the cells, as well as th e ir different m ultip lication ra te s  may be in ­
volved. Large, in tensively  stain ing and  strongly  fluorescent bacilli grow in 
th e  exudate and  in th e  debris o f dying-off cells (B erm an an d  Slavskava, 
1958, 1959). The low specific fluorescence of dividing organism s m ay suggest 
th e  deficiency of O -antigen in th e  m icrobial cell (K ovaleva e t al., 1967), 
w hich is characteristic of rap id ly  m ultip ly ing salm onellae (Collins, 1964). 
T he thread-like organism s m ay, a t th e  sam e tim e, be th e  re su lt of an inhibi­
to ry  effect on th e  ag en t’s grow th (K ourany  and  K endrick , 1966).

T here are some doub ts w hether it is expedient to  use excessively high 
doses of salm onellae for peritoneal challenge. Body defence is evidently  
im paired  when salm onellae are inoculated in a num ber causing the dea th  
o f all or most of th e  anim als w ithin a sho rt tim e. U n d er such conditions 
infection loses its specific features and  acquires a septic character. Critical 
doses of salm onellae depend on th e  virulence of the  s tra in  used and can 
only  be determ ined em pirically.

E X P E R IM E N T S  ON ISOLATED C ELLS

E xperim ents on free cells o f th e  peritoneal cav ity  a n d  th e  peritoneal 
ex u d a te  belong to  th e  same group because th ey  y ield  resu lts th a t are 
sim ilar in significance. The m ost im p o rtan t results are th o se  which confirm 
th a t  salmonellae are capable of parasitiz ing  m acrophages an d  those charac­
terizing  factors involved in th e  in teraction  betw een salm onellae and th e  
h o st cells. F rom  th e  technical po in t of view th e  experim ents with isolated 
cells m ay be roughly  divided in to  th ree  groups.

1. Studying cells of the peritoneal exudate taken from the peritoneal cavity 
at different intervals after challenge. E xperim ents of th is k in d  allow insight 
in to  the  infectious process, p rim arily  in to  th e  inflam m atory  response in th e  
peritoneum , th e  fa te  o f th e  organism s in th e  exudate an d  th e  effect of th e  
h o s t’s condition on th e  processes.
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The exudate o b ta in ed  by punctu ring  th e  same an im al a t  different tim es 
afte r challenge (V aldm an, 1955) is su itab le  for a m orphological s tudy  im m e­
diately  after cen trifugation . Y am am oto  and  H am pton  (1966) successfully 
applied a cellular p recip ita tion  for e lec tro n  microscopy. A ccording to  th e ir 
observations, in peritoneal m acrophages salmonellae a re  arranged  inside the  
phagosomes serving as th e  site of d es tru c tio n  for slightly  v iru len t organism s; 
while virulent b ac te ria  rem ained in ta c t  and  even divided.

I t  is difficult to  d ifferentiate m icroscopically viable organism s from  dead 
ones. Therefore, bacteriological cu ltures o f the liquid frac tio n  and  hom ogen­
ized cells were m ade a t  th e  same tim e (Collins, 1969). B erm an  and  Slavskaya 
(1958, 1959) used th e  technique of “ m irro r im pressions” . T he inflam m atory 
exudate was sp read  on  agar plates a n d  incubated fo r 1—2 h. Then glass 
impressions were m ade from the ag a r surface and s ta in ed  according to  the  
R om anovsky-Giesm a technique. In  th e  au thors’ opinion signs of division 
and  gigantic salm onellae in the cells, h a v e  shown th a t th e  organism s re ta ined  
their viability.

To determ ine th e  bactericidal ac tio n  of exudate cells on salmonellae, 
Blanden et al. (1969) em ployed th e  modified M aalee’s technique (1964). 
A m ixture, con tain ing  a definite n u m b er of salm onellae an d  o ther m icro­
organisms more re s is tan t to  in tracellu la r digestion, w as adm inistered  into 
th e  peritoneal cav ity  an d  a t in terva ls  bacterial cu ltu res of the  exudate  
cells were made. B actericidal cell a c tiv ity  was ev a lu a ted  in term s of the  
change in the in te rac tio n  between salm onellae and m icroorganism s a fte r 
their settling in th e  cells. I t  was show n th a t  in anim als w hich had suffered 
from infections whose agents m ay p arasitize  m acrophages, the  peritoneal 
m acrophage ac tiv ity  m arkedly increased. This phenom enon known as ac­
quired cellular resistance is non-specific. In  the opinion o f M ackaness (1970), 
it appears when phagocytic and bac teric idal cell ac tiv ities increase. Accord­
ing to  his observations, m acrophages o f a  normal m ouse do no t always 
engulf S. typhimurium  whereas m acrophages of mice w ith  listeria infection 
engulf salm onellae even  in the absence o f  opsonizing an tibod ies. An exam ple 
for the  high ac tiv ity  o f such m acrophages is their ab ility  to  destroy  98 per 
cent of salmonellae w ith in  15 min w hile macrophages o f a  norm al mouse 
kill no t more th a n  50 p e r cent of th e  organism s th ey  to o k  up.

I t  is difficult to  estab lish  the q u a n tita tiv e  ratio  b etw een  the  organism s 
and the cells in te rac tin g  in the abdom inal cavity. W hile th e  num ber of 
organisms inoculated  can  be s tandard ized , the q u an tity  o f cells m igrating 
into the abdom inal c a v ity  may vary  considerably. The a v id ity  of salm onella 
phagocytosis and  th e  ra te  of d estru c tio n  o f salmonellae b y  th e  cells depend 
on the  organism/cell ra tio . In  order to  decide whether th e re  is an  in tracellu lar 
m ultiplication or d estruc tion  of salm onellae, it is necessary  to  establish 
the  num ber of organism s per one ex u d a te  cell and to  determ ine how this 
ra tio  changes in tim e. To obtain th is index, Olitzki e t  al. (1964) suggested 
a  complex m ethod allowing the ca lcu la tion  of the n u m b er o f exudate cells 
in the counting cham ber, the d e term in a tio n  of bac teria l counts in th e  cells 
and  in the liquid ex u d a te  fraction b y  cultivation an d  study ing  th e  cells 
which have engulfed th e  organisms in  sta ined  sm ears. T h ey  have come to  
th e  conclusion th a t  organism s of th e  v iru len t S. typhi T y2  s tra in  adm inis-
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tered in to  th e  mouse peritoneal cav ity  a re  poorly phagocy tized , bu t if th e y  do 
p en e tra te  th e  cells, th ey  can m ultip ly  there . At th e  sam e time, o rganism s 
of th e  av iru len t strain  0901 are raj »idly engulfed by p erito n ea l m acrophages 
in high num bers, under th e  sam e experim ental conditions, an d  are d estro y ed  
w ithin  several hours.

The technique elaborated  for s tu d y in g  exudate cells is of lim ited v a lu e  
because it does no t reflect the h o s t’s hum oral facto rs influencing h o s t -  
organism  interaction and  also because th e  fa te  of salmonella© can be fo llow ed 
m icroscopically during th e  first hours a f te r  inoculation only  w ith d ifficu lty  
if apply ing  small doses of bacteria.

2. Interaction between salmonellae and isolated cells of the peritoneal cavity 
of non-infected animals in  vitro. In  these  investigations th e  abdom inal c a v ity  
of non-infected  anim als serves as a  source of cells w hich  can be m ix ed  
w ith  organism s in a te s t  tu b e  in d ifferen t proportions; various substances 
(electrolytes, enzymes, proteins, etc.) m ay  be added to  th e  m ixtures, a n d  
o ther conditions (e.g. tem peratu re) m ay  also be a rb itra rily  chosen.

The experim ents last, as a rule, from  several m inu tes to  1-2 h. A fte r  
incubation  th e  smears o r suspensions a re  studied u n s ta in ed  or s tained  a n d  
bacteriological cultures are m ade sim ultaneously  from  th e  hom ogenized 
cells an d  th e  liquid m ix tu re  fraction to  count the n u m b er of viable o rg a n ­
isms. T he viability of th e  cells is determ ined  by stain ing  w ith  eosin, t ry p a n  
blue, an d  neu tra l red; dead  cells s ta in  diffusely.

E xperim en ts with m icrobial-cellular suspensions in  vitro are especially  
convenient for studying early  stages o f cell—organism in teraction . M oreover, 
also th e  phagocytic ac tiv ity  can be expressed in te rm s  of q u a n tita tiv e  
indices (engulfing index, phagocytic q u an tity ).

To isolate free cells, Jen k in  and  R ow ley  (1963) recom m ended the u se  o f 
abdom inal cavity  fluid of anim als n o t trea ted  w ith  stim ulating ag en ts . 
In trap erito n ea l adm in istration  of saline, polysaccharides, proteins, oils a n d  
especially bacterial endotoxins elicits an  inflow of cells to  the abdom inal 
cav ity  and , a t the sam e tim e, affects th e  m acrophages and leukocytes. 
This process is accom panied by the  phenom ena of acqu ired  cellular resistance 
m anifested  first of all b y  phagocytic an d  bactericidal cellular ac tiv ity . I t  
has been reported  (e.g. M ackaness a n d  Blanden, 1970; Mackaness, 1970) 
th a t  in traperitoneal adm in istra tion  o f bovine gam m a-globulin to  w h ite  
mice 48 h  before sam pling for peritoneal m acrophages, increased the a c tiv i ty  
of these cells to  a degree com parable to  th a t  of m acrophages in im m unized 
anim als.

A lthough in vitro experim ents, by  necessity , fail to  reproduce conditions 
prevailing  in th e  anim al body, h igh ly  standard ized  procedures m ay y ie ld  
im p o rtan t inform ation on the  effect o f  various h u m o ra l factors, on  th e  
re la tion  between salm onella virulence an d  phagocytic ac tiv ity  as w ell as 
on th e  fa te  of the organism s engulfed. In  th is  manner, i t  has been shown t h a t  
non-specific and  specific opsonization o f organisms p lay s  an  im p o rtan t ro le  
in th e ir phagocytosis an d  subsequent digestion, bu t also th e  heterogeneity  
o f b o th  th e  m acrophage an d  m icrobial populations has been dem onstra ted . 
Some m acrophages were unable to  d es tro y  even well opsonized salm onellae 
and  in  co n trast, p a r t o f  th e  m icrobial popu lation  failed  to  adhere to  m ac ro ­
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phages even a f te r  opsonization with specific antibodies (Auzins and Rowley, 
1963; Jenkin e t ah , 1964; B landen et ah , 1966; Rowley, 1971).

3. Interaction of salmonellae with peritoneal macrophage culture. M acro­
phages in cellular suspensions removed fro m  the peritoneal cavity  readily  
adhere to glass surface forming a m onolayer culture. T he la tte r  m ay be 
infected w ith salm onellae by  adding a p reselected  num ber o f organisms to  
th e  nutrient m edium  (M itsuhashi et ah, 1961; Arbuzova, 1964«; K rotkova,
1971). The m acrophage culture of W h itb y  and  Rowley (1959) contained 
exudate cells a n d  b ac te ria  which had b een  w ithdraw n to g e th e r from th e  
peritoneal cav ity  o f challenged mice. H su  an d  Radcliffe (1968) cultivated  
infected m acrophages in  suspension.

Macrophage cu ltu res, especially those grow ing as m onolayers are suitable 
for cytological a n d  cytochem ical investigations. In  th e  presence of a n ti­
biotics live cu ltu res rem ain suitable fo r microscopical observation for 
several days. T he an tib io tics are applied to  suppress th e  g row th  of e x tra ­
cellular organism s. A rbuzova (1964«) re p o r te d  on the effect o f  various a n ti­
biotics and m edia on th e  activ ity  of m acrophages.

Like other cells cu ltu red  in vitro, m acrophages, too, differ from  the p aren t 
cells. Accordingly, all restrictions, m en tio n ed  in C hapter 5 for shigellae, 
perta in  to m acrophage cultures. In  o b ta in in g  peritoneal cells for the p u r ­
pose of cu ltivation , as m entioned above, i t  is necessary to  consider th e  
possible effect o f stim u lating  agents on th e  cellular a c tiv ity . In  sjhte of 
th e ir lim itations, peritoneal m acrophage cultures m ay be advantageously  
applied in the  s tu d y  of acquired cellu lar resistance, th e  role of hum oral 
an d  cellular facto rs, and  the im portance o f  microbial an tigens in the  in­
teraction  betw een salm onellae and m acrophages and leukocytes (Jenkin  
and  Rowley, 1963; U shiba, 1965; O litzk i, 1970, 1972; R oan tree , 1971; 
Rowley, 1971).

As m entioned, experim ents w ith free cells o f the peritonea l exudate ca r­
ried  out w ith various m ethods have confirm ed th a t  salm onellae facultatively  
parasitize reticu loendothelia l cells. D isagreem ents regard ing  the  details of 
th is  process a re  due to  differences in  technique. Thus, Furness (1958), 
Furness and F e rre ira  (1959), Arbuzova (1964a) sta te  th a t  virulence does 
n o t influence th e  phagocy tic  ac tiv ity  o f m acrophages b u t is responsible for 
th e  agent’s resistance to  the  bactericidal a c tiv ity  of the cells. In  the opinion 
o f Pike and M ackenzie (1940), U shiba (1962), Jenkin an d  Rowley (1963), 
Kam zolkina e t al. (1966), and  Olitzki (1972) u n d er similar conditions v iru len t 
cultures are m ore re s is tan t to  phagocytosis th a n  weakly v iru len t ones and  
also, virulent cu ltu res are more resistan t to  bactericidal m acrophage ac tiv ­
ity . Furness (1958) has reported  on th e  com plete d estru c tio n  of av irulent 
salmonella s tra in s  in macrophages, while H su  and R adcliffe (1968) have 
claimed th a t av iru le n t salmonellae are o n ly  partly  d estro y ed  in m acro­
phages, and th e  rem ain ing  organisms m u ltip ly  inside th e  cells.

There are also differences in opinion, w h ich  m ay likewise be a ttr ib u ted  
to  divergent techn iques, regarding the  fa te  o f salm onellae pathogenic for 
m an (S. typhi, S. paratyphi-A, B )  in th e  peritoneal m acrophages of rodents 
for which these sero types are weakly pathogenic. O litzki e t al. (1964), 
K am zolkina e t al. (1966) and  K ourany  a n d  K endrick (1966) reported on
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in tracellu lar m ultip lication of these serotypes while Saito  e t al. (1960), 
F urness (1958), U sh ib a  (1962, 1965) and  Arbuzova (1964a) d id  not observe 
th e  sam e. U nfo rtunate ly , opinions on th e  fa te  of salm onellae are supported  
only  by  insufficient u ltras tru c tu ra l studies. Thus, parasite -ce ll relationship  
du ring  prolonged parasitism  of salm onellae in m acrophages and  the re la tion  
o f th e  agent to  in tracellu lar s tru c tu res  are still obscure.

E xperim ents w ith  free peritoneal cells have also furn ished  some add itional 
in form ation on th e  role of polym orphonuclears in salm onella infection. 
A ccording to  Gershon (1965), co n tac t w ith  salm onellae enhances the m e ta b ­
olic an d  digestive activ ity  of polym orphonuclear cells. The la tte r, as 
observed  also in m acrophages (P okrovskaya et al., 1963; Petrovskaya, 1967), 
m arked ly  increases in the presence of specific antibodies. In  opinion o f 
Gowen (1960) th e  in tensity  of th e  leukocytes’ en tering  the  peritoneum  is 
one o f the  inherited  factors of n a tu ra l individual resistance to  salm onellae.

E X P E R IM E N T S  ON C E L L  CULTURES O T H E R  THAN 
PHAGO CYTES

Salm onellae can  m ultiply in various established m onolayer cell cu ltu res 
(H eL a, Hep-2, m ouse and chick fibroblasts, e tc.), eventually  inducing 
lesions of the in fected  cells and  th e  destruction  of th e  cellular m onolayer 
(Furness, 1958; Shepard , 1959, e tc .). The technique o f challenge and  in ­
vestigation  of cell cultures is sim ilar to  th a t used in th e  w ork w ith shigellae 
(see C hapter 5).

H owever, th e  ab ility  of salm onellae to  inhabit, sim ilarly  to  shigellae, 
various cell lines in  vitro, again indicates a change in th e  properties of cells 
grow ing outside th e  body. At th e  sam e tim e, th is  capacity  of in tracellu lar 
m ultip lication  corresponds to the  pathogenic properties o f salmonellae. T h u s 
G iannella et al. (19736) showed a correlation betw een th e  ab ility  of S. typhi- 
m urium  strains to  invade H eLa cells in vitro and  th e ir capacity  to  invade 
ra b b it  ileal m ucosa in  vivo. S trains failing to  p en e tra te  H eL a cells lacked  
th e  capacity  to  invade rabbit m ucosa. They observed no correlation b e ­
tw een  the  m urine L D 50 value an d  th e  capacity  to  invade either H eLa cells 
or ra b b it mucosa. K vitashvili and  B akhutashv ili (1972—cit. byB luger e t a l., 
1975) supposed th a t  pathogenic stra in s  of Salmonella produce substances 
w hich m ay dam age the  lvsosomes o f the  infected cell. They believe th a t  
th is  featu re  can help  to  distinguish pathogenic an d  non-pathogenic o rg an ­
ism s.

Salm onellae u sually  begin to m u ltip ly  in  the  cells w ith in  3-4  h after inocu ­
la tio n . The process leads to  destruc tion  of the  cell m onolayer w ithin 24-48 h. 
T he m ultip lication ra te  in vitro o f various salm onellae is variable (B onda­
renko , 1967). G iannella et al. (19736) showed a difference in the ra te  o f cell 
m onolayer d estru c tio n  by various salm onella s tra ins, and  concluded th a t  
cy to tox ic  and  invasive capacities m ay be different factors of virulence. 
T hey , in agreem ent w ith  Ivanenko (1962) and  G avrilyuk (1966), considered 
th e  H eL a cell m odel a useful tool fo r studying th e  pathogenic and virulence 
properties of salm onellae.
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E X P E R IM E N T S  ON C H IC K  EMBRYOS

Challenge of chick em bryos w ith  salm onellae was first carried  ou t by 
G oodpasture and A nderson (1937). T h ey  perform ed com parative studies of 
infectious processes induced in chick em b ry o s with a  v a rie ty  o f organisms 
including 8. typhi. T h e  inoculum was sp read  on the surface of th e  chorio­
allantoic m em brane.

8. typhi m ultip lied  an d  usually caused  th e  death  of th e  em bryo. H isto ­
logical investigations showed th a t th e  inflam m ation developed a t  the  site 
of inoculation and  dystroph ic  altera tions appeared  in the  viscera. Salm onel­
lae were encountered inside exudate cells; th is  finding was considered a sign 
o f phagocytosis. In  add ition , the o rgan ism s accum ulated on th e  surface of 
th e  chorio-allantoic m em brane as well as  inside the ectoderm  cells. A rrange­
m en t in ectoderm  cells o f bacteria in g ro u p s suggested, according to  m any 
au th o rs , an  in trace llu la r growth of 8. typhi. These organism s were sm aller 
th a n  th e  bacteria grow ing on necrotic debris. These observations inspired 
G oodpasture (1937) to  search for 8. typh i arranged in tracellu larly  in the  
P ey e r’s patches of ty p h o id  patients (see C hapter 13).

T he chick em bryo m odel has been ap p lied  to  determ ine th e  virulence 
o f 8. typhi (Batson e t  al., 1950), to  s tu d y  th e  effect of im m une sera (Grabar 
an d  Le Minor, 1951) as well as to  cu ltu re  S. typhi on em bryos serving as a 
n u trie n t medium (V ilner, 1958, 1960). T h e  technique of challenge and the  
m ode of assessing th e  resu lts were a lm o st sim ilar to  those used  for shigella 
te s ts  (see C hapter 5). Histological s tu d ie s  carried ou t b y  V ilner (1960) 
dem onstrated  in tracellu la r accum ulation o f organisms in th e  reticuloendo­
thelia l cells of th e  liver. L ittle  is know n ab o u t the infected av ian  egg used 
as a  model of salm onella infection. Som e observations have shown th a t  
difficulties m ay arise when using th is  m odel, due to  th e  fac t th a t  in the 
course of embryo harvesting  its defence system s change. Such a change 
is know n to occur in th e  resistance of a v ia n  em bryo against som e salmonellae 
(B oard and Fuller, 1974). Furtherm ore, one should consider th e  possibility 
o f n a tu ra l infection o f avian eggs w ith  som e kind of salm onellae (H aglund 
e t al., 1964; Shur, 1970; Bluger et a l., 1975).

Thus, in con trast to  shigellae, salm onellae induce in th e  peritoneum  a 
specific process, th e  course of which d ep en d s on the  virulence and  dose of 
th e  agent. Salm onellae exhibit fa cu lta tiv e  parasitism  in m obile and  fixed 
cells of the  reticuloendothelial system , peritoneal m acrophages and  histio­
cytes. Leukocytes ingest and d estro y  th e  organisms. T he relationship 
betw een salmonellae an d  leukocytes a n d  m acrophages can be analysed 
in vitro on cells o b ta in ed  from the p erito n eu m  of infected and  non-infected 
anim als. In  chick em bryos salmonellae m u ltip ly  in ectoderm al cells of the  
chorio-allantoic m em brane. This finding confirms the conception of facu lta­
tive intracellular salm onella parasitism .
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In tra n a sa l inoculation of anim als w ith  shigellae (see C hapter 9) m ay  a t  
first sight seem som ew hat u n n a tu ra l, while s im ilar experim ents w ith  
salm onellae do not arouse any objection . Though ce rta in  peculiar “p n eu m o n ­
ic” form s of salm onella infection w ere assumed to  have occurred earlier, 
such cases are n o t encountered a t  present. N evertheless, the  possib ility  
of specific lung affection as a com plication of typho id  fever has been p ro v ed  
(Christeller, 1928; Lazovsky e t al., 1947, 1948). O litzki (1972) is o f th e  o p in ­
ion th a t  infection v ia  the  re sp ira to ry  tra c t w ith S. typhi, p articu la rly  in  
children, is possible.

Since anim als are resistan t to  S. typhi, experim ental pneum onia can  be 
p roduced  in them  only  by injecting th e  agent in very  high num bers in to  th e  
resp ira to ry  trac t (S p run t e t al., 1935; Neufeld and  K u h n , 1936; E rm o ly ev a  
e t al., 1954; A vtsyn an d  Berezina, 1958, 1971). E ven  u n d er these conditions 
S p ru n t and co-workers (1935) fa iled  to  detect an y  m ultip lication o f th e  
in jected  bacteria in th e  pulm onary tissue. The local inflam m atory  reac tio n  
was m ostly  produced  by  m acrophages; the pu lm onary  alveoli co n ta in ed  
g rea t num bers of large pulpish cells. The authors considered th is response 
nonspecific, as th e  sam e finding was revealed in experim en ts w ith B. pertus­
sis. S im ilar m orphological changes w ere described by  A vtsyn  and  B erez in a  
(1958), who inoculated  up to  7.5 X 10u 8 . typhi in to  th e  lungs of w h ite  m ice. 
T hey  believed, however, th a t m ononuclear cells accum ulating  in th e  alveoli 
(especially those a f te r  5-7 days) w ere similar to  “ ty p h o id ” cells, w hich are  
characteristic  of ty p h o id  fever. T h ey  m entioned th a t  a  great n u m b er o f 
rod-like bacteria w ere detectable in  th e  cytoplasm  o f  these cells, as well 
as ex tracellu larly , w ith  the  silver im pregnation m eth o d  o f L evaditi. P a r t  o f  
th e  organism s seem ed to  grow in th e  pulm onary tissue  as tre a tm e n t w ith  
an tib io tics p reven ted  th e  rap id  d e a th  of mice. A v tsy n  and B erezina (1958,
1971) suggested to  use the  lung m odel for research on th e  th erap y  o f ty p h o id  
fever.

S till, as m entioned above, in  experim ental infections Salmonella sero ­
ty p es pathogenic fo r anim als are m o stly  used. In h a la tio n  of S. typhim urium  
aerosol or dripping th e  suspension o f this organism  in to  the nostrils  w as 
used  b y  a num ber o f workers to  in fec t w hite mice (T rillá t and  K aneko, 1921; 
L ange and  K eschischian, 1924; E tinger-T ulczynska, 1932; N eufeld a n d  
K u h n , 1936; D arlow  e t al., 1961; Tannock and S m ith , 1971). T he aim  o f 
such experim ents, however, was on ly  to  study th e  possibility of in fection
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hours  days

F ig . 15-1. Salm onella c o n te n t  in  th e  lungs o f  w h ite  m ice  a t  d iffe ren t in te rv a ls  a fte r  
challenge. 1 S . ty p h im u r iu m  (stra in  No. 4801), 2 S .  Heidelberg, 3 S .  typh im urium  

(s tra in  N o . 4649), 4 S . para typ h i-В , 5 an d  6 S . ty p h i

w ith  salmonellae v ia  th e  resp iratory  tra c t. I t  was confirmed th a t  on entering 
th e  lungs, even a v ery  sm all dose of S. typhim urium  (IO2— 104) can induce a 
fa ta l generalized infection . The changes occurring  in the  pu lm o n ary  tissue 
itse lf have not been s tud ied .

Arbuzova (19646) te s te d  the various salm onellae on the  lung model by 
microbiological m eans. She used the sam e technique as we em ployed in 
experim ents w ith shigellae. The results o f ce rta in  q u an tita tiv e  bacterio­
logical studies are p re sen ted  in Fig. 15-1. Ju d g in g  from th e  dynam ics of 
m icrobial cu ltivation , i t  m ay be assum ed th a t  S. typhi w ere gradually 
elim inated from th e  lungs while o ther k inds o f salmonellae persisted  in an 
a lm ost unchanged n u m b er for some tim e, a f te r  which th ey  e ith er started  
to  m ultiply (S. typhim urium , S. heidelberg) o r  died (S . paratyphi-В ). In  
fac t, the  data  rep resen t th e  results of a ra th e r  complex in terac tio n  between 
parasites and the  h o st im m ediately afte r infection.

Morphological s tu d ies  (Voino-Yasenetsky, 19646) which w ere carried out 
sim ultaneously as p re sen ted  in Fig. 15-1, show ed the salm onellae to elicit 
th e  same cellular response in the lungs of m ice as th a t  p roduced b y  shigellae. 
Beginning with th e  th ird  hour, the alveoli g radually  becam e filled with 
polvm orphonuclears, an d  by  the end of th e  firs t day pneum onia developed 
(Fig. 15-2). In  th e  alveoli there was a  slig h t am ount of liqu id  exudate; 
haem orrhages were in frequen tly  observed. T he in terre lation  betw een salmo­
nellae and the p h ag o cy tic  cells was d ifferen t in this case from  th a t seen 
w ith  shigellae.

A lready a t the  ea rlies t stages, salm onellae w hich had reached  the  lungs 
w ere partly  engulfed b y  alveolar m acrophages (Fig. 15-3). T he rest of the
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F ig . 15-2. Lung sec tio n  o f  a  m ouse k illed  24 h  a fte r  challenge w ith  S . typ h im urium .
T hion ine , X 24

b ac te ria  were ta k e n  up  som ew hat la te r and were alm ost com pletely d e ­
s tro y ed  by polym orphonuclears arriv ing  from th e  blood vessels. Salm onellae 
resid ing in m acrophages rem ained alive and were seen to  m ultip ly , filling u p  
th e  cytoplasm  (Fig. 15-4a, b). Soon afterw ards th e  histological p icture o f th e  
lungs showed a  defin ite change: m ost of the  infected  m acrophages were 
destroyed  and th e  bacteria  d issem inated in th e  alveoli were phagocytized 
b y  polym orphonuclears. Then th e  salmonellae th a t  had  inhabited  o th e r 
m acrophages con tinued  to  grow along with a  g radual disappearance o f 
organism s in th e  leukocytic exudate .

T he m ultip lication of salm onellae in pu lm onary  m acrophages of m ice 
was more or less (though no t com pletely) synchronous. H ow ever, the  d u ­
ra tio n  of the in tracellu la r grow th cycles of various salm onellae (com pleted 
b y  th e  destruction  o f the  m acrophage and th e  release of bacteria) was 
d ifferent. W hen th e  anim als were infected w ith  S. typhimurium, m acro­
phages overfilled w ith  bacteria, an d  even disin tegrating  ones, were found  
as soon as 9 h a f te r  the  beginning of the experim ent. T he m ost in tensive 
accum ulation o f S. paratyphi-B  occurred in these cells a fte r 12 h, w hereas 
th a t  of S. heidelberg only a fte r 18 h. Then the  period  during which sa l­
m onellae rem ained in m acrophages increased up  to  1-2 days.
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F ig . 15-3. S . typ h im u r iu m  in  pu lm o n ary  m acro p h ag e  15 m in  a f te r  challenge. Im p rin t;
eosin-azure, X 1600

The morphology o f parasites changed w ith  the developm ent of th e  infec­
tion . A t the beginning o f th e  experim ents th e  organisms in im prin ts  appeared 
as ra th e r thick rods, 2—3 u. in length  (see Fig. 15-3). W ith  eosin-azure they  
sta in ed  violet except fo r some sm all oxyphilic areas a t  th e  ends an d  in the 
m iddle of the cell. I n  sections they  s ta in ed  well w ith  th ion ine. L ate r, espe­
cially in subsequent in tracellu lar generations, the  organism s looked different. 
In  macrophages w here th e  num ber o f bac teria  was still ra th e r  low, they  
o ften  appeared as slender, th in  rods (Fig. I5-5a), frequen tly  stain ing  reddish- 
v io let (darker a t th e  poles) w ith G iem sa’s stain , and  often  in  th e  stage 
o f division. Such form s o f salm onellae could be revealed in  lung sections 
only  after trying differen t brands o f th io n in e  (combined w ith  previous me­
thy lene  blue staining as recom m ended b y  Nieolle for poorly  stain ing  Gram-

F ig . 15-4. S . typh im urium  in  p u lm o n ary  m acro p h ag es  6 h  (a) a n d  9 h  (h) a f te r  chal­
lenge. Section; th io n in e , X 1600
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Fig. 15-5. S .  typh im urium  in  p u lm onary  m acrophages 12 h  (a) a n d  48 h (b) a f te r  
challenge. Im p rin ts ; eosin-azure, X 1600

negative organisms). W hen  stained well, th ey  exhibited som e m etachrom a- 
sia. In  m acrophages ab u n d an tly  filled w ith  organisms ra th e r  small rods p re ­
vailed. T hey  were alm ost twice as sh o r t  and  th in  as th e  in itial ones (Fig. 
15-56). These rods sta ined  intensively w ith  azure and th ion ine , bu t the  s ta in ­
ing was n o t uniform, being more defin ite  mainly a t  th e  ends; thus, th e  rods 
resem bled diplococci. T hey  were especially small, occasionally h ard ly  
discernible in histological sections w here all the  cells showed a  con­
siderable decrease in size (see e.g. F igs 15-4 and 15-5 showing th e  sam e 
m agnification).

Salm onellae revealed in the leukocy te  exudate d iffered considerably in 
appearance. Among free and  phagocytized  bacteria th e re  were bo th  sm all 
and large rods; the above-m entioned th in , faintly sta in ing  organisms were 
alm ost absent. Occasionally the  b ac te ria  presented signs of lysis an d  d is­
in tegration . A t the sam e tim e, cellular elem ents p artic ip a tin g  in salm onella 
phagocytosis them selves frequently  underw en t degenerative changes. F irs t 
and forem ost this refers to  polym orphonuclears in w hich fragm entation  or 
nuclear lysis as well as th e  appearance o f  vacuoles an d  lip id  droplets in  th e  
decom posing cytoplasm  were observed. Especially large and in tensively  
stain ing  organisms w ere seen in dead  leukocytes (Fig. 15-6). M acrophages 
contain ing  bacteria w ere preserved b e t te r  and, ev idently , for a longer tim e. 
E ven  w hen th e  whole cytoplasm  was filled with b ac te ria , the  cell nuclei 
frequen tly  had  a d is tin c t chrom atine p a tte rn  and a  regu la r outline.

T he cells belonging to  th e  group know n as m acrophages are no t qu ite  
uniform . In  the lungs th e  so-called alveolar phagocytes, arranged singly 
on a lveo lar walls, belong to  this group. T hey  engulfed salm onellae im m edi­
a te ly  a f te r  challenge. D uring  the  first tw o days th e  num ber of these cells 
did  n o t increase, or on ly  slightly. A lready  during th e  first hours, lym pho-
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F ig . 15-6. S . keidelberg  in leukocy te  ex u d a te  10 d ay s a f te r  cha llenge  (on th e  r ig h t 
la rge  organism s in  th e  destroyed  p o ly m o rp h o n u c lea r cell). Im p r in t ;  eosin-azure,

X 1700

cyte-type and po ly b last-ty p e  cells appeared ; their cytoplasm  was m arkedly 
basophilic and  a  w hole series of tran s itio n a l forms were seen. The cells 
being in term ediates betw een lym phocytes and  m acrophages occasionally 
exhibited phagocy tic  properties. In  com m on lym phocytes bacteria were 
n o t observed in a  single case.

Parasitism  in m acrophages was a com m on property  o f all salmonellae 
studied, bu t th e  outcom e of th e  in fection th ey  induced was different. 
A p ro tracted  b u t uneven tfu l course was m ost often seen in  experim ents 
w ith  S. paratyphi-B. In  mice infected w ith  these b ac te ria , pneum onia 
(severe a t th e  beginning) resolved slowly b u t alm ost com pletely. F irs t, 
a f te r  2-3 weeks, th e  alveoli became free from  granulocytes an d  their b reak ­
dow n products, th o u g h  some small fresh focal polym orphonuclear accum u­
lations, seemingly connected w ith  d isin tegration  of in fected  macrophages, 
regularly  appeared a t  sites. From  th e  5 th -1 0 th  day, and  la te r  (2-3 weeks) 
in  th e  alveoli th a t  h ad  not y e t expanded , p roliferation o f large cells w ith  
round  nuclei and  large  light cytoplasm  was n o ted  (Fig. 15-7). A t this tim e 
(2nd-3rd  week) on ly  som e of these cells contained  bacteria  (Fig. 15-8«); in  
addition  to the  g ro w th  of surviving rods, th e re  was evidence o f digestion 
an d  destruction o f salm onellae by m acrophages (Fig. 15-86). L a te r (after 
30—60 days) bacterioscopy of sections an d  im prin ts yielded negative results.

In  three o ther series of experim ents S. keidelberg and  S. typhimurium  
m ultiplied rap id ly  an d , beginning w ith  th e  second or th ird  day , pneum onia 
ex tended  to large a reas of the  lungs. In fec tion  induced by  a  ra th e r  virulent 
s tra in  of S. typhimurium  (No. 4649) took ap a rticu la rly  severe course. Morpho­
logical investigations showed these agents, as well as o th e r salmonellae 
to  grow chiefly in  m acrophages a t first. H ow ever, w ithin 2—3 days they  were



F ig . 15-7. Large cells in  collapsed p u lm o n a ry  alveoli 5 d ay s a f te r  in tra n a sa l inocu la tion  
o f  S . para typ h i-В . E osin-azure, X 830

found  in great num bers am ong leukocytes filling th e  alveoli. B y this tim e 
it  was difficult to  find ou t ab o u t th e  in terre lation  betw een bacteria an d  
cells as most o f th e  cellular elem ents in the  alveoli (polym orphonuclears 
in  particu lar) were destroyed or changed beyond recognition. M any bac teria  
also bore signs o f d ea th  and  digestion.

F ig . 15-8. L iving (a) an d  killed (b) b a c te r ia  in  p u lm o n a ry  m acrophages 8 days a f te r  
challenge, a S ection ; th io n in e , X 1600; b Im p rin t ; eosin-azure, *X 1600

14 Voino-Yasenetsky — Bakács
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F ig . 15-9. S . Heidelberg g row ing  in m acro p h ag es  (a) 5 th  d a y  a f te r  challenge, and  
(6 ) engulfed by leu k o cy te s  d u ring  th e  p e rio d  o f  m acrophage d e s in teg ra tio n  (7 th  day). 

Im p r in ts ;  eosin-azure, a  X 1500; b X 1300

A less virulent s tra in  of S. typhimurium  (No. 4801) re ta in ed  its cyclic 
developm ent up to  th e  completion o f th e  experim ents. Periods during 
w hich the bacteria cou ld  be detected  on ly  exceptionally  inside th e  m acro­
phages alternated  w ith  periods of d isin tegration  of these cells and  phago­
cytosis of free b ac te ria  b y  polym orphonuclears. A sim ilar cyclic develop­
m en t of organisms associa ted  w ith  selective parasitism  in m acrophages 
(Fig. 15-9a) was observed  w ith S. heidelberg. A fter six days there  were 
g rea t numbers of salm onellae no t on ly  in the m acrophages b u t also in 
leukocytes which seem ingly  did n o t fulfil their function efficiently enough 
(Fig. 15-9&).

In  intranasal challenge o f mice w ith  salm onellae there  was no paralysis of 
th e  leukocytic response, which freq u en tly  occurred in sim ilar experim ents 
w ith  shigellae. E ven  in  anim als in fec ted  w ith highly v iru len t strains of 
S. typhimurium  and  w hich  were in a v e ry  serious condition when sacrificed, 
pu lm onary alveoli w ere abundan tly  filled w ith  m ostly d isin tegrating  granulo­
cy tes (Fig. 15-10). L iq u id  exudate w as scanty , b u t a t  some sites in the 
alveoli thick p ro te in  m asses w ith fib rin  th reads could be found. R arely, 
sm all parietal th ro m b i were seen. On prolonged observation, large areas 
o f necrosis with m assive throm bi inside th e  blood vessels were seen in pneu­
m onic foci in some an im als (Fig. 15-11a, b). B acteria rem aining a t  the  pe-
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F ig . 15-10. G ranu locy tes in  th e  alveoli a n d  a round  th e  b ra n c h  o f  p u lm o n a ry  a r te ry  
(in th e  centre); 5 d a y s  a f te r  challenge w ith  a  highly v iru len t s tra in , S . typh im urium  

No. 4649. G oldm ann’s S u d a n  a lpha-naph tho l, x  150

F ig . 15-11. N ecro tic  focus w ith  th ro m b u s  in  th e  blood vessel (a, to  th e  left) an d  
a lm o s t to ta l necrosis (b, ligh t areas) o f  th e  lung  filled w ith  e x u d a te ; 10th an d  15th 

d a y s  a f te r  challenge w ith  S . typ h im u r iu m  No. 4801. T h ionine, a  X 70; b X 12

14*
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F ig . 15-12. S . ty p h im u r iu m  (s tra in  N o. 4649) in  th e  basa l p a r t  o f  ep ithe lia l cells o f 
m ouse bronchi, a T o lu id ine  blue, X 1700; b e lec tron  m icrograph  o f  th e  sam e; X 58 000

(Ariel and  B ern o v sk ay a , 1970)

ripherv  of necrotic zones in destroyed  m acrophages p robab ly  survived, as 
th ey  became larger and  stained m ore intensively.

Ariel and B ernovskaya (1970) occasionally found b ac te ria  in certain  
epithelial cells o f m ice killed 1-2 days a fte r challenge w ith  S. typhimurium. 
The bacteria w ere lodged in the  basal portions of th e  cells (Fig. 15-12«), 
and , as shown b y  electron m icroscopy, every salm onella was surrounded 
by  a m em brane (Fig. 15-12&). B etw een th e  m em brane an d  th e  ou ter surface 
o f the rods th ere  w ere crevices (some o f them  probably  arte fac ts) w ithout 
an y  contents capable of absorbing th e  electron stream . A t th e  same tim e 
th e  bacteria engulfed by polym orphonuclears were enclosed in typical 
phagosomes, d isp lay ing  signs of decay. Sim ilar phagosom es were also 
encountered in  ce rta in  m acrophages, whereas in o thers th e  salmonellae 
form ed bulky accum ulations in th e  cytoplasm ic m atrix .

Thus, in tranasa l challenge of mice w ith  salm onellae is su itab le for the 
bacteriological an d  m orphological s tu d y  of in vivo ac tiv ity  of these m icro­
organisms. The m ain  pathogenic properties of salm onellae could thus be 
dem onstrated , e.g. parasitism  in m acrophage-type cells, an d  the  ability  to  
pass through th e  epithelium  w ithou t dam aging it  appreciab ly . Various 
degrees of resistance of certain  salm onella strains to  polym orphonuclears 
were also revealed; th e  virulence o f th e  organism s ap p a ren tly  depended 
upon this factor to  a considerable ex ten t. In  addition , th e  changes th a t 
salmonellae them selves underw ent in the  living body were also seen. 
Differences in th e  appearance of b ac te ria  in the  lungs of infected anim als
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suggested the  presence o f some secondary infection w hich, however, had  n o t 
been confirm ed by bacteriological exam ination . As show n also in C hapters 
13, 16 a n d  17, the m orphology of salm onellae is h igh ly  variable depending 
on th e  period  of experim ents.

The ab ility  of salm onellae to p arasitize  m acrophages and to m ultip ly  
inside th ese  cells is beyond  doubt.* H ow ever, one should  keep in m ind 
th a t cells possessing phagocytic p roperties are capable of engulfing a high 
num ber o f live or dead bacteria . Therefore, when m illions and even m illiards 
of ce rta in  m icroorganism s are introduced into the lungs pulm onary m acro­
phages become frequen tly  overfilled w ith  them  even a t  early periods of 
observation. W ith dosages used in our experim ents (some millions of salm o­
nellae), a  ra th e r sm all num ber of b ac te ria  se ttled  in  single pu lm onary  
alveoli. P a r t  of them  (usually  not m ore th a n  tw o-fifths) was taken  up  by  
m acrophages and the  re s t was destroyed b y  polym orphonuclears during the  
first hours. Consequently, the increase in  the nu m b er of salmonellae in 
m acrophages, occurring when free salm onellae have a lready  d isappeared 
from th e  alveoli (see F ig . 15-4), can only  be explained b y  th e  fact th a t  b ac te ­
ria engulfed earlier m u ltip ly  in the cell. T he in tracellu lar growth is also con­
firmed b y  m orphological changes: hom ogeneity  of th e  b ac te ria  and the  p re s­
ence o f dividing forms.

In  conclusion, it m u st be noted th a t  although salm onellae pathogenic 
to  mice are  able to induce very severe dam age in lungs, dea th  is not in v ari­
ably an d  exclusively due  to  the developm ent of pneum onia. In  con trast to  
pneum onia induced b y  shigellae, experim ental salm onella pneum onia is 
accom panied by a generalized infection from  the  v ery  onset. Along w ith  
bacteraem ia, in some organs (mostly in  the  liver a n d  the spleen) th e re  
appeared sm all foci o f  specific lesions (granulom as). Q uite unexpectedly, 
however, there  were no considerable changes in th e  regional lym ph nodes 
of th e  lungs, and organism s could be d e tec ted  ex trem ely  rarely in them . 
In  mice th a t  died on th e  7th  day after infection w ith a  highly virulent s tra in  
of S. typhimurium, tracheo-bronchial nodes were alm ost devoid of lym pho­
cytes, w hile hyperplastic re ticular cells con tained  m any  well-staining o rgan ­
isms. In  such experim ents an ab u n d an t accum ulation  of the rapidly  d is­
in teg ra ting  granulocytes was observed a b o u t the fine b ranches of the p u lm o­
nary  a r te ry  where ly m p h atic  vessels a re  known to  pass (see Fig. 15-10). 
I f  the course of infection was milder, lym pho id  and p lasm a cells accum ulated  
sheath-like in this area, from  the 2nd—3 rd  day  on. T his was obviously con­
nected w ith  local an tib o d y  production.

Thus, a f te r  in tranasal adm inistration  o f a m oderate  am ount (some m il­
lions) o f  salm onellae to  w h ite  mice, a specific infectious process developed in 
the an im als’ lungs. In  co n tra st to sim ilar experim ents w ith  shigellae, these  
organism s colonized m acrophage-type cells. D uring th e ir  growth cycle salm o­
nellae underw ent essential changes, becom ing sm aller th a n  their ex tracellu lar

* S im ila r resu lts  w ere o b ta in e d  in ex p e rim en ts  w ith  g u in e a  pigs (B askerville  e t  
al., 1972, 1973). These an im a ls , in  con trast to  m ice, su rv ived  e v en  a fte r  th e  in tra n a sa l 
in o cu la tio n  o f an  enorm ous num ber ( 4 х Ю 9) o f  S . cholerae-suis.
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forms. Organisms outside the cells are ingested  by polym orphonuclears, m ore 
or less effectively depending on th e  virulence of the s tra in . L eukocyte 
response is usually  strong even in dy ing  anim als though in  such  cases p o ly ­
m orphonuclears cope w ith the organism s less successfully.

The lung m odel supplem ented w ith  q u an tita tiv e  b ac teria l analysis p e r ­
m its fairly precise determ ination  of th e  virulence of salm onellae as well 
as of the resistance of the  host. M orphological studies follow ed by  bac teri- 
oscopy yield im p o rtan t d a ta  for th e  understand ing  of th e  pathogenesis o f 
salm onella infection.



C H A P T E R  10

CONJUNCTIVAL AND INTRAVESICAL CHALLENGE 
OF GUINEA PIGS WITH SALMONELLAE

by
M. V . V O IN O -Y A S E N E T S K Y  and  T . B A K Á C S

CONJUNCTIVAL TESTS

H aving  observed corneal ulceration and  hypopyon induced by  S. paratyphi- 
A  in a  patien t, Sedan and  H errm an (1924) a tte m p te d  to  reproduce such  
dam ages in guinea pigs. Diffuse in flam m atory  corneal in filtration and sligh t 
k e ra titis  were no ted  a f te r  local inoculation of S. typhi to  th e  eye surface 
tre a te d  previously w ith  sterile bovine bile. Sim ilar resu lts  were obtained b y  
Zoeller and  B astouil (1924) who rubbed  S. typhi, S. paratyphi-A  and S. para- 
typhi-B  cultures on to  th e  conjunctiva o f guinea pigs. These cultures fa iled  
to  cause any ap p a ren t changes w ithou t p re trea tm en t w ith  bile.

In  la te r  studies, th e  guinea pigs were, as a rule, n o t p re treated . Serény 
(1957, I960«, b) and  a  num ber of o ther au thors using his technique (Siroko, 
1957; Moore, 1957; Y akhnina and K uznetsova, 1959; Katsnelson, 1961) 
rep o rted  th a t different salmonellae were capable of evoking conjunctivitis 
in guinea pigs b u t, in contrast to  shigellae, d id  n o t a tta c k  the cornea. 
B ayram ova (1963), Stenzel (19626, c), I s tra ti  e t al. (19636) found several 
s tra in s of S. typhimurium  and S. enteritidis th a t  induced not only conjunc­
tiv itis  b u t also k era titis  after having been d ripped  in to  th e  conjunctival sac . 
A ccording to  B ayram ova, anaerogenic '8 . typhimurium  strains behave in  
th is  m anner. The ab ility  of some salm onellae to  dam age the  cornea is 
g radually  lost under laboratory  conditions, though th e  organisms continue 
to  induce conjunctiv itis.

I t  has been shown (Bayram ova and  G leiberm an, 1963; Gleiberman e t al.,
1964) th a t  conjunctiv itis w ith serous an d  sero-puru len t exudation arises 
a fte r introducing 2—4 X 10° cells of aerogenic S. typhimurium. In  sm ears 
single re ticu lar elem ents containing G ram -negative organism s in the c y to ­
plasm  were seen to g eth er w ith num erous polym orphonuclear leukocytes. 
In  th e ir  histological investigations these au tho rs used  no stains for revealing 
organism s in tissues. T hey  reported  th a t  during  th e  first days after challenge 
conjunctiv itis was characterized by  m oderate  congestion and  oedema as 
well as by  a considerable productive response d isplayed as large cell in filtra ­
tio n  consisting of h istiocytic, epithelioid an d  re ticu la r elem ents and a sm all 
num ber of polym orphonuclear leukocytes. Large lym phoid  follicles w ere 
found  as soon as on th e  fourth  or fifth  d ay  (G leiberm an e t al., 1964). A fte r
3-4  weeks the  in flam m atory  in filtration  o f the  con junctiva  and eye-lids 
d isappeared  (though th e  follicles rem ained). The process did not involve 
the  cornea and  th e  tissues surrounding th e  eye, b u t th e re  was a general 
infection w ith specific changes in th e  viscera, and  som e of the  animals died .

215
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F ig . 16-1. Salm onellae in  con junctiva l e p ith e lia l cells and  in  p o ly m o rp h o n u c lea r 
leu k o cy tes  (a), 9 h  (6) 24 h, (c) a f te r  ch a llen g e . A rrow s show  th e  a c cu m u la tio n  o f 
sm a ll organism s in  th e  cytoplasm . E x u d a te  sm ears. M ay-G rünw ald-G iem sa s ta in ,

X 1200 (T enner e t  a l., 1971a)

W hen challenging w ith  an anaerogenic varian t of S. typhimurium, th e  
inflam m atory response in the con junctiva  was more pronounced. In filtra ting  
cells, including m an y  polym orphonuelears, disintegrated a t  certain  sites. 
T he conjunctival epithelium  became u lcerated . On th e  second week th e  
cornea also u lcerated  an d  sometimes ev en  perforated. Oedem a an d  inflam m a­
to ry  infiltration w ith  necrosis spread to  th e  ocular muscles an d  orb ital con­
nective tissue, an d  m ost of the an im als died.

Severe keratoconjunctiv itis was in d u ced  in about half of th e  guinea pigs 
in fected  with G a rtn e r’s bacilli (S. enteritidis)', the rest of th e  anim als devel­
oped only conjunctiv itis.

F ig . 16-2. F ocal accu m u la tio n  of large lig h t ce lls  in  th e  co n ju n c tiv a  6 d a y s  a f te r  chal- 
lenge (a, X 240) a n d  salm onellae in  th e  c y to p la sm  of such cells (Ъ, X 1060) a f te r  9

days. E o s in -azu re
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In  th e  studies of T enner e t al. (1971a) all the  S. typhimurium  and  S. 
enteritidis s trains tested  produced only conjunctiv itis. T hey  paid special 
a tten tio n  to  the  in teraction  between the  organism s and th e  epithelial cells. 
Sim ilarly to  shigellae (see C hapter 7), th e  earliest a ltera tions caused b y  
salm onellae appeared in th e  region of th e  conjunctival fornix. Here, one 
hour a fte r challenge, single epithelial cells containing 1—2 short rods in 
th e ir cytoplasm  could be observed. U nder th e  epithelium  sm all num bers o f 
leukocytes were frequently  seen. The in flam m atory  in filtration  increased 
6—12 hours la ter, often involving the whole epithelial lining, or else, appear 
ing as separate  microabscesses. Meanwhile, th e  num ber of infected epithelial 
cells also m arkedly increased. The study  o f  histological sections and sm ears 
of th e  exudate obtained from  the  con junctival sac showed th a t  salm onellae 
in epithelial cells were usually  small in size an d  accum ulated in  small iso lated  
groups (Fig. 16-16, c). In  several polym orphonuclears th e  agent p reserved 
its  common form  and was apparently  vacuole-bound (Fig. 16-la). O th er 
leukocytes were diffusely filled with organism s and destroyed  (Fig. 16-16). 
R a th e r  early  (12 h  afte r challenge) m acrophage-type cells, the  num ber o f 
which had  increased especially by the end  o f th e  first day, appeared am ong 
th e  leukocytes infiltrating th e  conjunctival epithelial lining.

Salm onellae did  not reside in the con junctival epithelium  long: 48—72 h 
a f te r  the  beginning of the  experim ent th e  nu m b er of infected cells m arkedly  
increased, b u t by  th a t tim e a  considerable num ber of organism s appeared  
u nder th e  epithelial lining, m ostly in m acrophages of lym phatic follicles. 
P a r t  of the  infected m acrophages d isin teg rated , releasing clusters of free 
organism s; th e  place of these m acrophages was occupied by  polym orpho­
nuclears th a t  have accum ulated  here.

In  some anim als, a num ber of large cells w ith  massive, light cy toplasm  
and  rounded  or slightly oval nuclei w ith  loosely a rranged  chrom atin , 
appeared  in  lym phoid follicles and in o th e r  areas of the  conjunctival s u b ­
s ta n tia  p rop ria  a fte r 8—10 days. A p ic tu re  characteristic of salm onella 
granulom as was seen in these areas.

In  a series of experim ents (Voino-Yasenetskv et al., 1977) we s tu d ied  
th e  results of challenging guinea pigs w ith  various Salmonella typhimurium  
stra in s using Serény’s technique. All induced  conjunctiv itis of vary in g  
severity  corresponding to  th e  above descrip tions. A peculiar feature in th ese  
experim ents was the  form ation  of g ranu lom as consisting of large lig h t 
cells resem bling “ ty pho id” cells in the con junctival subepithelial tissue (F ig. 
16-2a). In  some of these cells small organism s could be revealed  (Fig. 16-26). 
H ow ever, new form ation o f lym phoid follicles m entioned by  G leiberm an 
e t al. (1964), has no t been confirmed. Such  cells are also found under th e  
con junctiva  (a t the  fornix) in norm al g u inea pigs, and  a t  the  clim ax o f 
salm onella conjunctiv itis th e y  m ay be p a r tly  substitu ted  by  proliferation 
of m acrophage-type cells.

Am ong th e  S. typhimurium  strains s tu d ied  there was one which cou ld  
induce k era titis  in guinea pigs. This (gas-producing) s tra in  has been iso la ted  
from  a p a tien t w ith dysentery-like salm onellosis (Ism ailov, 1974). U n fo r tu ­
nate ly , it lost some of its virulence in th e  course of tim e an d  corneal lesions 
could only be observed in som e of the challenged animals. These lesions w ere
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Fig. 16-3. In f lam m ato ry  p rocess in  th e  co rn e a  13 days a f te r  challenge. E o sin -azu re ,
X 360

Fig. 16-4. M arked  en la rg em en t of inflam ed lac rim a l g lands causing  ex tru s io n  o f  
th e  eye-ba ll an d  leav ing  th e  eye unshielded b y  eyelids. T he lesion  is covered b y  a  

slough  in  th e  cen tre  o f  th e  cornea. 13 d a y s  a f te r  challenge. E osin -azure , x 8
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essentially  different from  those caused  by shigellae in sim ilar experim ents. 
T hey  developed m uch la te r (not ea rlie r th an  5 days a f te r  challenge), s ta r tin g  
usually  not from th e  periphery b u t in  th e  central p a r ts  o f th e  cornea. H ere, 
along w ith  the sm all superficial u lcerations and focal inflam m atory in filtra ­
tion , a peculiar inflam m atory  ep ithelia l cell proliferation appeared  (F ig-16-3). 
The involvem ent o f th e  cornea w as evidently due to  exophthalm us th a t  
developed in m any anim als as a re su lt of severe inflam m ation and a m arked  
enlargem ent of th e  lacrim al glands in  the  posterio-lateral p a r t of the  o rb it 
(Fig. 16-4). Nevertheless, eye p ro tru sio n  had not invariab ly  preceded k e ra ­
titis . A t any ra te , th e  possibility o f  infection sp read ing  to  subepithelial 
tissues and  to  deeper lying parts o f  th e  orbit show th e  s trong  invasive pow er 
of salm onellae; such an  invasiveness has not been observed in the  sam e 
experim ents with shigellae (see C h ap te r 7).

INTRA V ESICA L C H A LLEN G E W ITH SALM ONELLAE

D ealing w ith shigella cystitis in C hap ter 8 we referred  to  Bingel’s (1943a) 
resu lt o f salm onella infection in th e  guinea pig’s b ladder. According to  his 
observations (made on single an im als), S. typhi and  8. paratyphi-В  induce 
an  insignificant, on ly  m icroscopically appreciable inflam m atory response, 
i.e. leukocyte accum ulation u n d er th e  preserved b ladder epithelium .* 
In travesica l in troduction  of 8. typhimurium  and especially S. enteritidis 
caused more severe local a ltera tions (phlegmonous inflam m ation spreading  
over th e  bladder m usculature an d  even over the pelv ic  connective tissue) 
followed by bac teraem ia and  the d e a th  of the anim al. B rau n  e t al. (1953) also  
m entioned  the possib ility  of ex perim en tal reproduction o f salm onella cys­
titis . S tudying d ifferent Enterobacteriaceae Stenzel (1960) established th a t  
in such experim ents S. enteritidis a n d  S. java were th e  m ost pathogenic a n d  
8. typhimurium  an d  8. newington w ere next in o rder; freshly isolated sa l­
m onellae were m uch more v iru len t th an  labo ra to ry  ones.

T enner et al. (1971c), used a S. typhimurium  s tra in  freshly  isolated from  
a  p a tie n t suffering from  enterocolitis. The technique em ployed was th e  
sam e as in shigella challenge: I m l o f  b ro th  culture con tain ing  10° m icrobial 
cells was in troduced  in to  the b lad d er; 56 guinea pigs weighing 200-250 g 
an d  20 anim als weighing 700-800 g were challenged. T he la tte r  were u sed  
in view of the fact th a t  am ong y o u n g  guinea pigs a considerably high d e a th  
ra te  was observed as soon as 24 h a f te r  challenge. B u t usually , as no ted  also  
by  Stenzel (1960), th e  severity  o f th e  disease varied  even in anim als o f th e  
sam e age group.

In  young guinea pigs swelling o f  the  perineum  w as noted 12 h  a f te r  
challenge; from 24 h incontinence a n d  ruffling of th e  fu r all over th e  b o d y  
were observed. A t necropsy of sacrificed animals oedem a o f the  bladder w all, 
la te r  extending to  th e  connective tissue of the sm all pelvis, could be seen  
a f te r  6 h. P u n c ta te  haem orrhages appeared  on the congested  bladder m ucosa

* A s show n in C h a p te r  8 , th e  sam e resp o n se  is induced w h en  sterile b ro th  is in t r o ­
du ced  in to  th e  b lad d e r .
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F ig . 16-5. Salm onellae in  th e  epithelia l cells o f  th e  guinea p ig  b la d d e r , a Vacuole- 
bound, X 46,000; 6 m u ltip ly ing  fre e ly  in  th e  cy top lasm , X 8300
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(occasionally also on th e  serosa) afte r f -6  days, b u t th e re  were no u lcers. 
A fter 24 h  enlargem ent o f th e  spleen becam e evident [th is finding, as e m p h a ­
sized by B ingel (1943a) an d  Stenzel (1960), is never found  in experim ental 
shigella cystitis]. Bacteriological stud ies of the viscera (kidneys, liver a n d  
spleen) revealed generalized infection.

H istological investigations showed th a t  one hour a f te r  the  beginning o f 
th e  experim ent salm onellae p en e tra ted  the  epithelial cells of the b lad d e r 
mucosa. In  th e  next hours the n u m b er bo th  of the  infected  cells a n d  o f 
th e  organism s they contained, increased.

A ccording to  unpublished  electron-m icroscopic stud ies of Tenner, p a r t  
o f the  in traep ithelia l salm onellae in th e  bladder are enclosed in vacuoles, 
whereas th e  cells containing them  show  no apparen t sign of degeneration. 
The cy toplasm  of o ther cells (many obviously  destroyed) is filled w ith  d if­
fusely sca tte red  organism s. In  the sam e epithelial cell, free organism s as 
well as vacuole-enclosed ones may be p resen t and occasionally larger rods 
occur to g e th er w ith very  small ones.

The s tru c tu re  of vacuoles bordered b y  simple (ordinary) m em branes is 
shown in Big. 16-5a. In  addition to  b ac te ria  (well-preserved or seem ingly  
destroyed), these vacuoles also co n ta in  particles of cytoplasm ic organelles 
and an am orphous substance of m o d era te  electron density . They closely 
resem ble th e  phagosom es in polym orphonuclears and m acrophages engulfing 
bac teria  o r o ther sm all particles. In  th e  m ost severely dam aged ep ith e lia l 
cells very  active salm onella m ultip lication  is ev ident (Fig. 16-5&).

The fa te  o f epithelial cells infected b y  salm onellae varies. Some superficial 
cells (Fig. 16-6«) are sloughed into th e  bladder lum en. Others, resid ing  
som ew hat deeper, begin to  d isin tegrate 9 h after challenge. Then po lym orpho­
nuclears, ingesting the  released b ac te ria , occupy th e ir  place (Fig. 16-6fe).

U nlike in  experim ental shigella cy stitis , the sp read  o f infection to  th e  
epithelial lining of th e  b ladder m ucosa was no t observed. In  the  course 
of the disease some o th er cells were dam aged ; these, however, had obv iously  
been infected  from th e  lumen, w here salm onellae were always p re sen t. 
N either signs of salm onella transfer from  one infected epithelial cell to  th e  
other, nor erosions a n d  ulcers w ere observed. Several m icroabscesses, 
vacuoles w ith  liquid conten t, and trac e s  of debris som etim es rem ain ing  
in th e ir place were seen as signs of inflam m atory  infiltration .

The num ber of infected  epithelial cells increased du rin g  the first d a y  o f 
th e  experim ent and decreased g rad u ally  later. At th e  sam e time, as i t  w as 
the  case in conjunctival challenge, salm onellae ex tended  into th e  deep  
layers o f th e  bladder wall. B y the en d  o f the  first d a y  separate h is tio cy te - 
tv p e  cells w ith  m inute organism s in th e ir  cytoplasm  w ere seen. S ubsequently , 
tru e  granulom as form ed out of large cells w ith  light cy toplasm  in the b lad d e r 
wall (Fig. 16-7«, b). Some of them  con ta in ed  organism s.

Several anim als developed more serious phlegm onous inflam m ation in 
th e  deep layers of the  b ladder wall, w ith  a  large num ber o f rod-like o rganism s 
in th e  exudate . In  one o f these cases m echanical in ju ry  o f the m ucosa w as 
seen, w hich had undoub ted ly  been caused  by the  glass catheter du rin g  th e  
challenge. Obviously, p a r t  of the b ac te ria  in troduced  through the  c a th e te r  
d irectly  entered the deep  tissues of th e  bladder wall.
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Fig. 16-6. a Salm onella  m u ltip lica tio n  in  th e  b la d d e r  epithelial cell, b A ccum ula tion  
o f po lym orphonuclears a f te r  th e  destruction  o f  th e  dam aged cell 9 h  a f te r  challenge.

T hionine, a X 480 ; Ъ X 1200

Fig . 16-7aand b. G ranu lom as in  th e  b ladder su b m u c o sa  4 days a f te r  challenge. H aem a-
toxylin-eosin , X 460
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SIG N IFICA N CE OF C O NJUN CTIVAL AND IN TRA V ESICA L 
SALM ONELLA IN FE C T IO N

Serény’s keratoconjunctival bioassay, if applied to  salm onellae, is m ain ly  
o f theo re tical interest. T he sam e m ay be said  of in travesical challenge.

Salm onella parasitism  in m acrophages, dem onstrated  on  the  lung m odel, 
was also revealed in conjunctival and  in travesical challenge of guinea pigs. 
As also observable in o th er organs, p a r t  of the salm onellae engulfed b y  
m acrophages seemed to  be destroyed w hereas others, n o t enclosed in p h ag o ­
somes m ultiplied. B acteria growing in th e  cytoplasm  o f living cells show ed 
a  considerable decrease in size.

The in itia l stage of salm onella infection in the  bladder a n d  the  conjunctiva 
differs from  th a t in the  intestine. A t b o th  sites, in order to  en ter the m acro ­
phages in deeper layers, th e  organism s m u st break th ro u g h  th e  in tact e p ith e ­
lial barrier. W hile passing through th e  intestinal m onolayer co lum nar 
epithelium , salmonellae are su rrounded  by m em branes or osm iophilic 
substances (Takeuchi an d  Sprinz, 1967); and they n e ith e r m ultiply n o r 
induce cellular lesions during  their passage. The m echanism  of the passage 
of salm onellae through th e  stratified  con junctival and tran sitio n a l vesicular 
epithelium  is less clear.

In  th e  epithelial cells of the co n ju n ctiv a  the organism s of common S. 
typhimurium  strains also seem to be surrounded by m em branes isolating 
them  from  the  cytoplasm . This can be judged from th e  clear-cut b o rd e r 
and  th e  round form of aggregations o f  sm all, obviously m ultiplying o rg a n ­
isms. T he possibility o f salm onella g row th  in such vacuoles has been co n ­
firmed by  electron-m icroscopic investigations of the  b lad d e r showing th a t  
the  bac te ria  in fact grow in abundance d irec tly  in the cytoplasm . Salm onellae, 
however, have not shown the  ab ility  to  pass from one epithelial cell in to  
ano ther, as seen w ith  shigellae. In  sp ite  of th a t  (and aga in  in con trast to  
shigellae) salmonellae were found to  p en e tra te  subep ithelial tissues o f th e  
con junctiva and of the  b ladder, and  n o t infrequently to  cause fatal, g en e r­
alized infection.

In  sum m ary  it should be stressed th a t  salmonellae induce experim ental 
conjunctiv itis  and occasionally also k e ra titis  in guinea pigs. These organism s 
p en e tra te  th e  conjunctival epithelial cells and  m ay m u ltip ly  there, how ever, 
w ithou t passing from  one cell into an o th er. Therefore, in  con trast to  sh ige l­
lae, salm onellae do not usually  cause a  severe lesion o f th e  epithelial lin ing  
b u t p en e tra te  deeper, lodging in th e  m acrophages of th e  connective tissu e  
and  conjunctival lym phoid  follicles w here characteristic granulom as develop. 
O rbital lacrim al glands m ay also be affected, leading to  inflam m ation a n d  
exophthalm us.

E xperim en ta l salm onella infection has a similar course in the g u in ea  
pig b ladder. E pithelial lesions are m ore m arked here b u t  are confined to  
certain  cells. In  the  sam e way as in th e  conjunctiva, salm onellae p en e tra te  
deeper tissues of the  b ladder wall w here typ ical g ranulom as are form ed.
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ENTERAL CHALLENGE OF LABORATORY ANIMALS 
WITH SALMONELLAE

by

У . L . B E L Y A N IN  an d  M . V . V O IN O -Y A S E N E T S K Y

Since challenge o f laboratory  anim als w ith  S. typhi is unsuccessful (see 
Chapter 13), o th e r members of the  Salmonella genus are used  for m odelling 
typhoid fever. T he reason for th is su b s titu tio n  is, p rincipa lly , the  sim ilarity  
of appearance betw een  morphologic a lte ra tio n s  observed in  hum an ty p h o id  
fever and th e  disease developing in w h ite  mice, guinea pigs an d  rabbits a f te r  
enteral challenge w ith  S. typhimurium  o r certain o th e r kinds of salm o- 
nellae. The bacterio logy  and  patho log ical anatom y o f th ese  experim ental 
infections hav e  been  studied in detail, b u t  inform ation on  th e  in terre lation  
between th e  host and  the  causative a g e n t has begun to  accum ulate only  
recently.

E N T E R A L  C H A LLEN G E O F  W H IT E  M IC E

To produce charac teristic  in testinal lesions solid food in fec ted  w ith salm o- 
nellae was given to  mice, since oral ad m in is tra tio n  of salm onellae in liquids 
gave quite d iffe ren t results (see C h ap ter 1,3). Dry b read  usually  soaked in 
w ater or m ilk  contain ing 10' to  3 X109 salmonellae* w as given to  m ice 
caged ind iv idually  and  fasted for ab o u t 12 h.

Challenge w ith  a highly v iru len t cu ltu re  o f S. typhimurium  caused a severe, 
gradually developing infection in all an im als. A pparent signs of the disease 
could be no ticed  only 3-4 days afte r challenge. The a c tiv ity  and ap p e tite  
of the anim als d im inished and ruffling o f  th e  fur could be  observed; d ia r­
rhoea was generally  absent (Valdm an, 1955). The first deaths occurred 
within 5-6 day s, an d  by th e  middle of th e  second week a lm o st all the anim als 
died.

Bacteriological investigations carried  o u t by  0rskov  e t a l. (1928), Sollazzo 
(1929), V aldm an and  R ostova (1936), A rbuzova (1960) a n d  m any o th e r 
researchers have shown th a t  bac te ria  reaching  the a lim en ta ry  trac t are 
rapidly cleared from  the  bowel. B y th e  e n d  o f the first d ay  a  few salm onellae 
m ay occasionally be cultured from  th e  in testin a l con ten ts, P ey er’s patches 
and m esenteric lym ph  nodes. Then th e  am o u n t of organism s in these ly m ­
phoid stru c tu res rap id ly  increases. A fte r 2 -3  days salm onellae are p resen t

* The n u m b er o f  salm onellae  ingested  in th i s  case  is o f little  im p o rta n c e  (C hapter 13).

224
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Fig. 17-1. P e y e r’s p a tc h  o f  a h ea lthy  m ouse . H aem atoxy lin -eosin , X 100 (co u rte sy
of A. A . V aldm an)

in increasing num bers in  th e  liver a n d  spleen; afte r 3 -4  days th ey  ap p ear 
in th e  circulation. A t ab o u t the sam e tim e morphological changes in  th e  
above organs, b u t m ain ly  in the  in te s tin a l lymph nodes, become consp i­
cuous.

T he in testina l lym phoid  apparatus o f th e  healthy m ouse is usually re p re ­
sen ted  b y  8-9 P ey er’s patches s itu a te d  in the je junum  and  ileum. T hey  
ex ten d  over the en tire  thickness o f th e  mucosa (Fig- 17-1) and  consist of
4-6 lym phatic  follicles indistinctly  bordered  by th in  layers of connective 
tissue w ith  vessels. T he top  of the  follicle faces th e  in testina l lum en and  
is dom e-shaped. The outlines of ro u n d ed  areas, secondary  nodules w ith  
light reactive  centres in  th e  middle, a re  indistinctly  seen in th e  follicles. The 
dom es are  covered w ith  a layer o f p rism atic epithelial cells. M esenteric 
lym ph nodes appear as a  s trand  consisting of th ree nodules s itu a ted  in  th e  
m esenteric ileocaecal corner.

T hree  to  four days a f te r  enteral challenge with salm onellae, swelling o f th e  
in testin a l P eyer’s p a tch es and m esenteric lym ph nodes is noted. The spleen 
and  th e  liver are enlarged; on the  surface of the la tte r  sm all yellowish spots 
are detec tab le  a t au topsy .

In  agreem ent w ithV aldm an’s descrip tion  (1955), our investigations show ed 
th a t  microscopic in tes tin a l a lterations are detectable as soon as a f te r  2-3 
days (Belyanin, 1968, 1969). At th is tim e  focal aggregations of granulocytes 
ap p ear in th e  P eyer’s patches of th e  d is ta l ileum (Fig. 17-2). The ep ithelium  
over th e  follicles a t  such  sites is m o stly  undam aged, b u t there are ra th e r  
num erous polym orphonuclears am ong its  cells, som etim es accum ulating  in 
the  form  of microabscesses. Slight leukocytic in filtra tion  of th e  lam ina

15 Voino-Yasenetsky— Bakács
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F ig . 17-2. A ggregation  o f  leukocy tes in  ly m p h a tic  follicles o f a  P e y e r ’s p a tch . S u d an  
a lp h a -n a p h th o l, X 85 (co u rtesy  o f  A . A . Y aldm an)

F ig . 17-3. L eukocy te  d is in teg ra tio n  an d  beg inn ing  o f  re ticu la r cell g ro w th  in  a P ey er’s 
p a tch  on th e  5 th  d a y  a f te r  challenge. M ethy lene  b lue-th ion ine , X 265
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F ig . 17-4. a A ggregation  o f epithelioid cells in  a  P e y e r’s p a tc h  on th e  6 th  d ay  a f te r  
challenge. H aem atoxy lin -eosin , X 225. b T h e ir  p a r t ia l d is in teg ra tio n  on  th e  7 th  d a y .

M ethylene b lue-th ion ine , X 390

F ig . 17-5. a A ccu m u la tio n  an d  d is in teg ra tio n  o f g ranu locy tes , on  th e  3rd d ay  a f t e r  
challenge; G o ldm ann’s S u d an  a lp h a -n ap h th o l, X 240. b G row th  o f lig h t cells resem bling  
ty p h o id  cells in  m esen te ric  lym ph no d e ; s ix th  d ay , m e th y len e  b íue-th ion ine, X 140

15*
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F ig . 17-6. R esu lts  o f  b a c te r ia l counts fro m  P e y e r ’s p a tch es (a) and  m esen te ric  lym ph  
nodes (b) o f m ice a f te r  o ra l challenge. D o ts  m a rk  m icrob ia l co n ten ts  in  in d iv id u a l 
m ice. C urves show m ean  logarithm  values c h a rac te ris tic  o f each tim e  in te rv a l o f th e

e x p e r im e n t

F ig . 17-7. Salm onellae in  a  m acrophage (a) a n d  am ong leukocy tes (b) in  a  P e y e r’s 
p a tc h  3 days a f te r  challenge. M ethy lene  b lue-th ion ine , a X 1600; b X 1900
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F ig . 17-8. Salm onellae in  a  P ey er’s p a tc h  a f te r  in c u b a tio n  fo r 4.5 h  a t  37 °C. a L eish- 
m a n  an d  G iem sa s ta in ; 6 tre a tm e n t w ith  fluo rescen t im m une se rum  ag a in s t S.  typ h i-

m u riu m , X 1200

p ro p ria  of occasional villi m ay be seen am ong th e  follicles; th is finding is less 
freq u en t in o th er portions of th e  mucosa.

A fter 4-5  days, th e  foci of inflam m ation are characterized  by an ap p re ­
ciable d isin tegration  of granulocytes and  appearance o f large light cells 
(Fig. 17-3). F rom  th e  six th  or seventh  day  onw ard, inflam m atory foci b e ­
come still larger, consisting m ainly  of epithelio id  cells (Fig. 17-4a); leuko­
cytes, p redom inan tly  disin tegrating ones, m ay  be seen in  varying num bers. 
In  some mice sm all necrotic areas developed under th e  preserved epithelial 
coating (Fig. 17-4b) or small superficial u lcerations appeared  about th e  
dom es of lym phatic  follicles.

In  m esenteric lym ph nodes th e  m orphological changes are, as a ru le, 
sim ilar to  those encountered in  th e  in testinal P ey e r’s patches. They s ta r t  
as focal aggregation and disin tegration  of granulocytes (Fig. 17-5«) w ith  
subsequent grow th of cells resem bling ty p h o id  cells (Fig- 17-56). No d is tin c t 
evidence of necrosis of such granulom as has been observed. Three to  fo u r 
days a fte r challenge small granulom as are form ed in th e  spleen and liver.

Bacteriological studies of th e  P ey e r’s patches and  m esenteric lym ph  
nodes o f mice infected w ith 8. typhimurium  No. 4649 (courtesy of E . M. 
D ragunskaya) show ed very low salm onella counts up  to  th e  th ird  day  o f  
th e  experim ent (Fig. 17-6«, b). In  agreem ent w ith  th is  finding even on th e  
th ird  day  only a  few m acrophages contain ing a sm all num ber of organism s 
were found in sections stained w ith  th ionine, m ethylene blue and Leish- 
m an ’s m ethod (Fig. 17-7«); several of the  infected m acrophages were a lread y
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Fig. 17-9. Salm onellae (arrow s) in  m ac ro p h ag es  of a P ey e r’s p a tc h  on  th e  6 t h  d ay  
a f te r  challenge, a In  phagosom e, X 8000; b in  th e  cy top lasm , X 34 000. E lec tro n

m ic ro g ra p h s
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F ig . 17-10. In tra c e llu la r  b a c te r ia  in  m esen te ric  ly m p h  node o n  th e  5 th  d ay  a f t e r  
challenge. Im p rin t, G iem sa, X 1265

d isin tegrating  and  were surrounded  by  polym orphonuclears engulfing free  
salm onellae (Fig. 17-76). In  tissue pieces incu b ated  a t 37 °C (see C hapter 13) 
th e  bac te ria l count considerably increased (Fig. 17-8«, 6). Judging fro m  
th e  shape o f microcolonies (as well as from  th e  cell debris around th em ) 
salm onellae had  form erly been lodged w ith in  m acrophages. In  such m i­
crocolonies th e  organisms were larger a n d  stained m ore intensively th a n  
previously.

On th e  following days b ac teria l count a n d  microscopy show ed an increased  
num ber o f salmonellae, especially in th e  anim als sacrificed shortly  before 
death .

Electron-m icroscopic stud ies (courtesy o f B. M. Ariel) indicated  th a t  in  
m acrophages bearing no signs of lesions, salmonellae w ere lodged in m em ­
brane-bounded  vacuoles (Fig. 17-9«); m acrophages, in w hich  the  organism s 
were found  directly  in th e  cytoplasm , show ed signs o f destruc tive  a l te r a ­
tions (Fig. 17-96).

I t  is im possible to  assess th e  actual co n ten ts  and d iv ersity  of in tracellu la r 
forms o f b ac te ria  in paraffin  sections, w here the  size o f cells and m icro ­
organism s decreased alm ost to  half a n d  salm onellae w ere poorly s ta in ed . 
Im p rin ts  give much m ore reliable re su lts  (Fig. 17-10).

At sites w here granulom as were chiefly com posed of m acrophages (ep ith e ­
lioid cells) an d  polym orphonuclears w ere scare, the  n u m b er of salm onellae 
was considerably  lower th a n  in foci w ith  ac tiv e  leukocyte response. In  a d d i­
tion , in th e  early  periods o f th e  experim ent it appeared to  be easier for p o ly ­
m orphonuclears engulfing bac teria  to  d ig est them , th a n  tow ards th e  e n d  
o f fa ta l infections. I f  during  th e  first d ay s  deform ed or swollen and a lm o st 
u nsta ined  rods were frequen tly  detec ted  in  leukocytes, la te r , on the co n tra ry ,
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the phagocytes them selves died 6-7 d ay s  a fte r challenge, containing large, 
intensively stain ing  bac te ria  growing in  them .

Thus, a f te r  en tera l challenge with a  h igh ly  virulent s tra in  of 8 . typhim u­
rium  an infectious process developed in  w hite mice, w hich was sim ilar to  
hum an ty p h o id  fever. T hough the ea rliest stages of th e  process in m an  a re  
not known (see C hapter 13), th e  m acrophage granulom as form ed in m ice b y  
the end of th e  first week afte r challenge were very sim ilar to  those seen 
in typhoid  p a tien ts , especially in children in  whom granulom as do not alw ays 
necrotize. T he course of infection caused  b y  8. typhimurium  in m ice a n d  
S. typhi in m an  is, however, obviously d ifferent, especially in view o f th e  
fact th a t all th e  mice d ied during th e  second week o f th e  disease. In  o u r 
experim ents carried  o u t in  cooperation w ith  A. A. V ikhm an, a less p a th o ­
genic stra in  o f S. typhimurium  (No. 4801) failed to  cause a fa ta l in fection  
after en teral challenge even w ith enorm ous doses (several m illiards of b a c te ­
ria); no characteristic  in testina l lesions developed a lth o u g h  the  organism s 
had  been cu ltu red  from  th e  viscera fo r a  long time.

8. cholerae-suis and  S. cholerae-suis v a r . kunzendorf produced the  sam e 
intestinal lesions in mice afte r enteral challenge as d id  a  highly v iru len t 
strain  of S. typhimurium  (Ugleva, 1953), w hile 8. heidelberg evoked sim ilar 
b u t much m ilder lesions (Valdman and M endelson, 1953). A fter dripping in to  
the m outh or injecting in to  th e  duodenum  a  liquid suspension of 8. enteriti­
dis, a general fa ta l infection developed w ith  m arked hepatic  and splenic 
involvem ent b u t only slight intestinal a lte ra tio n s (A. M . Smirnova, 1955).

E N T E R A L  C H A LLEN G E OF RATS

According to  th e  observations of A. M. Sm irnova (1950) and V aldm an
(1964), as com pared w ith  mice, ra ts a re  m ore resistan t to  S. typhimurium  
and S. enteritidis. A fter o ral adm in istra tion  their b ac te ria  induced a s h o r t­
term  infection recoi-ded only by the re su lts  of bacteriological studies a n d  
m orphological a ltera tions in the  lym phoid  system  of th e  in testine , liver a n d  
spleen. The changes were sim ilar to  those observed in m ice b u t considerably 
less extensive. E vidence o f diffuse e n te r itis  was absent.

Maenza e t al. (1970) succeeded in cau sin g  en teritis in  starved  ra ts  b y  
in tragastric adm in istra tion  of 2X 109 S. typhimurium. H a lf  of the  anim als 
developed prolonged diarrhoea and som e of them  died . Inflam m ation  
involved p rincipally  th e  m ucosa of th e  ileum  and th e  caecum and  was 
characterized by  local leukocyte aggregation w ith  the subsequen t appearance 
of histiocyte-type cells. The m ethod used b y  M aenza e t al. d id  not allow th e  
detection of salm onellae in th e  tissues.

E N T E R A L  CHALLENGE O F  GUIN EA  P IG S

Valdman (1964) repo rted  th a t m ainly  leukocyte in filtra tion  could be 
observed in in testin a l lym phoid  patches o f  guinea pigs following in traduo- 
denal adm in istra tion  of 105- 5 x Ю5 salm onellae. However, typ ical granulo-
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m as com posed of epithelioid cells form ed in m esenteric lym ph nodes. In  
con trast to  mice and ra ts , guinea pigs also displayed diffuse inflam m atory 
a lte ra tio n s o f the  ileal m ucosa, congestion, leukocyte infiltration an d  
oedem a o f th e  villi.

K en t e t  al. (1966a) challenged guinea pigs in tragastrically  w ith 108 
S. typhimurium; tinctu re  of opium (1 ml) was adm in iste red  to  some o f th e  
anim als in traperitoneally  im m ediately  a f te r  challenge. N on-opiated  g u in ea  
pigs developed infection gradually  and  died in 4 to  10 days. T he m orphological 
changes w ere of focal g ranulom atous character, appearing  first in th e  in ­
testine an d  m esenteric lym ph nodes, an d  la te r in th e  spleen and liver. In  
granulom as consisting of h istiocy te-type cells (with polym orphonuclears 
adm ixed in  th e  intestine), necrotic foci w ere commonly p resen t. The fluores­
cent an tib o d y  technique showed salm onellae to  clear rap id ly  from the in te s ti­
nal lum en, while the  focal lesions con tained  an  increasing num ber of o rg a n ­
isms. In  patches of necrosis fluorescent antigenic debris was detectable.

Guinea pigs, the in testina l m otility  o f which was decreased with op ium , 
died w ith in  24-72 h. Besides focal lesions of lym ph nodes, spleen and liver, 
diffuse en teritis  developed. F luorescent bac teria  were p resen t in the lu m en  
of th e  ileum  all the tim e. A t 12 h and  la te r  th ey  were dem onstrated  in th e  
epithelial cells and  in the  lam ina p ro p ria ; in  th e  subm ucosa they showed a 
focal arrangem ent. After 48-72 h large num bers of salm onellae were p resen t 
th ro u g h o u t th e  m esenteric lym ph nodes an d  in the  spleen.

In  electron-m icroscopic experim ents o f Takeuchi (1967), the  guinea pigs 
had  not only  been p re trea ted  w ith  opium  b u t they  h ad  also been s ta rv e d  
for 4 days. The lesions developing a fte r in tragastric  adm in istra tion  of sa lm o ­
nellae were especially severe. Takeuchi observed th a t  12 h after challenge, 
leukocytes m igrated into th e  in testina l lum en where th e y  engulfed sa lm o ­
nellae. Some o f the  polym orphonuclears, which were p resen t am ong th e  
epithelial cells o f in testinal villi, also contained  bacteria . Salmonellae ly ing  
near the  surface of the  m ucosa induced no altera tion  o f th e  epithelial lin ing  
u n til th ey  reached the  “ critical p ro x im ity ” (less th a n  350 A). Then, a t  th e  
po in t w here th e  organisms adjoined, degeneration ensued and a cav ity  w as 
formed. Subsequently , th is cav ity  becam e closed and a  vacuole con tain ing  
organism s, some partic les of m icrovilli and  dead cytoplasm  appeared . 
Surm ounting  the  junction  complex, salm onellae could  also p e n e tra te  
th rough  th e  crevice betw een the  ep ithelial cells th u s gaining en trance to  
one of th e  ad jacen t cells th rough  its la te ra l surface. Irrespec tive  of the  m ode 
o f invasion, th e  organism s inside th e  epithelial cells were usually fo u n d  
in m em brane-bound vacuoles (frequently  even contain ing  dense osm io- 
philic substance), and, in  T akeuchi’s opinion, m igrated  through th e  cells 
p en e tra tin g  deeper and  finally en tering  th e  lam ina propria . D uring th e  
passage th ro u g h  the  epithelial cells, n e ith e r the  organism s nor the  c y to ­
plasm  of th e  cells underw ent any  changes. In  the  lam ina p ropria  of in testin a l 
villi salm onellae were engulfed by  phagocytes and, as fu r th e r studies in d i­
cated  (Takeuchi and Sprinz, 1967), th e y  p a rtly  died a n d  p artly  m u ltip lied  
in these cells.

T akeuchi’s investigations confirm an d  specify the  conclusions of F lo rey  
(1933) who m ade experim ents on iso lated  in testinal loops of guinea p igs
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(see C hapter 22). A ccording to  F lorey S . typhimurium  m ay  pass th rough  
the  epithelium  (or am ong th e  epithelial cells) into the  lam ina propria , b u t 
he thought th em  to  be killed within th e  ep ith e lia l cells. T akeuchi was unable 
to  confirm F lo rey ’s s ta tem en t th a t salm onellae are carried  into the  tissues 
by leukocytes, phagocytizing them  n e a r th e  intestinal surface.

We do n o t know w hether it is justified  to  correlate th e  developm ent o f 
fa ta l enteritis in guinea pigs with th e  re la tiv e ly  mild salm onella-induced 
hum an gastroen teritis . However, it is o f  considerable in te re st and  im portance 
th a t diffuse in flam m atory  processes in th e  anim al gut a re  associated w ith  
the  ac tiv ity  o f salm onellae penetrating  th e  unaffected m ucosa. Only la ter, 
24-48 h a fte r challenge d id  Takeuchi a n d  Sprinz (1967) find  some extensive, 
b u t usually n o t w ell-pronounced, d y s tro p h ic  alterations in  th e  cells of th e  
epithelial lining.

E X P E R IM E N T S  O N  RABBITS

As shown in C hap ter 3, V aldm an (1930, 1931a, b) was th e  first to  challenge 
rabbits w ith  salm onellae. H aving e stab lish ed  th a t th e  stom ach  in these 
anim als raised an  unsurm ountab le b a rrie r  fo r S. typhimurium, which were 
adm inistered by  stom ach tube, she s ta r te d  injecting b ac te ria l suspension 
into the duodenum . L ate r, K ucheryavy (1956) simplified V ald m an ’s m ethod 
requiring laparo tom y, and  thus after a  sh o rt deprivation  of fluid, th e  
organisms suspended in  m ilk could be g iv en  orally or in troduced  in tra - 
gastricallv.* F o r challenging rabbits w ith  th is  technique, 5 XlO8 salm onellae 
are required. In trad u o d en a l challenge is successful w ith 106—107 organism s. 
The animals becom e ill a fte r 2-3 days as shown not on ly  by  a decrease 
in  activity, loss o f ap p e tite  and  weight, b u t  also by a g rad u al rise in body 
tem perature (falling again  a t th e  term inal s tag e) and leukopenia. Some of th e  
anim als die a t  th e  end of th e  first week, th e  rest remain carriers for a long 
tim e (up to  3 m onths according to S m irnov , 1966). Pathological changes 
m ainly occur in  th e  in testin a l lym phoid stru c tu res .

The s tructu re  of th e  lym phoid system  o f  th e  rabbit bowel is very sim ilar 
to  th a t in o ther labo ra to ry  animals an d  in  m an. The follicles, however, are 
more m arkedly sep ara ted  by  connective tissue layers. T he large, light, 
central areas — “ reactive cen tres” —are m o re  conspicuous in  th e  basal p o r­
tion  of the pear-shaped  follicles. At th e  sam e  tim e the d is trib u tio n  of lym - 
phoreticular tissue shows certain  pecu lia rities. Along w ith  the  P ev e r’s 
patches in th e  sm all in testine , there is a  large aggregation of lym phoid 
tissue with large follicles in  the  so-called sacculus ro tu n d u s or lym phatic 
sac —a thick-w all p ro jection  observed in  ra b b its  a t the ju n c tio n  of the  ileum 
w ith  the caecum. There are also many ly m p h a tic  follicles in  th e  long ap p en ­
dix.

* Prokopow icz a n d  T om aszko  (1968) h av e  su g g es ted  a  sim ilar m e th o d . The on ly  
difference w as t h a t  th e y  firs t adm in istered  m ilk  in to  th e  stom ach  b y  a  s tom ach  tu b e  
th e n  th e  salm onella suspension  in  saline, fo llow ed b y  m ilk  again. I n  ad d itio n , tin c tu re  
o f  opium  (3 m l p e r  kg) w as in jec ted  in tra p e r ito n e a lly  before challenge. In g es tio n  o f  
salm onellae m ixed  w ith  1 0 0  m l o f  m ilk g ives a lso  q u ite  reliable re su lts .
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F ig . 17-11. S ym bio tic  organism s in  ly m p h o id  tissue o f  r a b b i t  appendix . G ra m
X 1600

The follicles of th e  rab b it sacculus and  appendix (occasionally also of th e  
P ey e r’s patches) a re  regularly  in h ab ited  b y  certain  anaerobes (R ibbert, 1885; 
Bizzozero, 1885), b u t  their im portance is no t clear (Policard, 1963). T h ey  
are frequen tly  a rran g ed  within m acrophages (Fig. 17-11), and  may d is tu rb  
experim ents w ith  salm onellae, a lthough , unlike th e  la tte r  they  stain  w ell 
w ith  G ram  b u t n o t w ith  m ethylene blue and  thionine, a n d  are not detec tab le  
w ith  specific fluorescent sera.* These organism s do n o t m ultip ly  when iso la ted  
pieces of in testine a re  incubated in  a  th e rm o sta t (Belyanin, 1969) a n d  
are p robab ly  killed w hen engulfed b y  re ticu lar cells. These rods do not evoke 
a leukocyte reaction.

According to  V a ld m an ’s observations (1955, 1964) g ran u la r (pseudoeosino- 
philic) leukocytes s ta r te d  accum ulating under th e  epithelium  covering th e  
P ey e r’s patches 30 h  a fte r in traduodenal adm in istra tion  o f 107-1 0 8 8. typhi- 
murium. B y th e  en d  o f the second o r a t  the beginning of the th ird  d a y , 
leukocyte in filtra tion  extended w idely  to  ou ter po rtions of the follicles, 
and  la te r  to  their deeper parts, too. T he infiltrating cells rap id ly  d isin teg rated  
and  large foci of necrosis arose a t  th e  site of the  follicles. Subsequently, a t  
th e  border of th e  preserved lym phoreticu lar tissues, epithelioid cells a p ­
peared. W hen th e  follicles were en tire ly  necrotic, non-specific g ran u la tio n  
tissue s ta rted  to  grow  around them . In  m esenteric lym ph  nodes the  p a th o ­
logical process was different. F irs t th e re  were focal leukocyte accum ulations, 
followed after 3-4  days by granulom atous growth o f epithelioid cells, sim i-

* A s a  ru le, in  m acro p h ag es  of th e  P e y e r ’s p a tch es o f  th e  r a b b i t  in testine th e re  a r e  
also  m a n y  g ranu les o f  b row n  p igm en t g iv ing  b rig h t s c a r le t fluorescence.
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F ig . 17-12. Lesions o f  appendicu lar ly m p h a tic  follicles 7 d ay s a f te r  challenge

la rly  to  findings in mice and guinea pigs. L ater these changes became 
p a r tly  necrotic. In  th e  liver and sp leen  o f adu lt rabb its no focal lesions 
could be observed, regardless of the  p resen ce  of salmonellae d e tec ted  by bac­
teriological sam pling. In  newborn ra b b its  challenged w ith salm onellae such 
lesions m ay be found.

V aldm an (1955) d id  no t consider th e  differences in the course of intestinal 
a ltera tions due to  salm onella infection in  rab b its  and mice essential. There 
is som e con trad iction  in her s ta tem en t th a t  microorganisms p artic ip a te  in 
salm onella-induced in testinal lesions in  rabb its. She m ain ta ined  earlier 
th a t  macrophages ad jacen t to areas o f necrosis contained “phagocytized 
ro d s” (Valdman, 1955, p . 52), but la te r  sh e  denied the presence of detectable 
salm onellae in im p rin ts  and sections o f th e  viscera. Meanwhile, she was able 
to  cu ltu re the organism s from the foci o f  lesions.

In  our studies_ (Belyanin, 1968, 1969) rab b its  were challenged w ith S. 
typhimurium  as described  by K u ch erv av y  (gastric adm in istra tion  of 5 X 109 
organism s w ith m ilk). Clinical m an ifesta tions and  intestinal lesions developed 
sim ilarly  as in V a ld m an ’s experim ents. A t autopsy of an im als sacrificed 
a t  various in tervals (2-3 days), there w as a  conspicuous-swelling of intestinal 
lym phoid  structu res, an d  yellowish w h ite  a reas of necrosis appeared  some­
w h a t la ter (Fig. 17-12). Histological s tu d ies  showed th a t, following a ra th e r 
early  and  abundan t leukocyte in filtration  (Fig. 17-13«), h istiocy tic  elements 
(epithelioid cells possessing m acrophage properties) s ta rted  to  grow a t certain  
places in affected areas o f follicles (Fig. 17-136). The reactive phenom ena are 
ev iden tly  associated w ith  an invasion o f th e  lym phoid tissue b y  salmonellae.

I t  is difficult to  follow the passage o f salm onellae th rough  th e  epithelial 
lining, since th ey  are  rapidly e lim inated  from  intestines w ith  peristalsis.
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Fig . 17-13. a A gg rega tion  am! d is in teg ra tio n  o f g ran u lo cy tes  3 d a y s  a f te r  challenge; 
G o ld m an n ’s S u d an  a lp h a -n ap h th o l, X l l 6 . ft G row th  o f large cells w ith  light nucle i 

6 d ay s a f te r  challenge in  ra b b it P e y e r’s p a tc h ; m ethy lene  b lue-th ion ine , X 185

F ig . 17-14. M icroorganism s an d  po lym orphonuclears am ong  ep ith e lia l cells in  th e  
saccu lu s ro tu n d u s . M ethylene b lue-th ion ine, X 1265
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F ig . 17-15. Salm onellae in  a  necro tic  a rea  (a) an d  in a d ja c e n t m acrophages (b) in  
th e  sacculus ro tu n d u s  72 h  a f te r  challenge, a M ethylene b lue-th ion ine , X 1750; b 

L eishm an-G iem sa s ta in , X 2000

F ig . 17-16. Salm onellae in  d y ing  cells 72 h  a f te r  challenge. Im p r in t  from  sacculus
ro tu n d u s. G iem sa , X 1450
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Only rods lying am ong th e  epithelial cells of the ly m p h atic  sac and engulfed 
by polym orphonuclears, are dem onstrab le (Fig. 17-14). Histological in ­
vestigation of th e  lym phoreticular tissue  underlying th e  epithelium  has 
shown it to  be free o f necrosis a t the  tim e  of the early  leukocytic in filtration  
of in testina l lym phatic structures. O nly the  lym phocy tes disappeared (or 
were reduced in num ber), while h istiocy tes displayed signs of hyperplasia. 
Inside these cells th e re  were rod-shaped  organisms som etim es filling th e  
whole cytoplasm . In  con trast to  th e  saprophytes m en tioned  above, th ese  
organism s were G ram -negative, m ultip lied  in tissue sam ples incubated a t  
37 °C an d  reacted  w ith  fluorescent im m une serum ag a in s t S. typhimurium.

A t early  periods (20-24 h), only few  macrophages con tained  salm onellae 
(1-12 per section from  th e  injured follicle); 48 h a f te r  th e  beginning o f th e  
experim ent there were several of th em  in alm ost ev e ry  high-power field. 
The infected m acrophages frequen tly  d isin tegrated  a n d  organisms w ere 
seen w ith in  the  polym orphonuclears as well. I t  should  be noted th a t w hile 
incubating in testina l sam ples a t 37 °C, organisms w ith in  th e  m acrophages 
m ultiplied and  form ed microcolonies, b u t those inside polym orphonuclears 
rem ained few in nu m b er and sta in ed  fain tly , th a t  is, th e y  were obviously 
dead.

A fter an  alm ost com plete leukocy te d isin tegration  and  occurrence o f 
necrotic areas in th e  follicles, piles o f  well-stained ro d s  were encountered 
among dead  cells (Fig. 17-15a); th e  organisms w ere m ost num erous in 
histiocytes near th e  necrotic area (Fig. 17-156). Salm onellae were especially 
well dem onstra ted  in  im prints (Fig. 17-16).

The above facts p rove  th a t  pathologic processes occurring  in the in te s tin e  
of rab b its  challenged w ith  S. typhimurium  are d irec tly  re la ted  to the a c tiv ­
ity  of these organism s. This re la tion  m ay be schem atically  expressed as 
follows. Salm onellae (seemingly in  sm all num bers) invade lym phatic in ­
testinal patches th ro u g h  th e  in tac t ep ithelial coating. T he resulting leu k o ­
cyte response causes th e  jm rtial destruc tion  of th e  invading organism s, 
bu t those engulfed b y  local m acrophages (reticular cells) m ultiply u n ti l  
the cell sheltering th em  dies. As d isin tegration  of su ch  cells increases a n d  
local leukocyte response becomes m ore intensive, m a n y  of the m ultip ly ing  
organism s are destroyed  and th e ir  endotoxins p ro d u ce  follicle necrosis. 
Toxic lesions of tissues cause hyperp lasia  and tran sfo rm atio n  of m acro ­
phages in to  epithelioid or “ typ h o id ” cells. In  these cells surviving salm onel­
lae m ay find shelter again.

In jec tion  of 5 X 108—109 virulent S. typhimurium  d irec tly  into the duodenal 
lumen resu lts in th e  developm ent o f  a  very severe illness, usually causing  
death  3—4 days a f te r  challenge. S igns of general in tox ication  (dyspnoea, 
weakness, w eight loss) prevail; d ia rrh o ea  develops o n ly  in p art of th e  r a b ­
bits sh o rtly  before d ea th . However, a t  au topsy  of sacrificed and dead an im als 
prom inent diffuse lesions of in testina l m ucosa could b e  detected  (B ibinova, 
1939). In  B ib inova’s experim ents en teritis  ex ten d ed  to  the entire sm all 
intestine, especially to  its  d istal p o rtions. At au to p sy  swelling and conges­
tion of th e  m ucosa w ere revealed; histological s tu d ies  showed generalized 
and focal infiltration  b y  pseudoeosinophilic leukocytes. Leukocytes m ig ra ted  
into th e  in testina l lum en passing th e  well-preserved epithelium  of th e  v i l l i ;
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th ey  showed evidence of d isin tegration  a t  th e  earliest periods o f observa­
tions. H yperp lastic  histiocytes were re ad ily  seen am ong th em . B ibinova 
also noted th e  presence of small G ram -negative  rods am ong disintegrating 
cells as well as w ith in  m acrophages. F ro m  pieces of th e  in testina l wall 
salmonellae were cultured. Thus, th e  experim ental salm onella  enteritis of 
rabb its  described b y  B ibinova (1939) is ra th e r  similar to  th e  lesion of the  
sm all intestine in  guinea pigs reproduced  b y  K ent et al. (1966a).

In  addition to  S. typhimm ium , in  e n te ra l challenge of ra b b its , S. para­
typhi-В  and S. Heidelberg (Valdman, 1955), S. enteritidis (Sm irnova, 1950; 
R ejn iak  et al., 1970) and  S. cholerae-suis (Ugleva, 1953) w ere also p a th o ­
genic.

C H A LLEN G E OF M O N K EY S W IT H  SALM ONELLAE

Although challenge w ith S. typhi w as only successful in  prim ates (see 
C hapter 13), o th e r kinds of salm onellae m ay attack  low er simians ex ­
perim entally . In  m onkey nursery  gard en s an d  animal houses these anim als 
o ften  become infected  spontaneously (apparen tly  from h u m an  carriers).

M aking long-term  observations on  la rg e  numbers of m onkeys in th e  
anim al house in  th e  city  of Sukhum i, A ksenova (1958) iso la ted  S. typhi- 
murium  the  m ost frequen tly ; S. paratyphi-В , 8 . paratyphi-A  a n d  8. enteritidis 
were next in order. According to  R ow e (1969), during spo rad ic  diseases 
an d  outbreaks of en teritis  in m onkeys observed  in research institu tes and 
zoos of G reat-B rita in , S. Stanley was th e  m ost frequent cau sa tiv e  agent, 
followed by  S. typhimmium, 8. senftenberg, S. newport, S. anatum and  
others.

L apin  et al. (1956) succeeded in challenging  Macaca rhesus w ith  8. para­
typhi-В . Stasilevich (1958) challenged th e  sam e species w ith  S. Heidelberg 
b y  adm inistering first 4 ml of bovine b ile  a n d  then  1 ml o f suspension, con­
ta in ing  3-5 XlO10 organism s. In  these experim ents the d isease developed 
rap id ly : already on th e  second day  d ia rrh o ea  appeared, th e  an im als  rejected 
food and becam e weak; m ost of them  recovered  w ithout t re a tm e n t in 6-8 
day s. E xcretion o f salm onellae w ith  faeces continued for 10—21 days. The 
course of infection was m uch more severe if  S. enteritidis w as used (Stasi­
levich, 1961): 5 o u t of 8 monkeys died in  3—12 days. From  sam ples taken a t 
au topsy , S. enteritidis was isolated in  p u re  culture from th e  blood, liver, 
spleen, m esenteric lym ph nodes and  fro m  th e  lungs show ing pneum onic 
foci. The same m ode of challenge in bab o o n s caused bu t a m ild  form of the 
disease.

Yakovleva (1966) revealed sim ilar p a th o lo g ic  alterations, m ain ly  catarrhal 
en teritis  and re ticu la r cell proliferation in  m esenteric lym ph nodes in m on­
keys th a t died o r were sacrificed a f te r  challenge w ith S . paratyphi-B , 
S . Heidelberg and  8. enteritidis. Several an im als  had foci of p n eu m o n ia  which 
w as, apparently , a  specific reaction as th e re  were accum ulations of m acro­
p h a g e - t y p e  cells an d  bacterial sam pling revealed  salm onellae in the  lungs.

K en t, Form al an d  LaBrec (19666) o b ta in e d  ra ther different resu lts in ex­
perim ents on Macaca rhesus by using 8. typhim m ium . The o rganism s caused
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Fig. 17-17. Salmonellae in macrophages of the lamina propria of the jejunal villi 
(a), and in the Peyer’s patches (6, c) o f monkeys. Eosin-azure, a  24 h after challenge, 
X 1600; Ъ after 48 h, X 1900; c after 48 h (and 3 h of incubation of the samples at

37 °C), X 1750

acu te  inflam m ation of th e  in te s tin a l mucosa, w hich was less pronounced- 
in th e  jejunum  th a n  in  th e  colon especially in its  p rox im al p art. A very  
large num ber (3 X1010) o f bac te ria  suspended in 20 m l o f b ro th  was adm inis­
te red  in tragastrically  to  m onkeys (weighing 2-3  kg) th rough  a  stom ach 
tube. Using fluorescent antibodies an d  Giemsa sta in ing , th ey  occasionally 
found salmonellae in  epithelial cells of the m ucosa; th e  bacteria  were 
m ainly  present in m acrophages o f th e  lam ina propria .

K e n t e t al. (19666) considered th e  experim ental in fection  in monkeys v ery  
sim ilar to  acute salm onella gastroen teritis  in m an. H ow ever, th ey  em p h a­
sized th a t  there was a  considerable difference in severity  an d  spread of in te s ti­
nal lesions among th e  experim ental animals.

In  o u r experim ents (Belyanin e t  al., in press) m ade on 18 rhesus m onkeys 
results, sim ilar to  those  of K en t e t  al. (19666), were ob ta ined . After adm inis­
tra tio n  of some bile th rough  a stom ach  tube followed by  challenge w ith  
3 X1010 S. typhimurium  or S. cholerae-suis organisms, th e  anim als developed 
acu te  gastroenterocolitis subsiding w ith in  7-10 days. A t au topsy  of sac ri­
ficed monkeys, in ad d ition  to  congestion and swelling o f th e  mucosa o f th e  
a lim en tary  trac t (especially in th e  term inal ileum, caecum  and the  p rox im al 
p a r t  o f ascending colon), there w as enlargem ent o f P ey e r’s patches an d  
m esenteric lym ph nodes b u t no t so m arked as in  ty p h o id  fever in hum ans. 
Bacteriological stud ies showed salm onellae to  be p resen t no t only in th e  
in testina l contents b u t also in th e  in testinal wall tissue. Tw enty-four, b u t  
especially 48 h a fte r challenge, organism s were found  in  m any m acrophages 
(histiocytes) of th e  lam ina p ro p ria  o f the  je junal villi and  in the P ey e r’s 
patches (Fig. 17-17«, 6). In trace llu la r salmonellae s ta in ed  weakly, however, 
in tissue samples previously  in cu b ated  in a th e rm o sta t (cf. experim ents on

1 6 Voino-Yasenetsky— Bakács
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m ice and rabbits) th e y  became n o t on ly  more num erous b u t also larger 
an d  thicker, stain ing strongly  w ith basic  stains (Fig. 17-17c). A t the same 
tim e salmonellae found  in polym orphonuclears rem ained sm all, pale and 
d id  no t show any  signs of m ultip lication . Obviously th e y  were dead. 
L eukocyte in filtration  o f th e  in testina l m ucosa was focal a t  early  stages, 
m ore diffuse a t 2-3 d ay s and then  subsided , being rep laced  by  moderate 
accum ulation of m acrophage-type cells. There was no necrosis or ulcer 
form ation.

E X P E R IM E N T A L  STUDY OF SALM ONELLA GRANULOM AS 
IN  T H E  L IV E R  A N D  SPL E E N

Challenging of an im als w ith salm onellae via the  gastro in testina l trac t 
or an y  other rou te usually  results, ex cep t for adult rab b its , in  a  generalized 
infection. As in m an, bacteraem ia develops and specific granulom as are 
form ed in the organs o f the  re ticuloendothelial system  (spleen, liver and 
bone marrow). The m echanism  of developm ent and d irec t causes of such 
focal lesions in ty p h o id  fever are no t know n (see C hapter 13) and , therefore, 
th e  results of experim ents with o th e r salm onellae should be considered 
in m ore detail.

According to  V aldm an  (1955, 1964), focal changes in th e  mouse liver 
becom e conspicuous 3 days after e n te ra l challenge w ith  S. typhimurium, 
i.e. alm ost sim ultaneously  w ith sim ilar processes arising in th e  intestinal 
P e y e r’s patches and  in  m esenteric ly m p h  nodes. In  bo th  s tru c tu res  there is 
a  strong  leukocyte response a t the beginning, then  the polym orphonuclears 
rap id ly  disintegrate an d  disappear, being replaced by  epithelio id  cells. 
V aldm an m entioned no necrosis in such  granulom as, b u t p o in ted  out th a t, 
in addition  to  granulom as, large necro tic  foci resem bling anaem ic infarc­
tions are frequently  form ed under th e  hepatic  capsule.

Akazaki et al. (1956) also d em o n stra ted  th a t  salm onella granulom as in 
th e  mouse liver and  spleen began w ith  focal leukocyte in filtration. They 
em phasized th a t leukocytes in such accum ulations were usually  deformed 
an d  displayed signs o f degeneration. O th e r authors failed to  recognize this 
process correctly. T hus, when describing “necrotic nodules” in  the  liver, 
M estitz (1923) no ted  “ peculiar p a tte rn s  o f polym orph nuclei arranged in 
th e  granular necrotic su b s tra te” , a p p a ren tly  not suspecting th a t  these 
were merely neutrophils in the s ta te  o f being destroyed. Jo e s t (1914) 
suggested th a t lym phoid  cells were accum ulated  in salm onella granulomas 
an d  th en  were destroyed  w ithin th em , b u t he rejected th e  possibility of 
leukocytes partic ipa ting  in granulom a form ation . At th e  sam e tim e, figures 
show n by Joest as well as by Gruber (1916) and Böhme e t al. (1959), who 
have described hepatic  “ focal necrosis” in experim ents w ith  salmonellae, 
suggest th a t  polym orphonuclears d is in teg ra ted  in these areas.

In  our own experim ents (Voino-Yasenetsky, 1964b) it was revealed th a t 
the  developm ent and  morphology o f focal lesions in th e  liver o f mice aris­
ing a fte r in tranasal challenge depended on the  virulence of salmonellae 
(Table 17-1).
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Fig. 17-18. Focal lesions in the liver of m ice after challenge w ith various salmonella 
strains, a S .  typ h im u riu m  No. 4801, 3 days, Goldmann’s stain, b S . ty p h im u r iu m  
No. 4649, 5 days, thionine. c S .  typ h im u r iu m  No. 4801, 15 days, haematoxylin-eosin. 

d S .  p a ra typ h i-B , 15 days, haematoxylin-eosin, X 430

16*



TABLE 17-1

Average num ber of cellular fo c i in  the liver a fter intranasal challenge with various
salmonella s tra in s

D ays after challenge
O r g a n i s m  ; - - - - - - - т - - - - - - - ,- - - - - - - - ,- - - - - - - - ,- - - - - - - - - - - - - - - , i1 2 3 5 7 10 I 15 20 I 30 50

S. typhimurium  No. 4649 0.3 2 103 necrosis
S. typhimurium  No. 4801 0.3 2 4 ! 40 40 45 248
S. Heidelberg 0.0 0.7 16 23 116 204
S. paratyphi-В  0.3 1 1 f 6 j 26 101 | 72 54 26 22

Two to  th ree  days a fte r challenge, sm all accum ulations of polym orpho- 
nuclears appeared  in  th e  liver. A lready a t  th is tim e m an y  of these cells 
showed a considerable deform ation, b u t  were clearly recognizable w hen 
stained by  G oldm ann’s m ethod (Tig. 17-18a). In  mice challenged w ith  a  
highly v iru len t 8. typhimurium  s tra in  (No. 4649), th e  num ber of sm all 
leukocyte foci was 60-127 in  every sec tio n  made across th e  righ t hepatic  
lobe. Then polym orphonuclears com pletely d isin tegrated , a n d  round, a lm ost 
structureless areas reaching 80-110 u. in  d iam eter form ed in  their place 4 -5  
days after challenge (Fig. 17-186). W ith  M allory’s phosphotungstic acid  
haem atoxylin s ta in  th ey  displayed a th ic k  fibrin netw ork . A djacent liver 
cells seemed to  be com pressed, and ap p e a re d  to  be pushed  aside. N um erous 
parietal th ro m b i form ed sim ultaneously  in  hepatic blood vessels, wedge- 
shaped infarctions being apparen t u n d e r th e  capsule of th e  organ.

H epatic lesions developed later a f te r  challenge w ith  8 . heidelberg and  
with a less v iru len t 8. typhimurium  s tra in  (No. 4801) (see Table 17-1), b u t 
the  d isin tegration  of focal leukocyte accum ulations was n o t followed b y  
such m arked local lesions. Slightly s tre tc h e d  cells w ith  basophilic cy to ­
plasm, la te r transfo rm ing  in to  lighter epithelio id  cells, appeared  in  th e  
foci after 5 -7  days. These foci, not exceeding 50-80 a in d iam ete r resem bled 
granulom as (Fig. 17-18c). In  mice challenged  w ith 8. paratyphi-B, th e  
granulom as w ere qu ite  sm all (30-40 g); freq u en tly  th ey  seem ed to  consist o f 
transient polym orphonuclear accum ulations in  liver sinusoids (Fig. 17-18d) 
no t causing an y  fu r th e r dam age in th e  s tru c tu re  of th e  organ.*

Quite n a tu ra lly , th e  question arises as to  the cause o f  focal leukocyte 
accum ulations an d  subsequent m acrophage growth. In  th e  opinion of 
S tu art et al. (1.969) and  S tu a rt (1970), b o th  responses a re  directed  aga inst 
the  liver cells th a t  have suffered some k in d s o f injury. H ow ever, leukocytes 
m ay prim arily  be a ttra c te d  by  the salm onellae them selves.

Only in m ice sacrificed during ag o n y  d id  V aldm an (1964) find large 
rods intensively stain ing  w ith  Loeffler’s m ethylene b lue; the  bac te ria

* Granulomas resembling those elicited b y  salmonellae are frequently revealed 
in the liver of apparently healthy white m ice n ot infected with salmonellae (Voino- 
Yasenetsky and Zhabotinsky, 1970). In view o f th is finding, special groups of animals 
in which these spontaneous hepatic alterations were relatively rare had to be selected 
for the experiments.

2 4 4  V. L. BELYA N IN  AND M. V. VOINO-YASENETSKY
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Fig. 17-19. Salmonellae in the liver, a In  a mouse sacrificed when critically ill 5 days 
after challenge with S .  typh im urium  No. 4649, X 1265. b Very small organisms in a 
Kupffer cell, 3 days after challenge with S .  heidelberg; methylene blue-thionine,

X 2280

were arranged in sm all groups b o th  inside and  outside th e  cells. This 
finding was confirm ed in our experim ents (Fig. 17-19a). S taining by m e­
thy lene  blue and  th ionine p e rm itted  to  find, though  n o t w ithout diffi­
cu lty , very sm all form s of organism s in the cytoplasm  o f Kupffer cells 
early  a fte r challenge (17-196). Single larger rods could also occasionally be 
d e tec ted  among focal leukocyte accum ulations.

Using fluorescent antibodies T an ak a  e t al. (19606) found rod-like bacterial 
an tigen  of various size in the liver o f mice challenged in traperitoneallv  w ith  
several scores of S. enteritidis; the  am o u n t of the  an tigen  was first insignifi­
can t, then , after th e  th ird  day, it began to  increase. A fter 5—8 days, th e  
an tigen  concen trated  in cells of granulom as form ed by  th a t  tim e, though  
rod-like inclusions an d  particles becam e gradually  less num erous and were 
even  entirely  ab sen t in some granulom as.

As m entioned above, K ent et al. (1966a) using fluorescent antibodies also 
revealed a great n u m b er of salm onellae (and, later, th e ir  breakdown p ro d ­
ucts) in  granulom as formed in gu inea pigs’ liver a fte r challenge w ith S. 
typhimurium.

As has been seen, enteral challenge o f anim als w ith  salm onellae p a th o ­
genic for them  resu lts  in the developm ent of infection, leading not in fre­
q uen tly  to  death . Depending on challenge conditions pathologic processes 
sim ilar in localization to  typhoid  fever or salm onella g as tro -enteritis m ay  
be reproduced in such experim ents. B o th  kinds of lesion are directly  re la ted  
to  a  deep p en e tra tio n  of the organism s into the  in testin a l wall. However, 
th e  sequence in th e  developm ent o f local pathologic processes caused b y  
salm onellae in ly m p h atic  in testinal structu res is no t th e  sam e in different 
anim als.



CHAPTER 18

PROBLEMS OF THE PATHOGENESIS OF SALMONELLA
INFECTION

by

M. У. VOINO-YASENETSKY

Clinical observations an d  post-m ortem  studies have so fa r failed to  provide 
satisfactory  answers to  questions re la te d  to  the essence o f th e  in teraction 
betw een the host a n d  salmonellae in  h u m an  typhoid  fever, as well as to  
th e  im m ediate role o f  salmonellae in  th e  developm ent of in testin a l and o ther 
lesions. The resistance of laboratory an im als  to S. typhi an d  S. paratyphi-A  
has hindered experim en tal work in th is  field. In  model experim ents, th e re ­
fore, no t only th e  h o s t b u t also the  pa thogen ic  agent is u sually  substitu ted . 
T he results of investigations dealt w ith  in  Chapters 14-17 show th a t th e  
course of salm onella infection induced in  different ways in  various anim als 
canno t directly be com pared w ith h u m a n  typhoid. T here were, however, 
im portan t common tra its ,  of which th e  capability  of all kinds o f salmonellae 
(including S. typhi) o f  intracellular p a ras itism  as well as th e  sim ilar location 
o f specific lesions a re  th e  most im p o rta n t.

IN T R A C ELLU LA R  SALM ONELLA PA R A SITISM

Sim ilarly to  th e  causative agents o f  dysentery , salm onellae are able to  
p en e tra te  the m ucosal epithelium ; how ever, in con trast to  shigellae, th ey  do 
n o t settle  there b u t p ass  into deeper ly in g  tissues. Electron-m icroscopic s tu d ­
ies have shown th a t  salmonellae are sep a ra ted  from th e  cy toplasm  by m em ­
branes and do n o t cause any ap p a ren t lesions in the  epithelial cells. Only a 
lim ited  (to single cells) m ultiplication o f  8 . typhimurium  was observed in th e  
stra tified  transitiona l epithelium  o f th e  u rinary  b ladder (see C hapter 16). 
P arasitism  in m acrophage-type cells sh o u ld  be considered an  essential biolog­
ical p roperty  of salm onellae. This fe a tu re , also no ted in  hum an  typho id  
fever (see C hapter 13), was clearly d em o n stra ted  in all experim ental models.

Groups of salm onellae revealed in  m acrophages are usually  inside the  so- 
called phagosomes, i.e. vacuoles w hich , besides bacteria , m ay  contain an  
electron-dense su b stan ce  and some d eb ris . This fact in itself, however, does 
n o t prove th a t th e  organism s have m ere ly  been engulfed an d  are successfully 
ingested. Such obvious macrophage p a ra s ite s  as Coxiella burneti, ornithosis 
v irus and Francisella tularensis, and  som e other organism s grow inside th e  
m em brane-bound vacuoles. In  the o p in io n  of C. A. B row n e t al. (1969) m y­
cobacteria inhab iting  phagosomes paradox ica lly  use defensive substances 
deriv ing from lysosom es as nu trien ts .

246
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I t  has been shown th a t som e of the salm onellae taken  up  b y  macrophages a re  
killed, while others m ultip ly  in them  exhibiting  a  specific life cycle. T heir 
morphological changes are quite regular an d  can be b e s t dem onstrated  in  
th e  lung model. The s tru c tu re  of o ther organism s m ay also change due to  
th e  environm ental influences, bu t the  difference betw een  small organism s 
filling th e  macrophages an d  large rods growing ex tracellu larly  and/or on 
th e  dead debris, is especially great for salmonellae. T he fac t th a t e x tra ­
cellular organism s sta in  m ore intensively and  th e ir an tigen ic substances 
are more read ily  revealed b y  fluorescent antibodies, also indicates a differ­
ence betw een the  two form s.

Shigella antigens are preserved  after form alin  fixation a n d  even after p a ra f­
fin em bedding, whereas salm onellae m ust be studied in  c ry o sta t sections or 
fixed in cooled ethanol (Sainte-M arie, 1962), th e  second being a less ad e ­
quate technique. Salm onellae growing on dead tissues m ay  be visualized 
by  Coons’ technique also in  specimens fixed in form alin  (Belyanin, 1969; 
Y agud and  B arshtein , 1971).

In  vivo salm onellae found  outside m acrophages are m ostly  destroyed b y  
polym orphonuclears, depending on the  virulence of th e  organism and  th e  
s ta te  of th e  host. All kinds o f salmonellae evoke a  ra th e r  ra p id  and in tensive 
leukocyte response, b u t th is  is fully efficient only ag a in st organisms o f low 
pathogenicity  for experim ental anim als, e.g. S. typhi. U n d er similar con­
ditions S. typhimurium  an d  some o ther highly v iru len t salmonellae m ay  
survive and  destroy th e  phagocyte. The la tte r  organism s usually  cause th e  
anim als’ dea th . D uring th e  term inal period  th e  infection shows a sep tic  
course w ith  an  alm ost com plete lack o f leukocyte em igra tion  from blood 
vessels. P relim inary  specific im m unization m arkedly enhances the leukocyte 
response (Berm an and  S lavskaya, 1958, 1959; P okro v sk ay a  et al., 1963). 
A gradual increase in leukocytic ac tiv ity  is also n o ted  in  hum an ty p h o id  
fever running  a favourable course (Podlevsky, 1962).

M acrophages ob tained  from  im m unized anim als a re  also capable o f 
destroying th e  ingested salm onellae. T he significance o f  specific antibodies 
is no t qu ite  clear in th is case. According to  investigations o f M itsuhashi e t al.
(1961) and  Sato et al. (1962), th e  increase in  m acrophage ac tiv ity  is of sys­
tem ic n a tu re , involving th e  reticuloendothelium  and  histiocy tes of various 
organs. A t th e  same tim e m acrophages do n o t behave in  th e  same way even  
in a single organ, e.g. in  th e  convalescent stage a fte r in tran asa l challenge, 
some pu lm onary  m acrophages destroyed th e  engulfed salmonellae, while 
in others th e  bacteria rem ained  in tact (see C hapter 15).

LOCALIZATION O F IN FE C T IO U S FOCI IN  SALM ONELLOSES

The earlier haem atogenic hypothesis o f  th e  pathogenesis o f typhoid fever, 
(Sanarelli, 1894, 1926; Schottm üller, 1902) has been re fu ted  in view o f 
recent experim ental resu lts. The hypothesis had  been founded on b ac te r- 
aem ia regularly  observed in  early  stages o f th e  disease as well as on the occa­
sional absence of in testina l m anifestations. In  addition, ce rta in  experim ental 
studies seemingly ind icated  th a t  salm onellae having a  pecu lia r “en tero trop-
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ism ” could en te r the  in testine  from th e  blood via the bile ducts  or d irectly  
th rough  vessels of th e  in testina l wall (Besredka, 1925; Sanarelli, 1926).

In  fact, bacteraem ia very  frequen tly  occurs in ty pho id  fever, especially 
during the  first week. B u t th is  does n o t p rove th a t th e  d isease commences 
w ith  bacteraem ia and  th a t  in testinal lesions are still ab se n t a t  the  tim e 
when clinical m anifestations of the  disease become ap p a ren t. The haem ato- 
genic hypothesis has n o t been confirmed b y  experim ents on  anim als either.

W hen salm onella suspension is adm in iste red  orally to  m ice, the  organism s 
can be recovered from  th e  h ea rt blood a n d  some viscera as soon as a fte r 
5 min (K lem parskaya, 1952), or even a f te r  20 sec (Gerichter, 1960) bu t, as a 
ru le, no t a fte r 1-2 hours. R alovich an d  E m ődy  (1969) as well as R alovich 
an d  Rauss (1969) proved th a t  th is sh o rt-te rm  prim ary b ac te raem ia  is m erely 
an  experim ental a rtifac t. I t  depends on th e  conditions o f  adm in istration  
(num ber of bac teria  and  volum e of suspension) and m ay  be observed in 
experim ents w ith  a  v a rie ty  of organism s including harm less ones. W hen 
challenging mice w ith  salm onellae pathogen ic  for them , a  lasting b ac te r­
aem ia only appears a fte r 3 -5  days. B y  th is  tim e there a re  m arked p a th o ­
logical a lterations in th e  in testines (see C hap ter 17).

A very rap id  spread o f organism s to  th e  circulation a fte r en tera l challenge 
has been noted , suggesting th a t  th e  organism s en ter th e  blood stream  
th rough  the  in testina l m ucosa. H ow ever, i t  is difficult to  assum e th a t th is  
m ight occur w ith in  20 sec. In  our lab o ra to ry  early sh o rt-te rm  bacteraem ia 
was observed no t only in cases of en tera l, b u t also of in tran a sa l challenge. 
In  all cases th e  organism s obviously en te red  the  blood s trea m  in the  fauces 
o r airw ays where th ey  are frequently  fo u n d  also after oral challenge.

V aldm an (1955, 1964) has established th a t  the  site of th e  lesions in experi­
m ental salmonelloses depends on th e  m eth o d  of challenge. W hen  injecting a  
salm onella suspension into th e  lum en o f ra b b it intestine a t  different sites, 
lesions, as a  rule, only arose in ly m p h atic  structures o f portions located  
d ista lly  to  th e  site of adm inistration . In tracu tan eo u s in jection  of salm onellae 
in to  the  fore or hind foo tpad  o f mice, in v ariab ly  resulted in  th e  developm ent 
o f specific changes in regional (axillary o r inguinal) lym ph nodes. Generalized 
infection se tting  in la te r affected the  liv er and  the spleen; o th er lym phatic 
structu res, including th e  m esenteric nodes and  in testinal P e y e r’s patches, 
rem ained in tact.*  In trav en o u s injection o f salmonellae also failed to  cause 
in testina l lesions in these anim als.

R ab b its  challenged in travenously  w ith  very  large doses of organism s 
ra th e r  frequently  developed p u ru len t cholecystitis to g e th e r w ith focal 
inflam m atory changes in th e  spleen an d  liver. Single sm all foci of lesions 
in  th e  follicles o f the  lym phatic  sacculus an d  the appendix  (bu t not in th e  
P e y e r’s patches and  m esenteric nodes as afte r en teral challenge) were 
n o ted  only in p a r t  of th e  sick anim als. T he possibility o f inducing a disease 
sim ilar to  hum an typho id  fever by challenging rabb its p a ren tera lly  has 
n o t been confirmed w ith  adequate  m orphological investigations (Valdman, 
1955). V aldm an, as well as P lanelyes a n d  K rasinskaya (1950), came to  th e

* Intestinal lesions were also absent after intranasal challenge o f  mice with salmo­
nellae, which usually induced not only pneumonia but also a generalized infection.
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conclusion th a t pathologic processes arising a fte r en tera l challenge in 
lym phatic  s tructu res o f the in testine  and  the m esen tery  are prim ary an d  
are due to  the p o rta l of en try  of th e  infectious agen t.

T he question, how ever, arises w hy the  in testinal lesions are selectively 
localized in lym phatic  follicles an d  ileal Peyer’s patches. I t  is certain th a t  
th e  passage of salm onellae is the m ost effectively delayed  by these structu res 
pro jecting  som ew hat over the  m ucosal surface. B u t w hy th en  do shigellae 
pass follicles and P e y e r’s patches in  th e  colon? I f  salm onellae occasionally 
affect the  colon (the so-called colotyphoid), they  ap p ear m ainly in m ucosal 
lym phatic  follicles b u t no t in th e  m ucosa as shigellae do. Hence, some tro - 
p ism  of salmonellae to  lym phoid structures or, m ore precisely, to  th e ir  
re ticu la r cells m ust be postu lated . This phenom enon is all th e  more in te r­
esting  as in testinal follicles and  P ey e r’s patches a re  s itu a ted  under th e  
ep ithelial lining w hich the organism s have to  pass.

T H E  D EV ELO PM EN T A N D  T H E  FATE O F SALM ONELLA
GRANULOMAS

T he settling o f salm onellae in m acrophages (histiocytes) of the in testine 
an d  of o ther organs is harmless as long as the cell w hich has sheltered th e  
p arasites  is living. T he developm ent of focal lesions always follows th e  
leukocyte response occurring a f te r  th e  destruction o f in fected  m acrophages. 
T he rap id  destruction  of polym orphonuclears engulfing extracellular salm o­
nellae as well as local tissue dam age (usually lim ited  to  sm all areas) could 
be explained by th e  toxic action o f breakdown p ro d u c ts . B u t the m a tte r  
is n o t as simple as th a t.

In  experim ents on tissue cu ltures th e  endotoxins o f G ram -negative o rg an ­
ism s either caused insignificant in juries or none a t  all (D elaunay e ta l .  1948; 
G abliks and Solotorovsky, 1962; Heilm an, 1965; Y abrov  e t al., 1967; 
A m barnikov, 1967; W iener an d  Levanon, 1968; B ergm an  and W eibull,
1969) though m acrophages p roved  more sensitive th a n  fibroblasts o r 
epithelial cells (H eilm ann, 1964, 1965).

T he cytotoxic effect of endotoxins is a ttr ib u ted  b y  m any authors to  
lym phocyte depletion in the spleen, thym us and o th er organs after p a ren te r­
al adm inistration  (K ind  et al., 1964; Zemskov, 1972). According to  Selye 
(1950), a trophy o f lym phoid o rgans is not d irec tly  caused by the en d o ­
tox ins, b u t ra th e r by  adrenocortical hormones secreted  in  response to  th e ir  
adm inistration . T his was confirm ed by B ibinova e t  al. (1962a) who have  
show n th a t th ough  mouse sensitiv ity  to  endotoxins m arkedly increased 
a f te r  removal of th e  adrenals, decom position o f lym phoid  cells occurred 
fa r  less actively th a n  in the controls.

H epatic  and splenic tissue dam age is not significant a t  the  sites w here 
salm onella granulom as develop. M allory (1898) even  suggested th a t liv er 
cells were only com pressed by m acrophages accum ulating  in the sinuses, 
a n d  thus became gradually  a troph ied . As shown in  th e  previous ch ap te r, 
th is  is no t quite th e  case. F orm ations giving the  im pression of focal necrosis 
a re  in fact not liver cells b u t d isin tegrating  polym orphonuclears accum ulated
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to  destroy the bac te ria . A pparently , b reakdow n products o f th e  la tte r  also 
lead  to  the death o f som e local tissue elem ents.*

T he macrophage response is p ro b ab ly  in connection w ith  th e  effect of 
breakdow n products w hich leads to  th e  accum ulation o f epithelioid or 
ty p h o id  cells, and th e  localization of th ese  foci reflects some degree of specifi­
c ity , a  similar response is caused by b reakdow n  products o f o th e r organisms. 
T hus, Chistovich (1906) observed th e  appearance of ep ithelio id  cells in re­
sponse to substances o b ta in ed  from tu b erc le  rods. Investigato rs in our lab­
o ra to ry  dem onstrated a n  increased accum ulation  of m acrophages and poly­
b lasts  a t the sites o f adm in istration  o f  pertussis and d y sen tery  endotoxins 
(B ibinova and O sipova, 1959), k illed  rickettsiae (Shifrin an d  K havkin, 
1962) and dead Candida albicans (Tsinzerling, 1958). I t  has also been 
rep o rted  th a t endotoxins stim ulate m acrophages in vitro (H eilm an, 1964) 
an d  increase the n u m b er of m onocytes in  tissue cultures o f hum an blood 
(Oppenheim er and P e rry , 1965).

T hus, the salm onella granulom as a p p e a r  to  be due no t so m uch to  vital 
a c tiv ity  of the p a thogens as to  their d estru c tio n . F aber (1921), Christeller 
(1928), Goodpasture (1937) were also o f  th is  opinion. This assum ption  may 
also explain the low n u m b er or even absence of organism s in infectious 
granulom as consisting p redom inantly  o f  m acrophages. T he granulom as do 
n o t increase in size, a n d  undergo a g ra d u a l involution in  h ea led  cases.

S . typhi penetra ting  th e  Pever’s p a tch e s  and m esenteric lym ph nodes 
in m an are partly  d estro y ed  by leukocy tes a t the  very beginning of the 
developm ent of in te s tin a l lesions. C onsequently , also in ty p h o id  fever, a 
focal macrophage g ro w th  m ay s ta r t u n d e r the local effect o f salmonella 
endotoxins. However, th e  developm ent o f typhoid granulom as has some 
peculiarities which h av e  n o t yet been reproduced in an im al experim ents.

F irs t of all, “m ed u lla ry ” swelling o f  in testina l lym phatic  s tructu res is 
n o t so marked and ty p h o id  cells are n o t so ab u n d an t in an im al salmonelloses. 
In  addition, in the  an im al granulom as th e  severe stage of necrosis known to 
occur in humans is a b se n t. In  mice challenged w ith S. typhim urium  or other 
salm onellae, necrotic a ltera tions are, as  a  rule, no t appreciab le  in the 
P e y e r’s patches and m esenteric lym ph nodes. In  rabbits necro tic  changes are 
m ark ed  b u t appear in  th e  first days a n d  th e  progress of m icrobial growth 
proceeds uninhibited. T yphoid  cells a p p e a r  sim ultaneously o r following 
necrosis (see C hapter 17). In  hum an ty p h o id  fever, in co n tra s t, granulation 
tissu e , consisting chiefly o f m acrophages b y  this tim e, begins to  necrotize 
on ly  during the second week of the disease.

T he necrotic stage occurring in th e  developm ent of ty p h o id  granulom as 
can n o t a t present be explained. As m en tioned  in the p rev ious chapter, 
salm onella parasitism  is observed in som e ty p h o id  cells of in te s tin a l lym phat­
ic s tructu res and in th e  m esentery. I t  is possible th a t fo rm a tio n  o f specific 
an tibod ies during th e  second  week of th e  disease contributes to  th e  destruc­
tio n  of parasites by  m acrophages them selves, or by polym orphonuclears

* True necrosis of liver tissue occurs as small infarctions occasionally observed 
(along with granulomas) both  in the liver o f  animals and man with salmonella infec­
tion; these develop as a result of blood vessel thrombosis.
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Fig . 18-1. Kocal accu m u la tio n  of g ra n u la r  leukocytes a t  th e  stage of n ecro s is  in  
P e y e r’s p a tc h e s  (a) an d  in  m esen teric  ly m p h  nodes (b) in  ty p h o id  fever. G o ld m a n n ’s 

S u d a n  a lp h a -n ap h th o l, a  x 4 9 ; b X 44

appearing  here. M any au thors have observed great num bers of leukocy tes 
in necrotizing granulom as, bu t th ey  explained th is  finding as a response 
to  necrosis which had  already  occurred or a ttr ib u ted  i t  to  extraneous o rg a n ­
isms penetra ting  th e  destroyed tissue from th e  in testine . A secondary  
infection, especially in  surface layers o f P eyer’s p a tch es m ay obviously be 
assum ed. N evertheless, even in p a r tia l necrosis involving only single g ro u p s 
of cells, one can see focal aggregations o f in tact and  d isin tegrating g ra n u la r  
leukocytes deeply in  th e  Peyer’s patches and m esenteric lym ph nodes 
(Fig. 18-la, b). Such infiltrates a re  dissim ilar to  th o se  of in flam m atory  
dem arcation , b u t g rea tly  resemble local leukocyte response occurring w hen  
m acrophages d isin tegrate  after in fection  by  some o th e r  parasitic o rganism s 
(see C hap ter 1 — F ig . 1-3).

Thus, there  is reason to  believe th a t  in  typho id  fev er th e  stage of necrosis 
following m edullary swelling of in te s tin a l lym phatic  structu res is in  som e 
w ay re la ted  to  the  destruc tion  of S. typhi. I t  is n o t clear, however, w h y  
tissue dam age is especially severe an d  w ell-pronounced in such cases, 
though  according to  G oodpasture (1937), Adams (1939) and  Keiserling e t  al. 
(1972) (see C hapter 13), there are  re la tively  few organism s in ty p h o id  
granulom as. I t  m ay be assum ed th a t  some k in d  o f  sensitization o f th e  
g ranu la tion  tissue to  breakdow n p ro d u c ts  of salm onellae, occurs a t  th is  
stage o f th e  disease.

This hypothesis does b y  no m eans suggest the  rev iv a l o f earlier a rg u m en ts  
th a t  ty p h o id  bac teria  are merely allergens (Lavergne, 1923) and g ran u lo m a 
form ation  is an  allergic phenom enon (Rössle, 1948). A llergy may, in  fa c t, 
no t be involved a t  all. B raun a n d  Kessel (1964) have established th a t
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endotoxins as such  a re  harmless in tissue cultures, bu t th e  cells are killed 
if  immune serum  is added. These observa tions are of in te re s t since “ th e  
necrotic stage” o f th e  developm ent o f  ty p h o id  granulom as, as already 
m entioned, corresponds to  the  appearance of specific an tibodies in th e  
p a tie n t’s blood. In  th e  experim ents o f  B ra u n  and Kessel, th e  cytotoxic 
action of endotoxin  was pronounced only  in  th e  presence o f im m une serum  
b u t even under th ese  conditions it developed  slowly, becom ing apparen t 
only 24-48 h a f te r  th e  addition of th e  endotoxin . In  co n tra s t to  allergic 
responses, g ran u la tio n  tissue necrosis in  ty p h o id  fever develops gradually, 
first involving only  single granulom a a reas  (evidently w here salmonellae, 
released from m acrophages, were destroyed).

PA T H O G E N E SIS  OF SALM ONELLA E N T E R IT IS

As shown in C h ap te r 13, acute salm onella enteritis should  be considered 
an  infectious disease an d  not the  mere consequence of poisoning w ith food 
contam inated w ith  salm onella toxins. C linical and epidem iological obser­
vations leading to  th is  conclusion have been  confirmed b y  th e  results o f 
experim ental stud ies. However, th e  q u estio n  of the pathogenesis of these 
diseases m ust n o t be regarded as solved.

In  experim ents using oral challenge o f guinea pigs an d  m onkeys w ith 
large doses of 8. typhim m ium  and S. enteritidis (see C hap ter 17), a good 
m odel of salm onella en teritis  has been obtained . Unlike in  experim ents 
w hen smaller doses o f salm onellae were u sed  fo r challenge, now th e  organisms 
d id  not prevail in  P e y e r’s patches b u t p e n e tra te d  th roughout th e  intestinal 
mucosa. Here th e y  usually  lodged in m acrophage-type cells, b u t then  died 
off fairly rapidly.

These experim ental d a ta  are su p p o rted  b y  observations reported  by 
G iannella e t al. (1971) th a t  in man, too, v e ry  large  infecting doses are, evident­
ly , involved in th e  developm ent of salm onella enteritis. E n te r itis  was espe­
cially severe in p a tie n ts  w ith  decreased g as tr ic  juice secretion, in  whom th e  
organisms passed in to  th e  intestines m ore easily th en  in  subjects w ith 
norm al gastric fun c tio n , where a considerable p art of salm onellae were 
destroyed. G iannella e t  al. (1971) also re fe rred  to  da ta  concerning a m arked 
susceptibility to  salm onella enteritis a fte r gastrectom y.

Biopsy specimens w ere obtained from  th e  initial segm ent o f the small 
g u t when salm onella gastroenteritis was a lre ad y  subsiding (G iannella et al., 
1971). No no tew orthy  m ucosal a ltera tions could  be seen in th e  specimens 
indicating a sh o rt-te rm  microbial parasitism . Studying specim ens of small 
in testinal mucosa o b ta in ed  by suction b io p sy  from  patien ts w ith  salmonel­
losis, Bluger e t al. (1973a, b) have no t n o te d  an y  peculiarity  o f th e  inflam­
m ato ry  infiltration o f th e  lam ina p rop ria  e ith e r. However, in  a  la te r work 
(Bluger et al., 1975), th e y  stressed th e  abun d an ce  of m acrophages a t th e  
clim ax of infection. N o t infrequently th e  m acrophages con tained  in tact 
o r destroyed organism s. In  the  opinion o f  th ese  authors, th e  local as well 
as general sym ptom s are  due to  endotoxin  lib e ra ted  when m acrophages and  
leukocytes destroy  salm onellae.
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However, since th e  experim ents w ith  en tera l adm in istra tion  of salm onella 
endotoxins gave no results, a ttem p ts  have been m ade to  detect o th e r  
noxious substances secreted by salm onellae in to  th e  n u trien t medium w hich  
m igh t be dangerous when adm inistered orally. Substances fulfilling to  som e 
e x te n t the  requirem ents m entioned, were described by several investigators 
(B ranham  e t ah , 1,928; Savage, 1933; R ay n au d , 1946, 1947; M esrobeanu e t  
al, 1961) though  th e  authors them selves do no t insist on th e ir im m ediate  
im portance in th e  pathogenesis o f salm onella enteritis. Pointing ou t t h a t  
such  enteritis closely resembles cholera in its clinical m anifestations, G iannella 
e t  al. (1973a) p ro v e  th a t salm onellae do n o t produce any  en tero tox ins 
w hich m ight be correlated  w ith th e  m ajor signs of cholera infection. M ean­
w hile the  experim ents perform ed on rab b it in testina l loops (see C hapter 22) 
suggest the possib ility  of salm onellae producing substances closely re sem ­
bling entero toxins in their effect. Sakazaki e t al. (1974c) suggest th a t  th e  
en terotoxic ac tiv ity  of culture filtra tes is com m only recognized in Salmonella 
s tra in s  as well as in noninvasive en teropathogenic E. coli, and th a t  th e  
m echanism  of producing gastroenteritis is sim ilar in bo th  groups of o rg a n ­
isms. I t  is difficult to  accept th is  view, since o ther biologic properties o f  
th e  organisms m entioned  playing im p o rtan t p a r ts  in the  pathogenesis o f th e  
diseases are n o t sim ilar.

Thus, the  pathogenesis of ty p h o id  and  o th er salmonelloses is no t fu lly  
understood  b u t th e  results of experim ents on anim als have supplied im p o r­
ta n t  data . A ny com parison w ith  hum an pathology, however, should b e  
m ade w ith g rea t caution.

D ifferent w ays o f challenge d ea lt w ith  in th e  preceding chapters, re su lt 
in salm onella parasitism  in m acrophage-type cells. The m ajority  of such  
experim ents p e rm it also to  s tu d y  bo th  salm onella penetra tion  through th e  
ep ithelial lining an d  the ac tiv ity  o f polym orphonuclears destroying th e se  
organism s m ore o r less successfully.

The in terre la tion  between salm onellae and  phagocytes (macrophages an d  
polym orphonuclears) can be best s tud ied  a fte r in tranasa l challenge of w h ite  
mice. A lthough th e  lung model also dem onstrates th e  passage of organism s 
th ro u g h  the  ep ithelia l cells, th is  phenom enon is m ost conspicuous w ith  
en te ra l challenge and  in experim ents on isolated  in testina l loops. C on­
ju n c tiv a l challenge, successful in studying  shigellae, is less suitable in  s a l­
monellosis because only occasional salm onella stra in s are  capable of inducing  
conjunctiv itis a n d  keratitis in guinea pigs.

E n te ra l challenge of animals w ith  different k inds of salm onellae is su itab le  
fo r reproducing characteristic lesions of hum an typ h o id  fever. However, th e  
developm ent o f in testinal lesions in mice, rab b its  and  o ther anim als h as  
a  som ewhat d ifferen t course. This difference m akes th e  understand ing  o f  
som e im p o rtan t peculiarities o f typ h o id  fever ra th e r difficult.

As regards salm onella enteritis, it m ight be regarded  as an in fectious 
disease ra th e r th a n  the  outcom e of in tox ication. The ab ility  of salm onellae 
to  pene tra te  deep into the  m ucosa from  th e  in testina l lum en m ight be  in  
th e  background o f such an infection. A t th e  sam e tim e salmonellae a re  
likely  to  secrete substances w ith  actions sim ilar to  those of en tero tox ins.
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ENTEROPATHOGENIC ESCHERICHIA COLI
by

E . M. N O V G O R O D SK A Y A  a n d  Y U . E . P O L O T S K Y

Coliform bacteria were first described b y  Escherich (1885, 1886) as m icro­
organism s prevailing in  th e  in testina l flora of d iarrhoeal and  h ea lth y  in ­
fan ts . Owing to  significant im provem ent of bacteriological culture te c h ­
niques, it has become know n th a t non-sporing, s tric tly  anaerobic b ac te ria  
predom inate in the h u m an  faecal flora, accounting for m ore th an  99 p e r cen t 
of th e  to ta l organism s (Hill and D rasar, 1975). Am ong aerobic b ac te ria , 
which constitu te  a sm all p roportion  (1 per cent) o f th e  in testina l flora, 
E. coli organisms are th e  most num erous. Despite th e ir  relatively scan ty  
popu lation  they  seem to  p lay  a very  im p o rtan t role in  hum an physiology 
and  pathology  (Hill an d  D rasar, 1975).

As show n in C hapter 1, the  in testin a l flora is favourable and even neces­
sary  fo r th e  host. I t  contribu tes to  th e  developm ent o f  the  norm al m orpho­
logical s tructu re  and  ac tiv ity  of th e  in testine; it also helps the  developm ent 
of non-specific im m unity  which is necessary for host defence aga inst in ­
fectious agents. According to  m any investigators, E. coli organism s, no r­
m ally inhabiting th e  g u t, are the m ain  source of antigenic stim ulation o f th e  
host; th e y  prom ote th e  production o f “ norm al” antibodies, cause th e  h y p e r­
plasia  o f the  lym phoreticular tissue, increase the phagocytic  m obilization 
and  digesting power o f leukocytes a n d  m acrophages (Sterzl e t al., 1960; 
R av in  an d  Fine, 1962; H orow itz e t a l., 1964; L andy  and  W eidanz, 1964; 
M iller e t  al., 1964; Schaedler and D ubos, 1964; A bram s and  Bishop, 1965; 
D ubos, 1966; H orow itz, 1966; Zykov, 1968; T laskalova e t al., 1969, 1970; 
M id tved t and T rippestad , 1970, 1971; Foo et al., 1974).

A t th e  same tim e, m any in testin a l organisms especially E. coli m ay  
be dangerous for th e  host under ce rta in  conditions. Thus, it has long 
been know n th a t E . coli freq u en tly  causes appendicitis, p erito n itis , 
u rin a ry , genital and  b ilia ry  infections, pneum onia, etc. (Gabrichevsky, 1894; 
G ilbert, 1895; Orlovsky, 1897; V incent, 1928; K auffm ann, 1948, 1954; 
M inkevich, 1950; T illotson and L erner, 1966, 1967a, b; Lachowicz, 1968; 
F ern er, 1969; S ta stn a , 1971, etc.). In  anim als it  causes m astitis , a r ­
th ritis , salpingitis, pneum onia, e tc . (Frey, 1953, 1955; R adostits , 1961; 
R enk , 1962; Sojka, 1965; B arnum  e t  al., 1967). These diseases a re  n o t 
com m unicable and develop, as a  ru le, due to  some defect of the  an a to m i­
cal or functional barriers a t the  expense of the p ropagation  of th e  “ in d i­
genous” microflora; th a t  is why th e y  are called autoinfectious diseases 
(Anitschkow, 1960).

17 Voino-Yasenetsky — Bakács
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Similarly, E. coli h as long been know n to  cause acute d iarrhoeal diseases 
o f  hum an and an im al new borns (Hueppe, 1887; Jensen, 1892, 1913; G ilbert, 
1895; Christiansen, 1917; T. Sm ith and L ittle , 1922, 1927; A dam , 1923, 1927; 
T. Smith and O rc u tt, 1925; Goldschm idt, 1933; Lovell, 1937; Minkevich, 
1950, etc.). H ow ever, fo r lack of knowledge o f its antigenic structu re and  
in  th e  absence o f m ethods for identification and  classification of this v as t 
g roup of m icroorganism s, E. coli strains iso la ted  from diarrhoeal and healthy  
hum ans and anim als could no t be d ifferen tiated . Therefore, th e  “endogenic 
coli-infection and  coliascension” theo ry  dom inated  for a long tim e (Medovi- 
kov , 1910; Moro, 1916; Bessau and  B ossert, 1919; Bessau, 1928). I t  was 
suggested th a t th e  resistance of th e  sm all in testine  to  infection dim inished 
as a result of various em aciating diseases or u n d er the  influence of overheat­
ing, m alnutrition e tc ., and  coliforms in v ad ed  the  upper portions of th e  
sm all intestine g iv ing  rise to  characteristic  infantile d iarrhoea ( “toxische 
Dyspepsie" ).

A new era began  w hen K auffm ann (1944, 1947, 1954, 1966) and his 
team  had elaborated  serological identification m ethods as well as an a n ti­
genic classification schem e for the  Escherichia genus. I t  has been s ta ted  
th a t  E. coli s tra in s possessed three kinds o f antigens p resen t in their cell 
w all: (i) surface som atic  heat-stable 0  an tig en , (гг) heat-lab ile К  antigens 
(encountered in th e  form  of capsules o r envelopes classified according to  
th e ir  physicochem ical p roperties as A, В  a n d  L  antigens);* th ey  cover О 
antigens which can  be revealed only a fte r in ac tiv a tio n  of К  an tigen  by h ea t­
ing; (in) flagellar H  antigen. Like w ith  Salmonella, th e  u n it  of E. coli 
classification is a  se ro ty p e  which is de term ined  by  com paring th e  О, К  and  
H  antigens of th e  s tra in  under study  w ith  those of an  in terna tional collec­
tio n  of Escherichia ty p e  cultures. B y th e  y e a r 1975, 163 0 , 99 К  and 56 H  
antigens have been estab lished  (I. 0 rsk o v  e t  al., 1973, 1975a, Ъ, c).

R epresentatives o f th e  first 25 E. coli О serogroups as well as some others 
like 050, 075, 0 8 1 , 0 8 3  etc. are m ostly  found  in the  h ea lth y  hum an in ­
tes tin e  (Kauffm ann, 1954; Taylor, 1966; B ettelheim  e t al., 1974; F . Orskov 
an d  Sorensen, 1975). Inasm uch as these no rm al in h ab itan ts  of the gu t 
a re  unable either u n d e r  norm al conditions o r in  volunteers to  induce enteric 
diseases (Ferguson, 1956; Ewing and D avis, 1961; Ewing e t a l., 1963; Ralo- 
v ich  e t al., 1974; S akazak i et ah, 19745), th e y  are called non-enteropatho- 
genic E. coli (NEEC) th o u g h  represen tatives o f the  same О serogroups are 
commonly isolated in autoinfectious diseases (Kauffm ann, 1954; Leppänen, 
1958; U jvárv, 1958; T urck  et al., 1962; R an tz , 1962; V osti e t al., 1964; 
McGeachie, 1965; P rv le s  and G lagovsky, 1965; Taylor, 1966; D rach and  
Cox, 1967; Borowski e t  al., 1970; S tastna , 1971; Brede e t al., 1974).

* On th e  basis o f  im m u n o elec tro p h o re tic  s tu d ie s  o f  ex trac ts  fro m  a ll E . coli О a n d  
К  an tigen  te s t s tra in s , F . O rskov  e t al. (1971, 1972) h av e  revised  p rev io u s  s ta te m e n ts  
a b o u t E . coli К  a n tig e n s . T h ey  consider В  a n tig e n s  n o t to  be a  s e p a ra te  ty p e  b u t  
a  special form  of th e  О an tig e n  lipopo ly saccharide  m olecule. T herefo re , i t  has been  
p ro p o sed  th a t  th e  n u m b e r in g  o f new  К  a n tig e n s  shou ld  be lim ited  to  those  w hich  
a re  serologically easily  d iffe ren tia ted  from  th e  lipopo ly saccharide  an tig en s  (I. O rskov  
e t  a l., 1973).
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T he estab lishm ent of the serological classification schem e o f Escherichia 
helped th e  elucidation  of the aetiological role of some representatives o f 
th is  genus in th e  developm ent o f epidem ic hum an en teric  (diarrhoeal) 
diseases. These a re  called enteropathogenic E. coli (EEC), however, th is  
som etim es m ay cause m isunderstanding.

E n te ric  (diarrhoeal) diseases caused by  th e  organism s o f th e  Escherichia 
genus are heterogeneous both as regards th e ir clinical an d  epidemiological 
characteristics as well as the biological properties of th e ir pathogens. T here­
fore, i t  is useful to  distinguish tw o categories, nam ely E E C -I, including 
pathogens causing diarrhoea in in fan ts , and  E E C -II, th e  causative agents 
o f d iarrhoeal diseases of adults an d  children (N ovgorodskaya, 1966«, b, 
1968, 1970, 1973). S im ilar subdivision was proposed by  Jap an ese  investiga­
to rs  (Sakazaki e t a l., 1967, 1974«, b), however, th ey  call E E C -I the salm o­
nella-like group o f EEC , while th e  agents of dysentery-like diseases o f 
ad u lts  and  children are  nam ed th e  shigella-like group of EEC .

IN FA N T IL E  E. COLI E N T E R IT IS

T his disease (also called Colidyspepsie, Säuglingsenteritis, epidemic 
in fan tile  gastroen teritis , infantile d iarrhoea, enteric coli infection, e tc.) 
m ay  be varied in  i ts  clinical appearance. In  severe form s th e  onset is acu te  
w ith  a  sudden rise o f tem perature, vom iting and  profuse, p ro trac ted  d ia r­
rhoea resulting in  dehydration  and  em aciation. Toxicosis is usually  p resen t 
w ith  central and  peripheral nervous sym ptom s and  c ircu latory  involvem ent 
( “toxische Dyspepsie") . In  mild form s of E. coli en teritis th e re  are only m ild 
general sym ptom s, th ere  m ay be no rise of tem peratu re  an d  no vom iting, 
while diarrhoea is less persistent an d  p ro trac ted ; toxicosis is also absent. 
T he clinical course an d  the tre a tm e n t o f E. coli en teritis  is dealt w ith in  
d e ta il in the lite ra tu re  (Adam, 1923, 1927, 1956; N eter, 1959, 1965; Maslov, 
1962; Tsimbler, 1962; Nisevich, 1964; R iley, 1971, etc.). I ts  epidemiology 
an d  th e  biological properties of th e  pathogens have also been stud ied  
(N ovgorodskaya, 1948, 1953«, b, 1957, 1958, 1959, 1966«; B raun, 1953, 
1956, 1957, 1968, 1971; K auffm ann and  0 rskov , 1956; Ew ing, 1956, 1962, 
1966, 1968, 1969; Ocklitz, 1956; T aylor, 1959, 1961, 1966; Khazenson, 1960, 
1964, 1968, 1970; E w ing  and Davis, 1961; Sedlak and  R ische, 1961; E dw ards 
an d  Ewing, 1962, 1972; Y akhnina e t  al., 1962; Ewing e t ah, 1963, 1972; 
G olubeva, 1964; Lachowicz, 1968). A num ber of serotypes o f E E C -I have 
been recognized to  be the causative agents of infantile E. coli en teritis  
(Table 19-1).

I t  is no tew orthy  th a t  0  antigens of E E C -I are sim ilar to  som atic Salmonella 
an tigens in chem ical structures as well as serologically (B raun  e t al., 1954; 
K auffm ann, 1954; W estphal et ah , 1960; L üderitz e t al., 1966; F . 0 rskov  e t  
al., 1967). Thus, E E C  044 bear an antigenic relationship  w ith  Salmonella 
of 0 6  serogroup; an d  EEC 0111, 0 5 5  and  086  О antigens are iden tical 
w ith  Salmonella О antigens of 035 , 0 5 0  and  043 serogroups, respectively. 
In  a  num ber o f o th e r EEC -I an tigenic relations to  Salmonella are less 
ev iden t.

17*



TABLE 19-1

E nteropathogenic E . coli o f  the first category ( E E C - I )  
causing in fan tile  E . coli enteritis

. j
Most frequent Less frequen t R are

O l l l  : K 58(B4) 018 : K 76(B20) 0 4  : K3(L)
055 : K 59(B5) 020 : K 84(B ) 0 6  : K13(L)
026 : K 60(B6) 033 : K (B )* 025  : K3(L)

0127 : K63(B8) 044 : K 74(L) I 0 2 5 :K 1 J (L )
0119 : K69(B14) 086 : K61(B7) 091 : K2(L)

086 : K 62(L ) j 0114 : K90(B)
0125 : K 70(B15) | 0142 : K86(B)
0126 : К 7Ц В 16) 0146 : K87(B)
0128 : K 67(B12) 0153 : H 7+

“ 408” ** 0158 : H 23+ +
0159 : H 20++

* Serotype “ 9” (Novgorodskaya et al., 1960) was identified as 033: К (В) by F. 0rskov (personal communi­
cation).

** Serotype “408” (Novgorodskaya, 1948, 1953a, b), still unidentifiable in available OK antisera.
+ F. Orskov et al. (1972).
+ + I. Orskov et al. (1975a).

N ot so long ago E . coli enteritis w as th e  most w idespread enteric disease 
in infants, frequen tly  giving rise to ep idem ic outbreaks in  m atern ity  homes, 
children’s hospitals an d  nurseries. I n  th e  ’forties an d  th e  ’fifties the  
le thality  in E. coli en teritis  reached 5 p er cent (N ovgorodskaya, 1959), 
even am ounting to  50—80 per cent d u rin g  some outbreaks (Gulkevich, 1966; 
Taylor, 1966). H ow ever, in recent y ea rs  th e  m orbidity  and  especially the 
le thality  of E. coli en teritis  decreased m arkedly and  th e  disease usually 
runs a milder course (Taylor, 1966, 1.971; B raun, 1968, 1971; K hazenson et 
al., 1968; N eter, 1971). The reason fo r th is  phenom enon m ight be found 
in the  com bined effect o f antiepidem ic a n d  hygienic m easures and  ra tional 
antib io tic therap y  (K hazenson et al., 1968). A t the sam e tim e th e  virulence 
of circulating agen ts has apparently  also  decreased (Taylor, 1966). However, 
severe cases still occur, as e.g. the o u tb re a k  of infantile E. coli 0142 en ­
teritis  w ith fa ta l cases described by  K en n ed y  et al. (1973).

Com parative s tu d ies  have shown t h a t  th e  severity o f th e  clinical course 
of E. coli en teritis  is connected w ith  th e  general condition of the  in fan t 
and  w ith the  p a thogen ic  serotype. T h e  m ost severe form  of the  disease 
was caused by E E C  O l l l  :K58(B4) : [H 2], 055 : K59(B5) : [H6], 0127 : 
K63(B8) : H - , especially  in prem ature in fan ts , in those w eakened by various 
som atic diseases an d  in  bottle-fed babies (Braun, 1956,1957; Novgorodskaya, 
1958; Taylor, 1959, 1961, 1966; K hazen so n , 1960, 1964, 1970; Tsim bíer, 
1962; Golubeva, 1964). Serotypes E E C  О Ц 1  : K58(B4) : H12, 020 : K84(B): 
H34, 026 : K60(B6) : [H U ], 033 : K .(B ) : H6, 044 : K 74(L) : H34 and  a 
num ber of o ther sero types were m ostly  associated w ith  th e  m ildest forms 
of the  disease (Taylor, 1959; N ovgorodskaya et al., 1960, 1963, 1964b, 1970; 
Khazenson, 1970).
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Beside th e  essential differences some au th o rs  have p o in ted  ou t sim ilarities 
between E. coli en teritis an d  salmonellosis in clinical m anifestations, in th e  
positiv ity  of te s ts  for dem onstration  of th e  pathogens in  th e  blood and v is ­
cera, and in some o ther respects (N ovgorodskaya, 1953a, b, 1959; B raun , 
1956; C ruickshank et al., 1966; Sakazaki e t  al., 1967, 1974a, b, c).

In  infants who died of E. coli en teritis b ac teria l counts revealed  enormous 
am ounts o f E E C  in the  u p p er portion  o f th e  small in te s tin e  (Moro, 1916; 
Adam , 1923, 1927, 1956; N ovgorodskaya, 1948, 1,953a, b; Thomson, 1955). 
M ultiplication of EEC  in th e  sm all intestines was d em o n stra ted  by Thom son 
(1955) by m eans of tub ing  o f affected in fan ts . The aetio logical role of E E C  
in th e  developm ent of E. coli en teritis in  in fan ts has also been proved b y  
challenging infan ts —a ra th e r  hazardous m ethod (N eter and  Shumway, 
1950; H iroki, 1953). E E C -I caused en teric  diseases in a d u lt volunteers, 
b u t as will be shown la ter, th e  sym ptom s did no t resem ble infantile E . 
coli enteritis.

A t au topsy  of in fan ts who died of E. coli enteritis, e ith e r no evident in tes­
tinal a lterations are found or occasionally there  are sligh t signs of ca ta rrh  
in the  small in testina l m ucosa w ith erosions and even sm all ulcers. T he 
findings are regarded as non-specific since sim ilar lesions are present in 
o ther in testina l and  non-in testinal diseases (V ishnevetskaya et ah, 1960; 
M ironchik, 1961; Essbach, 1961; Rho and  Josephson, 1967, etc .). Most patho l- 
ogists still believe E. coli en teritis  to  be a  focal re cu rre n t inflam m atory 
process in th e  sm all in testine (and even in th e  proxim al colon) with a p ro ­
trac ted  persisten t course (Adam and Froboese, 1925; Ilg n er, 1956; P o lon ­
skaya and D arkshevich, 1959;Zarudin, 1961; Tarasova, 1962, 1963; Alferyeva 
and  Z akharova, 1964; T ikhonova and Nedozorova, 1965; Tsinserling e t ah , 
1968; K ennedy  e t ah, 1973, etc.). In te s tin a l vascular lesions (oedema, 
haem orrhages) are also considered to  be characteristic . D uring  p ro tracted  
E. coli en teritis  sclerosis an d  th inn ing  of th e  mucosa, a n d  occasionally in ­
testinal pneum atosis m ay be seen. M arked puru len t inflam m ation is n o t 
commonly observed in E. coli en teritis unless secondary infection is su p er­
imposed.

R apidly  developing post-m ortem  changes destroying th e  surface ep ith e­
lium and a ltering  th e  histological p ic tu re  p reven t th e  histological study  o f 
th e  bowels and  p articu la rly  revealing th e  pathogen in th e  gut (A dam  
and  Froboese, 1925; Ilgner, 1956; V oino-Y asenetsky a n d  Zhabotinskv,
1970). A t early  autopsies o f infants who died a t the in itia l stage of E. coli 
enteritis, A dam  and  Froboese (1925) an d  Ilgner (1956) revealed large 
accum ulations o f G ram -negative bacilli adhering to  th e  epithelial lining o f 
th e  small in testina l m ucosa form ing a border.

Ilgner (1956) who had  a  v as t au topsy  m aterial a t  his disposal po in ted  
o u t th a t  superficial m ultip lication of organism s resu lted  in  th e  destruction 
of the brush border and  apical cytoplasm . A t subsequen t stages of th e  
disease he n o ted  epithelial derangem ent, infiltration w ith  polym orpho- 
nuclears as well as shedding or destruction  of epithelial cells. In  such cases 
th e  organism s were found in deeper layers of the m ucosa where m arked 
oedema and  m oderate in filtration  w ith leukocytes, lym phocy tes and h is tio ­
cytes were apparen t.
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Similar changes were reported  by A fanasyeva (1959, 1962, 1964). D rucker 
et al. (1970) using the  fluorescent an tib o d y  technique p ro v ed  th a t organism s 
in histological sections belonged to  th e  sam e serogroups o f E . coli as h ad  been 
isolated from  th e  corresponding in tra v ita l  faecal cu ltu res. D rucker and  
co-workers were even able to  recover th e  pathogenic ag e n t from sections 
of infants n o t yielding positive faecal cultures an te  m ortem . M oreover, 
these investigators frequen tly  found E E C  not only on th e  epithelial lining 
and  in th e  lam ina propria , bu t also in  th e  mesenteric ly m p h  nodes, th e  blood 
and the viscera of in fan ts who died o f E . coli enteritis.

Most workers a tta c h  g reat im portance to  the ability  o f  E E C -I to  grow on 
th e  surface o f th e  in testina l ep ithelium .*  This phenom enon has been th e  
subject of num erous experim ental s tu d ies  dealt with in  C h ap ter 22.

Newborns an d  in fan ts  are most suscep tib le  to  bo th  E . coli en teritis and  
salmonellosis (Novgorodskaya, 1953a, b, 1.959). In  ad u lts , as a rule, th e  
disease does no t develop in  response to  infection w ith E E C ; th is apparen tly  
is due to  a specific im m unity  th a t h ad  developed in ea rly  childhood (B raun, 
1957; Taylor, 1959; Hedlak and R ische, 1961; W inter, 1974).

There are, however a few descriptions o f food- and w ate r-bo rne  ou tb reaks 
of acute gastroen teritis  in  adults caused  by EEC 086 , О Ц 1 , etc. (Costin, 
1963; Costin e t al., 1964; Sakazaki e t  a l., 1967, 1974a; Schroeder e t al.,
1968). Occasionally E E C  0111, 055  , 0 2 6  and others w ere also revealed 
in  sporadic cases of acu te  enteritis in  ad u lts  (Stevenson, 1950; M cN aught 
and  Stevenson, 1953; Perepelkin e t a l., 1963; Sakazaki e t  al., 1967, 1971, 
1974a).

W hen feeding ad u lt volunteers w ith  very  large doses of EEC 0 1 Ц , 
055 , 086, 0127 , 044  an d  0142 (K irb y  e t  al., 1950; B ra u n  and H enckel, 
1951, 1952; B rau n  and  Resem ann, 1952; Eerguson an d  Ju n e , 1952; J u n e  
e t al., 1953; E ukum i an d  K osakai, 1953; K oya et al., 1954a, b\ W entw orth  
e t al., 1956; R alovich e t al., 1974; S ak azak i et ah, 1974&) th e  developm ent 
of acute gastroen teritis  (or enteritis) w ith  symptoms o f in tox ication  v a ry ­
ing in severity  (occasionally absent) w as observed. T h e  infection h ad  a 
dram atic course a t  first b u t then  ra p id ly  subsided. Challenge w ith  th e  sam e 
am ounts of N E E C  or even larger doses o f killed EEC  d id  n o t induce any  
diseases in volunteers. A dm inistration  o f EEC  into v ario u s portions of the  
colon had no effect e ith e r (Koya e t al., 1954a). According to  Eerguson (1956), 
experim ents w ith  E E C  in  adults re su lted  in a disease resem bling “ food 
toxinfection” b u t no t infantile E. coli en teritis .

Obviously, im perfect defence m echanism s of in fan ts  (Berman, 1957, 
1961; Maslov, 1962), th e  “ im m a tu rity ” o f their in testine  an d  insufficient 
non-specific im m unity  (Ilgner, 1956; Sprinz, 1962; Sunsh ine e t al., 1971) 
p lay  an  im p o rtan t p a r t  in  the  developm ent of E. coli en teritis . Passive 
im m unity, i.e. an tibodies ob tained  from  th e  mother, is o f  g rea t im portance 
in  the defence of new borns against pathogenic m icroorganism s. Before 
delivery antibodies are passed to  th e  foe tus through th e  p lacenta, a fte r

* T sinzerling e t  al. (1968) show ed t h a t  in  one  of th e ir  m ic ro g ra p h s  fluo rescen t 
b ac te ria  m ark ed ly  a d h e red  to  th e  ep ith e lia l su rface . In  sp ite  o f  t h a t  th e y  consider 
E E C  to  m u ltip ly  on ly  inside  th e  g u t lu m en .
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b irth  w ith  th e  m other’s colostrum  and  m ilk. The role p lay ed  by m ate rn a l 
antibodies has been shown b y  epidem iological and im m unological s tud ies 
(K hazenson, 1967, 1968). In  breast-fed  in fan ts exposure to  EEC does n o t 
necessarily resu lt in illness (M ata and  U rru tia , 1971).

K hazenson  (1967, 1968) as well as K hazenson  and G ennadyeva (1969) 
have show n th a t  m aternal blood serum  contains 7S IgG , corresponding 
to  an tibodies against agen ts  of air-borne infections a n d  dysentery , an d  
19S IgM  corresponding to  antibodies aga inst EEC. H ow ever, while IgG  
im m unoglobulins can pass th e  p lacen ta l b arrier and th e n  to  th e  in testin e  
from  th e  in fa n t’s blood, IgM  m acroglobulins are unable to  pass th ro u g h  
th e  p lacen ta .

Pow erful defensive an tibodies, “sec re to ry ” 11S im m unoglobulins o f th e  
IgA  class, providing passive im m unity  o f infants aga inst E E C -I, shigellae, 
viruses an d  other m icroorganism s, e n te r  the  infantile alim entary  t r a c t  
w ith  m ate rn a l colostrum  and  milk (Tom asi, 1970; S o u th , 1971; M ichael 
e t ah, 1971; W ernet e t a l., 1971; T om asi and  Grey, 1972; G ennadyeva e t 
al., 1973; K hazenson e t a l., 1973). T hey  are  n o t broken dow n by d igestive 
processes an d  do not pass in to  circu lation  b u t are adsorbed  onto th e  ep i­
thelial cell surface (South, 1971; G ennadyeva and K hazenson , 1973; G en­
nadyeva e t  al., 1973; K hazenson e t a l., 1973).

IgA m olecules consist o f  th e  main secreto ry  3S-4S com ponent determ ining  
th e ir an tigen ic specificity and  p roduced  by  epithelial cells and tw o  7S 
proteins produced by p lasm a cells o f  th e  subepithelial lam ina p ro p ria . 
The secreto ry  com ponent o f IgA is observed  im m ediately  after b ir th  b u t 
whole IgA  molecules are only seen a f te r  plasm a cells begin  to ap p ea r in  
th e  lam ina propria by  th e  end of th e  th ird  week o f life. S im ultaneously  
w ith  th e  increase of th e  p lasm a cell num ber, IgA level in  th e  in testine rises 
during th e  first year o f life and becom es still higher in th e  second an d  
th ird  years. L a te r this process is slowed dow n and the  a d u lt level is reach ed  
during p u b e r ty  (South, 1971). Tom asi (1970) and o ther au th o rs  believe th a t  
th is  process reflects th e  developm ent o f th e  response to  in testinal m icro- 
flora, especially  to E. coli. However, S o u th  (1971), K hazenson  et al. (1973) 
and  o th ers  emphasize th a t  bo th  IgA  o f m aternal milk a n d  IgA  of th e  in fan ­
tile  in testin e  possess a  specific an ti-E E C -I effect.

Thus, th e  infant only becomes able to  defend itself aga inst E E C -I a f te r  
th e  m a tu ra tio n  of in testina l defence m echanism s, i.e. w hen IgA an tibod ies 
have form ed and accum ulated  by  th e  end  of the  first y ea r of life.

D Y S E N T E R Y -L IK E  D ISEA SES O F ADULTS A N D  C H IL D R E N

These diseases are fa r less known th a n  infantile E. coli en teritis an d  have  
been s tu d ied  only recently . In  co n tra s t to  E. coli en te ritis , they  occur in  
in fan ts infrequently  an d  like dysen tery  m ostly affect adu lts  and ch ild ren  
over one y ea r of age (N ovgorodskaya e t  al., 1964a, 1966a, b\ K o lta , 1965; 
T rifonova, 1965; N ovgorodskaya, 1966a, b, c, 1968, 1970; Sakazaki e t  a l., 
1967; T rabu lsi e t al., 1967; N aftu lyeva et al., 1970). F req u en tly  th e y  show  
th e  sym ptom s of enterocolitis and  a re  clinically indistinguishable from
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m ild forms of d y sen te ry  b u t are less contag ious th an  Sh. sonnei dysen tery  
(Novgorodskaya, 1970).

Epidemiologic stud ies have shown th a t  Escherichia enterocolitis also 
spreads by co n tac t b u t no t so often as dysentery . Infections conveyed 
b y  water or food are m ore common ind icating  the im portance of huge doses 
o f the pathogen (K o lta  and  Deák, 1962; N ovgorodskaya,1968, 1970,
Sapozhnikova e t  al., 1970; D uP ont et a l., 197); M arier e t  al., 1973).

The intestinal a lte ra tio n s are no t know n because fa ta l outcom e has n o t 
been described. Sigm oidoscopy of p a tien ts  and  infected volunteers has 
revealed changes sim ilar to  those found in  m ild forms o f dysentery  (N ov­
gorodskaya e t al., 1964«; Form al et al., 1971«; D uP ont e t a l., 1971; M arier 
e t ah, 1973).

The agents o f E . coli enterocolitis differ from  pathogens o f infantile E. coli 
enteritis in th e ir  biological properties. H ow ever, infectious pathology fo r 
th e  former has n o t so fa r been worked o u t. In form ation  on these kinds o f 
organisms is ra th e r  scan ty ; th e  best know n ty p e  is EE C  0124 .

In  Great B rita in  a severe food-borne o u tb rea k  of acu te  d iarrhoeal disease 
w as reported by  H obbs e t ah (1949) am ong schoolchildren. The organism  
nam ed “paracolon 4 Ц ” caused disease in  a d u lt  volunteers after in take o f 
contam inated food, an d  an un in ten tiona l labo ra to ry  infection was also 
no ted . Ewing (1953) determ ined  “paraco lon  411” as E. coli 0124 : K 72 
(B17); he had previously  isolated six cu ltu res  of the  sam e organism  from  
ad u lt patients w ith  d iarrhoea (Ewing an d  G rav a tti, 1947). The fact th a t  
an tigen  0124 p ro v ed  to  be identical w ith  th e  som atic an tig en  of Shigella 
dysenteriae 3 (W heeler and  S tu a rt, 1946; E w ing , 1953) deserves a tten tion .

Severe w ater- an d  food-borne outbi’eaks o f dysentery-like diseases o f 
ad u lts  and children  induced by  EEC 0 1 2 4  were described  in H u n g ary  
(K étyi et ah, 1958; Borián et ah, 1959; K u b in y i, 1959, 1960; Lányi et ah , 
1959; Rédey an d  Csizmazia, 1960; K o lta  an d  Deák, 1962; H anny an d  
H orváth , 1963; K o lta , 1965, 1967), in  th e  U SSR (Novgorodskaya
e t ah, 1964a, 1966&; Novgorodskaya, 1970; e tc .) and in th e  USA (Marier e t 
ah , 1973). Sporadic cases and  restric ted  sm all-scale o u tb reaks of dvsentery- 
like enterocolitis caused  by E E C  0124 w ere also observed in  Jap an  (Saka- 
zak i and N am ioka, 1957; M atsum oto and  Н ага , 1959; Suzuki, 1959; Saka- 
zaki et ah, 1967), in  R um an ia  (Costin, 1963; Costin an d  Olinici, 1965), 
in  Czechoslovakia (A ldova e t ah , 1968), B u lg aria  (M anolov, 1968), Brazil 
(Trabulsi e t ah, 1967), In d ia  (Sakazaki e t ah , 1971), in th e  U n ited  K ingdom  
(Rowe et ah, 1974) an d  in a num ber of o th e r  countries.

I t  has been show n th a t  EE C  0124, s im ilarly  to  shigellae, induce k e ra to ­
conjunctivitis in gu inea pigs (Rédey and  Csizm azia, 1960; Stenzel, 1962Ö, c, 
1965; Serény, 1963; N ovgorodskaya et ah , 1964«; T rabulsi, 1965). Rédey 
a n d  Csizmazia (1960) even suggested to  use Serény’s te s t fo r isolation of 
E E C  0124 and  o th e r sim ilar organisms from  patien ts.

EEC  0124 is th e  m ost common agent o f  dysentery-like diseases and  is 
spread throughout th e  world. B u t, in ad d itio n  to  EEC 0124 , a num ber of 
o th e r E E C -II inducing  diseases sim ilar to  d y sen te ry  are know n. They belong 
to  1.1 other serologic groups of Escherichia (Table 19-11). These E E C -II, 
sim ilarly  to shigellae, produce a  positive k era to co n ju n ctival te s t in guinea



EN TEK O PA TH O G ENJC ESCHERICHIA COLI 205

pigs* (Vörös et al., 1964; N ovgorodskaya, 1966ft, 1968, 1970; Sakazaki e t 
al., 1967, 1974ft; T rabulsi ü t  al., 1967; Aldova et al., 1968; Ciufeeo, 1970; 
P olotskv e t al., 1971).

M any of these EEC-11 (like EEC 0124) possess an tigens re la ted  to  those 
of shigellae. Thus, th e  id en tity  of () antigens of EEC 0 112a 112c and Sh. 
dysenteriae 2 (Ewing e t  al., 1952), E E C  0129 and Sh. flexneri 5 (Seeliger, 
1955; Grinberg, 1968), E E C  0135 an d  Sh. flexneri 4b (R auss and V ertenyi, 
1956), EE C  0143 an d  Sh. boydii 8 (O kada et al., 1958; Н ага and  M atsu- 
m oto, 1959; Vörös e t  a l., 1964; N ovgorodskava e t al., 1968a) has been 
established.

The following organism s have been isolated and described as en teropatho- 
genic agents after the  estab lishm ent o f th e  extended E. coli antigenic scheme: 
0115  (Trabulsi et al., 1965, 1967: T rabulsi and Fernandes, 1969)**, 0129  
(Seeliger, 1955), 0135  (Rauss and  V ertenyi, 1956), 0136  (Sakazaki an d  
N am ioka, 1957), 0143  (Okada e t a l., 1958; Н ага an d  M atsum oto, 1959; 
R édey  an d  Csizmazia, 1960; Vörös e t  al., 1964), 0144 (Y am ag a tae t al., 1956; 
H a rad a  e t al., 1959; A ldova and L aznickova, 1967; F ernandes and  T rabulsi, 
1967; Sakazaki e t al., 1967; A ldova et al., 1968), 0152  (Sakazaki et a l., 
1974«, ft).

H ow ever, EEC 0 2 5 , ()28a28c, 0 3 2  and  0 112a 112c had  been know n 
long before the m odern techniques o f Escherichia identification were devel­
oped. In  view of th e ir  close resem blance to  dysentery  agents in pathogenic 
p roperties and less ac tive  fe rm en tative  capacities, it is not surprising 
th a t  th ey  had in itially  been described as shigellae. Thus, EEC  025 (sero­
type 147, or 145-46, o r A lkalescens-D ispar 02) had  been described as 
Shigella allcalescens A ndrew s or Sh. tieté (De Assis, 1939a, ft, 1948ft); E E C  
028a28c (serotype 792) was referred to  as “K a tw ijk ” ty p e  of shigellae or 
Sh. scholtensii (Scholtens, 1940); E E C  032  was rep o rted  as serotype A-12 
of shigellae (Sacks, 1943), la ter it was even called Sh. boydii 14 (C arpenter, 
1961, 1966; Trifonova, 1965), an d  finally, EEC 0 1 1 2 a ll2 c  was te rm ed  
Shigella guanabara (De Assis, 1948«). Meanwhile de ta iled  serological an d  
biochem ical studies o f th e  properties o f all these s tra in s  have shown th em  
to be Escherichia (Ew ing and H ucks, 1950; Ewing an d  K auffm ann, 1950; 
Ew ing e t al., 1950, 1952, 1958, 1963; Seeliger, 1952, 1954; Ewing an d  
T anner, 1955; T aylor and  C harter, 1955; Nakanishi et al., 1956, 1958; 
Н ага and  M atsum oto, 1958; A vdeeva e t al., 1966; Ew ing, 1966; Sakazaki 
e t a l., 1967, 1974«; T rabulsi et al., 1967; Avdeeva, 1968; Sm irnova e t al., 
1975).

N evertheless, up  to  now opinions have differed as to  the  taxonom ic 
position  of several organism s, in p articu la r of E E C  025  and  028a28c 
which occur not in frequently . M anolov (1958, 1959), Trifonova (1960, 
1963, 1965) and S tenzel (1962«, 1964) believe th a t  epidem iological a n d  
clinical d a ta  and especially the  a b ility  to  elicit keratocon junctiv itis  in

* E x c e p t for E E C  0 1 2 9  an d  0135, b u t  th e se  organism s h a v e  n o t been te s te d  w h en  
fre sh ly  iso la ted  (Vörös e t  al., 1964; G rinberg , 1968).

** T h is  organism  h as re c e n tly  been p ro v e d  to  belong to  E . coli 0152 (Stenzel, 1975).



TABLE 19-11

E nteropathogenic E . coli o f the second category ( E Е С - I I )  — agents 
o f dysentery-like diseases o f adults and children

E pithe lia l parasites Showing no
(Shigella-like) epithelial parasitism

0124 : K72(B17) j “ Crimea” (0151 :H 1 0 an d
025 : K1 (serotype 147, or 145-46, o r other H  antigens)6

A lkaleseens-D ispar 02)
028a28c : K73(B18) (serotype 792) 025 (serotype 301)c
032 (serotype A -12)
0112all2c  : K66(B11)
0115 (serotype 185)d
0129
0135
0136 : K78(B22)
0143 : K x l(B )
0144 : K x2(B)
0152“

* Sakazaki et al. (1974a, 6).
ö Novgorodskaya et al. (1968b). Golubeva and Kiseleva (1974) identified these organisms as 0151 : Ш 0 and 

0151 : H ll . Sakazaki et al. (1974a, b) described similar EEC 0151 : H52.
c Adeeva et al. (1968).
d Stenzel (1975) proved i t  to  belong to E . co li 0152.

guinea pigs suggest t h a t  these organism s belong to  th e  Shigella genus.* 
In  1962 the In te rn a tio n a l E n terobacteriaceae Subcom m ittee** rejected 
th e  suggestion to  re g a rd  biological te s ts  on experim ental anim als as th e  
principal criterion o f Enterobacteriaceae classification an d  confirmed the  
generally accepted view  th a t  identification  of Enterobacteriaceae should be 
based on biochem ical a n d  antigenic charac teristics (Ewing, 1966; Edw ards 
and  Ewing, 1972).

Szturm -R ubinsten  e t  al. (1964, 1967), P iéchaud  et al. (1965) and  Szturm - 
R ubinsten  and P iéch au d  (1971), po in ting  o u t th a t  EEC  0 25  an d  028a28c are 
sim ilar to  shigellae in  their pathogenic properties b u t differ from them  
in a more pronounced saccharolytic a c tiv ity , regard  these  organisms as 
interm ediates b etw een  Shigella an d  Escherichia (“A lkaleseens-D ispar” 
group) and even suggest to  consider th em  as a  special group “ parashigella” . 
T he same view was he ld  by  Shm ilovitz (1970) who included EE C  025 in  
a  new group: “ interm ediate-Shigella-C oli-A lkaleseens-D ispar” . The same 
opinion was voiced b y  Aldova e t al. (1968); these investigators regarded 
n o t only EEC 0 25  a n d  028a28c, b u t th e  whole series of agen ts associated 
w ith  dysentery-like diseases, as in term ed iates.

* M anolov (1968) e v e n  suggested  to  n am e  E E C  01 2 4  Shigella in term edia  o r Esche­
rich ia  shigelloides w hile  S tenzel (1962«, 1965) considered  E E C  0 1 2 4  an d  0143 to  
be escherichiae b u t n o t  sh igellae  and  p ro p o sed  to  ra n k  th em  in to  a  n ew  “ dysen te ry  - 
coli g ro u p ” .

** In tern . J .  Bacter. N om encl. Taxonom y, 14, 16 (1964).
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E xperim en ta l studies to  be d ea lt w ith  later (C hapters 20-22) have  
shown th a t  th e  pathogenicity  of organism s of the  shigella-like E E C -II  
group is due to  bacterial in traep ithelia l parasitism .

A t th e  sam e tim e, the  pa thogen ic ity  o f o ther sero types of E. coli t h a t  
also induce dysentery-like diseases (though the m ildest forms) in a d u lts  
and  children is not clear. The fact is th a t  they  do n o t bear any an tigen ic  
relationship  to  shigellae and  are u n ab le  to  elicit keratocon junctiv itis  in 
guinea pigs. Two serotypes can be re ferred  to  this group of E E C -II: E. coli 
“ Crim ea” first isolated during an  epidem ic in the C rim ea (N ovgorodskaya 
e t al., 19686), and  serotypes 301 o f E. coli 025 serogroup isolated d u rin g  
an  ou tb reak  in Leningrad (Avdeeva e t  a l., 1968). EE C  “ Crim ea” was d e m ­
o n stra ted  to  bear antigenic re la tionsh ip  no t to shigellae b u t to  salm o- 
nellae of th e  047 serogroup; it h ad  flagellar antigen H 10 of E. coli an d  
no К  an tigen  (Novgorodskaya e t al., 19686). Golubeva an d  Kiseleva (1974) 
have recently  identified EEC  “ C rim ea” organisms as 0151:1110 a n d  
0151:1111. Sakazaki e t al. (1974a, 6) hav e  isolated an d  te s ted  three sim ilar 
s trains E E C  0151:1152 from adu lt p a tien ts  w ith d iarrhoea.

The aetiological role of EEC  “C rim ea” and  serotype 301 in the d iarrhoea l 
diseases was proved by clinical and  m icrobiological investigations, ep idem io­
logical analysis, immunological exam inations and pathogen  c ircu la tion  
studies. In  experim ents these organism s m ultiplied in  monolayer tissu e  
cultures in con trast to  N EEC  and  sim ilarly  to  all enteropathogens (A rbuzo­
va, 1970a, 1972). In  addition , following m ultiple passages, serotype 301 
m ultiplied in  the  lung tissue of in tran asa lly  challenged mice; it d id  n o t, 
however, p en e tra te  the  bronchial ep ithelium  and caused alm ost no d ea th s  
in mice (D ragunskaya, 1970a; Sm irnova, 1970; Sm irnova and  D ragunskaya, 
1973a, 6). N evertheless, th e  above d a ta  failed to reveal th e  essence o f th e  
pathogenic properties o f the  organism s.

C H O L E R A -L IK E  E SC H E R IC H IO SIS  O F ADULTS 
AND C H IL D R E N

I t  is well known th a t  cholera v ibrios cannot always be isolated from  p a ­
tien ts  w ith  typ ical “cholera syndrom e” , i.e. from gastroen teritis  c h a ra c te r­
ized by  severe fluid loss due to  p ro fuse diarrhoea w ith  “ rice w ate r” stoo ls 
(M cIntyre e t al., 1965; C arpenter e t  a l., 1965, etc.). A group of A m erican  
and  In d ian  cholera experts working in  C alcu tta  have recen tly  revealed th a t  
certa in  stra in s of E. coli m ultip ly  in th e  small in testine of some p a tie n ts  
w ith  cholera syndrom e. They were ab le  to  prove th is  by  perfusion o f th e  
sm all in testine  (Glew e t al., 1969; G orbach, 1970; G orbach et a l., 1971; 
Sack e t  al. 1971). The stra in s isolated  b v  them  were defined as EEC 0 6 :H 1 6 , 
015 :H 11 , ()25:H42, ()78:H12, 0126:K 71(B 16):H 12, U 126:K ?:H 12 an d  
several un ty p ab le  ones (Gorbach e t a l., 1971). L ike cholera en te ro to x in , 
b ro th  cu ltu re  filtrates of these s tra in s  caused fluid accum ulation a n d  d ila ­
ta tio n  o f isolated loops of rab b it sm all intestine. H ow ever, unlike in  th e  
form er, th e  “ vascular perm eability  fac to r” was ab sen t in these en tero - 
toxins of E. coli (as shown by in trad e rm al injection to  rabbits) a n d  th e y
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also differed from  choleragen in their h ea t stab ility  (E tk in  and Gorbach,
1971).

Judging from  biopsy specim ens of sm all in testina l m ucosa, such E E C  
producing en tero tox ins, sim ilarly  to  cho lera vibrios, n e ith e r im paired th e  
epithelium nor p en e tra ted  th e  mucosa (G orbach. 1970; Banwell e t al., 
1971). As show n by  clinical and  experim ental observations, th e  sym ptom s 
developed w hen th e  organism s m ultiplied in  th e  upper p o rtio n  of the  sm all 
intestine, w here th e ir entero toxins caused th e  ab u n d an t secretion of an  
isotonic fluid o f th e  sam e chemical com position as found in  cholera (Gor­
bach, 1970; G orbach and  L ev itan , 1970; B anw ell e t a l., 1971; E tk in  an d  
Gorbach, 1971).

I t  has been show n in recen t experim ents th a t  en tero tox ins of the above 
E. coli s trains s tim u la te  adeny l cyclase in  th e  in testina l mucosa which 
results in fluid hypersecretion by  ep ithelial cells of the  sm all intestine (Al- 
Awqati et al., 1972; I). J .  E v an s jr. e t a l., 1972; Levitan  e t al., 1972; P ierce 
and  Wallace, 1972; G uerran t e t al., 1973; S h err et al., 1973; K an to r et a l., 
1974a). These en tero tox ins of E. coli w ere proved  to  co n ta in  bo th  hea t- 
stable and heat-lab ile  com ponents (D. G. E v a n s  et al., 1973; D. J . E v an s 
jr . et al., 1973; N alin  e t al., 1974). They ev en  possessed th e  “perm eability  
fac to r” in concen tra ted  prepara tions (D. J .  E vans jr. e t a l., 1973). S trong 
immunologic cross-reactions o f en tero toxins from  E. coli an d  Vibrio chole­
rae have been revealed  only for heat-labile E . coli en tero toxins (D. G. E vans 
e t al., 1973; P ierce, 1973; N. W . Sm ith a n d  Sack, 1973; Gyles, 1974«, b\ 
Likhoded e t al., 1974; N alin et al., 1974; S ack  et al., 1974). At the sam e 
tim e heat-stable E. coli en tero tox in  differed from  choleragen bo th  inununo- 
logicallv and pathophysiologicallv , because th e  former had  an  earlier, weaker 
and  shorter effect and  it im paired  glucose a n d  glycine absorp tion  (Pierce, 
1973; Sherr e t a l., 1973; N alin  e t al., 1,974).

The so-called “ trave lle rs’ d iarrhoea” , frequen tly  observed  in persons 
arriving in tro p ica l countries, bears some resem blance to  cholera (Gorbach, 
1970, etc.). R ow e et al. (1970) described a  new EEC s tra in  (Ol48:H28) 
during an epidem ic am ong B ritish  soldiers in A den. In  a case o f unin ten tional 
laboratory infection w ith th is  EE C , one o f th e  technical ass is tan ts  developed 
profuse w atery  d iarrhoea w ith  sym ptom s o f  in toxication b u t w ithout a 
rise of tem peratu re .

Form al e t al. (1971«) and  D uPont e t al. (1971) isolated 0148:H 28 and  
ano ther agent, 0 6 :Щ 6 , from  Am erican soldiers suffering from  a sim ilar 
disease in S ou th  V ietnam , an d  obtained  cholera-like en tero tox ins from  
these strains. L iv ing  cultures o f these organism s as well as enterotoxins 
isolated from th em  (in filtra tes and ly sa tes) caused fluid accum ulation 
resulting in th e  d ila ta tio n  o f ligated  loops o f th e  small in te s tin e  of rabbits. 
A fter oral challenge of s ta rv ed  guinea pigs, m onkeys an d  a d u lt volunteers 
w ith  enterotoxigenic EEC, m ild in testinal disorders developed with signs 
o f im pairm ent o f sm all as well as large in te s tin a l function. U nlike E E C -II 
0124 etc. and shigellae, enterotoxigenic E E C  0 6  and 0148 ne ith er induced 
keratoconjunctiv itis in guinea pigs nor p e n e tra te d  the  ep ithelial cells in  
o th er experim ental models. S trains of E E C  ()148:H28 an d  0148:117, 
isolated during a  gastroen teritis  ou tbreak  in  Leningrad, show ed the  same
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properties (A vdeeva et al., 1975; K leganov e t a l., 1975; C hakhutinskaya 
e t a l., 1975).

In  addition  to  th e  above pathogens of cholera-like diseases, a som ew hat 
d ifferent group o f enterotoxigenic E E C  has been described. Some s tra in s  
of E. coli O l l2 a l l2 b ,  06 , 01  an d  o th er serogroups were repeatedly  iso lated  
in sporadic cases an d  small-scale food-borne ou tb reaks of “g astro en te ritis” 
or “ und ifferen tiated  diarrhoea” o f adu lts  and children in Leningrad (A rbu­
zova, 1970a, 1972; Avdeeva et a l., 1973a, 6, c; Vasser and  Semenova, 1973). 
E pidem ic ou tb reaks of mild cholera-like gastroenteritis caused by the  sam e 
stra in s  0 1 1 2 a ll2 b  an d  01 were also observed (A rbuzova and  K rivonosova, 
1973; B alabanova e t al., 1973; K ary ag in a  and  R ask ina, 1973; Safonova
1973) . These organism s did no t induce keratocon junctiv itis  in guinea pigs 
though  E. coli 0 1 1 2 a ll2 b  and Shigella boydii 15 were found to  possess 
identical О an tigens, while E. coli 01  was referred to  th e  Alkalescens- 
D ispar group in w hich Sakazaki e t al. (1967) had  found shigella-like E E C . 
A t th e  same tim e these organism s showed unusual tox ic ity  in experim ents 
w ith  in tranasa l challenge of mice. T hey  caused th e  d ea th  of alm ost all th e  
mice during the  first hours after challenge (Avdeeva e t al., 1970a, 1973a, b, c). 
As shown by m orphological stud ies (Chapter 21), th ey  produced severe 
serous-haem orrhagic lung oedem a and  did n o t p en e tra te  th e  ep ithelia l 
cells (D ragunskaya e t al., 1972, 1973). I t  has been dem onstra ted  in ex p e ri­
m ents on ligated  loops of rabb it sm all in testine (C hapter 22) th a t  the  u l t r a ­
sonic lysates o f som e strains m entioned have an  enterotoxigenic effect 
w hich d isappears a fte r heat trea tm e n t.

T he lung m odel perm itted  to  reveal certain  m em bers of the  group o f  
enterotoxigenic E E C , pathogens o f acu te d iarrhoea o f adu lts  and ch ildren  
(Avdeeva e t al., 1973a). One w ould assume th a t  enterotoxigenic E. coli 
stra in s  isolated b y  Gorbach et al. (1971), D u P o n t e t al. (1971) and o th e r  
investigators w ould  also cause d ea th  of mice. H ow ever, T. A. A vdeeva 
and  co-workers have  not observed d ea th  of th e  anim als in lung m odel 
experim ents w ith  living cultures, filtrates and  lysates of enterotoxigenic 
E. coli s trains o b ta in ed  from S. L . G orbach and  H . L. D u P o n t and of th e ir  
own isolates of 0148:H 28 and  ()148:H7 (K leganov et al., 1975). T hese 
E E C , unlike th e  stra in s 01, 0 6 , 0 1 1 2 a ll2 b  an d  others, did no t induce 
fa ta l serous-haem orrhagic lung oedem a. The difference in th e  p roperties  
of th e  tw o varie ties of enterotoxigenic E. coli (apparen tly  associated w ith  
th e ir different effect on the b lood vessels) should be stud ied  in specia l 
com parative investigations.

M ost recently  new  enterotoxigenic EEC have been described, nam ely  
new m em bers of serogroups 06  an d  078  (Sakazaki e t  al., 1974a, 6), 0 78 :H 11 , 
08 5 :H 7 , 016 :H 39 , 0128:H21 (N. W . Sm ith and  Sack, 1973; Sack e t a l..
1974) , ()27:H20 (Shore et al., 1974; Sakazaki e t al., 1974a, 6). G orbach  
and  K h u ran a  (1972) reported  on  weak enterotoxigenic strains of E. coli 
023, 075, О Ц 9  encountered in  in fan ts and  children w ith d iarrhoea in  
Chicago. In fo rm ation  on some o f th e  new enterotoxigenic strains is f r e ­
q uen tly  incom plete; epidemiological d a ta  are often  absen t, although d e te c ­
tion  of en tero toxigenicity  in an im al experim ents in  itself cannot be reg ard ed  
as evidence of pathogenicity  (Sakazaki e t al., 19746).
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T here are some descriptions of q u ite  n ew  E. coli 0  group represen tatives, 
nam ely 0154:K 94:H 4, 0155:H9, 0 1 5 6 :H 4 7 , O160:H34, 0161 :H54, iso­
la ted  from  adu lts  w ith  “ travellers’ d ia rrh o ea” in the  M iddle E as t (I. 
Orskov e t al., 1973, 1975a). However, th e  results of th e ir en terotoxigenicity  
tes ts  a re  n o t y e t know n. The list o f E E C  causing cholera-like diseases in 
ad u lts  and  children is given in T able 19 -III.

In  anim als fu r th e r serological groups a n d  types of E. coli p lay  an  im por­
ta n t  p a r t  in th e  no rm al developm ent o f  th e  host an d  in  th e  aetiology of 
various autoinfectious diseases. I t  is especially  im portan t th a t  special p a th o ­
genic EE C  serotypes a re  responsible fo r a  whole group of infectious diseases 
designated  w ith  th e  common term  “ colibacillosis” .

COLIBACILLO SIS O F  ANIMALS

According to  B árm im  e t al. (1967) th e  te rm  colibacillosis m ay be m islead­
ing. A utoinfectious diseases such as m astitis  or u rin ary  tra c t  infection 
induced by non-enteropathogenic se ro ty p es  (NEEC) of E. coli (or o ther 
organism s, Enterobacter and others) a re  n o t included here. Colibacillosis 
as a  term  encompasses syndromes o ccu rrin g  in newborn an d  older anim als 
(e.g. weaned swine) w hich, as cu rren tly  available evidence indicates, are 
caused by certain  enteropathogenic E . coli serotypes. These diseases are 
extrem ely  w idespread. T hey affect d om estic  and  laborato ry  anim als, poultry , 
m onkeys etc., causing thereby  considerab le economical losses. T heir agents 
are E E C  serotypes non-pathogenic fo r m an  and  m ostly  specific for each 
an im al species (Taylor, 1961; Ewing e t  a l., 1963; Gay, 1965; Sojka, 1965; 
B arnum  e t al., 1967; H . W. Smith a n d  H alls, 1967a; G lantz, 1971).

Colibacillosis is m anifested by a  v a r ie ty  of syndrom es s tu d ied  best in 
calves and  in young swine (Gay, 1965, 1971; Sojka, 1965; B arnum  e t al., 
1967; B arnum , 1971).

In  calves colibacillosis mostly develops during th e  first tw o weeks of 
life especially when feeding w ith co lo stru m  has no t been s ta r te d  on the  
first d ay  afte r b ir th  or only w ith a  d e lay . Three form s o f colibacillosis 
are distinguished, nam ely  septicaem ic, en teric-toxaem ic and  enteric.

Colisepticaem ia occurs during th e  f irs t few days a fte r b ir th ; i t  usually 
has a  fu lm inan t course w ith fever a n d  increased re sp ira to ry  an d  heart 
ra tes. The affected calves die quickly. L ess frequently  there  m ay be a  more 
prolonged course w ith  localized p u ru le n t or fibrino-purulent lesions (poly­
a r th r itis , leptom eningitis, om phalophlebitis, nephritis). D iarrhoea m ay 
n o t be observed in colisepticaemia. E E C  do not m ultip ly  in  th e  bowel; 
th e  pathogen  is iso lated  in pure cu ltu re  fro m  th e  blood and  viscera.

T he “enteric-toxaem ic” form of colibacillosis is m anifested  as a  sudden 
and  usually  fa ta l collapse. D iarrhoea is u su a lly  absent, p resum ably  because 
th e  tim e is too sh o rt fo r diarrhoea to  develop  (Barnum  e t al., 1967). A bun­
d a n t EE C  m ultip lication  in the sm all in te s tin e  is ev ident, b u t no bacter- 
aem ia is observed.

E n teric  colibacillosis, or E. coli e n te r i tis  of calves, is characterized  by 
prolonged em aciating diarrhoea and  d eh y d ra tio n . This form  of colibacillo.



TABLE 19-III

Enteropathogenic E . co li— causative agents o f cholera-like diseases o f adults and children

„  . . . , . I A bility to  produce enterotoxins has no t yetbnterotoxin producing , .. ,1 0 been studied

0 6  : H16 and  other H  antigens O U 2 a ll2 b  : K68(B13) : H18 [6]
[1, 2, 3, 4, 5, 6] O l [6]

015 : H l l  [1 ,4 ,5 ]  0154 : K94 : H4 [10]
016 : H 39 [4 ,5 ] 0155 :H 9  [10]
025 : H 42 [1, 4, 5] 0156 : H47 [10]
027 : H20, H18 [3, 7] O 1 6 0 :H 3 4 [ l l ]
078 : H12, H l l  and o ther H  antigens 0161 : H54 [11]

[1, 3, 4, 5]
085 : H 7 [4, 5]
0126 : K ?  : H12 [1, 4, 5]
0126 : К7Ц В16) : H12 [1]
0128 : H21 [4, 5]
0148 : H28, H53, H30, H 7 [2, 3, 8, 9]

1. Gorbach e t al. (1971) 7. Shore et al. (1974)
2. DuPont e t al. (1971) 8. Rowe (1974)
3. Sakazaki e t al. (1974«, b) 9. Avdeeva et al. (1975)
4. N. W. Smith and Sack (1973) 10. I. 0rskov et al. (1973)
5. Sack e t al. (1974) 11. I. Orskov e t al. (1975a)
6. Avdeeva e t  al. (1973a)

sis is th e  m ost com m on one, and  frequen tly  occurs as a  herd  problem  in 
enclosed premises. Occasionally a lm ost all the  calves a re  affected an d  die, 
b u t if  th e  diagnosis is m ade in  due tim e and the  th e ra p y  and care are 
app ropria te , most of th e  anim als m ay  recover. In  th e  sm all in testine m u lti­
p lication  o f EEC is revealed  b u t invasion  beyond th e  in testina l t r a c t  is 
not a  consistent featu re  (Barnum  e t  a l., 1967).

A t au to p sy  of calves th a t  have d ied  of colisepticaem ia th e  in testina l 
tra c t is found  norm al in  m ost of th e  cases; in some instances th ere  m ay 
be a  ca ta rrh a l en teritis  (Barnum  e t a l., 1967). In  enteric form s the  in testin a l 
tra c t is d istended  w ith  fluid; as a re su lt, th e  intestinal walls are th in , aton ic 
and occasionally congested. In  ad d itio n , signs of ex trem e dehydration  
m ay be observed. V ery little  is know n about the histological appearance 
of th e  affected in testine  (most s tud ies on colibacillosis o f  calves deal w ith  
the bacteriology, epidem iology an d  im m unology o f th e  disease). In  m ost 
cases th e  bowel is n o t a ltered  b u t in  som e calves foci o f a  catarrhal, m uco­
p u ru len t or haem orrhagic inflam m ation of the small in testin a l m ucosa can 
be found  (H. W. S m ith , 1963; B arn u m  e t al., 1967).

In  histological exam ination  of calves sacrificed in  an  advanced stage of 
colibacillosis (the en teric  form, p robab ly ) T. Sm ith  an d  O rcutt (1925) 
revealed  th a t  the  bacilli form  layers o r films a tta c h ed  to  th e  top  p la tes 
of th e  ep ithelial cells. A t th is tim e m orphologic changes in  th e  cells are  n o t 
yet recognizable.* U sing fluorescent an tibody  techn ique in  experim ental

* T hese  a u th o rs  also suggested  th a t  th e  a c tio n  o iE .  coli in  b rin g in g  ab o u t th e  lo c a l 
h y p e raem ia  an d  flux a n d  th e  general in to x ic a tio n  is p ro b ab ly  a  re s u lt o f  th e  ab so rp tio n  
of to x in  p ro d u ced  an d  re leased  d u rin g  m u ltip lica tio n . T h is w as assum ed as e a rly  as 
1925 a n d  h a s  now  been  confirm ed.
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E. coli enteritis o f calves, Gilka and  S ala jka  (1970a, 6) p roved  th a t  accum u­
lations of m ultip ly ing organism s on th e  surface of sm all in testin a l epithelium  
consist of EEC. C hallenging newborn calves w ith EEC  (stra in  055:B5:H 7 
was, however, iso la ted  from a case o f hum an  infan tile  gastroenteritis) 
S taley  et al. (1970a) observed th a t  th e  organism s were a ttach ed  to th e  
epithelial cells, p e n e tra te d  them  and  were tran sp o rted  fu r th e r  to  the lam ina 
propria and m esenteric lym ph nodes.

A whole series o f serotypes of serogroups 78, 137, 35, 8, 9, 15, 2a, 101, 
103, 115, 86, 26, 55 an d  others are re ferred  to  as agen ts of colibacillosis 
o f calves (Fey, 1957; Rees, 1958; G ay, 1965; Sojka, 1965; B arnum  et al., 
1967;G lantz, 1971; S idorov and P o lyakova, 1974). The first th ree  serogroups 
are  believed to  be  m ore frequently  re la ted  to  colisepticaem ia of calves 
deprived of colostrum , th e  rest are associa ted  w ith E. coli en teritis  though 
occasionally th ey  also cause bac teraem ia (Rees, 1958; G ay, 1965). Many 
stra in s isolated from  diarrhoeal calves a re  referred  to  as y e t untypable 
E. coli serogroujis (M yers, 1975).

In  pigs EEC induce even a g reater v a rie ty  of colibacillosis syndromes 
(H. W. Smith and  Jo n es , 1963; Sojka, 1965; B arnum  e t al., 1967). Coliform 
enteritis  frequently  occurs in new born p iglets during th e  first week of life; 
th e  animals in frequen tly  develop septicaem ia. These diseases of newborn 
piglets are ra th e r s im ilar to  calf colibacillosis bu t are induced by o ther 
EE C  serotypes of О groups 8, 6, 141, 147, 116, 138, 20, 21, 23, 45, 149, 150, 
157 and others (H. W . Sm ith  and Jones, 1963; Sojka, 1965; B arnum , 1971; 
G lantz, 1971; Gvles e t  al., 1971; Söderlind, 1971; Furow icz and  0 rskov ,
1972).

Young swine (8 to  12 weeks of age) m ay  develop oedem a disease or 
coliform enteritis d u rin g  weaning, a f te r  vaccination, sh ipping  or if there 
has been a change in th e ir  diet. Oedem a disease principally  occurs in rapidly  
growing pigs (while o th ers  rem ain hea lthy) and  is m anifested  by p artia l 
paralysis, m uscular incoordination, blindness and  ex tended  oedema of th e  
subcutaneous tissue (particu larly  th e  eyelids); m ost an im als die w ithin 
24 hours.

Coliform enteritis  o f  weanlings (8 to  12 weeks of age) develops under con­
d itions similar to  oedem a disease b u t spreads epidem ically to  almost all 
piglets of the sam e age group in th e  herd . T he usual clinical m anifestations 
o f th is disease are fever, profuse p ro tra c ted  diarrhoea, dehydration , em a­
ciation and toxicosis (occasionally w ith  neurological sym ptom s or erythem a 
an d  haemorrhagic ra sh ). The m ajo rity  o f affected w eanlings recover.

Bacterial counts u sed  in the en teric form s of colibacillosis and oedema 
disease of pigs d em o n stra te  great num bers of EE C  in th e  sm all gu t especially 
in  its upper po rtions; no organisms are found  in th e  b lood  (H. W. Sm ith 
an d  Jones, 1963; M oon e t al., 19666; B arn u m  e t al., 1967). E E C  serogroups 
138, 139, 141, 147, 149, 8 and o thers are usually  associa ted  w ith diseases 
o f weanlings (Rees, 1959; H . W. Sm ith and  Jones, 1963; G ay, 1965; Sojka, 
1965; Barnum , 1971; G lantz, 1971; Söderlind, 1971, etc.).

A t necropsy o f new born  piglets th a t  d ied  of E. coli en te ritis , distension 
o f th e  intestinal t r a c t  w ith  fluid is ap p a ren t usually  w ith o u t any signs o f 
congestion and inflam m ation. In  m ost cases histological studies fail to
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reveal any in testin a l a lterations (H. W . S m ith  and Jones, 1963; Moon e t a l., 
19666; B arm im  e t al., 1967). H ow ever, occasionally th e re  is ca ta rrh a l 
enteritis, an d  in  cases w ith  a  p ro tra c ted  course a tro p h y  of the je ju n a l 
villi is observed (Moon e t al., 19666, 1970a; B arnum  e t  a l., 1967; Moon,
1969).

B y using fluorescent an tibody  techn ique and  bacterial s ta in ing  in in v es ti­
gating the  in testin a l sections of afiected  piglets, A rbuck le (1970, 1971) 
revealed th a t  E E C  m ultiplied on th e  epithelial lining o f th e  small bowel, 
adhering to  th e  cells and  destroying th e  m ucopolysaccharide layer w hich 
covers them . A ltera tions o f th e  in testin e  are usually  absen t in p ig lets 
succum bing to  colisepticaem ia as well as in  calves (B arn u m  et al., 1967).

A t necropsy of weanlings th a t  have d ied  of oedem a disease, extensive, 
pronounced serous or haem orrhagic oedem a of the g as tric  and  in testina l 
wall, m esentery, lungs, subcutaneous tissue, brain a n d  spinal cord is 
found. Occasionally, there are accum ulations of serous flu id  in  the p leural, 
pericardial an d  abdom inal cavities. H istological exam ina tion  of the oedem a- 
tous tissue does n o t reveal any  cellular in filtration  (B arnum  e t  al., 1967, e tc .).

According to  th e  same au thors, a t  au to p sy  of w eanlings th a t  have d ied  
o f coliform en te ritis  the  sm all in testine is no t only a to n ic  and  d istended  
w ith  fluid b u t i t  is also congested. On th e  surface of th e  congested m ucosa 
an  extensive m ucous film is usually  seen. There m ay be petech ial h aem o r­
rhages on th e  serosal surface. The m esenteric lym ph nodes a re  enlarged a n d  
congested. H istologically, ca ta rrha l, frequen tly  haem orrhagic, en teritis  
is established. Inflam m atory  cells accum ulate  in th e  lam in a  propria; on  
th e  mucosal surface of th e  sm all in testine  th ere  are aggregations of sloughed 
epithelial cells, leukocytes, m ucus an d  fibrin. Occasionally there m ay be 
a trophy  of in testin a l villi. Arbuckle (1970, 1971) found surface m ultip lica­
tion  of EEC  w hen exam ining stained  in testina l sections histologically. In  
experim ents on  germ-free piglets n o t on ly  surface m ultip lication  bu t also 
penetration  o f E E C  through  the  ep ithelia l cells into th e  lam ina propria , 
lym phatic vessels and  blood has been observed (Christie, 1969; Drees a n d  
W axier, 1970; W axier e t al., 1971). T his finding has n o t been confirm ed 
by  K enw orthy  (1970).

Antibodies o f m aternal m ilk (chiefly colostrum ) are o f even greater im ­
portance for th e  p ro tec tion  of new born anim als ag a in st EE C  th an  th e y  
are for hum an  infan ts (T. Sm ith an d  L ittle , 1922; G ay , 1965; B arnum  
e t al., 1967). T he m echanism s of passive and  active im m u n ity  of new born 
anim als aga inst EE C  are curren tly  being investigated  (Gay, 1965, 1971; 
K ohler and B ohl, 1966; Fey, 1967, 1971; K ohler, 1967, 1974; Porter e t  a l., 
1970, 1974; H . W . Sm ith an d  Linggood, 1971, 1972; R u t te r  and  A nderson, 
1972; R u tte r  an d  Jones, 1973; C ardella e t  al., 1974; H ill an d  Porter, 1974). 
In  th is respect peculiarities of th e  perm eab ility  of th e  in testin a l ep ithelia l 
barrier in new born anim als are especially im p o rtan t (T. Smith, 1925; 
Möllendoríf, J925; Comline e t al., 1951; Clark, 1959; K raehenbuhl e t  a l., 
1966, 1967, 1971; M attisson an d K arlsso n , 1967; G ranev, 1968; Staley e t a l., 
1968, 1969c, 1972a; K raehenbuhl and  Cam piche, 1969; V eress and B ain tn er, 
1970; Clarke an d  H ard y , 1971; Fey, 1971; Moon, 1972; R undell and Lecce, 
1972; Jeffco tt, 1974; Jones, 1974).

18 Voino-Yasenetsky — Bakács
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Agents of an im al colibacillosis have been  studied by  en te ra l challenge of 
newborn (or germ -free) anim als and  on  ligated  loops o f sm all in testine of 
various an im al species (H. W. Sm ith a n d  Halls, 1967a; M oon and  W hipp , 
1971; W axier e t al., 1971; Myers e t a l., 1975, etc). T he experim ents have 
proved th a t  these organism s produce en tero tox ins very  sim ilar to  cholera 
enterotoxin in th e  m echanism  of th e ir  action (H. W . S m ith  and  H alls, 
1967/u K ohler, 1968, 1971a, 6; Gyles a n d  B arnum , 1969; M oon et al., 1970a, 
6, 1971; H . W . S m ith  and  Gyles, 1970a; Gyles, 1971; L ariv ie re  et al., 1973; 
Jacks et ah , 1973, etc.). These agen ts  produce e ither o n ly  non-antigenic 
heat-stable (ST) tox ins or bo th  ST a n d  antigenic heat-labile (LT) 
toxins. B o th  com ponents, ST an d  L T , represent tw o  forms of th e  
same toxin, th e  production  of w hich  is determ ined b y  an episom al 
factor, the  transm issib le  plasm id Ent, w h ich  is ap p a ren tly  the  same in all 
agents of sw ine colibacillosis (H. W . S m ith  and Gyles, 1970a; Gyles, 1971, 
1974a, 6; L ariv iere e t al., 1973; Gyles e t  al., 1974). T he ST com ponent is 
produced by  all pathogens of swine colibacillosis, b u t th e  LT com ponent 
only by those stra in s which produce ST and  possess an tig en  K88 a t  th e  
same tim e. This an tigen , also determ ined  b y  a transm issib le plasm id, defines 
the  ability  o f E E C  stra in s to  a ttach  to  th e  epithelium  a n d  to  m ultip ly  in  
the  small in testine  o f piglets. D erivatives o f these s tra in s  lose their p a th o ­
genicity a fte r th e  rem oval of th is an tig en  or after its  neu tra liza tio n  w ith  
antiserum  (H. W . Sm ith  and  Linggood, 1971; Jones an d  R u tte r , 1972,1974; 
R u tte r and  Jones, 1973). A sim ilar p ro te in  antigen, K 99 , also determ ined  
by  transm issible plasm id, is revealed in  enteric colibacillosis pathogens of 
calves and  lam bs (H. W . Sm ith an d  Linggood, 1972; I . 0 rskov  e t al., 
1975c).

Pathogens o f anim al colibacillosis a n d  hum an cholera-like disease have 
similar characteristics (H. W. Sm ith a n d  Gyles, 19706; P u n y ash th iti an d  
Finkelstein, 1971; D ean e t al., 1972; H . W . Smith a n d  Linggood, 1972) 
(cf. C hapter 22). Also, th e re  is a ce rta in  sim ilarity b e tw een  their en te ro ­
toxins and  cholera en tero toxin , includ ing  even some com m on antigenic 
determ inants (Moon e t al., 19706, 1971; G rad y  and K eusch , 1971; H olm gren 
et al., 1973; Pearce, 1973; Gyles, 1974a, 6; Nalin e t al., 1974).

Colibacillosis of anim als, m ainly its en te r ic  forms, is freq u en tly  com pared 
to  infantile E. coli en teritis  (Gay, 1965; B arn u m  et al., 1967; Gordon, 1971, 
etc.). A t th e  sam e tim e th e  sim ilarity  o f  enteric colibacillosis of swine to  
hum an cholera has first been poin ted  o u t by T. Sm ith  a n d  L ittle  (1927) 
and later by  Gyles an d  B arnum  (1969), by  Moon e t al. (1970a, 6, 1971) 
and by a  num ber of o th er investigators. F ey  (1971) fo u n d  an analogy be­
tween calf colisepticaem ia and  hum an generalized salm onelloses of ty p h o id  
type. Oedema disease of young pigs a n d  th e  enteric-toxaem ic form of calf 
colibacillosis seem to  have no analogy am ong hum an diseases.

Summ arizing all available d a ta  on th e  role played b y  different EE C  in 
hum an and  an im al pathology, it sh o u ld  be stressed t h a t  these diseases 
(different escherichioses) are quite heterogeneous. A p p aren tly , the  reason 
for this lies in  th e  considerable differences existing b etw een  the biological 
properties o f th e ir  pathogens. W ith th e  lis t of EEC sero ty p es ever increas­
ing, there arose a  justified need to  classify  them  into categories and groups.
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Any such classification o f EEC  can, fo r th e  tim e being, he provisional only , 
and  will certain ly  be rev ised  as requ ired  b y  new findings. The pathogenesis 
of the  diseases caused in m an and  an im als by  different E E C  has no t been 
stud ied  extensively. V aluable d a ta  hav e  been obtained recen tly  by ex p e ri­
m ental stud ies to  be discussed in the  following Chapters.

The sim ilarity  of E E C -II  such as 01 2 4  etc. to  shigellae an d  their difference 
from  E E C -I (like 0111 etc.) have firs t been estab lished  in experim ents 
with con junctival and  in travesical challenge of guinea pigs (see C h ap ter 
20). M eanwhile, the lung m odel has p ro v ed  to  be more su itab le  for s tudy ing  
the  dynam ics of the  in teraction  betw een  different E E C  and  the host (see 
C hap ter 21). The pathogenesis of infectious processes developing in  th e  
in testine w hen using th e  enteral m ode o f challenge w ith  EE C  will be d is­
cussed in  C hapter 22. T he earliest s tages o f the  in testina l infectious process 
can be s tu d ied  in experim ents on lig a ted  intestinal loops. C hapter 22 will 
also deal w ith  the  resu lts  o f parallel experim ents w ith  shigellae and salm o- 
nellae, m aking  use of th e  com parative analysis to  judge th e  pathogenic p ro p ­
erties o f different EEC .

18*



C H A P T E R  20

CONJUNCTIVAL AND INTRAVESICAL CHALLENGE OF 
GUINEA PIGS WITH ENTEROPATHOGENIC 

ESCHERICHIA COLI. EXPERIMENTS WITH TISSUE
CULTURES

b y
Y U . E . P O L O T S K Y

M any investigators h av e  a ttem p ted  to  d istinguish  m  an im al experim ents 
th e  agents of in fan tile  enteritis (EEC-I) a n d  other E. coli strains isolated 
from  healthy h u m an s  or pa tien ts w ith  non-in testinal diseases (NEEC). 
A t first, conventional m ethods, such as in travenous an d  in traperitoneal 
challenge of mice, w ere used and th e  re su lts  were assessed in  term s of anim al 
m orta lity  or b ac te ria l counts. In  th is  m an n er no essen tial difference was 
found between v ario u s E E C -I and  N E E C . T he effects of s tra in s  of even th e  
sam e serotype o f E . coli were found to  differ in term s of an im al m ortality ; 
N E E C  strains w ere som etim es even m ore v iru lent for m ice (Giles an d  
Sangster, 1948; T ay lo r et al., 1949; T ay lo r, 1951; B rau n  e t ah, 1953; 
Rowley, 1954, 1955; M inek and L avillaureix , 1955; L indberg  and Young, 
1956; Demina a n d  C hagodaeva, 1959; S h tr ite r  and B ara ts , 1962a; E rland - 
son et al., 1964; B erg n e r e t al., 1965; E ilo tti, 1965; Y akobson, 1965; M edea­
ris and Kenny, 1968). Sim ilar inconclusive results were o b ta in ed  by  in tra ­
cerebral challenge o f m ice (Minek and  L avillaureix , 1955; Turgeon et al., 
I960; Shtriter a n d  B ara ts , 1962a; E rlan d so n  e t al., 1964) an d  in experi­
m ents on chick em b ry o s (Demina and  C hagodaeva, 1959; Turge m et al., 
1960; Shtriter a n d  B a ra ts , 19626; E ilo tti, 1965; Yakobson, 1965).

Berm an and S lav sk ay a  (1959, 1961, 1962, 1966) n o ted  th a t  incom plete 
phagocytosis was u su a lly  evident in  im p rin ts  of peritoneal exuda te  of mice 
challenged in trap e rito n ea lly  w ith th e  m a jo rity  of E E C -I 0111 strains. 
However, about o n e - th ird  of the  N EEC  s tra in s  were also re s is tan t to  leuko­
cytes. They concluded th a t  the outcom e o f th e ir  experim ents d id  not depend 
upon  the p a th o g en ic ity  of the s tra in  fo r infants, b u t u p o n  the am ount 
o f endotoxin p re sen t in  th e  bacteria.

B y using these techn iques no in fo rm ation  can be o b ta in ed  on agents o f 
dysentery-like (E E C -II  0124, etc.) an d  cholera-like (enterotoxigenic EEC) 
diseases of adu lts a n d  children.

E X P E R IM E N T S  W IT H  M ONO LAYER CELL C U LTU R ES

Lindberg and  Y oung  (1956) were th e  firs t to  find a  possib ility  of d is tin ­
guishing EEC-1 from  N E E C  in experim ents w ith estab lished  m onolayer 
cell cultures. T h ey  observed  th a t th e  m ultip lication  o f E E C -I 0111 in 
H eL a cells led to  th e  d ea th  of these cells, w hereas N EEC  ex e rted  no inju-

27«
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rious effect on  cell cultures. These observations have been  confirmed b y  
several investigators using various p rim ary  and  estab lished  cell cultures. 
I t  has been show n th a t  even very  sm all doses of E E C -I, m ore pathogenic 
for infants, d estro y  cell cultures, w hereas w ith  less pathogen ic  strains a  
positive tes t is n o t alw ays ob ta ined  even when using large doses (Sharapova 
and  G avrilyuk, 1963; B altrashevich  and  O strovskaya, 1964; Em elyanova, 
1964; Safronov an d  Filippovich, 1966; A rbuzova, 1968a, 1970a, 1972; 
Sharapova, 1968). W hen sto red  under lab o ra to ry  conditions EEC -I agen ts  
rap id ly  lose th e ir  ab ility  to  destroy  th e  cellular m onolayer (Filotti, 1965; 
T allm eyster an d  R audsik , 1965, etc.).

M orphological exam inations m ade by  Sharapova (1968) showed th a t  
bac teria  of more pathogenic E E C -I stra in s were able to  p en e tra te  cu ltivated  
cells earlier and  in  higher num bers, mull iplied in th em  m ore intensively 
an d  destroyed th e  cellular m onolayer m ore rapidly. N E E C  did not p en e­
tra te  the  cells a t  all or en tered  them  in very  small num b ers and were in ­
capable of m ultip ly ing  in th e  cytoplasm . On the  o th e r hand, all E. coli 
stra in s investigated  grew a t  th e  same ra te  outside th e  cells in the cu ltu re  
fluid. A rbuzova (1970a) came to  sim ilar conclusions. O gaw a et al. (19686), 
however, have no ted  ne ither p ene tra tion  in to  H eL a cells n o r cellular m ono- 
layer destruc tion  by  E E C -I (salm onella-like EEC).

The ab ility  to  m ultip ly  in various cell cultures was also found in shi- 
gelia-like E E C -II  (A rbuzova, 1968a, 1970a, 1972; O gaw a e t al., 19686; 
D u P o n t et al., 1971; F o rm al e t al., 1971a; Osada e t a l., 19726). A ccord­
ing to  the  observations o f Ogawa e t al. (19686) th ese  bacteria, p en e ­
tra tin g  the cells behave like shigellae in sim ilar experim ents (see C hap ter 
5). A rbuzova (1970a) described th a t  p en e tra tio n  an d  m ultip lication o f 
E E C -II in th e  cy toplasm  of cells of m onolayer cu ltu res took place la te r  
th a n  th a t of shigellae.

E ntero toxin-producing  E. coli s tra in s (agents of cholera-like diseases) 
also destroy cell cultures, b u t do n o t p en e tra te  the  cells (Arbuzova, 1970a, 
1972; D uPont e t al., 1971; Form al et al., 1971a). According to the  o b ­
servations of D u P o n t et al. (1971) and  Form al e t al. (1971a), some o f  
these organism s (e.g. E. coli Об) adhere to  cu ltivated  cells. Recently new  
m ethods have been developed for th e  evaluation o f E. coli en tero tox in  
effect in tissue cultures, using th e  estim ation  of adenyl-cyclase a c t i ­
va tion  in fa t cells (H ew lett e t al., 1974) or in in testin a l epithelial cells 
(K án tor e t al., 19746) and  th e  degree o f stim ulation  o f steroidogenesis 
in adrenal cells (D onta e t ah , 1974; D o n ta  and S m ith , 1974; Kwan a n d  
W ishnow, 1974).

CONJUN CTIVAL C H A LLEN G E

As pointed o u t in C hapter 19, of all th e  E. coli strains te s te d  only shigella­
like E E C -II organism s were capable of inducing th e  sam e experim ental 
keratoconjunctiv itis  in guinea pigs as th a t  obtained a f te r  challenge w ith  
dysen tery  agents.
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Fig. 20-1. E . coli 0124 in the cytoplasm o f conjunctival epithelial cells (arrows) 
3 h (a) and 9 h (6) after challenge. Focal accumulation of leukocytes (microabscess) 

engulfing the organisms (a). Eosin-azure, X 1600

Our investigations* have shown a m orphological s im ila rity  betw een th e  
features o fE E C -II  an d  shigella keratocon junctiv itis , th o u g h  inflam m ation, 
in the  cornea in  p articu la r, arises so m ew h at later, is less pronounced an d  
recovery occurs earlier. Sim ilarly to  shigellae, these E E C -II  pene tra te  th e  
conjunctival epithelial cells (Fig. 2 0 -la ), m ultiply th e re  (Fig. 20-16) and , 
destroying th e  epithelial lining of th e  conjunctiva a t c e rta in  sites during  
the  first day  afte r challenge, elicit focal puru len t-u lcera tive  conjunctivitis. 
A t this tim e E E C -II organism s appear in  th e  cornea a n d  m ultip ly  in th e  
m ost superficial cells (Fig. 20-2«). L a te r , a f te r  the d estru c tio n  or shedding 
of these cells, th ey  p en e tra te  deeper, d o w n  to the basal lay e r (Fig. 20-26). 
The destruction  of th e  corneal ep ith e liu m  (starting from  th e  periphery) 
and developm ent of pronounced puru len t-u lcera tive  k era titis  usually  
occurred a fte r 48 h  an d  no t after 24 h  as in experim ents w ith shigellae 
(Fig. 20-2c). T hereafter th e  in flam m atory  process subsided in  the  conjunc­
tiva, while in th e  cornea it  persisted resu ltin g  in th e  d estru c tio n  of th e  
whole epithelial lining. H ere the  in flam m ation  also subsided  earlier th a n  
in experim ents w ith  shigellae and, a f te r  10-15 days, com plete  regeneration 
of the epithelial lining w as usually observed .

E xperim ents w ith  E E C -II  strains losing th e ir  virulence w ere more success­
ful on sm all guinea pigs weighing 120-180 g. However, th e  conjunctival 
inflam m atory process was frequently  less severe and  o f focal charac ter 
even in these anim als. Sometimes no inflam m ation of th e  cornea developed

P * Polotsky and Vasser (1966a), Polotsky e t  al. (1966, 1971), Vasser and Polotsky  
(1970b).
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Fig. 20-2a  and b. Shigella-liko EFC-II in the cytoplasm of corneal epithelial cells 24 h  
after challenge (a E . coli O l36, X 1 700; b E . coli 0144, X 1800) and c 48 h after chal­
lenge (E . coli 0124, X 1540). Eosin-azure. N ote the ulceration o f corneal surface in c

a t all, though  a t  sites d istinct m ultip lication  of bacilli was revealed in  th e  
cytoplasm  of single epithelial cells (Polo tskv  et ah , 1971).

In  experim ental keratocon junctiv itis  Ogawa et al. (19686) also observed  
the  grow th of E E C -II (0136, 0143, 0144) in epithelial cells of the co n ju n c­
tiv a  an d  cornea. I t  is notew orthy th a t  in such experim ents an tib io tic  
tre a tm e n t w ith drugs n o t penetra ting  th e  epithelial cells (kanam ycin a n d  
streptom ycin) did  n o t p revent in trace llu la r bacterial growth, while th e  
adm in istra tion  of antib io tics p en e tra tin g  the ep ithelial cells (rifam picin 
and  tetracycline) resu lted  in rap id  d isappearance of th e  bacilli and in  th e  
recovery  of th e  eye (Osada et al., 1972a).
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INTRAVESICAL CH A LLEN G E

There are v e ry  few d a ta  available on th e  intravesical challenge of guinea 
pigs with en teropathogen ic E. coli.* B ra u n  e t al. (1953) w ere the first to  
use this te s t fo r various cultures of enteropathogenic E. coli isolated from  
infants w ith E . coli enteritis. Using o rd in a ry  histological exam inations, 
they  observed th e  developm ent of a m o d era te  cystitis. S im ilar results were 
also obtained w ith  N E E C  cultures iso la ted  from  the urine o f patien ts w ith  
pyelonephritis. On th e  o ther hand, ag en ts  o f dysentery-like diseases (shi- 
gella-like E E C -II)  were described to  h av e  induced p u ru len t cystitis w ith  
signs of severe in tox ication , sim ilar to  t h a t  observed w ith  shigellae (Stenzel, 
19626, c, 1965). Challenging guinea pigs in travesically  w ith  shigella-like E. 
coli, Osada e t al. (1971) even obtained severe damages of th e  vesical m ucosa 
accompanied b y  extensive necrosis a n d  throm bosis. However, these 
findings m ight be a ttr ib u te d  to  the ad m in is tra tio n  of cortisone suppress­
ing leukocyte response and to  the  fact t h a t  th e  organism s were inoculated 
in  mucin p rev en tin g  th e ir elim ination an d  phagocytosis. A ccording to  Osada 
e t al. (1971) th e  pathogens, like shigellae (see C hapter 8), w ere predom inantly  
revealed in ep ith e lia l cells. In  control experim ents, av iru len t laboratory  
E E C -II strains caused  no bladder infection an d  did no t p en e tra te  epithelial 
cells as N EEC  s tra in s  isolated from p a tie n ts  with bacteriuria .

In  experim ents perform ed a t the N a tio n a l In s titu te  o f Public H ealth  
(Budapest) b y  K . Tenner, freshly iso lated  stra in s of E. coli О Ц 1:К 58(В 4), 
th e  most ty p ica l rep resen ta tive  of E E C -I, a n d  of E. coli OI24:K72(B17), th e  
m ost frequently  occurring shigella-like E E C -II , were used. Challenge w ith  
great num bers o f  E E C -I failed to  cause d e a th  or severe disease in guinea 
pigs. At au topsy  o f anim als sacrificed a t  d ifferent intervals a f te r  challenge, 
only a m oderate  oedem a of th e  vesical w all and su rrounding  tissue was 
detected. P ecu lia r histological changes cou ld  be observed bu t none o f 
these were m arked . Six and 12 h afte r challenge, accum ulations of bac teria  
occasionally fo rm ing  whole films were rev ea led  on the surface of the vesical 
mucosa. The organism s were seen not on ly  to  closely app ly  to  the epithelial 
lining surface o f th e  b ladder, b u t also to  dense ly  adhere to  its  certain  ep ithe­
lial cells which h ad  apparen tly  been d es tro y ed  and shed in to  th e  vesical lu ­
men (Pig. 20-3«, b). This was accom panied b y  a local m odera te  leukocyte 
response in th e  m ucosa, which subsided 48-72  h after challenge, when th e  
num ber of o rgan ism s on the  mucosal su rface  also significantly  decreased. 
There was no evidence of any  defect o f th e  vesical ep ithelial lining.

In  contrast to  E E C -I, E. coli 0124 induced  m arked p u ru len t cystitis, 
similar to th a t  caused  by  shigellae, th o u g h  th e  disease was m ilder and no t 
fatal. E E C -II, as shigellae, penetra ted  in to  th e  cytoplasm  o f some epithelial

* Non-enteropathogenic E . coli of various serogroups (04, 0 6  etc.) known as the  
most frequent agents o f human pyelitis and cystitis were studied with intravesical 
challenge of various animals (Akopyan, 1965; Prát et al., 1970). However, these 
studies did not deal with the direct interaction between E . coli and the urinary tract 
epithelium, their aim  being mostly the elucidation of the factors responsible for the 
development and spread of inflammation in the urinary bladder and renal pelves.
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Fig. 20-3. EEC-I 0111 multiplication on the surface of vesical epithelial cells 6 h 
(a) and 12 h (6) after challenge. Methyl green-pyronine, X 440

Fig. 20-4. E . coli 0124 bacteria in the cytoplasm  of vesical epithelial cells, 6 h after  
challenge. Membranes around bacteria are absent. Arrow indicates a dividing organ­

ism, X 5700
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Fig. 20-5. Dividing E . coli 0124 organism passing into neighbouring epithelial cell, 
pushing ahead and indenting the membranes o f  both cells (arrows) 6 h after challenge.

X 15 400

Fig. 20-6. Dividing E . coli 0124  organism in th e cytoplasm of a vesical epithelial cell 
enclosed into membrane-bound vacuole w ith  electron dense osmiophilic material;

6 h after challenge. X 78 000
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cells 3 h  a fte r challenge. L a te r they infected  more cells a n d  m ultiplied th e re , 
filling th e ir  cytoplasm . Following th e  destruction o f th ese  cells, superficial 
erosions and  small u lcers filled by leukocytes appeared .

As w ith  shigellae, electron-m icroscopic investigations of epithelial cells 
in m ost cases showed E . coli 0124 b ac te ria  to  be u n b o u n d ed  by m em branes 
in th e  cytoplasm  (Fig. 20-4), where th e y  m ultiplied a n d  passed into neigh­
bouring cells (Fig. 20-5). However, un like  with shigellae, a  narrow electron 
tran sp a ren t rim  was d e tec ted  on th e  surface of these organism s (Figs 20-4, 
20-5). As no signs o f artificial shrivelling are ev iden t an d  some s tru c tu res  
are discernible in th is  rim  a t higher m agnifications, i t  seemed to represen t 
a superficial layer o f th e  bacterial w all (possibly a  m icrocapsule or K -an ti-  
gen which is absent in  shigellae as a  rule). In  add ition , unlike shigellae, E. 
coli 01 2 4  organisms w ere sometimes enclosed in m em brane-bound vacuoles, 
inside w hich an electron  dense osm iophilic m aterial, resem bling lysosome 
con ten t, was distinguishable, though th e  bacteria show ed no signs of a lte ra ­
tion  an d  even d ivided (Fig. 20-6).

A lthough the vesical epithelial lin ing  was d estro y ed  to  a considerable 
ex ten t during the firs t day after challenge, the inflam m ation decreased 
considerably after 48 h  and  subsided w ith in  3-4 days a f te r  challenge giving 
place to  epithelial regeneration.

T hus, intravenous, in traperitoneal an d  in tracerebral routes of challenge 
are un su itab le  for th e  stu d y  of d ifferen t pathogenic properties of E E C . 
Tests on  chick em bryos do not rev ea l distinctive peculiarities either. In  
cell cu ltu res represen ta tives of d ifferent groups o f E E C  (except en te ro ­
toxigenic E . coli) p e n e tra te  the cells, m ultip ly  and d e s tro y  the cellular m ono- 
layer. T he test p e rm its  to  distinguish en teropathogens from N EEC, b u t 
does n o t allow a re liab le  differentiation between E E C -I  and  E E C -II. T he 
m ost su itab le  m ethod for this purpose is Serény’s con junctival challenge of 
guinea pigs. K eratoconjunctiv itis  induced by shigella-like E E C -II differs 
from  shigella keratoconjunctiv itis on ly  in its less severe course. M orpho­
logical investigations showed th a t E E C -II , like shigellae, were able to  p a ra ­
sitize epithelial cells. In travesical challenge of guinea p igs w ith EEC perm its  
the s tu d y  of pathological processes induced  not only b y  shigella-like E E C -II , 
b u t also by  pathogens o f infantile E . coli enteritis; th e  la tte r are able to  
m u ltip ly  on the surface of the vesical mucosa.
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INTRANASAL CHALLENGE OE MICE WITH DIFFERENT
ESCHERICHIA COLI

by

Y U . E . P O L O T S K Y

T h e in tranasal rou te  o f challenging an im als with p a thogens of enteric 
infections is being w idely used a t  th e  D e p a rtm en t of Pathological Anatom y, 
In s t i tu te  of E xperim en ta l Medicine o f th e  Academy of M edical Sciences 
o f th e  USSR, and in th e  D epartm en t o f E n te ric  Infections o f  th e  P asteur 
In s t i tu te  in L eningrad. The results o f  experim ents w ith  shigellae (see 
C h ap te r 9) and salm onellae (see C hap ter 15) served as a g ro u n d  for carrying 
o u t sim ilar investigations w ith E. coli. Such studies are all th e  more ju s ti­
fied because various E . coli strains are ra th e r  frequent ag en ts  of infantile 
pneum onia (MacGregor, 1946; K rav e ts  e t  al., 1947; Tur, 1947; Lavnikova 
a n d  Tsinzerling, 1958; Tsinzerling and  Tsinzerling, 1963; Serzhanina, 1966; 
Z advornyak  e t al., 1968; Tsinzerling, 1970). E. coli s tra in s (usually non- 
enteropathogenic) are occasionally also d e tec ted  in pure cu ltu re  or associat­
ed  w ith  other organism s in  bronchitis a n d  pneum onias o f a d u lts  (W iehert, 
1959; Vygodchikov, 1960; Turck et a l., 1962; Molchanov, 1965; Tillotson 
a n d  Lerner, 1966, 1967a, 6; M argolin e t  a l., 1966; V asilyeva an d  Polyak, 
1967; Lerner and T illotson, 1968; L erner, 1969; Lerner a n d  Eederm an, 
1971; Solodova, 1970; L uneva, 1971). I n  pneum onias freq u en tly  com plicat­
ing infantile E. coli en teritis , en teropathogen ic  E. coli (E E C ) belonging 
to  th e  same serotype as th a t  isolated from  th e  intestine o f th e  patien t is 
freq u en tly  encountered (B raun, 1956, 1971; Neter, 1959: S h astin a , 1966; 
Tsinzerling et al., 1968; D rucker et a l., 1970).

J o in t  m orphological an d  bacteriological investigations w ere therefore 
m ad e  for studying th e  biological p ro p erties  o f different E E C  serotypes and  
th e  infectious processes induced by th em  on the  lung m odel. T he m ethod 
has been described in C hap ter 9. M ainly fresh ly  isolated s tra in s  were used 
since EEC  organisms lose th e ir virulence v e ry  rapidly not o n ly  when stored 
on  artificial n u trien t m edia b u t even w hen  lvophilized.

T he virulence of shigella-like EEC  s tra in s  was prelim inarily  determ ined 
b y  th e  keratoconjunctival test. Im m ed ia te ly  after challenge w ith  0.05 ml 
u n d ilu ted  broth  cu ltu re  containing an  average of 3 хЮ 7-4  X 107 organisms, 
0.7 dz 0.1 of the  inoculated  bac teria  w as, as a  rule, recovered  from th e  
lungs (Ariel e t al., 1970). In  a num ber o f experim ents low er doses (from 
10® to  107 organisms) were used for challenge.

284
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E X P E R IM E N T S  W IT H  N O N -EN TER O PA TH O G EN IC  E. COLI 
AND AGENTS OP IN F A N T IL E  E.C O LI E N T E R IT IS *

A fte r in tranasal adm in istra tion  o f 107—108 organism s o f N EEC  or E E C -I 
(0 U 1 :K 5 8 , 055-.K59, O26:K60, 0128:K 67, 0119:K 69, O20:K84, 0 3 3 :K  
(B), e tc .) the general s ta te  of th e  anim als apparen tly  d id  n o t change and  
only  single mice died 2—3 days a fte r challenge. Bacteriological counts showed 
th e  num ber of organism s cultured  from  the  lungs 3 h a f te r  challenge to  be 
2-25 tim es higher as com pared w ith  th e  inoculum, b u t 24 li afte r challenge 
it w as 6—38 times low er as com pared w ith  the m axim um  level a t  3 h  a fte r 
challenge; subsequently  it kep t decreasing considerably (Fig. 21-1). In  mice 
sacrificed after iden tical in tervals during  the experim ent th e  num ber of 
organism s in the lungs varied, especially  from 9-12 to  18-24 h afte r challenge 
(in a  few mice it even increased). H ow ever, the num ber o f organism s decreased 
m ark ed ly  in the  lungs of all an im als w ithin 2-3 days even in dying mice.

A ccording to m orphological s tu d ies , the organism s in troduced in to  th e  
lungs were arranged singly or in  sm all groups on th e  walls of th e  alveoli, 
a lveo lar ducts and th e  bronchi, p redom inan tly  in th e  hili and  in the  u pper 
p o s te rio r parts of th e  lungs im m ediately  after challenge. A certain  num ber 
o f organism s were im m ediately engulfed by alveolar m acrophages. T hree 
h a f te r  challenge th e  num ber of organism s observed in  th e  sam e areas o f

F ig . 21-1. The d y n am ics  o f m icrobial g ro w th  in th e  lungs o f  m ice a f te r  in tra n a sa l 
cha llen g e  w ith  various E . coli s tra in s . A bscissa, tim e a f te r  challenge (in h); o rd in a te , 
b a c te r ia l  coun ts in  th e  lungs (abso lu te  va lues p resen ted  on  a  log10 scale). 1 N E E C , 

2 E E C -I 0 1 1 1 :K 5 8 , 3 E E C -I I  0124 :K 72 , 4 E E C -I I  028a28c:K 73

* P o lo tsk y  and  A rb u zo v a  (1966, 1967); P o lo tsky  e t a l. (1968).
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F ig . 21-2. Phagocy tosis o f  organism s b y  leu k o cy te s  3 h  a f te r  challenge w ith  N EE C . 
I m p r in t  fro m  lung tissu e . G iem sa s ta in , X 1600

th e  lungs was m uch h igher and signs o f an  in flam m atory  response were 
already  apparent. Po lym orphonuclears w ith  phagocvtized  organism s ap ­
p eared  in the alveoli. I n  im prints som e E. coli were seen to  have been en­
gulfed  by leukocytes a n d  to  have lost th e ir d istinc t ou tlines (Fig. 21-2), 
inside macrophages, how ever, most b ac te ria  rem ained unchanged  and even 
d ivided (Fig. 21-3a).

Subsequently th e  inflam m atory  process becam e more intensive; after 
6—12 h the separate g roups of alveoli filled w ith  serous-leukocytic exudate 
becam e confluent a n d  th e  pulm onary tissue  in  the  hili and  u p p er posterior 
p a r ts  of the lung acq u ired  a kind of m eshy or lacy appearance because of 
th e  presence of a lte rn a tin g  air-contain ing and  airless areas. F ree organisms 
w ere scanty in the ex u d a te  and those w hich were presen t in polym orpho­
nuclears bore signs o f  destruction . T he organism s obviously m ultiplied in

F ig . 21-3. Organisms in  th e  cy top lasm  o f  a lv eo la r m acrophages. N E E C , 3 h  (a) 
a n d  12 h (b) a fte r  ch a llen g e . Im p rin ts  fro m  lu n g  tissue. G iem sa s ta in , X 1600



INTRANASAL CHALLENGE OF MICE W ITH D IFF E R E N T  E. COLI 2 8 7

F ig . 21-4. M u ltip lica tion  of th e  o rgan ism s in  m acrophages, a N E E C , 6 h  a fte r challenge. 
E osin-a/.u re , X 1600; b m icroco lony  o f  o rgan ism s in  th e  d is in te g ra tin g  m acro p h ag e  
w ith  p icno tic  nucleus. 12 h a f te r  challenge w ith  E E C -I 0 1 1 1 . E osin-azure, X 1070

m acrophages; filling the cytoplasm  of these  cells (Fig. 21-36), they finally  
caused th e ir disintegration. Soon (6 h) a fte r challenge w ith  both N E E C  
and  E E C -I, some well-preserved m acrophages filled w ith  bacteria (Fig.
21-4«) were detec ted  in th e  alveoli am ong leukocytes, in frequently  co n ta in ­
ing breakdow n products of engulfed organism s. L ater, a f te r  9-12 h, th ese  
m acrophages d isin tegrated  (Fig. 21-46), leaving behind clusters of organism s 
reproducing th e  outlines o f the  cell; th e  only rem nan ts o f the cell i tse lf  
were a deform ed picnotic nucleus or only  chrom atin b locklets.

B y the  end  of the first d ay  a fte r challenge, there was a  m arked leukocy te 
response (though no t to  th e  sam e ex ten t in  all animals), w hile the num ber o f 
organism s in  th e  pu lm onary  tissue dim inished. The d en s ity  of leukocytes 
filling th e  alveoli varied. W hen leukocytes were less num erous in th e  
alveoli and  th e  serous exudate  was m ore abundan t, organism s were p re sen t 
in leukocytes in higher num bers; m acrophages filled w ith  E. coli (F ig. 
21-5«) and  microcolonies could be de tec ted  in place o f d isin tegrated  cells 
though  less frequently  th a n  previously. In  o ther cases, however, num erous 
leukocytes seem ed to  ca rry  o u t th e ir functions successfully and even  in 
m acrophages ra th e r few d isin tegrating  bac teria  or th e ir  rem nants w ere 
revealed (Fig. 21-56, c).

F o rty -e ig h t h after challenge, organism s were ra i'ely  seen in sections 
an d  in im prin ts  from th e  lungs; th e  inflam m ation subsided and  th e  
ex u d a te  an d  leukocyte breakdow n p ro d u c ts  gradually  disappeared fro m  
th e  alveoli.

Thus, in tran asa l challenge o f mice show ed th a t N E E C  an d  EEC-I induce 
a  sim ilar infectious process w hich only develops during  th e  first day  a f te r  
challenge an d  then  subsides. I f  investigations had been  carried ou t o n ly  
w ith  daily  in tervals and  th e  fa te  of th e  organism s h a d  n o t been s tu d ied , 
one m ight have believed th e  findings reflected m erely a  clearing response 
to  th e  organism s ra th e r th a n  an  infectious process developing in the lungs.
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F ig . 21-5. M u ltip lica tion  (a) a n d  destruc tion  (b a n d  c) o f o rg an ism s in  m acrophages. 
a  N E E C , 18 h  a f te r  challenge, X2250; b E E C - I  O l l l ,  24 h  a f t e r  challenge, X 1600; 

c N E E C , 24 h  a f te r  challenge, X 1600. I m p r in t s  from  lung tis su e . G iem sa s ta in

In  similar experim ents w ith  NEEC a n d  E E C -I S hastina  an d  M ikhaylova 
(1967) used cultures grow n on the su rface  of agar p la te s  for in tranasal 
challenge. In  these experim ents the n u m b e r of organism s inoculated was 
m uch greater (about 4.5 XlO9 were u sed  fo r challenge a n d  an  average of 
6 x l 0 8 organism s en tered  th e  lungs). S h as tin a  and M ikhaylova failed to  
follow escherichia m ultip lication  in p u lm o n ary  m acrophages. They o b ­
viously though t th a t  th e  filling of these  cells with organism s was m erely 
th e  sequence o f phagocytosis of num erous bacteria p re sen t in  the  alveoli. 
T he serous-haem orrhagic character of th e  exuda te  in th e  pu lm onary  alveoli 
in la ter periods o f observation  might h a v e  been explained b y  the severity  
o f infection (and consequently  by th e  abundance of to x ic  breakdow n 
products of organism s destroyed).

In  our experim ents th e re  were few free organism s in th e  alveoli from  th e  
very  s ta rt, and  by  th e  9—12th h they  h a d  been taken u p  b y  phagocytes a l­
m ost completely. Therefore, further increase  in the n u m b er of bacteria  of 
sim ilar appearance (m any of them  dividing) in  the cy top lasm  of m acropha­
ges m ust have been due to  intracellular m ultiplication. T h is p roperty  reg ­
u larly  observed in all experim ents w ith  N E E C  and E E C -I resembles th e
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behaviour o f salmonellae to  some e x te n t. A t the same tim e, in in tran asa l 
challenge, salmonellae cause a long-term , progressing infectious process w ith  
constan t cyclic m icrobial m ultip lication in  macrophages (see C hapter 15). In  
experim ents w ith N EEC an d  EEC-I, cyclic m ultiplication stops ap p ro x im ate­
ly by th e  end  of the firs t day  after challenge by which tim e m acrophages 
have acqu ired  the ab ility  to  destroy  these organisms. O psonization of 
the organism s liberated  from  the m acrophages (e.g. w ith  norm al a n ti­
bodies) m ay  be possible in  this case. M oreover, the enhancem ent of m acro­
phage ac tiv ity  by breakdow n products o f leukocytes an d  E. coli organism s 
m ay also be involved.

E X P E R IM E N T S  W ITH  A G EN TS OF D Y SE N T E R Y -L IK E  
D ISEASES OF ADULTS AN D  C H ILD R EN *

The outcom e of challenging mice w ith  shigella-like E E C -II  (028a28c:K 73, 
0124:K 72, 0 1 4 3 :K x l, 0144:K x2) w as entirely different. Following
in tran asa l adm in istration  of about 107 organism s, m ost anim als died a fte r 
24-48 h. C ultures showed a  10-foJd an d  even  100-fold increase in the  num ber 
of organism s in the lungs. W hen mice w ere challenged w ith  a  lower num ber 
of E E C -II  (about 106), p a r t  of them  surv ived .

Com parison of the course of g row th o f  the  organisms in  th e  lungs a fte r 
challenge w ith  shigella-like E E C -II a n d  N EEC  or E E C -I (about 107o rg an ­
isms) show ed a strik ing difference (see F ig. 21-1). The num ber of E E C -II  
increased m arkedly n o t a fte r 3 bu t a f te r  9-12 h. E ven  subsequently  th e ir 
num ber k ep t increasing. Challenge w ith  sm aller num bers o f E E C -II (espe­
cially in  experim ents w ith  strains losing virulence) y ielded a sim ilar course 
of g row th  up to 9-12 h; la te r the b ac te ria l count increased in dying mice 
while in  surviving anim als it decreased, especially a fte r 48-72 h.

M orphological studies showed th a t  E E C -II gave rise to  pneum onia, 
bu t th e  leukocyte response was less pronounced th a n  in infections w ith  
E E C -I and  NEEC s tra in s ; the ex u d a te  contained a considerable am oun t 
of serous fluid and ery th rocy tes. L eukocy tes and m acrophages phagocytized 
the organism s. B acteria  were d estro y ed  in leukocytes though in some 
polym orphonuclears th e y  remained u n a lte red  and even divided. In  m acro­
phages th e  bacteria w ere obviously m ultip ly ing , filling th e  whole cytoplasm  
after 9—12 hours. B y th is  tim e the  organism s in th e  alveoli were m ostly  
seen as microcolonies in  m acrophages. The infected m acrophages d is in te­
gra ted , th en  leukocytes engulfed an d  destroyed  the organism s.

T hus, a t  first the infectious process generally  resem bled th e  experim ents 
w ith N E E C  and E E C -I. B u t already a t  th e  very beginning essential d iffer­
ences could be seen in th e  bronchi w here E E C -II b ac te ria  were observed 
in th e  cytoplasm  of single epithelial cells; after 9-12 h th e  organism s filled 
the  cells to  abundance, destroyed th e m  and infected th e  ad jacen t cells 
(Fig. 21-6«). This process was especially  clearly visible in  im prints, w here

* P o lo tsk y  and  A rb u zo v a  (1966, 1966, 1967); P o lo tsky  e t  a l. (1966, 1968); A riel 
e t a l. (1968); N ovgorodskaya  e t al. (1968a); A vdeeva e t  al. (19706).

19 Voino-Yasenetsky— Bakács
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F ig . 21-6. M u ltip lic a tio n  o f shigella-like E E C -I I  in  th e  cy to p lasm  o f  bronchial e p ith e ­
lia l cells, a E . coli 0 1 2 4 , 12 h  a f te r  challenge, th io n in e , X 1600; b E . coli 0124, 18 h  

a fter ch a llen g e . Im p rin t fro m  lung  tissu e . G iem sa s ta in , X 1600

F ig . 21-7. D efects in  th e  ep ithelia l lin ing  'n  a  b ro n ch u s . E . coli 0 2 8 a2 8 c , 24 h  a f te r
challenge. T h ion ine , X 850
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F ig . 21-8. E x tra c e llu la r  m u ltip lic a tio n  o f E . coli 0124, 24 h  a f t e r  challenge. T h ion ine ,
X 1600

th e  epithelial cells are usually  stre tched  o u t and are freq u en tly  seen as whole 
clusters (Fig. 21-66). T he destruction  o f infected ep ithelia l cells in  situ  
or th e ir sloughing into th e  lum en resu lted  in defects in th e  epithelial lining 
of th e  bronchi (Fig. 21-7) becoming filled w ith leukocytic exudate.

A t th e  end  of the first d ay  (18-24 h) a f te r  challenge w ith  106-1 0 7 organism s 
th e  infectious process in  th e  lungs of m ost mice acquired  a  different ch a rac ­
ter. Polym orphonuclears were obviously unable to d es tro y  all bacteria  re ­
leased from  the  infected epithelial cells an d  m acrophages. Accum ulations of 
unaltered  and  even div id ing  rods in  polym orphonuclears were frequen tly  
presen t and  th e  leukocytes them selves displayed signs o f death . The n u m ­
ber of free organism s increased in the  a lveo li. A t the p erip h e ry  of pneum onic 
foci where there  were few leukocytes a n d  serous-haem orrhagic exudate was 
p revalen t, th e  m ultip ly ing  organism s form ed large, loose accum ulations 
(Fig. 21-8). A kind o f “ paralysis” o f  leukocyte response was ap p a ren t: 
serous-haem orrhagic oedem a w ith un im peded  m icrobial m ultiplication 
in th e  ex u d a te  increased. Almost all anim als died.

In  a  sm all num ber of anim als th a t  h a d  been challenged w ith  106 E E C -II  
and  survived, the  infectious process subsided a t th e  en d  of the  first d ay ; 
th is finding was especially characteristic  of experim ents w ith  strains losing 
virulence. The leukocyte response d id  no t decline a n d  free organism s 
could hard ly  be d etec ted  in the pu lm onary  alveoli o f  convalescent m ice 
by  th e  18th to  24th h. Organisms in  th e  epithelial cells an d  m acrophages

19*
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were less frequen tly  seen; in m acrophages th ey  d isin teg ra ted  ra ther th a n  
m ultiplied (as observed  w ith N E E C  a n d  EEC -I). In  m ice surviving 2—3 
days, bacterial m ultip lication in th e  ep ithelium  ceased, bronchial defects 
were covered w ith  regenerating ep ithelium  and  the ex u d a te  cleared from  
th e  lungs.

Thus, in in tran asa l challenge shigella-like E E C -II, in co n tra s t to  N EEC  
an d  EEC-I, caused a  dram atically  progressing infectious process leading 
to  the death o f m ost anim als. In  th is  case E E C -II, sim ilarly  to  shigellae, 
penetrate  the  cy top lasm  of bronchial ep ith e lia l cells and  m u ltip ly  therein . 
However, as has been shown in C hap ter 9, virulent shigellae are ra re ly  
engulfed by m acrophages and  are m uch  more re s is tan t to  leukocytes. 
Moreover, in experim ents w ith  E E C -II , free organisms in  th e  alveoli were 
alm ost com pletely destroyed by leukocy tes in the ea rly  (up to 9-12 h) 
post-challenge period , and  m icrobial m ultip lication  in th e  bronchial ep ith e ­
lium  was p a rticu la rly  evident. In  th e  alveolar exudate E E C -II  organisms 
a t  first even resem bled N EEC and  E E C -I in  their g row th in  m acrophages 
an d  in the absence o f th e ir ex tracellu lar m ultiplication. B u t afte r the  first 
day , if the infectious process ran  an  unfavourable course, m ost anim als 
exhibited an  ex trace llu la r m icrobial m u ltip lication  associated  w ith  a “p a ra l­
ysis” of leukocyte response, which is e x a c tly  the  case in  experim ental sh i­
gella pneum onia (see C hapter 9). In  th e  la tte r , however, th e  organism s are 
m uch more ab u n d a n t bu t th ey  ne ith e r m ultip ly  nor ap p e a r in m acro­
phages. I t  is no tew o rth y  th a t in experim ents with E E C -II  0124, doses 
considerably la rg e r th a n  those used in  experim ents w ith  shigellae are 
necessary to  p roduce an  infectious process fa ta l to  all an im als. Accordingly, 
in  spite of th e  sim ilarity  between th e  pathogenic p roperties  of th is group 
o f E E C -II and  shigellae, there are differences betw een these  organisms 
w hich are well discernible on th e  lung model.

E X P E R IM E N T S  W IT H  E N T E R O T O X IG E N IC  E. COLI ASSOCIATED 
W IT H  C H O L E R A -L IK E  DISEASES

As m entioned in C hapter 19, E E C -II  serogroups 0 1 1 2 a ll2 b , 0 6 , 01  
an d  others have been isolated from  ad u lts  an d  children in sporadic cases 
an d  epidemic o u tb reak s of gastroen teritis  resem bling m ild form s of cholera. 
Im m ediately a f te r  isolation these organism s were tested  w ith  conjunctival 
challenge of gu inea pigs and in tran asa l challenge of mice. I n  contrast to  
E . coli Ó124 an d  o th e r shigella-like E E C -II  strains, th e y  d id  not induce 
keratoconjunctiv itis. I t  was th e  lung m odel th a t  revealed an  essential differ­
ence between th em  and  all o ther k inds o f Escherichia s tra in s . W ith  in tra ­
nasal adm in istration  of 106- I 0 7 organism s alm ost all th e  m ice died during 
th e  first hours, d isplaying signs of a sp h y x ia  accom panied b y  convulsions 
an d  an abundan t flow of bloody foam  from  th e  nose and m o u th  (Arbuzova, 
1970«, 1972; A vdeeva e t ah, 1970«, 19736; A rbuzova a n d  Krivonosova, 
1973; Smirnova, 1974). B acterial counts from  the  lungs u su a lly  showed no 
essential increase during  the  first hours b u t  in  a few m ice surviving for a 
longer period m arked  m ultiplication w as observed afte r 9—12 h and later.
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Fig. 21-9. S erous-haem orrhag ic  oedem a (a) a n d  h aem orrhages (6 ) in  th e  lungs a f te r  
challenge w ith  E . coli s t ra in s  p roducing  en te ro tox in -like  su b stan ces, a 2 h a f te r  
exposure  to  E .c o li  0 1 1 2 a l l2 b ,  eosin-azure, X l l O ;  6 (i h  a f te r  ad m in is tra tio n  o f  
E . coli Ofi s tra in  (No. 228). D om inici’s s ta in , X 90 (C ourtesy  o f  E . M. D ragunskaya)

Morphological s tu d ies  carried ou t by E . M. D ragunskaya a t the D ep art­
m ent of Pathological A natom y, In s ti tu te  of E xperim en ta l Medicine o f th e  
A cadem y of M edical Sciences of t he USSR (D ragunskaya, 19706, 1972; 
D ragunskaya and Sm irnova, 1970; D ragunskaya e t ab , 1972, 1973) revealed 
a g radual increase in  th e  num ber o f organism s in th e  pulm onary alveoli 
during th e  very first hours of the experim ent. The developm ent of leukocyte 
response was app reciab ly  inhibited. T he alveoli were lilied with ab u n d an t 
serous-haem orrhagic fluid (Pig. 21-9«); focal and  ex tensive  haem orrhages 
were frequently  seen (Fig. 21-96). T he organisms m ultip lied  in the alveoli 
ex tracellu larly  and  w ere almost ab sen t in the m acrophages. In  these cells 
(as well as in o thers) dystrophic a lte ra tio n s were n o te d . Small defects in th e  
ep ithelial lining ap p ea red  in the bronchi though organism s were not d e tec ted  
in th e  cytoplasm  o f ep ithelial cells.

The results of m orphological s tud ies of the lungs suggested unusually  
severe and  early tox ic  lesions. Since no considerable d estru c tio n  of organism s 
was ev iden t a t such early  observations, the  a lte ra tio n s could not be a t t r i ­
bu ted  to  endotoxin . Sim ilar early fa ta l serous-haem orrhagic pu lm onary  
oedem a could be p ro d u ced  with in tran asa l ad m in is tra tio n  of lethal doses o f  
staphylococcal exo to x in  (B ibinovaet al., 19626; P ig arev sk y  and Ilyin, 1967), 
a finding s tim ulating  a  search for exotoxin-like substances in these EEC. T he 
sim ilarity  betw een diseases caused b y  these organism s and  mild forms o f  
cholera also m ight p o in t to  the possible involvem ent of enterotoxins.

As shown in C h ap te r 19, Gorhach et al. (1971), Sack e t al. (1971), D u P o n t 
et al. (1971), F orm al e t  al. (1971«) an d  a  num ber o f researchers after th em
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have dem onstrated  th a t  E. coli s tra in s  associated w ith cholera-like diseases 
produced en tero toxins. E xperim ents on  ligated rabbit sm all in testine loops 
to  be dealt w ith  in C hapter 22 are  considered to  he the  generally  accepted 
m odel for estab lish ing  m icrobial en teropathogen icity  a n d  particu larly  
en tero toxigenicity . Experim ents d esc rib ed  in the above c h a p te r have shown 
th a t  ultrasonic lysates of EEC causing  early  death  of m ice a f te r  in tranasa l 
challenge (as well as their living cu ltu res) elicit fluid accum ulation  and  d i­
la ta tio n  of in testin a l loops (Avdeeva e t  al., 1.973a, c). H e a te d  lysates have 
been  found to  lose th e ir ac tiv ity . T h u s, these organisms have  been proved  
to  be also capable o f producing a  h ea t-lab ile  en tero toxin  sim ilar to  th a t  
o f cholera vibrios.

In tran asa l adm in istra tion  of th e  en te ro to x in  (lysate) to  m ice caused the  
d ea th  of all anim als as did the  challenge w ith living organism s, b u t less 
rap id ly  (Avdeeva e t al., 1973c). M orphological studies revea led  the sam e 
serous-haem orrhagic lung oedema, b u t  leukocyte response was less evident 
a n d  less inhibited (Dragunskaya e t  a l., 1973). The heated ly sa te  was en tirely  
harm less; it  p roduced  only leukocy te  response w ith ra p id  clearance. A t 
th e  same tim e, filtra tes of the su p e rn a ta n ts  of the above cu ltu res did n o t 
cause any dam age in mice after in tra n a sa l exposure, though th e y  occasionally 
produced a positive response in ligated  ra b b it  small in testinal loops (Avdeeva 
e t al., 1973c).

As noted in C h ap ter 19, the read ily  accessible and convenient lung model 
seem ed to be th e  m ethod of choice fo r th e  dem onstration o f  all heat-labile 
en terotoxin-producing E. coli s tra in s  (A vdeeva et al., 1973a, c). However, 
in tranasa l inoculation of living cu ltu res, filtra tes and lysates o f  EE C  06:H 16, 
O l5 :H l l ,  0148:H 28 and others, o b ta in e d  from S. L. (lo rb ach  and H . L. 
D u P o n t, and  o f E E C  ()148:H28 a n d  01,48:H7, iso lated  in Leningrad 
(Avdeeva et al., 1975), gave negative re su lts  (Kleganov e t a l., 1975). These 
s tra in s , unlike E. coli 0112аЦ 2Ь, 0 6 , O l  and  others described above, did  
n o t induce fa ta l lung oedema.

I t  is notew orthy  th a t  strains of an im a l colibacillosis h ad  previously  been 
te s ted  on the sam e model (Thai an d  D in te r, 1953). The liv ing  culture of 
s tra in  “455” an d  its haemolysin o b ta in e d  by filtration w ere adm inistered 
to  mice. In  bo th  experim ents early  d e a th  of the  anim als d u e  to  haem or­
rhagic lung oedem a was evident (m orphological exam ination was no t p e r­
form ed). These observations suggest t h a t  th e  lung model m ay  be useful 
in studying agen ts o f animal colibacillosis.

In  testing E. coli ty p e  strains o f th e  Copenhagen E scherich ia  Centre, 
Sm irnova (1973, 1974) found th a t  40 s tra in s  ou t of 115 cu ltu res belonging 
to  98 O-serogroups caused fatal in fec tion  in  mice after in tran asa l challenge. 
T w enty-three stra in s  killed p rac tica lly  all mice in th e  firs t th ree  hours. 
M any of the cu ltu res tested  had o rig in a lly  been isolated from  anim al coli­
bacillosis. O ther s tra in s, including m a n y  pathogens of in fan tile  E. coli 
en teritis , caused d ea th  of mice la te r  a n d  killed only p a r t  o f th e  animals. 
T hus, fu rther stud ies are needed to  define th e  nature of to x in s  which cause 
blood vessel lesions and  fatal serous-haem orrhagic lung oedem a, inhibit 
leukocyte response an d  cause local cell dam age involving th e  bronchial 
epithelium  (in co n tra st to  the in testina l ep ithelium  in experim ents on ligated
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ra b b it small gut loops as will be shown in C hapter 22). I t  w ould be desirable 
to  s tu d y  these to x in s in com parison w ith o th er en tero tox ins of E. coli 
iso lated  from cholera-like diseases, w ith  enterotoxins of an im al colibacillosis 
agents, as well as w ith  cholera en tero tox in  an d  “ vascular perm eability  
fa c to r” . The problem  of enterotoxin-like substances in  E E C -I should also 
be elucidated. F o r all these aims th e  lung model seems to  be th e  best m ethod 
along w ith  the iso lated  gu t loop technique, en tera l challenge and in tra- 
cutaneous inoculation of toxin  preparations.

T hus, in tranasa l challenge of mice w ith  different E. coli s tra in s has shown 
th a t  th e  lung m odel is suitable for distinguishing th e  pathogen ic properties 
o f these organism s. B o th  N EEC  and  E E C -I (agents of infantile E. coli 
en teritis) only cause short-term  infectious processes in  th e  lungs, dem on­
strab le  by repeated  bacteriological and  m orphological exam inations in th e  
course of th e  first day . These organism s m ultip ly  in  alveolar m acrophages.

Shigella-like E E C -II  (0124 etc.) agents of dysentery-like diseases of 
adu lts  and  children m ultip ly  in th e  epithelial cells as observed in conjunctiv­
al challenge. In  co n trast to  shigellae, these organism s can grow inside 
alveolar m acrophages. E xperim ental lung infection induced by these 
E E C -II  has a severe course w ith  m arked m icrobial m ultip lication in th e  
pu lm onary  tissue, leading to  th e  dea th  o f th e  m ajo rity  o f the  anim als.

E. coli 0 1 f2 a I1 2 b , 06 , 01  and  others, iso lated  from  adu lts  and children 
w ith  gastroen teritis  resem bling m ild forms of cholera, inh ib it leukocyte 
response, dam age alveolar and bronchial cells locally and  im pair vascular 
perm eability , resu lting  in  the  an im als’ d ea th  from  serous-haem orrhagic 
lung oedem a in th e  first hours a fte r challenge. W ith  in tran asa l adm inistration  
o f heat-labile tox ins p resen t in  th e  lysates of these organism s sim ilar results 
were obtained, an d  th e ir enterotoxigenic effect could be proved  in experi­
m ents on isolated in testina l loops (see C hapter 22). A t th e  sam e tim e in tra ­
nasal challenge w ith  o ther agents of cholera-like diseases, such as E. coli 
06 :H 16 , 015:1111 and  0148:1128, producing even stronger heat-labile, 
an d  particu larly  heat-stab le , enterotoxins (see C hap ter 22), does not cause 
th e  d ea th  of mice. F u rth e r studies are required  to  define th e  na tu re  o f 
b o th  kinds of to x in s and  to  com pare them  w ith  choleragen (known to  
con tain  bo th  en tero to x in  and  “vascular perm eability  fa c to r” ).
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ENTERAL CHALLENGE OF ANIMALS WITH 
ENTEROPATHOGENIC ESCHERICHIA COLI. 

EXPERIMENTS ON ISOLATED INTESTINAL LOOPS
by

YU. E . P O L O T S K Y

E N T E R A L  C H A LLEN G E

E X P E R IM E N T S  W IT H  A G E N T S O E  IN F A N T IL E  E S C H E R I C H IA  C O LI
E N T E R IT IS  (E E C -I)

The first a ttem pts to  challenge o rd in a ry  laboratory  anim als orally  w ith 
E. coli О 111, 055, 0 2 6 , 0127 and  som e other agents of in fantile E. coli 
en teritis  were unsuccessful (Giles an d  Sangster, 1948; Taylor, 1951; B raun 
e t al., 1953; N ovgorodskaya, 1953a, b, 1958; R an tasalo  e t al., 1955; and 
others). Several investigators repo rted  on  the  reproduction  o f en teritis  by  
feeding E E C -I cultures to  k ittens and  puppies (K repier an d  Zischka, 1952; 
Zaleski and  Ceprvnska-Ciekawa, 1956; E lshina an d  M olchenko, 1959; 
Illu tov ich  et al., 1962; Em elyanova a n d  Shvetsov, 1963; E rm olov, 1967; 
S taley  e t al., 1969a). E E C -I p en e tra tio n  into the  m esenteric lym ph nodes, 
liver, spleen or blood was occasionally no ted , especially in  experim ents on 
new born animals (Staley e t al., 1969a; a n d  others). A m ild form  of enteritis 
was also observed a f te r  oral challenge w ith large doses of E E C -I in 
young monkeys (Stasilevich, 1958a; Y akhnina e t al., 19606; Dzhikidze 
e t al., 1965). The diseases induced h av e  no t been stud ied  in  detail.

The resistance of lab o ra to ry  anim als to  infection w ith  pathogens of hum an 
diseases is a ttrib u ted  to  th e  an tagon ism  of their in testina l microflora (see 
C hap ter 3). W hen the  m ouse in testina l flora is inh ib ited  w ith  antibiotics, 
E E C -I strains resistan t to  them  m u ltip ly  and colonize th e  en tire  in testina l 
tra c t  w ithout producing pathological changes in it (Ráüss a n d K é ty i, 1960; 
A schburner and M ushin, 1962). The sam e m ay be observed in  ad u lt rabbits 
(R avin  and  Fine, 1962) and  in suckling mice challenged w ith  non-patho- 
genic microorganisms during  the  firs t week of th e ir life (K enny e t al.,
1970). In  these experim ents we are n o t dealing w ith  th e  so-called benign 
infectious process b u t w ith  an  im p lan ta tio n  of organism s replacing the 
norm al intestinal flora. These m ethods are used for s tudy ing  im m unity  
against E E C -I and for developing vaccination  techniques in mice (Linde 
e t al., 1969; Linde an d  Koch, 1970; an d  others) an d  even in m onkeys 
(Felsenfeld et al., 1.972).

The im portance of th e  age of an im als or of the  an tagonism  o f their 
in testina l flora in challenge w ith E E C -I is no t quite clear. W hen challeng­
ing suckling mice orally  w ith  agents o f  infantile E. coli en teritis , M ushin 
and  D ubos (1965) and  M ushin e t al. (1970) observed fa ta l enteric infection 
accom panied by intensive growth o f th e  pathogen in th e  in testine and 
p en e tra tio n  into the  blood and  viscera. These were, however, anim als of a
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specific NCS colony w ith  insignificant norm al E. coli co n ten t in the g u t. 
Such mice, unlike o rd inary  ones, d isp layed  peculiar suscep tib ility  to  ch a l­
lenge w ith  different viruses and bac teria , i.e. possessed a  low level of n o n ­
specific im m unity . In  ord inary , non-inbred white suck ling  mice, E E C -I 
induced sim ilar diseases b u t these were milder and o f  shorter dura tion . 
A dm inistration of N E E C  cultures (081 and 0117) to  NCS suckling m ice 
also resu lted  in bac teria l m ultip lication and  colonization o f the  gut b u t th e  
anim als did  no t succum b to th e  disease (Mushin e t a l., 1970).

F riedm an and H a lb e rt (1960) and  K é ty i (1964, 1966a) used for infecting 
newborn o rd inary  mice E . coli 01Q1:K30(A):H— iso lated  from  calves th a t  
died of colibacillosis (Moll and  Ingalsbe, 1955) in s tead  o f EEC-I. W hen 
challenged during th e  first three days a fte r b irth , th e  m ice died rap id ly  of 
sepsis (resembling E. coli sepsis in new born and p rem a tu re  infants), while in 
mice aged 4—6 days en teritis  developed and  the anim als d ied  of dehydration  
and  toxicosis (like in fan ts  having E. coli enteritis). T h e  resistance to  E E C  
O101 infection which appeared  a f te r  7-8 days was n o t  a ttrib u ted  to  th e  
appearance of an  an tagonistic  in testina l flora (which was noted earlier), 
b u t to  biological m atu ring  of the  in testin a l epithelium  (K éty i, 1964, 1966a). 
However, m orphological exam inations were not perform ed.

The pathogenic p roperties of E E C -I have been s tu d ie d  by challenging 
germ-free newborn piglets. A fter feeding large num bers (10°) of EEC 0 5 5 , 
Miller e t al. (1964), R ejnek et al. (1968) andT ravn icek  e t  al. (1968) observed 
the developm ent of fa ta l infection w ith  signs of b ac te ria l m ultiplication 
in the g u t and  sepsis w ith in  24-48 h. O ral adm in istra tion  o f a NEEC s tra in  
used both  in these experim ents an d  in the form er w orks of Sterzl e t al. 
(1960) proved to  be harm less for p ig lets though the  organism s were reco v ­
ered from  the  viscera.

S taley e t al. (19696, d, 19706) conducted histo logical and electron- 
microscopic studies on th is  model to  clear up the  fa te  o f  E E C -I 055:B 5:H 7, 
as well as its in teraction  w ith  the  in testina l mucosa. A m ild form of e n te r i­
tis was observed in these experim ents during the firs t tw o days followed 
by mild or even m arked colitis (Stalev e t al., 19706). S h o rtly  after challenge 
w ith E. coli Ü55 th e  organism s becam e attached  a t  s ites to  the ep ithelial 
surface o f sm all in testin a l villi, an d  seemed to  m u ltip ly  there. By the  end  
of the  first day  th ey  adhered  to  th e  m ucosa in large num bers and form ed 
films covering the villi in 48 h (Fig. 22-1). At the s ites  o f bacterial a t ta c h ­
m ent microvilli were absent, an d  th e  cell m em brane appeared to  be 
m onolayer, swollen and  occasionally formed invag inations (Fig. 22-2a, 6). 
Shortening, swelling an d  branching o f adjacent m icrovilli to  varying degrees 
were detected . Organisms were frequen tly  found in th e  cytoplasm  of som e 
epithelial cells (Fig. 22-1, 22-2a), w here they  were, as a  rule, separated from  
the cytoplasm  by m em branes and  d id  n o t produce a n y  conspicuous dam age. 
P a r t  of th e  organism s also penetrated  the  lam ina p ro p r ia  where they  were 
taken  up by leukocytes and m acrophages. L ater s im ila r events occurred  
in th e  large bowel m ucosa. S taley an d  his co-workers (19706) po in ted  o u t 
th a t, in spite of an  extensive m icrobial invasion, th e y  d id  not find essen­
tial lesions up to  th e  6th day  o f th e  experim ent, w hen throm bosis o f 
capillaries, oedema and  haem orrhages in the lam in a  propria and in th e
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F ig . 22-1. E . coli 0 5 5 :B 5 :H 7  on  th e  su rface  o f  th e  epithelium  o f  ile a l villi and  inside 
cells 48 h a f te r  challenge o f new born  germ -free  p ig le ts . Toluidine b lu e , X 1900 (S taley

e t a l., 1969ft)

subm ucosa appeared, b u t w ith o u t dam aging  the in te g rity  of the  ep i­
thelial lining.

Similar signs, closely resem bling pathological findings in  infants who 
died  of E. coli en teritis  (see C hapter 19), w ere also observed b y  Staley et al. 
(1970a) in new born calves challenged w ith  E. coli 055 :B 5:H 7. I t  is possible 
th a t  in all of these cases m ultip lication  o f E E C -I in th e  g u t, th e ir growth 
on the surface o f mucosal ep ithelium  a n d  th e ir penetra tion  through it is 
prom oted no t only  by the  absence of an  antagonistic in te s tin a l flora b u t 
also by the im m atu rity  of th e  epithelial lin ing (Staley e t a l., 19726, etc.).*

I t  is no tew orthy  th a t in anim al experim ents agents o f  th e  so-called 
colibacillosis o f young pigs and  calves also had  the ab ility  to  grow on the

* A fte r a  c e r ta in  in te rv a l fo llow ing b ir th  (v a ry in g  in len g th  w ith  th e  species) 
in te s tin a l ep ithe lia l cells a re  capab le  o f  a b so rb in g  and  tra n sp o r tin g  p ro te in  m acro ­
m olecules (im m unoglobulins o f m a te rn a l c o lo s tru m  or m ilk, e tc .) a n d  co rpuscu lar 
e lem en ts (Com line e t  a l., 1951; K ra e h e n b u h l e t  a l., 1966, 1967, 1971; M attisson  and  
K arlsson , 1967; E l-N agen , 1967; G raney , 1968; S ta ley  e t a l., 1968, 1969c, 1970«, 
1972«, ft; K ra e h e n b u h l and  C am piche, 1969; V eress and  B a in tn e r, 1970; C larke and  
H a rd y , 1971; F ey , 1971; Moon, 1972; R u n d e ll a n d  Lecce, 1972; J e f fc o t t ,  1974; Jones, 
1974).
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F ig . 22-2 íí, b. E . coli 0 5 5 :B 5 :H 7  on th e  su rface  of th e  in te s tin a l ep ithe lium  and  th e i r  
p a r t ia l  p en e tra tio n  in to  th e  cy to p lasm  (a) 20  h a f te r  challenge o f  new born germ -free 

p ig le ts , a  X 23 500; b x  50 000 (S taley  e t  a l., 196M)*

m ucosal epithelial surface (T. S m ith  and O rcutt, 1925; Arbuckle, 1970, 
1971; Gilka and S ala jka , 1970a, 6; Drees and W axier, 1970; W axier e t al., 
1971; B ertschinger e t al., 1972). I t  is a  controversial problem  w hether th ey  
p en e tra te  the m ucosa and  cause an  inflam m atory response (H. W. Sm ith, 
1963; H. W. Sm ith  and  Jones, 1963; Kohler and  Bohl, 1966; Moon e t al., 
1966h, 1970a; K ohler, 1967; C hristie, 1969; Jones an d  Sm ith, 1969; Drees 
an d  W axier, 1970; K enw orthy , 1970; W axier e t al., 1971; B ertschinger e t al.,
1972). Investigations carried ou t on isolated loops o f sm all intestine (see 
la ter) have shown th a t  the  agents of anim al colibacillosis produce entero- 
tox ins. Oral adm in istra tion  of these preparations (sterile lysates or filtrates) 
to  new born anim als causes a  characteristic d iarrhoea which is not accom ­
pan ied  by in testina l inflam m atory  alterations (K ohler, 1968, 1971a, b, 
1974; K ohler and  Cross, 1969, 1971; H . W. Sm ith and  Gyles, 1970a; Gyles, 
1971; H . W. Sm ith an d  Linggood, 1971, 1972). A t th e  sam e tim e it has been 
s ta te d  th a t  p ro te in  transm issive antigen K88 p lays an  im portan t p a r t  
in  th e  pathogen ic ity  of enterotoxigenic agents o f swine colibacillosis. 
This antigen is responsible for th e  ab ility  of b ac te ria  to  a ttach  to  th e  *

* We express our thanks to dr. Theodore E. Staley for kindly sending us the originals of some of his elec­
tron micrographs.
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in testinal epithelium ; its  rem oval o r neutra lization  w ith  an tiserum  results 
in  th e  loss of pa thogen ic ity  (H. W . S m ith  and Linggood, 1971; Jones and 
R u tte r , 1972, 1974; R u tte r  and  Jo n es , 1973). A sim ilar antigen, K99, 
has been revealed in  enterotoxigenic agents of calf and  lam b enteric coli- 
bacillosis (H. W. S m ith  and  L inggood, 1972; I. 0 rsk o v  e t al., 1975c).

EXPERIM ENTS W IT H  PATHOGENS Ob1 DYSENTERY-LIKE DISEASES 
OF ADULTS AND C H ILDREN (SHIGELLA-LIKE EEC-II)

A dm inistration o f 1.3-4.4 XlO9 v iru len t E. coli 0124:K 72(B17) organisms 
in to  the stom ach o f guinea pigs p re tre a te d  according to  th e  m ethod of 
F o rm al et al. (1958) (see C hapter 10) resulted  in severe disease (Polotskv 
an d  Yasser, 19666, 1970a, b). A bout one-th ird  of th e  anim als died w ithin 
1—3 days. No d iarrhoea was seen th o u g h  stools were frequen tly  loose, con­
ta in in g  a considerable am ount of m ucus. A t autopsy, loops of the  small 
in testine and th e  caecum  of an im als sacrificed a t  d ifferent tim e intervals 
w ere seen to  be filled w ith reddish-yellow  or brown fluid containing

F ig . 22-3. U lcer in th e  caecu m  48 h a f te r  challenge w ith E . coli 0124 :K 72(B 17) of 
s ta rv e d  guinea p igs. T hionine, X 85
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gas bubbles; congestion and  oedem a of th e  in testinal walls were no ted . 
On their m ucosa flake-like films were occasionally seen. C ultures made from  
th e  liquid show ed m ultip lication of the  organism s, which was especially 
m arked in severely affected anim als.

H istological investigation showed inflam m atory  foci in th e  small in testinal 
and  caecal m ucosa; inflam m ation was m ost intensive by th e  48th h, w hen 
in severely affected and dying guinea pigs the  m ucosal surface of th e  
caecum was covered w ith a p u ru len t exudate . In  such areas th e  crypts w ere 
filled w ith leukocytes, and a t  sites their epithelium  showed signs of d estru c­
tion. Fairly  large ulcers occurred in the  caecum  in some cases (Fig. 22-3). 
In  convalescent anim als th e  inflam m atory  process subsided gradually .

W ith in  th e  first hours a fte r challenge single organism s were revealed in 
th e  cytoplasm  o f some epithelial cells of th e  jejunum . A fter 24 h and espe­
cially after 48 h  th ere  was an  increase in th e  num ber of infected cells (no t 
in the  jejunum  b u t in the  ileum  and even m ore in the  caecum ) as well as 
in the  num ber o f bacilli in th e  cytoplasm  of affected cells in  severely ill o r 
dying anim als. Such cells were more frequen tly  seen on th e  periphery  o f 
destroyed p a r ts  o f the ep ithelial lining. Sloughed ep ithelial cells filled w ith  
organism s were frequently  observed in th e  p u ru len t ex u d a te  filling th e  g u t 
lum en and in th e  crypts. In  the  cytoplasm  of polvm orphonuclears, few  
sem i-destroyed bac teria  were sometimes encountered. A t dam aged sites o f 
th e  mucosa th e  organism s were som etim es also found in th e  cytoplasm  o f 
m acrophages o f th e  lam ina propria , where th ey  appeared  to  lie un a lte red  
and  were even dividing.

E xcep t for th e  ab ility  of organism s to  survive in m acrophages, ex p e ri­
m ental enterocolitis of guinea pigs caused b y  E. coli 0124  and  by Shigella 
(see C hapter 10) are closely similar. H ow ever, m uch larger doses w ere 
required for challenge w ith  E E C -II, while the  infection produced w as 
milder. The ep ithelial lesions caused by these organism s were less extensive, 
whereas the  leukocyte response was more in tensive and  leukocytes destroyed  
th e  organism s m uch more quickly.

Form al e t al. (1971«) and  D uP on t et al. (1971), conducting similar e x p e r­
im ents on guinea pigs, also observed th e  p en e tra tio n  of E. coli 0124, 0 1 4 3  
and  0144 in to  th e  epithelial cells and  th e  lam ina p rop ria  of the in testina l 
mucosa. Foci o f inflam m atory infiltration were detec ted  in the ileal a n d  
caecal m ucosa w itli corresponding defects o f the  m ucosal epithelium  (these 
studies were carried  out 24 h  post challenge).

The sam e au tho rs observed a m ild d iarrhoea a fte r oral challenge o f 
m onkeys w ith  shigella-like E E C -II, and  b y  feeding large doses of th ese  
organism  to  volunteers th ey  succeeded in reproducing a typ ical d y sen te ry ­
like disease w ith  bloody diarrhoea, fever an d  m arked signs of in toxication. 
A t sigm oidoscopy the appearance of th e  colonic m ucosa of the p a tien ts  
was sim ilar to  th a t  in dysentery ; it was red, friable w ith  m ultiple p u n c ta te  
bleedings. T he dose required  to  produce a  dysentery-like disease in v o lu n ­
teers was 10,000 tim es higher for E E C -II th a n  for shigellae.
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E ntero toxigenic E. coli 06:H 16 a n d  0148:H 28 iso lated  from  p a tien ts  
(see C hapter 19) proved  to  be alm ost com pletely harm less for guinea pigs 
(Form al e t al., 1971a; D u P o n t et a l., 1971). Dean e t al. (1972) suggested 
to  introduce such b ac teria l cultures d irec tly  into the  stom ach  of new born 
mice by  punctu rin g  th e  anterior ab d o m in a l wall. The resu lts of the  experi­
m ents were assessed in  term s of the  a m o u n t of fluid accum ulating in  th e  
in testinal lum en (determ ined by w eighing th e  intestine). The d a ta  ob ta ined  
generally conform ed to  the  results o f  sim ilar experim ents on iso lated  
in testinal loops (see later).

Challenging m onkeys w ith  E.coli 0 6  an d  0148, D u P o n t e t al. (1971) 
observed a tran sien t d iarrhoea with w a te ry  stools in som e anim als (8 ou t 
of 36 m onkeys). The sam e was noted in  hum ans infected orally w ith  v ery  
high doses o f enterotoxigenic EEC. Bacteriological stud ies showed th e  
presence o f organism s m ostly  in th e  u p p e r p a r t of th e  sm all in testine. 
At sigm oidoscopy th e  colonic m ucosa o f  infected volunteers was red  b u t 
w ithout haem orrhages. Congestion was th e  only histological change to  be 
observed. T he au thors cam e to  the conclusion th a t these organism s possess­
ing no invasive p roperties b u t producing en tero toxins cause hum an diseases 
which are sim ilar to  cholera bu t not to  dysen tery .

Relying upon th e  resu lts of oral challenge of new born rab b its , G orbach 
and K h u ran a  (1972) an d  K an to r e t al. (1974a) considered th e  agents o f 
infantile E. coli en teritis  (EEC-I), or a t  le a s t some of them , as well as som e 
members o f o th er E. coli serogroups, to  be capable o f producing en tero ­
toxins. These au thors also m aintained th a t  the m echanism  of action  o f 
enterotoxins is p robably  sim ilar to th a t  o f  pathogens of cholera-like disease 
of adults, b u t th e  form er are weaker in  effect.

E X P E R IM E N T S  W IT H  E N T E R O T O X IG E N IC  E S C H E R IC H IA  COLI

E X P E R IM E N T S  ON ISOLATED IN T E ST IN A L  LOOPS

E xperim ents on isolated segments o f th e  in testine bear close resem blance 
to  enteral challenge of anim als. I t  is th e  p rin c ip a l advan tage of the  m ethod  
th a t it excludes the  m echanical e lim ina tion  of organism s by peristalsis. 
Any dose of organism s or toxins, an tisera , e tc . can be in troduced  in to  th e  
isolated in testina l loops, and  the in itia l stages of in teraction  betw een 
organisms an d  in testina l epithelium  can b e  studied, which is rarely  possible 
in enteral challenge.

Artificial infection of ligated  loops o f  th e  rab b it’s sm all in testine was 
first suggested by Violle and  C rendiropoulo (1915) and  la te r  by De and  
C hatterje (1953) for th e  experim ental s tu d y  of cholera; i t  has th en  been 
widely used for th is purpose (F orm alet a l., 19616; Fresh e t al., 1964; B urrow s 
and M usteikis, 1966; P a tn a ik  and Ghosh, 1966; F inkelstein , 1969; F re ter, 
1969; Sinha e t al., 1969; an d  m any others). T h e  experim ents showed cholera 
agents to  induce m arked d ilatation  of in fec ted  loops due to  accum ulation 
of fluid resem bling cholera p a tien ts’ stools. Cholera vibrios do no t p en e tra te  
th e  epithelial cells b u t m ultip ly  on th e i r  surface w ith o u t injuring th e
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epithelial lining or causing an inflam m atory  response (in either hum ans 
or orally challenged anim als) (Fresh e t al., 1964; P a tn a ik  and  Ghosh, 1966; 
F reter, 1969). However, Form al et al. (19616) observed a  transien t insig­
nificant leukocyte response in the in testina l loops a t  e a rly  periods of th e  
experim ents. By the  end  o f th e  observation period F o rm al and  his co-work- 
ers (19616), as well as D e and C hatterje  (1953) and  F re sh  e t al. (1964), 
could observe necrotic changes of th e  epithelium , w hich  were probab ly  
due to  d istu rbance o f circulation (Form al e t al., 1961) o r to  com pression 
of the m ucosa by th e  g rea t am ount o f fluid (Fresh e t  a l., 1964).

S tudies m ade w ith  th is  model p roved  th a t  the  pathogenic effect o f 
cholera vibrios is due to  their exotoxin, i.e. a choleragen or a heat-labile 
en terotoxin  present in  b ro th  culture filtra tes and  u ltrason ic  (or sonic) 
vibrio lysates (De, 1959; De et al., 1960; Burrows a n d  Musteikis, 1966; 
K asai an d  Burrows, 1966; Burrows, 1968; F inkelstein , 1969; Burrows e t 
al., 1971; K ao  e t al., 1972; etc.). R ecent stud ies have show n th a t the effluent 
in cholera, i.e. the serous isotonic fluid accum ulating  in the in testina l 
loops exposed to  cholera enterotoxin an d  containing h igh  levels of som e 
electrolytes (large q u an titie s  of sodium an d  b icarbonate w ith  lesser am ounts 
of potassium  and  chloride) b u t poor in  p ro te in , is th e  p ro d u c t of epithelial 
hypersecretion ra th e r th a n  a tran su d a te  (Norris and  M ajno, 1967, 1968; 
Norris, 1968; Norris e t al., 1969; C arpenter, 1971, 1972; P ierce et al., 1971). 
This has been confirmed by  biochemical investigations showing th a t cholera 
en tero tox in  stim ulated  th e  activ ity  o f adenvl cyclase, w hich is a cellu lar 
m em brane-bound enzym e, increasing th e  fluid and  electro ly te  secretion 
of ep ithelial cells (Field, 1971; K im berg e t  al., 1971; S harp  and  Hynie, 1971; 
G uerran t e t  al., 1972; B eckm an et a l., 1974).

E xperim ents w ith  cholera vibrios an d  en tero tox in  a re  m ost frequently  
made on th e  ra b b it’s sm all gut. A fte r fasting  the  an im al for 1-3 days 
the peritoneal cav ity  is opened u n d er anaesthesia a n d  10-15 cm long 
loops of sm all in testine are ligated, a lte rn a tin g  w ith in ta c t  segments. W ith  
this m ethod  different enterotoxigenic organism s an d  th e ir en tero toxins 
can be tes ted . Since th e  intestinal t r a c t  is obstructed , th e  period of ob ser­
vation is usually  lim ited  to  24 h. T he m ore com plicated  Thiry-Vella te c h ­
nique is less frequen tly  used  (on rab b its  o r dogs); according to  this m ethod  
a small in testina l loop (20-25 cm long) is severed in  toto by su turing  its  
end to  th e  abdom inal wall. A t the  s ite  o f resection anastom osis is m ade 
to  keep th e  a lim en tary  tra c t  passable; th u s  long-term  experim ents becom e 
possible. To detec t th e  en tero toxigenicity  of E. coli P unyash th iti an d  
F inkelste in  (1971) em ployed ligated loops of the  m ouse sm all gut, s im u lta ­
neously assessing th e  “ adhesiveness” o f th e  organism s, i.e. their ab ility  
to  become a ttach ed  to  epithelial cells using th e  e ry th ro cy te  slide haem agglu- 
tination  te s t. A gents o f anim al colibacillosis are usually  te s ted  on the lig a ted  
gut of anim als of th e  sam e species (H . W . Sm ith an d  H alls, 1967a; M yers 
et al., 1975).
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E X P E R IM E N T S  W IT H  E N T E R O T O X IG E N IC  E S C H E R I C H IA  C O LI 
A SSO C IA TE D  W IT H  C H O L E R A -L IK E  D IS E A S E S

De et al. (1956) were the  first to  n o te  th a t  in Ind ia a d u lt  patien ts  w ith  
acute en teritis  w ith  a  typ ical cholera syndrom e frequently  discharged g reat 
num bers of E. coli organisms in  th e  absence of cholera vibrios. H av ing  
tested  20 serologically unidentified iso lates in ligated loops of the ra b b it 
sm all gut, th e y  found th a t  w ith in  24 h , 13 cultures caused  d ila ta tion  of 
th e  loops an d  necrotic non-inflam m atory  changes of the  epithelium . De an d  
C hatterje (1953) considered th e  sam e findings to be ty p ic a l for cholera 
vibrios.

As m entioned in C hapter 19, cholera-like diseases were show n to  be asso­
ciated w ith E. coli 06  , 015, 078 , 0 1 4 8  an d  other serogroups (see Table 
19-III) which elaborate  enterotoxins d e te c te d  in broth cu ltu re  filtrates and  
in  whole m icrobial cell lysates (Gorbach e t  a l., 1971; Sack e t  al., 1971, 1974; 
Form al et al., 1971a; D uP ont e t al., 1971; Sakazaki et a l., 1974a, Ъ; Shore 
e t al., 1974; etc.). In  contrast to  N E E C  filtra tes  and lysates and, sim ilarly 
to  cholera en tero toxin , enterotoxins o f th ese  organisms caused  serous fluid 
accum ulation and  dilatation  of iso lated  loops of the sm all gu t in rab b its  
(and dogs). T he enterotoxins of E. coli sim ilarly  to choleragen stim ulated  
adenyl cyclase and  elicited hypersecretion  o f the epithelial cells, although 
com pared w ith  th e  la tte r th e ir action w as weaker, s ta rted  ea rlie r and  lasted  
shorter (Al-Awqati e t al., 1972; E v an s  e t  al., 1972; L ev itan  e t al., 1972; 
Pierce and W allace, 1972; G uerran t e t  a l., 1973; Sherr e t a l., 1973; K an to r 
e t al., 1974a). T hey even had  some an tigen ic  relationship to  cholera en tero ­
tox in  (N. W . Sm ith and Sack, 1973; P ierce , 1973; Gyles, 1974a, 6; L ikhoded 
e t al., 1974; Sack e t al., 1974), b u t d iffered from it by  con tain ing  a h ea t- 
stable com ponent (E tkin  and  G orbach, 1971; D. J . E vans jr . e t al., 1973;
D . G. E vans e t al., 1973; N alin  e t a l., 1974) as well as b y  im pairing th e  
absorption of glucose and glycine, suggesting  a som ewhat d ifferent p a th o ­
physiological response; this is of im p o rtan ce  from th e  p o in t of view of 
therapy  in clinical practice (Sherr e t a l., 1973). The lack o f inactivation  of
E. coli en tero toxins by n a tu ra l cholera to x o id  and ganglioside suggested 
a  difference in  m ucosal receptors (P ierce, 1973). M eanwhile, separate 
experim ental stud ies w ith hea t-stab le  a n d  heat-labile E. coli enterotoxins 
have shown th a t  the  effect of th e  form er is earlier, weaker a n d  lasts sho rter 
th a n  th a t of th e  la tte r, which is n eu tra liz ed  by an tiserum  to  choleragen 
(Nalin et al., 1974).

D uPont e t al. (1971) and Form al e t al. (1971a) have show n th a t  en tero ­
toxigenic E. coli 06 :H 16 and 0148 :H28 fa iled  to p en e tra te  th e  in testinal 
epithelium  an d  did no t induce inflam m ation .

In  our first experim ents some o ther ag en ts  of diarrhoeal diseases of adu lts 
an d  children resem bling mild forms of cho lera were used (E. coli serogroups 
0 6 , 0 1 12a 112b and  others producing e a rly  d ea th  of in tran asa lly  challenged 
mice) (Avdeeva e t al., 1973a, c; see C h ap te rs  19 and 21). T h e  doses ranged  
from  lOXlO9 to  75x10° (in 1-5 ml b ro th  culture grown w ith  shaking). 
A ccum ulation of great am ounts of serous-haem orrhagic fluid s ta rted  in a l­
m ost half of th e  infected loops 6 h  afte r challenge and reached its  peak by the



ENTERAL CH A LLEN G E OF ANIMALS W ITH ENTEROPATHOGENIC E. COLI 305

F ig . 22-4. A b u n d an t accum ulations o f  en tero tox igen ic  E . coli s t ra in  N o. 3970 on th e  
su rface  o f th e  ep ith e liu m  of th e  r a b b i t  je junal liga ted  loop 12 h  a f te r  challenge.

T h ion ine , X 1140
r

' ' «

1 0 th -1 4 th  h (A vdeeva et al., 1973a, c).* Sterile u ltrasonic lysates of the tw o 
stra in s  tested  gave positive resu lts som ewhat m ore frequen tly  th an  living 
cultures, however, sterile filtrates o f su p ern a tan t cu lture fluids did so m uch 
m ore rarely. The ac tiv ity  of lysates was com pletely lost a fte r heating th em  
to  60 °C for 30 m in, b u t filtrates were no t inactivated  even a t  higher te m ­
p era tu res  (90 °C) (Avdeeva e t a l., 1973c).

H istological exam inations showed th a t neither th e  ligation of in testina l 
loops nor the  adm in istra tion  o f sterile b ro th  or N E E C  cultures induced 
an y  conspicuous m orphological a lterations. M arked oedem a and  congestion 
were noted in th e  m ucosa and subm ucosa of d ila ted  g u t loops after in jec­
tio n  of enterotoxigenic E. coli s tra in s  or their en tero toxins. H aem orrhages 
w ere occasionally seen; leukocytes were few in num ber an d  were alm ost 
ab sen t in the villi. In  the first hours afte r challenge large accum ulations

* O ur ex p erim en ts  m ade  w ith  en te ro to x ig en ic  E . coli on  lig a ted  loops of r a b b i t  
sm a ll in testine  w ere  carried  ou t in  co llab o ra tio n  w ith  T . A . A vdeeva, Б .  M. D ra g u n  - 
sk a y a  and  L. A. S m irnova. S tudies on  E E C -I  w ere p e rfo rm ed  to g e th e r  w ith  N . R .  
V asse r an d  E . M. D ragunskaya , th o se  o n  shigella-like E E C -I I  (0 1 2 4  etc.), Sh igella  
a n d  Salm onella  w ith  E . M. D rag u n sk ay a  a n d  N . R . V asser. E . S. S n ig ire v sk a y a c o n trib ­
u te d  to  th e  elec tron-m icroscopic s tu d ies .

2 0  Voino-Yasenetsky — Bakács
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F ig . 22-5. E n te ro to x ig en ic  E . coli s tra in  N o . 3976 in  th e  g lycoca lyx  lay e r covering 
th e  m icrovilli o f th e  ep ith e lia l cells o f  th e  r a b b i t  sm all in te s tin a l loop 12 h  a fte r

challenge. X 23 000

of organism s were seen, often form ing th ick  films, frequen tly  w ith  the 
adm ix tu re  of m ucus (discharged fro m  goblet cells), eosinophilic fluid, 
ery th rocy tes and sloughed epithelial cells on the surface of th e  unaltered 
ep ithelial lining. A t som e sites the  organism s seemed to  be fixed to  the 
brush  border b u t th e y  d id  not cause a ltera tions in it or in  th e  cytoplasm  
of th e  epithelial cells. A fter 9-12 h a n d  la te r , bacilli were seen to  have be­
come a ttached  to  th e  epithelial surface in  the infected loops overflowing 
w ith  fluid less frequen tly . They seemed to  have been w ashed ou t by  the  fluid 
effluent into the  loop lum en where th e ir  am ount increased. However, a t 
some sites of the  ep ithelial lining of th e  villi, accum ulations of m ultiplying 
enterotoxigenic E. coli were still o b serv ed , and occasionally th e ir num ber 
was considerable (Fig. 22-4).

E lec tron  microscopy (Polotsky e t ah , 1974a, 1976) showed th e  organisms 
to  be in contact on ly  w ith  the glycocalyx* covering th e  microvilli (Pig.

* T he glycocalyx w as d e tec ted  by m eans o f  f ix a tio n  in  g lu ta ra ld eh y d e  w ith  ad d ition  
o f th iophospham ide  fo llow ed b y  th a t  o f o sm iu m  te tro x id e  [tech n iq u e  of K om issarch ik  
an d  Snig irevskaya (1973)]; instead  o f th io p h o sp h am id e , occasionally  a lc ian  blue, 
ru th e n iu m  red  o r la n th a n u m  were used.



F ig . 22-6. A utophagosom es in  a  d e sq u am a ted  ep ithelia l cell 12 h  a f te r  challenging 
a  lig a ted  ra b b it sm all g u t loop w ith  en tero tox igen ic  E . coli s t ra in  N o. 3796. X 20 000

20*

22-5), w ithout pene tra ting  deeper. An increased num ber o f large m ito ­
chondria  w ith d istinc t crystae, s tran d s  of rough endoplasm ic reticulum , 
ribosom es and m any secretory granules were ap p a ren t in m any epithelial 
cells; these findings obviously reflected an  increase in ep ithelial function. 
In  addition , in m any cells there w ere structu res called autophagosom es, 
m em brane-bound vacuoles contain ing cytoplasm ic partic les, organellae 
and  secretory granules. A utophagosom es were especially num erous in 
desquam ated  epithelial cells (Fig. 22-6). They were also revealed outside 
th e  cells in the lum en together w ith  a great num ber o f free secretory  g ra ­
nules, m ucus and serous fluid.

T hus, our morphological studies have shown th a t  enterotoxigenic EEC  
m ultip ly  on the ep ithelial surface an d  in the lum en o f infected gu t loops,
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sim ilarly to cholera vibrios. They do n o t pen e tra te  th e  ep ithelial cells and 
cause no damage to  th e ir  microvilli, in teracting  only w ith  th e  glycocalyx. 
T heir pathogenicity is due to  en tero tox ins causing m arked  hypersecretion 
o f epithelial cells in  th e  absence of inflam m ation. A t th e  sam e tim e, the 
appearance of num erous autophagosom es and  desquam ation  of epithelial 
cells indicate lesions w hich do n o t affect the  co n tinu ity  o f th e  epithelial 
lining. The presence o f secretory granules in  th e  autophagosom es suggests 
th a t  these changes a re  probably  due to  hypersecretion. I t  should be po in t­
ed  o u t th a t in in tran a sa l challenge o f  mice these en tero toxigenic EEC, as 
a rule, destroy th e  bronch ia l ep ithelial cells and focal defects of the epi­
the lia l lining appear (see C hapter 21). T he role p layed  by  im paired  vascu­
la r perm eability determ in ing  th e  ou tcom e of th e  process in the  lung 
m odel (see C hapter 21) is no t quite clear in  in testina l loop experim ents.

Sim ilar results w ere seen in experim ents w ith  enterotoxigenic E. coli 
06 :H 16 , 0 l5 : H l l  a n d  0148:H 28 o b ta in ed  from S. L. G orbach and H. 
L. D uP ont and w ith  E E C  0148:H 28 and  0148:H 7 iso lated  by T. A. 
A vdeeva and co-w orkers (1975) in L en ingrad . H ow ever, living cultures of 
all these organisms a n d  their en te ro to x in s—especially th e ir  heat-stable 
su p ern a tan t filtrates — evoked m ore frequen t and  p ronounced  overfilling 
o f th e  gut loops w ith  fluid w ithout adm ix tu re  of blood (C hakhutinskaya 
e t a l., 1975; P o lo tsky  e t  al., 1976). As n o ted  in C hapters 19 an d  21, experi­
m ents with the lung m odel showed a  conspicuous difference in toxic prop­
erties between E. coli Об, 015 an d  0148, which caused no early  death 
o f mice, and E. coli Об, 0112аЦ 2Ь , 0 1  etc., which p roduced  an  early fa ta l 
serous-haem orrhagic lu n g  oedema. T h e  difference seems to  be related  to  
th e  different effect o f  these two ty p es  of enterotoxigenic E. coli on the 
blood vessels.

A gents of anim al colibacillosis also produce en tero tox ins causing similar 
d ila ta tio n  of isolated in testin a l loops w ith o u t developm ent o f inflam m ation 
as living microbial cu ltu res do (H. W . Sm ith and  H alls, 1967«, 6; Gyles 
a n d  Barnum , 1969; H . W . Sm ith a n d  Gyles, 1970«; Moon a t  al., 1966«, 
19706, 1971; Gyles, 1971; W hipp an d  Moon, 1972, etc.). B ertschinger et 
al. (1972) showed th a t  agents of sw ine colibacillosis were a tta c h ed  to  the 
supram em braneous co a t o f the b rush  border of ep ithelial cells an d  m ulti­
plied there, becoming sp read  along th e  whole length  o f th e  in testina l villi. 
L ike in the case of o ra l challenge o f piglets th ey  d id  n o t p en e tra te  the 
epithelium . EEC 0 6  a n d  0148 associated  w ith hum an cholera-like diseases 
behaved  similarly in  th e ir  experim ents. I t  should be stressed  th a t  th e  p a th o ­
genicity  of anim al colibacillosis ag en ts  strongly depends on th e  ability 
to  a ttac h  to the in te s tin a l epithelial surface which, in  tu rn , is associated 
w ith  the  presence of surface antigens (K88 in swine disease agents and  K99 
in agents of colibacillosis o f calves an d  lam bs). As m entioned above, entero­
toxigenic E. coli s tra in s  deprived o f th e  antigens or t re a te d  by  specific 
an tisera  raised ag a in st them , cannot induce anim al diseases. Gyles e t al. 
(1974) have recently supposed  th a t en terotoxigenic agents o f h um an  cholera­
like diseases possess sim ilar substances.
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E X P E R IM E N T S  W IT H  E S C H E R IC H IA  C O LI A S S O C IA T E D  W IT H  
IN F A N T IL E  E N T E R IT IS  (EEC-I)

De et al. (1956) also te s ted  EEC-I cu ltu res (026, 0 5 5  an d  0111) an d  
observed th e  d ilatation  of infected rab b it in testina l loops due  to  fluid accu­
m ulation w ith o u t inflam m ation but w ith  necrosis of th e  epithelial lining. 
However, in subsequent investigations E E C -I induced m ucosal inflam m ation, 
the  degree of which depended  on the v iru lence of the  organism  (M cNaught 
and R oberts, 1958; T ay lo r e t  ah, 1958, 1961; Trabulsi, 1964; Filotti, 1965; 
Carrillo e t al., 1966; D ru ck er et ah, 1967; Y ahagi e t ah , 1967). Virulence 
probably also determ ines th e  ex ten t of loop d ila ta tio n  w ith  th e  fluid exudate. 
The mode o f in teraction  o f E E C -I w ith th e  epithelial cells o f the infected 
gu t loop m ucosa is no t q u ite  clear. Taylor e t  ah (1958) fo u n d  organisms only  
in th e  in testina l lum en w hen the in flam m atory  response was slight, a n d  
m ostly  on th e  surface o f th e  columnar ep ithelium  of th e  v illi when the re ­
sponse was m ore m arked. T he organisms d id  n o t p en e tra te  deeper bu t infil­
tra te d  and  replaced occasional dying cells. In  a  similar experim ent D rucker 
e t ah (1967) no ted  m icrobial adherence to  th e  epithelial lining which was 
accom panied by  the  d estruc tion  of th e  brush  border a n d  damage to  th e  
apical cytoplasm  of cells; th e  organisms could  be seen in  th e  cytoplasm  o f 
these cells. D rucker an d  his co-workers (using the m ost virulent E E C -I 
strains) found  organism s in  the  lam ina p ro p ria  and vascu la r lumen, while 
a t culturing  th ey  were recovered from  th e  blood o f m esenteric veins. 
Yahagi (1967) also dem onstra ted  E E C -I in  the cy top lasm  of epithelial 
cells and in th e  lam ina p ro p ria , in con trast to  NEEC, w hich never penetra ted  
into the epithelium .

Staley e t al. (1970c), in troduced E E C -I (055:B5) in to  ligated loops o f 
the small g u t o f new born foals; after 2 h th e y  observed th e  sam e attachm en t 
of the  organism s to  the  ep ithelial cell surface w ith  the d estru c tio n  of the b ru sh  
border an d  p artia l b ac te ria l penetration  in to  the cy toplasm , as found in  
experim ents w ith orally challenged new born  germ-free piglets described 
above.

In  our experim ents using  EEC -I an d  th e  generally accep ted  technique 
(Vasser and  Polotsky, 1970«, 1972) we fa iled  to  evoke a  d istinc t d ila ta tion  
of exposed loops of th e  ra b b it small g u t. A little  s ligh tly  tu rb id  m ucous 
fluid appeared  in the  lum en  only occasionally. E E C -I organism s in jected  
into the  in testinal loops m ultiplied in tensively  in th e  lum en and w ere 
recovered from  the m ucosa washed off several times p rio r to  hom ogenization 
and cultivation.

In  histological studies m ucus discharge from  goblet cells, and m oderate 
congestion and  oedema o f th e  mucosa w ere observed w ith  th e  appearance o f 
a small num ber of leukocytes. A more significant focal leukocyte response 
was also no ted  a t sites. The epithelial lining was p reserved  th roughout 
b u t organism s were seen to  adhere to  its  surface a t sites  (Fig. 22-7). T h e  
brush bo rder of the  ep ithelia l cells was frequen tly  ab sen t a t  these sites a n d  
the  organism s adhered closely to  the  ap ica l cytoplasm ; occasionally b a c ­
teria  (singly or even in  clusters) were found  inside th e  cytoplasm  o f th e  
colum nar absorptive an d  em ptied goblet cells.
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F ig . 22-7. E . coli O ill :K 5 8 (B 4 )  on th e  su r fa c e  o f th e  ep ith e liu m  in  a  ra b b it sm a ll 
in te s tin a l loop, an d  p a r tia l p en e tra tio n  o f th e  organism s in to  th e  cy to p lasm  of e p ith e ­

lia l cells 24 h  a f te r  cha llen g e . Thionine, X 1500

F ig . 22-8. E . coli 0111 :K 58(B 4) organism s p u s h  aside th e  m ic ro v illi o f ep ith e lia l 
cells and  becom e a tta c h e d  to  th e  o u te r m e m b ra n e  of the cells 9 h  a f te r  challeng ing  

a  lig a ted  ra b b it sm all g u t  loop. X 53,000



Electron-m icroscopic investigations (Polotsky e t al., 1976) showed th a t  
the  o rganism s—m any o f them  dividing -h a d  pushed aside the microvilli 
and adhered  to  the  o u te r  m em brane o f epithelial cells (Fig. 22-8). Single 
bacilli were also revealed  in the cy toplasm  of ep ithelial cells where th ey  
were enclosed in m em brane-bound vacuoles contain ing electron-dense 
osm iophilic m aterial. Signs of dam age to  th e  organism s o r to  the cells were 
not seen.

In  com parison w ith  o th er au thors’ findings, our experim ents yielded sim ilar 
bu t less m arked a lterations. This m ight be a ttr ib u ted  to  th e  decrease no ted  
recently  in the virulence of E. coli s tra in s  associated w ith  infantile en teritis. 
The lack  of extensive detachm ent o f th e  microvilli of th e  epithelial cells 
described by Staley an d  co-workers m igh t have been due to  the use of ad u lt 
rab b its  in  our experim ents instead o f newborns.

Several investigators have repo rted  on the  isolation of enterotoxin-like 
substances in some E E C -I (Taylor an d  B ettelheim , 1966; B ettelheim  and  
Taylor, 1970, 1971; H . W. Smith an d  Gyles, 19706; G orbach et al., 1971; 
G orbach and  K h u ran a , 1972; K an to r e t  al., 1974a; Sakazaki e t al., 19746). 
H ow ever, additional studies are needed  in this field.
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E X P E R IM E N T S  W IT H  E S C H E R IC H IA  C O L I  A SSO C IA TED  
W IT H  D Y S E N T E R Y -L IK E  D IS E A S E  O F  A D U L T S 

A N D  C H IL D R E N  (S H IG E L L A -L IK E  E E C -II)

Ogawa et al. (19686) introduced E E C -I cu ltures (“salm onella-like” 
EEC) an d  shigella-like EEC  cultures (E E C -II 028a28c, 0124, 0136, 0143, 
0144) in to  ligated loops of the m ost term inal ileum  an d  proxim al colon 
of th e  rab b it. In  experim ents with E E C -I they  observed macroscopic a lte r­
ations very  rarely: th e re  was only histological evidence o f m oderate oedema. 
The organism s did n o t penetrate  th e  mucosa. A t th e  sam e tim e shigella-like 
E E C -II  appeared in th e  cytoplasm  o f epithelial cells in  the  first hours 
a fte r challenge. Subsequently  th e ir num ber increased, th e  epithelial cells 
were destroyed and  a  characteristic puru len t-u lcera tive  inflam m ation w ith  
accum m ulation  of an  inflam m atory exuda te  in th e  lum en of the  infected 
loops developed. In  experim ents on  ligated  loops o f th e  rabb it sm all gu t 
F o rm al e t al. (1971a) and  D uPont e t  al. (1971) also observed p en e tra tio n  
of E E C  0124, 0143, 0144  and Sh. flexneri into th e  ep ithelial cells and  lam ina 
p ro p ria  w ith  developm ent of an  in tensive inflam m ation and destruction  
of th e  epithelial lining. B roth  cu ltu re filtrates of th ese  organisms and  th e ir 
lysates caused no such  changes suggesting th a t  th e y  failed to  produce 
en tero toxin .*

In  o u r experim ents witli shigella-like E E C -II (028a28c, 0124, 0136, 
0143, 0144), 2-4 XlO8 organisms in  1 ml of 18-h pep tone w ater cu ltu re

* S ak azak i e t a l. (19746) showed t h a t  filtra tes  o f som e cu ltu res  o f sh igella-like 
E E C - I I  a n d  even ‘n o rm a l’ N E E C  h a d  occasionally  a n  en tero tox igen ic  effect.
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F ig . 22-9. L iga ted  r a b b i t  ileal loops 9 h  a f t e r  challenge w ith  S h . sonnei (1), E . coli 
0124:K 72(B 17) (2) a n d  S .  typ h im u riu m  (3 )

induced the d ila ta tio n  of exposed loops o f in testine approx im ate ly  in one 
h a lf of the cases a f te r  24 h (Vasser a n d  P olo tsky , 1970a, 1972). Using larger 
doses (3-42x10® organism s in 1-5 m l of 6-h bro th  cu ltu re  grown w ith 
shaking), E E C -II 0124  alm ost alw ays caused accum ulation of great a- 
m ounts of purulent-haem orrhagic ex u d a te  as soon as after 9 -12  h  (Eig. 22-9).

H istological an d  electron-m icroscopic studies (Polotsky e t  al., 1976) 
show ed th a t w ith in  th e  first hours a f te r  challenge shigella-like E E C -II 
organism s p en e tra ted  into the  cy top lasm  of unchanged epithelial cells 
of th e  mucosa an d  m ultiplied there , m ostly  w ithout being separated  by  
a m em brane from  th e  cytoplasm  (Fig. 22-10a, b). The m ultip ly ing  bacteria 
destroyed  the ep ithelial lining of th e  villi and  crypts (Fig. 22-10c). A p u ru ­
lent-ulcerative inflam m ation developed an d  th e  lum en o f th e  challenged 
loops was filled w ith  ab undan t p u ru len t exudate . A small nu m b er of organ­
ism s were occasionally detected  in  th e  lam ina propria before th e  appear­
ance of the defects o f the  epithelial lining. H ere they  were engulfed by  
leukocytes destroying th e  organism s a n d  by  m acrophages w hich left the  
b ac te ria  unharm ed so th a t  even signs o f division could be observed. Nine 
to  12 h after challenge erosions an d  sm all ulcerations appeared  followed 
b y  accum ulation o f large num bers o f free organism s in ad d itio n  to  those 
engulfed by leukocytes and m acrophages. These findings w ere sim ilar to
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Fig. 22-10a a n d  b (for cap tio n  see p. 314)
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F ig . '22-1 On, b. E . coli 0124:K 72(B 17) in  th e  c y to p la sm  of ep ithe lia l cells o f an  in te s­
tin a l loop 9 h  a f te r  challenge, a th ionine, X 1000; b X 5300. c D eve lopm en t o f  p u ru len t- 

u lce ra tiv e  in flam m ation  in  th e  m ucosa 12 h  a f t e r  challenge. E osin -azu re , X 180

those observed w ith shigellae in o ther m odels (see C hap ter 7, 8 and  10), 
including passage of th e  organisms in to  ad jacen t cells (see Fig. 22-1,06). 
In  experim ents w ith  E . coli 0124 we also  found in traep ithelia l bac teria  
enclosed in  m em brane-bound vacuoles con tain ing  even electron-dense os- 
m iophilic m aterial. The vacuoles were v e ry  similar to  phagolysosom es al­
though  no degenerative alterations of th e  organisms were seen in them . 
They also occurred in  experim ents using th e  urinary b lad d er model and  
E. coli 0124 (see C hap ter 20), ra ther th a n  in  th e  experim ents w ith  shigellae.

Thus, sim ilarly to  shigellae, agents o f  dysentery-like diseases (E E C -II 
0124 and  others) exh ib ited  in traep ithelial parasitism  in b o th  th is and  o ther 
models. To correlate th e  pathological p rocesses induced by  these organism s, 
we ex tended  our studies to  shigellae.

E X P E R IM E N T S  W IT H  S H IG E L L A E

T aylor and  W ilkins (1961) were the f irs t to  report th a t  som e Shigella and  
Salmonella strains (obviously, more fresh ly  isolated ones) caused the  d ila­
ta tio n  of ligated  loops o f th e  rab b it’s sm all in testine  w ith fluid accum ulation. 
In  experim ents w ith  shigellae Arm et al. (1965) revealed leukocyte in filtra­
tion  and  mucosal u lceration  along w ith m a rk e d  oedema an d  haem orrhages. 
K illed shigellae and th e ir endotoxins, f il tra te s  and lysates induced  no such 
changes. Y ahagi e t al. (1967) observed ap p ro x im ate ly  th e  sam e alterations 
in  th e  experim ents w ith  v iru len t shigellae. H ow ever, having found th e  organ-
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isms in the ep ithelial cells an d  th e  lam ina propria , Y ahagi (1967) rejected 
th e  existence of a  d irect relationship  between th is  fact and  th e  developm ent 
o f an  inflam m atory process. U sing ligated loops of th e  ra b b it ’s term inal 
ileum  and proxim al colon Ogawa and N akam ura (1969a) established th a t  
th e  puru len t-u lcerative inflam m ation of the  m ucosa was th e  result of sh i­
gella invasion in to  the  epithelial cells.

In  our experim ents freshly isolated Sh. sonnei, Sh. flexneri and  Sh. boydii 
induced the accum ulation o f a  tu rb id , serous or haem orrhagic exudate 
in doses of 9-20 XlO7 organism s in th e  m ajo rity  of th e  cases (Vasser an d  
Polotsky, 1970a, 1972) and in  doses of 1-3 XlO9 in a lm ost all cases, as a  
rule, after 9-12 h (see Fig. 22-9).

Histological exam inations revealed a  m arked inflam m atory process 
in the  small in testina l loops. Polym orphonuclears s ta r te d  accum ulating in  
th e  mucosa as soon as afte r 1 h, an d  infiltrated  th e  m ucosa w ith in  9-12 h. T he 
epithelial lining, densely covered w ith a  p u ru len t exuda te , was destroyed 
a t  m any sites. Soon afte r th e  challenge (from 30 m in to  2 h) the o rgan ­
isms could be seen a ttach ed  to  the  epithelial cell surface, th e  brush b o r­
d er being absent a t  such places. Organisms (including div id ing  ones) were 
frequently  found in the  apical, paranuclear, and  even basa l cytoplasm ic 
areas of the ep ithelial cells. T he num ber of epithelial cells infected  by shigel- 
lae as well as th a t  of the  organism s they  harboured  increased subsequently.

Thus, the pathological processes caused by shigellae an d  shigella-like 
E E C -II in th e  m ucosa of iso lated  rab b it g u t loops w ere fairly sim ilar, 
though shigellae caused m ore severe lesions o f th e  ep ithelial lining.* In  
addition, shigellae survived longer in th e  leukocytes.

E xperim ents w ith  shigellae on the  gu t loop m odel also  perm itted  th e  
s tu d y  of the  early  stages of in teraction  betw een th e  organism s and the  g u t 
epithelial cells. E lectron  m icroscopy (Polotsky et ah, 1974Ö, 1976) showed 
th a t  some of th e  shigellae were arranged on th e  surface o f the glycocalyx 
layer** covering th e  m icrovilli of the epithelial cells, 30 m in  afte r challenge 
(Fig. 22-11). A fte r 2 h the  organism s were m uch more frequen tly  found on 
th e  surface o f epithelial cells; th e  glycocalyx was absen t where organism s 
were located, while the  m icrovilli in con tac t w ith shigellae were swollen 
an d  transform ed in to  large bubbles p ro trud ing  into th e  lum en  (Fig. 22-12a—d). 
Such bubbles having a homogeneous finely ground co n ten t were also seen 
in the  gut lum en. A t some sites o f shigella a ttach m en t, th e  microvilli w ere 
absent and th e  organism s were lying d irectly  on th e  cell m em brane giving 
rise to  invaginations (Fig. 22-12a-d). D isin tegration o f th e  membrane was 
no t observed, though  during  th e  sam e period  shigellae were also found  
inside the ep ithelial cells (Fig. 22-12a, c, e, /). Some o f th e  organisms in  
th e  most ap ical p a r ts  of th e  epithelial cells were com pletely or p a r tly

* W orking  w ith  fresh ly  iso la ted  s tra in s  o f S h . dyseiúeriae 1, G em ski e t al. (1972) 
observed especially  severe lesions in  iso lated  loops o f  th e  r a b b i t  sm all gut.

** As m en tio n ed  above, th e  g lycoca lyx  w as revea led  b y  m e a n s  o f  special f ix a tio n  
in  g lu ta ra ld eh y d e  w ith  a d d itio n  o f th io p h o sp h am id e  follow ed b y  osm ium  te tro x id e  
accord ing  to  th e  m eth o d  o f K o m issarch ik  an d  S n ig irev sk ay a  (1973); a lcian  b lu e , 
ru th en iu m  red  o r la n th a n u m  w ere  occasionally  used  in s te a d  o f  th io p h o sp h am id e .
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F ig . 22-11. Sh. sonnei on th e  su rface  of th e  g lycoca lyx  lay e r co v e rin g  th e  m icrov illi 
o f  th e  ep ithelia l cells 30 m in  a f te r  challenging a  lig a ted  rab b it sm a ll g u t loop. X 18,000

covered w ith a th ree-layer m em brane (indistinguishable from  th e  o u ter 
cell m em brane) (Fig. 22-12e, /). In  d eeper portions o f th e  cytoplasm  the 
vigorously m ultiplying organism s were found  to  lie freely  w ithou t being 
surrounded  by a m em brane. Meanwhile, in  th e  cytoplasm  o f num erous leuko­
cy tes th a t  accum ulated in  th e  lumen o f th e  infected in te s tin a l loops, and  in 
th e  lam ina propria, shigellae were seen in m em brane-bound vacuoles also 
contain ing some electron-dense m aterial (obviously, a  p ro d u c t of lvsosomes); 
m an y  organisms in these  phagolysosom es were ap p a ren tly  d isin tegrated .

Thus, shigellae are firs t a ttach ed  to  th e  glycocalyx of u n a lte red  ep ithelial 
cells, th en  cause charac teristic  a ltera tions, destroy the  m icrovilli, and  sub­
sequen tly  penetrate in to  th e  cytoplasm  o f epithelial cells. H ere th e  o rgan­
ism s are first surrounded b y  a th ree-layer mem brane w hich obviously rep ­
resen ts a detached invag ination  of th e  o u te r  cell m em brane; th is is th en  
rap id ly  destroyed and th e  organism s m u ltip ly  freely in  th e  cytoplasm .

I t  has long been know n th a t  Sh. dysenteriae 1 (“Shiga bacillus” ) differs 
from  all o ther shigellae in  its  ab ility  to  p roduce an exo tox in  called “neuro­
to x in ” . I t  has recently been  shown t h a t  th is substance is a  heat-labile 
en tero toxin , causing th e  d ila ta tio n  of lig a ted  loops o f th e  ra b b it’s small 
g u t; th e  liquid accum ulating , how ever, contains h ig h er am ounts o f 
p ro te in , potassium  and  chlorides th an  a f te r  the ad m in is tra tio n  of Vibrio 
cholerae or E. coli en te ro to x in  (Keusch e t  al., 1972a). D y sen te ry  en te ro ­
tox in  differs from th a t o f  cholera in th e  lack of th e  “ vascu lar perm e-
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F ig . 22-12« and  b (for cap tion  see p. 319)
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F ig . 22-12c an d  d (for c a p tio n  see p. 319)



E N T E R A L  C H A L L E N G E  O F A N IM A L S  W I T H  E N T E R O P A T H O G E N IC  E . C O L I : н 9

Fig. 22-12. Sh . sonnei o rgan ism s (arrows) o n  th e  surface (a -d ) a n d  in  th e  cy to p lasm  
(a, c, e, f )  o f ep ithe lia l cells o f the sm all g u t  loop and  a lte ra t io n s  o f th e  m icrov illi 
(a -d) 2 h  a fte r  challenge, a X4500, b X 9000, c X 5600, d  X 14,400, e X 70,000,

/  X 20,000

ab ility  fac to r” (dem onstra ted  with in tracu taneous te s t in rabbits) and also 
in in  vivo and in vitro cy to toxicity  (Grady and K eusch , 1971; K eusch 
e t ah , 1972«, b, c). W hen  injected in to  th e  gut loops, dysen tery  en tero toxin  
induces lesions of th e  epithelial cells and  slight in flam m atory  a ltera tions 
(K eusch e t ah, 19726). In  HeLa cell cultures, it destroys th e  cellular mono- 
layer (Keusch e t ah , 1972c). B iochem ical studies h av e  no t revealed an y  
effect o f the dysen tery  enterotoxin on adenyl cyclase ac tiv ity  (Greenough 
and  K eusch, cited b y  Carpenter, 1972). Consequently, it differs from th e  
en tero tox ins of th e  agen ts of cholera and  cholera-like diseases.

E X P E R IM E N T S  W IT H  SA L M O N E L L A E

A dm inistration o f salmonellae in to  isolated sm all in testina l loops is o f 
special interest as in  n a tu ra l infection these organism s usually a ttack  th e  
sm all intestine. T he first experim ents w ith  salm onellae were carried o u t 
by F lo rey  (1933), w ho challenged guinea pigs b y  injecting dense m ilk  
suspension of “Bacillus aertrycke” (Salmonella typhimurium)  into th e  
lum en o f an in testina l loop isolated according to  T hiry-V ella’s technique. 
In  co n trast to  coal partic les and non-pathogenic organism s which becam e 
covered with m ucus and moved aw ay  from th e  ep ithelial cell surface 
(single non-pathogenic organisms com ing into co n tac t with the b ru sh  
b o rd e r of the ep ithelia l cells were destroyed), salm onella organisms p en e ­
tra te d  through u n a lte red  epithelial cells. In  these cells F lorey distinguished 
accum ulations of sm all, poorly sta in in g  vacuole-bound organisms in  th e  
ap ical cytoplasm , paranuclear an d  basal areas. T hey  seemed to  en ter th e  
lam ina propria therefrom . M icrobial invasion p roduced  an inflam m atory
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F ig . 22-13. S . ty p h im u r iu m  organism s in  th e  cy to p lasm  of ep ith e lia l cells o f a  sm all 
g u t loop  9 h  a fte r  challenge. E osin-azure, X 1600

process with in filtra tion  of the m ucosa w ith  m any leukocytes and few 
m acrophages. B o th  kinds of phagocy tes also em igrated in to  the lum en 
o f th e  loops. The ep ithelial cells con ta in ing  the  organisms rem ained  viable, 
w hereas, in F lo rey ’s opinion, the organism s were p a rtly  d estro y ed  in them . 
T h e  epithelial lining preserved its co n tin u ity  though an  epithelial cell 
desquam ation  was n o ted . In  recent s tu d ie s  Takeuchi (1967, 1971) and other 
a u th o rs  confirmed th e  invasive p ro p e rtie s  of salmonellae a n d  th e ir ability  
to  pass through th e  epithelium  (see C h ap te r 17). I t  has, however, been 
found  th a t th ey  are  n o t destroyed in  th e  epithelial cells (they are, in 
fa c t, only stained less intensively) a n d  th a t  they  are p ro b ab ly  not tra n s ­
p o rte d  through th e  epithelial lining b y  phagocytes w hich have engulfed 
th em .

O ur experim ents w ith  a num ber o f Salmonella strains fresh ly  isolated 
from  patien ts (chiefly Salmonella typhimurium) were perfo rm ed  on ligated 
loops of rabbit sm all g u t sim ultaneously  and  using th e  sam e m ethod as 
w ith  th e  other enteropathogens described  above. A dm in istration  of 2-4 X108 
organism s resulted  in  d ila ta tion  of th e  loops w ith a serous o r serous-hae­
m orrhagic exudate in  approxim ately  40 p e r cent of th e  cases; however, 
d ila ta tio n  was, as a  ru le, noted w ith  doses of 4-87 X l09 b a c te r ia  (see Fig.



EN TER A L CHALLENGE OF ANIM ALS W ITH  EN T ERO PA TH O G EN IC E .  C O L I 321

22-9). Judging from  th e  d a ta  o f bacterial counts, salm onellae m ultiplied 
in  th e  lumen m uch less in tensively  th an  E. coli or shigellae; in  some cases 
th e re  was no increase in their num b er a t all (Vasser and  P o lo tsky , 1970a,
1972).

H istological exam inations show ed th a t  in co n trast to  shigellae, various 
Salmonella strains induced a  m uch less m arked  inflam m atory  response 
w hich did not affect th e  in teg rity  o f the  ep ithelial lining. T he leukocyte 
response was som ew hat increased in experim ents w ith  sm aller doses. 
Polym orphonuclears were usually  seen sca tte red  in th e  lam ina  propria 
o f th e  villi and  deep mucosa, occasionally accum ulating a t  th e  mucosal- 
subm ucosal border. They also em igrated  into th e  gu t lum en and  crypts.

F rom  30 min to  2 h after challenge few organism s were a tta c h ed  to th e  
surface of villous ep ithelial cells, an d  single bacilli were occasionally revealed 
in th e  brush border of the  en terocytes. L a te r salm onellae w ere more fre ­
q uen tly  encountered inside epithelial cells (Fig. 22-13); th ey  also penetra ted  
in to  the  lam ina p ro p ria  where som e of them  were free, o th ers  occurred in 
th e  cytoplasm  o f leukocytes an d  m acrophages. U naltered  rods as well as 
th e ir  semi destroyed fragm ents could be seen in the  polym orphonuclears 
w hile th e  m acrophages contained  in tac t bacteria; in th e  epithelial cells 
th e re  were usually  few salmonellae.

E lectron-m icroscopic studies, in  general, confirmed th e  observations of 
T akeuchi obtained  in experim ents w ith en tera l challenge o f guinea pigs 
(see C hapter 17). W e also observed th a t, unlike shigellae, salm onellae were 
m ain ly  tran sp o rted  v ia the ep ithelial cells w ithou t causing essential dam age 
to  them . They were, as a rule, enclosed in m em brane-bound vacuoles. W hen 
thiophospham ide or o ther substances fixing th e  glycocalyx were added to  
th e  usual glutaraldehyde-osm ium  tetrox ide fixation, an  ea rly  a ttachm en t 
o f salmonellae to  th is  supram em braneous coat of en tero cy te  microvilli 
w as no ted  (Polotsky e t al., 1976). Takeuchi (1967, 1971), whose electron 
m icrographs obviously did no t preserve the  glycocalyx, fa iled  to  observe 
th is  phenom enon. H e noted th e  beginning of in teraction  betw een salm onel­
lae and  the ep ithelium  as soon as th e  form er approached  th e  microvilli 
b y  less th an  35 nm , after w hich th ey  p en e tra ted  into th e  cytoplasm  of 
en terocytes push ing  th e  m icrovilli aside.

Tannock et al. (1975), describing histological exam inations following 
in tragastric  challenge of mice w ith  salm onellae, stressed th a t  th e  organisms 
first became a tta c h ed  to  the  surface of small in testina l ep ithelium  and then  
p en e tra ted  into th e  m esenteric lym ph nodes and  the  spleen.

Challenging ligated  rabb it sm all gu t loops w ith  S. typhimurium, Giannella 
e t  al. (1973a) also found in traep ithelia l localization of salm onellae and th e  
developm ent o f focal inflam m ation w ithout dam age to  th e  ep ithelial lining. 
T hey  drew a tten tio n  to  the fac t th a t  th e  am ount of fluid accum ulation  often  
d id  no t correspond to  the degree of m ucosal inflam m ation, and  made an  
a tte m p t to  find enterotoxin-like substances in  th e ir cu ltu res. However, 
in jection of salm onella filtrates an d  lysates in to  th e  loops gave a negative 
resu lt. N evertheless, Sakazaki e t  al. (1974c), using a  new cu ltu re m edium  
for growing Salmonella claim ed to  have shown en tero toxigenicity  of 
filtrates of all eleven cultures iso lated  by  th em  from  p a tien ts . Living cul-

21 Voino-Yasenetsky — Bakács
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tu res, however, caused th e  d isten tion  o f intestinal loops less frequently . In  
our experim ents living salm onella cu ltu res (used approx im ate ly  in th e  same 
doses as by Sakazaki e t al.) alm ost always gave positive results. This 
discrepancy m ay be due  to  the  exclusive use of s tra in s  freshly isolated  from  
th e  most severe cases in  our experim ents. K oupal and  D eibel (1975) described 
p ro tein  enterotoxin produced  by S. enteritidis an d  localized in  th e  cell 
wall or outer m em brane. I t  gave p ositive  results w hen applied to  rabb it 
sm all gut loops, b u t was m uch easier to  dem onstra te  in  new born mice 
using th e  modified techn ique of D ean  e t al. (1972).

Thus, the results o f  anim al experim ents described in  th is  C hap ter have 
shown the diverse n a tu re  of pathogen ic ity  of en teropathogenic E. coli. 
T hey allow to  assess th e  pathogenic p roperties  of E E C  o f different categories 
and  groups estab lished  in C hapter 19 w ith g reater precision and  to  com ­
pare them  w ith one an o th er and w ith  those of o th e r enteropathogens.

E EC -I, agents of in fan tile  E. coli en teritis , exh ib ited  an  ab ility  to  a ttach  
to  and m ultiply on th e  surface of the in testin a l epithelium  in en teral challenge 
of piglets and in experim ents on iso lated  in testina l loops, sim ilarly to  
E E C -I behaviour, as is th e  case in affected infants (see C hapter 19). Some 
o f the  organisms also p en e tra te  th e  epithelial cells, b u t do no t m ultip ly  
therein. They cause a  focal inflam m atory  response re la ted , evidently , to  
th e  degree of the  a g e n t’s virulence.

There are no pathological d a ta  on in testin a l lesions in  diseases o f adults 
and  children caused b y  shigella-like an d  enterotoxigenic EEC . Clinical 
observations suggest a  close sim ilarity  of the fo rm er to  m ild form s of 
dysentery  while th e  la t te r  greatly  resem ble m ild form s of cholera (see 
C hapter 19). These analogies were confirmed experim entally .

Similarly to  shigellae, shigella-like E E C -II (0124, etc.) p en e tra te  into 
unaltered  epithelial cells in all m odels; they  m ultip ly  and  destroy  the 
cells causing a puru len t-u lcera tive  inflam m ation o f th e  mucosa. Like 
shigellae, these organism s are usually  not separated  from  the  cytoplasm  
of epithelial cells by  m em branes. On th e  other hand , shigella-like E E C -II 
are less virulent th a n  shigellae, a tta c k  a  sm aller n u m b er o f epithelial cells, 
are occasionally enclosed in phagosom e-like vacuoles in th e  cytoplasm  of 
these cells, and are m ore rapidly  destroyed  by leukocytes. E xperim enta l 
observations suggest t h a t  in affected persons these organism s induce sim ilar, 
though less severe, in testin a l lesions as shigellae.

Enterotoxigenic E E C  associated w ith  diarrhoeal disease of ad u lts  and 
children resembling m ild  forms of cho lera exhibit p roperties th a t  are sim i­
la r to  those of cholera vibrios tested  b y  enteral challenge of anim als and 
in experim ents on iso lated  gut loops. T heir pathogen ic ity  is based on the  
production of cholera-like en tero tox ins bringing ab o u t ab u n d an t h yper­
secretion. M ultiplying on th e  surface o f the  mucosa an d  in  the  sm all gu t 
lum en, they  do not induce inflam m ation or conspicuous lesions. However, 
electron microscopic stud ies have show n th a t num erous autophagosom es 
are formed in ep ithelial cells, along w ith  signs of m arked ly  increased secre­
tion, pointing to  dam age o f the  cy top lasm  and cell organelles. In  sp ite of 
th e  desquam ation o f m an y  of these cells the in teg rity  of the  in testina l 
epithelial lining is preserved.
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The early  stages of th e  in teraction  betw een different EEC , shigellae, 
salmonellae an d  th e  in testina l epithelium  were studied a n d  compared on  
in testinal loops. In  spite o f recent progress in  our know ledge of the p a th o ­
genic properties of different en terobacteria , a  num ber o f unso lved  problem s 
rem ain, e.g. th a t  of th e  ab ility  of E E C -I, salmonellae a n d  other Entero- 
bacteriaceae to  produce enterotoxin-like substances, of th e  similarities a n d  
differences betw een these substances, th e ir  im portance in  th e  pathogenesis 
of infectious processes, an d  of th e  n a tu re  o f pathogenic fac to rs associated 
w ith  the  ab ility  of m icroorganism s to  in te ra c t with the  in te s tin a l epithelium  
in  so different ways.

21 *
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GENERAL CONCLUSIONS
by

M. V. V O IN O -Y A S E N E T S K Y

A lthough infectious processes induced b y  pathogenic o rgan ism s and viruses 
affect the whole body o f the  p a tien t, usually  in each contagious disease 
th e re  is a special selectiv ity  and no t in frequently  a charac te ristic  im p a ir­
m en t of separate organs and  system s. D irec t in teraction betw een parasites 
an d  the host is best d isplayed in th ese  pathologic processes. Findings d e ­
scribed in this volum e prove th a t th e  specific features o f  enteric infections 
a re  due to  special biological p roperties o f their agents.

Different pathogenic enterobacteria  h av e  some com m on properties, w hich 
are, however, of d ifferent im portance in  each group o f organism s. A lm ost 
all of them  are able to  p en e tra te  into ep ith e lia l cells; how ever, their se ttling  
an d  growth in th e  in testina l epithelium  are the m ain pathogenic factors 
only  w ith shigellae and  shigella-like E . coli. Salmonellae on ly  pass th ro u g h  
th e  epithelium  and  th en  settle  in m ucosal m acrophages. E . coli m ay also 
survive and even grow in m acrophages b u t  this ab ility  (also characteristic 
o f non-pathogenic E. coli) does not p lay  an  im portant p a r t  in the develop­
m en t of the infection th ey  induce.

I f  engulfed by  m acrophages, shigellae are usually destro y ed , although  
in  lung model experim ents D ragunskaya an d  Smirnova (1973) encountered 
a  typ ical Sh. sonnei s tra in  which m u ltip lied  not o n ly  in  the  bronchial 
epithelium  b u t also in alveolar phagocy tes. Some of o u r Sh . flexneri s tra in s  
behaved sim ilarly, while in  properties th e y  resembled com m on shigellae.

E. coli strains iso lated  recently  from  cholera-like d iseases of m an show  
an  outstanding behaviour. Sim ilarly to  cholera v ib rio s , th ey  produce 
an  enterotoxin responsible for charac te ristic  m anifestations of the disease 
b u t do not possess th e  ab ility  of in trace llu la r parasitism . Thus, the  m ost 
im portan t factor of th e ir  pathogenicity  is th e  production o f  tox ic  substances. 
T he effect of sim ilar exotoxins m ay a p p a ren tly  be invo lved  in  the develop­
m en t of acute salm onella gastroen teritis  as well (C hapter 18).

E n tero tox in -type substances have b een  suggested to  p la y  an im p o rtan t 
p a r t  in the pathogenesis o f dysentery  (K eusch et al., 1970), though u p  to  
th e  present th ey  have only  been d e te c te d  in  Sh. dysenteriae 1. A dvances 
in  microbial genetics helped to  d isprove th is  hypothesis.

Certain pathogenic p roperties of en terobacte ria  are k n o w n  to  be due to  
th e  presence of th e  app ro p ria te  genes (F o rm al et ah, 1.971&; Tim akov an d  
P etrovskaya, 1972; P etrovskaya , 1974). I t  has become possible to  o b ta in  
m u tan ts  and hybrids o f these organism s, including a t te n u a te d  ones su itab le
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TABLE 23-1

S tu d ie s  in  anim al m odels w ith  stra in  3817 ( T  fo rm ) o f Shigella  dysenteriae 1 and its
m u ta n t derivatives 

(G em ski e t  al., 1972)

. Toxin Conjunc- I R abbit I Invasion of Clinical 
Strain Invasion pro<Juc- tiv a l te s t ' ileal loop | guinea pig disease in 

tion I I intestine monkey

3818-T I +  +  4 /4* * . 6 /6  4/4 j 9/15
3818-0 — +  0/4 I  4/4 I  0/4 0/15
725-78 +  — j 4/4 7/8 4/4 | 3/6
735-19 — — I 0/4 0/4 j 0/4 not done

* Number of positive/total tested.

for im m unization o r special stud ies. Using fresh stra in s of Sh. dysenteriae 1 
iso lated  during th e  recent epidem ic in G uatem ala, Gemski e t al. (1972) 
selected four v a r ian ts  of these organism s:

1. Organisms w hich have p reserved  their biological properties, i.e. are  
capable of invading epithelial cells and  producing en tero tox in ;

2. V ariants producing this to x in  b u t unable to  p en e tra te  th e  epithelium ;
3. V ariants p en e tra tin g  th e  epithelium  b u t devoid  of th e  toxin;
4. V ariants devoid  of both  properties.
The testing of these strains on various experim ental models (Table 23-1) 

confirm ed th a t th e  capacity  to  parasitize epithelial cells is th e  m ain facto r 
o f shigella pathogenicity . W ith o u t this p ro p erty , th e  organism s are n o t 
dangerous even if  producing en tero toxin . W hile th e  to x in  causes fluid 
accum ulation in th e  isolated in testin a l loop, infection fails to  develop, as 
th e  organisms do n o t p en e tra te  th e  epithelium . In  co n trast, a non-toxic 
b u t invasive s tra in  is m arkedly  pathogenic.

H aving  estab lished  which properties of in testin a l organism s p lay  a  
decisive role in causing diseases, one cannot neglect o th er biological peculi­
arities. P robably  th e  severity  o f in testinal lesions in dysen tery  caused b y  
Sh. dysenteriae I is related  to  th e  action of th e ir to x in  which enhances th e  
in ju ry  resulting from  in tracellu la r parasitism .

In  experim ents on tissue cu ltu res, Sh. dysenteriae 1 exotoxin  exh ib ited  
d is tin c t cy topathogenicity  (Vigari e t al., 1960; K eusch e t al., 1972c). 
C om pared w ith a  p ene tra ting  non-toxigenic cu lture, a toxigenic p ene tra ting  
Sh. dysenteria 1 s tra in  was found  by  Gemski e t al. (1972) to  induce a m ore 
m arked  in testinal inflam m ation bo th  by en tera l challenge in guinea pigs 
an d  by being in jected  into an  isolated  in testinal loop of rab b it. I t  is still 
unclear why th e  tox in  of these  organisms, differing from  o ther en tero- 
tox ins in a n u m b er of features (see C hapter 22), does no t affect the blood 
vessels, although th e  im pairm ent o f th e  perm eability  of vascular walls re su lt­
ing in haem orrhages w ith fibrin deposition in th e  affected in testina l areas, is 
a  characteristic fea tu re  of Shiga dysentery-H ow ever, these vascular d is tu rb -
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ances m ay i'esult from  a  non-specific secondary infection owing to  the  ex­
tensive destruction o f th e  colonic ep ithelial lining (see C hap ter 12).

P roperties of organism s not ob ligato ry  for the  p rim ary  induction  of a 
disease b u t still influencing its course an d  issue m ay be called secondary 
pathogenicity  factors. In  addition to  exotoxins of Sh. dysenteriae 1 , endo­
tox ins released on d isin tegration  of a ll G ram -negative organism s m ay be 
included among these factors. They ce rta in ly  p lay  a  less im p o rtan t role in 
th e  pat hogenesis of in tes tin a l infections th a n  form erly believed, b u t obviously 
have some p a rt in th e  developm ent o f local lesions and  cellular (especially 
m acrophage) response as well as in t h a t  o f general signs like fever, non­
specific resistance, etc.

R elative resistance to  phagocytosis by  polym orphonuclears should be 
recognized as the  m ost im p o rtan t secondary  factor of pathogen icity . In  
d ifferent experim ents (especially in th e  lung model) it  was observed th a t 
polym orphonuclears ac tiv e ly  destroyed  parasites when th e y  were outside 
th e  epithelial cells. H ow ever, leukocytes were frequen tly  unable to  kill 
th e  organisms engulfed b y  them  an d  perished them selves. This usually 
occurred with highly v iru len t Shigella, Salmonella and  Escherichia strains. 
The sam e “incom plete phagocytosis” h as  also been no ted  in experim ents 
w ith  leukocytes in  vitro (Berman an d  S lavskaya, 1962; M ikhailov e t al., 
1968, etc.). F u rth er, leukocytes of d ifferen t anim als do n o t cope equally 
well w ith  pathogenic in tes tin a l organism s (with salm onellae, in  particu lar) 
having, obviously, an  effect on the course of experim ental infections and 
on th e ir reproducibility .

I t  is quite probable th a t  besides ex o to x in  production, w hich curren tly  
a ttra c ts  a tten tion  of m ost workers, th e  ab ility  of different en terobacteria  to  
parasitize  either ep ithelia l or m acrophage-type cells is due to  th e  activ ity  
o f certa in  enzymes or substances th e  n a tu re  of which is n o t y e t known. 
F o r th e  elucidation o f such factors com bined bacteriological an d  m orpho­
logical studies would b e  needed th a t m ig h t throw  light upon  th e  behaviour 
o f th e  organisms in th e  host. M any im p o rtan t biological p roperties of 
pathogenic organism s a re  only ex h ib ited  during th e ir  im m ediate  in ter­
ac tion  w ith live tissues an d  cells. P ro b ab ly  some change in th e ir  biochem ical 
s tru c tu re  only occurs w hen th ey  se ttle  in  the  body “sensitive” to  them . 
This assum ption is su p p o rted  by the  fa c t  th a t  the  sam e organism s m ay 
considerably differ even  in  their appearance when growing on d ead  tissues 
or in living cells.

IN T R A C ELLU LA R  PA R A SITISM  OF D IF F E R E N T
E N T E R O B A C T E R IA C E A E

The way in which Salmonella and Escherichia en ter m acrophages is known 
well enough. These phagocy tic  cells en g u lf any  ex traneous partic les, includ­
ing microorganisms, th e y  encounter in  th e  in ternal m edium  o f th e  body. 
F a r  less convincing is th e  suggestion (S zturm -R ubinsten  an d  P iéchaud, 
1963; Wessel and R ácz , 1967) th a t th e  in testinal ep ithelium  tak es up 
shigellae since these b ac te ria  are d evo id  of m otile organs an d  cannot,
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therefore, invade the ep ithelial cells b y  them selves. T here  is no need  to  
discuss th e  extrem ely controversial problem  of the phagocytic  ca p ac ity  
o f the epithelium . E ven  tak in g  th is im probable possib ility  for g ran ted , it  
rem ains to  explain why th e  epithelial cells select from  th e  ab u n d an t in ­
testinal flora only organism s dangerous to  them . I t  is, therefore, generally  
accepted th a t  invasion of th e  epithelium  is a  genetically determ ined  p ro p e rty  
o f the organism s. D a ta  have  recently  become available on the m odes o f 
p ene tra tion  in to  epithelial cells by  shigellae, salm onellae and  pathogenic 
E. coli. I t  is significant th a t  these were n o t a t all iden tical for d ifferen t 
organism s.

To get inside the cells o f th e  in testina l epithelium , th e  organisms m u st, 
first of all, overcome resistance offered b y  the  b rush  border. E lec tro n - 
microscopic studies described in C hapters 17 and 22 h av e  suggested th a t  
pathogenic organism s are able to  destroy  th e  microvilli form ing this border. 
However, salmonellae a n d  agents of E. coli enteritis on ly  im pair re la tiv e ly  
few m icrovilli. In  con trast, shigellae dam age the  brush  border more e x te n ­
sively (see F ig . 22-12).

H aving destroyed th e  b ru sh  border, pathogenic organism s still have  no 
direct access to  epithelial cells: the cy top lasm  of these cells is covered w ith  
an  ex ternal m em brane preserving its co n tin u ity  even a f te r  the  d estruc tion  
of microvilli. Shigellae seem  to  indent th is  m em brane (see Fig. 22-126—d); 
th e  resu lting  pouch th en  becomes detached , and an iso lated  vacuole con ­
tain ing  th e  organisms m igh t be found in  th e  cytoplasm . S im ilar observations 
have been m ade in experim ents w ith  salm onellae (Takeuchi, 1967) an d  
E. coli en te ritis  agents (Stales et al., 19696).

C ertainly, th e  electron m icrographs m ay  be explained in  a  different m a n ­
ner. I t  m ay  be assumed th a t  th e  cell itse lf  plays the  ac tiv e  p a r t  in engulfing 
th e  organism s which come near its surface sim ilarly to  droplets of liqu id  
or fa t u n d er norm al conditions. B ut th is  phenom enon, defined as p ino- 
cytosis, norm ally  occurs w ith o u t any  lesions of the m icrovilli (Holter, 1961). 
P inocy to tic  vesicles are m uch sm aller th a n  the vacuoles containing th e  o r­
ganisms. In  case of salm onella and shigella penetra tion , th e  vacuoles m ay  
contain  several organisms, rem nants o f m icrovilli and, as observed by  T a k e ­
uchi (1967, 1971), cytoplasm ic com ponents of the  ep ithelia l cell (endo­
plasm ic re ticu lum , m itochondria and  ribosomes). T hus th ey  bear m ore 
resem blance to  autophagosom es (m em brane-bound s tru c tu re s  occurring as a 
result o f local dam age to  th e  cytoplasm ). I t  seems likely th a t  when p e n e tr a t­
ing, pathogen ic organisms m ake, to  som e ex ten t, use o f physiological m ech ­
anisms o f th e  epithelial cell; th is, how ever does no t ju s tify  the  p resu m p ­
tion  of p inocytosis or som e peculiar form  o f phagocytosis o f parasites.

A fter p en e tra tin g  th e  in testina l epithelium , salm onellae rem ain m em ­
brane-bound  (or bound b y  some electron-dense su b stan ce ), m igrate to  th e  
base of th e  cell and en ter th e  lam ina p ro p ria  (see C hapters 17 and 22). T h ey  
do not pass into neighbouring epithelial cells.* E ven in th e  epithelium  o f  th e

* A t th e  sam e  tim e, w h en  p en e tra tin g  th e  m ucosa  from  th e  in te s tin a l lum en , sa l­
m onellae a re  ab le  to  pass n o t  on ly  th ro u g h  th e  b ru sh  b o rd e r b u t  also b e tw een  th e  
a d ja c e n t ep ith e lia l cells, p e n e tra tin g  th e ir  la te ra l  surface (T akeuch i, 1967).
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urinary  bladder, w here th ey  are capable o f m ultip ly ing, these  organism s do n o t 
pass beyond th e  bo rd er o f single cells (see C h ap te r 16). A gents o f E. coli e n te r­
itis are sim ilar to  salm onellae in  this respect, a lthough th ey  are  more freq u en t­
ly found on th e  surface o f the  epithelium  th a n  inside the  cells (see C hapter 22).

Shigellae an d  shigella-like E. coli (E E C -II) exhibit a q u ite  different b e ­
haviour in th e  cy toplasm  of ep ithelial cells. They soon dispose of the  cell 
m em brane frag m en t surrounding them  a t  th e  m om ent o f pene tra tion , an d  
grow directly in  th e  cytoplasm . They freq u en tly  pass from  one cell to  a n o th ­
er, causing ex tensive  lesions o f the  ep ith e lia l lining. T he m anner in which 
shigellae pass in to  ad jacen t epithelial cells is of in terest. F igure 7-5 con­
vincingly proves th a t  th ey  push  ahead, inden ting  the  ex te rn a l m em branes 
o f both the host cell an d  o f an  ad jacen t cell. Such a way o f  penetra tion  is 
confirmed by th e  presence o f double m em branes occasionally seen to  s u r­
round  the organism s (see Fig. 7-6).

The powers enabling  pathogenic organism s to  p en e tra te  epithelial cells 
are not known. T here is no ground for th e  assum ption  th a t  shigellae acquire 
some kind o f “ organ  of locom otion” like flagellae, d u rin g  their grow th 
in  live tissues. F im b ria  occurring in som e pathogenic en terobacteria  m ay, 
apparently , co n trib u te  to  th e  a ttach m en t o f organisms to  th e  cell surface 
(see Fig. 22-26), b u t inside the  cell th ey  w ould  only be im peded by such a  
fringe. Figure 7-5 shows an interesting phenom enon: a t  th e  an terior end of 
a  shigella passing from  one epithelial cell in to  another, a  peculiar cap is 
apparen t. This m igh t be in te rp re ted  as a  sign o f secretion o f some substance 
altering the s ta te  o f th e  cell m em brane.

Obviously, while lodging in the  cells, m icroorganism s do not secrete 
toxins. F req u en tly  th e  host cell is n o t im paired  even if th e  organism s 
grow directly in its  cytoplasm * (Takeuchi e t  al., 1965; T en n er et al., 1970). 
The bacteria are  n o t digested or destroyed  in  epithelial cells; consequently, 
endotoxins are n o t active under these conditions. They are, however, released 
during successful ingestion of th e  organism s b y  leukocytes a n d  m acrophages 
which results in bac teria l d isin tegration. T h e  endotoxins m ay  dam age n o t 
only the phagocyte itself b u t th e  ad jacen t tissue elem ents as well. I t  is n o t 
qu ite  clear w hether th e  effect of endotoxins con tribu tes to  fu r th e r  invasion o f 
th e  cells by organism s (shigellae in p articu la r). A t any ra te , th e  cells involved 
m ust not die because shigellae do no t grow in  dead  cells (W atk ins, 1960).

MODEL E X P E R IM E N T S  AND T H E  NATURAL COURSE 
OF IN F E C T IO N

Discussion o f th e  results of various m odel experim ents w ith enteric 
agents (see C hapters 12 and  18) has confirm ed th e  m ethodological prem ises 
considered in C hap ter 3. In  these experim ents local specific infectious p ro ­
cesses, bu t no t an y  specific disease (dysen tery  or typhoid) a re  reproduced.

* Toxic lesion o f  th e  cy to p lasm  o f tissue c u ltu re  cells d u ring  in tra c e llu la r  g ro w th  
o f shigellae, w hich  h a s  been  described  by  N o so v a  e t  al. (1972), seem s to  be ex ag g e ra t­
ed by  an  a r t ifa c t d u e  to  th e  em bedd ing  of sam p le s  in  m e th ac ry la te .
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T here are a num ber o f models availab le  for experim ental an d  o ther purposes 
(e.g. determ ination  o f bacterial virulence, testing  o f drugs, etc.) and care 
should  be taken to  select the m ost appropriate  one. The w idespread and  
sim ple in traperitoneal te s t e.g. proved  unsuitable for experim ents w ith  
Shigella and E. coli. In  various stud ies made w ith th is  m odel the  results 
were usually  only assessed in te rm s of m orta lity  ra te , as there  was no 
evidence why the anim als died.

U nfo rtunate ly  th e  pathological lesions in typho id  infection (non-repro­
ducib le experim entally) and anim al salmonelloses were found  to  be basi­
cally different in sp ite  of the m any  sim ilar features. Thus th e  pathogenesis 
of h um an  typho id  and  the so-called toxinfections could n o t sufficiently 
be cleared up. In  co n trast, a strik ing  sim ilarity and  even id en tity  has been 
found between dysenteric  in testina l lesions in hum ans an d  in m onkeys 
(see C hapter 12), therefore, the  resu lts of studying dysen tery  in m onkeys 
are useful for understand ing  th e  hum an pathology of th e  disease.

W ith o u t w anting to  repeat th e  facts dealt w ith  in C hap ter 12, an  im ­
p o r ta n t feature o f th e  morphological changes occurring in th e  intestines 
in dysen tery  m ust be em phasized, nam ely th a t th ey  are n o t uniform . Two 
differen t pathological processes m ay  be observed: the  first is specific for 
d ysen tery  and consists of d estruc tion  of the m ucosa to  vary ing  degrees 
w hich is directly due to  shigellae and  of a local inflam m atory  response 
w ith  th e  active partic ipa tion  of polym orphonuclears. The inflam m ation is 
alw ays focal; even a t  the sites o f m ost severe and seem ingly continuous 
lesions, areas of m ucosa which are dam aged and  ab u n d an tly  covered by  
leukocy te aggregations, a lte rn a te  w ith  slightly  changed ones. Common 
c a ta rrh  is the second constant com ponent of dysenteric colitis. I ts  only 
sign is an  increased secretory ac tiv ity  of the  congested m ucosa, while o r­
ganism s and leukocytes are absen t. C atarrh  m ay involve alm ost the whole 
colonic mucosa (and occasionally th a t  of the  sm all intestine) except for th e  
areas o f tru e  inflam m ation.

On th e  basis o f observations m ade on infected m onkeys (see C hapter 11), 
one m ay  conclude th a t  in the ca ta rrh a l form of colitis, foci o f tru e  inflam m a­
tion , due to  shigella parasitism  in th e  epithelium , are seen w ith vary ing  
frequency , depending on the severity  of the disease and  on the  acuteness 
o f its  course. In  th e  presence o f m ild in testinal lesions characteristic o f 
m odern  dysentery , ca ta rrha l phenom ena prevail.

In  such cases th e  search for specific small, usually  microscopic, foci 
m ay  prove difficult. I t  is even less probable to  find them  in th e  tiny  tissue 
sam ple taken  a t biopsy. In  co n tra st to  the  opinion of Tsinzerling (1973a, 
b) an d  Pokrovsky and  Shalygina (1973), th e  failure of such a ttem p ts  
casts no doubt on th e  decisive role of intracellular shigella parasitism  in 
dysen tery .

T he cause of com m on ca ta rrh  developing together w ith  th e  specific 
inflam m ation in th e  in testine in dysen tery , is no t clear. Swelling and a p in k  
colour of the m ucosa, which are characteristic of ca ta rrh , are more p ro ­
nounced  in vivo th a n  a t autopsy. This finding suggests a  functional charac­
te r  o f th e  congestion of the in testin a l wall. Increased secretory  ac tiv ity  o f 
th e  epithelium  of colonic mucosa m ust obviously also be considered a function-
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al disorder. As m entioned , there is no associated bac teria l tissue invasion. 
I t  is no use searching fo r in tracellu lar shigellae in th e  areas of common 
ca ta rrh .

C atarrhal m anifesta tions m ay be due to  th e  direct effect of certa in  noxious 
or irrita tive  substances on the  m ucosa. I f  so, it m ay be th a t  th e  colonic 
m ucosa responds locally  to  toxins of shigellae ab u n d an tly  m ultiplying in 
th e  intestinal conten ts. However, in such  cases cu ltivation  oi th e  p a tien ts’ 
faeces shows small num bers of shigellae an d  frequently  even negative results 
are  obtained. Thus, th e  extensive c a ta rrh a l response m ust be a ttrib u ted  
to  o th er causes. Foci o f  specific in flam m ation  m ay cause and  m ain tain  it 
in  an  indirect (reflex) w ay  even when th e y  are sm all in size and  in num ber. 
This assum ption helps to  explain th e  p ro tra c ted  or a typ ica l form s of dys­
en tery , in which fu n c tio n a l disorders p revail and  m orphological lesions 
o f th e  intestine are less m arked. T here is, however, no evidence available 
to  th is  point.

*

T he m ajor findings w hich have com pletely  changed th e  early  theories 
on th e  pathogenesis o f  in testinal infections becam e know n more th an  
10 years ago. S im ilarly  to  m any o ther discoveries, th e  facts were described 
alm ost a t  the sam e tim e  by  several g roups of investigators working in ­
dependently  in d ifferen t countries. H ow ever, several years had  to  pass 
u n til the  different team s came to  unan im ous understand ing  and  th e  d a ta  
were correctly es tim ated . F u rth e r investigations confirm ed an d  com­
plem ented the early  findings.

C ertainly, our know ledge of the patho log ical processes characteristic  of 
dysentery , salmonelloses and  diseases caused  by en teropathogenic E. coli 
is still incomplete an d  fu r th e r  research is needed in o rder to  answ er all the 
questions. However, th e re  is no doubt t h a t  th e  understand ing  o f th e  p a th o ­
genesis of intestinal in fections is im possible w ithout s tudy ing  th e  peculiar­
ities of the  in teractions betw een th e ir ag en ts  and  the  host.
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APPENDIX





Since the  com pletion and subm itting  of th e  m anuscrip t som e new data , m ost­
ly  concerning different enteropathogenic Escherichia coli (EEC), in p a r tic ­
u lar enterotoxigenic E. coli (ETEC) and th e ir  en tero toxins, as well as o th e r 
enterotoxigenic organisms a n d  th e ir en tero toxins, have been published. 
Besides, some works of th e  con tribu to rs have also been com pleted. In  th e  
light of recent observations th e  significance o f d a ta  rep o rted  by  workers who 
have or have n o t been m entioned  in th e  above Chapters has changed. T hus 
additional consideration o f som e points seems to  be necessary.

R ecent observations have  show n th a t h um an  d iarrhoea m ay be induced  
no t only by E TEC  producing bo th  hea t-stab le  (ST) an d  heat-labile (LT) 
enterotoxins b u t also by those  producing e ither only ST (D. Sack e t a l., 
1975; Morris e t al., 1976) o r only  LT (Morris e t al., 1976). This has been 
revealed by m eans of in trag astric  inoculation o f mice, a m ethod  p erm ittin g  
th e  detection o f low-m olecular-weight (1,000-10,000 daltons) ST en tero- 
tox in  only (Jacks and  W u, 1974; G iannella, 1976) as well as by recen tly  
in troduced tes ts  which only reveal LT en tero toxin . G reat progress has been  
achieved in th e  selective detec tion  o f LT en tero toxin , fu r th e r in its com par­
ison w ith choleragen using tissue cu lture assays (m entioned in C hapter 20). 
T he m ost ad eq u ate  tests m ake use o f Y1 m ouse adrenal tu m o u r cells (D onta, 
1974«, b, 1976; D onta e t al., 1974; D o n ta  and  Viner, 1975) and Chinese 
ham ster ovary  (CHO) cells (G uerran t e t al., 1974; F inkelste in  e t al., 1976a). 
The determ ination  of adeny la te  cyclase ac tiv ity  in hum an em bryonic in te s ­
tin a l and  o th er cells is m ore laborious, b u t provides a good too l for study ing  
th e  m olecular m echanism  o f  ac tion  of LT en tero toxins (K an to r, 1975). D . 
Sack and R . Sack (1975) h av e  developed a  m iniculture v a r ia n t of th e  Y1 
adrenal cell te s t. K eusch an d  D o n ta  (1975) used  Y l adrenal cells for d e te c t­
ing cytotonic effect (in term s of increased steroidogenesis due to  adeny l 
cyclase activation) and  H eL a cells for detecting  cy to toxic effect (in te rm s 
o f detachm ent o f cells from  glass surface due to  cell dea th ). They classified 
en tero toxins o f Vibrio cholerae and  E. coli as cy to tonic, while those o f  
Sh. dysenteriae 1 and  Cl. perfringens as cyto toxic. C y to tox ic ity  o f Cl. perfrin­
gens en tero tox in  has been confirm ed in  vivo on s tren g th  o f th e  shedding 
o f th e  epithelium  o f th e  villi in  exposed ra b b it ileal loops (McDonel a n d  
D uncan , 1975).

Cell cu ltu re  tes ts  based on th e  above cy to tonic effect, as well as the  in tra -  
derm al “vascu lar perm eability  fac to r” (PF) assay according to  Evans e t al.

26 Voino-Jasenetsky — Bakács

401



402 A PPE N D IX

(1973) proved to be su itab le  for screening LT-producing ETEC. W hen 
purified, this heat-labile E . coli en tero tox in  was found  to  have a  high 
m olecular weight, betw een 35,000 and 100,000 daltons (D orner e t al., 1976; 
E inkelstein  et al., 1976a). E inkelstein  e t  al. (1976a) h av e  shown th a t  th e  
LT enterotoxin  (represen ted  by  single po lypeptide chains) is alm ost 106 
tim es less active th an  purified  choleragen in causing m orphologic a lte ra ­
tions o f CHO cells, app rox im ate ly  1,000 tim es less ac tiv e  in  skin P F  tes t, 
an d  a t least 100 times less ac tiv e  in ra b b it ileal loops. These au thors assum ed 
th a t  accessory or host-derived  factors are  requ ired  for th e  LT effect. Indeed , 
R ap p ap o rt e t al. (1976) h av e  reported  on  activation  o f  E T E C  LT en tero ­
tox in  by  trypsin. F u rth e r  stud ies of LT  en tero toxin  m ay  be facilita ted  by 
enhanced  release of th e  to x in  in  response to  M itomycin C which leaves it 
unchanged  (Isaacson an d  Moon, 1975).

R ecen t studies of trav e lle rs ’ d iarrhoea have resu lted  in  th e  isolation of 
new ETEC  strains (Gorbach e t al., 1975; D . Sack et al., 1975; R . Sack, 1975; 
M orris e t al., 1976; F in k e ls te in  e t al., 19766); o ther new  ETEC  have been 
isolated  from children w ith  diarrhoea (R . Sack e t al., 1975a). These new 
E T E C  have been sero tv p ed  as 0 5  : H 27 ; 06  : H -; 0 8  : H 9; 0 8  :H ? ;  
0 1 5  : H 8; 015 :H -; 0 2 0 H- ;  021 : H 21; 0 25  : H-; 0 4 2  : H37; 044  : H28; 
0 48  : H26; 063 : H -; 0 6 4  : H -; 078 : H -; 0109 : H 21; 0109  : H48; 0112a 
112b :H 2 1 ; 0114 : H -; 0 1 1 5  : H40; 0 1 1 5  :H 21 ; 0115  : H -; 0127 : H -; 
0128  : H7; 0128 : H12; 01 4 2  : H7; 0163  : Ш 9 ; some o thers are still u n ­
ty p ed  (F. Orskov e t al., 1976). Some E T E C  producing only ST (from se- 
rogroups 0 8  , 050, 0128 a n d  untypable) o r only LT (from  serogroups 0 5 , 
0 8  , 025 , 040, 075) should  be added to  th is  list (Morris e t al., 1976).

As regards shigella-like E E C -II , S tenzel (1975) has found  th a t  sero type 
185 described by Trabulsi as E E C  0115 (see C hapter 19) should  be considered 
as belonging to E. coli 0 152 . To reveal such  EEC, o ften  called “ invasive” 
E. coli a fte r D uPont e t al. (1971), a num b er of workers tr ie d  to  te s t isolates 
o f different origin. Thus, P a rk  e t al. (1974), likeM arier e t  al. in 1973, exam ­
ined strains from cheese. P a rk  an d  co-workers disclosed rabb it-gu t-loop-posi­
tiv e  and  p a rtly  even keratocon juctiv itis-positive  stra in s; in  con trast to  the  
stra in s  o f 0124 found by  M arier and co-workers, these -were n o t shigella-like 
E E C -II , bu t E EC -I (018 : B20, 0128 : Б 1 2  and 0125 : B15) though P a rk  
e t al. regarded them  as “ in v asiv e” . These resu lts  con trad ic t all availab le in ­
form ation  on E E C -I pathogen ic  properties [see Chapters 19 and  20, as well as 
a recen t s tudy  by G oldschm idt and  D u P o n t (1976)] and  should  be confirm ed 
b y  m orphological exam inations (investigating the  cap ac ity  of th e  stra in s  to 
m ultip ly  in the epithelial cells). W achsm uth e t  al. (1975) looked for “ invasive” 
an d  enterotoxin-producing stra in s am ong th e  isolates from  non-enteric 
E. coli infections (NEEC s tra in s  — see C h ap ter 19) and  fa iled  to  de tec t any  
“ invasiveness” or en tero toxigenicity  in s tra in s  from u rin e  and  blood. W ith  
sim ilar purposes R udoy a n d  Nelson (1975) screened E. coli isolates from  
d iarrhoeal and healthy babies, using H E p -2  cells, S erény’s te s t and  in fan t 
mice. They referred to  an  a b s tra c t of A inbender et al. (1973) who observed 
H eL a “ invasion” by E. coli strains from  healthy  babies (in h a lf o f th e  
babies aged from 3 m onths to  6 years). R u d o y  and N elson reported  th a t  30 
p e r cent of their u n ty p ab le  strains from  diarrhoeal a n d  12 per cent from
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healthy babies invaded HEp-2 cells; th e  workers regarded  the s tra in s  
as “invasive” , though Sereny’s tes t y ie lded  negative re su lts . These a u th o rs  
also described tha t th e  m ajority  o f s tra in s  from sick (86 per cent) a n d  
m any from  healthy  (41 per cent) bab ies were enterotoxigenic, how ever, as 
com pared w ith  o ther investigators’ re su lts  (Dean e t  al., 1972; D . S ack  
et al., 1975; Giannella, 1976; G oldschm idt and D u P o n t, 1976; M orris e t  
al., 1976), th e  values o f th e  suckling-m ouse assay considered positive w ere 
too low. In  addition, it is no use app ly ing  the te rm  “ invasiveness”  to  
E. coli s tra in s  based only  on th e  re su lts  of cell cu ltu re  tests, b ecau se  
both  E E C -I and shigella-like E E C -II m ultip ly  th ere in  (see C hapter 20). 
Moreover, it is often ra th e r difficult to  distinguish ex tracellu lar b a c te r ia  
(which m ultip ly  abundan tly  in the  cu ltu re  medium, particu larly  w hen  
th e  la tte r  is not changed every 2-3  hours) from th o se  adhering to  th e  
cells o f a monolayer. W ithout several positive and negative  controls th is  
m ay even be impossible.

The question  whether th e  so-called “ classic” enteropathogenic E. coli 
serotypes, i.e. E EC -I, are capable of p roducing  en tero toxins, was ra ised  b y  
m any au th o rs . Zinkernagel and Colombini (1975) observed  accum ulation  o f 
m oderate or insignificant am ounts of fluid in rabb it g u t loops challenged w ith  
E E C -I (inhibited  by im m une bovine lactoserum ), b u t E E C -I su p e rn a tan t o r 
whole cell ly sa te  prepara tions failed to  give d istended loops. R evealing a  
num ber o f  E T E C  strains in Apache ch ild ren  R. Sack e t al. (1975«) s tre sse d  
th a t none o f the  64 stra in s of E E C -I from  43 sick children  gave p o s itiv e  
ileal-loop reaction. R esults o f exam inations for antibodies to  LT en te ro to x in  
suggested ra th e r  frequent occurrence o f  E TEC  in A pache children in  t h a t  
locality (R. Sack et al.. 19756). Gross e t al. (1976) used Y1 adrenal an d  C H O  
cell tests  for detecting LT, and  the in fan t-m ouse test for detecting ST e n te ro ­
toxin in 6 stra in s of E E C -I th a t had caused  infantile en teritis  epidem ics in 
G reat B ritain . Their a ttem p ts  failed, an d  th e  authors concluded th a t e ith e r  
E E C -I produce en tero tox in  undetec tab le  by the availab le techniques o r th e  
pathogenesis o f infantile en teritis  differs from  th a t o f trave lle rs’ d ia rrh o ea . 
G oldschm idt and D u P o n t (1976) stu d ied  48 E EC -I s tra in s  to  examine th e ir  
pathogenic properties using Sereny’s te s t,  ra b b it gut loops, suckling m ice a n d  
Yl ad renal cells. The su p ern a tan ts  o f  only  three s tra in s  (two o f e ig h t 
026 : B6 an d  one of four 0111 : B4) o u t o f 48 E E C -I strains did in d u ce  
pronounced fluid accum ulation and d ila ta tio n  of exposed rabb it gu t loops. 
All o ther te s ts  gave negative results. T he workers suggested  the lack  o f 
correlation between E. coli serotypes a n d  presently know n virulence p ro p ­
erties in te s t system s; they  also expressed  doubts ab o u t the v a lu e  o f 
serotyping E. coli isolates from sporadic cases of d iarrhoea. N evertheless, 
rejecting such proposals, Rowe e t al. (1976) recom m ended to co n tin u e  
serotyping E . coli and  th e  study  of th e ir  pathogenic properties. R eview ing 
th e  problem  of enteropathogenicity  o f different E. coli, N eter (1975) also  
po in ted  o u t t he necessity o f fu rther s tu d ies . Grskov e t al. (1976) n o ted  th a t  
in  the  Copenhagen W HO E. coli C en tre  collection th e re  are only a  few  
enterotoxigenic strains belonging to  E E C -I serogroups. Com plete se ro ty p in g  
with H -antigen  detection is necessary fo r any com parison of E E C -I a n d  
ETEC. E T E C  strains m ostly belong to  certain  specia l serotypes. T h e
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au thors em phasized th a t  bo th  full se ro tv p in g  and en tero to x in  indication 
would be necessary for fu tu re  diagnostics.

The morphologic stud ies described in C h ap te r 22 have  been continued 
an d  extended. I t  has recen tly  been sh o w n  th a t V. cholerae E l Tor a n d  
ETEC  a ttach  to  th e  en terocy te surface a n d  m ultiply th e re  in a sim ilar 
m anner (Polotsky e t ah , 1977a, c). T h ereafte r the  living organism s 
as well as th e ir su p ern a tan ts  or whole cell lysates induce pronounced 
hypersecretion o f th e  in testina l ep ithelium  indicated by  nonspecific s t i ­
m ulation of th e  cells, enhanced m erocrine  and apocrine secretion o f 
absorptive, low -differentiated  midvillial a n d  undifferentiated  crvpt cells, 
as shown by electron microscopy. Such d rastic  changes o f enterocvtes 
exposed to E TEC  or V. cholerae El Tor a re  apparen tly  induced  hv ab so rp ­
tio n  of their' en te ro to x in s . G rady et al. (1975) and S trom beck and H arro ld  
(1975) have show n th a t  cholera en tero tox in  is absorbed b y  enterocvtes a n d  
is degraded by  acid  pro teases in the cells.

The im portance o f th e  a ttach m en t o f V. cholerae and h u m an  and porcine 
E TEC  has also been em phasized by o th e r  workers (E vans et ah, 1975; 
H ohm ann and  W ilson, 1975; Sellwood e t  a h , 1975; F re ter a n d  Jones, 1976; 
K nop  and Bellam y, 1976; N agy et ah, 1976; R u tte r  et ah , 1976;Schrank an d  
Verwey, 1976). E v an s e t ah (1975) have fo u n d  a plasm id-controlled surface- 
associated colonization fac to r in hum an E T E C . Spontaneous loss of th is  
p lasm id (60 X 10e daltons in molecular w eight ) or neu tra lization  of the fac to r 
by  hyperim m une an tiserum  resulted in loss o f  pathogenicity  o f  theorganism s, 
though they continued  to  produce po ten t eq u iv a len t en tero tox in  as d etec ted  
bv responses in  infant or ad u lt rabbits. T h e  significance of p lasm id-controlled  
K 88 antigen for th e  a ttach m en t of porcine E T E C  to th e  g u t epithelium  is 
well known (see C hapters 19 and  22, as well as  a  recent review  o f Moon, 1974). 
Besides, peculiar m orphologic structures h a v e  been revealed on  the  surface o f 
porcine ETEC stra in s  lacking K88 an tig en  (Hohm ann and  Wilson, 1975; 
N agy et ah, 1976). B y m eans o f these s tru c tu re s  bacterial a ttach m en t to  th e  
surface of en terocy te  m icrovilli was also accom plished. In  addition , porcine 
E TEC  a ttach m en t to  th e  gu t epithelium  is influenced b y  host-derived 
factors; there ex ist tw o different pig p h en o ty p es  (Sellwood e t  ah , 1975).

The studies described in C hapter 22 h a v e  been com plem ented w ith a 
search for en tero tox in  producing E EC -I s tra in s  in infantile d iarrhoea cases. 
Two strains o f 0 2 6  : K 60 : H l l  serotype o u t o f  23 E E C -I s tra in s  tested  were 
found to be en tero to x in  producing (P o lo tsk y  et ah, 1977ft). Their living 
cultures, su p ern a tan ts  an d  whole cell ly sa te s  evoked pronounced fluid 
accum ulation and  d ila ta tio n  of exposed r a b b i t  gut loops. T h e  enterotoxins o f 
these two stra in s also gave m arked p o sitiv e  reaction in in trad erm al ra b b it 
P F  assay, sim ilarly to  s tan d a rd  ETEC en te ro to x in s  and purified  choleragen. 
L ike other loop-negative E E C -I strains (w hich behaved as described in 
C hapter 22)— or even m ore extensively th a n  these—th e  organisms o f 
enterotoxigenic E E C -I stra in s  adhered to  th e  brush border, in truded  b e ­
tw een the microvilli an d  m ultiplied on th e  o u te r  epithelial cell m em brane. 
T hey  made close co n tac t w ith the la tte r a n d  caused shedding o f the m icro­
villi, pen e tra ted  th e  enterocvtes becom ing enclosed in m em brane-hound 
phagosom e-like vacuoles, appeared in th e  lam in a  propria a n d  elicited m ild
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focal po lym orphonuclear infiltration. All this differed m arkedly from  E T E C  
behaviour. In  ad d itio n , however, en tero tox in  producing  E EC -I organism s 
as well as their su p ern a tan ts  and w hole cell lysates induced  intense ep ith e ­
lial hypersecretion like ETEC. The conclusion was d raw n  th a t  even very  ra re  
E E C -I organisms possessing the cap ac ity  to produce enterotoxin(s) differ 
from  ET E C  unable to  penetrate  th e  epithelium .

T he a tten tio n  p a y e d  to  enterotoxins and  im provem ent of the  m ethods 
invoved  have recen tly  resulted in  th e  discovery o f  new enterotoxigenic 
organism s causing trop ica l sprue. T hus, K lipstein  e t  al. (1973) iso la ted  
Klebsiella 'pneumoniae, Enterobacter cloacae and E. coli O l : H31 from je ju n a l 
asp ira tes of sprue p a tie n ts  and observed ab undan t isotonic fluid accum ulation  
in lig a ted  rabb it g u t loops exposed to  th e ir  culture filtra tes . The effect o f  th e  
b ac te ria  and their entero toxins on in te s tin a l s tru c tu re  (K lipstein and  Schenk,
1975) an d  tran sp o r t (Klipstein e t a l., 1975) was s tud ied . E n tero toxins o f 
Kl. pneumoniae (K lipstein  and E n g e r t, 1975, 1976a) and  Ent. cloacae 
(K lipstein  and  E n g e r t, 1976b) were purified . They p ro v ed  to  be h ea t-s tab le  
low-m olecular-w eight (1,000—10,000 daltons) en tero tox ins sim ilar to  ST 
en tero tox in  of E T E C . K lipstein e t al. (1976) have described isolates o f K l. 
pneumoniae, Kl. ozaenae and E. coli (0 4 :H 3 2  an d  untypable) in je ju n a l 
asp ira tes of p a tien ts  w ith  tropical sp rue . Cell-free p rep ara tio n s of ran d o m ly  
selected  strains o f each  o f the coliform bac teria  con tained  either ST or L T , or 
b o th  form s of en tero tox in . I t  should be  m entioned th a t  th e  same bio ty p e  o f 
E. coli (04  : H32) p roduced  LT to x in  only  in one in stance and bo th  form s 
o f to x in  in the o th e r. W adström  e t al. (1976) have recen tly  reported  th a t  37 
per cen t of in fan ts a n d  children a d m itte d  to a paed ia tric  clinic in A ddis- 
A beba harboured  enterotoxigenic b ac te ria  as show n by  the ra b b it ileal 
loop, ra b b it skin (P F ) and adrenal cell tests. T h irty -e ig h t per cent o f th e  
iso lated  strains w ere E. coli (see 0 rs k o v  e t al., 1976), th e  others belonged to  
Klebsiella (15 per cen t), Enterobacter cloacae (12 per cent), Citrobacter (11 p e r 
cent), Aeromonas (11 p e r cent), Proteus (7 per cent), Serratia (2 per cent) a n d  
Pseudonomas (1 p e r  cent). Among th e  enterotoxigenic E. coli only one s tra in  
was o f know n E E C -I serotype.

T akeuchi (1975) h as  recently rev iew ed the  problem  o f penetration  o f th e  
g u t epithelium  by  Salmonella typhimurium  and com pared  them  with o th e r 
enteropathogens, including protozoal an d  viral ones, which were stu d ied  in  
d ifferent models (T akeuchi and P h ilipps, 1975,1976; T akeuchi and H ash im o­
to, 1976; Takeuchi e t al., 1976).

G iannella et al. (1975, 1976) ex tend ing  th e  studies o f  S. typhimurium  h av e  
fu r th e r  shown th a t  invasion of th e  instestina l m ucosa by salmonellae a n d  
th e  resu lting  in flam m ation do n o t substan tia lly  a lte r  the perm eab ility  
characteristics o f th e  mucosa; fluid accum ulation is induced by  ac tiv e  
secreto ry  process, th e  activation o f adeny la te  cyclase. However, th e  in te s ­
tin a l fluid secretion is blocked by tre a tm e n t w ith indom ethacin , which is a  
rap id , intense in h ib ito r of p rostag land in  synthesis, though neither th e  
invasiveness of salm onellae nor th e ir  peripheral dissem ination are affected. 
This m eans th a t hypersecretion is ap p a ren tly  caused by  endogenic p ro s ta ­
g land in  ra th e r th a n  b y  an en tero toxin-like substance . Similar, b u t less 
significant inh ib ition  o f intestinal flu id  secretion, also w ithout affecting th e
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invasiveness and  inflam m ation, was fo u n d  in experim ents w ith  Shigella 
flexneri 2a (Gots e t  al., 1974). In  m onkeys challenged w ith  Shigella flexneri 
2a R o u t e t al. (1975) observed m ucosal invasion by shigellae in  the  colon 
(as described in C hap ter 11) and n e t je ju n a l secretion though  neither bac­
te r ia l invasion, nor an y  significant sm all bowel alteration were in  evidence. 
D esp ite  the  difference betw een m onkey salm onellosis (see C h ap ter 17) and  
shigellosis (shigella in ab ility  to  invade th e  sm all intestine an d  dam age ileal 
tra n sp o rt)  net je ju n al secretion occurred sim ilarly  in bo th  o f these  invasive 
d iarrhoeas. The possible im portance o f  endogenic factors like p rostag lan­
dins in  th e  gut exposed to  shigellae was suggested. Continuing these studies, 
nevertheless, K insey  e t al. (1976) have  fa iled  to  dem onstrate w atery  d iar­
rh o ea  (with fluid je ju n a l secretion) in m onkeys challenged in tracaecallv  w ith 
Sh. flexneri 2a. This m eans th a t  som e undefined  in teraction  betw een th e  
m onkey’s jejunal m ucosa and  shigellae, passing  through th e  sm all intestine, 
does occur.

T h e  situation  is q u ite  different w ith  Sh. dysenteriae 1 p roducing  entero- 
to x in  o f a special ty p e . According to  K eusch  and Jacewicz (1975) Shiga 
en tero to x in  and neu ro tox in  are closely re la ted  or even iden tical proteins, 
w hile cytotoxin  is an o th er protein, th o u g h  it  m ay be a su b u n it o f  th e  larger 
to x in  th a t is capable o f acting d irec tly  o n  th e  H eLa cells. As regards th e  
m echanism  of action o f shigella en tero to x in  in th e  rabb it ileum , Dlores et al. 
(1974) and Donow itz e t al. (1975) n o te d  cytotoxic effect an d  no m arked 
increase in the a c tiv ity  o f the  adeny la te  cyclase system. H ow ever, Charney 
e t al. (1976) observed ac tiva tion  of in te s tin a l mucosal adeny la te  cyclase by  
Sh. dysenteriae 1 en tero tox in  em ploying concentrations of A T P g reater th an  
th o se  required to  dem onstra te  adenyl cyclase activation b y  choleragen. 
Therefore the au th o rs  suggested th a t  a lte ra tio n s in fluid a n d  electrolyte 
tra n sp o r t  induced b y  Sh. dysenteriae 1 en te ro to x in  may, in p a r t ,  be m ediated 
b v  th e  adenvlate cvclase svstem.
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63, 64, 55, 56, 157, 162, 163, 164, 277
166, 168 in  in fan ts w ith  E . coli en teritis  2 6 1 -2 6 2

deep necro s is o f m ucosa in  164 in  blood a n d  v iscera  261-262
D ysen te ric  in te s tin a l lesions m ucosal p e n e tra tio n  261-262

d iffe ren t fo rm s of 55-56, 57, 58, 141, superficial m u ltip lic a tio n  261-262
153 in  ra b b it g u t lo o p s 309-311

m echan ism  o f  166-168 adherence (a tta c h m e n t)  and  p en e -
D ysen te ry -lik e  diseases 263-267 tra tio n  309-311

ag en ts  o f  264-267 in flam m ation  in  309
clin ical sy m p to m s 263-264 surface m u ltip lic a tio n  309
epidem iologic stud ies 264 in tran asa l challenge w ith, see also

N E E C , in tra n a sa l challenge, 2 8 5 — 
E . coli 289

ag en ts  o f  an im a l au to in fec tions 270 bacterio logical coun ts  in 285
agen ts o f  h u m a n  au to in fec tions 257 m u ltip lica tio n  in  m acrophages 2 8 6 -
an tigens 258 289
en do tox in  in travesica l challenge w ith 280

en te ra l inocu la tion  59, 135 adherence a n d  surface  m u ltip lic a tio n
p a re n te ra l inocu la tion  60 280, 281, 283
role in  E n te ro b a c te ria ceae  evo lu tion  m ild  focal in flam m ation  in  280

34 E E C -1  О an tig en  re la tio n s  to  Sa lm onella
role in  h u m a n  physiology 257 259

E . coli c y s tit is  in  m an  257, 280 E E C -I I  “ C rim ea” (0151) and  “ 3 0 1 ”
E . coli d ia rrh o ea , earlier d a ta  258 (025), non-sh igella-like 267
E . coli e n te r it is  E E C -I I , shigella-like, epithelial p a ra s ite s ,

in fan tile  259—263 see also dysen te ry -]ike  d iseases,
a u to p sy  find ings (patho logy) 261-262 agen ts of, 34 -35 , 37, 259, 2 64 -266
b ac te ria l co u n ts  in  261 co n ju n c tiv a l challenge w ith 277—279
clin ical course 259, 260 in traep ith e lia l g ro w th  in 278-279

im p o rtan ce  o f m a ten ia l an tib o d ies  in  en te ra l challenge w ith  300-301 
262-263  o f guinea p igs 300-301

p a thogens , see also EEC -1, 259, 260 o f hu m an  v o lu n tee rs  301
sim ilarities w ith  salm onellosis 261 o f m onkeys 301

E . coli en te ro co litis  food- and  w a te rb o rn e  ou tb reaks c a u se d
o f a d u lts  a n d  children, see also dysen- b y  264

te ry -lik e  diseases, 263-264 in  cell cu ltu res  277
agen ts , see also E E C -II , 264-266 in  ra b b it g u t loops 311-314
epidem iologic stud ies 264 ep ithelia l d e s tru c tio n  311

E . coli k e ra to co n ju n c tiv itis , see also EEC - in traep ith e lia l m u ltip lica tion  312,
I I ,  c o n ju n c tiv a l challenge, 277-279 314

E . coli 0 1 1 1 , see E E C -I passage in to  a d ja c e n t cells 314
E . coli 0 1 2 4 , see E E C -II, shigella-like p en e tra tio n  311-312
E . coli p n eu m o n ia  in  m an  257, 284 p u ru len t-u lce ra tiv e  in flam m ation
E E C  (en te ropa thogen ic  E . coli) 311, 312

classifica tion  34, 37, 259, 260, 266, 271 in tran asa l challenge w ith  289-292 
p a th o g en ic  p ro p ertie s  o f 322-323 destru c tio n  o f  ep ithe lium  289, 291

E E C -I, see also E . coli en te r itis  pa thogens, dynam ics o f  g ro w th  285, 289
259, 260 ex trace llu la r m u ltip lica tio n  291

challenge o f  a d u lt vo lun teers w ith  261, m u ltip lica tio n  in  epithelia l cells 289—
262 292, 295

challenge o f  in fan ts  w ith  261 m u ltip lica tio n  in  m acrophages 289,
en te ra l challenge w ith  296-300 295

a tta c h m e n t and  p e n e tra tio n  297-299 “p a ra ly s is”  o f  leukocy te  re sp o n se  in
of ca lves 298 291
of germ -free  p ig lets 297 in trav esica l cha llenge  w ith 280—283
of k it te n s , puppies, m onkeys 296 in  cy top lasm  o f  epithelia l cells 280—
o f su ck lin g  m ice 296, 297 283

e n te ro to x ig en ic ity  302, 311, 402 E E C -I I  -S h ig e lla  О an tigen  id e n t i ty  34,
g a s tro e n te r it is  due to , in  a d u lts  262 265

SUBJECT IN D E X  415
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E n d o to x in
inoculation

en tera l 135-140 
in travesica l 112
p aren te ra l ( in trav en o u s) 58, 127 

re so rp tion -e lim ina tion  h y p o th es is  58, 
60, 168-169

E ndo to x in -m ed ia ted  m acro p h ag e  response 
250

Entam oeba histolytica  27 
E n te ro b a c te riaceae  32

in trace llu la r p a ra s itism  33-38 , 326-328 
E n terochrom affin  cells 22  
E n te ro tox igen ic  E . coli, see E T E C  
E n te ro to x in s

cy to ton ic  a n d  c y to to x ic  401 
o f E . coli, see E T E C  e n te ro to x in s  

E n te ro tro p ism  46
E p ith e lia l b a rr ie r  o f  th e  in te s tin a l m ucosa 

22-25
im perm eab ility  o f  27, 59, 135, 136 
p erm eab ility  of, in  n ew born  anim als 

273, 298
E p ith e lia l cell su rface , m ic ro b ia l grow th 

on 20
E p ith e lia l cells, in te s tin a l 22 -24  
E p ith e lia l hyp ersec re tio n  303, 304, 308, 

403
E pithelio id  cells 16, 235, 242, 244 
E p ithe lio trop ism  70, 71, 72, 73 
E T E C  (en tero tox igen ic  E . coli)

anim al, see also  an im a l colibacillosis 
agents, 272, 274, 299, 308 

en te ro to x in -m ed ia ted  adenyl-cyclase 
ac tiv a tio n  268, 277, 304, 401 

en tero tox ins
h ea t-s tab le  (ST) a n d  h ea t- lab ile  (LT) 

267-269, 304, 401 
in cell cu ltu res  277, 401 
in  suckling m ice  302, 401 
“ vascu lar p e rm e a b ility  f a c to r” (PF) 

in  267, 268, 401
h um an , see also cho lera-like  diseases, 

agents, 267—271, 401 
en tera l challenge w ith  302 
in  ra b b it g u t loops 304-308, 403 
in tran asa l challenge w ith  292-295

F a c u lta tiv e  or p o te n tia lly  p a th o g en ic  or­
ganism s (sap rophy tes) 14, 15 

F ib r in
deposition  in sa lm onella  g ran u lo m as 244 
reso rp tion  b y  m acro p h ag es in  colitis 162 

F ib rin o u s colitis in  h u m a n  d y sen te ry , see 
also croupous a n d  d ip h th e ritic  co litis ,53, 
54, 55, 56, 57, 157, 162, 164, 166, 168 

F lo ra
in testina l, b a c te r ia l 25 -27 , 257 

im portance  o f  45, 46, 257 
o f guinea p ig  eye 77

F lu o re sc e n t an tib o d y  tech n iq u e  41 
F u s ifo rm  rods 25

G a n g ren o u s  colitis in  h u m a n  d y se n te ry  
55, 157, 168 

G a s tr ic  juice
a c id i ty  o f 43, 44
n e u tra liz a tio n  of, fo r  e n te ra l challenge

43, 44
G a s tro e n te ritis , sa lm onella  induced 

in  h u m a n s  182, 183 
in  m onkeys 240-242 

G e n e ra l condition
o f  an im als , im p o rtan ce  fo r challenge

44, 89
o f  in fa n ts  in  E . coli e n te r it is  260 

G en era lized  salm onella  in fection  in 
c o n ju n c tiv a l challenge 216 
e n te r a l  challenge 225, 242 
in t ra n a s a l  challenge 213 
in tra v e s ic a l challenge 221, 223 
ty p h o id  176 

G ia rd ia  lamblia 27-28 
a t ta c h m e n t  of 28 
p e n e tra tio n  of 28 

G ly co ca ly x  24 
a t ta c h m e n t  to

o f  h u m an  E T E C  306 
o f  salm onellae 321 
o f  shigellae 315, 316 

te c h n iq u e  of d e tec tio n  306 
G o b le t cells 22, 24, 25 
G o ld m a n n ’s Sudan  a lp h a -n ap h th o l, see 

also  g ranulocytes , d em o n s tra tio n , 17 
G o n o rrh o ea , m icrob ia l g row th  on th e  

e p ith e liu m  20
G ra n u lo c y te s  (leukocytes), d em o n s tra tio n  

o f  17, 143, 166-167 
G ran u lo m as , specific

in  ex p erim en ta l sa lm onella  in fections 
213, 217, 221, 223, 229, 232, 233, 
242-244 , 249, 250 

in  sc lerom a 17, 20 
in  ty p h o id  176, 177, 178

H a e m a g g lu tin in s  92
H e a t- s ta b le  (ST) a n d  h ea t- lab ile  (LT) E .  

coli en tero tox ins, see also E T E C  en- 
te ro to x in s , 268, 274, 401 

H o s t-p a ra s i te  in te ra c tio n  13-16, 324 
H o s t  res is tance  13 
H o s t  su scep tib ility  13 
H y p e rse n s itiv ity  91, 153

Ig A  im m unog lobu lins, secre to ry , role o f  
263, 273

I m m a tu r i ty  of in fan t in te s tin e  262, 298 
I m m u n i ty

a c q u ire d  90-92 
c o n g e n ita l 90
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Im m u n ity  (cont'd) 
n a tu ra l 44
non-specific 267, 262 
passive

in  in fa n ts  262-263 
in  new b o rn  an im als 273 

Im p a irm e n t o f  th e  liver, im p o rtan ce  for 
challenge 44

Ind igenous m icroorgan ism s 14 
In d iv id u a l va ria tio n s in  th e  resistance  of 

an im als 45
In fan tile  E . coli en te ritis , see E . coli en ­

te r itis
In fan ts , e n te ra l challenge of, w ith  E E C -I 

261
In fectious disease 13, 20 -21  
In fec tious p rocess 13, 20 -2 1 , 324 
In f la m m a to ry  process (reac tio n , response, 

in filtra tio n ), general 14 
in  co n ju n c tiv a l challenge 

w ith  E E C -I I  278 
w ith  salm onellae 215, 216, 217 
w ith  shigellae 98, 102, 104 

in  E . coli e n te r itis  261 
in  en te ra l challenge 

w ith  E E C -I  297 
w ith  E E C -I I  301 
w ith  salm onellae

in m ice  225-227, 229, 242, 244 
in  gu in ea  pigs 232-234  
in  m onkeys 242 
in  ra b b its  235-237, 239, 240 

w ith  shigella en d o to x in  138-139 
w ith  shigellae

in  gu inea  pigs 132-133 
in  ra b b its  128-131

in h u m a n  d y sen te ry  54, 157, 166— 
167

in  h u m a n  salm onella  gastroen te roco li- 
t is  182-183

in in tra n a sa l challenge 
w ith  E E C -I  and  N E E C  286 
w ith  E E C -I I  289 
w ith  salm onellae  204, 2 0 7 -2 Ц  
w ith  shigellae 117-120 

in  in trap e rito n ea l cha llenge  
w ith  sa lm onellae  194—197 
w ith  shigellae 67, 69 

in  in trav es ica l challenge 
w ith  E E C -I  280 
w ith  E E C -I I  280-283 
w ith  salm onellae  2 2 1 , 2 2 2  
w ith  shigellae 108, 109-113 

in  m o n k ey  d y sen te ry  141, 143, 144, 145, 
147, 149, 152-155 

in  ra b b it g u t loops challenged  
w ith  E E C -I  309 
w ith  E E C -I I  311 
w ith  salm onellae  319, 321 
w ith  shigellae 314-315

In te s tin a l  ep ith e lia l b arrie r, im p erm eab i­
l i ty  of, see also  ep ithelial b a rrie r, 27 

In te s tin a l  ep ith e liu m  
renew al 24 
u lt ra s tru c tu re  23

In te s tin a l  flora, see also flora, in te s tin a l , 
25-27

im p o rtan ce  o f  45—46, 257 
In te s tin a l  lesions in  dysen te ry  166-167 
In te s tin a l  p e ris ta ls is  43, 44, 46 
In tra c e llu la r  p a ra s it ic  en terobacteria  33— 

38, 326-328
In tra c e llu la r  p a ra s itism  

in  ty p h o id  28 
o f  shigellae 2 8 -2 9  
significance o f 16—20 

In tra e p ith e lia l p a ra s ite s  33-35 
In t ra n a s a l  challenge, see also lung m o d e l, 

115-116
In tra p e rito n e a l cha llenge  67, 192-193 
In tra v e s ic a l cha llen g e  108

J u n c tio n a l com p lexes 24

K e ra to c o n ju n c tiv a l te s t ,  see also sh ig e lla  
k e ra to c o n ju n c tiv itis , 76-87 

K e ra to c o n ju n c tiv it is  induced by
shigella-like E E C -I  Г, see also E E C -I I ,  

con junc tiva l challenge, 34, 94, 95, 
264-265

salm onellae, see also  salm onella k e ra to ­
co n ju n c tiv itis , 76-77, 215-219, 223

L ac rim a l g lands, in flam m ation  o f  218, 
219, 223

L a m in a  p ro p ria  22, 23, 24-25 
L e ishm an ias is a g e n ts  15 
“ L e p ro tic ”  cells 16 
L ep ro sy  ag en ts  16
L e u k o cy te  resp o n se  (reaction), see also  

in flam m ato ry  p ro cess  (suppression, in ­
sufficiency, in h ib itio n ) o f 69, 70, 119, 
120, 122, 195, 197, 291, 292, 293 

L ife  cycle o f p a th o g e n s  15, 247 
L iq u ifac tio n , p u ru le n t,  in  dy sen te ry  54, 

166-167
L u n g  m acrophages, see alveolar m a c ro ­

phages
L u n g  oedem a in d u c e d  b y  ETEC 292—295 
L y m p h  follicles in  dysen teric  colon 54, 

146-147
L y m p h o id  sy s tem  o f  ra b b it in te stin e  234

M acrophage h e te ro g e n e ity
in  a lveo la r e x u d a te  207, 208, 209 
in  pe rito n ea l e x u d a te  199-200 
in  ty p h o id  180, 250

M acrophage re a c t io n  (response) to  in t r a -  
perito n ea l ch a llen g e  67, 69, 194, 195, 
196, 197

resu ltin g  in  g ran u lo m as  250

27 Voino-Yasenetsky— Bakács
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M acrophage-type  cells, p a ras itism  in 16, 
16, 17, 18, 246, 253

M acrophages, perito n ea l, cu ltu res  o f 36, 
72, 200

M alaria , role of leukocy tes in  16, 17, 19 
M alaria l p lasm od ia  (P lasm odium  falcipa- 

rum ) 16, 28
“ M edullary  sw elling” o f P ey e r’s p a tch e s  

in  ty p h o id  176
M icroabscesses 100, 111, 221, 226, 278 
M icrovilli 23

a lte ra tio n s  of, in  shigella p e n e tra tio n  
315, 316

M odel ex p erim en ts  41, 42, 48 
M ucosal necrosis

artific ia l, in  d ila ted  g u t loops 303 
due  to  foreign flora in d y sen te ry  160— 

161, 162, 167, 168
due  to  po st-m o rtem  changes 167, 167

N E E C  (non-en teropathogen ic  E . coli) 34, 
37, 258

ag en ts  o f au to in fec tious d iseases see 
also E . coli, 258, 270, 280, 284 

in  cell cu ltu res  276 
in  chick  em bryos 276 
in  en te ra l challenge 297 
in  in trace reb ra l challenge 276 
in  in tra n a sa l challenge 285-289 
in  in trap e rito n ea l challenge 276 
in  in travesica l challenge 280 
in  ra b b it g u t loops 305 

N osological m odels 41

O bliga to ry  in trace llu la r  p a ras ite s  16 
O m en tum  sp read  p rep a ra tio n s  67, 6 8 , 

193
O rnithosis, ro le o f leukocy tes in  16-17 

P a n e th ’s cells 22
“ P a ra ly s is”  of leukocy te  response 119- 

122, 291, 292
P a ra s ite s  o f m acrophages 35-37 
P a ra s itism  in  m acrophage-type  cells 15 - 

18, 246, 253
P a re n te ra l inocu la tion  m ethods 47-49  
P a thogenesis  o f con tag ious d iseases 14 
P a th o g en s

coun te rac tio n  to  phagocy tosis 15 
fa te  and  b eh av io u r o f 15 

P e n e tra tio n , ep ithe lia l
b y  E E C -I  261, 297, 299, 309-311 
b y  E E C -I I ,  shigella-like 278, 280, 289, 

301, 311
b y  salm onellae 212, 217, 221, 223, 233, 

246, 321, 327
b y  shigellae 28-29 , 130, 132, 134, 143- 

147, 159, 315-316, 318-319 
P e rito n ea l m acrophage  cu ltu res  72, 200  
P e rito n ea l m odel 65

P e y e r ’s patches, n o rm a l s tru c tu re  o f 23, 
225, 234

P h a g o c y te s  of im m u n ized  an im als 18, 6 6 , 
247

P hagocy ti/.ed  b a c te r ia , fa te  of 15 
P h ag o cy to s is

accom plished (com ple te ) 69, 118 
unaccom plished (incom plete) 69, 122, 

326
“ Physiological in f la m m a tio n ” 25 
P lasm odium  fa lciparum , see also m a la ria l 

p lasm odia, 19 
P n e u m o n ia

cau sed  by  E . coli in  m a n  257, 284 
in  en te ra l challenge w ith  shigellae 114 
in  h u m an  d y se n te ry  114 
in  ty p h o id  fever 203 

P o ly m o rp h o n u c lea r leu k o cy tes  (leuko ­
cy tes , po lym orphonuclears) 14, 16 

ro le  o f 16-2Ö
P o st-m o rte m  changes in  th e  in te s tin e , 

see also artifac ts in  th e  in te stin e ; m u co ­
sa l necrosis, 41, 142, 150, 152, 153 

P o te n t ia l ly  pa thogen ic  organ ism s 14, 15 
P r is m a tic  epithelial ce lls  22-24 
P s itta c o s is  (ornithosis), ro le  o f p o ly m o r­

p h o nuclea r leu k o cy tes  in  16

R e s is ta n c e  of an im als 
to  infection 43

ind iv idual v a ria tio n s  in  45 
to  shigellae 126, 127 
to  Ä. typhi 184, 185

R e s is ta n c e  of som e cell lines  to  sh igellae  
72—73

R e s is ta n c e  of some m o u se  s tra in s  to  sa l­
m onellae  189

R e s is ta n c e  to  p h ag o cy to s is  b y  leu k o cy tes  
o f  en teropathogens 326 
o f  salm onellae 2 1 2  
o f  shigellae 122-124 

R ick e tts io s is
ag e n ts , paras’tism  of, in  in sect e p ith e ­

liu m  28
ro le  o f p o ly m orphonuclear leu k o cy tes  

in  16, 18

S a lm onella
a n im a l carrier s ta te  190
fo ca l lesions in  m a n  d u e  to  182, 183
m ultip lica tio n

in  b ladder e p ith e liu m  220-223 
in  m acrophage-type  cells 35-36, 194— 

197, 200, 205-208 , 210, 213, 223, 
229-231, 239, 246-247 , 253 

p e n e tra tio n  th ro u g h  th e  ep ith e liu m  36, 
212, 217, 221, 223, 233, 246, 321, 327 

po lym orph ism  in  v ivo  179, 187, 19 4 - 
195, 197, 199-200, 206, 207, 213, 223, 
247
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Salm onella  en d o tox in , p a re n te ra l inocula­
tio n -o f (10

Salm onella  ep izoo tics 190 
Salm onella  g as tro en te ritis  (gas troen tero- 

colitis) in  m a n  182-183 
Salm onella  g ranu lom as 242-244, 249, 250 
Salm onella  k e ra to co n ju n c tiv itis  76-77, 

215-217, 218, 219, 223 
Salm onella  syndrom es in  m a n  181-184 

typ h o id -lik e  an d  septic 182, 183 
Salm onellae

en tera l challenge w ith 
o f m ice 224-232 
o f gu inea  pigs 232-234 
of m onkeys 240-242 
o f ra b b its  234-240 
o f ra ts  232 

in  cell c u ltu re s  201
of p e rito n e a l m acrophages 2 0 0 -2 0 1  

in  ra b b it g u t loops 319-322 
S ap rophy tes  14, 15 
Sclerom a

agents, m acrophage  p a ra s ite s  15, 20 
role o f leu k o cy tes  in 17, 20 

Sh . dysenteriae  1 exotoxin  (en tero tox in) 
58, 316, 319, 324-326 

Shigella  c y s tit is  in m an 108 
u re te r lesions in 112 

Shigella -E . coli in te rm ed ia te  s tra in s  32- 
34, 40, 265—266

Shigella-E . coli re la tionsh ip  33, 34, 265 
Shigella  en d o to x in

en tera l in o cu la tio n  of 135—140 
p a ren te ra l ad m in is tra tio n  o f  58, 59, 112 

Shigella  k e ra to co n ju n c tiv itis  in  m an  107 
Shigella  vu lvovag in itis  

in  gu inea  p ig s 112 
in  h u m an s  112 
in  m ice 112  

Shigellae
colony s tru c tu re  39-40 
en te ra l challenge w ith 

o f c a ts  126 127 
of dogs 126
of gu inea  p igs 44, 132-135 
of m ice  a n d  ra ts  126, 127 
o f m o n k ey s 141, 151, 152, 154 

in  cell c u ltu re s  187
of p e rito n e a l m acrophages 72 

in  chick em bryos 74-75 
in  ra b b it g u t loops 314-319 
in traep ith e lia l m u ltip lica tio n  (growth) 

28-29, 33, 98, 100-107, 109-111, 
120-122, 130-131, 134, 144, 145, 147, 
150-154, 156, 158-159, 160, 161, 164, 
166, 169, 170, 315-316, 325 

passage in to  a d jac en t cells 103, 104, 106, 
110

Sm all in te s tin e , invo lvem en t of, in  dysen­
te ry  169

27 *

S p ira l-like  organ ism s o f  in testina l flo ra  25 
S p iroche tes  27 
S .  ty p h i

e n te ra l challenge w ith  
o f  chim panzee 184, 185 
o f  guinea p igs a n d  rab b its  43, 47 

in  cell cu ltu res 187 
in  chick  em bryos 179-180, 202 
in  lym phocy te  c u ltu re s  186 
in jec tio n  of, in to  subcu taneous tis su e  

185
in ocu la tion  of, in to  bone m arrow  185 
in tra n a sa l challenge w ith  185, 203, 204 
in  typ h o id  fever

in  bone m arro w  181 
in  dead tissu e s  179, 180 
in  m acro p h ag e-ty p e  cells 180, 181 

S ta rv a tio n  of a n im a ls  44 
S w ine  colibacillosis 272-274 
S y m b io n ts , b a c te ria l

in  insect g u t e p ith e lia l cells 28 
in  ra b b it gu t ly m p h o id  system  235

T hiry -V ella  te c h n iq u e  303 
T ran sitio n a l e p ith e liu m  o f u rinary  b la d d e r  

109
T ra v e lle rs ’ d ia rrh o ea  268, 401 
T ro p ica l sprue 404 
T ubercu losis ag en ts  15 
“ T y p h o id ” cells 16, 175, 176 
T y p h o id  fever

clin ica l sym p tom s 175 
in trace llu la r p a ra s itism  in 28, 181 
localiza tion  o f th e  ag en t 179-181 
m orphology  175-178 , 328 

T y p h o id  g ranu lom as 175-178, 250, 253, 
251-252

U lc e ra tiv e  colitis in  d y sen te ry  53, 55, 56, 
57, 157, 108

“ V ascu la r p e rm eab ility  fac to r” (I’F ) 267, 
268, 401

V . cholerae, see ch o le ra  vibrios 
V . cholerae e n te ro to x in , see also cho le ra - 

g e n
ab so rp tio n  of 403 
m echan ism  of a c tio n  303 

V iru len ce  of sh ig e llae  and  shigella-like 
E E C -II  88 -89 , 94-95  

V o lu n tee rs , a d u lt, u se d  for en teral c h a l­
lenge (feeding) w ith  

E E C -I  261, 262 
E E C -I I , sh igella-like  95, 301 
E T E C  302 
shigellae 95

W h ip p le ’s disease 30 -31  
W h o o p in g  cough 20

Z o n u la  occludens 24
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