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FOREWORD

This volume is one of the series published by Akadémiai Kiadó, the 
Publishing House of the Hungarian Academy of Sciences in coedition with 
Pergamon Press, containing the proceedings of the symposia of the 28th 
International Congress of Physiology held in Budapest between 13 and 19 
July, 1980. In view of the diversity of the material and the “taxonomic” 
difficulties encountered whenever an attempt is made to put the various 
subdisciplines and major themes of modern physiology into the semblance of 
some systematic order, the organizers of the Congress had to settle for 14 
sections and for 127 symposia, with a considerable number of free communi
cations presented either orally or as posters.

The Congress could boast of an unusually bright galaxy of top names 
among the invited lecturers and participants and, naturally, the ideal would 
have been to include all the invited lectures and symposia papers into the vol
umes. We are most grateful for all the material received and truly regret that 
a fraction of the manuscripts were not submitted in time. We were forced 
to set rigid deadlines, and top priority was given to speedy publication even 
at the price of sacrifices and compromises. It will be for the readers to judge 
whether or not such an editorial policy is justifiable, for we strongly believe 
that the value of congress proceedings declines proportionally with the gap 
between the time of the meeting and the date of publication. For the same 
reason, instead of giving exact transcriptions of the discussions, we had to 
rely on the introductions of the Symposia Chairmen who knew the material 
beforehand and on their concluding remarks summing up the highlights of 
the discussions.

Evidently, sucli publications cannot and should not be compared with 
papers that have gone through the ordinary scrupulous editorial process of 
the international periodicals with their strict reviewing policy and high 
rejection rates or suggestions for major changes. However, it may be refresh
ing to read these more spontaneous presentations written without having to 
watch the “shibboleths” of the scientific establishment.

September 1, 1980 J. Szentágothai

President of the
Hungarian Academy of Sciences
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PREFACE

The more that has been learned about the physiological mechanisms 
in living organisms, the greater has become the interest in the responses of 
living organisms to environmental effects. It is logical that nowadays, in the 
age of chemicalization, intensive industrial development, cosmonautics and 
other extreme stress effects, this interest is progressively growing. The Organ
izing Committee of the 28th Congress of the International Union of 
Physiological Sciences therefore felt obliged to gather all studies scattered 
throughout the various fields of applied physiology into a separate section 
under the collective heading “Environmental Physiology”. Indeed, the in
terest was equal to the expectations: a great many authors registered for 
participation in this section, which thereby became one of the most fre
quented. The large number of papers submitted moved the Organizing Com
mittee to create a separate Gravitational Symposium too.

The incongruency between the many excellent studies represent
ing the multilateral theme and the limited time available created an almost 
insoluble problem as regards the selection and grouping o f the invited presen
tations and symposia. Hence, the themes appearing in this volume reflect 
only some of the most current problems in the field o f environmental 
physiology. The study of circadian rhythms, which is at present yielding a 
wealth of new information, the problems and methods of thermoregulation, 
the complex problematics of osmoregulation, the environmental effects on 
sleep-wake cycles, as well as the effects of sport, training and work on phy
siological processes, were the points which were highlighted by the invited 
lectures and symposia.

I am convinced that the valuable presentations and discussions pub
lished in this volume have drawn new attention to the problems of environ
mental physiology and will promote the solution of the questions facing 
mankind.

I should like to express our gratitude to all participants for their valu
able contributions, and primarily to the symposium chairmen and all authors.

Francis Obál
Chairman of the Local Organizing Committee 

of the Section “Environmental Physiology”
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CIRCADIAN SYSTEM PROPERTIES
Jürgen Aschoff

Max-Planck-Institut für Verhaltensphysiologie, Andechs. FRG

Én nem csalódom. Minden szervem óra, 
mely csillagokhoz igazitva jár.
(I am not misled. All my organs are 
clocks which run adjusted to the stars.)

Attila József, 1937
When Attila József wrote his poem 'Majd emlékezni jó lesz' 

(It will be good to remember) in which he refers to his inner 
clocks, the biological basis of such time measuring devices 
had yet to be discovered. As a true poet, József envisaged 
what was shown to be true about 25 years later: that there is 
a biological clock in man which measures time of day, and that 
it consists of a multiplicity of oscillating units, located in 
various organs and coacting as a complex entity called 'the 
circadian system'. In this lecture, I am attempting to intro
duce a few basic features of the circadian system to those who 
have become interested in the subject only recently. To a 
large extent, the survey is based on data which have been col
lected by my co-workers E.Gwinner, K. Hoffmann, H.Pohl, U. von 
Saint Paul, and R. Wever over the last 15 years.

1. FREERUNNING AND ENTRAINED RHYTHMS IN ANIMALS
By evolutionary adaptation to the temporal program of day 

and night, eucariothic organisms have developed endogenous 
periodic processes whose natural frequency approximates that 
of the earth's rotation and which persist in the absence of 
any periodic input to the organism. Since the period of the 
rhythm slightly deviates from 24 h under artificially con
stant conditions, the prefix circa has been introduced by 
Halberg (1959) . Circadian rhythms, then, are characterized
a) by their capability to freerun in constant conditions like 
self-sustaining oscillations, and b) by the way in which they 
are synchronized (entrained) by periodic factors in the envi
ronment, the Zeitgebers. The two examples provided in Fig. 1 
show rhythms in oxygen uptake of two chaffinches, kept initi
ally in light-dark cycles of 12 h light and 12 h darkness 
(LD 12:12) and thereafter in conditions of constant dim illu
mination (LL). As dayactive animals, the birds have a high
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level of oxygen uptake during L, and a low one during D. In 
LL, the rhythm persists undamped with a period, “C , which is 
longer than 24 h in the upper record, and shorter than 24 h 
in the lower record. This difference indicates that there can 
be a substantial interindividual variability in "V . In addi
tion, T  is known to depend on the physiological state of the 
organism e.g. with regard to its reproductive functions, as 
well as on external factors such as intensity of illumination 
or ambient temperature. The effects of external factors show 
systematic differences between dayactive and nightactive spe
cies. (For a review, cf. Aschoff 1979a).

Fig. 1. Circadian rhythms of oxygen uptake in two 
chaffinches, Fringilla coelebs, kept first 
in a light-dark cycle (LD), thereafter in 
constant dim illumination (LD). 'C = Mean 
circadian period. Shaded area: darkness.
(From Pohl, published in Aschoff et al. 1980)

When entrained by a Zeitgeber, the circadian rhythm main
tains a distinct phase-relationship with the entraining sig
nals. This phase-angle difference \f/ might be measured between 
an arbitrary phase of the rhythm, e.g. a minimal value, and 
the time of 'light-on' of a LD-cycle. If in case of the rec
ords reproduced in Fig. 1 one takes as phase reference the 
point where oxygen starts to increase from its low D-level, 
it becomes evident that has a small positive value (i.e. 
a leading phase) in the upper record, and a large positive 
value in the lower record. This difference in \J/ is correla
ted with the difference in the ~C -values (24.8 h in the upper 
record, 23.1 h in the lower record) and reflects the general 
rule that \f/ depends on the ratio between the 'C of a rhythm 
(as measured in constant conditions) and the period T of the 
entraining Zeitgeber. In consequence of this rule, ^  also 
changes when a rhythm becomes entrained by Zeitgebers with 
periods other than 24 h (cf. Fig.3). (For a discussion of 
these rules, cf. Aschoff 1965a, 1981a).
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Next to a LD-cycle which is the prime Zeitgeber for most 
organisms, a cycle of low and high temperature can entrain 
circadian rhythms at least in poikilothermic animals. In li
zards, a cycle with a range of only 0.9°C suffices to entrain 
the activity rhythm of 1/3 of the animals tested (Hoffmann
1969) . Homeiothermic animals are less easily entrained by tem
perature cycles. In squirrel monkeys, a range of 17°C has been 
found to be effective in about 50% of the animals tested 
(Fig. 2, left diagram). If entrainment is not achieved, the 
rhythm continues to freerun with a mean period which is con
tinuously modulated by the signals from the Zeitgeber. This 
relative coordination (Enright 1965) between the rhythm and a 
Zeitgeber of insufficient strength is illustrated in the right 
diagram of Fig. 2. The period of the non-entrained activity 
rhythm is close to that of the Zeitgeber when onset of activi
ty coincides with the warm half of the temperature cycle, and 
it is lengthened when the onset of activity falls in the cold 
half of the cycle. Relative coordination also plays its role 
when various components of a freerunning circadian system 
loose their mutual coupling as in the case of internal desyn
chronization (cf. section 4, Fig. 9 and 10).

Fig. 2. Circadian activity rhythms in two squirrel 
monkeys, Saimiri sciureus, kept alternati
vely in constant temperature and in a tem
perature cycle. Original record duplicated 
along the abscissa. Within rectangles: time 
of higher temperature. (Tokura and Aschoff, unpubl.)
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Circadian rhythms are only entrainable by Zeitgebers 
within a limited range of periods. Within this range of en
trainment the rhythm changes its phase-relationship to the 
Zeitgeber according to the rule mentioned above: the rhythm 
phase leads a Zeitgeber which has a relatively long period, 
and phase lags a Zeitgeber with a short period. This is illu
strated in Fig. 3 by the activity records from chaffinches. 
When kept in a LD-cycle with a period T = 24 h, the bird is 
dayactive but a late riser (onset of activity about 2 h after 
light-on). When T is changed to 25 h, the bird becomes an 
early riser, while in T = 23 h the normally dayactive bird 
becomes mainly nightactive. When T is lengthened to 26 h, or 
shorténed to 22 h, entrainment is lost and the freerunning 
rhythm only shows relative coordination. It should be noted 
that a LD-cycle with 5 lux in L and 1 lux in D has been used 
in these experiments. Such a small range in intensity of illu
mination provides only a weak Zeitgeber; hence the range of 
entrainment is very small, and the changes in 11/ with changing 
T are large (cf. Aschoff and Pohl 1978).

Time (hours)
0 12 24 0 12 24 0 12 24 0 12 24 0 12 24 h

T = 26.0 h 
г =24,7 h

Fig. 3. Circadian activity rhythms of chaffinches,
Fringilla coelebs, kept in light-dark cycles 
of various period length (T).X  = mean cir
cadian period. Horizontal bars: activity 
time. Shaded areas: darkness. (Wever, unpubl.)
2. A SYSTEM OF COUPLED OSCILLATORS

So far, circadian rhythms have been treated as being con
trolled by one basic oscillator, a single circadian clock.
A growing body of data indicates that such a one-oscillator 
model does not account for all the facts. Some evidence for a 
multi-oscillator system comes from the observation that free- 
running rhythms of locomotor activity can be dissociated into 
two components which, for some time, run with different fre
quencies u-ntil they have reached a phase difference of 180°. 
Such splitting often occurs after a change in the intensity 
of illumination, as illustrated in Fig. 4. A for the tree 
shrew (Hoffmann 1971) . Splitting was first described by
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Pittendrigh (1960) for the arctic ground squirrel Spermophilus 
undulatus, and for the golden hamster Mesocricetus auratus 
(Pittendrigh 1967). Together with the fact that many activity 
records show two major peaks at the beginning and the end of 
each activity time (Aschoff 1957, 1966) , the phenomenon of 
splitting prompted Pittendrigh (1974) to suggest that the cir
cadian pacemaker is comprised of two separable oscillators 
which mutually entrain each other and whose period differen
tially depends on light intensity. An expansion of this idea 
and its implications can be found in Pittendrigh and Daan
(1976) .

Time (hours)

Fig. 4. Splitting of circadian activity rhythms in constant
light; records duplicated along the abscissa. A) Tree 
shrew Tupaia belangeri (from Hoffmann 1971). B) Euro
pean starling Sturnus vulgaris; arrows: injection of 
testo'sterone (from Gwinner 19 74) .

In discussing his findings with tree shrews, Hoffmann 
(1971) suggested that the endocrine system might be involved 
in the processes which result in splitting. This hypothesis 
is supported by Gwinner's (1975) observation that, in the Eu
ropean starling, the period of the freerunning rhythm and the 
activity time are subject to seasonal changes in correlation 
with the growth and regression of the testes, and that acti
vity time can be lengthened by the administration of testo
sterone. At the time of maximal testes growth, Gwinner (1974) 
observed a splitting of the starling's activity rhythm, and 
was able to induce splitting in castrated birds by repeated 
injections of testosterone (Fig. 4 B). These results suggest 
that testosterone affects the mutual coupling of circadian 
oscillators.

Other data which, more indirectly, support the multi- 
oscillatory concept refer to the temporal interrelationship
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between various rhythmic functions. If an organism is fully 
entrained by a Zeitgeber, all rhythms usually maintain a dis
tinct phase-relationship with each other. As has been shown 
by Pohl (1971) for three species of fringillid birds, these 
relationships can be altered when the birds are placed in 
constant conditions, and they are subject to changes when the 
period of the freerunning rhythm is altered due to a change 
in light intensity. This dependence of internal phase-rela
tionships on experimental conditions will be discussed in 
more detail below (cf. section 3, Fig. 5 and 6). Drastic chan
ges in the temporal patterns of circadian systems also occur 
during entrainment after a sudden shift of the Zeitgeber. It 
usually takes for the system several days to regain its nor
mal phase relationship to the shifted Zeitgeber. Since dif
ferent rhythmic functions are re-entrained at a different 
rate (cf. Aschoff et al. 1975), the system is temporarily out 
of order, a state which has been called transitory dissocia
tion (Aschoff 1965b; transient internal desynchronization, 
Moore-Ede et al. 1977). This kind of internal dissociation is 
to be distinguished from true internal desynchronization, a 
state in which different rhythmic functions continue to run 
with different frequencies, and hence continuously change 
their mutual phase-relationship (cf. section 4, Fig. 8 to 10).

It finally should be mentioned that, in confirmation of 
József's antizipation, circadian rhythms have been documented 
in organ cultures in vitro, e.g. for the adrenal gland of 
hamsters (Andrews 1968; Shiotsuka et al. 1974) and for the 
chicken pineal gland (Binkley et al. 1978; Deguchi 1979)

3. FREERUNNING AND ENTRAINED RHYTHMS IN MAN
When enclosed in an isolation unit without time cues, 

human subjects usually show freerunning rhythms with periods 
somewhat longer than 24 h. In studies with 137 singly isola
ted subjects and 12 groups of two subjects each, a mean pe
riod (+_ standard deviation) of 25.0 + 0.50 h has been found 
(Wever 1979). The transition from the entrained to the free- 
running state is accompanied by changes in the internal phase 
relationships. The left diagram of Fig. 5 exemplifies this for 
the rhythm of wakefulness and sleep and of oral temperature 
in a subject who was exposed to the natural Zeitgebers for 
the first and last 7 days of the experiment, and was isolated 
from day 8 to 24. The rhythm of oral temperature remained 
close to 24 h during the first few days of isolation even 
though the activity rhythm was shortened for two cycles and 
then assumed a mean period of 26.1 h. As a consequence of 
this transitory internal dissociation (Aschoff and Wever 1976) 
the maxima of oral temperature were advanced relative .to the 
sleep-wake cycle until, in the steady state of the freerunning 
rhythm, they occurred at the beginning instead of at the end 
of wakefulness. Similar changes in internal phase-relation*1' 
ships were observed in other autonomic functions, as shown in 
the right half of Fig. 5. In addition to the well expressed 
shifts in maxima and minima of the rhythms, the two diagrams 
indicate that the wave form was changed: the curves are ske
wed to the right in the entrained rhythm, and skewed to the 
left in the freerunning rhythm.
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Time (hours)

Fig. 5. Circadian rhythms of a subject exposed to the natural 
Zeitgebers for the first and last 7 days, and isola
ted from day 8 to 24. Black and white bars represent 
wakefulness and sleep, triangles the maxima of oral 
temperature;T = mean circadian period (+_ standard de
viation) . Right two diagrams: patterns of rhythms, 
averaged over 14 days under entrainment and 12 days 
during isolation. Shaded area: sleep. The abscissa 
represents 24 h in the upper diagram, and 26.1 h in 
the lower diagram. (Data from Kriebel 1974) .

When exposed to an appropriate Zeitgeber, e.g. a light- 
dark cycle cgmplemented by regular gong signals (Wever 1970), 
human circadian rhythms can be entrained, within limits, to 
periods other than 24 h. In Fig. 6 the results are reproduced 
of an experiment in which the subject was able to make use of 
an additional reading lamp at will; hence, he was not forced 
to adher to the cycle of the main lights controlled from out
side the chamber. Nevertheless, he remained entrained when 
the artificial 24-h day was lengthened to 26.67 h (left dia
gram of Fig. 6). At the same time he changed from a late riser 
to an early riser, a change in the external phase relation
ship that was to be expected in view of the rule mentioned 
above (cf. Fig. 3). When the Zeitgeber period was shortened to 
22.67 h, after an interlude of some 24-h days, entrainment 
was lost, and the subject's rhythms started to freerun with a 
period of 25;2 h.

The lengthening of the Zeitgeber period from 24 to 26.67 h 
not only forced the subject to become an early riser, but was
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also accompanied by changes in the internal phase-relation
ships. This is illustrated in the right two diagrams of Fig. 6 
by the patterns of 3 rhythmic variables, individually avera
ged over several periods under the respective condition. Com
pared with the normal day (above), in the long day (below) 
all phases were advanced relative to the sleep-wake cycle.

Fig. 6. Circadian rhythms of a subject exposed to an artifi
cial Zeitgeber, with reading lamp available. Left: 
Black and white bars represent wakefulness and sleep, 
triangles maxima (above bars) and minima (below bars) 
of rectal temperature; shaded area = darkness; 'C = 
mean circadian period; T = Zeitgeber period. Right 
two diagrams: patterns of rhythms, averaged over se
veral periods under T = 24 and T = 26.67 h; shaded 
area = sleep (From Aschoff et al. 1969).

A summary of data from 6 subjects who were entrained to 
various Zeitgeber periods is given in Fig. 7. The horizontal 
dashed line representing the middle of light time of the 
Zeitgeber is used as a reference phase. Within the range of 
periods from about 23 to 27 h, all rhythms change their phase 
angle difference from large negative values (lagging phases) 
to less negative or even positive values. The slope of the 
curve is steeper for the autonomic functions than for the 
sleep wake cycle. This indicates that a smaller range of en
trainment is to be expected for the autonomic functions than 
for the activity rhythm (Aschoff and Pohl 1978; Wever 1979) .
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The results obtained from 12 subjects in these and other ex
periments support this view: when exposed to a 26.67-h day or 
a 22.67-h day, some of the subjects remained entrained only 
with their sleep-wake cycle while the rhythms of body tempere-
ture and urinary excretion started 
1969)

to freerun (Aschoff et al.

Fig. 7. Phase-angle diffe
rences between circadian 
rhythms and Zeitgeber, de
rived from 6 singly iso
lated subjects who were en
trained to various Zeit
geber periods. Regression 
lines drawn through acro- 
phases (computed maxima) 
as a function of Zeitgeber 
period (From Wever 1972) .

4. INTERNAL DESYNCHRONIZATION
That the entrainment of autonomic rhythmic functions is 

limited to a narrow range of periods can be easily demonstra
ted in subjects who are exposed to light-dark cycles but do 
not have access to reading lamps. Under those conditions, the 
subject can hardly do anything as long as the room is dark, 
and, hence, is more or less forced to adjust his activity- 
rest cycle to the cycle of light and dark. Consequently, it 
is possible to entrain the activity rhythm beyond the limits 
found with weaker Zeitgebers as described above (cf. Fig. 6). 
The two examples provided in Fig. 8 show entrainment to light- 
dark cycles whose period is either steadily shortened (above) 
or lengthened (below) in small daily increments. In the upper 
record, the rhythm of rectal temperature (indicated by the 
triangles) becomes desynchronized from the activity rhythm 
when the Zeitgeber has reached a period of about 22 h; in the 
lower record the same happens when the Zeitgeber period appro
aches 27 h. Using this technique of forced internal desynchro
nization, Wever (1980) has been able to demonstrate that dif
ferent overt rhythms split away from the activity cycle at 
different periods, indicating differences in the range of en
trainment between various functions. One further comment has 
to be made regarding the two records reproduced in Fig. 8. As 
indicated in the diagrams, the ~-values of the freerunning 
temperature rhythms differ by 0.5 h. This should not be in
terpreted as indicating after-effects of the shortened or 
lengthened Zeitgeber period on X. ; at least, the data collec
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ted so far do not produce evidence for systematic effects of 
that kind (Wever 1980) .

Fig. 8. Circadian rhythms 
of two singly isolated sub
jects under the influence 
of a strong Zeitgeber (i.e. 
a light-dark cycle without 
reading lamp) whose period 
T is steadily shortened 
(above) or lengthened (be
low) . Black and white bars 
represent wakefulness and 
sleep, triangles the maxima 
and minima of rectal tem
perature. 'u = mean circa
dian period of the tempe
rature rhythm. Shaded area: 
darkness. (From Wever 1980).

Internal desynchronization can always be enforced by 
applying a ’strong Zeitgeber, but it also occurs spontaneously 
in freerunning rhythms. As shown in Fig. 9, a sleep-wake cycle 
(indicated by the sleep times only) may first freerun with a 
period of approximately 25.7 h and then suddenly lengthen to 
a mean period of 33.4 h. When this happens, the rhythm of rec
tal temperature desynchronizes from the activity rhythm and 
continues to freerun with a period of about 25.1 h. Several 
points should be noted: a) When coupled to each other (inter
nal synchronization, day 1 to 13), the two rhythms maintain 
a distinct phase-relationship, the minima of temperature occur
ring at the beginning of each sleep time (cf. Fig. 5); b) Du
ring internal desynchronization, the minima of rectal tempera
ture continuously change their phase-relationship to the sleep 
wake cycle; c) The duration of sleep continuously changes as 
the rhythm of rectal temperature crosses through the rhythm of 
sleep and wakefulness. The last observation points to the fact 
that, although synchronization between the two rhythms is lost 
there still is an interaction due to the coupling forces which 
are no longer strong enough to achieve entrainment. This per
sisting interaction between the uncoupled oscillators is in
dicated by the continuous modulation of the mean period, i.e. 
by relative coordination (Wever 1968; Aschoff 1974).

Time (hours)
12 2L 12 2L 12 21 12 2L 12 2L 12 2L
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Fig.9. Freerunning circadian 
rhythms of a singly isolated 
human subject, showing spon
taneous internal- desynchroni
zation on day 14 of the ex
periment. White bars: sleep 
time. Triangles: minima of 
rectal temperature. Data 
plotted twice along the abs
cissa. (Data from Wever 1979)

During internal desynchronization, the interaction between 
the uncoupled rhythms has a twofold consequence: it continuous
ly modulates the duration of sleep, and it also modulates the 
amplitude of the rhythm of rectal temperature as documented 
earlier (Aschoff et al. 1967). Both these phenomena are illu
strated in Fig. 10 on the basis of data from 10 subjects who 
all showed spontaneous internal desynchronization of their 
freerunning rhythms. From the lower diagram if can be seen 
that duration of sleep is longest when onset of sleep occurs 
several hours before the minimum of rectal temperature and 
sleep, hence, coincides with decreasing temperatures; duration 
of sleep is short when sleep coincides with increasing tempe
ratures. The upper diagram of Fig. 10 demonstrates that the 
range of the rhythm of rectal temperature depends on the phase 
relationship between the two rhythms: sleep at the time of 
decreasing temperatures results in large ranges of the tempe
rature rhythm, sleep at increasing temperature in small ranges. 
From the two diagrams, it is also clear that the occurrence 
of sleep, although not bound to a certain phase, is not equal
ly distributed over al phases of the temperature rhythm. As 
a consequence of relative coordination, sleep times are accu
mulated at certain phases, and are less represented at other 
phases (cf. also Fig. 9 in Aschoff 1981b). In other words, 
when the two rhythms cross through each other, sleep times 
tend to lock on to the rhythm of temperature for some periods 
(accumulation of sleep times) and then drift away again 
(scarce representation of sleep).

All in all, these findings strongly support the concept 
that the circadian system has a multi-oscillatory structure 
with at least two groups of oscillators (pacemakers) which 
influence all overt rhythms but to a different extent. One
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group with a high degree of persistence and a small variabi
lity of period mainly controls the rhythms of autonomic func
tions; the other group with a much more variable period main
ly controls the sleep-wake cycle. For more details, the reader 
is referred to the monograph of Wever (1979).

Fig. 10. Interaction 
between the rhythm 
of rectal tempera
ture and the sleep- 
wake cycle during 
internal desynchro
nization. Range of 
temperature (upper 
ordinate) and dura
tion of sleep (low
er ordinate) drawn 
as a function of 
the time at which 
sleep onset occurs 
in the temperature 
cycle. The abscissa 
represents a full 
circadian cycle of 
rectal temperature 
with a mean period 
of 25 h. (Data from 
Zulley 1980 and 
Zulley et al. 1981)

A final example should suffice to elucidate the complex 
nature of the circadian system. In Fig. 11, data are presented 
from an experiment in which a rat alternatively was kept in 
one of two conditions: either with an ad libitum access to 
food, or a 4-h daily restriction of food availability. In 
continuous dim illumination and with food available all the 
time, the activity rhythm of the rat is freerunning with a 
period of about 24.6 h. This band of activity continues for 
some time after day 18 when food is only uncovered for 4 h 
per day. At the same time, a second component of activity 
appears with a phase lead to the feeding time which persists
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as a 24-h band for several days after the feeding restriction 
is terminated. The fact that activity 'anticipates' feeding 
indicates that this component is not just a passive response 
to a stimulus; it must be locked to some clock which runs ac
cording to a 24-h day (i.e. the feeding schedule). On the 
other hand, the original freerunning rhythm of activity has 
not been entrained by this schedule, as is evident from its 
continuation after feeding restriction is terminated (see the 
oblique lines). The record demonstrates that there are 'dis
tinct and dissociable components' (Pittendrigh 1960) within 
the same overt rhythm - some which can be entrained by a Zeit
geber and others which continue to freerun.

Time o f day I h o u rs )

Fig. 11. Circadian activi
ty rhythm of a rat kept in 
constant dim illumination 
with either an ad libitum 
access to food or a 4-h 
daily food availability 
(within vertical lines). 
Original record duplica
ted along the abscissa. 
(From Honma and Aschoff 
unpublished).

5. CONCLUDING REMARKS
In two of the foregoing sections, emphasis was placed on 

the multi-oscillator structure of the circadian system. This 
infers that there is more than one central pacemaker, and 
that each pacemaker may consist of two or more self-sustai
ning oscillators. The concept also implies that self-sustai
ning oscillators exist in the periphery, e.g. in single or
gans, and that there may be a kind of hierarchical order 
among the constituents of the system. In view of this com
plexity, it is remarkable to see to what a degree temporal 
order is maintained in the circadian system under normal con
ditions (Aschoff 1979b; Aschoff and Wever 1980). This order is 
provided by the mutual coupling among the constituents, as 
well as by the entraining signals from the Zeitgebers. It can 
well be assumed that maintenance of the circadian temporal 
order is a prerequisit for well being, and that disturbances 
of the order can have harmful effects. Two sets of data ob
tained with the blowfly Phormia terraenovae support this view
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Blowflies which are kept in light-dark cycles with a period 
T = 24 h have a life expectancy of about 125 days. When T is 
shortened to 23 h or less, or when it is lengthened beyond 
26 h, the survival time of the flies is shortened by 10 to 
30% (Fig. 12, upper diagram). The observation that optimal T- 
values seem to extent from 24 to 26 h, may be explained by 
the fact that blowflies tend to have freerunning activity 
rhythms with periods longer than 24 h (Saint Paul and Aschoff 
1980). The second example concerns flies which always had 
been kept in light-dark cycles with T = 24 h, but which were 
phase-shifted (by shifts of the Zeitgeber) for 6 h every week. 
By this procedure, 'Jet flights' were simulated in eastward 
or westward direction, or to and fro across the Atlantic. In 
each experimental series, a group of flies remained unshifted 
(non travellers). As can be seen from the lower diagram in 
Fig. 12, the survival time of all 'travellers' was shortened 
by about 25%, (Aschoff et al. 1971).

fi^ i flir s  ~ Travellers
(Congress flies)

Fig. 12. Life expectancy (10% sur
vival time) of blowflies Phormia 
terraenovae under various experi
mental conditions. Above: Flies 
kept in light-dark cycles with 
periods T varying from 22 to 28 h; 
each column represents the mean 
of 8 to 28 groups of flies with 
about 150 individuals (vertical 
lines: standard error) (From Saint 
Paul and Aschoff 1978) . Below: 
Flies kept in light-dark cycles 
with T = 24 h and exposed to week
ly 6-h shifts of the Zeitgeber 
(travellers); control flies (non 
travellers) remained unshifted. 
Each column represents a group of 
250 flies. (From Aschoff et al. 
1971) .

The circadian temporal organization has many implica
tions for theoretical and practical medicine; it would need 
a further lecture to discuss all the aspects which are of re
levance here. In essence, there seems to be hardly an area in 
etiology or in therapy as well as in the applied sciences 
such as ergonomics where the circadian system properties and 
its consequences for efficiency and responsiveness of the or
ganism have not to be taken into account. The temporal struc
ture provided by clocks which 'run adjusted to the stars' 
is of equal importance as the morphological structure.
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ANALYSING THERMOREGULATION WITH 
THERMODES AND ELECTRODES
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Thermoregulation is one of the most complex control systems in the 
body involving, as it does, behavioural and autonomic components. In this 
review I will concentrate on the autonomic aspects and discuss recent 
advances which have come from the use of combinations of three techniques: 
lesion making, local thermal stimulation and microelectrode recording.

The mechanisms for heat exchange with the environment are well 
understood. The various avenues of heat flow can be measured accurately 
in the laboratory, although the physics of heat transfer in a natural 
situation is very complex (Mitchell, 1974). The unsolved problems lie in 
understanding the neural control processes which govern the effector 
mechanisms and, at an earlier stage, the various inputs which feed into 
the control system.

It is generally agreed that in engineering terms the control system 
for temperature is of the negative feedback type as proposed by Hardy 
(1961) and elaborated by others. Opinions differ as to whether a refer
ence signal is present or even necessary. The block diagram in Fig.l 
shows a control system without a reference, which depends upon the balance 
between the two opposing feedback elements. Since it is well established 
that there are two such types of thermal sensor and since it is difficult 
to conceive or test for a fixed reference signal in neural terms, Fig.l 
seems to be the preferred circuit for the temperature controller.

D is tu rb a n c e
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Fig.1. Block diagram of a feed-back control system without a reference 
signal but with two opposing inputs (From Mitchell, Snellen and Atkins,
1970).

Lesion making

This technique was an early one in attempts to discover which parts 
of the central nervous system contained the control elements (Fig.l). It 
has largely fallen into disuse. One cannot know if the lesion has 
destroyed relevant cells or fibres or both; the functions of the lesioned 
part can be taken over by the remaining tissue. However when used with 
finesse, lesioning can still provide useful information. By making micro
cuts in the rat hypothalamus, Gilbert and Blatteis (1977) have demonstrated 
that the connexions of the preoptic area are essential for cold-induced 
vasoconstriction, but not for cold thermogenesis. Another recent use of 
small electrolytic lesions (Taylor, 1980) is concerned with an input path
way. The thermoreceptors in the rat scrotum send information to the 
thalamus (Hellon and Misra, 1973; Jahns, 1975) and the hypothalamus 
(Nakayama et al., 1979). Neurones in both these areas give characteristic 
abrupt increases in their activity for a very slight increase in scrotal 
temperature. The creation, in an acute experiment, of a very small lesion 
confined to one of the brain stem raphe nuclei can eliminate the responses 
of thalamic and hypothalamic cells. Clearly the ascending pathway must 
pass through or relay in this raphe nucleus rather than the conventional 
spinothalamic tracts through the lemnisci. It remains to be demonstrated 
whether the thermal information from the trunk skin in general also uses 
this route, but trunk thermal information certainly reaches the raphe 
nuclei (Dickenson, 1977).

Thermode studies

By implanting localized thermodes in various central regions of the 
body, investigators have, over the years, been able to show which regions 
have a thermosensitivity which can drive the thermoregulatory system in 
the expected direction: local heating excites heat loss responses so 
lowering other central temperatures and local cooling has the opposite 
effects.

The classical work of Ranson's group established the exact site of 
warm-sensitivity in the cat's preoptic region. Since then many others 
have implanted thermodes in the hypothalamus and other regions of the 
CNS (for reviews see Hammel, 1968; Hellon, 1972; Reaves and Hayward, 
1979). It is now well established that local cooling as well as warming 
in the preoptic area, posterior hypothalamus, midbrain, medulla, and 
spinal cord will evoke appropriate regulatory responses. The relevant 
thermosensitive sites in the CNS now extend far beyond the original 
preoptic demonstration. Not only can each of these sites elicit a 
response which is quantitatively related to the stimulus magnitude, but 
the several sites can interact in an algebraic function. An excellent 
example is the interaction between hypothalamic and spinal cord tempera
tures in dogs shown by the work of Jessen and his colleagues. For 
instance, cooling either the hypothalamus or spinal cord in a conscious 
dog will increase heat production; warming either of these regions while 
simultaneously cooling the other, results in a complete cancellation of 
the response (Jessen and Simon, 1971).

Besides this widespread and interactive sensitivity in the CNS, it 
is now established that other central regions can also provide inputs to
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the thermoregulatory controller. Rawson and Quick (1972) were the first to 
demonstrate that abdominal heating in sheep could drive heat loss responses. 
Comparable sensitivity exists in the rabbit (Riedel et al., 1973). At the 
moment the exact whereabouts of the relevant receptors remains uncertain.
The most recent evidence suggests that thermosensitivity outside the CNS 
may be more widespread and more powerful than had been realised. By 
implanting tubular heat exchangers within the great veins of goats and at 
the same time clamping the CNS temperature, Mercer and Jessen (1978) have 
clearly shown that the body core, exclusive of the CNS, can provide a 
strong input to the temperature controller. Furthermore, as another 
example of integration, the core and CNS signals were found to interact.

The total evidence indicates that many regions of the body cere can 
provide potential drives to thermoregulation under experimental circum
stances. A vital question is, do they do so in real life, and if so, under 
what conditions.

Sadly, we know very little about natural fluctuations in CNS or core 
temperature. Most is known about the hypothalamus and this evidence shows 
that only very slight changes in temperature occur when powerful responses 
like shivering or panting are activated. The slight natural changes are 
far smaller than would be necessary to drive the same responses if only 
one particular site was being warmed or cooled in an experiment. But in 
real life it would be very unusual for just one region to be affected.
All central regions would tend to warm or cool together due to the mixing 
action of the circulation. Hence it may be the combined input of all the 
core and CNS thermosensitive sites which provides the input signal. The 
new technique of manipulating the whole core temperature (Jessen, et al., 
1977) suggests that this may be so.

There seems to be an urgent need for more measurements of central 
temperatures during thermoregulatory responses. The observations which 
have been made (eg. Necker, 1979) suggest there are random changes in CNS 
temperature which could not provide any recognizable thermal input, at 
least in resting animals. All the recent evidence points to multiple 
inputs from widespread internal sites acting in concert with the other 
major input which comes from the skin thermoreceptors. While the warm and 
cold receptors alone could not provide the sufficient inputs for stable 
thermoregulation, once again an interaction between skin temperature and 
core temperature occurs. Numerous studies have shown how the responses to 
imposed changes of central temperature are modulated by varying skin 
temperature (eg. BrUck and WUnnenburg, 1967; Stitt, 1976; Hellstrom and 
Hamnel, 1967).

Microelectrode studies

What more can we learn about the processes of thermoregulation by 
studying the single elements of the system and recording from individual 
neurones? Writing on this question eight years ago Eisenman (1972) 
stated '....electrophysiological studies have served mainly to confirm 
data obtained by other methods, such as thermal stimulation and ablations. 
Thus, we have confirmed the presence of highly thermosensitive cells in 
the preoptic area. Inputs from spinal cord to hypothalamus and converg
ence of activity in the posterior hypothalamus have likewise been 
confirmed'.

Eisenman, with Nakayama and Hardy (Nakayama et al., 1961) was the 
first to make single neurone recordings in the anterior preoptic hypo
thalamus and found a number of cells whose activity was very sensitive to 
local temperature. The correlation between discharge rate and temperature
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was positive - as temperature rose so did activity. Since then others 
have found, in addition, the opposite kind of response with a negative 
correlation (see Reaves and Hayward (1979) for a review of recent work).
So it is very reasonable to postulate that these neurones, a small per
centage of those in the hypothalamus, are responsible for the effects of 
thermode warming or cooling in a conscious animal.

What is the cellular basis for this central thermosensitivity? Is 
the neuronal membrane itself showing a high degree of temperature depend
ence or is the sensitivity a synaptic property and therefore involving a 
number of neurones? The answer will come from in vitro preparations of 
the hypothalamus in which intracellular recordings will be possible. Hori 
et al. (1980) have already shown that extracellular recordings in hypo
thalamic slices show the same kind of thermal sensitivity as in whole 
brains.

Besides the recordings in the anterior hypothalamus, temperature 
neurones have been characterized in other parts of the CNS where thermodes 
have shown there is thermosensitivity capable of driving effector responses. 
These extra-hypothalamic areas include the posterior hypothalamus, the 
midbrain and pons, the medulla, and the spinal cord (Reaves and Hayward, 
1979). The responses of these neurones to their local temperature is much 
the same as in the anterior hypothalamus. Furthermore, just as in the 
thermode studies already described, investigators have found interactions 
between one thermosensitive site and another, so with microelectrodes, the 
same can be demonstrated. For example, a preoptic cell, besides its own 
thermal sensitivity, might respond also to imposed temperature changes in 
the spinal cord or in the skin. Endless permutations are possible and 
have been found (eg. Hardy and Guieu, 1971).

Ingenious though these schemes and models are, they have serious weak
nesses and their predictive value is limited. In the first place, it is 
probable that the imposed temperature changes are many times larger than 
occur in real life, so the responses may not be physiological. Next, it 
is only possible to guess at the function of a particular neurone. Is it 
playing an afferent, integrative or efferent role? In such a diffuse 
system, answers to this question can only be tentative. The new anatomical 
techniques such as horseradish peroxidase tracing and metabolic marking 
with 2-deoxyglucose will undoubtedly provide valuable new information.

One area where neurophysiology can be useful is in analyzing the 
thermal input from the skin. One example has already been given of the 
very dramatic central response to slight warming of the rat's scrotum.
This indicates that there can be much processing of the incoming thermal 
information, but the scrotal pathway is probably not representative of the 
general skin input. In the trigeminal system, higher order neurones behave 
very like the skin temperature sensors (Poulos and Molt, 1976; Dostrovsky 
and Hellon, 1978). But like most sensory systems, these trigeminal . 
thermal neurones are under inhibitory control generated by the activity of 
non-thermal mechanosensitive afferents from the face as Fig.2 demonstrates.

The present situation, at least in the writer's understanding of 
thermoregulation, is that we still need to define the physiological 
inputs to the temperature controller, where they come from and(when they 
are activated; especially those outside the CNS. For this task the 
blunt weapon of the thermode must come before the rapier of the micro
electrode.
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1 sec

Fig.2. Raster display of the continuous activity of a neurone in the rat 
trigeminal nucleus caudalis excited by cold receptors on the whisker pad. 
Each dot corresponds to one action potential. The sweep length and sweep 
interval are both 1 sec. The two groups of artifacts on the left indicate 
electrical stimulation of large fibres in the whisker pad. Each stimulus 
inhibited the 'cold' activity for about 500msec. (unpublished result of 
Dawson, Dickenson, Hellon and Woolf).
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W h e n  s o l u t e s  o r  w a t e r  a r e  i n  e x c e s s  i n  t h e  f l u i d s  o f  
t h e  b o d y ,  t h e y  a r e  e x c r e t e d  b y  o s m o r e g u l a t o r y  p r o c e s s e s .
S i n c e  t h e  a m o u n t  o f  a n y  s o l u t e  i s  t h e  p r o d u c t  o f  i t s  c o n c e n t r a t i o n  a n d  t h e  f l u i d  v o l u m e  i n  w h i c h  i t  i s  d i s s o l v e d ,  w e  
m a y  a n t i c i p a t e  t h a t  a n  e x c e s s  i s  s e n s e d  b y  r e c e p t i v e  e l e m e n t s  
s e n s i t i v e  t o  c o n c e n t r a t i o n  a s  w e l l  a s  t o  t h e  a p p r o p r i a t e  
v o l u m e .  F u r t h e r ,  s i n c e  t h e  s y s t e m  f u n c t i o n s  t o  e l i m i n a t e  o n l y  
t h e  e x c e s s ,  w e  m a y  a n t i c i p a t e  t h a t  t h e  s y s t e m  r e c o g n i z e s  a  
t h r e s h o l d  c o n c e n t r a t i o n  a n d / o r  a  t h r e s h o l d  v o l u m e  w h i c h  e x 
c e e d e d ,  s i g n a l s  a  c o r r e s p o n d i n g  o r g a n  t o  e l i m i n a t e  t h e  e x c e s s .  S i m i l a r l y ,  w h e n  s o l u t e s  o r  w a t e r  a r e  d e f i c i e n t  i n  t h e  
f l u i d s  o f  t h e  b o d y ,  w e  m a y  a n t i c i p a t e  t h a t  r e c e p t o r s  s e n s e  
t h e  c o n c e n t r a t i o n  a s  w e l l  a s  t h e  v o l u m e  a n d  t h e  s y s t e m  r e c o g n i z e s  t h e s e  v a l u e s  t o  b e  l e s s  t h a n  t h r e s h o l d  v a l u e s  a n d  
a c t i v a t e s  r e s p o n s e s  t o  m i n i m i z e  t h e  d e f i c i e n c y  b y  i n g e s t i o n ,  r e d u c e d  e l i m i n a t i o n  o r  m o b i l i z a t i o n  o f  s u b s t a n c e s  f r o m  r e 
s e r v e s .  T h e  q u e s t i o n  t o  b e  c o n s i d e r e d  b y  t h i s  s y m p o s i u m  o n  
o s m o r e g u l a t i o n  i s :  t o  w h a t  e x t e n t  c a n  w e  d e s c r i b e  t h e  n e u r a l  
n e t w o r k  w h i c h  m a i n t a i n s  t h e  a m o u n t s  o f  s o l u t e s  a n d  w a t e r  
w i t h i n  t h e  r a n g e s  t h a t  a r e  o p t i m a l  f o r  t h e  b o d y  t i s s u e s ?  E s s e n t i a l  a s p e c t s  o f  a n  e x p l o r a t i o n  o f  o s m o r e g u l a t i o n  a r e  t o  
d e t e r m i n e :  1 )  t h e  p r o p e r t i e s  o f  t h e  b o d y  f l u i d s  w h i c h  a r e  
t r a n s d u c e d  t o  n e u r a l  s i g n a l s ,  2 )  t h e  l o c a t i o n  o f  t h e  r e 
c e p t i v e  s i t e s  i n  t h e  p e r i p h e r a l  a s  w e l l  a s  t h e  c e n t r a l  n e r 
v o u s  s y s t e m ,  3 )  h o w  a n d  w h e r e  t h e  s e v e r a l  n e u r a l  a n d  h u m o r a l  s i g n a l s  a r e  i n t e g r a t e d ,  4 )  h o w  t h e  i n t e g r a t e d  i n f o r m a t i o n  i s  
c o m m u n i c a t e d  b y  n e u r o - h u m o r a l  c o n n e c t i o n s  w i t h  t h e  r e s p o n d i n g  
o r g a n s  a n d  5 )  n o w  t h i s  c e n t r a l  c o n t r o l  i n t e r a c t s  w i t h  l o c a l  a n d  s y s t e m i c  r e g u l a t o r y  p r o c e s s e s  n o t  i n v o l v i n g  t h e  C N S .  A n  
u l t i m a t e  g o a l  i s  t o  d e s c r i b e  t h e  n e u r a l  n e t w o r k  w h i c h  a c 
c o m p l i s h e s  o s m o r e g u l a t i o n  i n  e a c h  o f  t h e  v e r t e b r a t e  c l a s s e s  
a n d  e n a b l e s  c e n t r a l  c o o r d i n a t i o n  o f  o s m o r e g u l a t i o n  w i t h  
o t h e r  c e n t r a l l y  c o n t r o l l e d  h o m e o s t a t i c  f u n c t i o n s .  T h e  c o n 
t r i b u t i n g  a u t h o r s  w e r e  i n v i t e d  t o  d e s c r i b e  t h e  c o n d i t i o n  i n  t h e  v e r t e b r a t e  c l a s s  m o s t  f a m i l i a r  t o  t h e m  i n  s o  f a r  a s  t h e y  p e r c e i v e  t h a t  t o  b e  p o s s i b l e .
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T H E  S A L T  G L A N D S

T y p e s  a n d  P h y l o g e n e t i c  D i s t r i b u t i o n

I n  t h e  f o l l o w i n g  d i s c u s s i o n  a  s m a l l  n u m b e r  o f  s t u d i e s  r e l a t i n g  t o  

t h e  q u e s t i o n  o f  c o n t r o l  o r  r e g u l a t i o n  o f  s a l t  g l a n d  f u n c t i o n  w i l l  b e  

e v a l u a t e d .  F o r  a  b r o a d e r  t r e a t m e n t  o f  s a l t  g l a n d s  a n d  r e p t i l i a n  o s m o 

r e g u l a t i o n ,  t h e  r e a d e r  i s  r e f e r r e d  t o  a  s e r i e s  o f  r e c e n t  r e v i e w s  ( P e a k e r  

a n d  L i n z e l l ,  1 9 7 5 ;  M i n n i c h ,  1 9 7 9 ;  D u n s o n ,  1 9 7 6 ,  1 9 7 9 ) .

T h e r e  a r e  f i v e  d i f f e r e n t  k i n d s  o f  h e a d  g l a n d s  i n  r e p t i l e s  t h a t  h a v e  

b e c o m e  m o d i f i e d  i n t o  s a l t  g l a n d s  ( D u n s o n ,  1 9 7 6 ,  1 9 7 9 ;  D u n s o n  a n d  D u n s o n ,  

1 9 7 9 ;  T a p l i n  a n d  G r i g g ,  s u b m i t t e d ;  T a b l e  1 ) .

T a b l e  1 .  T h e  o c c u r r e n c e  o f  s a l t  g l a n d s  i n  r e p t i l e s

_ _ _ _ _ _ _ _ _ _ F a m i l y _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
T u r t l e s

D e r m o c h e l y i d a e
C h e l o n i i d a e
E m y d i d a e

C r o c o d i l i a n s
L i z a r d s

7  f a m i l i e s  

S n a k e s
H y d r o p h i i d a e

A c r o c h o r d i d a e
H o m a l o p s i d a e

G e n e r i c

E x a m p l e _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ G l a n d  T y p e

D e r m o c h e l y s
C h e l o n i a

M a l a c l e m y s
C r o c o d y l u s

L a c h r y m a l
L a c h r y m a l
L a c h r y m a l
L i n g u a l

N a s a l

P e l a m i s

A c r o c h o r d u s
C e r b e r u s

P o s t e r i o r  s u b l i n g u a l  

" P o s t e r i o r  s u b l i n g u a l  

P r e m a x i l l a r y

W h e n  o n e  c o n s i d e r s  t h a t  b i r d s  ( n a s a l  g l a n d s )  a n d  e l a s m o b r a n c h s  ( r e c t a l  

g l a n d s )  o n l y  h a v e  a  s i n g l e  g l a n d  t y p e ,  t h e  d i v e r s i t y  a m o n g  r e p t i l e s  i s  

r e m a r k a b l e .  T h i s  m u s t  r e f l e c t  t h e  i n d e p e n d e n t  e v o l u t i o n  o f  s a l t  g l a n d s  

a t  l e a s t  f i v e  t i m e s .  I n  f a c t  t h e  a p p e a r a n c e  o f  h o m o l o g o u s  g l a n d s  i n  

s e p a r a t e  f a m i l i e s  ( s u c h  a s  t h e  s e a  t u r t l e s  D e r m o c h e l y i d a e  a n d  C h e l o n i i d a e  

a n d  t h e  p o n d  t u r t l e s  E m y d i d a e )  p r o b a b l y  a l s o  r e p r e s e n t s  i n d e p e n d e n t  

d e v e l o p m e n t  s i n c e  t h e s e  t h r e e  g r o u p s  a r e  s o  d i s t i n c t  i n  o t h e r  w a y s .  A m o n g  

t h e  s n a k e s ,  c o n v e r g e n t  e v o l u t i o n  i s  a l s o  t h e  m o s t  l i k e l y  e x p l a n a t i o n  f o r  

t h e  a p p e a r a n c e  o f  p o s t e r i o r  s u b l i n g u a l  s a l t  g l a n d s  i n  t w o  v e r y  d i s s i m i l a r
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f a m i l i e s .  A l l  k n o w n  l i z a r d  s a l t  g l a n d s  a r e  n a s a l ,  y e t  i t  i s  i m p o s s i b l e  t o  

s a y  a t  p r e s e n t  i f  a n y  o f  t h e  f a m i l i e s  i n v o l v e d  r e p r e s e n t  e x a m p l e s  o f  

i n d e p e n d e n t  d e v e l o p m e n t  o f  t h i s  c h a r a c t e r .  T h e  d i v e r s e  e v o l u t i o n a r y  

h i s t o r y  o f  r e p t i l i a n  s a l t  g l a n d s  n e e d s  t o  b e  r e c a l l e d  w h e n  o n e  i s  t e m p t e d  

t o  g e n e r a l i z e  f o r  a l l  r e p t i l e s  o n  t h e  b a s i s  o f  f i n d i n g s  d e r i v e d  f r o m  t h e  

s t u d i e s  o f  o n l y  a  f e w  s p e c i e s .  A s  w i l l  b e c o m e  a p p a r e n t  i n  t h e  s u b s e q u e n t  

r e m a r k s ,  o u r  g e n e r a l  k n o w l e d g e  o f  r e p t i l i a n  s a l t  g l a n d s  i s  f r a g m e n t a r y .

I t  i s  o f t e n  n e c e s s a r y  t o  u s e  d a t a  d e r i v e d  j o i n t l y  f r o m  s t u d i e s  o f  t h e  s a l t  

g l a n d s  o f  t u r t l e s ,  l i z a r d s  a n d  s n a k e s  t o  c o n s t r u c t  a  u n i f i e d  v i e w  o f  

f u n c t i o n .  T h i s  s h o u l d  b e  v i e w e d  m e r e l y  a s  a  t e m p o r a r y  e x p e d i e n t  t o  b e  

u t i l i z e d  u n t i l  t h e  d a t a  b a s e  e n l a r g e s  a n d  a l l o w s  a  r e a l i s t i c  a p p r a i s a l  o f  

s i m i l a r i t i e s  a n d  d i f f e r e n c e s  b e t w e e n  g l a n d  t y p e s  a n d  m a j o r  t a x o n o m i c  

g r o u p s .
T h e  a d a p t i v e  s i g n i f i c a n c e  o f  s a l t  g l a n d s  i n  t h e  v a r i o u s  r e p t i l i a n  

l i n e a g e s  i s  a n  i n t e r e s t i n g  t o p i c  t h a t  c a n  o n l y  b e  b r i e f l y  m e n t i o n e d  h e r e .  

I t  i s  a p p a r e n t  t h a t  t h e  g r e a t e s t  d e g r e e  o f  s a l t  g l a n d  d e v e l o p m e n t  h a s  

o c c u r r e d  a m o n g  m a r i n e  r e p t i l e s ,  e s p e c i a l l y  t h o s e  o f  p e l a g i c  h a b i t s  o r  

t h o s e  w h o s e  d i e t s  a r e  e s p e c i a l l y  h i g h  i n  s a l t s .  T h e  f o r m e r  s i t u a t i o n  

i s  w e l l  e x e m p l i f i e d  b y  t h e  y e l l o w - b e l l i e d  s e a  s n a k e  ( P e l a m i s )  w h i c h  

f e e d s  o n  f i s h  a n d  a p p a r e n t l y  n e v e r  d r i n k s  s e a  w a t e r .  T h e  m a x i m u m  s e 
c r e t o r y  r a t e  o f  t h e  s a l t  g l a n d  ( 1 4 0  y m o l e s  N a / 1 0 0  g  b o d y  w t - h )  i s  

a b o u t  2 0  t i m e s  t h e  b a l a n c e d  w h o l e  b o d y  i n f l u x  a n d  e f f l u x  o f  N a  ( D u n s o n ,  

1 9 6 8 ) .  T h u s  a n y  i n c r e a s e  i n  e x t r a c e l l u l a r  f l u i d  N a  c a n  r e a d i l y  b e  

e x c r e t e d .  T h e  G a l a p a g o s  m a r i n e  i g u a n a  ( A m b l v r h v n c h u s ) .  w h i c h  l i v e s  

o n  r o c k s  a l o n g  t h e  c o a s t  a n d  f e e d s  o n  m a r i n e  a l g a e ,  i s  a n  e x a m p l e  o f  t h e  

l a t t e r  s i t u a t i o n .  I t s  l a r g e  n a s a l  s a l t  g l a n d  c a n  s e c r e t e  m o r e  N a  a n d  К  

( u p  t o  2 5 5  a n d  5 1  y m o l e s / 1 0 0  g - h  r e s p e c t i v e l y )  t h a n  t h a t  o f  P e l a m i s  

( D u n s o n ,  1 9 6 9 ) .  D e s e r t  l i z a r d s  f a c e  s i m i l a r  p r o b l e m s  i n  g a i n i n g  f r e e  

w a t e r  a n d  i n  e x c r e t i n g  s a l t s .  H o w e v e r  К  a n d  a n i o n s  o t h e r  t h a n  C l  a r e  

o f t e n  m o r e  i m p o r t a n t  i n  t e r r e s t r i a l  e c o s y s t e m s  a n d  t h e  o v e r a l l  v a l u e  o f  

e x t r a c l o a c a l  e x c r e t i o n  i s  d i m i n i s h e d  i n  c o m p a r i s o n  w i t h  m a n y  m a r i n e  

s p e c i e s .  T h e  n a s a l  g l a n d s  o f  m a n y  t e r r e s t r i a l  l i z a r d s  h a v e  a  g r e a t  

d e g r e e  o f  l a b i l i t y  i n  v a r y i n g  t h e  s e c r e t o r y  o u t p u t  t o  m a t c h  t h e  i n t a k e  

o f  i o n s  ( S h o e m a k e r  e t  a l ,  1 9 7 2 ) .  T h e  e x t e n t  t o  w h i c h  t h i s  l a b i l i t y  i s  

r e l a t e d  t o  e n v i r o n m e n t a l  s t r e s s e s  i s  n o t  y e t  w e l l  e s t a b l i s h e d .  H o w e v e r  

i t  i s  c l e a r  t h a t  t h e r e  i s  c o n s i d e r a b l e  d i v e r s i t y  i n  t h e  c o m p o s i t i o n  a n d  

r a t e  o f  s e c r e t i o n  o f  r e p t i l i a n  s a l t  g l a n d s .  T h u s  c a u t i o n  s h o u l d  b e  

e x e r c i s e d  i n  g e n e r a l i z i n g  f r o m  s p e c i f i c  c a s e s  w i t h o u t  a  c a r e f u l  e v a l u a t i o n  

o f  t h e  h a b i t s  t h a t  p r e s u m a b l y  l e d  t o  t h e  d e v e l o p m e n t  o f  e x t r a c l o a c a l  s a l t  

e x c r e t i o n .

S t r u c t u r e  o f  R e p t i l i a n  S a l t  G l a n d s

A l l  r e p t i l i a n  s a l t  g l a n d s  h a v e  o n e  f e a t u r e  i n  c o m m o n ,  t h e  p r e s e n c e  

o f  a  m a j o r  c e l l  t y p e ,  t h e  p r i n c i p a l  c e l l  ( A b e l  a n d  E l l i s ,  1 9 6 6 ;  v a n L e n n e p  

a n d  K o m n i c k ,  1 9 7 0 ;  D u n s o n ,  1 9 7 6 ) .  L e s s  n u m e r o u s  c e l l  t y p e s  a r e  p r o b a b l y  

e i t h e r  e a r l y  s t a g e s  o f  t h e  p r i n c i p a l  c e l l s ,  o r  i n v o l v e d  i n  m i n o r  f u n c t i o n s  

o f  t h e  s a l t  g l a n d .  T h e r e  i s  t h e  p o s s i b i l i t y  t h a t  a n  a d d i t i o n a l  c e l l  t y p e  

i n  d e s e r t  l i z a r d  s a l t  g l a n d s ,  t h e  t u f t  c e l l ,  i s  a l s o  d i r e c t l y  i n v o l v e d  

i n  s a l t  t r a n s p o r t  ( E l l i s  a n d  G o e r t e m i l l e r ,  1 9 7 4 ) .
T w o  m a i n  f e a t u r e s  o f  t h e  p r i n c i p a l  c e l l s  a r e  o f  p a r t i c u l a r  i n t e r e s t ,  

( 1 )  t h e  d e g r e e  t o  w h i c h  t h e y  d i f f e r  f r o m  a v i a n  s a l t  g l a n d  p r i n c i p a l  c e l l s  

i n  s u r f a c e  m e m b r a n e  a r c h i t e c t u r e ,  a n d  ( 2 )  t h e  n a t u r e  o f  t h e  a p i c a l  

j u n c t i o n s  b e t w e e n  c e l l s .  T h e s e  t w o  p o i n t s  a r e  i m p o r t a n t  i n  e l u c i d a t i n g  

t h e  m e c h a n i s m  b y  w h i c h  t h e  h y p e r o s m o t i c  s e c r e t i o n  o c c u r s .  A  c o m m o n l y  

e n c o u n t e r e d  v i e w  i n  t h e  l i t e r a t u r e  ( s e e  B e r r i d g e  a n d  O s c h m a n ,  1 9 7 2 )  i s
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t h a t  a v i a n  a n d  r e p t i l i a n  p r i n c i p a l  c e l l s  a r e  e x t r e m e l y  s i m i l a r ;  c o n f u s i o n  

i s  o f t e n  e v i d e n t  o v e r  t h e  h o m o l o g i e s  o f  r e p t i l i a n  g l a n d s  w h i c h  h a v e  b e e n  

d e s c r i b e d  a b o v e .  I t  i s  t r u e  t h a t  a v i a n  a n d  r e p t i l i a n  p r i n c i p a l  c e l l s  a r e  

s i m i l a r  i n  t h a t  t h e y  b o t h  p o s s e s s  l a r g e  n u m b e r s  o f  m i t o c h o n d r i a  a n d  

g r e a t l y  e l a b o r a t e d  c e l l  s u r f a c e s .  H o w e v e r  t h e  a v i a n  g l a n d s  a c h i e v e  t h i s  

b y  d e e p  i n v a g i n a t i o n s  a l o n g  t h e  b a s a l  s u r f a c e s  o f  t h e  c e l l s ;  t h e s e  

i n f o l d i n g s  e x t e n d  i n  s o m e  c a s e s  a l l  t h e  w a y  t o  t h e  n u c l e u s  a n d  i n c l u d e  

m i t o c h o n d r i a  w i t h i n  t h e m .  I n  c o n t r a s t  i t  i s  m a i n l y  t h e  l a t e r a l  p o r t i o n s  

o f  r e p t i l i a n  p r i n c i p a l  c e l l s  t h a t  a r e  c o v e r e d  w i t h  n u m e r o u s  s l e n d e r  

e v a g i n a t i o n s  l a c k i n g  m i t o c h o n d r i a .  V a n L e n n e p  a n d  K o m n i c k  ( 1 9 7 0 )  w e r e  t h e  

f i r s t  t o  p o i n t  o u t  t h a t  a  s i m i l a r  a m o u n t  o f  s u r f a c e  a m p l i f i c a t i o n  o c c u r s  

i n  b o t h  c a s e s ,  b u t  t h a t  t h e  a v i a n  b a s a l  i n f o l d i n g s  a r e  a s s o c i a t e d  w i t h  a  

m u c h  h i g h e r  r a t e  o f  f l u i d  f l o w .  S u c h  a  r e l a t i o n s h i p  b e t w e e n  s t r u c t u r e  a n d  

f u n c t i o n  e v e n  o c c u r s  w i t h i n  a  s i n g l e  s p e c i e s .  T h e  f r e s h  w a t e r  a d a p t e d  

a d u l t  m a l l a r d  d u c k  h a s  a  r e p t i l i a n  t y p e  u l t r a s t r u c t u r e  w i t h o u t  b a s a l  

i n v a g i n a t i o n s  ( M a r t i n  a n d  P h i l p o t t ,  1 9 7 3 ) .  T h e  b a s a l  i n f o l d i n g s  o n l y  

d e v e l o p  a f t e r  s a l t  a d a p t a t i o n .  S i m i l a r l y ,  s a l t  g l a n d s  o f  t e r r e s t r i a l  

b i r d s  t h a t  s e c r e t e  a t  l o w  r a t e s  h a v e  a  r e p t i l i a n  a p p e a r a n c e  ( D u n s o n  e t  a l ,  

1 9 7 6 ) .

I o n s  m o v i n g  f r o m  t h e  b l o o d  t o  t h e  l u m e n  o f  t h e  s a l t  g l a n d  c o u l d  p a s s  

e i t h e r  t h r o u g h  t h e  p r i n c i p a l  c e l l s  o r  t h r o u g h  t h e  i n t e r c e l l u l a r  s p a c e s  

a n d  t h e  a p i c a l  j u n c t i o n s .  M o s t  e a r l y  o b s e r v e r s  ( f o r  e x a m p l e  s e e  v a n L e n n e p  

a n d  K o m n i c k ,  1 9 7 0 )  r e p o r t e d  " t i g h t "  a p i c a l  c e l l  j u n c t i o n s  o r  z o n u l a  

o c c l u d e n s  i n  r e p t i l i a n  s a l t  g l a n d s ,  a p p a r e n t l y  r u l i n g  o u t  t h e  i n t e r c e l l u l a r  

( p a r a c e l l u l a r )  r o u t e .  H o w e v e r  r e c e n t  f r e e z e  f r a c t u r e  s t u d i e s  ( R i d d l e  a n d  

E r n s t ,  1 9 7 9 )  h a v e  s h o w n  t h a t  t h e  a v i a n  z o n u l a  o c c l u d e n s  i s  s i m i l a r  i n  

s t r u c t u r e  t o  j u n c t i o n s  o f  e p i t h e l i a  k n o w n  t o  b e  " l e a k y "  t o  i o n s .  Y e t  t h e  

r e c t a l  s a l t  g l a n d  a n a l y z e d  w i t h  s i m i l a r  t e c h n i q u e s  s h o w s  a  j u n c t i o n a l  

c o n f i g u r a t i o n  t h a t  i s  c o n s i d e r e d  t o  b e  " t i g h t "  ( F o r r e s t  e t  a l ,  1 9 7 9 ) .
I t  i s  a p p a r e n t  t h a t  e a c h  t y p e  o f  r e p t i l i a n  s a l t  g l a n d  s h o u l d  b e  e x a m i n e d  

b y  f r e e z e  f r a c t u r e  t e c h n i q u e s  t o  d e t e r m i n e  t h e  j u n c t i o n a l  s t r u c t u r e .  I t  

m a y  f i n a l l y  b e  p o s s i b l e  t o  c o m p a r e  t h e  p r o p e r t i e s  o f  t h e  a p i c a l  c e l l  

i n t e r a c t i o n s  i n  d i f f e r e n t  s a l t  g l a n d s  o n  a  m o r e  q u a n t i t a t i v e  b a s i s  t h a n  

h a s  p r e v i o u s l y  b e e n  p o s s i b l e ,  a n d  t o  i m p r o v e  t h e  a c c u r a c y  o f  r a t h e r  

s p e c u l a t i v e  c e l l  t r a n s p o r t  m o d e l s .

S e c r e t o r y  C h a r a c t e r i s t i c s

F e w  p r e s u m e d  r e p t i l i a n  s a l t  g l a n d s  h a v e  a c t u a l l y  b e e n  c a n n u l a t e d  

( D u n s o n ,  1 9 7 6 ) .  T h u s  s o m e  s c e p t i c i s m  r e g a r d i n g  r e p o r t e d  s e c r e t i o n  

c o n c e n t r a t i o n s  i s  n e c e s s a r y ,  e s p e c i a l l y  f o r  l i z a r d s  w h e r e  s a l t  e n c r u s t a 
t i o n s  c a n  b u i l d  u p  o n  t h e  n a r e s  o r  i n  t h e  n a s a l  c a v i t y .  T h e  m o s t  r e l i a b l e  

c o m p a r a t i v e  d a t a  o n  c o n c e n t r a t i o n  a m o n g  g e n e r a  i n  a  s i n g l e  f a m i l y  h a v e  

b e e n  o b t a i n e d  o n  s e a  s n a k e s  ( D u n s o n  a n d  D u n s o n ,  1 9 7 4 ) .  A f t e r  i n j e c t i o n  

o f  a  s a l t  l o a d  t h e  N a C l  c o n c e n t r a t i o n  o f  t h e  g l a n d  s e c r e t i o n  r i s e s  t o  a  

p l a t e a u  l e v e l  w h i c h  i s  m a i n t a i n e d  f o r  h o u r s  ( F i g .  1 ) .  P l a t e a u  c o n c e n t r a 
t i o n s  a r e  f a i r l y  c o n s t a n t  w i t h i n  t h e  s a m e  g e n u s ,  d e s p i t e  w i d e  i n t e r 
s p e c i f i c  v a r i a t i o n s  i n  f l o w  r a t e s .  F o r  e x a m p l e ,  m e m b e r s  o f  t h e  g e n u s  

A i p y s u r u s  s e c r e t e  a  f l u i d  n e a r  8 0 0  t n f l  C l ,  w h e r e a s  H y d r o p h i s  s p e c i e s  

p r o d u c e  a  f l u i d  o n l y  a b o u t  5 0 0  m M  C l .  Y e t  f l o w  r a t e s  o v e r l a p  a n d  i t  

a p p e a r s  t h a t  c h a n g e  i n  s a l t  g l a n d  w e i g h t  i s  t h e  m a j o r  f a c t o r  r e g u l a t i n g  

t h e  t o t a l  r a t e  o f  e x c r e t i o n  w i t h i n  a  g e n u s .  T h e  g e n u s  A i p y s u r u s  s h o w s  

a  t e n - f o l d  v a r i a t i o n  i n  C l  e x c r e t i o n  r a t e ,  f r o m  2 4  t o  2 2 2  p m o l e s / 1 0 0  g - h  

( D u n s o n  a n d  D u n s o n ,  1 9 7 4 ) .
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F i g .  1 .  C h a n g e s  i n  s e c r e t i o n  c o n c e n t r a t i o n  a n d  f l o w  r a t e  o f  s e a  s n a k e  

s a l t  g l a n d s  a f t e r  i n j e c t i o n  o f  s a l t  l o a d s  a t  t i m e  0  ( f r o m  D u n s o n  a n d  

D u n s o n ,  1 9 7 4 ) .

T h e  s e c r e t o r y  f l u i d  i n  s e a  s n a k e s  i s  p r e d o m i n a n t l y  N a C l ;  o n l y  2 %  i s  

K .  O f  c o u r s e  t h i s  i s  i n  r e s p o n s e  t o  N a C l  i n j e c t i o n s .  I t  w o u l d  b e  

i n t e r e s t i n g  t o  t e s t  t h e  e f f e c t  o f  К  l o a d i n g  o n  s e c r e t i o n  c o m p o s i t i o n .  T h e  

i o n i c  c o m p o s i t i o n  o f  l i z a r d  n a s a l  f l u i d  i s  c o n s i d e r a b l y  d i f f e r e n t ,  a s  w i l l  

b e  d i s c u s s e d  b e l o w .

L E V E L S  O F  F U N C T I O N A L  C O N T R O L

E m b r y o n i c  D i f f e r e n t i a t i o n

T h i s  t o p i c  i s  u n s t u d i e d  i n  r e p t i l i a n  s a l t  g l a n d s .  I t  c o u l d  b e  a s s u m e d  

t h a t  t h e  y o u n g  a r e  b o r n  o r  h a t c h e d  i n  a  s t a t e  o f  p h y s i o l o g i c a l  r e a d i n e s s  

f o r  t h e  e n v i r o n m e n t a l  s t r e s s e s  t o  b e  e n c o u n t e r e d .  C a n  t h e r e  b e  a  

r e l a t i o n  b e t w e e n  t h e  d e g r e e  o f  s a l t  g l a n d  d e v e l o p m e n t  o f  t h e  y o u n g  a n d  

t h e  s t a t e  o f  h y d r a t i o n  o f  t h e  m o t h e r ?  W e  d o  k n o w  t h a t  t h e  y o u n g  o f  m a r i n e
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s p e c i e s  s u c h  a s  t h e  s e a  t u r t l e s  ( E v a n s ,  1 9 7 3 ;  K o o i s t r a  a n d  E v a n s ,  1 9 7 6 )  a n d  

t h e  f i l e  s n a k e  ( D u n s o n  a n d  D u n s o n ,  1 9 7 3 )  a r e  q u i t e  c a p a b l e  o f  o s r n o r e g u l a t i n g  

i n  s e a  w a t e r .  T h e  e f f e c t  o f  d e h y d r a t i o n  o f  s e a  t u r t l e  e g g s  o n  t h e  p h y s i o l 
o g y  o f  t h e  d e v e l o p i n g  e m b r y o  w o u l d  a l s o  b e  a n  i n t e r e s t i n g  s u b j e c t  f o r  

e x p e r i m e n t a t i o n .

A c c l i m a t i o n  E f f e c t s

T h e  e f f e c t s  o f  a c c l i m a t i o n  t o  f r e s h  o r  s a l i n e  w a t e r  c o n d i t i o n s  o n  

s a l t  g l a n d  f u n c t i o n  c a n  b e  e x a m i n e d  e i t h e r  b y  m e a s u r i n g  t h e  s e c r e t o r y  

a b i l i t y  o f  t h e  g l a n d  o r  s o m e  a s p e c t s  o f  t h e  g l a n d  t i s s u e  t h a t  r e f l e c t  t h i s  

a b i l i t y .  A v i a n  s a l t  g l a n d s  u n d e r g o  m a r k e d  i n c r e a s e s  i n  s i z e ,  a n d  i n  R N A  

a n d  N a - К  A T P a s e  c o n c e n t r a t i o n s  o n  e x p o s u r e  o f  t h e  b i r d  t o  s a l i n e  l o a d i n g  

( P e a k e r  a n d  L i n z e l l ,  1 9 7 5 ) .  F e w  r e p t i l i a n  c o m p a r i s o n s  a r e  a v a i l a b l e .  

R e s u l t s  o f  h i s t o c h e r a i c a l  l o c a l i z a t i o n  o f  g l a n d  A T P a s e s  h a v e  n o t  p r o v e n  

t o  b e  r e l i a b l e  a n d  a r e  n o t  c o n s i d e r e d  h e r e .  T h e r e  a r e  t h r e e  p u b l i s h e d  

s t u d i e s  o f  m o r e  d e f i n i t i v e  b i o c h e m i c a l  a s s a y s  o f  N a - К  A T P a s e  a n d  K -  

s t i m u l a t e d  p - n i t r o p h e n y l p h o s p h a t a s e  ( N P P a s e )  ( C o w a n ,  1 9 7 4 ;  D u n s o n  a n d  

D u n s o n ,  1 9 7 4 ,  1 9 7 5 ) .  T h e  l e v e l s  o f  N a - К  A T P a s e  a n d  N P P a s e  i n  r e p t i l i a n  

s a l t  g l a n d s  a r e  h i g h  a n d  s i m i l a r  t o  t h o s e  o f  s o m e  a v i a n  g l a n d s .  H o w e v e r  

d i f f e r e n c e s  i n  t e c h n i q u e s  b e t w e e n  s t u d i e s  u s u a l l y  o b v i a t e  d e t a i l e d  

c o m p a r i s o n s .  C o w a n  ( 1 9 7 4 )  f o u n d  n o  d i f f e r e n c e  i n  N P P a s e  c o n c e n t r a t i o n  

i n  t h e  l a c h r y m a l  s a l t  g l a n d s  o f  d i a m o n d b a c k  t e r r a p i n s  ( M a l a c l e m y s )  k e p t  

i n  s e a  w a t e r  o r  1 0  d a y s  i n  f r e s h  w a t e r .  I n  p r e v i o u s  s t u d i e s  h e  h a d  f o u n d  

n o  i n c r e a s e  i n  t h e  w e i g h t  o f  t h e  g l a n d ,  n o r  i n  c e l l u l a r  p r o l i f e r a t i o n  u p o n  

s e a  w a t e r  e x p o s u r e  ( C o w a n ,  1 9 6 9 ,  1 9 7 3 ) .  H o w e v e r  D u n s o n  ( 1 9 7 0 )  d e m o n s t r a t e d  

t h a t  t h e  c a p a c i t y  o f  t h e  g l a n d  t o  e x c r e t e  N a C l  w a s  l o s t  a f t e r  p r o l o n g e d  

f r e s h  w a t e r  a c c l i m a t i o n .  D u n s o n  a n d  D u n s o n  ( 1 9 7 5 )  c o n f i r m e d  t h e  l a c k  o f  

a n y  a b s o l u t e  i n c r e a s e  i n  g l a n d  w e i g h t ,  a n d  w e r e  a b l e  t o  d e m o n s t r a t e  a  

d i r e c t  r e l a t i o n  b e t w e e n  p l a s m a  N a  c o n c e n t r a t i o n  a n d  g l a n d  N a - К  A T P a s e  

c o n t e n t  ( F i g .  2 ) .
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F i g .  2 .  T h e  r e l a t i o n  b e t w e e n  d i a m o n d b a c k  t e r r a p i n  ( M a l a c l e m y s )  l a c h r y m a l  

s a l t  g l a n d  N a - К  A T P a s e  a c t i v i t y  ( w h o l e  h o m o g e n a t e )  a n d  p l a s m a  N a  c o n c e n 
t r a t i o n  ( f r o m  D u n s o n  a n d  D u n s o n ,  1 9 7 5 ) .

T h e r e  i s  a p p r o x i m a t e l y  a  t h r e e - f o l d  i n c r e a s e  i n  e n z y m e  a c t i v i t y  o n  l o n g  

t e r m  a c c l i m a t i o n  t o  s e a  w a t e r .  H o w e v e r  M a l a c l e m y s  h a s  a  v e r y  l o w  r a t e  o f  

n e t  N a  u p t a k e  f r o m  s e a  w a t e r  a n d  c h a n g e s  i n  p l a s m a  N a  o c c u r  v e r y  s l o w l y  

( R o b i n s o n  a n d  D u n s o n ,  1 9 7 6 ) .  I n d e e d  p l a s m a  N a  m u s t  e x c e e d  a b o u t  2 0 0  m M  

b e f o r e  a  p r o n o u n c e d  s t i m u l a t i o n  o f  N a - К  A T P a s e  o c c u r s .  C o w a n  ( 1 9 7 4 )  d i d  

n o t  m e a s u r e  p l a s m a  N a  a n d  h i s  " f r e s h  w a t e r "  a n d  " s e a  w a t e r "  a c c l i m a t e d  

a n i m a l s  p r o b a b l y  h a d  v e r y  s i m i l a r  p l a s m a  v a l u e s .  R o b i n s o n  a n d  D u n s o n  

( 1 9 7 6 )  a l s o  f o u n d  t h a t  p l a s m a  N a  i s  d i r e c t l y  r e l a t e d  t o  b l a d d e r  u r i n e  К  

c o n c e n t r a t i o n s .  T h u s  b l a d d e r  К  l e v e l s  c a n  a l s o  b e  u s e d  t o  p r e d i c t  N a - K  

A T P a s e  a c t i v i t y  o f  t h e  l a c h r y m a l  s a l t  g l a n d .

M a l a c l e m y s  i s  a n  e s t u a r i n e  t u r t l e  t h a t  o n l y  u s e s  i t s  s a l t  g l a n d  w h e n  

d e h y d r a t i o n  r e a c h e s  e x t r e m e  l e v e l s .  T h e  p e l a g i c  s e a  s n a k e  P e l a m i s  

a p p a r e n t l y  m a i n t a i n s  a n  a c t i v e  s a l t  g l a n d  e v e n  w h e n  p l a s m a  N a  i s  

r e l a t i v e l y  l o w  ( D u n s o n  a n d  D u n s o n ,  1 9 7 5 ) .  N a - К  A T P a s e  r e m a i n e d  h i g h  e v e n  

i n  s n a k e s  p l a c e d  i n  f r e s h  w a t e r  f o r  4 8  d a y s  ( p l a s m a  N a  1 4 0  m M ) ,  a n d  t h e  

s a l t  g l a n d  s e c r e t e d  w h e n  s t i m u l a t e d  b y  N a C l  i n j e c t i o n s .  A n o t h e r  

i n t r i g u i n g  r e s u l t  w a s  t h a t  l e v e l s  o f  N a - К  A T P a s e / m g  t i s s u e ' w e r e  v e r y  

s i m i l a r  i n  s a l t  s t i m u l a t e d  g l a n d s  o f  a  d e s e r t  l i z a r d  ( D i p s o s a u r u s ) ,  

a  t u r t l e  ( M a l a c l e m y s ) ,  a n d  a  s n a k e  ( P e l a m i s ) ■  T h i s  s u g g e s t s  t h a t  

r e p t i l i a n  s a l t  g l a n d  t i s s u e  h a s  a  c e r t a i n  m a x i m u m  e n z y m a t i c  c a p a c i t y  a n d  

t h a t  t h e  v e r y  d i f f e r e n t  m a x i m u m  s e c r e t o r y  r a t e s  o f  t h e s e  t h r e e  g l a n d s  a r e  

s e t  b y  o t h e r  f a c t o r s .  T h e  M a l a c l e m y s  g l a n d  i s  a b o u t  t h e  s a m e  r e l a t i v e  

s i z e  a s  t h a t  o f  P e l a m i s ,  d e s p i t e  i t s  m u c h  l o w e r  s e c r e t o r y  r a t e .  Y e t  a m o n g  

s e a  s n a k e s ,  g l a n d  w e i g h t  s e e m s  t o  b e  w e l l  c o r r e l a t e d  w i t h  t h e  m a x i m u m  

s a l t  g l a n d  s e c r e t o r y  r a t e ;  n e i t h e r  N a - К  A T P a s e  a c t i v i t y  n o r  u l t r a s t r u c t u r e  

s e e m e d  t o  v a r y  b e t w e e n  g l a n d s  d i f f e r i n g  t e n - f o l d  i n  t h e i r  r a t e s  o f  C l  

e x c r e t i o n  ( D u n s o n  a n d  D u n s o n ,  1 9 7 4 ) .
T h e  r e c e n t l y  d i s c o v e r e d  p r e m a x i l l a r y  s a l t  g l a n d  i n  a  m a r i n e  h o m a l o p s i d  

s n a k e  ( C e r b e r u s )  d o e s  s h o w  u l t r a s t r u c t u r a l  c h a n g e s  a s s o c i a t e d  w i t h  

f l u c t u a t i o n s  i n  e x t e r n a l  s a l i n i t y  ( D u n s o n  a n d  D u n s o n ,  1 9 7 9 ) .  T h i s  v e r y  

s m a l l  s a l t  g l a n d  d e - d i f f e r e n t i a t e s  w h e n  s n a k e s  a r e  p l a c e d  i n  f r e s h  w a t e r ,  

a n d  p l a s m a  N a  f a l l s  b e l o w  a b o u t  1 5 0  m M .  C e r b e r u s  i s  p r o b a b l y  a  g o o d  

e x a m p l e  o f  t h e  e a r l y  s t a g e s  o f  e v o l u t i o n  o f  a  s a l t  g l a n d .  T h e  g l a n d  o n l y  

s e c r e t e s  w h e n  s n a k e s  a r e  q u i t e  d e h y d r a t e d  a n d  e x o g e n o u s  N a C l  l o a d s  a r e  

c l e a r e d  v e r y  s l o w l y .  A t  p r e s e n t  i t  a p p e a r s  t h a t  t h e  e f f e c t  o f  s a l i n i t y  

a c c l i m a t i o n  o n  r e p t i l i a n  s a l t  g l a n d s  i s  v a r i a b l e .  S o m e  e s t u a r i n e  s p e c i e s  

s h o w  p r o n o u n c e d  c h a n g e s  i n  g l a n d  f u n c t i o n  a s  p l a s m a  N a  v a r i e s :  t h i s  m a y  

n o t  o c c u r  i n  c o m p l e t e l y  m a r i n e  s p e c i e s  s u c h  a s  P e l a m i s .  I t  i s  o b v i o u s  

t h a t  c o n s i d e r a b l e  w o r k  i s  n e e d e d  t o  f u r t h e r  c l a r i f y  t h e  r o l e  o f  s a l i n i t y  

a c c l i m a t i o n  i n  t h e  f u n c t i o n i n g  o f  r e p t i l i a n  s a l t  g l a n d s .

O n - O f f  C o n t r o l

I t  i s  g e n e r a l l y  a c c e p t e d  t h a t  s e c r e t i o n  i n  a v i a n  s a l t  g l a n d s  i s  

m e d i a t e d  b y  n e u r a l  s i g n a l s  i n i t i a t e d  b y  c h a n g e s  i n  o s m o t i c  p r e s s u r e  o f  

t h e  p l a s m a ,  a l t h o u g h  t h e r e  a r e  o t h e r  p o i n t s  o f  v i e w  ( P e a k e r  a n d  L i n z e l l ,  

1 9 7 5 ) .  R e p t i l i a n  s a l t  g l a n d s ,  l i k e  m o s t  e x o c r i n e  g l a n d s ,  a r e  i n n e r v a t e d  

b y  b o t h  p a r a s y m p a t h e t i c  a n d  s y m p a t h e t i c  f i b e r s  ( D u n s o n ,  1 9 7 6 ) .  S e c r e t i o n  

c a n  b e  e l i c i t e d  b y  i n j e c t i o n  o f  t h e  a c e t y l c h o l i n e  m i m i c  m e c h o l y l ,  i n d i c a t i n g  

t h a t  s t i m u l a t i o n  o f  c h o l i n e r g i c  n e r v e s  i s  t h e  n o r m a l  m o d e  o f  g l a n d  

a c t i v a t i o n .  T h e  l o c a t i o n  o f  t h e  p r e s u m e d  r e c e p t o r s  i n  r e p t i l e s  i s  u n k n o w n ?  

t h e y  a p p e a r  t o  b e  s e n s i t i v e  t o  c h a n g e s  i n  o s m o t i c  p r e s s u r e  o f  t h e  e x t r a -
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cellular fluid in one species (Fig. 3).

F i g .  3 .  E f f e c t  o f  N a C l  l o a d  a n d  a n  o s m o t i c a l l y  e q u i v a l e n t  s u c r o s e  l o a d  

o n  t h e  e x t r a c l o a c a l  ( s a l t  g l a n d )  C l  e x c r e t i o n  o f  t h e  s e a  s n a k e  P e l a m i s  

( f r o m  D u n s o n ,  1 9 6 8 ) .

T h e  r e s p o n s e s  o f  t h e  s e a  s n a k e  s a l t  g l a n d  t o  s u b c u t a n e o u s  i n j e c t i o n s  o f  

s a l t  a n d  s u c r o s e  w e r e  v i r t u a l l y  i d e n t i c a l .  S h o e m a k e r  e t ^  a l  ( 1 9 7 2 )  

o b t a i n e d  a  d i f f e r e n t  r e s u l t  w h e n  t h e y  i n j e c t e d  d e s e r t  i g u a n a s  ( D i p s o s a u r u s )  

i n t r a p e r i t o n e a l l y  w i t h  N a ,  K ,  a n d  R b  s a l t s ,  i n  c o m p a r i s o n  w i t h  m a n n i t o l  

a n d  s u c r o s e .  T h e  s a l t s  s t i m u l a t e d  n a s a l  g l a n d  s e c r e t i o n ,  b u t  t h e  s u g a r s  

d i d  n o t .  T h e y  c o n c l u d e d  t h a t  t h e  r e c e p t o r  i n  D i p s o s a u r u s  i s  s e n s i t i v e  

n o t  t o  o s m o t i c  p r e s s u r e ,  b u t  s p e c i f i c a l l y  t o  a l k a l i  m e t a l  i o n s .  T h i s  i s  

i n d e e d  a n  e x c i t i n g  n e w  f i n d i n g ,  i t  i f  p r o v e s  t o  b e  t r u e .  H o w e v e r  P e a k e r  

a n d  L i n z e l l  ( 1 9 7 5 )  h a v e  a r g u e d  t h a t  t h e  p e r i t o n e a l  s u g a r  s o l u t i o n s  m a y  n o t  

h a v e  b e e n  a b s o r b e d  w e l l ,  r e s u l t i n g  i n  l i t t l e  c h a n g e  i n  p l a s m a  o s m o l a r i t y .  

T h i s  i s  a  v a l i d  p o i n t  a n d  t h e  e x p e r i m e n t s  w i l l  h a v e  t o  b e  r e p e a t e d  w i t h  

c a r e f u l  m o n i t o r i n g  o f  p l a s m a  c o n c e n t r a t i o n s ,  p r e f e r a b l y  w i t h  i n t r a v e n o u s  

r a t h e r  t h a n  i n t r a p e r i t o n e a l  i n j e c t i o n s .

S e c r e t o r y  F l u i d  C o m p o s i t i o n

T h e  s a l t  g l a n d  s e c r e t i o n s  o f  m a r i n e  s n a k e s  a n d  t u r t l e s  a r e  e s s e n t i a l l y  

p u r e  N a C l  a n d  a r e  p r o b a b l y  s u b j e c t  t o  l i t t l e  c h a n g e  i n  c o m p o s i t i o n  ( D u n s o n ,  

1 9 7 6 ) .  I n  l i z a r d s ,  s e c r e t o r y  f l u i d  c o m p o s i t i o n  i s  m u c h  m o r e  l a b i l e .  M o s t  

a t t e n t i o n  h a s  b e e n  f o c u s e d  o n  r e l a t i v e  c h a n g e s  i n  N a  a n d  K .  D a t a  h a v e  

o f t e n  b e e n  c o l l e c t e d  i n  a  h a p h a z a r d  f a s h i o n ,  s o  t h a t  r e p o r t e d  v a l u e s  f o r  

N a  o r  К  e x c r e t i o n  a r e  u n l i k e l y  t o  r e p r e s e n t  m a x i m a .  H o w e v e r  t h e r e  i s  

g o o d  e v i d e n c e  t h a t  t h e  a b i l i t y  t o  s w i t c h  b e t w e e n  N a  a n d  К  e x c r e t i o n  i s  

r e l a t i v e l y  l i m i t e d  i n  a  g i v e n  s p e c i e s .  F o r  e x a m p l e  t h e  d e s e r t  i g u a n a  

( D i p s o s a u r u s )  h a s  a  m a x i m u m  e x c r e t i o n  r a t e  o f  3 5  y m o l e s  N a  +  K / 1 0 0  g  b o d y
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w t - h ,  w i t h  N a / К  r a t i o s  v a r i a b l e  b e t w e e n  0 . 0 2  a n d  3  ( S h o e m a k e r  e t  a l ,  1 9 7 2 ;  

D u n s o n  a n d  D u n s o n ,  1 9 7 5 ) .  A  c o a s t a l  m o n i t o r  l i z a r d  ( V a r a n u s  s e m i r e r a e x )  

w i t h  a  s i m i l a r  r a t e  o f  N a  +  К  e x c r e t i o n ,  h a d  a  h i g h e r  r a n g e  o f  N a / К  r a t i o s ,  

0 . 1 4 - 2 1 . 0  ( D u n s o n ,  1 9 7 4 ) .  T h u s  i n l a n d  d e s e r t  h e r b i v o r e s  ' m a i n l y  n e e d  t o  

e x c r e t e  K ,  r a t h e r  t h a n  N a ,  a n d  t h e i r  s a l t  g l a n d  i s  a p p a r e n t l y  a d a p t e d  f o r  

t h i s  p u r p o s e .  A  c o a s t a l  c a r n i v o r e ,  t h a t  m a y  a l s o  b e  f o u n d  i n  i n l a n d  

h a b i t a t s ,  h a s  a n  a b i l i t y  t o  e x c r e t e  e i t h e r  К  o r  N a ,  a s  d o e s  t h e  e x c l u s i v e l y  

c o a s t a l  m a r i n e  i g u a n a  ( A m b l y r h y n c h u s )  t h a t  f e e d s  o n  a l g a e .  T h e  p r o c e s s  

b y  w h i c h  a  c h a n g e o v e r  i n  t h e  i o n i c  r a t i o s  o f  s e c r e t e d  f l u i d  o c c u r s  i s  s l o w  

( F i g .  4 ) .

К С  I L O A D S  NaC! L O A D S
MILLIMOLES/ IOOG MILLIMOLES/ IOO G
1.0 0.5 1.0 0.5

F i g .  4 .  V a r i a t i o n  i n  t h e  N a / К  r a t i o  o f  n a s a l  e n c r u s t a t i o n s  o f  a  m a n g r o v e  

m o n i t o r  l i z a r d  ( V a r a n u s  s e m i r e m e x )  i n j e c t e d  f i r s t  w i t h  K C 1  a n d  t h e n  N a C l  

( f r o m  D u n s o n ,  1 9 7 4 ) .

T h i s  l e i s u r e l y  t i m e  c o u r s e  s u g g e s t s  t h a t  h o r m o n a l  r e g u l a t i o n  i s  i n v o l v e d .  

A n  i n t e r e s t i n g  p a r a l l e l  c a n  b e  f o u n d  i n  t h e  c o m p o s i t i o n  o f  t h e  p a r o t i d  

s a l i v a  o f  s h e e p  ( B l a i r - W e s t  e t  a l ,  1 9 6 4 ) .  T h e  n o r m a l  N a / К  r a t i o  o f  3 0  c a n  

b e  g r e a t l y  d i m i n i s h e d  ( t o  a b o u t  0 . 2 )  b y  N a  d e p l e t i o n ,  a n d  a l d o s t e r o n e  

a p p e a r s  t o  b e  i n v o l v e d  i n  t h i s  p r o c e s s  o f  N a  r e t e n t i o n .  T e m p l e t o n  ( 1 9 7 2 )  

a n d  T e m p l e t o n  e t  a l  ( 1 9 7 2 )  r e p o r t e d  t h a t  a l d o s t e r o n e  c a u s e d  r e t e n t i o n  o f  

N a  b y  t h e  n a s a l  s a l t  g l a n d  o f  D i p s o s a u r u s ,  b u t  h a d  n o  e f f e c t  o n  K .  

S h o e m a k e r  e t  a l  ( 1 9 7 2 )  o b t a i n e d  s i m i l a r  r e s u l t s  a n d  i n  a d d i t i o n  t h e y  f o u n d  

t h a t  d e x a m e t h a s o n e  a b o l i s h e d  N a  e x c r e t i o n .  T h i s  s y n t h e t i c  s t e r o i d  i s
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n o r m a l l y  u s e d  t o  e l i m i n a t e  A C T H  s e c r e t i o n ,  b u t  i t  a p p a r e n t l y  a l s o  h a s  

m i n e r a l o c o r t i c o i d  a c t i v i t y  o f  i t s  o w n  i n  l i z a r d s .  C o r t i c o s t e r o n e  a n d  

A C T H  e a c h  h a d  a  l e s s e r  e f f e c t  o n  n a s a l  g l a n d  N a  e x c r e t i o n ,  a n d  c o r t i s o l  

h a d  n o  e f f e c t .  T h e  s a l t  g l a n d  o f  g r e e n  s e a  t u r t l e s  ( C h e l o n i a )  a l s o  a p p e a r s  

t o  b e  u n d e r  s o m e  a d r e n a l  c o n t r o l .  H o l m e s  a n d  M c B e a n  ( 1 9 6 4 )  r e p o r t e d  t h a t  

a d r e n a l  I n s u f f i c i e n c y  r e d u c e d  N a  a n d  К  e x c r e t i o n ,  w h i c h  w a s  p a r t i a l l y  

r e s - t o r e d  b y  c o r t i c o s t e r o n e  t h e r a p y .

L i z a r d  n a s a l  f l u i d  s h o w s  v a r i a t i o n  i n  a n i o n i c  a s  w e l l  a s  c a t i o n i c  

r a t i o s .  E a r l y  s t u d i e s  d e m o n s t r a t e d  t h a t  b i c a r b o n a t e  w a s  a  m a j o r  a n i o n  

i n  c e r t a i n  h e r b i v o r o u s  f o r m s  ( S c h m i d t - N i e l s e n  e t  a l ,  1 9 6 3 ;  N o r r i s  a n d  

D a w s o n ,  1 9 6 4 )  .  S h o e m a k e r  e t ^  a l ^  ( 1 9 7 2 )  s h o w e d  t h a t  C l  w a s  t h e  o n l y  

s e c r e t e d  a n i o n  f o l l o w i n g  i n j e c t i o n s  o f  C l  s a l t s  i n  D i p s o s a u r u s .  H o w e v e r  

i n j e c t i o n s  o f  К  a c e t a t e ,  К  s u c c i n a t e ,  a n d  K H C O 3  l e d  t o  t h e  s e c r e t i o n  

o f  b i c a r b o n a t e s  o r  c a r b o n a t e s  a s  o n e  q u a r t e r  o f  t h e  t o t a l  a n i o n s .

F U T U R E  R E S E A R C H

I t  i s  r e a d i l y  a p p a r e n t  t h a t  m a n y  a s p e c t s  o f  t h e  b i o l o g y  o f  r e p t i l i a n  

s a l t  g l a n d s  n e e d  t o  b e  i n v e s t i g a t e d  f u r t h e r .  S i n c e  t h e i r  f i r s t  

d e s c r i p t i o n  i n  1 9 5 8  b y  S c h m i d t - N i e l s e n  a n d  F a n g e ,  r e p t i l i a n  s a l t  g l a n d s  

h a v e  r e c e i v e d  m u c h  l e s s  r e s e a r c h  a t t e n t i o n  t h a n  t h o s e  o f  b i r d s .  T h i s  i s  

o n l y  n a t u r a l  s i n c e  d u c k s  a n d  g e e s e  a r e  e a s i e r  t o  w o r k  w i t h  t h a n  g i a n t  

s e a  t u r t l e s  a n d  v e n o m o u s  s e a  s n a k e s !  H o w e v e r  n u m e r o u s  s m a l l e r  a n d  m o r e  

r e a d i l y  a v a i l a b l e  l i z a r d s  a n d  t u r t l e s  a r e  n o w  k n o w n  t o  b e  u s e f u l  i n  s a l t  

g l a n d  r e s e a r c h .  I t  i s  m y  h o p e  t h a t  p h y s i o l o g i s t s ,  e n d o c r i n o l o g i s t s ,  

a n d  b i o c h e m i s t s  w i l l  c o n s i d e r  s t u d y i n g  r e p t i l i a n  s a l t  g l a n d s  a s  m o d e l  

s y s t e m s  o f  i o n i c  a n d  o s m o t i c  r e g u l a t i o n .  T h e  d i v e r s i t y  o f  g l a n d  t y p e s ,  

s e c r e t i o n  c o n c e n t r a t i o n s  a n d  r a t e s ,  a s  w e l l  a s  t h e  v a r i a b i l i t y  i n  c a t i o n i c  

a n d  a n i o n i c  r a t i o s  o f f e r  c h a l l e n g i n g  o p p o r t u n i t i e s  f o r  t h e  i n v e s t i g a t i o n  

o f  c o n t r o l  m e c h a n i s m s  a n d  t h e  c o r r e l a t i o n  o f  u l t r a s t r u c t u r e  a n d  f u n c t i o n .  

R e s e a r c h  o p p o r t u n i t i e s  a r e  n o t  l i m i t e d  t o  t h e  c e l l  a n d  o r g a n  l e v e l .  S a l t  

g l a n d s  a n d  m e c h a n i s m s  o f  o s m o r e g u l a t i o n  o f t e n  r e p r e s e n t  a  m a j o r  c o m p o n e n t  

o f  a  r e p t i l e ' s  a d a p t a t i o n  t o  r i g o r o u s  e n v i r o n m e n t s  o r  t o  s p e c i a l  f o o d s .

A s  s u c h  t h e y  d e s e r v e  i n c r e a s i n g  a t t e n t i o n  f r o m  e c o l o g i s t s  i n t e r e s t e d  i n  

s t r a t e g i e s  o f  a d a p t a t i o n .
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I N T R O D U C T I O N

T h e  e x t r a c e r e b r a l  b o d y  f l u i d  ( E C F )  m a y  b e  c o n s i d e r e d ,  i n  a  f i r s t  a p p r o x 
i m a t i o n ,  a s  a  s o l u t i o n  o f  N a +  s a l t s  i n  w a t e r ,  t h e  l a t t e r  d e t e r m i n i n g  i t s  

v o l u m e  a n d  t h e  f o r m e r  i t s  t o n i c i t y .  H o m e o s t a s i s  o f  t h e  E C F  i m p l i e s  t h a t  t h e  

a m o u n t s  o f  s a l t  a n d  w a t e r  i n  t h i s  f l u i d  c o m p a r t m e n t  r e m a i n  c o n s t a n t .  T h i s  

m a y  b e  a c h i e v e d  b y  t h e  c o n t r o l  o f  s a l t  a n d  w a t e r  i n g e s t i o n  a s  w e l l  a s  o f  

t h e i r  e l i m i n a t i o n .

I n  m a r i n e  m a m m a l s  a n d  b i r d s ,  t h e  i n t a k e  o f  s a l t  a n d  w a t e r  o f t e n  c a n n o t  

b e  i n d e p e n d e n t l y  c o n t r o l l e d ,  a s  t h e s e  a n i m a l s  a r e  f o r c e d  t o  i n g e s t  s a l t  

w i t h  t h e  f o o d  o r  s e a  w a t e r .  C o n s e q u e n t l y ,  r e g u l a t i o n  o f  t h e  E C F  r e l i e s  o n l y  

o n  t h e  c o n t r o l  o f  s a l t  a n d  w a t e r  e x c r e t i o n .  W h i l e  t h e  m a r i n e  m a m m a l s  m e e t  

t h i s  c h a l l e n g e  w i t h  t h e  h i g h  c o n c e n t r a t i o n  c a p a b i l i t y  o f  t h e i r  k i d n e y s ,  

p o s s i b l y  i n  a s s o c i a t i o n  w i t h  s o m e  c o n t r o l  o f  t h e  d i e t  i n  s e v e r a l  s p e c i e s ,  

t h e  k i d n e y s  o f  t h e  m a r i n e  b i r d s  c a n n o t  c o n c e n t r a t e  s u f f i c i e n t l y .  T h e s e  b i r d s  

e l i m i n a t e  s a l t  w i t h  t h e i r  s u p r a o r b i t a l  s a l t  g l a n d s  a s  f i r s t  d i s c o v e r e d  b y  

S c h m i d t - N i e l s e n  e t  a l .  ( 1 9 5 7 ) .  T h e  s e c r e t e d  f l u i d  i s  d i s c h a r g e d  f r o m  t h e  

n a r e s  a n d  i t s  m a i n  c o n s t i t u e n t s  a r e  s o d i u m  a n d  c h l o r i d e .  F l u i d  c o n c e n t r a t 
i o n  m a y  b e  w e l l  i n  e x c e s s  o f  t h a t  o f  s e a  w a t e r ,  a n d  s a l t  s e c r e t i o n  m a y  e x 
c e e d  1 . 5  m i l l i o s m o l e s  ( m O )  p e r  m i n  ( H a m m e l  e t  a l . ,  1 9 7 7 ) .

I n  b i r d s  w i t h  s a l t  g l a n d s ,  s a l t  a n d  w a t e r  o u t p u t  m a y ,  t o  a  c o n s i d e r a b l e  

d e g r e e ,  b e  c o n t r o l l e d  b y  s e p a r a t e  o r g a n s :  T h e  s a l t  g l a n d s  e l i m i n a t e  t h e  s a l t  

a n d  t h e  k i d n e y s  t h e  w a t e r .  T h e  e f f e r e n t  m e c h a n i s m s  c o n t r o l l i n g  t h e s e  o r g a n s  

a r e  a l s o  s e p a r a t e :  T h e  s a l t  g l a n d s  a r e  u n d e r  p a r a s y m p a t h e t i c  c o n t r o l ;  r e n a l  

w a t e r  e x c r e t i o n  i s  c o n t r o l l e d  b y  a r g i n i n e  v a s o t o c i n  ( A V T ) ,  t h e  a v i a n  A D H .  

T h i s  u n i q u e  s e p a r a t i o n  o f  s a l t  a n d  w a t e r  e x c r e t i n g  s y s t e m s  o f f e r s  f a v o u r a b 
l e  c o n d i t i o n s  f o r  t h e  i n v e s t i g a t i o n  o f  t h e  E C F  p r o p e r t i e s  d e t e r m i n i n g  t h e  

o u t p u t  o f  i t s  m a i n  c o n s t i t u e n t s .  T h i s  r e v i e w  d e s c r i b e s  m e t h o d s  a n d  r e s u l t s  

o f  r e c e n t  s t u d i e s  w h i c h  a i m e d  a t  t h e  e v a l u a t i o n  o f  t h e  r o l e s  t o n i c i t y  a n d  

v o l u m e  o f  t h e  E C F  p l a y  i n  a v i a n  o s m o r e g u l a t i o n  a n d  o f  t h e  m e c h a n i s m s  b y  

w h i c h  t h e s e  p r o p e r t i e s  a r e  m o n i t o r e d .

M E T H O D S

D e t a i l e d  i n v e s t i g a t i o n s  o f  t h e  a f f e r e n t  c o n t r o l  o f  s a l t  g l a n d  a n d  k i d n e y  

f u n c t i o n s  i n  t h e  o s m o r e g u l a t i o n  o f  m a r i n e  b i r d s  h a v e  b e e n  c a r r i e d  o u t  m o s t l y  

i n  d o m e s t i c  s p e c i e s  l i k e  g e e s e  a n d  d u c k s  w h i c h  p o s s e s s  f u n c t i o n i n g  s a l t  

g l a n d s ,  p a r t i c u l a r l y  w h e n  a d a p t e d  t o  c h r o n i c  s a l t  l o a d i n g .  I n  o u r  o w n
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s t u d i e s  o n  P e k i n  d u c k s ,  t h e  a n i m a l s  w e r e  r e a r e d  o n  s a l i n e  a s  t h e  o n l y  w a t e r  

s u p p l y ,  t h e  f i n a l  c o n c e n t r a t i o n  b e i n g  1 . 9 % .  T h e s e  a d a p t e d  a n i m a l s  w e r e  a b l e  

t o  e x c r e t e  u p  t o  0 . 8  m l / m i n  o f  s a l t  g l a n d  f l u i d  w i t h  a  m a x i m u m  o s m o l a l i t y  

o f  1 2 0 0  m O / k g .  T h e i r  m a x i m u m  u r i n e  c o n c e n t r a t i o n  w a s  a b o u t  6 0 0  m O / k g .  C o m 
p a r e d  t o  t h e  f r e s h w a t e r  d u c k s  w i t h  p l a s m a  o s m o l a l i t i e s  b e t w e e n  2 8 0  a n d  3 0 0  

m O / k g ,  t h e  p l a s m a  o s m o l a l i t i e s  o f  s a l t w a t e r  d u c k s  w e r e  c h r o n i c a l l y  e l e v a t e d  

w i t h  a  p h y s i o l o g i c a l  r a n g e  b e t w e e n  3 0 0  a n d  3 6 0  m O / k g  ( D e u t s c h  e t  a l . ,  1 9 7 9 ) .

D u r i n g  t h e  e x p e r i m e n t s ,  v a r i o u s  t e s t  s o l u t i o n s  w e r e  i n f u s e d ,  e i t h e r  i n 

t r a v e n o u s l y  ( i . v . )  i n t o  a  w i n g  v e i n  o r  b y  m e a n s  o f  a  g a s t r i c  t u b e ,  t o  i n 

d u c e  s t e a d y  s t a t e  s a l t  g l a n d  s e c r e t i o n  o r  d i u r e s i s .  W h e n  s t u d y i n g  r e n a l  

w a t e r  e x c r e t i o n ,  t h e  a n i m a l s  w e r e  f a s t e d  2 4  h  p r i o r  t o  t h e  e x p e r i m e n t s  t o  

k e e p  t h e  c l o a c a  f r e e  o f  f e c e s .  A  p e r f o r a t e d  b u l b  w a s  i n s e r t e d  i n t o  t h e  c l o 
a c a  t o  w i t h d r a w  t h e  u r i n e  b y  c o n t i n u o u s  s u c t i o n  i n t o  g r a d e d  c y l i n d e r s  w h i c h  

w e r e  e x c h a n g e d  e v e r y  5 - 1 5  m i n .  W a t e r  d i u r e s i s  w a s  i n d u c e d  b y  i . v .  i n f u s i o n  

o f  1 - 2  m l / m i n  o f  h y p o o s m o t i c  ( 2 0 0  m O / k g )  g l u c o s e  s o l u t i o n  o r  b y  i n t r a g a s -  

t r i c  i n f u s i o n  o f  1  m l / m i n  t a p  w a t e r .  I n  s o m e  e x p e r i m e n t s ,  a  d i u r e s i s  w a s  

i n d u c e d  b y  i . v .  i n f u s i o n  o f  1 m l / m i n  i s o t o n i c  s a l i n e  o r  m a n n i t o l  s o l u t i o n .
-  W h e n  s t u d y i n g  s a l t  g l a n d  s e c r e t i o n ,  t h e  s e c r e t e d  f l u i d  w a s  c o n t i n u o u s l y  

w i t h d r a w n  b y  s u c t i o n  f r o m  t h e  n a r e s  t h r o u g h  s i l a s t i c  t u b i n g  i n t o  v i a l s  

w h i c h  w e r e  e x c h a n g e d  e v e r y  5 - 1 5  m i n .  T h e  a m o u n t  o f  f l u i d  w a s  d e t e r m i n e d  b y  

w e i g h i n g .  S a l t  s e c r e t i o n  w a s  i n d u c e d  b y  i . v .  i n f u s i o n  o f  0 . 2 - 0 . 4  m l / m i n  o f  

N a C l  s o l u t i o n  a t  8 0 0 - 1 3 0 0  m O / k g .

F o r  b o t h ,  t h e  u r i n e  a n d  s a l t  g l a n d  f l u i d ,  t h e  s e c r e t i o n  r a t e s  a n d  o s m o 

l a l i t i e s  w e r e  d e t e r m i n e d  f o r  e a c h  s a m p l i n g  i n t e r v a l .  I n  s o m e  e x p e r i m e n t s ,  

t h e  N a + ,  K +  a n d  C l -  c o n c e n t r a t i o n s  w e r e  m e a s u r e d .  B l o o d  s a m p l e s  f o r  a n a l y s 

i s  w e r e  d r a w n  f r o m  a  c a n n u l a t e d  l e g  v e i n .  P l a s m a  o s m o l a l i t y  a n d  h e m a t o c r i t  

w e r e  r e g u l a r l y  d e t e r m i n e d .  P l a s m a  N a + ,  K +  a n d  C l "  w e r e  m e a s u r e d  i n  s p e c i a l  

c a s e s .  I n  t w o  s e r i e s  o f  e x p e r i m e n t s ,  t h e  c o n c e n t r a t i o n s  o f  a r g i n i n e  v a s o 
t o c i n  ( A V T )  w e r e  d e t e r m i n e d  i n  2  x  1  m l  s e r u m  s a m p l e s  w i t h  a  r a d i o i m m u n o 
a s s a y  e s t a b l i s h e d  b y  M ö h r i n g  e t  a l .  ( 1 9 8 0 ) .

A l l  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  i n  c o n s c i o u s  a n i m a l s .  T h e  i n v e s t i g a t 

i o n s  i n c l u d e d  i n t r a c a r o t i d  ( i . c . )  o s m o t i c  s t i m u l a t i o n s  b y  m e a n s  o f  c h r o n i c 
a l l y  i m p l a n t e d  c a t h e t e r s ,  i n t r a c e r e b r o v e n t r i c u l a r  ( i . c . v . )  m i c r o i n f u s i o n s  

i n t o  t h e  l a t e r a l  o r  t h i r d  v e n t r i c l e  b y  m e a n s  o f  c h r o n i c a l l y  i m p l a n t e d  d e 

v i c e s ,  a n d  t e m p o r a r y  b l o c k a d e  o f  t h e  v a g u s  n e r v e s  b y  l o c a l  a n e s t h e s i a .

R E S U L T S  A N D  D I S C U S S I O N

E C F  p r o p e r t i e s  i n f l u e n c i n g  o s m o r e g u l a t i o n

H o m e o s t a s i s  o f  t h e  E C F  i s  c o n s i d e r e d  a s  t h e  g o a l  t o  b e  a c h i e v e d  b y  t h e  

o s m o r e g u l a t o r y  p r o c e s s e s .  A c c o r d i n g l y ,  t o n i c i t y  a n d  v o l u m e  o f  t h e  E C F  o r  o f  

p a r t i c u l a r  c o m p a r t m e n t s  o f  i t  h a v e  t o  b e  i n v e s t i g a t e d  a s  t o  t h e  e f f e c t s  

w h i c h  c h a n g e s  h a v e  o n  b o t h  t h e  c o n t r o l  o f  r e n a l  w a t e r  e x c r e t i o n  b y  A V T  

a n d  o n  n e u r a l  c o n t r o l  o f  s a l t  g l a n d  s e c r e t i o n .

T o n i c i t y

I n  a g r e e m e n t  w i t h  o b s e r v a t i o n s  i n  m a m m a l s ,  a  p o s i t i v e  c o r r e l a t i o n  b e t 
w e e n  s e r u m  A V T  a n d  s e r u m  o s m o l a l i t y  w a s  f o u n d  t o  e x i s t  i n  d u c k s .  T h e  r e 
l a t i o n s h i p  b e t w e e n  s e r u m  A V T  ( f m o l / m l )  a n d  p l a s m a  o s m o l a l i t y  ( m O / k g )  c o u l d  

b e  d e s c r i b e d  w i t h  a  c o m m o n  r e g r e s s i o n  l i n e  f o r  f r e s h w a t e r  a n d  s a l t w a t e r  

a n i m a l s  f o r  t h e  o s m o l a l i t y  r a n g e  b e t w e e n  2 8 0  a n d  3 6 0  m O / k g :

A V T  =  0 . 3 9  x  o s m o l a l i t y  -  1 0 9 . 2 8 ;  r  =  0 . 8 9  ( 1 )
s e r u m  s e r u m

T h i s  r e l a t i o n s h i p  w a s  v i r t u a l l y  i d e n t i c a l  w i t h  t h a t  f o u n d  f o r  m a n  i n  t h e  
o s m o l a l i t y  r a n g e  o f  2 8 0 - 3 1 0  m O / k g  ( R o b e r t s o n  e t  a l . ,  1 9 7 7 ) .  I n  t h e  d u c k ,
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t h e  c o n t r o l  o f  r e n a l  w a t e r  e x c r e t i o n  b y  s e r u m  A V T  w a s  d e t e r m i n e d  i n  e x p e r i 
m e n t s  i n  w h i c h  A V T  w a s  i n f u s e d  f o r  3 0  m i n  p e r i o d s  a t  d i f f e r e n t  r a t e s  d u r i n g  

w a t e r  d i u r e s i s  i n d u c e d  b y  c o n t i n u o u s  i . v .  i n f u s i o n  o f  2 m l / m i n  h y p o o s m o t i c  

g l u c o s e  s o l u t i o n .  A t  s t e a d y  s t a t e  c o n d i t i o n s ,  t h e  r e l a t i o n s h i p  b e t w e e n  

u r i n e  f l o w  r a t e  ( m l / m i n )  a n d  s e r u m  A V T  ( f m o l / m l )  w a s  d e t e r m i n e d :
f l o w  r a t e  .  =  - 1 . 0 7  x  l o g  A V T  +  1 . 6 6 ;  r  =  - 0 . 9 1  ( 2 )

u r i n e  °  s e r u m

T h e  r e l a t i o n s h i p  b e t w e e n  u r i n e  o s m o l a l i t y  ( m O / k g )  a n d  s e r u m  A V T  ( f m o l / m l )  

c o u l d  b e  d e s c r i b e d  b e s t  b y  t h e  r e g r e s s i o n :

l o g  o s m o l a l i t y  .  =  0 . 6 0  x  l o g  A V T  +  1 . 8 1 ;  r  =  0 . 9 1  ( 3 )
°  J u r i n e  0  s e r u m  ’  '

C o n c e r n i n g  s a l t  g l a n d  s e c r e t i o n ,  t h e  i m p o r t a n c e  o f  E C F  t o n i c i t y  h a s  b e e n  

c o n v i n c i n g l y  d e m o n s t r a t e d  b y  m a n y  i n v e s t i g a t o r s  a s  s u m m a r i z e d  b y  P e a k e r  a n d  

L i n z e l l  ( 1 9 7 5 ) .  O s m o t i c a l l y  a c t i v e  s u b s t a n c e s  w i t h  a  p r e d o m i n a n t l y  e x t r a 
c e l l u l a r  d i s t r i b u t i o n  s t i m u l a t e  t h e  s a l t  g l a n d s  w h e n  a d m i n i s t e r e d  a s  h y p e r 

o s m o t i c  s o l u t i o n s ,  w h e r e a s  r a p i d l y  p e r m e a t i n g  s o l u t e s  l i k e  u r e a  h a v e  n o  

s t i m u l a t i n g  e f f e c t .

V o l u m e

I n  b i r d s ,  a  v o l u m e  d e p e n d e n c e  o f  A V T  r e l e a s e  a n d  r e n a l  w a t e r  e x c r e t i o n  

t o  a  s i m i l a r  e x t e n t  a n d  i n  t h e  s a m e  w a y  a s  i n  m a m m a l s  h a s  b e e n  i m p l i c i t l y  

a s s u m e d .  O u r  o w n  s t u d i e s  h a v e  s t r e n g t h e n e d  t h i s  a s s u m p t i o n  b y  t h e  o b s e r v a t 
i o n  o f  a  t e m p o r a r y  a n t i d i u r e t i c  e f f e c t  o f  b l o o d  w i t h d r a w a l  a n d  o f  a  t e m p o 
r a r y  e n h a n c e m e n t  o f  t h e  d i u r e s i s  u p o n  b l o o d  r e - i n f u s i o n  i n  d u c k s  m a d e  d i u 

r e t i c  b y  1  m l / m i n  i s o o s m o t i c  m a n n i t o l  s o l u t i o n  i . v .  ( S i m o n  e t  a l . ,  1 9 7 8 ) .  

T h e  i n f l u e n c e  o f  t h e  E C F  v o l u m e  o n  s a l t  g l a n d  s e c r e t i o n  h a s  b e e n  c o n t r o 
v e r s i a l l y  d i s c u s s e d  ( H o l m e s ,  1 9 6 5 ;  Z u c k e r  e t  a l . ,  1 9 7 7 ;  P e a k e r ,  1 9 7 8 ) .  

R e c e n t  s t u d i e s  s h o w e d  t h a t  b l o o d  w i t h d r a w a l  i n h i b i t s  a n d  b l o o d  r e - i n f u s i o n  

s t i m u l a t e s  s a l t  g l a n d  s e c r e t i o n  ( D e u t s c h  e t  a l . ,  1 9 7 9 ) .  T h i s  o b s e r v a t i o n  

n e e d  n o t  c o n t r a d i c t  t h e  n o t i o n  o f  P e a k e r  ( 1 9 7 8 )  t h a t  b l o o d  v o l u m e  c h a n g e s  

p e r  s e  d o  n o t  i n f l u e n c e  s ^ l t  g l a n d  s e c r e t i o n ,  b e c a u s e  b l o o d  v o l u m e  c h a n g e s  

a r e  a c c o m p a n i e d  b y  p a r a l l e l  c h a n g e s  i n  o t h e r  b o d y  f l u i d  c o m p a r t m e n t s .

R e c e p t i v e  m e c h a n i s m s  i n  a v i a n  o s m o r e g u l a t i o n

T h e  a s s u m p t i o n  t h a t  t h e  a f f e r e n t  c o n t r o l  o f  a v i a n  a n d  m a m m a l i a n  o s m o 
r e g u l a t i o n  a r e  b a s i c a l l y  i d e n t i c a l  ( S c h m i d t - N i e l s e n ,  1 9 6 0 )  a p p e a r s  s e l f -  

e v i d e n t  f o r  t h e  c o n t r o l  o f  A V T  r e l e a s e  b u t  l e s s  l i k e l y  s o  f o r  s a l t  g l a n d  

c o n t r o l ,  s i n c e  t h i s  e x c r e t o r y  s y s t e m  i s  p h y l o g e n e t i c a l l y  i n d e p e n d e n t  f r o m  

t h e  r e n a l  s y s t e m .  H a n w e l l  e t  a l .  ( 1 9 7 2 )  p r e s e n t e d  e v i d e n c e  f o r  a  m a i n l y  

e x t r a c e r e b r a l  a f f e r e n t  c o n t r o l  o f  s a l t  g l a n d  a c t i v i t y  i n  t h e  g o o s e .  O n  t h e  

o t h e r  h a n d ,  t h e  a s s u m p t i o n  t h a t  A D H  r e l e a s e  i n  b i r d s  i s  c o n t r o l l e d  b y  c e r e 
b r a l  o s m o r e c e p t o r s ,  a s  i n  m a m m a l s ,  h a s  n e v e r  b e e n  e x p e r i m e n t a l l y  t e s t e d .

C o n t r o l  o f  r e n a l  w a t e r  e x c r e t i o n

C r a n i a l  o s m o r e c e p t o r s  i n f l u e n c i n g  A V T  r e l e a s e  a n d  d i u r e s i s  i n  t h e  d u c k  

w e r e  i d e n t i f i e d  w i t h  t h e  t e c h n i q u e  e m p l o y e d  f i r s t  b y  V e r n e y  ( 1 9 4 7 )  i n  m a m 
m a l s .  I n  d u c k s  m a d e  d i u r e t i c  b y  i . v .  i n f u s i o n  o f  2  m l / m i n  h y p o o s m o t i c  g l u 

c o s e  s o l u t i o n ,  2  m l / 2 m i n  o f  N a C l  s o l u t i o n  a t  1 0 0 0  m O / k g  w e r e  i n f u s e d  i n t o  

t h e  c a r o t i d s  ( i . c . )  o r  i n t o  a  p e r i p h e r a l  v e i n  ( i . v . ) .  W h i l e  i . c .  i n f u s i o n  

c a u s e d  a  t e m p o r a r y  r e d u c t i o n  o f  u r i n e  f l o w  r a t e  a n d  a n  i n c r e a s e  o f  u r i n e  

o s m o l a l i t y ,  e a c h  b y  a b o u t  5 0 % ,  t h e  i . v .  i n f u s i o n  h a d  a  v e r v  d e l a y e d  a n d  

b a r e l y  d e t e c t a b l e  a n t i d i u r e t i c  e f f e c t  ( H a m m e l  e t  a l . , 1 9 8 0 a ) .  C o n v e r s e l y ,  

t h e  d i u r e s i s  o f  d u c k s  r e c e i v i n g  a  c o n t i n u o u s  i . v .  i n f u s i o n  o f  1 m l / m i n  

i s o t o n i c  s a l i n e  w a s  e n h a n c e d ,  w h e n  0 . 5  m l / m i n  h y p o o s m o t i c  g l u c o s e  s o l u t i o n  

w e r e  i . c .  i n f u s e d  f o r  10  m i n ,  w h i l e  t h e  s a l i n e  i n f u s i o n  w a s  r e d u c e d  d u r i n g  

t h i s  t i m e  b y  t h e  s a m e  a m o u n t  t o  k e e p  t h e  i n f u s e d  v o l u m e  c o n s t a n t .  T h e  s a m e
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g l u c o s e  I n f u s i o n  a d m i n i s t e r e d  i . v .  w i t h  t h e  s a m e  s i m u l t a n e o u s  r e d u c t i o n  o f  

t h e  s a l i n e  i n f u s i o n  d i d  n o t  a l t e r  t h e  u r i n e  f o r m a t i o n  ( u n p u b l i s h e d  o b s e r 
v a t i o n ) .  W h e n  d u c k s  u n d e r  w a t e r  d i u r e s i s  d u e  t o  i . v .  i n f u s i o n  o f  2  m l / m i n  

h y p o o s m o t i c  g l u c o s e  s o l u t i o n  r e c e i v e d  a n  i . c .  i n f u s i o r i  o f  2 . 4  m l / 2  m i n  o f  

1 0 0 0  m O / k g  N a C l  s o l u t i o n ,  a  s i g n i f i c a n t  r i s e  o f  s e r u m i  A V T  f r o m  3 . 3 ± 0 . 7  t o  

1 0 . 8 ± 1 . 7  f m o l / m l  ( m e a n s  w i t h  S . E . M )  w a s  f o u n d  i n  1 0  e x p e r i m e n t s  i n  c o n s c i 
o u s  d u c k s  ( S i m o n - O p p e r m a n n  e t  a l . ,  1 9 8 0 ) .  T h e  i n t r a c e r e b r a l  l o c a t i o n  o f  t h e  

c r a n i a l  o s m o r e c e p t o r s  w a s  c o n f i r m e d  b y  a  s i m i l a r  r i s e  o f  s e r u m  A V T  i n  r e s 
p o n s e  t o  a n  i n t r a c e r e b r o v e n t r i c u l a r  ( i . c . v . )  m i c r o i n f u s i o n  o f  0 . 2  j j l / m i n  o f  

4 . 8 %  N a C l  s o l u t i o n  d u r i n g  1 5  m i n .  I n  d u c k s  m a d e  d i u r e t i c  b y  i n t r a g a s t r i c  

i n f u s i o n  o f  1  m l / m i n  t a p  w a t e r ,  i . c . v .  m i c r o i n f u s i o n s  w i t h  h y p e r t o n i c  N a C l  

s o l u t i o n s  c o n s i s t e n t l y  c a u s e d  a n t i d i u r e s i s .  O s m o t i c a l l y  e q u i v a l e n t  i . c . v .  

m i c r o i n f u s i o n s  w i t h  c a t i o n s  d i f f e r e n t  f r o m  N a +  ( K + ,  L i + ,  M g + + ,  C a + + )  a l s o  

i n d u c e d  a n t i d i u r e s i s ,  h o w e v e r ,  w i t h  d i f f e r e n t  t i m e  c o u r s e s .  O n  t h e  o t h e r  

h a n d ,  i . c . v .  m i c r o i n f u s i o n s  o f  o s m o t i c a l l y  e q u i v a l e n t  m a n n i t o l  s o l u t i o n  i n d u c 
e d  a  d i u r e s i s  w h i c h  c o u l d  b e  c o n v e r t e d  i n t o  a n  a n t i d i u r e s i s  b y  a d d i n g  N a C l .  

F u r t h e r ,  i . c . v .  m i c r o i n f u s i o n s  o f  h y p e r o s m o t i c  u r e a  s o l u t i o n  w e r e  i n e f f e c 
t i v e  ( D e u t s c h  a n d  S i m o n ,  1 9 8 0 ) .  T h u s ,  i n  c o n f o r m i t y  w i t h  t h e  c o n c e p t s  o f  

c e n t r a l  r e g u l a t i o n  o f  A D H  r e l e a s e  a n d  r e n a l  w a t e r  e x c r e t i o n  i n  m a m m a l s  

( A n d e r s s o n ,  1 9 7 7 )  i n t r a c e r e b r a l  o s m o r e c e p t i o n  i n  b i r d s  a p p e a r s  t o  b e  e s t a b 
l i s h e d  b y  c a t i o n  s e n s i t i v e  e l e m e n t s  w i t h  N a +  a s  t h e  n a t u r a l l y  i n v o l v e d  c a t 
i o n  w h i c h  a r e  l o c a l i z e d  a t  t h e  C S F  b r a i n  b a r r i e r .  I n  a d d i t i o n ,  t h e  o b s e r 

v a t i o n  i n  d u c k s  t h a t  i . c . v .  i n f u s i o n  o f  0 . 5 - 2 . 5  p m o l  a n g i o t e n s i n  I I  i n d u c e d  

a  d o s e  d e p e n d e n t  a n t i d i u r e s i s  ( D e u t s c h  a n d  S i m o n ,  1 9 8 0 )  s u g g e s t s  a  s i m i l a r  

o r g a n i z a t i o n  o f  s i g n a l  t r a n s m i s s i o n  t o  t h e  A D H  r e l e a s i n g  s t r u c t u r e s  a s  i n  

m a m m a l s  i n  w h i c h  a n g i o t e n s i n  I I  h a s  t h e  s a m e  e f f e c t .

T a b l e  1 :  U r i n e  f o r m a t i o n  o f  d u c k s  u n d e r  c o n t i n u o u s  i . v .  i n f u s i o n  o f  0 . 9 %  

s a l i n e  a t  1  m l / m i n  a s  i n f l u e n c e d :  ( A )  b y  a d d i t i o n a l  i . c .  a n d  i . v .  i n f u s i o n s  

o f  0 . 5  m l / m i n  0 . 9 %  s a l i n e  d u r i n g  1 0  m i n ;  ( B )  b y  t h e  s a m e  i . c .  a n d  i . v .  i n 
f u s i o n s ,  h o w e v e r ,  w i t h  s i m u l t a n e o u s  r e d u c t i o n  o f  t h e  c o n t i n u o u s  i . v .  i n f u s 
i o n  s o  a s  t o  k e e p  t h e  e n t i r e  i n f u s i o n  r a t e  c o n s t a n t .  M e a n s  w i t h  S . E . M .

U r i n e  f o r m a t i o n
20 m i n ,  b e f o r e  

i n f u s i o n
20 m i n ,  a f t e r  

s t a r t  o f  i n f u s i o n
20 m i n ,  s u b 
s e q u e n t  p e r i o d

A :  i . c .  i n f u s i o n ,  n  =  9

f l o w  r a t e  ( m l / m i n ) 0 . 8 0 + 0 . 0 3 1 . 0 2 ± 0 . 0 4 0 . 8 2 ± 0 . 0 3

o s m o l a l i t y  ( m O / k g )  

i . v .  i n f u s i o n ,  n  =  9
3 5 9 . 2  + 8 . 7 3 2 8 . 8  ± 6 . 2 3 3 8 . 5  ± 8 . 9

f l o w  r a t e  ( m l / m i n ) 0 . 7 8 ± 0 . 0 4 0 . 9 9 ± 0 . 0 4 0 . 8 5 ± 0 . 0 4
o s m o l a l i t y  ( m O / k g ) 3 5 8 . 8  ± 8 . 3 3 3 2 . 3  ± 6 . 0 3 4 1 . 9  ± 9 . 7

B :  i . c .  i n f u s i o n ,  n  =  9

f l o w  r a t e  ( m l / m i n ) 0 . 7 8 + 0 . 0 4 0 . 7 5 ± 0 . 0 2 0 . 8 1  ± 0 , 0 4

o s m o l a l i t y  ( m O / k g )  

i . v .  i n f u s i o n ,  n  =  9
3 6 3 . 5  + 8 . 9 3 7 1 . 6  ± 4 . 8 3 6 7 . 8  ± 8 . 3

f l o w  r a t e  ( m l / m i n ) 0 . 8 1 1 0 . 0 3 0 . 8 3 ± 0 . 0 3 0 . 8 5 1 0 . 0 4

o s m o l a l i t y  ( m O / k g ) 3 5 9 . 1  ± 7 . 1 3 5 5 . 2  ± 5 . 7 3 5 5 . 7  ± 7 . 4

R e n a l  e x c r e t i o n  i n  d u c k s  w a s  f o u n d  t o  b e  s u r p r i s i n g l y  s e n s i t i v e  t o  c h a n 
g e s  o f  v o l u m e  l o a d i n g  u n d e r  c e r t a i n  e x p e r i m e n t a l  c o n d i t i o n s ,  f o r  i n s t a n c e ,  

w h e n  t h e  a n i m a l s  w e r e  i n  a  s t e a d y  s t a t e  d i u r e s i s  d u e  t o  c o n t i n u o u s  i . v .  i n 

f u s i o n  o f  1  m l / m i n  i s o t o n i c  s a l i n e .  A s  s h o w n  b y  T a b l e  1  ( u n p u b l i s h e d  o b s e r 
v a t i o n s ) ,  u r i n e  f l o w  i n c r e a s e d  a n d  u r i n e  o s m o l a l i t y  f e l l  ( p a r t  A  o f  T a b .  1 )  

i n  r e s p o n s e  t o  a n  a d d i t i o n a l  i . c .  o r  i . v .  v o l u m e  l o a d i n g  a s  s m a l l  a s  5  m l  

a d m i n i s t e r e d  d u r i n g  1 0  m i n .  T h e  o n s e t  o f  e n h a n c e d  d i u r e s i s  o c c u r r e d  w i t h i n  

5  m i n ,  i . e .  a f t e r  i n f u s i o n  o f  a b o u t  h a l f  o f  t h e  a d d i t i o n a l  l o a d .  T h e  s a m e
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i . c .  o r  i . v .  i n f u s i o n s ,  h o w e v e r ,  w i t h  a  s i m u l t a n e o u s  r e d u c t i o n  o f  t h e  c o n t i 
n u o u s  i n f u s i o n  s o  a s  t o  k e e p  t h e  i n f u s e d  v o l u m e  c o n s t a n t  ( p a r t  В  o f  T a b .  1 )  

d i d  n o t  a l t e r  t h e  s t e a d y  s t a t e  d i u r e s i s .  C o n s e q u e n t l y ,  t h e  e n h a n c e d  d i u r e 
s i s  i n  r e s p o n s e  t o  t e m p o r a r i l y  i n c r e a s i n g  t h e  i s o t o n i c  v o l u m e  l o a d  s u g g e s t s  

t h e  i n v o l v e m e n t  o f  v o l u m e  r e c e p t o r s  m e d i a t i n g  e f f e c t s  o n  r e n a l  e x c r e t i o n  i n  

r e s p o n s e  t o  c h a n g e s  o f  t h e  E C F  v o l u m e  b y  l e s s  t h a n  1 % .  S i n c e  t h e  e f f e c t s  o f  

i . c .  a n d  i . v .  i n f u s i o n s  d i d  n o t  d i f f e r ,  c e r e b r a l  r e c e p t i v e  s t r u c t u r e s  a p 

p e a r e d  n o t  t o  b e  i n v o l v e d .  W h e t h e r  t h e  s e n s i t i v e  r e a c t i o n s  o f  u r i n e  f o r m a t 
i o n  i n  d u c k s  t o  c h a n g e s  o f  E C F  v o l u m e  w e r e  e n t i r e l y  o r  p a r t i a l l y  m e d i a t e d  

b y  A V T  r e m a i n s  t o  b e  e l u c i d a t e d .  H o w e v e r ,  e v i d e n c e  f o r  a  g r e a t  v o l u m e  s e n s 
i t i v i t y  o f  A V T  r e l e a s e  i n  d u c k s  i s  c o n t r i b u t e d  b y  t h e  r e l a t i o n s h i p  b e t w e e n  

s e r u m  A V T  ( f m o l / m l )  a n d  s e r u m  o s m o l a l i t y  ( m O / k g )  f o u n d  a t  s t e a d y  s t a t e  c o n 
d i t i o n s  i n  f r e s h w a t e r  a n d  s a l t w a t e r  d u c k s  r e c e i v i n g  v a r i o u s  e x p e r i m e n t a l  

i . v .  i n f u s i o n s  a t  r a t e s  b e t w e e n  0 . 4  a n d  2 . 0  m l / m i n  ( S i m o n - O p p e r m a n n  e t  a l . ,  

1 9 8 0 ) .  T h e  r e g r e s s i o n :

A V T  =  0 . 2 8  X  o s m o l a l i t y  -  8 0 . 6 0 ;  r  =  0 . 9 3  ( 4 )
s e r u m  ■ ' s e r u m  ’  v  '

d i f f e r e d  s i g n i f i c a n t l y  f r o m  t h e  r e l a t i o n s h i p  ( 1 )  f o u n d  f o r  t h e  n o n - i n f u s e d  

c o n t r o l  a n i m a l s  s o  t h a t ,  a t  a  g i v e n  s e r u m  o s m o l a l i t y ,  s e r u m  A V T  w a s  l o w e r  

i n  t h e  i n f u s e d  t h a n  i n  t h e  n o n - i n f u s e d  d u c k s .

A n  e x t r a c e r e b r a l  l o c a t i o n  o f  t h e  v o l u m e  s e n s i n g  m e c h a n i s m s  w a s  s u g g e s t e d  

b y  t h e  o b s e r v a t i o n  o f  S i m o n - O p p e r m a n n  e t  a l .  ( 1 9 8 0 )  t h a t  r e v e r s i b l e  v a g u s  

b l o c k a d e  i n  d i u r e t i c  d u c k s  c a u s e d  a n t i d i u r e s i s  a s s o c i a t e d  w i t h  a  r i s e  o f  

s e r u m  A V T  f r o m  2 . 6 ± 0 . 7  t o  7 . 1 ± 0 . 4  f m o l / m l  ( m e a n s  w i t h  S . E . M . )  i n  8  e x p e r i 

m e n t s .  T h i s  f i n d i n g  w o u l d  c o n f o r m  t o  t h e  i d e a  p r o m o t e d  f o r  m a m m a l i a n  o s m o 

r e g u l a t i o n  ( G a u e r  a n d  H e n r y ,  1 9 7 6 )  t h a t  v o l u m e  p e r c e p t i o n  i s  m e d i a t e d  b y  

v a g a l  a f f e r e n t s  t r a n s m i t t i n g  t h e  s i g n a l s  o f  e x t e n s i o n  r e c e p t o r s  i n  t h e  l o w  

p r e s s u r e  s e c t i o n  o f  t h e  c i r c u l a t i o n ,  e s p e c i a l l y  i n  t h e  l e f t  a t r i u m .  H o w 
e v e r ,  w h e n  c o n s i d e r i n g  t h e  s t u d i e s  i n  m a m m a l s  ( R o b e r t s o n  e t  a l . ,  1 9 7 7 )  

d o u b t s  m a y  b e  r a i s e d ,  w h e t h e r  t h e s e  r e c e p t o r s  a l o n e  m i g h t  a c c o u n t  f o r  t h e  

g r e a t  v o l u m e  s e n s i t i v i t y  o f  t h e  c o n t r o l  o f  r e n a l  w a t e r  e x c r e t i o n  o b s e r v e d  

i n  t h e  d u c k :  T h e  c o n t r o l  s y s t e m  r e a c t e d  m e a s u r a b l y  t o  a  l e s s  t h a n  1 %  v o l u m e  

i n c r e a s e  o f  t h e  E C F !  N o  e v i d e n c e  e x i s t s  f r o m  s t u d i e s  i n  m a m m a l s  t h a t  s u c h  

m i n u t e  v o l u m e  c h a n g e s  c a n  b e  p e r c e i v e d  b y  t h e  a t r i a l  r e c e p t o r s .

C o n t r o l  o f  s a l t  g l a n d  s e c r e t i o n

S c h m i d t - N i e l s e n  ( 1 9 6 0 )  o r i g i n a l l y  h y p o t h e s i z e d  t h a t  t h e  o s m o r e c e p t o r s  

c o n t r o l l i n g  s a l t  g l a n d  a c t i v i t y  w e r e  l o c a t e d  i n  t h e  b r a i n .  I n  t h e i r  s t u d i e s  

o n  a n e s t h e t i z e d  a n d  d e c e r e b r a t e  g e e s e ,  H a n w e l l  e t  a l ,  ( 1 9 7 2 )  f o u n d  n o  e v i 
d e n c e  f o r  t h e  i n v o l v e m e n t  o f  c e r e b r a l  o s m o r e c e p t o r s  i n  s a l t  g l a n d  c o n t r o l  

a n d  p o s t u l a t e d  t h a t  t h e  s a l t  g l a n d s  w e r e  d r i v e n  b y  v a g a l  o s m o r e c e p t o r s .  O u r  

o w n  s t u d i e s  i n  d u c k s  ( H a m m e l  e t  a l . ,  1 9 8 0 a )  p a r t i a l l y  c o n f i r m e d  t h i s  h y p o 

t h e s i s  b y  s h o w i n g  t h a t  a  s t e a d y  s a l t  g l a n d  s e c r e t i o n  i n d u c e d  b y  c o n t i n u o u s  

i . v .  i n f u s i o n  o f  0 . 4  m l / m i n  o f  1 0 0 0  m O / k g  N a C l  s o l u t i o n  w a s  e q u a l l y  e n h a n c 
e d  b y  i . c .  a n d  i . v .  i n f u s i o n  o f  2  m l / 2  m i n  o f  1 0 0 0  m O / k g  N a C l  s o l u t i o n ,  

i . e .  n o  p a r t i c u l a r  s t i m u l a t i n g  e f f e c t  o f  t h e  i . c .  a p p l i c a t i o n  w a s  o b s e r v e d .  

H o w e v e r ,  a n i m a l s  s e c r e t i n g  u n d e r  t h e  s a m e  c o n t i n u o u s l y  i n f u s e d  s a l t  l o a d  

r e a c t e d  t o  a d d i t i o n a l  i . c .  i n f u s i o n  o f  2  m l / 2  m i n  h y p o o s m o t i c  g l u c o s e  s o 
l u t i o n  w i t h  a  s t r o n g  i n h i b i t i o n  o f  s a l t  g l a n d  s e c r e t i o n ,  w h e r e a s  t h e  s a m e  

g l u c o s e  i n f u s i o n  a d m i n i s t e r e d  i . v .  d i d  n o t  i n h i b i t  t h e  s a l t  g l a n d s .  T h i s  

o b s e r v a t i o n  i s  d i f f i c u l t  t o  u n d e r s t a n d ,  a t  p r e s e n t ,  b u t  i t  m a y  b e  h y p o t h e 
s i z e d  t h a t  a  r e d u c t i o n  o f  t h e  c e r e b r a l  o s m o r e c e p t o r  s i g n a l s  m a y  s h u t  o f f  

t h e  s a l t  g l a n d s ,  w h i l e  s a l t  g l a n d  s t i m u l a t i o n  o r i g i n a t e s  e l s e w h e r e .  T h i s  

p o i n t s  t o  s o m e t h i n g  l i k e  a  " p e r m i s s i v e "  a c t i o n  o f  c e r e b r a l  o s m o r e c e p t o r s  

i n  s a l t  g l a n d  c o n t r o l  a l l o w i n g  s a l t  g l a n d  s e c r e t i o n  o n l y  a b o v e  a  c e r t a i n  

t o n i c i t y  t h r e s h o l d  w h i c h  m a y  b e  i n f l u e n c e d  b y  o t h e r  p r o p e r t i e s  o f  t h e  E C F .
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S u c h  a n  o r g a n i z a t i o n  o f  t h e  c e r e b r a l  c o n t r o l  o f  t h e  s a l t  g l a n d s  w o u l d  n o t  

a p p e a r  u n r e a s o n a b l e ,  s i n c e  t h e  s a l t  g l a n d s  n e e d  t o  b e  s t i m u l a t e d  o n l y  w h e n  

r e n a l  w a t e r  c o n s e r v a t i o n  i s  a l r e a d y  e n f o r c e d .  W h a t e v e r  t h e  t r u e  m o d e  o f  i n 
t e r a c t i o n  b e t w e e n  t h e  c o n t r o l  s y s t e m s  f o r  s a l t  g l a n d  s e c r e t i o n  a n d  r e n a l  

w a t e r  e x c r e t i o n  m a y  b e ,  a  c o m m o n  c e n t r a l  c o n t r o l  o f  b o t h  s y s t e m s  i s  s u g 
g e s t e d  b y  t h e s e  f i n d i n g s .  C e n t r a l  i n t e g r a t i o n  o f  b o t h  s y s t e m s  b y  h y p o t h a l a 
m i c  n e u r a l  s t r u c t u r e s  w a s  f u r t h e r  c o n f i r m e d  b y  t h e  o b s e r v a t i o n  t h a t  b o t h ,  

s a l t  g l a n d  s e c r e t i o n  a n d  A V T  r e l e a s e  w e r e  i n h i b i t e d  i n  p e n g u i n s  a n d  d u c k s  

b y  h y p o t h a l a m i c  c o o l i n g  ( H a m m e l  e t  a l . ,  1 9 7 7 ;  S i m o n - O p p e r m a n n  e t  a l . ,  1 9 7 9 ,  

1 9 8 0 ) .

T h e  i n v o l v e m e n t  o f  s t i m u l a t i n g  v a g a l  o s m o r e c e p t o r s  i n  s a l t  g l a n d  c o n t r o l  

w a s  c o n c l u d e d  b y  H a n w e l l  e t  a l .  ( 1 9 7 2 )  f r o m  t h e i r  o b s e r v a t i o n  t h a t  v a g u s  

t r a n s e c t i o n  i n  g e e s e  c a u s e d  a  c o m p l e t e  s t o p  o f  s a l t  g l a n d  s e c r e t i o n .  S i m o n -  

O p p e r m a n n  e t  a l .  ( 1 9 8 0 )  s h o w e d  t h a t  r e v e r s i b l e  v a g u s  b l o c k a d e  i n  c o n s c i o u s  

d u c k s  c o u l d  i n d u c e  a  c o m p l e t e  s a l t  g l a n d  i n h i b i t i o n  f o r  t h e  d u r a t i o n  o f  t h e  

b l o c k a d e .  H o w e v e r ,  w h i l e  t h e  i m p o r t a n c e  o f  v a g a l  a f f e r e n t s  f o r  s a l t  g l a n d  

a c t i v a t i o n  i s ,  t h u s ,  f i r m l y  e s t a b l i s h e d ,  t h i s  a c t i v a t i o n  m i g h t  a r i s e  f r o m  

v a g a l  v o l u m e  r e c e p t o r s  a s  w e l l  a s  o s m o r e c e p t o r s ,  s i n c e  a n  i n c r e a s e  o f  e x 
t r a c e l l u l a r  t o n i c i t y  a l w a y s  m e a n s  a n  i n c r e a s e  o f  E C F  v o l u m e ,  e i t h e r  a b s o 
l u t e  o r  r e l a t i v e  t o  t h e  i n t r a c e l l u l a r  c o m p a r t m e n t .  T h e  q u e s t i o n  t o  b e  a n s 

w e r e d  i s  w h e t h e r  t h e  e x t r a c e r e b r a l  a f f e r e n t  c o n t r o l  o f  s a l t  g l a n d  a c t i v i t y  

i s  a c h i e v e d  b y  v o l u m e  r e c e p t o r s  o r  o s m o r e c e p t o r s  o r  b y  b o t h .

A s  m e n t i o n e d  a l r e a d y ,  a n  i m p o r t a n t  r o l e  o f  v o l u m e  r e c e p t o r s  i n  t h e  s t i 

m u l a t i o n  o f  s a l t  g l a n d  s e c r e t i o n  i n  t h e  d u c k  w a s  d e m o n s t r a t e d  b y  D e u t s c h  

e t  a l .  ( 1 9 7 9 ) .  H a m m e l  e t  a l .  ( 1 9 8 0 b )  h a v e  p r e s e n t e d  e v i d e n c e  f o r  t h e  i n 

v o l v e m e n t  o f  a  m e c h a n i s m  s e n s i n g  c h a n g e s  i n  t h e  i n t e r s t i t i a l  c o m p a r t m e n t  

o f  t h e  E C F .  T h i s  e v i d e n c e  w a s  o b t a i n e d  i n  e x p e r i m e n t s  o n  s a l t  a d a p t e d  d u c k s .  

T h e  a n i m a l s  w e r e  f i r s t  p r i m e d  b y  t e m p o r a r y  s a l t  l o a d i n g  s o  t h a t  t h r e s h o l d  

c o n d i t i o n s  f o r  s a l t  g l a n d  s e c r e t i o n  w e r e  e s t a b l i s h e d .  T h e n ,  t h e  a n i m a l s  

w e r e  i n t e r m i t t e n t l y  ( f o r  9 0  m i n )  l o a d e d  w i t h  0 . 4  m O / m i n  N a C l ,  g i v e n  e i t h e r  

a s  a  c o n t r o l  i n f u s i o n  o f  0 . 4  m l / m i n  a t  1 0 0 0  m O / k g  o r  a s  a n  e x p e r i m e n t a l  

i n f u s i o n  w i t h  a  d e v i a t i n g  c o m p o s i t i o n  o r  a t  a n  a l t e r e d  c o n d i t i o n .  S i n c e  t h e  

N a C l  c o n t e n t  o f  t h e  c o n t r o l  i n f u s i o n  w a s  e q u a l  t o  t h a t  o f  t h e  a v e r a g e  s a l t  

g l a n d  f l u i d ,  t h e  a n i m a l s  a t  t h r e s h o l d  c o n d i t i o n s  r e a c t e d  t o  t h i s  i n f u s i o n  

b y  e l i m i n a t i n g ,  w i t h i n  a  f e w  p e r c e n t  v a r i a b i l i t y  a n d  w i t h  a  l a t e n c y  o f  s o m e  

3 0  m i n ,  t h e  e n t i r e  a m o u n t  o f  s a l t  a n d  w a t e r  i n f u s e d ,  i . e .  t h e  E C F  w a s  n o t  

s y s t e m a t i c a l l y  a l t e r e d  w i t h  r e s p e c t  t o  i t s  v o l u m e  ( E C F V )  n o r  i t s  t o n i c i t y  

( E C F T ) .  C o n c e r n i n g  t h e  e x p e r i m e n t a l  i n f u s i o n s , s a l t  s e c r e t i o n  w a s  1 . )  a l s o  

s t i m u l a t e d  w h e n  t h e  s a l t  l o a d  w a s  a d m i n i s t e r e d  a s  a n  i s o t o n i c  i n f u s i o n ,  

h o w e v e r ,  s a l t  a n d  w a t e r  w e r e  n o t  t o t a l l y  e l i m i n a t e d  ( i n c l u d i n g  t h e  r e n a l  

e x c r e t i o n )  s o  t h a t  t h e  E C F V  i n c r e a s e d  a n d  t h e  E C F T  d e c r e a s e d .  N e v e r t h e l e s s ,  

t h e  a n i m a l s  w e r e  f o u n d  t o  h a v e  e s t a b l i s h e d  a  n e w  t h r e s h o l d  c o n d i t i o n  a f t e r  

t h i s  e x p e r i m e n t a l  i n f u s i o n ,  s i n c e  a  s u b s e q u e n t  c o n t r o l  i n f u s i o n  w a s  e l i m i n 
a t e d  1 0 0 % .  O b v i o u s l y , -  t h e  i n c r e a s e  o f  E C F V  h a d  c o m p e n s a t e d  f o r  t h e  d e c r e a s e  

o f  E C F T  i n  e s t a b l i s h i n g  t h e  n e w  t h r e s h o l d ;  i n  o t h e r  w o r d s ,  t h e  i n c r e a s e  o f  

t h e  E C F V  b y  t h e  i s o t o n i c  i n f u s i o n  h a d  s t i m u l a t e d  t h e  s a l t  g l a n d s  t o  e l i m i n 
a t e  m o r e  s a l t  t h a n  n e c e s s a r y  t o  m a i n t a i n  a  c o n s t a n t  E C F T .  T h e  s a l t  g l a n d  

r e s p o n s e  w a s  2 . )  r e d u c e d  w h e n  t h e  e x p e r i m e n t a l  i n f u s i o n  c o n s i s t e d  o f  t h e  

c o n t r o l  i n f u s i o n  p r e c e d e d  b y  b l o o d  w i t h d r a w a l  w h i c h  h a d  r e d u c e d  b o t h  t h e  

i n t r a -  a n d  e x t r a v a s c u l a r  f r a c t i o n s  o f  t h e  E C F V .  T h e  s a l t  g l a n d  r e s p o n s e  w a s  

3 . )  a l s o  r e d u c e d  w h e n  t h e  e x p e r i m e n t a l  i n f u s i o n  c o n s i s t e d  o f  t h e  c o n t r o l  

i n f u s i o n  m a d e ,  h o w e v e r ,  h y p e r o n c o t i c  b y  2 0 %  d e x t r a n  ( 6 0 , 0 0 0 )  b y  w h i c h  t h e  

i n t r a v a s c u l a r  f r a c t i o n  o f  t h e  E C F V  w a s  g r e a t l y  a u g m e n t e d  a t  t h e  e x p e n s e  o f  

a  r e d u c t i o n  o f  t h e  i n t e r s t i t i a l  f r a c t i o n .  -  W h e n  c o m p a r i n g  t h e s e  t h r e e  

s e r i e s  o f  e x p e r i m e n t s ,  t h e  o n l y  p o s s i b l e  c o m m o n  e x p l a n a t i o n  f o r  t h e
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a l t e r e d  s a l t  g l a n d  r e s p o n s e s  t o  t h e  v a r i o u s  e x p e r i m e n t a l  i n f u s i o n s  a p p e a r s  

t o  b e  t h a t  m e c h a n i s m s  s e n s i t i v e  t o  i n t e r s t i t i a l  v o l u m e  c h a n g e s  a f f e c t e d  

s a l t  g l a n d  a c t i v i t y .  W h i l e  a  d i r e c t  e f f e c t  o n  t h e  s a l t  g l a n d s  c a n n o t  y e t  b e  

e x c l u d e d ,  i t  a p p e a r s  m o r e  l i k e l y  t h a t  i n t e r s t i t i a l  v o l u m e  r e c e p t o r s  a r e  i n 
v o l v e d ,  s t i m u l a t i n g  t h e  s a l t  g l a n d s  i n  r e s p o n s e  t o  a n  i n c r e a s e  a n d  i n h i b i t 
i n g  t h e m  i n  r e s p o n s e  t o  a  d e c r e a s e  o f  t h e  i n t e r s t i t i a l  v o l u m e .  T h e  i n h i b i t 

o r y  e f f e c t  o f  v a g u s  b l o c k a d e  o n  s a l t  g l a n d  s e c r e t i o n  w o u l d  p o i n t  t o  a n  

e x t r a c e r e b r a l  l o c a t i o n  o f  t h e s e  r e c e p t o r s .

E x t r a c e r e b r a l  o s m o r e c e p t o r s  w i t h  s i g n a l  t r a n s m i s s i o n  b y  v a g a l  a f f e r e n t s ,  

a s  p r o p o s e d  b y  H a n w e l l  e t  a l .  ( 1 9 7 2 ) ,  m a y  a d d i t i o n a l l y  b e  i n v o l v e d  i n  s a l t  

g l a n d  c o n t r o l ;  a t  l e a s t  t h e i r  e x i s t e n c e  i s  n o t  e x c l u d e d  b y  t h e  a v a i l a b l e  

e x p e r i m e n t a l  d a t a .  T h i s  f o l l o w s  f r o m  e x p e r i m e n t s  i n  w h i c h  s a l t  a d a p t e d  

d u c k s  w e r e  c o n t i n u o u s l y  l o a d e d  w i t h  0 . 3  m O / m i n  N a C l  i n  a  1 3 0 0  m O / k g  s o l u t 
i o n ,  i . e .  a t  a  c o n c e n t r a t i o n  e x c e e d i n g  t h e  m a x i m u m  c o n c e n t r a t i o n  o f  t h e  

s a l t  g l a n d  f l u i d  ( D e u t s c h  e t  a l . ,  1 9 7 9 ) .  T h e  a n i m a l s  w e r e  a b l e  t o  b a l a n c e  

t h e  s a l t  i n p u t  a n d  i t s  o u t p u t  b y  t h e  s a l t  g l a n d s  o v e r  m o r e  t h a n  8  h .  H o w 

e v e r ,  s i n c e  t h e y  h a d  t o  p r o d u c e  m o r e  s a l t  g l a n d  f l u i d  t h a n  t h e  a m o u n t  o f  

f l u i d  i n f u s e d ,  E C F V  w a s  c o n t i n u o u s l y  d e c r e a s i n g  a n d  E C F T  w a s  r i s i n g .  S i n c e  

t h e  d e c r e a s e  o f  E C F V  s h o u l d  h a v e  r e d u c e d  t h e  d r f v e  f o r  s a l t  s e c r e t i o n ,  t h e  

c o n s t a n c y  o f  t h e  s e c r e t i o n  r a t e  m u s t  h a v e  b e e n  a c h i e v e d  b y  a n  i n c r e a s i n g  

d r i v e  r e s u l t i n g  f r o m  t h e  i n c r e a s e  o f  E C F T .  A s  d e m o n s t r a t e d  b y  t h e  i . c .  i n 
f u s i o n  e x p e r i m e n t s  r e p o r t e d  a b o v e ,  t h i s  d r i v e  m o s t  l i k e l y  c o u l d  n o t  o r i g i n 
a t e  f r o m  t h e  c e r e b r a l  o s m o r e c e p t o r s .  H e n c e ,  a n  i n c r e a s i n g  d r i v e  f r o m  o s m o 
r e c e p t o r s  o u t s i d e  o f  t h e  b r a i n  a p p e a r s  l i k e l y .  A  s i m i l a r  c o n c l u s i o n  m a y  b e  

d r a w n  f r o m  d e h y d r a t i o n  e x p e r i m e n t s  i n  d u c k s  ( K a u l  a n d  H a m m e l ,  1 9 7 9 ) .  H o w 

e v e r ,  m o r e  d i r e c t  e v i d e n c e  a p p e a r s  n e c e s s a r y  t o  e s t a b l i s h  t h e  e x i s t e n c e  o f  

e x t r a c e r e b r a l  o s m o r e c e p t o r s  a n d  t h e i r  r o l e  i n  a v i a n  o s m o r e g u l a t i o n .

P E R S P E C T I V E S

T h e  o s m o r e g u l a t i o n  o f  m a r i n e  b i r d s  e m p l o y s  t w o  e x c r e t o r y  s y s t e m s  w i t h  

s e p a r a t e  p h y l o g e n y .  T h e  q u e s t i o n  p o s e d  1 9 7 5  b y  P e a k e r  a n d  L i n z e l l :  " D o  t h e  

k i d n e y s  k n o w  w h e n  t h e  s a l t  g l a n d s  a r e  s w i t c h e d  o n ,  a n d  v i c e  v e r s a ? "  r e f l e c t s  

a  c e r t a i n  s t a t e  o f  i n v e s t i g a t i o n  a t  w h i c h  i t  a p p e a r e d  a s  i f  n o t  o n l y  t h e  

e f f e r e n t  c o n t r o l  o f  s a l t  g l a n d  s e c r e t i o n  a n d  r e n a l  w a t e r  e x c r e t i o n  w e r e  s e 
p a r a t e ,  b u t  a l s o  t h e  a f f e r e n t  c o n t r o l  o f  e a c h  s y s t e m  m i g h t  b e  a c c o m p l i s h e d  

b y  d i f f e r e n t  s e t s  o f  r e c e p t o r s .  B y  a n a l o g y  t o  m a m m a l i a n  o s m o r e g u l a t i o n  a n d  

f r o m  t h e  s t u d i e s  i n  g e e s e  a n d  i n  d u c k s  t h e  c o n c l u s i o n  w a s  s u g g e s t e d  t h a t  

c e r e b r a l  o s m o r e c e p t o r s  a n d  i n t r a v a s c u l a r  v o l u m e  r e c e p t o r s  w o u l d  c o n t r o l  A V T  

r e l e a s e ,  w h i l e  e x t r a c e r e b r a l  o s m o r e c e p t o r s  a n d  i n t e r s t i t i a l  v o l u m e  r e c e p 
t o r s  w o u l d  c o n t r o l  s a l t  g l a n d  f u n c t i o n .  U n t i l  r e c e n t l y ,  o n l y  t h e  i n v e s t i 
g a t i o n s  o f  S i m o n - O p p e r m a n n  e t  a l .  ( 1 9 7 9 )  i n d i c a t e d  a  c o m m o n  i n t e g r a t i o n  b y  

h y p o t h a l a m i c  n e u r o n s  o f  t h e  c o n t r o l  s y s t e m s  f o r  r e n a l  w a t e r  e x c r e t i o n  a n d  

s a l t  g l a n d  s e c r e t i o n .

T h e  m o s t  r e c e n t  r e s u l t s  r e p o r t e d  i n  t h i s  s u r v e y  h a v e ,  h o w e v e r ,  m o d i f i e d  

t h i s  p i c t u r e .  C e r e b r a l  o s m o r e c e p t o r s  a p p e a r  t o  b e  i n v o l v e d  i n  t h e  c o n t r o l  

o f  e a c h  e x c r e t o r y  s y s t e m ,  t h o u g h  i n  a  d i f f e r e n t  m a n n e r :  W h i l e  A V T  r e l e a s e  

i s  i n f l u e n c e d  i n  a  r a n g e  f r o m  b e l o w  t o  f a r  a b o v e  t h e  n o r m a l  b o d y  f l u i d  o s 
m o l a l i t y ,  s a l t  g l a n d  f u n c t i o n  a p p e a r s  t o  b e  i n f l u e n c e d  o n l y  b e l o w  a  c e r t a i n  

t h r e s h o l d  o s m o l a l i t y .  T h i s  d i f f e r e n c e  m i g h t  s t i l l  b e  a s c r i b e d  t o  t h e  e x i s 

t e n c e  o f  t w o  d i f f e r e n t  s e t s  o f  b r a i n  o s m o r e c e p t o r s  e a c h  c o n t r o l l i n g  o n e  

s y s t e m .  H o w e v e r ,  i t  a p p e a r s  e q u a l l y  r e a s o n a b l e  t o  a s s u m e  a  c o m m o n  s e t  o f  

r e c e p t o r s  l i n k e d  d i f f e r e n t l y  t o  t h e  t w o  e x c r e t o r y  s y s t e m s .  I n  t h e  p u r s u i t  

o f  t h e  i d e a  t h a t  a l l  r e c e p t o r s  o f  E C F  p r o p e r t i e s  s o m e h o w  a f f e c t  b o t h  e x c r e 
t o r y  s y s t e m s ,  i t  m a y  b e  s p e c u l a t e d  a b o u t  t h e  r o l e s  p l a y e d  b y  t h e  v a r i o u s  
e x t r a c e r e b r a l  r e c e p t o r s  o f  E C F  p r o p e r t i e s .  I n  t h i s  r e s p e c t ,  t h e  p o s t u l a t e d
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i n t e r s t i t i a l  v o l u m e  r e c e p t o r s  d e s e r v e  s p e c i a l  i n t e r e s t  i n  v i e w  o f  t h e  g r e a t  

v o l u m e  s e n s i t i v i t y  o f  r e n a l  w a t e r  e x c r e t i o n  i n  t h e  d u c k .  I s  t h i s  p h e n o m e n o n  

r e l a t e d  t o  t h e  i n v o l v e m e n t  o f  i n t e r s t i t i a l  v o l u m e  r e c e p t o r s  i n  t h e  c o n t r o l  

o f  A V T  r e l e a s e ?  I f  o n e  w o u l d  a c c e p t  t h i s  a s  a  w o r k i n g  h y p o t h e s i s ,  o n e  w o u l d  

h a v e  t o  a p p l y  i t  a l s o  t o  m a m m a l i a n  o s m o r e g u l a t i o n ,  b e c a u s e  a l l  s t u d i e s  i n  

b i r d s  h a v e ,  t h u s  f a r ,  s u p p o r t e d  t h e  i d e a  o f  a n  i d e n t i c a l  a f f e r e n t  c o n t r o l  

o f  A D H  r e l e a s e  i n  b i r d s  a n d  m a m m a l s .  I n  f a c t ,  t h e  q u e s t i o n  o f  i n t e r s t i t i a l  

v o l u m e  p e r c e p t i o n  i n  m a m m a l i a n  o s m o r e g u l a t i o n  w a s  r a i s e d  b y  S h a r e  ( 1 9 7 4 ) .  

K a u f m a n  e t  a l .  ( 1 9 8 0 )  h a v e  r e c e n t l y  p r e s e n t e d  e v i d e n c e  t h a t  i n t e r s t i t i a l  

v o l u m e  r e c e p t o r s  m i g h t  c o n t r i b u t e  t o  t h i r s t  c o n t r o l  i n  b o t h  b i r d s  a n d  m a m 

m a l s .  I n  a d d i t i o n ,  e x t r a c e r e b r a l  o s m o r e c e p t o r s  w h i c h  w e r e  p o s t u l a t e d  t o  

p a r t i c i p a t e  i n  a v i a n  s a l t  g l a n d  s e c r e t i o n  ( H a n w e l l  e t  a l . ,  1 9 7 2 )  h a v e  t o  

b e  c o n s i d e r e d  a l s o  a s  i n p u t  f a c t o r s  i n  t h e  c o n t r o l  o f  r e n a l  w a t e r  e x c r e t i o n  

o f  b o t h  b i r d s  a n d  m a m m a l s ,  a l t h o u g h  t h e  e x p e r i m e n t a l  e v i d e n c e  i s  s t i l l  

e q u i v o c a l  f o r  m a m m a l s  ( M o s e s  a n d  M i l l e r ,  1 9 7 4 )  a n d  a p p e a r s  n o t  t o  e x i s t  f o r  

b i r d s .  I t  m a y ,  h o w e v e r ,  b e  d i f f i c u l t  t o  d e l i n e a t e  i n t e r s t i t i a l  v o l u m e  s e n s 
i n g  e l e m e n t s  f r o m  t h o s e  s e n s i n g  c h a n g e s  o f  t o n i c i t y  i n  t h i s  E C F  c o m p a r t m e n t  

b e c a u s e  o f  t h e  c l o s e  i n t e r r e l a t i o n s  b e t w e e n  t h e s e  t w o  E C F  p r o p e r t i e s .  O n  

t h e  o t h e r  h a n d ,  t h e  r e s u l t s  o f  t h e  v a g o t o m y  a n d  v a g u s  b l o c k a d e  e x p e r i m e n t s  

i n  g e e s e  a n d  d u c k s  w o u l d  s u g g e s t  t h a t  a  g r e a t  f r a c t i o n  o f  t h e  a f f e r e n t s  

c o n v e y i n g  t h e  s i g n a l s  o f  t h e  v a r i o u s  e x t r a c e r e b r a l  r e c e p t o r s  c o n t r o l l i n g  

s a l t  g l a n d  f u n c t i o n  a n d  A V T  r e l e a s e  i n  t h e s e  b i r d s  a r e  c o n d u c t e d  i n  t h e  

v a g u s  n e r v e s .  T h i s  w o u l d  o f f e r  t h e  p o s s i b i l i t y  t o  i d e n t i f y  t h e  p r o p e r t i e s  

o f  t h e  e x t r a c e r e b r a l  r e c e p t o r s  i n  a v i a n  o s m o r e g u l a t i o n  a l s o  w i t h  n e u r o 
p h y s i o l o g i c a l  t e c h n i q u e s .
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D i s t u r b a n c e s  i n  b o d y  f l u i d  o s m o l a r i t y  a r e  r a p i d l y  c o r r e c t e d  b y  

c h a n g e s  i n  w a t e r  i n t a k e  a n d  r e n a l  w a t e r  c l e a r a n c e .  T o  e f f e c t  t h e s e  

r e s p o n s e s ,  t h e  n e r v o u s  s y s t e m  m u s t  a p p r o p r i a t e l y  m o d u l a t e  e l a b o r a t i o n  o f  

t h e  t h i r s t  m o t i v a t i o n a l  s t a t e  a n d  s e c r e t i o n  f r o m  t h e  p o s t e r i o r  p i t u i t a r y  

o f  t h e  a n t i d i u r e t i c  h o r m o n e  v a s o p r e s s i n .  T h e  s t u d i e s  o f  V e r n e y  ( 1 9 4 7 )  

e s t a b l i s h e d  t h a t  t h e  f o r e b r a i n  f u n c t i o n e d  n o t  o n l y  i n  e f f e c t i n g  

v a s o p r e s s i n  r e l e a s e  b u t  a l s o  i n  d e t e c t i n g  t h e  r e l e v a n t  i n i t i a t i n g  

s t i m u l i .  D i r e c t  s e n s i t i v i t y  o f  t h e  h y p o t h a l a m i c  a r e a  w a s  s u g g e s t e d  b y  

A n d e r s s o n  ( 1 9 5 3 )  w h o  o b s e r v e d  m o t i v a t e d  w a t e r  i n t a k e  a f t e r  l o c a l  

i n t r a c r a n i a l  a p p l i c a t i o n  o f  a  h y p e r t o n i c  s t i m u l u s .  T h e  o r g a n  c u l t u r e d  

h y p o t h a l a m o - n e u r o h y p o p h y s i a l  s y s t e m  s t u d i e d  b y  S l a d e k  a n d  K n i g g e  ( 1 9 7 7 )  

d e m o n s t r a t e d  t h a t  n e u r a l  e l e m e n t s  r e q u i r e d  f o r  s o m e  a s p e c t s  o f  

o s m o r e g u l a t i o n  a r e  c o m p l e t e l y  c o n t a i n e d  w i t h i n  t h e  p r e o p t i c - h y p o t h a l a m i c  

a r e a  s i n c e  t h e  o r g a n  e x p l a n t  i n c r e a s e s  o r  d e c r e a s e s  v a s o p r e s s i n  r e l e a s e  

i n  r e s p o n s e  t o  c h a n g e s  i n  b a t h i n g  m e d i u m  o s m o l a r i t y .

I n  t h e  f o l l o w i n g  p a g e s ,  c u r r e n t  s t u d i e s  o n  t h e  a n a t o m i c a l  

l o c a l i z a t i o n  a n d  f u n c t i o n a l  o r g a n i z a t i o n  o f  t h e  c e n t r a l  n e u r a l  s u b s t r a t e s  

f o r  o s m o r e g u l a t i o n  i n  m a m m a l s  w i l l  b e  r e v i e w e d .  E v i d e n c e  i m p l i c a t i n g  t h e  

p r e o p t i c  p e r i v e n t r i c u l a r  t i s s u e  s u r r o u n d i n g  t h e  a n t e r i o r  v e n t r a l  p a r t  o f  

t h e  t h i r d  v e n t r i c l e  ( A V 3 V )  a s  a  n e c e s s a r y  c o m p o n e n t  i n  o s m o t i c  m o d u l a t i o n  

o f  t h i r s t  a n d  v a s o p r e s s i n  r e l e a s e  w i l l  b e  p r e s e n t e d .  T h e  r e l e v a n t  

s t i m u l i  a n d  t h e  n a t u r e  o f  t h e  r e c e p t o r ,  w h e t h e r  o s m o r e c e p t o r  o r  N a +  

r e c e p t o r ,  w i l l  b e  c o n s i d e r e d .  F i n a l l y ,  t h e  f u n c t i o n a l  o r g a n i z a t i o n  o f  

t h e  o s m o r e g u l a t o r y  s y s t e m  w i l l  b e  e x a m i n e d  t h r o u g h  a n a l y s i s  o f  i t s  

r e l a t i o n s h i p  t o  a n g i o t e n s i n - s e n s i t i v e  n e u r a l  s u b s t r a t e s  i n v o l v e d  i n  f l u i d  

r e g u l a t i o n .

A N A T O M I C A L  L O C A L I Z A T I O N

T h e  A V 3 V  r e g i o n  w a s  f i r s t  i d e n t i f i e d  i n  t h e  r a t  a s  a  s e n s i t i v e  a n d  

n e c e s s a r y  s i t e  o f  a c t i o n  f o r  i n t r a c r a n i a l  a n g i o t e n s i n  s t i m u l a t i o n  o f  

t h i r s t  ( B u g g y  e t  a l . ,  1 9 7 5 ) .  A l t h o u g h  p e r i v e n t r i c u l a r  a r e a s  h a d  a l s o  b e e n  

i m p l i c a t e d  a s  o s m o s e n s i t i v e  f r o m  s t i m u l a t i o n  s t u d i e s  i n  g o a t s  ( A n d e r s s o n ,  

1 9 7 7 ) ,  t h e  l a t e r a l  p r e o p t i c  a r e a  r e c e i v e d  m o s t  o f  t h e  i n i t i a l  a t t e n t i e n  

a s  t h e  o s m o s e n s i t i v e  s u b s t r a t e  i n  t h e  r a t  ( B l a s s  &  E p s t e i n ,  1 9 7 1 ;  B l a s s ,  

1 9 7 4 ) .  A  m o r e  e x t e n s i v e  s t i m u l a t i o n  m a p p i n g  o f  o s m o s e n s i t i v e  f o r e b r a i n  

s i t e s  i n  t h e  r a t  l a t e r  i n d i c a t e d ,  h o w e v e r ,  t h a t  a s  m a n y  m e d i a l  ( w i t h i n  1 
m m  o f  t h e  m i d l i n e )  a s  l a t e r a l  ( m o r e  t h a n  1 m m  l a t e r a l  o f  m i d l i n e )  c a n n u l a
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s i t e s  w e r e  o s m o s e n s i t i v e  ( P e c k  &  B l a s s ,  1 9 7 5 ) .  W h e n  w e  d i r e c t l y  c o m p a r e d  

i n  t h e  s a m e  r a t s  t h e  e f f e c t s  o f  l o c a l  i n j e c t i o n s  o f  h y p e r o s m o t i c  s o l u t i o n  

i n t o  l a t e r a l  p r e o p t i c  a r e a  a n d  t h e  m e d i a l l y  a d j a c e n t  A V 3 V ,  m o r e  w a t e r  

i n t a k e  w a s  e l i c i t e d  a f t e r  A V 3 V  s t i m u l a t i o n  s u g g e s t i n g  a  g r e a t e r  

s e n s i t i v i t y  f o r  t h a t  a r e a  ( B u g g y  e t  a l . ,  1 9 7 9 ) .  I n  a d d i t i o n  t o  a r o u s i n g  

d r i n k i n g ,  o s m o t i c  s t i m u l a t i o n  o f  A V 3 V  i n  r a t s  e l i c i t s  a  c h a r a c t e r i s t c  

g r o u p  o f  r e s p o n s e s  ( B u g g y  e t  a l . ,  1 9 7 9 ) .  W i t h i n  m i n u t e s  o f  i n j e c t i o n ,  

t h e  a n i m a l s  b e g i n  d r i n k i n g ,  i n c r e a s e  b l o o d  p r e s s u r e  a n d  i n c r e a s e  

a n t i d i u r e t i c  a c t i v i t y .  W i t h i n  t h e  r a n g e  o f  o s m o t i c  s t i m u l a t i o n  e x a m i n e d ,  

t h e s e  r e s p o n s e s  t y p i c a l l y  o c c u r r e d  t o g e t h e r ,  r e p r e s e n t i n g  c o o r d i n a t e d  

b e h a v i o r a l ,  a u t o n o m i c  a n d  e n d o c r i n e  f a c e t s  o f  t h e  s a m e  o v e r a l l  r e g u l a t o r y  

r e s p o n s e .  T h u s ,  o s m o t i c  s t i m u l a t i o n  o f  t h e  A V 3 V  e l i c i t s  a  c o m p l e t e  

r e g u l a t o r y  r e s p o n s e  r a t h e r  t h a n  a  f r a g m e n t  o f  t h e  t o t a l  r e s p o n s e .

B r a i n  L e s i o n  S t u d i e s

T o  a s s e s s  m o r e  c o m p l e t e l y  t h e  r o l e  o f  t h e  A V 3 V  r e g i o n  i n  f l u i d  

b a l a n c e ,  t h e  e f f e c t s  o f  A V 3 V  a b l a t i o n  o n  o s m o r e g u l a t i o n  w e r e  s t u d i e d  i n  

t h e  r a t .  B i l a t e r a l  e l e c t r o l y t i c  d e s t r u c t i o n  o f  p e r i v e n t r i c u l a r  t i s s u e  

s u r r o u n d i n g  A V 3 V  r e s u l t e d  i n  a n  a c u t e  h y d r a t i o n a l  c r i s i s  c h a r a c t e r i z e d  b y  

a d i p s i a ,  t h e  a b s e n c e  o f  v o l u n t a r y  w a t e r  i n t a k e  a n d  r a p i d  l o s s  o f  b o d y  

w e i g h t ,  5 - 1 0 % / d a y  i n i t i a l l y  ( B u g g y  &  J o h n s o n ,  1 9 7 7 ) .  I t  i s  u n l i k e l y  t h a t  

t h e  l e s i o n - i n d u c e d  a d i p s i a  i s  s e c o n d a r y  t o  g r o s s  m o t o r  i m p a i r m e n t  o r  

g e n e r a l  m o t i v a t i o n a l  d e f i c i t s  s i n c e  f e e d i n g  c o n t i n u e s  n o r m a l l y  a s  l o n g  a s  

h y d r a t i o n  i s  m a i n t a i n e d .  I n d e e d ,  o n e  m e a n s  o f  m a i n t a i n i n g  h y d r a t i o n  i s  

t o  p r e s e n t  a  s w e e t  s o l u t i o n  w h i c h  i s  a v i d l y  d r u n k  a t  a  t i m e  w h e n  w a t e r  

a l o n e  i s  n o t  a c c e p t e d .

T h e  a c u t e  h y d r a t i o n a l  c r i s i s  i n d u c e d  b y  A V 3 V  l e s i o n  i n v o l v e d  m o r e  

t h a n  a d i p s i a ,  h o w e v e r .  I f  n o t  m a i n t a i n e d  o n  s o m e  f l u i d  r e p l a c e m e n t  

r e g i m e n ,  t h e s e  a d i p s i c  a n i m a l s  w o u l d  o f t e n  d i e  w i t h i n  5  d a y s  w h i l e  

n e u r o l o g i c a l l y  i n t a c t  r a t s  d e p r i v e d  o f  w a t e r  s u r v i v e  f o r  a t  l e a s t  2 
w e e k s .  W h e n  u r i n e  o u t p u t  o f  a d i p s i c - l e s i o n e d  r a t s  w a s  c o m p a r e d  w i t h  t h a t  

o f  w a t e r - d e p r i v e d ,  s h a m - l e s i o n e d  r a t s  f o r  t h e  f i r s t  3 d a y s  a f t e r  s u r g e r y ,  

i t  w a s  a p p a r e n t  t h a t  r a t s  w i t h  A V 3 V  l e s i o n s  f a i l e d  t o  c o m p e n s a t e  f o r  

i n s u f f i c i e n t  w a t e r  i n t a k e  b y  r e d u c t i o n  o f  r e n a l  w a t e r  l o s s .  

W a t e r - d e p r i v e d ,  s h a m - l e s i o n e d  r a t s  m a n i f e s t e d  a n t i d i u r e t i c  a c t i v i t y ,  a  

p r o g r e s s i v e  d e c r e a s e  i n  d a i l y  u r i n e  v o l u m e  c o u p l e d  w i t h  a  p r o g r e s s i v e  

i n c r e a s e  i n  s o l u t e  c o n c e n t r a t i o n  o f  u r i n e .  A d i p s i c - l e s i o n e d  r a t s ,  o n  t h e  

o t h e r  h a n d ,  c o n t i n u e d  t o  e l a b o r a t e  a  l a r g e r  v o l u m e  o f  m o r e  d i l u t e  u r i n e ,  

w i t h  a  p a t t e r n  o f  u r i n e  o u t p u t  s i m i l a r  t o  t h e  p r e - l e s i o n  p a t t e r n ,  a s  

t h o u g h  t h e y  w e r e  i n s e n s i t i v e  o r  u n a b l e  t o  r e s p o n d  t o  t h e  d e v e l o p i n g  

d e h y d r a t i o n  a f t e r  t h e  l e s i o n  ( J o h n s o n  a n d  B u g g y ,  1 9 7 8 ) .  I t  s h o u l d  b e  

n o t e d  t h a t -  l e s i o n e d  r a t s  d i d  n o t  m a n i f e s t  t h e  l o s s  o f  l a r g e  v o l u m e s  o f  

v e r y  d i l u t e  u r i n e  c h a r a c t e r i s t i c  o f  d i a b e t e s  i n s i p i d u s  a n d  t h e  l o s s  o f  

a l l  a n t i d i u r e t i c  a c t i v i t y .  R a t h e r ,  r a t s  w i t h  A V 3 V  l e s i o n s  c o n t i n u e  t o  

r e l e a s e  b a s a l  a m o u n t s  o f  v a s o p r e s s i n  b u t  f a i l  t o  i n c r e a s e  o r  d e c r e a s e  

s e c r e t i o n  i n  r e s p o n s e  t o  a n  a p p r o p r i a t e  o s m o t i c  s i g n a l  ( J o h n s o n ,  H o f f m a n ,  

a n d  B u g g y ,  1 9 7 9 ;  J o h n s o n  e t  a l . ,  1 9 8 0 ) .

T h e  l e s i o n - i n d u c e d  d i s r u p t i o n  o f  f l u i d  i n t a k e  c o u p l e d  w i t h  f a i l u r e  o f  

c o m p e n s a t o r y  a n t i d i u r e s i s  c o n s t i t u t e s  a  p r o f o u n d  d i s t u r b a n c e  o f  

o s m o r e g u l a t i o n  w h i c h  i s  r e f l e c t e d  i n  t h e  m a s s i v e  i n c r e a s e  i n  p l a s m a  

o s m o l a l i t y  a n d  s o d i u m  c o n c e n t r a t i o n  o f  a d i p s i c - l e s i o n e d  r a t s  c o m p a r e d  t o  

w a t e r - d e p r i v e d  n o r m a l s  o r  n o r m a l s  w i t h  f r e e  a c c e s s  t o  w a t e r  ( s e e  F i g u r e  

1 ) .  S o m e  l e s i o n e d  r a t s  w i t h  s e v e r a l  d a y s  o f  c o n t i n u e d  a d i p s i a  a n d
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p r o g r e s s i v e  d e h y d r a t i o n  d i e ,  b u t  o t h e r s  s p o n t a n e o u s l y  r e s u m e  w a t e r  i n t a k e  

a d e q u a t e  f o r  s u r v i v a l .  B y  p r o v i d i n g  l e s i o n e d  r a t s  a c c e s s  t o  p a l a t a b l e  

f l u i d s  d u r i n g  t h e  a d i p s i c  p e r i o d  w h e n  w a t e r  a l o n e  i s  n o t  a c c e p t e d ,  

a d e q u a t e  l e v e l s  o f  f l u i d  i n t a k e  c a n  b e  a c h i e v e d  u n t i l  s p o n t a n e o u s  i n t a k e  

o f  w a t e r  a l o n e  e v e n t u a l l y  r e t u r n s  ( 2 - 1 4  d a y s ) .

□  S h a m  L e s io n  Y/Á S h a m  L e s io n  р Щ  AV3V L esio n
W ote r A c c e s s  N o W a ,e r A c c e s s  Ш ! 3 °°У AdiPs,c

blood sampled 3 days post surgery; values are mean tSEM

Plasma Osmolarity Plasma Sodium

F I G U R E  1 .  F l u i d  b a l a n c e  

p a r a m e t e r s  i n  p l a s m a  o f  

s h a m - l e s i o n e d  r a t s  w i t h  

o r  w i t h o u t  a c c e s s  t o  

w a t e r ,  a n d  A V 3 V  l e s i o n e d  

r a t s  a d i p s i c  f o r  3 
c o n s e c u t i v e  d a y s .

Z 3

n= 18 n=13 n= 6

Sham AV3V Lesion

NaCI Angiotensin II
IVT

F I G U R E  2 .  P a n e l  A  s h o w s  w a t e r  i n t a k e  t o  s u b c u t a n e o u s  i n j e c t i o n s  o f  

a n g i o t e n s i n  ( A l l ,  1 . 5  m g / k g )  a n d  h y p e r t o n i c  N a C I  ( H T S ,  4  m l  o f  

1 2 í / k g ) .  A V 3 V  l e s i o n e d  r a t s  a r e  s u b d i v i d e d  i n t o  g r o u p s  w i t h  d e f i c i t s  

t o  b o t h  A l l  a n d  H T S  o r  t o  H T S  o n l y .  P a n e l  В  s h o w s  p r e s s o r  r e s p o n s e s  

i n  c o n s c i o u s  r a t s  t o  l a t e r a l  v e n t r i c l e  i n j e c t i o n s  o f  a n g i o t e n s i n  a n d  

h y p e r o s m o t i c - a r t i f i c i a l  c e r e b r o s p i n a l  f l u i d .  T e s t s  w e r e  c o n d u c t e d  

s e v e r a l  w e e k s  p o s t - l e s i o n ,  a f t e r  r e c o v e r y  f r o m  a d i p s i a .
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1

E v e n  s e v e r a l  w e e k s  a f t e r  r e c o v e r y  f r o m  a d i p s i a ,  r a t s  w i t h  A V 3 V  

l e s i o n s  c o n t i n u e  t o  m a n i f e s t  i m p a i r m e n t s  i n  o s m o r e g u l a t i o n .  P l a s m a  

o s m o l a l i t y  a n d  s o d i u m  a r e  c h r o n i c a l l y  i n c r e a s e d  c o m p a r e d  t o  s h a m - l e s i o n e d  

r a t s ,  b u t  t h e  m a g n i t u d e  o f  t h e  h y p e r n a t r e m i a  a n d  h y p e r o s m o l a l i t y  i s  l e s s  

s e v e r e  t h a n  d u r i n g  t h e  a c u t e  a d i p s i c  p e r i o d .  F u r t h e r m o r e ,  t h e r e  a r e  

s e v e r a l  p e r s i s t i n g  d e f i c i t s  i n  t h i r s t ,  p r e s s o r ,  a n d  v a s o p r e s s i n  r e l e a s e  

r e s p o n s e s  t o  c h a l l e n g e s  o f  s y s t e m i c  o r  i n t r a c r a n i a l  i n j e c t i o n s  o f  

h y p e r o s m o t i c  s o l u t i o n s  ( B u g g y  a n d  J o h n s o n ,  1 9 7 7 ;  J o h n s o n ,  H o f f m a n  a n d  

B u g g y ,  1 9 7 8 ;  J o h n s o n  e t  a l . ,  1 9 8 0 )  ( S e e  F i g u r e  2 ) .

S i n c e  t h e  A V 3 V  i s  q u i t e  s e n s i t i v e  t o  l o c a l  s t i m u l a t i o n  b y  

h y p e r o s m o t i c  s o l u t i o n s  o r  a n g i o t e n s i n ,  i t  i s  n o t  s u r p r i s i n g  t h a t  m a n y  

r a t s  w i t h  A V 3 V  l e s i o n s  s h o w  r e s p o n s e  d e f i c i t s  t o  b o t h  a n g i o t e n s i n  a n d  

h y p e r o s m o t i c  c h a l l e n g e s .  I f  m a n y  r a t s  w i t h  A V 3 V  l e s i o n s  a r e  e x a m i n e d ,  

s o m e  w i l l  s h o w  a  s e l e c t i v e  i m p a i r m e n t  t o  o n l y  h y p e r t o n i c  s t i m u l i .  

R e p r e s e n t a t i v e  b r a i n  s e c t i o n s  i n  F i g u r e  3  i l l u s t r a t e  t h e  l o c a t i o n  o f  

p e r i v e n t r i c u l a r  A V 3 V  l e s i o n s  w h i c h  c a u s e d  s u c h  a  s e l e c t i v e  d e f i c i t ;  r a t s  

w i t h  m o r e  e x t e n s i v e  l e s i o n s  i n  t h e  s a g g i t a l  e x t e n t  s h o w e d  i m p a i r m e n t s  t o  

b o t h  o s m o t i c  a n d  a n g i o t e n s i n  s t i m u l i  ( B u g g y  a n d  J o h n s o n ,  1 9 7 7 ) .  I n  a  

c a r e f u l  s t u d y ,  L i n d  e t  a l .  ( 1 9 8 0 )  h a v e  f o u n d  t h a t  w h i l e  t h e  c r i t i c a l  

l e s i o n  a r e a s  f o r  d e f i c i t s  t o  o s m o t i c  a n d  a n g i o t e n s i n  s t i m u l a t i o n  a r e  b o t h  

w i t h i n  0 . 4  m m  o f  t h e  m i d l i n e ,  t h e  c r i t i c a l  l e s i o n  a r e a  f o r  t h e s e  d e f i c i t s  

d o  n o t  o v e r l a p  c o m p l e t e l y  a n d  a r e  n e u r o a n a t o m i c a l l y  d i s c r i m i n a b l e .

S i n c e  A V 3 V  i s  s e n s i t i v e  t o  o s m o t i c  a n d  a n g i o t e n s i n  s t i m u l a t i o n  a n d  

s i n c e  A V 3 V  l e s i o n s  d i s r u p t  r e s p o n s e s  t o  t h e s e  s t i m u l i ,  i t  i s  l i k e l y  t h a t  

t h i s  a r e a  c o n t a i n s  r e c e p t o r s  f o r  b o t h  o s m o t i c  a n d  a n g i o t e n s i n  s t i m u l i .  

C o n s i s t e n t  w i t h  t h e  h y p o t h e s i s  o f  s e p a r a t e  r e c e p t o r s  a n d  n e u r a l  s y s t e m s  

s e n s i t i v e  t o  t h e s e  s t i m u l i  i s  t h e  o b s e r v a t i o n  ( K u c h a r c z y k  a n d  M o g e n s o n ,  

1 9 7 5 )  t h a t  l e s i o n s  l o c a t e d  a t  m o r e  p o s t e r i o r  l e v e l s  i n  m e d i a l  v e r s u s  

l a t e r a l  h y p o t h a l a m u s  d i s r u p t  d r i n k i n g  r e s p o n s e s  t o  o s m o t i c  v e r s u s  

a n g i o t e n s i n  s t i m u l i ,  r e s p e c t i v e l y .  T h i s  f i n d i n g  s u g g e s t s  t h a t  b e y o n d  t h e  

r e c e p t o r  l e v e l  t h e r e  i s  a n  a n a t o m i c a l  d i v e r g e n c e  o f  e f f e c t o r  p a t h w a y s  f o r  

t h e s e  s y s t e m s .

I t  s h o u l d  b e  n o t e d  t h a t  t h e  t i s s u e  d a m a g e d  b y  A V 3 V  l e s i o n s  i s  

c o n t a i n e d  w i t h i n  t h e  o r g a n - c u l t u r e d  h y p o t h a l a m i c - n e u r o h y p o p h y s e a l  e x p l a n t  

s h o w n  t o  r e l e a s e  v a s o p r e s s i n  i n  r e s p o n s e  t o  o s m o t i c  s t i m u l i  ( S l a d e k  a n d  

K n i g g e ,  1 9 7 7 ) .  F u r t h e r m o r e ,  e x p l a n t s  t a k e n  f r o m  r a t s  t w o  w e e k s  a f t e r  

A V 3 V  l e s i o n i n g  d i d  n o t  r e l e a s e  v a s o p r e s s i n  i n  r e s p o n s e  t o  a n  o s m o t i c  

s t i m u l u s  ( J o h n s o n  a n d  S l a d e k ,  1 9 7 9 ) .  A n d e r s s o n  e t  a l .  ( 1 9 7 5 )  h a v e  s h o w n  

s i m i l a r  d i s t u r b a n c e s  i n  f l u i d  b a l a n c e  i n c l u d i n g  a d i p s i a  a n d  l a c k  o f  

i n c r e a s e d  v a s o p r e s s i n  r e l e a s e  i n  r e s p o n s e  t o  h y p e r n a t r e m i a  i n  g o a t s  a f t e r  

p e r i v e n t r i c u l a r  l e s i o n s  i n  t h e  r o s t r a l - v e n t r a l  a s p e c t  o f  t h e  t h i r d  

v e n t r i c l e ;  t h u s ,  a  s i m i l a r  c o n s t e l l a t i o n  o f  d i s t u r b a n c e s  i n  o s m o t i c  

r e g u l a t i o n  r e s u l t s  i n  b o t h  r a t  a n d  g o a t  a f t e r  p r e o p t i c - a n t e r i o r  

h y p o t h a l a m i c  p e r i v e n t r i c u l a r  a b l a t i o n .

W h i l e  d a t a  i m p l i c a t i n g  p e r i v e n t r i c u l a r  a r e a s  i n  o s m o t i c  r e g u l a t i o n  

h a v e  a c c u m u l a t e d ,  s t u d i e s  r e - e x a m i n i n g  t h e  e f f e c t s  o f  l a t e r a l  p r e o p t i c  

a r e a  l e s i o n s  i n  r a t s  h a v e  n o t  c o n s i s t e n t l y  d e m o n s t r a t e d  s p e c i f i c  o r  

p e r s i s t e n t  d i s t u r b a n c e s  i n  o s m o r e g u l a t i o n  ( C o b u r n  a n d  S t r i e k e r ,  1 9 7 8 ;  

A l m l i  a n d  W e i s s ,  1 9 7 4 ) .  T h e r e  a r e  d i f f i c u l t i e s  o f  r e s o l u t i o n  a n d  

i n t e r p r e t a t i o n  o f  l o c a l i z a t i o n  s t u d i e s  u s i n g  i n t r a c r a n i a l  s t i m u l a t i o n  a n d  

l e s i o n i n g  t e c h n i q u e s ,  h o w e v e r ,  e s p e c i a l l y  w h e n  t r y i n g  t o  d i s c r i m i n a t e  

c l o s e l y  a d j a c e n t  a r e a s  t h a t  c a n  b e  e a s i l y  a f f e c t e d  b y  m a n i p u l a t i o n  o f  t h e
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o t h e r .  F o r  t h e s e  r e a s o n s ,  i t  w a s  d e s i r a b l e  t o  e m p l o y  a  t e c h n i q u e  w h i c h  

c o u l d  n o n - d i s r u p t i v e l y  a s s e s s  n e u r a l  a c t i v i t y  o f  a d j a c e n t  b r a i n  r e g i o n s  

d u r i n g  o s m o t i c  r e g u l a t i o n .

F I G U R E  3 .  P a n e l  A  i s  a  c o r o n a l  a n d  

P a n e l  В  i s  a  s a g i t t a l  s e c t i o n  

s h o w i n g  A V 3 V  l e s i o n s  a t  t h e i r  

w i d e s t  e x t e n t  f r o m  r a t s  w i t h  

p e r s i s t i n g  r e s p o n s e  d e f i c i t s  t o  

o s m o t i c  s t i m u l i  b u t  n o t  

a n g i o t e n s i n .  P a n e l  C  s h o w s  a n  A V 3 V  

l e s i o n  i n  t h e  s a g g i t a l  p l a n e  f r o m  a  

r a t  w i t f t  r e s p o n s e  d e f i c i t s  t o  b o t h  

a n g i o t e n s i n  a n d  o s m o t i c  s t i m u l i ;  

n o t e  t h a t  t h e  c o m b i n e d  d e f i c i t  i s  

a s s o c i a t e d  w i t h  a  l a r g e r  l e s i o n  

a r e a .  A b b r e v i a t i o n s :  A C  =
a n t e r i o r  c o m m i s s u r e ,  I R  =  

i n f u n d i b u l a r  r e c e s s ,  O C  =  o p t i c  

c h i a s m ,  e p  =  e p e n d y m a  o f  t h i r d  

v e n t r i c l e ,  m p  =  m e d i a l  p r e o p t i c  

a r e a ,  p a v  =  p a r a v e n t r i c u l a r  

n u c l e u s ,  s f o  =  s u b f o r n i c a l  o r g a n .

R e g i o n a l  C e r e b r a l  M e t a b o l i c  A c t i v i t y

A  p o w e r f u l  r e s e a r c h  m e t h o d  w o u l d  p e r m i t  s i m u l t a n e o u s  s a m p l i n g  o f  

n e u r a l  a c t i v i t y  w i t h o u t  a n e s t h e s i a  i n  s e v e r a l  b r a i n  r e g i o n s  d u r i n g  

o s m o t i c  s t i m u l a t i o n .  O n e  m e t h o d  w h i c h  a c c o m p l i s h e s  t h e s e  g o a l s  e m p l o y s  

a u t o r a d i o g r a p h y  o f  b r a i n  s e c t i o n s  f r o m  r a t s  i n j e c t e d  w i t h  a  m a r k e r  f o r  

r e g i o n a l  c e r e b r a l  m e t a b o l i c  a c t i v i t y  d u r i n g  a  p e r i o d  o f  o s m o t i c  

s t i m u l a t i o n .

T h e  g l u c o s e  a n a l o g  2 - d e o x y g l t í c o s e  ( 2 - D G ) ,  c o m p e t e s  w i t h  g l u c o s e  f o r  

c e l l u l a r  u p t a k e  a n d  a f t e r  p a r t i a l  m e t a b o l i s m  r e m a i n s  t r a p p e d  w i t h i n  t h e  

c e l l .  S i n c e  n e u r o n s  d e p e n d  o n  g l u c o s e  f o r  e n e r g y ,  t h e  a c c u m u l a t i o n  o f  

t r a c e r  a m o u n t s  o f  2 - D G  r e f l e c t s  t h e  r a t e  o f  g l u c o s e  u t i l i z a t i o n  w h i c h  i s
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i n  t u r n  h i g h l y  c o r r e l a t e d  w i t h  f u n c t i o n a l  n e u r a l  a c t i v i t y .  U s i n g  t h i s  

a u t o r a d i o g r a p h i c - 2 - D G  m e t h o d  i n  w a t e r -  d e p r i v e d  r a t s  i n j e c t e d  w i t h  C a r b o n  

1 4  r a d i o l a b e l e d  2 - D G ,  S c h w a r t z  e t  a l .  ( 1 9 7 9 )  o b s e r v e d  i n c r e a s e d  g l u c o s e  

u t i l i z a t i o n  i n  t h e  p o s t e r i o r  p i t u i t a r y  w h i c h  t h e y  i n t e r p r e t e d  a s  

r e s u l t i n g  f r o m  i n c r e a s e d  a c t i v i t y  o f  t h e  h y p o t h a l a m o - n e u r o h y p o p h y s e a l  

s e c r e t o r y  s y s t e m .

O u r  l a b o r a t o r y  h a s  m o d i f i e d  t h i s  2 - D G  r e g i o n a l  m e t a b o l i c  a c t i v i t y  

m e t h o d  b y  u s i n g  t r i t i u m  l a b e l ,  a  l o w e r  e n e r g y  b e t a  e m i t t e r  t h a n  C a r b o n  

1 4 ,  a n d  t i s s u e  p e r f u s i o n  b e f o r e  b r a i n  r e m o v a l  a n d  f r e e z i n g  i n  a n  a t t e m p t  

t o  i m p r o v e  t i s s u e  q u a l i t y  a n d  g a i n  r e s o l u t i o n  o f  a u t o r a d i o g r a p h s  o f  b r a i n  

s e c t i o n s  ( W e l l s  e t  a l . ,  1 9 8 0 ) .  F i g u r e  4  s h o w s  p h o t o g r a p h s  t a k e n  f r o m  a  

r e c o n s t r u c t e d  t e l e v i s i o n  m o n i t o r  p i c t u r e  o f  b r a i n  s e c t i o n  

a u t o r a d i o g r a p h s ;  t h i s  v i d e o s c a n  h a s  b e e n  d i g i t i z e d  a n d  t h e n  e n h a n c e d  f o r  

d a t a  a n a l y s i s  u s i n g  c o m p u t e r  i m a g i n g  t e c h n i q u e s .  W a t e r  d e p r i v a t i o n  o r  

i n j e c t i o n s  o f  h y p e r t o n i c  s o l u t i o n s  i n c r e a s e d  m e t a b o l i c  a c t i v i t y  n o t  o n l y  

o f  p o s t e r i o r  p i t u i t a r y  b u t  a l s o  o f  A V 3 V  p e r i v e n t r i c u l a r  t i s s u e  p r e v i o u s l y  

i m p l i c a t e d  i n  o s m o r e g u l a t i o n  b y  t h e  s t i m u l a t i o n  a n d  l e s i o n  s t u d i e s  j u s t  

d i s c u s s e d .  L a t e r a l  p r e o p t i c  a r e a  o f  o t h e r  f o r e b r a i n  s t r u c t u r e s  d i d  n o t  

s h o w  g r e a t  c h a n g e s  i n  g l u c o s e  u t i l i z a t i o n  d u r i n g  o s m o t i c  s t i m u l a t i o n .  

E l e c t r i c a l  s t i m u l a t i o n  o f  A V 3 V  r e g i o n  a l s o  p r o d u c e d  i n c r e a s e d  m e t a b o l i c  

a c t i v i t y  i n  p o s t e r i o r  p i t u i t a r y .  T h i s  a u t o r a d i o g r a p h i c  d a t a  o n  r e g i o n a l  

g l u c o s e  u t i l i z a t i o n  p r o v i d e  a d d i t i o n a l  s u p p o r t  f o r  a  l i n k  b e t w e e n  o s m o t i c  

s t i m u l i ,  t h e  A V 3 V  r e g i o n  a n d  t h e  h y p o t h a l a m o - n e u r o h y p o p h y s e a l  s y s t e m .

U s i n g  r e t r o g r a d e  t r a n s p o r t  o f  h o r s e r a d i s h  p e r o x i d a s e  t o  s t u d y  t h e  

s u p r a o p t i c  n u c l e i ,  M i s e l i s  e t  a l .  ( 1 9 7 9 )  h a v e  d e m o n s t r a t e d  n e u r o n s  f r o m  

t h e  o r g a n u m  v a s c u l o s u m  o f  t h e  l a m i n a  t e r m i n a l s  ( O V L T ) ,  a  

c i r c u m v e n t r i c u l a r  o r g a n  w i t h i n  t h e  A V 3 V  a r e a ,  w h i c h  p r o j e c t  t o  t h e  

s u p r a o p t i c  n u c l e i  c o n t a i n i n g  v a s o p r e s s i n  s e c r e t i n g  n e u r o n s .  T h i s  

d e m o n s t r a t i o n  o f  n e u r a l  c o n n e c t i v i t y ,  c o u p l e d  w i t h  t h e  s e n s i t i v i t y  o f  t h e  

A V 3 V  r e g i o n  t o  o s m o t i c  s t i m u l a t i o n ,  t h e  d y s f u n c t i o n  o f  o s m o r e g u l a t i o n  

a f t e r  A V 3 V  l e s i o n s ,  a n d  t h e  i n c r e a s e d  g l u c o s e  u t i l i z a t i o n  o f  t h i s  a r e a  

a f t e r  o s m o t i c  s t i m u l a t i o n  p r o v i d e  a  c o h e r e n t  p i c t u r e  e s t a b l i s h i n g  t h e  

A V 3 V  r e g i o n  a s  a n  i m p o r t a n t  c o m p o n e n t  o f  c e n t r a l  n e u r a l  s u b s t r a t e s  f o r  

o s m o r e g u l a t i o n .

N A T U R E  O F  T H E  O S M O R E C E P T O R

I n  a d d i t i o n  t o  h i s  k e y  o b s e r v a t i o n s  i m p l i c a t i n g  p e r i v e n t r i c u l a r  

f o r e b r a i n  r e g i o n s  i n  o s m o r e g u l a t i o n ,  A n d e r s s o n  ( 1 9 7 7 )  h a s  p r o v i d e d  

s e v e r a l  t h o u g h t  p r o v o k i n g  h y p o t h e s e s  c o n c e r n i n g  t h e  n ä t u r e  o f  

o s m o r e c e p t o r s  w h i c h  h a v e  s t i m u l a t e d  a n d  f o c u s e d  r e s e a r c h  e f f e c t s .  B a s e d  

o n  o b s e r v a t i o n s  i n  t h e  g o a t ,  A n d e r s s o n  p r o p o s e d  t h a t  j u x t a v e n t r i c u l a r  

s o d i u m - s e n s i t i v e  r e c e p t o r s  r a t h e r  t h a n  o s m o r e c e p t o r s  m e d i a t e  w a t e r  

r e g u l a t i o n .  F u r t h e r m o r e ,  o n  t h e  b a s i s  o f  i n t e r a c t i o n s  o f  a n g i o t e n s i n  a n d  

h y p e r t o n i c  N a C l  s t i m u l i ,  A n d e r s s o n  ( 1 9 7 7 )  s u g g e s t s  a s  a  w o r k i n g  

h y p o t h e s i s  t h a t  b o t h  s t i m u l i  a c t  s y n e r g e s t i c a  1 1  у  o n  t h e  s a m e  

j u x t a v e n t r i c u l a r  s o d i u m - s e n s i t i v e  r e c e p t o r s  t o  e f f e c t  f l u i d  r e g u l a t o r y  

r e s p o n s e s .  F i n a l l y ,  w h i l e  a c k n o w l e d g i n g  t h e  i m p o r t a n c e  o f  m e c h a n i s m s  

g o v e r n i n g  w a t e r  i n t a k e  o r  l o s s ,  A n d e r s s o n  ( 1 9 7 7 )  a l s o  s t r e s s e s  t h e  r o l e  

o f  c e r e b r a l  m e c h a n i s m s  g o v e r n i n g  s o d i u m  i n t a k e  o r  e x c r e t i o n  i n  t h e  

o v e r a l l  n e u r a l  r e g u l a t i o n  o f  b o d y  f l u i d s .

T h e  q u e s t i o n  o f  s o d i u m  r e c e p t o r s  o r  o s m o r e c e p t o r s  h a s  n o w  b e e n  

p u r s u e d  i n  s e v e r a l  o t h e r  s p e c i e s  i n c l u d i n g  r a t  ( B u g g y  e t  a l . ,  1 9 7 9 ) ,  

s h e e p  ( M c K i n l e y  e t  a l .  ,  1 9 7 8 )  a n d  d o g  ( T h r a s h e r  e t  a l . ,  1 9 8 0 a  a n d  b ) .
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F I G U R E  4 .  P h o t o s  o f  v i d e o s c a n s  o f  b r a i n  s e c t i o n  a u t o r a d i o g r a p h s  f r o m  

r a t s  i n j e c t e d '  w i t h  t r i t i a t e d  2 - D G  t o  m a r k  r e g i o n a l  c e r e b r a l  m e t a b o l i c  

a c t i v i t y  d u r i n g  v a r i o u s  p h y s i o l o g i c a l  c o n d i t i o n s .  P a n e l s  А - G  a r e  c o r o n a l  

s e c t i o n s  t h r o u g h  t h e  A V 3 V  r e g i o n .  P a n e l s  A  a n d  В  a r e  f r o m  a  c o n t r o l  r a t  

i n  n o r m a l  f l u i d  b a l a n c e .  P a n e l s  C ,  D ,  a n d  E  a r e  f r o m  B r a t t l e b o r o  r a t s  

w i t h  d i a b e t e s  i n s i p i d u s ,  w a t e r  d e p r i v e d  f o r  4 8  h o u r s  t o  i n d u c e  s e v e r e  

d e h y d r a t i o n .  T h e  a r r o w s  p o i n t  t o  a  d a r k  r e g i o n  i n  t h e  A V 3 V  w h i c h  

i n d i c a t e s  i n c r e a s e d  m e t a b o l i c  a c t i v i t y  i n  t h i s  r e g i o n  d u r i n g  d e h y d r a t i o n .  

P a n e l  F  i s  f r o m  a  r a t  t h a t  r e c e i v e d  a n  i n t r a c r a n i a l  i n f u s i o n  o f  6 0 0  m O s m  

a r t i f i c i a l  c e r e b r o s p i n a l  f l u i d  ( s t a r  i s  a d j a c e n t  t o  t h e  i n f u s i o n  s i t e ) ;  

t h e  a r r o w  p o i n t s  t o  a n  a r e a  o f  i n c r e a s e d  m e t a b o l i c  a c t i v i t y  i n  t h e  A V 3 V  

r e g i o n .  P a n e l  G  i s  f r o m  a  r a t  t h a t  r e c e i v e d  a  s u b c u t a n e o u s  i n j e c t i o n  o f  

3  m l  o f  1 2 %  N a C l / k g ;  t h e  a r r o w  s h o w s  i n c r e a s e d  m e t a b o l i c  a c t i v i t y  i n  A V 3 V  

d u r i n g  t h i s  o s m o t i c  c h a l l e n g e .  P a n e l s  H ,  I ,  J  a n d  К  a r e  p i t u i t a r y  

s e c t i o n s  w i t h  p r r o w s  p o i n t i n g  t o  i n c r e a s e d  m e t a b o l i c  a c t i v i t y  i n  t h e  

p o s t e r i o r  p i t u i t a r y  o f  t h e  r a t s  i n  p a n e l s  C  a n d  D ,  E ,  F ,  a n d  G ,  

r e s p e c t i v e l y .  T h e r e  w a s  n o  d a r k e n i n g  i n  t h e  p o s t e r i o r  p i t u i t a r y  o f  

c o n t r o l  r a t s .  A b b r e v i a t i o n s :  A C  =  a n t e r i o r  c o m m i s s u r e ,  A P  =  a n t e r i o r  

p i t u i t a r y ,  C A  =  c a u d a t e  n u c l e u s ,  C C  =  c o r p u s  c a l l o s u m ,  F  =  f o r n i x ,  L P  =  

l a t e r a l  p r e o p t i c  a r e a ,  S  =  s e p t a l  r e g i o n .
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T h e s e  s t u d i e s  h a v e  f o u n d  t h a t  v e n t r i c u l a r  i n j e c t i o n s  o f  h y p e r t o n i c ,  

a r t i f i c i a l  c e r e b r o s p i n a l  f l u i d  s o l u t i o n s  e l i c i t  d r i n k i n g  a n d  a n t i d i u r e s i s  

w h e t h e r  t h e  h y p e r t o n i c i t y  r e s u l t s  f r o m  a d d i t i o n  o f  N a C l  o r  o t h e r  s o l u t e s  

s u c h  a s  s u c r o s e ;  t h e s e  s t u d i e s  t h e n  s u p p o r t  a n  o s m o r e c e p t o r  r a t h e r  t h a n  a  

s o d i u m - r e c e p t o r  m e c h a n i s m .  B y  c o m p a r i n g  l a t e n c i e s  a n d  t h r e s h h o l d s  a f t e r  

s y s t e m i c  v e r s u s  v e n t r i c u l a r  a d m i n i s t r a t i o n ,  T h r a s h e r  e t  a l .  ( 1 9 8 0 a  a n d  b )  

h a v e  s u g g e s t e d  t h a t  o s m o r e c e p t o r s  a r e  l o c a t e d  i n  a  b r a i n  r e g i o n  l a c k i n g  a  

b l o o d  b r a i n  b a r r i e r  y e t  c a p a b l e  o f  b e i n g  i n f l u e n c e d  b y  c e r e b r o s p i n a l  

f l u i d  o r  b r a i n  e x t r a c e l l u l a r  f l u i d ,  p o s s i b l y  a  c i r c u m v e n t r i c u l a r  o r g a n .  

I t  s h o u l d  b e  n o t e d  t h a t  s u c h  a n  e x t r a  b l o o d - b r a i n  b a r r i e r  s t r u c t u r e ,  t h e  

O V L T ,  i s  l o c a t e d  i n  t h e  A V 3 V  r e g i o n .

O n c e  s o u r c e  o f  c o n f u s i o n  r e g a r d i n g  o s m o -  v e r s u s  s o d i u m - r e c e p t o r s  m a y  

s t e m  f r o m  a  c l o s e  r e l a t i o n s h i p  b e t w e e n  c e n t r a l  f l u i d  b a l a n c e  m e c h a n i s m s  

d e f e n d i n g  i n t r a c e l l u l a r  f l u i d  v o l u m e  v e r s u s  e x t r a c e l l u l a r  o r  p l a s m a  

v o l u m e .  S o d i u m  c o n c e n t r a t i o n  o r  v o l u m e  m a y  b e  a  s i g n i f i c a n t  s t i m u l u s  f o r  

f l u i d  b a l a n c e  s y s t e m s  r e g u l a t i n g  p l a s m a  v o l u m e .  T h e  i m p o r t a n c e  o f  r e n a l  

a n d  c a r d i a c  v o l u m e  r e c e p t o r s  i s  g e n e r a l l y  a c c e p t e d  b u t  o n l y  r e c e n t l y  h a s  

t h e  b r a i n  b e e n  i m p l i c a t e d  a s  a  s t i m u l u s  d e t e c t o r  a n d  i n t e g r a t o r  r e l e v a n t  

t o  v o l u m e  r e g u l a t i o n .  I n  a d d i t i o n  t o  e f f e c t s  o n  t h i r s t  a n d  a n t i d i u r e t i c  

h o r m o n e  r e l e a s e ,  c h a n g e s  i n  a n g i o t e n s i n  a s  w e l l  a s  i n  s o d i u m  

c o n c e n t r a t i o n  i n  c e r e b r o s p i n a l  f l u i d  c a n  a l t e r  b o t h  r e n a l  s o d i u m  

e x c r e t i o n  ( A n d e r s s o n ,  1 9 7 7 ;  M o u w ,  1 9 7 6 )  a n d  s o d i u m  a p p e t i t e  ( B u g g y  a n d  

F i s h e r ,  1 9 7 5 ;  B r y a n t  e t  a l . ,  1 9 8 0 ;  W e i s i n g e r  e t  a l . ,  1 9 7 9 ) .

I t  s h o u l d  b e  a p p a r e n t  t h a t  n e u r a l  s y s t e m s  d e f e n d i n g  c e l l u l a r  v e r s u s  

p l a s m a  v o l u m e  c a n  i n t e r a c t  i n  a  v a r i e t y  o f  w a y s .  T h u s ,  w a t e r  i n t a k e  

i n d u c e d  b y  h y p o v o l e m i a  c a n  b e  p o t e n t i a t e d  b y  c o n c u r r e n t  h y p e r o s m o l a r i t y  

o r  i n h i b i t e d  b y  h y p o s m o l a r i t y  ( S t r i e k e r ,  1 9 7 5 ) .  I t  i s  q u i t e  p o s s i b l e  

t h e n  t h a t  t h e  r e s p o n s e  t o  a  g i v e n  o s m o t i c  o r  v o l u m e  ( s o d i u m )  c h a l l e n g e  

c o u l d  v a r y  d e p e n d i n g  o n  t h e  p a r a m e t e r  s e l e c t e d  f o r  m e a s u r e m e n t  o r  t h e  

b a c k g r o u n d  p h y s i o l o g i c a l  c o n d i t i o n s .  M o r e o v e r ,  t h e r e  m a y  b e  a t  l e a s t  

s o m e  n e u r o a n a t o m i c a l  o v e r l a p  b e t w e e n  t h e s e  s y s t e m s ;  B e a l e r  e t  a l .  ( 1 9 7 9 )  

h a v e  r e p o r t e d  t h a t  A V 3 V  l e s i o n s  w h i c h  d i s r u p t  o s m o t i c  r e g u l a t i o n  i n  r a t s  

a l s o  d e c r e a s e  s o d i u m  i n t a k e  a f t e r  s o d i u m  d e p r i v a t i o n  a n d  i m p a i r  

n a t r i u r e s i s  a f t e r  v o l u m e  e x p a n s i o n ;  i n  c o n t r a s t  t o  s h a m - l e s i o n e d  r a t s  

t h a t  i n c r e a s e d  c i r c u l a t i n g  n a t r i u r e t i c  h o r m o n e  a f t e r  v o l u m e  e x p a n s i o n ,  

r a t s  w i t h  A V 3 V  l e s i o n s  d i d  n o t  h a v e  l e v e l s  o f  n a t r i u r e t i c  h o r m o n e  

d e t e c t a b l e  b y  b i o a s s a y .

F U N C T I O N A L  O R G A N I Z A T I O N

S i n c e  s i m i l a r i t i e s  a n d  i n t e r a c t i o n s  e x i s t  b e t w e e n  n e u r a l  s y s t e m s  f o r  

f l u i d  b a l a n c e  r e g u l a t i o n ,  i t  h a s  b e e n  a  w o r t h w h i l e  s t r a t e g y  t o  s e a r c h  f o r  

d i f f e r e n c e s  i n  a n g i o t e n s i n  a n d  o s m o t i c  s t i m u l a t e d  r e g u l a t o r y  r e s p o n s e s  t o  

e s t a b l i s h  i n  w h a t  w a y s  t h e  u n d e r l y i n g  n e u r a l  s u b s t r a t e s  a r e  c o m m o n  a n d  i n  

w h a t  w a y s  d i s t i n c t .  O n  t h e  b a s i s  o f  a  s y n e r g e s t i c  i n t e r a c t i o n  i n  g o a t s  

t o  c e n t r a l  s t i m u l a t i o n  w i t h  a n g i o t e n s i n  o r  h y p e r t o n i c  N a C l ,  A n d e r s s o n
( 1 9 7 7 )  s u g g e s t e d  t h a t  a n g i o t e n s i n  i n  c e r e b r o s p i n a l  f l u i d  m a y  a c t  o n  t h e  

j u x t a v e n t r i c u l a r  r e c e p t o r s  n o r m a l l y  s t i m u l a t e d  b y  s o d i u m  i o n s  b y  

i n f l u e n c i n g  l o c a l  i o n  t r a n s p o r t  t o  f a c i l i t a t e  e x c i t a t i o n  o f  s o d i u m  

r e c e p t o r s .  W i t h  i n t r a v e n t r i c u l a r  i n j e c t i o n s  o r  i n f u s i o n s  o f  h y p e r t o n i c  

N a C l  c o m b i n e d  w i t h  a  r a n g e  o f  a n g i o t e n s i n  d o s e s ,  h o w e v e r ,  w e  h a v e  n o t  

o b s e r v e d  i n  t h e  r a t  a  d r i n k i n g  r e s p o n s e  t o  t h e  c o m b i n e d  s t i m u l i  g r e a t e r  

t h a n  t h e  s u m  o f  d r i n k i n g  t o  e a c h  s t i m u l u s  a l o n e .  T h u s ,  i n  t h e  r a t  t h e r e  

i s  n o  a v a i l a b l e  f u n c t i o n a l  e v i d e n c e  w h i c h  s u p p o r t s  a  s y n e r g e s t i c  c e n t r a l
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F u r t h e r m o r e ,  o u r  e x p e r i e n c e  w i t h  A V 3 V  l e s i o n s  i n  r a t s  d o e s  n o t  

s u p p o r t  t h e  h y p o t h e s i s  t h a t  a n g i o t e n s i n  a n d  h y p e r t o n i c  N a C l  a c t  o n  t h e  

s a m e  j u x t a v e n t r i c u l a r  r e c e p t o r .  A l t h o u g h  r e s p o n s e s  t o  b o t h  o s m o t i c  a n d  

a n g i o t e n s i n  c h a l l e n g e s  a r e  o f t e n  b l o c k e d  b y  A V 3 V  l e s i o n s ,  t h i s  i s  n o t  

i n v a r i a b l y  t h e  c a s e .  A s  d i s c u s s e d  e a r l i e r  a n d  a s  s h o w n  i n  F i g u r e s  2  a n d  

3 ,  s o m e  A V 3 V  l e s i o n s  p r o d u c e  a  s e l e c t i v e  d e f i c i t  t o  a n g i o t e n s i n  o r  

o s m o t i c  s t i m u l i  o n l y  ( B u g g y  a n d  J o h n s o n ,  1 9 7 7 ;  L i n d  e t  a l . ,  1 9 7 9 ) .  T h i s  

i m p l i e s  t h a t  w h i l e  t h e  r e c e p t o r s  a n d  n e u r a l  s u b s t r a t e s  f o r  t h e s e  s t i m u l i  

m a y  b e  c o m i n g l e d ,  t h e y  a r e  n o t  i d e n t i c a l  n o r  d o  t h e y  o v e r l a p  c o m p l e t e l y .  

A s  t h e  n e x t  s e c t i o n s  i n d i c a t e ,  i t  i s  a l s o  p o s s i b l e  t o  f u n c t i o n a l l y  

d i s s o c i a t e  r e s p o n s e  s y s t e m s  f o r  h y p e r t o n i c  N a C l  a n d  a n g i o t e n s i n  s t i m u l i .

action of angiotensin and hypertonic NaCl.

S o d i u m  P r e f e r e n c e s  a f t e r  O s m o t i c  a n d  A n g i o t e n s i n  S t i m u l a t i o n

W h e n  a c c e s s  t o  b o t h  w a t e r  a n d  d i l u t e  s o d i u m  c h l o r i d e  s o l u t i o n s  i s  

p r o v i d e d ,  r a t s  w i l l  c o n s u m e  u n d e r  a d  l i b  c o n d i t i o n s  a  r e l a t i v e l y  f i x e d  

r a t i o  o f  w a t e r  t o  s a l i n e .  I f  d r i n k i n g  i s  s t i m u l a t e d  i n s t e a d  b y  

p e r i p h e r a l  o r  c e n t r a l  i n j e c t i o n s  o f  h y p e r t o n i c  s o l u t i o n s  o r  a n g i o t e n s i n ,  

d i f f e r e n t  p r e f e r e n c e s  f o r  s a l i n e  a r e  d e m o n s t r a t e d .  F i g u r e  5  s u m m a r i z e s  

t h e  g e n e r a l  o b s e r v a t i o n  f r o m  s t u d i e s  e x a m i n i n g  b o t h  s a l i n e  a n d  w a t e r  

i n t a k e  ( B u g g y  a n d  F i s h e r ,  1 9 7 5 ;  B u g g y  e t  a l . ,  1 9 7 9 ) .  W a t e r  i n t a k e  i s  

i n d u c e d  b y  b o t h  a n g i o t e n s i n  a n d  h y p e r o s m o t i c  s t i m u l a t i o n  b u t  s i g n i f i c a n t  

i n t a k e s  o f  s a l i n e  a r e  o b s e r v e d  o n l y  a f t e r  s t i m u l a t i o n  w i t h  a n g i o t e n s i n .  

I n c r e a s e d  s o d i u m  i n t a k e  a f t e r  a n g i o t e n s i n  s t i m u l a t i o n  h a s  a l s o  b e e n  

r e p o r t e d  b y  B r y a n t  e t  a l .  ( 1 9 8 0 ) .  W i t h  r e s p e c t  t o  t h e  s a l i n e  p r e f e r e n c e  

o b t a i n e d  u n d e r  a d  l i b  c o n d i t i o n s ,  a n g i o t e n s i n  i n c r e a s e s  s a l i n e  p r e f e r e n c e  

w h i l e  h y p e r o s m o t i c  s t i m u l i  o r  c h o l i n e r g i c  a g o n i s t s  d e c r e a s e  t h e  

p r e f e r e n c e  f o r  s a l i n e .

F I G U R E  5 .  S a l i n e  p r e f e r e n c e  f o r  

r a t s  i n  2  b o t t l e  t e s t  w i t h  b o t h  

w a t e r  a n d  1 . 8 Í  N a C l  s o l u t i o n  t o  

d r i n k .  T h e  p r e f e r e n c e  m e a s u r e  

i s  t h e  p e r c e n t  o f  t o t a l  f l u i d  

i n t a k e  a c c o u n t e d  f o r  b y  s a l i n e  

d r i n k i n g .  T h e s e  c h a n g e s  i n  

s a l i n e  p r e f e r e n c e  a r e  e v i d e n t  

a f t e r  e i t h e r  c e n t r a l  o r  

p e r i p h e r a l  a d m i n i s t r a t i o n  o f  

a n g i o t e n s i n  o r  h y p e r t o n i c  N a C l  

s o l u t i o n s  ( c e l l u l a r  

d e h y d r a t i o n ) . DEHYDRATION

T h e s e  r e s p o n s e s  t o  i n g e s t  o r  n o t  i n g e s t  N a C l  w h e n  w a t e r  i n t a k e  i s  

s t i m u l a t e d  a r e  a p p r o p r i a t e  i n  b o t h  c a s e s  t o  c o r r e c t  t h e  d e h d r a t i o n  

c o n d i t i o n s  r e p r e s e n t e d  b y  t h e s e  s t i m u l i .  H y p e r o s m o l a l i t y  s i g n a l s  

i n t r a c e l l u l a r  d e h y d r a t i o n  w h i c h  i s  m o s t  e f f i c i e n t l y  r e p l e t e d  b y  a d d i t i o n  

o f  w a t e r  a l o n e  w h e r e a s  a n g i o t e n s i n  s i g n a l s  d e c r e a s e d  e x t r a c e l l u l a r  v o l u m e  

o r  p l a s m a  v o l u m e  w h i c h  i s  m o s t  e f f e c t i v e l y  r e p l e t e d  b y  a d d i t i o n  o f  s o d i u m  

a s  w e l l  a s  w a t e r .  T h e  d i f f e r e n c e  i n  s a l i n e  p r e f e r e n c e  i s  a  f u n d a m e n t a l
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d i f f e r e n c e  b e t w e e n  f l u i d  r e g u l a t o r y  s y s t e m s  a c t i v a t e d  b y  o s m o t i c  v e r s u s  

a n g i o t e n s i n  s t i m u l i  w h i c h  m u s t  r e f l e c t  b a s i c  d i f f e r e n c e s  i n  t h e  

o r g a n i z a t i o n  o f  t h e  u n d e r l y i n g  n e u r a l  s u b s t r a t e s .

D i f f e r e n c e s  i n  E s t r o g e n  M o d u l a t i o n

F l u i d  r e g u l a t o r y  s y s t e m s  s e n s i t i v e  t o  a n g i o t e n s i n  a n d  o s m o t i c  s t i m u l i  

c a n  a l s o  b e  d i s c r i m i n a t e d  o n  t h e  b a s i s  o f  s e n s i t i v i t y  t o  e s t r o g e n  

( D a n i e l s e n  e t  a l . ,  1 9 8 0 ;  F i n d l a y  e t  a l . ,  1 9 7 9 ) .  T h e  v o l u m e  o f  f l u i d  

i n t a k e  i s  r e d u c e d  i n  f e m a l e  r a t s  o n  t h e  d a y  o f  e s t r u s  f o r  a d  l i b  o r  

a n g i o t e n s i n  s t i m u l a t e d  f l u i d  i n t a k e  b u t  n o t  d r i n k i n g  s t i m u l a t e d  b y  

o s m o t i c  s t i m u l i  o r  c h o l i n e r g i c  a g o n i s t s .  I n  m a l e  r a t s  o r  o v a r i e c t o m i z e d  

f e m a l e  r a t s ,  f l u i d  i n t a k e  o v e r  d a y s  d o e s  n o t  v a r y  f o r  a n y  o f  t h e  a b o v e  

d r i n k i n g  c o n d i t i o n s .  I f  s a l i n e  a n d  w a t e r  i s  p r o v i d e d ,  t h e  m a g n i t u d e  o f  

s a l i n e  a s  w e l l  a s  w a t e r  i n t a k e  v a r i e s  t h r o u g h  t h e  e s t r o u s  c y c l e ,  a g a i n  

f o r  a d  l i b  o r  a n g i o t e n s i n  s t i m u l a t e d  b u t  n o t  o s m o t i c  o r  c h o l i n e r g i c  

a g o n i s t  s t i m u l a t e d  c o n d i t i o n s .  T h e  r e d u c t i o n s  i n  w a t e r  i n t a k e  a r e  

p r o p o r t i o n a l  t o  r e d u c t i o n s  i n  s a l i n e  i n t a k e  s o  t h a t  t h e  o v e r a l l  s a l i n e  

p r e f e r e n c e  r e m a i n s  s t e a d y  ( D a n i e l s e n  e t  a l . ,  1 9 8 0 ) .

S i n c e  t h e  c h a n g e s  i n  f l u i d  i n t a k e  n o t e d  a r e  g r e a t e s t  o n  t h e  d a y  o f  

e s t r u s ,  2 U  h o u r s  a f t e r  p e a k  l e v e l s  o f  p l a s m a  e s t r o g e n ,  a n d  s i n c e  r e m o v a l  

o f  t h e  o v a r i e s  a n d  t h e i r  p r o d u c t i o n  o f  e s t r o g e n  a b o l i s h e s  t h e  

f l u c t u a t i o n s  i n  i n t a k e ,  i t  s e e m e d  p o s s i b l e  t o  a c c o u n t  f o r  t h e  o b s e r v e d  

e f f e c t s  b y  p o s t u l a t i n g  a  d i f f e r e n t i a l  a c t i o n  o f  e s t r o g e n  o n  t h e  v a r i o u s  

n e u r a l  s u b s t r a t e s  f o r  f l u i d  b a l a n c e .  T o  t e s t  t h i s  h y p o t h e s i s ,  w a t e r  

i n t a k e  a n d  p r e s s o r  r e s p o n s e s  u n d e r  a  v a r i e t y  o f  c o n d i t i o n s  w e r e  m e a s u r e d  

f o r  s e v e r a l  d a y s  b e f o r e  a n d  a f t e r  a  s i n g l e  i n j e c t i o n  o f  1 p g  e s t r a d i o l  

b e n z o a t e  o r  v e h i c l e  i n  t h e  A V 3 V  o f  m a l e  o r  o v a r i e c t o m i z e d  f e m a l e  r a t s  

( s e e  F i g u r e  6 ;  D a n i e l s e n  a n d  B u g g y ,  1 9 8 0 ) .

All STIM ULATED W ATER INTAKE g  HYPERTONIC NaCI
STIMULATED PRESSOR RESPONSE

D A Y S  PR E -  A N D  P O S T  - E S T R O G E N

F I G U R E  6 .  P a n e l  A  i l l u s t r a t e s  t h e  t r a n s i e n t  d e p r e s s i o n  i n  w a t e r  

i n t a k e  s t i m u l a t e d  b y  A V 3 V  i n j e c t i o n s  o f  a n g i o t e n s i n  i n  o v a r i e c t o m i z e d  

f e m a l e  b u t  n o t  m a l e  r a t s  o b s e r v e d  o n  t h e  d a y  f o l l o w i n g  A V 3 V  

a d m i n i s t r a t i o n  o f  e s t r o g e n ;  p r e s s o r  r e s p o n s e s  i n d u c e d  b y  A V 3 V  

i n j e c t i o n s  o f  a n g i o t e n s i n  w e r e  a l s o  a t t e n u a t e d  o n  t h e  d a y  a f t e r  

c e n t r a l  t r e a t m e n t  w i t h  e s t r o g e n ,  a g a i n  i n  f e m a l e s  o n l y .  P a n e l  В  

i l l u s t r a t e s  t h e  a b s e n c e  o f  c h a n g e  i n  p r e s s o r  r e s p o n s e s  i n d u c e d  b y  A V 3 V  

i n j e c t i o n s  o f  h y p e r t o n i c  N a C I  f o l l o w i n g  A V 3 V  e s t r o g e n  a d m i n i s t r a t i o n ;  

d r i n k i n g  r e s p o n s e s  t o  A V 3 V  i n j e c t i o n s  o f  h y p e r t o n i c  N a C I  a l s o  r e m a i n e d  

c o n s t a n t  a f t e r  e s t r o g e n  t r e a t m e n t .
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W a t e r  i n t a k e  f o r  a l l  c o n d i t i o n s  w a s  n o t  d i f f e r e n t  f r o m  p r e c e d i n g  d a y s  

w h e n  m e a s u r e d  2  h o u r s  a f t e r  e s t r a d i o l  i n j e c t i o n .  O n  t h e  d a y  f o l l o w i n g  

e s t r a d i o l  i n j e c t i o n ,  h o w e v e r ,  a d  l i b  w a t e r  i n t a k e  o r  d r i n k i n g  s t i m u l a t e d  

b y  a n g i o t e n s i n  ( b u t  n o t  c h o l i n e r g i c  a g o n i s t s  o r  o s m o t i c  s t i m u l i )  w a s  

d e p r e s s e d  i n  t h e  o v a r i e c t o m i z e d  f e m a l e  b u t  n o t  t h e  m a l e  r a t s .  W h e n  

p r e s s o r  r e s p o n s e s  i n d u c e d  b y  c e n t r a l  i n j e c t i o n s  o f  h y p e r t o n i c  N a C l ,  

c h o l i n e r g i c  a g o n i s t s ,  a n d  a n g i o t e n s i n  w e r e  e x a m i n e d  i n  t h i s  w a y ,  c e n t r a l  

e s t r o g e n  t r e a t m e n t  r e s u l t e d  i n  a  s m a l l e r  i n c r e a s e  i n  a r t e r i a l  p r e s s u r e  t o  

t h e  a n g i o t e n s i n  s t i m u l u s  o n l y ,  a n d  o n l y  i n  f e m a l e s .  T h e  l a t e n c y  o f  a b o u t  

a  d a y  u n t i l  v i s i b l e  e f f e c t  o n  b o t h  t h i r s t  a n d  p r e s s o r  r e s p o n s e s  i s  

c o n s i s t e n t  w i t h  t h e  d e l a y e d  t i m e  c o u r s e  o f  s t e r o i d  a c t i o n  a l l o w i n g  t i m e  

f o r  e x p r e s s i o n  o f  a  s t e r o i d  e f f e c t  o n  g e n e  t r a n s c r i p t i o n  a n d  p r o t e i n  

s y n t h e s i s .  T h e  n e x t  d a y ,  2  d a y s  a f t e r  e s t r a d i o l  i n j e c t i o n ,  r e s p o n s e s  

u n d e r  a l l  c o n d i t i o n s  r e t u r n e d  t o  t h e  m a g n i t u d e s  o b s e r v e d  b e f o r e  A V 3 V  

e s t r o g e n  t r e a t m e n t .

T h u s ,  c e n t r a l  t r e a t m e n t  w i t h  e s t r o g e n  p r o d u c e s  i n  f e m a l e s  o n l y  a  

r e v e r s i b l e  d e p r e s s i o n  o f  r e s p o n s e  m a g n i t u d e  w h i c h  d i f f e r e n t i a l l y  a f f e c t s  

t h e  n e u r a l  s u b s t r a t e  s e n s i t i v e  t o  a n g i o t e n s i n  v e r s u s  o s m o t i c  s t i m u l i .  

T h i s  d e m o n s t r a t i o n  o f  d i f f e r e n t i a l  s e n s i t i v i t y  t o  e s t r o g e n  c o u p l e d  w i t h  

t h e  o b s e r v a t i o n s  o n  s o d i u m  p r e f e r e n c e s  p r o v i d e  a  b a s i s  f o r  d i s c r i m i n a t i n g  

t h e  f u n c t i o n a l  o r g a n i z a t i o n  o f  n e u r a l  s y s t e m s  s e n s i t i v e  t o  a n g i o t e n s i n  

v e r s u s  t h o s e  s u b s e r v i n g  o s m o t i c  r e g u l a t i o n .

S U M M A R Y

T h e  e x p e r i m e n t s  r e v i e w e d  h e r e  h a v e  t h e  c o m m o n  t h e m e  o f  c h a r a c t e r i z i n g  

t h e  c e n t r a l  n e u r a l  s u b s t r a t e s  f o r  o s m o r e g u l a t i o n .  I n t r a c r a n i a l  

s t i m u l a t i o n  a n d  a b l a t i o n  s t u d i e s  r e i n f o r c e d  b y  m a p p i n g  o f  r e g i o n a l  

c e r e b r a l  m e t a b o l i c  a c t i v i t i e s  h a v e  a l l  i m p l i c a t e d  t h e  p r e o p t i c  

p e r i v e n t r i c u l a r  t i s s u e s  ( A V 3 V )  a s  a  n e c e s s a r y  c o m p o n e n t  i n  

o s m o r e g u l a t i o n ,  p r o b a b l y  a s  a  r e c e p t i v e  o r  i n t e g r a t i v e  a r e a  b e f o r e  

d i v e r g e n c e  o f  e f f e c t o r  p a t h w a y s  f o r  t h i r s t ,  a n t i d i u r e t i c ,  a n d  p r e s s o r  

r e s p o n s e s .  M o s t  s t u d i e s  c o n c u r  t h a t  t h e  r e l e v a n t  c e n t r a l  r e c e p t o r  i s  a n  

o s m o r e c e p t o r  r a t h e r  t h a n  a  s o d i u m - r e c e p t o r  a l t h o u g h  s o d i u m  r e c e p t o r s  i n  

t h e  b r a i n  m a y  s u b s e r v e  e x t r a c e l l u l a r  f l u i d  v o l u m e  r e g u l a t i o n  v i a  e f f e c t s  

o n  s o d i u m  i n t a k e  a n d  s o d i u m  e x c r e t i o n .  T h e  n e u r a l  s u b s t r a t e  f o r  

o s m o r e g u l a t i o n  m a y  b e  c o n t r a s t e d  t o  t h e  n e u r a l  s u b s t r a t e  m e d i a t i n g  

c e n t r a l  r e s p o n s e s  t o  a n g i o t e n s i n  b o t h  a n a t o m i c a l l y  a n d  f u n c t i o n a l l y .  

W h i l e  t h e  A V 3 V  r e g i o n  i s  s e n s i t i v e  t o  b o t h  a n g i o t e n s i n  a n d  o s m o t i c  

s t i m u l i ,  l e s i o n  s t u d i e s  s u g g e s t  t h a t  t h e  c r i t i c a l  n e u r a l  s u b s t r a t e s  d o  

n o t  o v e r l a p  c o m p l e t e l y .  F u n c t i o n a l l y ,  a n g i o t e n s i n  a n d  o s m o t i c  s e n s i t i v e  

n e u r a l  s u b s t r a t e s  m a y  b e  d i s c r i m i n a t e d  o n  t h e  b a s i s  o f  s o d i u m  p r e f e r e n c e  

s i n c e  c o m p a r e d  t o  a d  l i b  p r e f e r e n c e ,  a n g i o t e n s i n  i n c r e a s e s  w h i l e  o s m o t i c  

s t i m u l i  d e c r e a s e  s o d i u m  p r e f e r e n c e .  T h e s e  n e u r a l  s u b s t r a t e s  m a y  a l s o  b e  

d i s t i n g u i s h e d  o n  t h e  b a s i s  o f  e s t r o g e n  m o d u l a t i o n  s i n c e  d r i n k i n g  a n d  

p r e s s o r  r e s p o n s e s  t o  a n g i o t e n s i n  b u t  n o t  o s m o t i c  s t i m u l i  a r e  r e v e r s i b l y  

d e c r e m e n t e d  i n  f e m a l e  r a t s  a f t e r  c e n t r a l  e s t r o g e n  a d m i n i s t r a t i o n .  *

*  T h e  a s s i s t a n c e  o f  J a n e t  W e a v e r ,  D i c k  W e l l s  a n d  S t e w a r t  S n y d e r _ . i n  

p r e p a r a t i o n  o f  t h e  m a n u s c r i p t  i s  g r a t e f u l l y  a c k n o w l e d g e d .  T h i s  w o r k  w a s  

s u p p o r t e d  i n  p a r t  b y  a  g r a n t - i n - a i d  f r o m  t h e  A m e r i c a n  H e a r t  A s s o c i a t i o n  

a n d  w i t h  f u n d s  c o n t r i b u t e d  i n  p a r t  b y  t h e  S o u t h  C a r o l i n a  H e a r t  

A s s o c i a t i o n .
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IS THE CONTROL OF SODIUM EXCRETION 
PARTLY DUE TO SIGNALS FROM RECEPTORS 

LOCATED IN THE LEFT ATRIUM OF THE
HEART?

H. W . Reinhardt, G. Kaczmarczyk, R. M ohnhaupt, В. Simgen and
S. Wegener

AG. Expti. Anesthesia, Free University, West Berlin

In mammals osmolar  c o n c e n t r a t i o n  and volume o f  the  e x t r a c e l l u l a r  f l u i d  is 
kept  f a i r l y  c o n s ta n t  w i t h i n  narrow l i m i t s .  Though many impor tan t  i n f o r 
mat ions conce rn ing th e  osmo- and volume con t ro l  have been p u b l i s h ed  s i n ce  
the  f i r s t  d e s c r i p t i o n  by Verney (1948) and Henry and Gauer (1956).  Many 
q u e s t i o n s  remained unanswered (Goetz e t  a l .  1975).  The ma intenance o f  a 
c o n s ta n t  osmot ic  p r e s s u r e  i s  p a r t l y  dependent  on the  co n t ro l  o f  sodium 
b a l a n c e ,  because 90% o f  the  e x t r a c e l l u l a r  o s m o l a l i t y  a r e  due to  sodium 
s a l t s .  The con t r o l  o f  sodium balance  can be d es c r ib ed  under  two d i f f e r e n t  
a s p e c t s :

1. A f t e r  a los s  o f  sodium,  the  organism must be a b l e  to  r e t a i n  Na by the 
kidneys -  i f  i t  is  a v a i l a b l e  aga in  -  as long as the  d e f i c i t  is  r ep a i r e d  
and the  e x t r a c e l l u l a r  volume i s  reexpanded.  In consc ious  dogs,  kept  
under  the  c o n d i t i o n s  o f  a high sodium in t a k e ,  the  upper  l i m i t  o f  the  
e x t r a c e l l u l a r  volume seems to  be in the  range o f  22% o f  the body weight  
( R e i nh ar d t ,  H.W. and D.W.Behrenbeck 1967).

2. A f t e r  the  in ta ke  o f  an o ra l  sodium load th e  osmot ic  and volume homeosta
s i s  shou ld  be r ega ined  as f a s t  as i t  is  p o s s i b l e .

This  p r e s e n t a t i o n  w i l l  c o n t r i b u t e  to  answer the  q u e s t i o n :  What i s  the 
p o s s i b l e  ro le  o f  r e c e p t o r s ,  l o c a t e d  in the  l e f t  a t r ium  o r  th e  pulmonal 
v a s c u l a r  bed in the  s h o r t - t e r m  ad jus tment  o f  sodium ba lance under  th es e  
two as p e c t s  ?

Methods:

Exper iments  were performed on c h r o n i c a l l y  ins t rumented  dogs,  kept  under  
c o n s ta n t  d i e t e t i c  and envi ronmenta l  c o n d i t i o n s .  The sodium c o n te n t  o f  the 
d i e t  was 0 . 5  and 14.5 mmol Na/kg bw/day. For d e t a i l s  se e :  Kaczmarczyk e t  
a l .  1978 ( 6 ) ,  Re inhard t  e t  a l .  1977, 1980 (10,  11, 12) .  B r i e f l y :  Female 
beag le  dogs (10-12 kg bw) were ins t rumented  wi th  a c a r o t i d  loop,  a pur se  
s t r i n g  around the  l e f t  a t r i um  and an implanted l e f t  a t r i a !  c a t h e t e r .
P u l l i n g  o f  the  s t r i n g ,  which was lead ou t  on th e  l e f t  s i d e  o f  the  th o ra x ,  
e l e v a t e d  the  l e f t  a t r i a l  p r es su r e  (eLAP * ) . Some dogs were a d d i t i o n a l l y  
c a r d i a c  denerva ted  (Drake e t  a l .  1980) ,  ad rena l ec tom ize d  (Re in hard t  e t  a l . 
I 98O, 10) ,  o r  f i t t e d  wi th  an pneumatic c u f f  above the  r enal  a r t e r i e s .  The 
degree o f  i n f l a t i o n  o r  d e f l a t i o n  o f  the  c u f f  was a u t o m a t i c a l l y  c o n t r o l l e d  
to  keep the  renal  p e r f u s i o n  p r e s s u r e  c o n s ta n t  (Re inhard t  e t  a l .  1980, 12) .
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Fig.  1
In f luence o f  a r educ t ion  o f  t o t a l  body sodium (-91+8 mmol) 
(5 conscious dogs (8 e x p t s ) ) o n  l e f t  a t r i a l  p r e s s u r e  (LAP), 
p i a smaconcen t ra t  ion o f  Na (PNa) , o s m o l a l i ty  (Posm) , plasma 
renin a c t i v i t y  (PRA) , and sodium and w a te r  e x c r e t i o n  
(UNa\7, Si). The dogs were kept  under  s tandardized c o n d i t io n s  
(wa te r  i n t a k e :  100 m l / kg /da y) .  dashed l i n e :  sodium in ta k e .  
' o smocon t ro l '  o v e r r id e s  ' vol umecon t  rol '
A  LAP and A PRA c o r r e l a t e  well  wi th  sodium r e t e n t i o n

Some mongrel dogs (10-21 kg bw) were ins t rumented  only wi th  ch r o n ic  
a r t e r i a l ,  venous and l e f t  a t r i a l  c a t h e t e r s  (Re inhard t  e t  a l .  1980, 11 * * ) .  
These dogs r ec e ived  0 .5  o r  2 .0 mmol Na/kg/day and a co n s ta n t  d a i ly  wate r  
in t a ke  (100 ml/kg bw) . In th es e  dogs the  l e f t  a t r i a l  p r e s s u r e  (LAP) was 
r ecorded over  se ve r a l  weeks: The LAP-ca theter  was connected  wi th  two 
p r e s s u r e  t r a n sd u c e r s  mounted on e i t h e r  s id e  o f  the  ch es t  a t  co or d in a te s

*These s t u d i e s  were performed in the Department o f  Physiology  and 
Biophysics  (Dr.A.C.Guyton) t o g e t h e r  wi th  A.W.Cowley, j r .  and E .W.Qui l len ,  
J a c k s o n , Ms. ,  USA
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Fig.  2
Frequency d i s t r i b u t i o n  o f  
LAP v a l u e s ,  r ecorded every 
60 sec  (1 dog,  9 days)
1 .  mean o f  3 days ,  con t ro l
3 .  f i r s t  day a f t e r  p e r i t o n e a l  

d i a l y s i s
4 .  mean o f  3 days a f t e r  

p e r i t o n e a l  d i a l y s i s
2 .  mean o f  3 days a f t e r  

e q u i l i b r a t i o n  o f  the  Na- 
d e f i c i t  (compare Гi g . 1)

'LAP a not  c o n t r o l l e d  
v a r i a b l e  7'

LAP remains low as long as 
no sodium is a v a i l a b l e

r e p r e s e n t i n g  th e  hemodynamic ze ro  r e f e r e n c e  p o i n t .  Continuous computer ized 
ave rag ing  o f  d i g i t a l i z e d  s i g n a l s  from both t r an sd u c er s  enab led  c o r r e c t i o n s  
f o r  p o s tu r a l  ly induced h y d r o s t a t i c  p r e s s u r e  changes .  This p rocedure  e n 
ab led  q u a n t i f i c a t i o n  o f  s h o r t  and long- term changes o f  LAP in the  con
sc iou s  dog. The a r t e r i a l  p r e s s u r e  ( P a r t )  was r ecorded ov er  24 h a l s o ,  in 
th e s e  exper imen t s  t o t a l  body sodium was d imin ished  by p e r i t o n e a l  d i a l y s i s  
(P D) .  In a f i r s t  s e t  o f  8 exper iment s  9 1 ^ 8  mmol Na were withdrawn by PD.

Resu l t s  to  1. :

A f t e r  the  removal o f  sodium a r emarkable dec rea se  in plasma sodium con
c e n t r a t i o n  (PNa) , osmolar  c o n c e n t r a t i o n  (Posm) and l e f t  a t r i a l  p r es su re  
(LAP) occ ur red  (PNa 143^1 to  135^2 mmol/1, Posm 295^4 to  279j^4 mosm/1). 
Plasma ren in  a c t i v i t y  (PRA) inc re as e d  ( .96+.  57 to  9-60+1 .87 ng Al /ml /hour ) .  
But on the  next  morning ( f i g .  1 ) ,  20 hours a f t e r  PD, Posm and PNa were in 
the  range o f  the  c o n t r o l s  (98 I )  though no sodium was a v a i l a b l e .  The 
u r in e  volume (V) o f  a l l  dogs was very high up to  20 hours a f t e r  PD, r e 
s u l t i n g  in a n e g a t i v e  w a t e r  balance by about  500 ml on the  day o f  PD. This 
' s h r i n k i n g '  could be demons trat ed  by an i n c re a s e  o f  h em at o c r i t  (+23 %).
For f u r t h e r  3 days the  dogs r ece ive d  no a d d i t i o n a l  Na to  the  food and 
the  LAP remained ne a r  +1.0 cm H2O, t h i s  means t h a t  th e r e  was a dec rease  
o f  LAP by abou t 4 cm o f  w a t e r  f o r  3 days ( f i g . 2 ) . LAP remained lowered 
and PRA e l e v a t e d  as long as no Na was a v a i l a b l e .  The a r t e r i a l  p r e s s u r e  
( P a r t )  was unchanged ov er  the t ime.  A f t e r  3 days 2 meq Na were added to 
the  food. T h e r e a f t e r  fo r  2 days a complete Na r e t e n t i o n  was obse rved.
A f t e r  5 days the  N a - d e f i c i t ,  induced by PD, was e q u i l i b r a t e d .  LAP in 
c r e as e d  s t e p w is e  wi th  Na r e t e n t i o n ,  wh i l e  PRA dec reased  in th e  same manner. 
These r e s u l t s  c l e a r l y  i n d i c a t e  t h a t  under de f ine d  c o n d i t i o n s  in Conscious 
dogs the osmocontrol  dominates the  v o l um ec on t r o l■ But the  organism 
should be ab le  to  f ee l  a volume d e f i c i t  by means o f  i n t r a t h o r a c i  c recqp-  
t o r s :  LAP seems to  be in c o n t r a s t  to  Posm o r  PNa not  a c o n t r o l l e d  v a r i a b le .
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Fig- 3
Sodium ( d o t t e d  ba r s)  
and w a t e r  e x c r e t i o n  
(1 igh t  b a r s )  , 6 con
sc ious  dogs ,  eLAP^for 
6 0 ' ,4 days a f t e r  each 
o t h e r  (1. to  A. day) 
VP con t ro l  pe r iod  
DP d i s t e n s i o n  p e r i od  

wi th  e l e v a t e d  LAP 
(eLAP /  )

NP a f t e r  d i s t e n s i o n  
per iod

*p< 0 .05 (Wilcoxon) 
compared to  1. day.  
' a f t e r  r ep ea ted  eLAP^ 
(3 t i m e s ) 1
' a t r i a l  nat  r i ures i s ' 
i s  n e a r ly  ab o l i s h e d

For the  mechanism o f  N a - r e t e n t i o n ,  the  r e n i n - a n g i o t e n s i n - s y s t e m  (RAS) 
could be r e s p o n s i b le .  This  i s  supposed because t h e r e  i s  a very c l e a r  
c o r r e l a t i o n  between LAP-increase and PRA-decrease.  The r e t e n t i o n  o f  Na 
d id  occ ur  as long as PRA was e l e v a te d .

Resu l t s  to  2, :

A f t e r  th e  i n ta k e  o f  a sodium r i ch  meal in c h r o n i c a l l y  ins t rumented  dogs,  
a very good c o r r e l a t i o n  between UNaV and LAP could be demonst ra t ed  
(Kaczmarczyk e t  a l .  1979).  Ther e fo r e  a l o t  o f  exper iment s  were performed 
in which LAP was e l e v a t e d  by means o f  a pur se s t r i n g  ( see  methods o r  
(Re inhard t  e t  a l .  1977))-  By p u l l i n g  the  s t r i n g  LAP was e l e v a t e d  f o r  60'  
as high as i t  was obse rved p o s t p r a n d i a l l y  (+10 cm H2O (Kaczmarczyk e t  a l . 
I 979) ) .  This  t e c h n ic  has the  advantage t h a t  the  exper imen t s  could be p e r 
formed in conscious  dogs w i th ou t  any changes o f  t h e  Na-ba lance ,  because 
the  l a s t  food and w a te r  in t a k e  was 20 hours  b e f o re .
Under th e se  de f ine d  co n d i t i o n s  eLAPf  was fol lowed by an i n c re a s e  o f  UNaV 
even under the  co n d i t i o n s  o f  a low sodium in ta ke  (Re inhard t  e t  a l .  1977).  
I t  cou ld  be c l e a r l y  demonst ra t ed  t h a t  under  de f ine d  co n d i t i o n s  t h e r e  is 
e x i s t i n g  a very p o te n t  mechanism f o r  sodium e x c r e t i o n  which can be a c t i 
va ted  by s t r e t c h i n g  the  wal l  o f  the  l e f t  a t r i um  o r  the  v a s c u l a r  bed o f  
the  lungs .  eLAP t  was always fol lowed by a pronounced dec rea se  o f  PRA.
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Fig.  A

Sodium e x c r e t i o n  dur ing  eLAP t  , 2 t imes  f o r  60 min ( DPi 
and DP2) in dogs kept  on a high sodium d i e t .
I und imini shed t o t a l  body sodium (TBS)
II d imini shed TBS (12 mmol PD)
No ' a t r i a l  n a t r i u r e s i s 1 is  p r e s e n t  dur ing DP? a f t e r  acu te  
s l i g h t  r educ t ion  o f  TBS

This  dec rea se  was shown under d i f f e r e n t  co n d i t i o n s  o f  Na in take  (Reinhard t  
e t  a l . I98O, 10).

At f i r s t  i t  was supposed t h a t  a dec rea se  in m i n e r a l o c o r t i c o i d  a c t i v i t y ,  
due to  the  de c r eas e  o f  PRA, was r e s p o n s i b le  f o r  th e  ' a t r i a l  n a t r i u r e s i s '  
(AN), but  the  n a t r i u r e t i c  e f f e c t  o f  eLAP f could not  be ab o l i s h e d  a f t e r  
the  removal o f  the  a d r e n a l s  (Re inhard t  e t  a l .  1980 , 10) .  Th ere fo re  AN is 
not  due to  changes in m i n e r a l o c o r t i c o i d  s e c r e t i o n  o f  the  a d r e n a l s .  In 
c o n t r a s t  to  a n e s t h e t i z e d  dogs,  in conscious dogs eLAPf is  fol lowed  by an 
i n c re as e  in P a r t .  To exc lude  the  p o s s i b i l i t y  t h a t  the  i n c re a s e  o f  renal  
p e r f u s i o n  p r e s s u r e  (Pren) causes  the  in c r e a s e  in UNaV, Pren was kept  
co n s ta n t  by means o f  an implanted pneumatic c u f f  above the  r ena l  a r t e r i e s ,  
which a u t o m a t i c a l l y  c o n t r o l l e d  Pren.  But t h i s  procedure did not  modify AN. 
These r e s u l t s  c l e a r l y  i n d i c a t e  t h a t  AN i s  not  produced by an i n c re as e  o f  
P a r t  (Re inhard t  e t  a l . 1980, 12).
But on the  o t h e r  hand the  in fu s i on  o f  very small  amounts o f  a n g i o te n s in  II 
(A ng/min and k g ) ,  which did not  change Pren,  ab o l i s h e d  the  eLAPf induced 
n a t r i u r e s i s  complete ly and d imin ished  the  d i u r e t i c  r esponse o f  eLAP f  .
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Fig.  5
Hear t  r a t e  (HR) , mean a r 
t e r i a l  blood p r e s s u r e  (MAP), 
sodium e x c r e t i o n  (UNa\)) ,and 
u r i n e  volume (V) i n ca r d ia c  
denerva ted  dogs a f t e r  eLAP * 
CP c o n t r o l  per iod  
DP d i s t e n s i o n  pe r io d  wi th  

e l e v a t e d  l e f t  a t r i a l  
p r es su r e  (eLAP t  )

ADP a f t e r  d i s t e n s i o n  pe r iod  
The ' a t r i a l  n a t r i u r e s i s '  
and d i u r e s i s  was complete ly 
ab o l i s h e d  a f t e r  ca r d ia c  
dene rv a t i on

*p< 0 .05  compared to  CP

Fig.  6
Mean a r t e r i a l  blood p re ss u re  
(MAP), plasma ren in  a c t i v i t y  
(PRA) , sodium e x c r e t i o n  (UNa'J) 
and u r in e  volume (V) in con
sc iou s  dogs a f t e r  the in ta k e  
o f  a sodium r ich  meal.
I n t a c t  dogs:  s t r i p e d  bars  
c a r d ia c  denerva ted  dogs: 
l i g h t  ba rs
P o s t p r an d ia l  sodium and w a te r  
e x c r e t i o n  shows no s i g n i f i c a n t  
d i f f e r e n c e s  between i n t a c t  and 
c a r d i a c  denervated  dogs * **

* □ < 0 . 0 5  compared to
**p<0.01 f a s t i n g  con t ro l

V
pl/min/kg 100 —

co ntro l 0-60 60-120 120-180 180-240
m in  pp
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There fo re  i t  is p o s s i b l e  t h a t  All i s  a f a s t  a c t i n g  component fo r  the  sodium 
r e t e n t i o n  on renal  l e v e l .  But i t  should  be p o i n t e d  o u t ,  t h a t  t h i s  f i nd ing  
is not  a v a l i d  argument a g a i n s t  the  e x i s t e n c e  o f  a ' n a t r i u r e t i c  hormone1 
o r  o t h e r  Na e l i m i n a t i n g  f a c t o r s  -  i f  we assume t h a t  the  an t  i n a t  ri u r e t  i c 
p r o p e r t i e s  o f  All would o v e r r i d e  n a t r i u r e t i c  a c t i v i t i e s .  I t  is  now the 
qu es t i o n  i f  f u r t h e r  r e l i a b l e  experimental  r e s u l t s  a re  a v a i l a b l e  which 
c l a r i f y  the  r o le  o f  a t r i a l  r ec ep t o r s  in c o n t r o l l i n g  sodium ba l ance .  This  
seems to  be very impor tan t  because ,  as i t  was shown above,  an expansion 
o f  e x t r a c e l l u l a r  f l u i d  could not  be ob ta in ed  w i th ou t  r e t e n t i o n o f  sodium.

Resu l t s  to  1. and 2. :

I f  t he  s t a n d a r d  eLAP * exper iment  was r epea ted  on 4 subsequent  days w i thou t  
r eplacement  o f  the  eLAP* induced ' c h r o n i c '  sodium d e f i c i t ,  t he  n a t r i u r e t i c  
eLAP * - r e sp on se  dec reased  from day to  day ( f i g . 3 ) .  These r e s u l t s  could be 
conf irmed by acu te  wi thdrawl  o f  very small  amounts o f  sodium by means o f  
p e r i t o n e a l  d i a l y s i s  (PD) ( f i g . 4 ) .  The same sup p re ss io n  o f  AN could be ob
t a in e d  by an acu te  r educ t ion  o f  blood volume by about 10% (unpubl ished  
o b s e r v a t i o n s ) .  These very small  ac u te  and ch r o n ic  changes o f  t o t a l  body 
sodium were no t  accompanied wi th  any d e t e c t a b l e  changes in P a r t ,  Posm o r  
the  p 1 asmaconcen t  r a t  ion o f  p r o t e i n ,  but  wi th  a s l i g h t l y  dec reased PNa in 
dogs kept on a high Na in ta k e  in the  PD -s tud ies .

I f  eLAP* was cont inued  over  se ve r a l  h o u r s ,  UNaV was s t i l l  e l e v a t e d  a f t e r  
4 hours (Tab . 1) .

Tab le  1: Adaption o f  a t r i a l  r ec ep t o r s  o r  o t h e r  reasons fo r  Angiotens i n  I I -  
escape ?
Urine volume ( \У) , Na- exc re t ion  (UNaV) , mean a r t e r i a l  blood 
p r es su r e  ( P a r t ) ,  Plasma Renin A c t i v i t y  (PRA) dur ing e l e v a t i o n  
o f  l e f t  a t r i a l  p r es su r e  (+ 10 cm LUO)
(**p<0.01 compared to  co n t ro l  *p<0.05)

cont rol : 
befo re 
eLAP*

eLAB+ 
a f t e r  
1 hou r

a f t e r  
2 hou rs

a f t e r  
3 hours

a f t e r  
4 hou rs

when UNaV 
was i n the 
range of 
cont rol*

V 59+13 194+16 126+12 68+6 43+5 23+6
M1/mi n/kg (10) ** (10) ** (TO) * (10) **(9) ** (9)

UNaV 3.7+0.9 12.4+1.8 12.6+1.2 9.6+0,5 6.5+0.9 3.9+1.0
pmol/mi n/kg (10) **(10) .► ** (10) ** (10) **(9) ns (7)

Part i 16+3 125+4 123+3 120+3 116+3 116+5
mmHg (Я*) * .** (ZD) ** (ZD) ** (ZD) ns ( Г8) ns ( Г6)

PRA 0.80+30 0.18+0.5 0.16+0.05 0.17+0.05 0.28+0.07 0.61+14
ng Al/ml/h (10) ** ( Г0) ** (10) ** (10) **(9T ns (9)

^between 5.  and 7- hour  o f  eLAP*.
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Beginning a t  the  end o f  the  4. hour and up to  the  end o f  the  5- hour UNaV 
dec reased and reached the  co n t ro l  l evel  dur ing a p e r s i s t e n t  eLAP t  (Tab. 1) . 
When UNaV had reached the  co n t ro l  l evel  PRA had been inc re as e d  a l s o .  This 
means,  t h a t  a wi thdrawl  o f  12-23 mmol o f  Na is  fol lowed  by an ' e sc ap e '  
o f  UNaV and PRA from the  regimen o f  the  e l e v a t e d  LAP. S ince PNa showed 
not  always d e t e c t a b l e  changes and s i n c e  P a r t  was not  below the  c o n t r o l s  we 
did not  know the a c t i n g  s t i m u l i  f o r  r enin r e l e a s e  a t  p r e s e n t  t ime.  But i t  
is supposed t h a t  sodium o r  osmot ic  r eceptor j act i  vi t i e s  a re  r e sp o n s i b le  fo r  
the  PRA escape .
Another  approach to  e v a l u a t e  the  ro le  o f  a t r i a l  r ec ep to r s  in the  con t ro l  
o f  Na-balance was the  d i s s e c t i o n  o f  the  sy mp a t he t i c  and vagal  nervous 
supply o f  the  h e a r t * .  The r e s u l t s  were very c l e a r  ( f i g . 5) :  A f t e r  complete 
c a r d i a c  dene rv a t io n  eLAP Ф f a i l e d  to  induce a n a t r i  u r e s i s  and d i u r e s i s .  No 
in c re a se  in h e a r t  r a t e  o r  P a r t  could be obse rved .  Th is  means,  t h a t  the  
o r i g i n  o f  AN and th e  c a r d ia c  r e f l e x e s  a re  lo c a te d  in the  h e a r t  and not  in 
the  v a s c u l a r  bed o f  th e  lungs.

T her e fo re  s i g n a l s ,  g en er a te d  by c a r d ia c  r e c e p t o r s ,  a r e  complete ly  r espon
s i b l e  f o r  AN. Comparable r e s u l t s  were ob ta in ed  dur ing the  same t ime by 
D.C.Fa te r  e t  а1 . (1Э80) .  This  group i n f l a t e d  a ba l loon  in the  l e f t  a t r ium 
o f  conscious dogs befo re  and a f t e r  c a r d i a c  d en e r v a t io n .
But when we t e s t e d  the  p o s t p r an d i a l  sodium e x c r e t i o n  ( f i g . 6) we did not 
f i nd  s i g n i f i c a n t  d i f f e r e n c e s  between c a r d i a c  in n e rv a te d  and denerva ted  
dogs.  These r e s u l t s  i n d i c a t e ,  t h a t  a f t e r  the  e l i m i n a t i o n  o f  c a r d i a c  r ecep
t o r s  the  e q u i l i b r a t i o n  o f  Na-balance can be o b ta in ed  as well  as befo re  
de ne rv a t io n .  T h e r e f o r e ,  th es e  r e s u l t s  do not  su ppo r t  th e  h y p o th e s i s  t h a t  
c a r d i a c  r ec ep to r s  a re  impor tan t  fo r  the  co n t ro l  o f  sodium and w a te r  ex 
c r e t i o n .  But they do not  exc lude any importance as long as th e  r eal  
ph y s i o l o g ic a l  fu n c t io n  o f  th es e  r ec ep to r s  i s  not  known.

Conclus i ons: 1 * 3 * 5
1. The l e f t  a t r i um  is  a s u i t a b l e  p lace  to  "measure" an e x t r a c e l l u l a r
volume d e f i c i t .  The e x t r a c e l l u l a r  volume can only be reexpanded | f  
e x t e r n a l  sodium is  a v a i l a b l e .  2. Osmocontrol o v e r r i d e s  v o lu m e co n t r o l .
3. E le v a t io n  o f  l e f t  a t r i a l  p r es su r e  reduces r enin s e c r e t i o n  by the  
k idneys .  The r e n i n - a n g i o t e n s i n - a l d o s t e r o n e - s y s t e m  has two a n t i n a t r i u 
r e t i c  components:  a f a s t e r  a c t i n g  one:  A l l ,  and a s lower  a c t i n g  one: 
a l d o s t e r o n e .  A. A t r i a l  n a t r i u r e s i s  can be p reven ted  by a c u te  o r
c h r on ic  r educ t ion  o f  t o t a l  body sodium (by means o f  an RAS-escape ?) .
5. I t  is supposed,  t h a t  the  RAS i s  more r e s p o n s i b le  f o r  N a - r e t e n t i o n  
than f o r  Na-e 1 im i n a t i o n . 6. Card iac  den er v a t i o n  p r eve n t s  a t r i a l  n a t r i u r e s i s  
a l s o ,  but  does not  d i s t u r b e  the  p os tp r a n d i a l  ad jus tment  o f  sodium ba l ance .  
Th er e f o r e  a t r i a l  r ec ep to r s  a r e  not  unique in the  ro le  o f  r apid  e l i m i n a t i o n  
o f  an o r a l l y  given sodium load.  T h e i r  p h y s io l o g ic a l  importance is  
a b s o l u t e l y  unknown.

*These exper imen t s  were performed t o g e t h e r  wi th  M.I.M.Noble,  A.J .Drake 
and J . S t u b b s ,  The Midhurst  Research C e n te r ,  London
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A d v .  P h y s i o l .  S c i .  V o l .  1 8 .  E n v i r o n m e n t a l  P h y s i o l o g y  

F. О  b á l ,  G . B e n e d e k  ( e d s )

CONCLUDING REMARKS 
ON OSMOREGULATION

H. T. Hammel
P h y s i o l o g i c a l  R e s e a r c h  L a b o r a t o r y ,  S c r i p p s  I n s t i t u t i o n  o f  O c e a n o g r a p h y ,  L a  J o l l a ,  C A  9 2 0 9 3 ,  U S A

Neural Elements for Controlling Osmotic Responses

T h e  a i m  o f  t h i s  s y m p o s i u m  h a s  b e e n  t o  o u t l i n e  t h e  n e u r a l  n e t w o r k  f o r  o s m o r e g u l a t i o n  i n  v e r t e b r a t e s .  T h e  f o u r  m a j o r  
p r e s e n t a t i o n s  o f  t h i s  s y m p o s i u m  d e a l  w i t h  a v a i l a b l e  i n f o r m a t i o n  f o r  t h r e e  v e r t e b r a t e  c l a s s e s ,  r e p t i l e s ,  b i r d s  a n d  
m a m m a l s .  T h i s  s u m m a r y  s t a t e m e n t  w i l l  b e  a n  a t t e m p t  t o  d e 
s c r i b e  a  n e u r a l  n e t w o r k  w h i c h  c a n  a c c o u n t  f o r  m o s t ,  b u t  n o t

a l l ,  o f  t h e  k n o w n  
f a c t s .  N o  m o d e l  o f  a  
c o m p l e x  r e g u l a t o r y  
s y s t e m  i s  a d e q u a t e .A t  b e s t ,  a  m o d e l  
s u m m a r i z e s  t h e  k n o w n  a n d  i n v i t e s  a n  e x p l o r a t i o n  o f  t h e  u n k n o w n  . F i g . 1 .  a t 
t e m p t s  t o  m o d e l  t h e  
n e u r a l  e l e m e n t s  c o n 
t r o l l i n g  s o m e  o f  t h e  
a u t o n o m i c  a n d  b e h a v 
i o r a l  r e s p o n s e s  a f f e c t i n g  t h e  o s m o l a l i t y  o f  t h e  b o d y  
f l u i d s .  W h e n  t h e  
o s m o l a l i t y  o f  t h e  
b o d y  f l u i d  t e n d s  t o  
e x c e e d  a n  o p t i m a l  
l e v e l ,  p r i m a r y  d r i n k i n g  i s  e l i c i t e d  a n d  t h e  r e l e a s e  o f  a n t i -  d i u r e t i c  h o r m o n e  
( A D H )  i s  i n c r e a s e d  
t o  r e c o v e r  m o r e  w a 
t e r  f r o m  t h e  u r i n e .  
T h e s e  a r e  i m p o r t a n t  
r e s p o n s e s  i n  r e p t i l e s ,  b i r d s  a n d  m a m m a l s  f o r  
a v o i d i n g  d e h y d r a t i o n .  
F i g .  1 . A  s u g g e s t s  a
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s c h e m a  w h e r e b y  t h e y  a r e  a c t i v a t e d .  T h e r e  a r e  s e v e r a l  f e a 
t u r e s  o f  t h i s  s c h e m a  w h i c h  r e q u i r e  d e t a i l e d  c o m m e n t .  T h e  f i r s t  f e a t u r e  i s  t o  a s s u m e  t h a t  t h e r e  i s  a  p o p u l a t i o n  o f  
n e u r o n s  c o n c e n t r a t e d  i n  t h e  r e g i o n  o f  t h e  r o s t r a l  b r a i n s t e m  w h e r e  t h e  b l o o d  b r a i n  b a r r i e r  i s  l a c k i n g  a n d  w h i c h  
r e s p o n d  t o  c h a n g i n g  t o n i c i t y  o f  t h e  e x t r a c e l l u l a r  f l u i d  
( E C F )  s u r r o u n d i n g  t h e m .  F u r t h e r ,  i t  i s  a s s u m e d  t h a t  t h e s e  
n e u r o n s ,  d e s i g n a t e d  1  i n  F i g .  1 A ,  e x h i b i t  a  s p o n t a n e o u s  
f i r i n g  r a t e ,  F , ,  w h i c h  i s  s o m e  f u n c t i o n  o f  t h e i r  m e m b r a n e
p o t e n t i a l .  T h a i  i s =  F , ( ■

[ \ ! a + ] E C F  .

p o t e n t i a l  i s  
o f  t h e  r a t i o

i ° g
d e t e r m i n e d  p r i m a r i l y  b y  t h e  
o f  t h e  e x t r a c e l l u l a r  t o  t h e  

T h u s ,  a d d i n g  N a C l  t o

M e c

s i n c e  t h e  m e m b r a n e  
n e g a t i v e  l o g a r i t h m
i n t r a c e l l u l a r  s o d i u m  c o n c e n t r a t i o n s ,  
t h e  E C F  i n c r e a s e s  t h e  r a t i o

ECF^ [Na^ICF
o f  n e u r o n  1  s o  t h a t  i t s  m e m b r a n e  p o t e n t i a l  b e c o m e s  m o r e  n e  g a t i v e  ( h y p e r p o l a r i z e d )  a n d  i t s  f i r i n g  r a t e  d e c r e a s e s .  I n  a d d i t i o n  i t  m u s t  b e  a s s u m e d  t h a t  t h e  s o d i u m  p e r m e a b i l i t y  o f  t h e  m e m b r a n e  o f  n e u r o n  1  i n c r e a s e s  w i t h  i n c r e a s i n g  i n 
t r a c e l l u l a r  f l u i d  v o l u m e  ( I C F V ) .  A s  i l l u s t r a t e d  i n  F i g . l A ,  
P N g +  o f  n e u r o n  1  m a y  i n c r e a s e  m o r e  o r  l e s s  r a p i d l y  a s  a
f u n c t i o n  o f  I C F V ,  d e p e n d i n g  o n  w h e t h e r  n e u r o n  1  b e h a v e s  
l i k e  a  " t o n i c i t y "  r e c e p t o r  o r  l i k e  " s o d i u m ”  r e c e p t o r .  F o r  
e x a m p l e ,  w h e n  t h e  t o n i c i t y  o f  t h e  E C F  i s  i n c r e a s e d  b y  a d d i n g  s u c r o s e  t o  t h e  E C F ,  t h e  v o l u m e  o f  n e u r o n  1  w i l l  d e 
c r e a s e  b y  l o s s  o f  w a t e r  f r o m  i t s  I C F  t o  t h e  E C F  a n d  i t s  r a t i o  o f jr\lâ] /  [Na+]
w i l l  d e c r e a s e .
r  r o n  1  a t  t h e  
l \ ~ e  a  " s o d i u m "

E C F
I f  t h e r e  w e r e  

r e d u c e d  v o l u m e ,

I C F
l i t t l e  c h a n g e

t h e n  n e u r o n  
r e c e p t o r  s i n c e  t h e  d e c r e a s e

i n
1
i n

Ifvla4] /  [ N a + ]

t h e  P . .  +  o f  N a
w o u l d  b e h a v e  

i t s
E C F I C F

w o r l d  c a u s e  i t s  m e m b r a n e  p o t e n t i a l  t o  b e  l e s s  n e g a t i v e  a n d  t h e r e b y  i n c r e a s e  i t s  f i r i n g  r a t e .  O n  t h e  o t h e r  h a n d ,  i f  
t h e  P  +  o i  n e u r o n  1  w e r e  m a r k e d l y  r e d u c e d  b y  i t s  d i m i n » -
i s h e d N 0 o i u m b ,  t h e n  i t s  r a t i o

ECF
c o u l d  a c t u a l l y  i n c r e a s e  s o  
a  " t o n i c i t y "  r e c e p t o r .

I C F  
t h a t  n e u r o n 1  w o u l d  b e h a v e  l i k e

T h e  s e c o n d  i m p o r t a n t  f e a t u r e  o f  t h e  s c h e m a  i n  F i g .  1 A  
i s  t h a t  t h e r e  i s  a n o t h e r  p o p u l a t i o n  o f  n e u r o n s ,  d e s i g n a t e d  2 ,  w h i c h  e x h i b i t  s p o n t a n e o u s  f i r i n g  r a t e  w h i c h  i s  n o t  v e r y  d e p e n d e n t  o n  t h e  t o n i c i t y  o f  t h e  E C F .  T h e s e  " r e f e r e n c e ” 
n e u r o n s  f a c i l i t a t e  b o t h  n e u r o n  4  e f f e c t i n g  p r i m a r y  d r i n k i n g  
a n d  n e u r o n  3  e f f e c t i n g  t h e  r e l e a s e  o f  A D P I  w h e r e a s  t h e  r e 
c e p t o r  n e u r o n s  l i k e  1  i n h i b i t  b o t h  p r i m a r y  d r i n k i n g  a n d  
A D H  r e l e a s e .  T h e  t h r e s h o l d  t o n i c i t y  f o r  t n e s e  t w o  r e s p o n s e s
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d i f f e r .  T h i s  f e a t u r e  i s  a c h i e v e d  i n  t h e  s c h e m a  s i m p l y  b y  p r o v i d i n g  m o r e  i n h i b i t i o n  t h a n  f a c i l i t a t i o n  t o  n e u r o n  3  e f f e c t i n g  A D H  r e l e a s e .  T h i s  p r o v i s i o n  l o w e r s  t h e  t h r e s h o l d  
t o n i c i t y  a n d  i n c r e a s e s  t h e  s e n s i t i v i t y  a s  w e l l .  A n  a l t e r n a t e  
p r o v i s i o n  t o  l o w e r  t h e  t h r e s h o l d  t o n i c i t y  f o r  A D H  r e l e a s e  
w i t h o u t  e f f e c t i n g  t o  s e n s i t i v i t y  w o u l d  h a v e  b e e n  t o  p r o v i d e  
m o r e  f a c i l i t a t i o n  f r o m  n e u r o n  2  t h a n  i n h i b i t i o n  f r o m  n e u r o n
1 .  '

A  t h i r d  f e a t u r e  o f  t h e  s c h e m a  i n  F i g .  1 A  i s  a  p r o v i s i o n  
f o r  t h e  i n f l u e n c e  o f  o t h e r  n e u r a l  a n d  h u m o r a l  i n p u t s .  P r o f .  
S i m o n  d e m o n s t r a t e d  i n  h i s  p r e s e n t a t i o n  t h a t  A D H  r e l e a s e  i s  q u i t e  s e n s i t i v e  t o  t h e  E C F  v o l u m e ,  t h a t  i s ,  a  s m a l l  i n c r e a s e  i n  E C F V  i s  s u f f i c i e n t  t o  l e s s e n  t h e  r e l e a s e  o f  A D H .  A n g i o 
t e n s i n  I I  c a n  a l s o  f a c i l i t a t e  d r i n k i n g  a n d  r e l e a s e  o f  A D H .

P r o f .  B u g g y ' s  e v i d e n c e  t h a t  n e u r o n s  a d j a c e n t  t o  t h e  
a n t e r i o r - v e n t r a l  r e g i o n  o f  t h e  t h i r d  v e n t r i c l e  a r e  m o r e  a c 
t i v e  d u r i n g  r e s p o n s e  t o  h y p e r t o n i c  s o l u t i o n s  s u g g e s t s  t h a t  
n e u r o n s  l i k e  3  a n d  4  a r e  s i t u a t e d  i n  t h i s  r e g i o n .  T h e  s c h e m a  
i l l u s t r a t e d  i n  F i g .  1 A  s u g g e s t s  t h a t  n e u r o n s  l i k e  1  w o u l d  b e  
l e s s  a c t i v e  d u r i n g  h y p e r t o n i c  s t i m u l a t i o n  a n d  w o u l d  n o t  b e  
d e t e c t a b l e  b y  t h e  C ^ 4  t a g g e d  2 - d e o x y g l u c o s e  m e t h o d .

A  p o s s i b l e  p a r t i a l  s c h e m a  f o r  i n f l u e n c i n g  t h e  r e t e n t i o n  
o f  s o d i u m  a n d  i n c r e a s i n g  s o d i u m  a p p e t i t e  i s  i l l u s t r a t e d  i n  
F i g . I B .  T h i s  s c h e m a  i s  a l s o  b a s e d  o n  t h e  a s s u m p t i o n s  t h a t  t h e  
p o p u l a t i o n s  o f  r e c e p t o r  n e u r o n s  a n d  " r e f e r e n c e "  n e u r o n s  
r e s i d e  i n  t h e  r e g i o n  o f  t h e  h y p o t h a l a m u s  l a c k i n g  t h e  b l o o d  
b r a i n  b a r r i e r  a n d  t h a t  t h e s e  t w o  p o p u l a t i o n s  a c t  a n t a g o n i s 
t i c a l l y .  H o w e v e r ,  u n l i k e  t h e  r e c e p t o r  n e u r o n  i n  F i g .  1 A ,  r e c e p t o r  n e u r o n  1 '  f a c i l i t a t e s  n e u r o n  5  e f f e c t i n g  r e l e a s e  
A C T H  a n d  i n  t u r n  t h e  r e l e a s e  o f  m i n e r a l o c o r t i c o i d s  s o  t h a t  m o r e  s o d i u m  i s  r e s o r b e d  b y  t h e  r e n a l  t u b u l e s .  N e u r o n  1 '  a l s o  
f a c i l i t a t e s  n e u r o n  6  w h i c h  e l i c i t s  s o d i u m  a p p e t i t e .  T h e  
" r e f e r e n c e "  n e u r o n  2 '  i s  i l l u s t r a t e d  a s  i n h i b i t i n g  b o t h  s o 
d i u m  a p p e t i t e  a n d  s o d i u m  r e s o r p t i o n .  A  s e p a r a t i o n  o f  t o n i c i t y  
t h r e s h o l d s  f o r  t h e s e  r e s p o n s e s  i s  p r o v i d e d  f o r  b y  d i f f e r i n g  d e g r e e  o f  f a c i l i t a t i o n  a n d  i n h i b i t i o n  f r o m  n e u r o n s  1 '  a n d  2 ' ,  
r e s p e c t i v e l y .  I l l u s t r a t e d  a l s o  i s  a  p r o v i s i o n  f o r  t h e  E C F  v o l u m e  a n d  f o r  a n g i o t e n s i n  I I  t o  i n f l u e n c e  t h e s e  r e s p o n s e s .P r o f .  R e i n h a r d t  h a s  p r e s e n t e d  e v i d e n c e  t h a t  s t r e t c h i n g  
t h e  l e f t  a t r i a l  w a l l  a f f e c t s  a t r i a l  r e c e p t o r s  i n  s u c h  a  w a y  
t o  r e d u c e  p l a s m a  r e n i n  a n d  a l l o w  n a t r i u r e s i s ,  a n  e f f e c t  
w h i c h  h e  c a l l s  " a t r i a l  n a t r i u r e s i s "  ( A N ) .  A n  e x p e r i m e n t a l  
i n c r e a s e  o f  l e f t  a t r i a l  p r e s s u r e  ( L A P )  w h i c h  e l i c i t s  A J 4  c a n  
b e  b l o c k e d  b y  a n  i n f u s i o n  o f  n o n  p r e s s o r  l e v e l s  o f  a n g i o t e n s i n  I I .  F u r t h e r m o r e ,  i n  a d r e n a l e c t o m i z e d  d o g s ,  a n  e x p e r i m e n t a l  i n c r e a s e  i n  L A P  e l i c i t s  a n  u n d i m i n i s h e d  A N ;  t h e r e f o r e  
t h e s e  a t r i a l  r e c e p t o r s  m u s t  i n f l u e n c e  t h e  r e n i n  a n g i o t e n s i n  
s y s t e m  b y  a  n e u r a l - h u m o r a l  l i n k  o t h e r  t h a n  t h a t  p o s t u l a t e d  i n  
F i g .  I B .  D o g s  w i t h  d e n e r v a t e d  h e a r t s  c a n n o t  r e s p o n d  b y  A N .  
N e v e r t h e l e s s ,  t h e i r  p o s t p r a n d i a l  r e s p o n s e  t o  s a l t  i n g e s t i o n  
i s  n o t  s e v e r e l y  d i s t u r b e d .  T h i s  i n d i c a t e s  t h a t  m o r e  t h a n  o n e  c o n n e c t i o n  e x i s t s  b e t w e e n  t h e  C N S  a n d  t h e  r e n a l  t u b u l e s  
i n c l u d i n g  p e r h a p s  t h e  o n e  s u g g e s t e d  i n  F i g .  I B .

P r o f e s s o r  D u n s o n  a n d  S i m o n  h a v e  d i s c u s s e d  s a l t  s e c r e t i o n  
b y  e x t r a - r e n a l - g l a n d s  f o u n d  i n  r e p t i l e s  a n d  b i r d s  w h i c h  i n 
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g e s t  m a r i n e  o r g a n i s m s .  T h e s e  g l a n d s  r e c e i v e  p a r a s y m p a t h e t i c  e n n e r v a t i o n  a n d  t h e i r  a c t i v i t y  i s  c o n t r o l l e d  b y  t h e  C N S .P r o f .  S i m o n  p r e s e n t e d  e v i d e n c e  t h a t  r e c e p t o r s  r e s i d e  b o t h  i n  t h e  h e a d  a n d  i n  t h e  r e g i o n  o f  t h e  h e a r t ,  a t  
l e a s t ,  i n  t h e  d u c k  a n d  t h e  g o o s e .  T h e s e  f e a t u r e s  a r e  i n c o r 
p o r a t e d  i n t o  t h e  s c h e m a  f o r  c o n t r o l l i n g  s a l t  g l a n d  s e c r e t i o n  
i l l u s t r a t e d  i n  F i g .  1 C .  A  p o p u l a t i o n  o f  n e u r o n s  d e s i g n a t e d  
1 ' '  a r e  s h o w n  t o  i n h i b i t  n e u r o n  7  w h i c h  c o n t r o l s  s a l t  g l a n d  
a c t i v i t y .  A n o t h e r  p o p u l a t i o n  d e s i g n a t e d  2 ' '  i s  s h o w n  t o  f a c i l i t a t e  n e u r o n  7 .  I n  t h e s e  r e s p e c t s  n e u r o n s  1 ' ' a n d  2 ' '  a r e  s i m i l a r  t o  n e u r o n s  1  a n d  2 . H o w e v e r ,  P r o f .  S i m o n  d i s c u s 
s e d  e v i d e n c e  w h i c h  s u g g e s t s  t h a t  t h e r e  m u s t  b e  d i s t i n c t  d i f 
f e r e n c e s  b e t w e e n  n e u r o n s  1 "  a n d  1 .  N e u r o n  1  b e h a v e s  a s  i f  i t  
w e r e  a  " t o n i c i t y "  r e c e p t o r  r e s p o n d i n g  t o  a n  E C F  t o n i c i t y  
i n c r e a s e  b y  e i t h e r  s o d i u m  o r  m a n n i t o l  a n d  e l i c i t i n g  a n  a n 
t i d i u r e t i c  r e s p o n s e .  T h e  r e c e p t o r  r e s p o n d e d  e q u a l l y  t o  a n  
i n c r e a s e  a n d  t o  a  d e c r e a s e  i n  E C F  t o n i c i t y .  O n  t h e  o t h e r  h a n d ,  t h e  r e c e p t o r  c o n t r o l l i n g  s a l t  g l a n d  s e c r e t i o n  r e s p o n d e d  a s  i f  i t  w e r e  a  " s o d i u m "  r e c e p t o r .  F u r t h e r m o r e ,  i t  r e s p o n d e d  w e a k l y  o r  n o t  a t  a l l  t o  a n  i n c r e a s e  i n  E C F  s o d i u m  c o n c e n t r a t i o n  w h e n  t h e  l a t t e r  w a s  s u f f i c i e n t  t o  s t i m u l a t e  c o n t i n o u s  s a l t  g l a n d  s e c r e t i o n .  U n d e r  t h e  s a m e  c i r c u m s t a n c e s  i t  r e s p o n d e d  
p r o m t l y  a n d  s t r o n g l y  t o  a  d e c r e a s e  i n  s o d i u m  c o n c e n t r a t i o n .  
T h e s e  f e a t u r e s  a r e  i n c o r p o r a t e d  i n t o  F i g .  1 C  b y  s u g g e s t i n g

t h a n  t h a t  o f  n e u r o n  1  a n d  t h a t  t h e  p N a +  f o r  n e u r o n  1 ' '
d e p e n d s  w e a k l y  o n  i t s  I C F  v o l u m e  a s  e x p e c t e d  f o r  a  " s o d i u m "  
r e c e p t o r .  T h e r e  a r e  o t h e r  i m p o r t a n t  d i s t i n c t i o n s  b e t w e e n  t h e  
c o n t r o l  o f  u r i n e  f o r m a t i o n  a n d  t h e  c o n t r o l  o f  s a l t  g l a n d  
s e c r e t i o n .  I n  f o r m i n g  u r i n e ,  t h e  r e l e a s e  o f  A D H  c o u l d  b e  
i n h i b i t e d  b y  a  s m a l l  i n c r e a s e  i n  E C F  v o l u m e ;  w h e r e a s  d e c r e a s e  
■ i n  E C F  v o l u m e  i n h i b i t e d  s a l t  g l a n d  s e c r e t i o n .  F u r t h e r m o r e ,  
a  d e c r e a s e  i n  t h e  i n t e r s t i t i a l  f l u i d  v o l u m e  i n h i b i t e d  s e c r e 
t i o n  w i t h  n o  e f f e c t  f r o m  t h e  p l a s m a  v o l u m e .  T h e s e  f e a t u r e s  
a r e  a l s o  i n c o r p o r a t e d  i n t o  t h e  s c h e m a  i l l u s t r a t e d  i n  F i g .  1 C .

I n  c o n c l u s i o n ,  o s m o r e g u l a t i o n  i s  a c h i e v e d  i n  r e p t i l e s ,  
b i r d s  a n d  m a m m a l s  b y  a  c o m p l e x  s y s t e m  o f  n e u r a l  e l e m e n t s  w h i c h  c o n t r o l  t h i r s t ,  s a l t  a p p e t i t e ,  t h e  r e l e a s e  t h e  e n d o c -  
r i n e s  a n d  t h e  a c t i v i t y  o f  s a l t  s e c r e t i n g  g l a n d s .  T h e s e  r e s 
p o n s e s  a r e  c o n t r o l l e d  i n  a n a p p r o p r i a t e  w a y  t o  m a i n t a i n  t h e  
o s m o l a l i t y  o f  t h e  i n t r a c e l l u l a r  f l u i d  a t  a n  o p t i m a l  l e v e l .  
T h i s  s u m m a r y  s c h e m a  f o r  a c t i v a t i n g  t h e s e  r e s p o n s e s  i n  a n  
a p p r o p r i a t e  s e q u e n c e  i s ,  a t  b e s t ,  o n l y  p a r t i a l l y  a c c u r a t e  a n d  m u s t  b e  a l t e r e d  a s  m o r e  e v i d e n c e  b e c o m e s  a v a i l a b l e .

t h a t  t h e  f i r i n g  
f u n c t i o n  o f

F j , , i s  a  d i f f e r e n t
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T h e  d a i l y  p a t t e r n  o f  s l e e p  a n d  w a k i n g  c o r r e s p o n d s  c l o s e l y  t o  t h e  c i r c a d i a n  r e s t  -  a c t i v i t y  r h y t h m  w h i c h  i s  c h a r a c t e r i 
z e d  b y  h i g h l y  r e g u l a r  e n d o g e n o u s  c y c l e s .  L i g h t  a n d  o t h e r  e n 
v i r o n m e n t a l  f a c t o r s  m a y  i n f l u e n c e  t h e  p h a s e  o f  t h e  r h y t h m  b y  
n o n - l i n e a r  m e c h a n i s m s  ( 1 ) .  F o c u s s i n g  o n  t h i s  r h y t h m i c  a s p e c t  
o f  s l e e p ,  o n e  m a y  i n v e s t i g a t e  i n t e r a c t i o n s  b e t w e e n  t h e  p a c e 
m a k e r  a n d  e n v i r o n m e n t a l  i n f l u e n c e s ,  a n d  c o m p a r e  t h e m  w i t h  t h e  
r e g u l a t i o n  o f  o t h e r  c i r c a d i a n  r h y t h m s .  T h e r e  a r e  i n d i c a t i o n s  
f o r  a  c e r t a i n  d e g r e e  o f  i n d e p e n d e n c e  b e t w e e n  t h e  c i r c a d i a n  
r h y t h m s  o f  t h e  s l e e p  s u b s t a t e s  a s  w e l l  a s  b e t w e e n  t h e  r h y t h m s  
o f  s l e e p  a n d  t h o s e  o f  o t h e r  p h y s i o l o g i c a l  p a r a m e t e r s  ( e . g .  
b o d y  t e m p e r a t u r e )  ( 2 ) .  T h e  i n t e r n a l  p h a s e - r e l a t i o n s h i p  b e t 
w e e n  t h e s e  d i f f e r e n t  r h y t h m s  m a y  b e  o f  f u n c t i o n a l  s i g n i f i c a n c e  
f o r  p r o c e s s e s  s u b s e r v e d  b y  s l e e p .

I n  a d d i t i o n  t o  i t s  r h y t h m i c  a s p e c t ,  s l e e p  m a y  a l s o  b e  r e 
g a r d e d  a s  a  h o m e o s t a t i c  p r o c e s s e s ,  s i n c e  a  t o t a l  o r  s e l e c t i v e  
d e p r i v a t i o n  g i v e s  r i s e  t o  c o m p e n s a t o r y  c h a n g e s .  N e u r o t r a n s 
m i t t e r s ,  a n d  i n  p a r t i c u l a r  t h e  m o n o a m i n e s ,  a r e  k n o w n  t o  b e  
c r i t i c a l l y  i n v o l v e s  i n  s l e e p  r e g u l a t i o n  ( 3 ) ,  a l t h o u g h  t h e i r  
p r e c i s e  r o l e  r e m a i n s  t o  b e  e s t a b l i s h e d .  I n  a d d i t i o n ,  c o m p e l l i n g  e v i d e n c e  i n d i c a t e s  t h a t  a n  a s  y e t  u n i d e n t i f i e d  s l e e p - i n 
d u c i n g  f a c t o r  d e r i v e d  f r o m  t h e  b r a i n  o f  s l e e p - d e p r i v e d  a n i 
m a l s ,  m a y  p l a y  a  c r u c i a l  r o l e  i n  s l e e p - h o m e o s t a s i s  ( 4 ) .  T h e s e  
d e v e l o p m e n t s  m a y  b e  i m p o r t a n t  f o r  t h e  s e a r c h  o f  a  p h y s i o l o g i 
c a l  s l e e p  r e m e d y  i n  m e d i c i n e .  T h e  u n e x p e c t e d  o b s e r v a t i o n  t h a t  
a  p i n e a l  h o r m o n e  e x e r t s  a  s l e e p - i n d u c i n g  a c t i o n  w h e n  a d m i n i s 
t e r e d  i n  m i n u t e  d o s e s  t o  t h e  c a t  ( 5 ) ,  m a y  b e  v i e w e d  i n  a  s i 
m i l a r  c o n t e x t .  D o  t h e s e  p o t e n t  c h e m i c a l  a g e n t s  a c t  b y  s e p a r a t e  m e c h a n i s m s  o r  a r e  t h e i r  a c t i o n s  m e d i a t e d  b y  a  c o m m o n  n e u r o t r a n s m i t t e r  s u c h  a s  s e r o t o n i n ?T h e  s t u d y  o f  t h e r m o r e g u l a t i o n  i n  r e l a t i o n  t o  t h e  s l e e p  -  
- w a k i n g  c y c l e  c o n s t i t u t e s  a  f u r t h e r  p r o m i s i n g  a p p r o a c h  t o  t h e  
p h y s i o l o g i c a l  c h a r a c t e r i z a t i o n  o f  t h e  s l e e p  s t a t e .  B y  e x p o 
s i n g  a n i m a l s  t o  v a r i o u s  a m b i e n t  t e m p e r a t u r e s ,  s u b s t a t e s  o f  
s l e e p  m a y  b e  s e l e c t i v e l y  i n f l u e n c e d  ( 6 ) .  M o r e o v e r ,  s l e e p  r e c o r d i n g s  d u r i n g  t h e  t r a n s i t i o n  t o  h i b e r n a t i o n  m a y  o f f e r  i n s i g h t s  i n t o  t h e  e v o l u t i o n a r y  a s p e c t s  o f  s l e e p  a n d  i t s  r e l a t i o n s  t o  h o m e o t h e r m y  ( 7 ) .
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T h e  t w o  f a c e t s  o f  s l e e p ,  t h e  c i r c a d i a n  r h y t h m  a n d  t h e  
h o m e o s t a t i c  p r o c e s s ,  s h o w  c l e a r  d i f f e r e n c e s  i n  t h e i r  r e g u 
l a t o r y  m e c h a n i m s  w h i c h  m a y  b r o u g h t  i n t o  c o n f l i c t  b y  e x p e r i r  
m e n t a l  s c h e d u l e s  ( 8 ) .  I t  m a y  b e  u s e f u l  t o  k e e p  t h e s e  t w o  
f a c e t s  i n  m i n d  w h e n  s t u d y i n g  t h e  i n f l u e n c e  o f  e n v i r o n m e n t a l  a n d  e n d o g e n o u s  f a c t o r s  o n  s l e e p  r e g u l a t i o n .
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Sleep may be regarded as a state which is characterized 
by a well-defined set of values of behavioral or electrophysio- 
logical parameters. The sleep state is customarily subdivided 
into the substates non-REM sleep (NREMS) and REM sleep (REMS) 
on the basis of distinctive electrographic features. For human 
sleep, NREMS is even further subdivided into 4 different stages. 
The state concept has undoubtedly contributed to provide a 
general descriptive framework of the sleep process. However, 
the strict definition of sleep states may make them appear as 
homogenous physiological entities which succeed each other in 
an orderly manner. The undue emphasis of the state aspect ob
scures the fact that many parameters of the sleep process 
undergo continuous changes. The direction and rate of their 
change may be more closely linked to the funtional aspects of 
sleep than the invariant features which are commonly regarded 
as distinctive state indicators. In the present paper attention 
will be focused on the temporal structure of the sleep-waking 
cycle, and on the regulatory and adaptive properties of the 
sleep process*.

1. Sleep as a circadian rhythm
The sleep period coincides largely with the rest period 

of the daily rest-activity cycle.Figure 1 illustrates the re
gular pattern of the rest-activity rhythm, and its similarity 
between man and rat. The cycles reflect a truly circadian 
rhythm since they persist with a period close to 24 h even in 
the absence of time cues (1,2). Like various other circadian 
rhythms, the sleep-waking rhythm is generated by a central 
pacemaker, and is abolished after lesioning the suprachiasmatic 
nucleus (4). On the other hand, the rhythm is little affected 
by interfering with the normal sleep process. Thus sleep-

* Supported by the Swiss National Science Foundation, 
grant No. 3.561-0.79



Figure 1. Rest-activity rhythm recorded in man and rat over 
a 11-12 day period. Lines indicate supra-threshold activity.
In man recordings were made with a wrist-worn solid state 
activity monitor, in the rat with a mechano-electric trans
ducing system under the cage. Note in the human record the re
duced activity level in the evening, the sporadic movements 
during sleep at night, and the regular nap period in the after 
noon.
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deprivation for 24 h in a rat maintained under continuous dark
ness alters neither the period nor the phase of the circadian 
rest-activity rhythm (ref. 5 and manuscript in preparation). 
Viewed from the circadian vantage point, sleep appears there
fore as a pre-programmed process which is under the rigid con
trol of a circadian oscillator, and shows little capacity for 
adapting to environmental changes. On the other side, the 
existence of the circadian rest-activity rhythm in lower or
ganisms that do not exhibit the typical electrographic sleep 
signs, may indicate an adaptive function from the evolutionary 
point of view. It is obvious that the timing of the circadian 
rest period to a specific part of the day-night cycle may re
duce the danger from unfavorable environmental influences or 
predators,and minimize energy expenditure, thereby augmenting 
the chances for survival. It can be argued that the circadian 
rest period constitutes a phylogenetic precursor of sleep (6).

2. Sleep as a homeostatic process

The fact that sleep deprivation is followed by a compen
satory increase in sleep, indicates that the sleep process is 
regulated relative to an internal reference level. The adap
tive aspect of sleep homeostasis can be therefore contrasted 
with the rigid control of sleep by a circadian oscillator.*
I have proposed elsewhere that the emergence of sleep may con
stitute a partial liberation from the limitations imposed by 
the circadian oscillator, since it allows an adaptive response 
to the momentary needs of the animal (3).

The homeostatic regulation of sleep is particularly ob
vious for slow wave sleep (SWS), the NREMS fraction with a low 
predominant EEG frequency. In animals and man, SWS predominates 
at the beginning of the daily sleep period, and then declines 
progressively (3,8). Sleep deprivation experiments have clearly 
shown that SWS increases as a function of prior waking time
(3). Thus the slow waves in the EEG may represent an indicator 
for the intensity of the NREMS process. Moreover, if it is 
assumed that sleep mediates a restitutional process, SWS 
appears to be a good candidate for an electrophysiological cor
relate.

* The term "homeostasis" has been applied also to the circadian 
rest-activity rhythm to characterize the tight regulation of 
its frequency (7).
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Figure 2. EEG power density (man) and slow wave sleep fraction 
of non-REM sleep (rat) plotted for a control sleep period (C; 
solid line) and a sleep period following sleep deprivation (SD; 
interrupted line; man: 40,5 h SD; rat: 24 h SD).
Man: regression lines computed for mean values plotted at the
midpoints of the first three NREMS cycles (means with SEM for 
8 subjects). The power density (0.75 - 25,0 Hz) of the first 
control NREMS cycle was defined as 100 % (Borbély, Baumann, 
Brandeis, Strauch and Lehmann; manuscript in preparation).
Rat: SWS was defined as the NREMS fraction with the lowest
10 % of EEG zero-crossing values (see ref. 3,5). Regression 
lines were computed for the mean hourly values (n=6).
The correlation coefficient r was for all computations signi
ficant at the 0.001 level.

Figure 2 illustrates the exponential decline of the EEG 
power density in man, and of SWS in the rat, during a control 
sleep period (C), and a sleep period subsequent to sleep de
privation (SD). Since the slopes of the regression lines do 
not differ significantly between control and SD, it can be 
assumed that they reflect a single process with different 
initial values. The slopes exhibit strikingly similar values 
in the two species (tV2 values: man: ca. 175 min; rat: ca.
150 min). Although the different computation procedures pre
clude a strict comparison of the records, the results may in
dicate that a similar process occurs during sleep in the two 
species. The data are also compatible with the assumption that
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EEG slow waves indicate the presence of an endogenous sleep- 
promoting substance whose level depends on the prior waking 
period, and which is eliminated during sleep at an exponential 
rate. Pappenheimer and colleagues have shown that a sleep-pro
moting factor accumulates in the CSF as a function of prior 
waking time (9), and that deep SWS is induced upon its intra
ventricular administration (10 and this volume).

3. Sleep: a restitutional process?

The restitutional quality of a "good night's sleep" is a 
common experience. However, the failure to identify a specific 
recovery process subserved by sleep, leaves a major problem of 
sleep research unsolved. Various hypotheses relating to the 
functional significance of sleep and rest are outlined in the 
diagrams of Figure 3.

A C D
electrophysiological 
sleep signs present

homeostatic
regulation

specific
recovery
process

В
electrophysiological 
sleep signs absent

1. A-— c— — D
2. A-—  C
3. A--^c — — D )B-__*
4. A-— c— -DB- _*

Figure 3. Diagrams outlining
lationship between sleep and ;

specific sleep-recovery 
hypothesis

non-specific
sleep-recovery
hypothesis

various hypotheses on the re- 
. recovery process.
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1) The "specific sleep - recovery hypothesis" is based on 
the homeostatic regulation of sleep and its substates. Since 
homeostasis in other physiological systems serves to maintain 
essential body constituents within an optimal range (e.g. the 
extracellular level of sodium or glucose), an analogous func
tion could be attributed to sleep. The periodic occurrence of 
sleep, and in particular its dependence on the prior waking 
time, may reflect a specific restitutional process. Although 
the level of REMS is also regulated, the SWS fraction of NREMS 
may be a particularly good indicator of the intensity of such
a hypothetical recovery process (see preceding section). In 
addition, one could argue that although a circadian rest period 
is present also in lower organisms, it does not subserve a spe
cific sleep-like recovery funtion, because no homeostatic re
gulatory mechanisms are evident. Thus, in contrast to sleep, 
the circadian rest period can be regarded as a pre-programmed 
'forced immobility' state whose possible long-term adaptive 
significance has been mentioned above.

2) The second hypothesis (a single arrow between A and C) 
is meant to indicate that sleep homeostasis may be also re
garded as an independent physiological mechanism which does 
not necessarily imply the existence of an underlying restitu
tional process. This possibility should be kept in mind, 
particularly since a recovery function of sleep has not yet 
been specified.

3) and 4) The last two diagrams illustrate the "non
specific sleep - recovery hypothesis". The main argument is 
that the absence of electrophysiological sleep signs in the 
rest period of lower organisms does not necessarily imply a 
qualitative functional difference between sleep and rest, and 
that the distinctive sleep signs in higher animals may be a 
consequence of their different brain structure rather than an 
indication of a new specific brain function. This reasoning 
leads to the possibility that essential processes occurring 
during the rest period of lower organisms may be also homeo- 
statically regulated, although physiological correlates have 
so far not been detected (Fig. 3: point 3). The demonstration 
of a "rest homeostasis" in lower animals would allow to gene
ralize the first two hypotheses to "non-sleeping" species. 
However, it can be also argued that homeostasis is not a pre
requisite for the existence of a restitutional process, and 
that the circadian rest period may also mediate sleep-like 
recovery functions (Fig. 3: point 4).

Regardless of the validity of the hypotheses outlined in 
Fig. 3, circadian rest and homeostatic regulation constitute 
two fundamental aspects of the sleep process. Although sleep 
has been investigated principally in mammalian species,it is 
important to realize that the circadian rest-activity rhythm 
prevails throughout the animal kingdom, and is notably also
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present in species with little or no brain. Are there homolo
gies between sleep and rest and at what evolutionary level does 
homeostasis emerge? The experimental investigation of these 
problems may lead to a deeper understanding and to a more 
global concept of sleep.
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D e p a r t m e n t  o f  E x p e r i m e n t a l  M e d i c i n e .  C l a u d e  B e r n a r d  U n i v e r s i t y  S c h o o l  o f  M e d i c i n e ,  L y o n .  F r a n c e

R e c e n t  d e v e l o p m e n t s  o f  t h e  e l e c t r o p h y s i o l o g y  o f  5 H T  
n e u r o n s ,  o f  i n  v i v o  5 H T  l i b e r a t i o n  a s  s t u d i e d  b y  p u s h - p u l l  o r  v o l t a m e t r i c  t e c h n i q u e s  a n d  a u t o h i s t o r a d i o g r a p h y  o f  3 H  5 H T P  i n  t h e  P C P A  r e v e r s e a l  o f  I n s o m n i a  w i t h  5 H T P  i n  t h e  
c a t  h a v e  p e r m i t t e d  t o  d i f f e r e n t i a t e  m u l t i p l e  r o l e  o f  5 H T  n e u r o n s  i n  t h e  s l e e p - w a k i n g  c y c l e :
1 )  U n i t  a c t i v i t y  o f  t h e  N . R a p h e  D o r s a l i s  i n c r e a s e s  d u r i n g  
w a k i n g  ( W )  a n d  d i m i n i s h e s  d u r i n g  s l o w  w a v e  s l e e p  ( S W S )  t o  
b e c o m e  a l m o s t  t o t a l l y  s i l e n t  d u r i n g  P a r a d o x i c a l  S l e e p  ( p s ) „  
P u s h - p u l l  o r  v o l t a m e t r i c  m e t h o d s  d e m o n s t r a t e  t h a t  t h e  e x t r a  c e l l u l a r  r e l e a s e  o f  5 H T  a t  t h e  c o r t i c a l  l e v e l  i s  a l s o  i n c r e a s e d  d u r i n g  W  a n d  d e c r e a s e d  d u r i n g  P S .  T h u s  r e l e a s e  o f  5 H T  f r o m  t h e  r o s t r a l  r a p h e  i s  n o t  s y n c h r o n o u s l y  l i n k e d  w i t h  
S W S  o r  P S .  O n  t h e  c o n t r a r y  t h e s e  f i n d i n g s  s u p p o r t  a  p e r 
m i s s i v e  r o l e  f o r  t h i s  g r o u p  o f  5 H T  n e u r o n s  f o r  P S . H o w e v e r ,  
t h e  p a t t e r n  o f  f i r i n g  o f  c a u d a l  r a p h e  i s  d i f f e r e n t  s i n c e  
u n i t a r y  a c t i v i t y  o f  N .  R a p h e  M a g n u s  i n c r e a s e s  d r a m a t i c a l l y  
d u r i n g  P S  a n d  s i n c e  r e l e a s e  o f  5 H T  f r o m  t h e  t e r m i n a l s  o f  
t h i s  n u c l e u s  i n c r e a s e s  d u r i n g  P S  a s  c o m p a r e d  w i t h  W .  T h u s  t h e r e  i s  a  d i f f e r e n t i a l  5 H T  l i b e r a t i o n  d u r i n g  t h e  s l e e p -  - w a k i n g  c y c l e  a c c o r d i n g  t o  r o s t r a l  a n d  c a u d a l  r a p h e .  T h e s e  r e s u l t s  a r e  i n  a c c o r d a n c e  w i t h  h y p n o g e n i c  o r  w a k i n g  
e f f e c t s  i n d u c e d  b y  r e v e r s i b l e  c r y o g e n i c  i n a c t i v a t i o n  o f  
r o s t r a l  o r  c a u d a l  r a p h e  i n  t h e  s l e e p  s t a t e s .  P o s s i b l e  d i 
r e c t  o r  i n d i r e c t  c o n t r o l  b e t w e e n  d i f f e r e n t  s u b s y s t e m s  o f  
5 H T  n e u r o n s  a r e  s u g g e s t e d  b u t  n o t  y e t  p r o v e d .
2 )  T h e  P C P A - 5 H T P  p a r a d i g m  i s  s t i l l  t h e  o n l y  o n e  s u g g e s t i n g  a  c a u s a l  r e l a t i o n s h i p  b e t w e e n  t h e  r e s t o r e d  5 H T  l i b e r a t i o n  
a n d  s l e e p .  E x t e n s i v e  i n v e s t i g a t i o n s  u s i n g  i n t r a v e n t r i c u l a r  ( I V T )  o r  c i s t e r n a l  i n j e c t i o n s  o f  l o w  d o s e  ( 1 5 0 - 5 0 0  u g  o f  5 H T P )  i n  P C P A  p r e t r e a t e d  c a t s  h a v e  p e r m i t t e d  t o  s t u d y  i n  
d e t a i l s  t h e  l a t e n c y  o f  t h e  i n d u c t i o n  o f  t h e  d i f f e r e n t  
s l e e p  s t a t e s  a n d  t o  d e l i m i t  s o m e  p o s s i b l e  t a r g e t s  f o r  t h e  
h y p n o g e n i c  e f f e c t s  o f  5 H T .  T h e  s h o r t e s t  e f f e c t  w h i c h  f o l l o w s  
I V T  i n j e c t i o n  o f  5 H T P  ( 1 - 2  m i n )  i s  t h e  a b o l i t i o n  o f  P C P A  
i n d u c e d  P G O  a c t i v i t y .  T h e n  r e t u r n  o f  S W S  o c c u r s  a f t e r  a2 o  m i n .  l a t e n c y  a n d  P S  a f t e r  5 0 - 6 0  m i n .  S h o r t e s t  l a t e n c i e s  o c c u r  a f t e r  I V T  i n j e c t i o n  i n  t h e  c a u d a l  p a r t  o f  t h e  
f o u r t h  v e n t r i c l e  o r  i n  t h e  c i s t e r n a  m a g n a .  L o n g e r  l a t e n -
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c i e s  a r e  o b s e r v e d  i f  t h e  I V T  i n j e c t i o n  i s  p e r f o r m e d  i n  t h e  
r o s t r a l  p a r t  o f  t h e  f o u r t h  v e n t r i c l e .  T h e  d u r a t i o n  o f  i n 
d u c e d  S W S  a n d  P S  i s  d o s e - d e p e n d e n t  u p  t o  m a x i m a l  d o s e  o f  
8 0 0 - 1 0 0 0  u g .  I V T  i n j e c t i o n s  o f  s i m i l a r  d o s e  o f  5 H T  i n d u c e  a l s o  S W S  a n d  P S  w h i l e  5  H I A A  h a s  n o  e f f e c t .  C h l o r a m p h e n i c o l  
d o e s  n o t  s u p r e s s  t h e  i n d u c t i o n  o f  S W S  b u t  t o t a l l y  s u p p r e s s  
t h e  r e t u r n  o f  P S .  S i n c e  s m a l l  d o s e s  o f  e i t h e r  5 H T P  o r  5 H T  
i n j e c t e d  i n  t h e  C i s t e r n a  M a g n a  r e a c h  m o s t l y  t h e  v e n t r a l  s u 
p e r f i c i a l  p o r t i o n  o f  t h e  b r a i n  s t e m ,  t h i s  s u g g e s t s  t h a t  
5 H T  a c t s  u p o n  v e n t r a l l y  s i t u a t e d  s t r u c t u r e s  f o r  i n d u c i n g  
S W S  a n d  P S .  A u t o r a d i o g r a p h y  o f  b r a i n  s l i c e s  h a v e  b e e n  p e r f o r m e d  b y  s a c r i f i c i n g  P C P A  p r e t r e a t e d  c a t s  9 0  m i n .  a f t e r  i n t r a v e n i o u s  i n j e c t i o n  o f  a  m i x t u r e  o f  З н  5 H T P  a n d  5 H T P , w h e n  
t h e  a n i m a l s  w e r e  i n  P S .  A l t h o u g h  o n l y  a  f e w  r e a c t i v e  p e r i k a r y a  w e r e  i d e n t i f i e d  i n  c o n t r o l  n o n  P C P A  p r e t r e a t e d  c a t s ,  n u m e 
r o u s  r e a c t i v e  p e r i k a r y a s  i n s i d e  o r  o u t s i d e  t h e  r a p h e  s y s t e m  
c o r r e s p o n d i n g  t o  t h e  t o p o g r a p h y  o f  5 H T  n e u r o n s  o f  t h e  c a t  
w e r e  s e e n  i n  P C P A  t r e a t e d  c a t s .
T h e s e  r e s u l t s  s u g g e s t  t h a t  5 H T  n e u r o n s  c o n t r i b u t e d  d i f f e r e n t i a l l y  t o  t h e  r e g u l a t i o n  o f  t h e  s l e e p - w a k i n g  c y c l e  a c c o r d i n g  t o  t h e i r  t o p o g r a p h y .  A  p e r m i s s i v e  r o l e  u p o n  P G O  a c t i v i t y  a n d  P S  p l a y e d  b y  r o s t r a l  r a p h e  n e u r o n s  a s  a  n e u 
r o t r a n s m i t t e r  o r  n e u r o m o d u l a t o r  i s  s u g g e s t e d .  A  n e u r o h o r -  
m o n a l  a c t i o n  o f  c a u d a l  r a p h e  n e u r o n s  i n i t i a t i n g  P S  i n d u c i n g  
f a c t o r  ( S )  w i l l  a l s o  b e  d i s c u s s e d .
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PROPERTIES OF SLEEP-PROMOTING 
FACTOR S DERIVED FROM HUMAN URINE*

J. R. Pappenheimer**, J. M . Krueger and J. Garcia-Arraras
D e p a r t m e n t  o f  P h y s i o l o g y .  H a r v a r d  M e d i c a l  S c h o o l ,  B o s t o n ,  M a s s . ,  U S A

S l e e p - p r o m o t i n g  F a c t o r  S  w a s  o r i g i n a l l y  e x t r a c t e d  a n d  p u r i f i e d  

f r o m  c e r e b r o s p i n a l  f l u i d  a n d  f r o m  w h o l e  b r a i n s  o f  s l e e p - d e p r i v e d  a n i m a l s  

( 1 , 2 , 3 ) .  H o w e v e r ,  t h e  y i e l d  o f  p u r i f i e d  m a t e r i a l  \ l e s s  t h a n  1  n a n o g r a m  

p e r  g r a m  b r a i n  ( 3 ) I  w a s  i n s u f f i c i e n t  f o r  s y s t e m a t i c  s t u d i e s  o f  i t s  

c h e m i c a l  a n d  p h y s i o l o g i c a l  p r o p e r t i e s .  W e  h a v e  r e c e n t l y  d i s c o v e r e d  t h a t  

a  s l e e p - p r o m o t i n g  f a c t o r ,  s i m i l a r  t o  a n d  p e r h a p s  i d e n t i c a l  w i t h  t h a t  f r o m  

b r a i n ,  c a n  b e  o b t a i n e d  f r o m  h u m a n  u r i n e  ( 5 ) .  T h e  u r i n a r y  f a c t o r  b e h a v e s  

i d e n t i c a l l y  w i t h  t h a t  d e r i v e d  f r o m  b r a i n  i n  e v e r y  c h r o m a t o g r a p h i c  s y s t e m  

w e  h a v e  u s e d  a n d  i t s  p h y s i o l o g i c a l  e f f e c t s  o n  r a t s  a n d  o n  r a b b i t s  a r e  

i n d i s t i n g u i s h a b l e  f r o m  t h o s e  o f  F a c t o r  S  d e r i v e d  f r o m  b r a i n .  M e t h o d s  f o r  

p u r i f y i n g  F a c t o r  S  f r o m  h u m a n  u r i n e  h a v e  n o w  b e e n  d e v e l o p e d  f o r  u s e  o n  a  

l a r g e  s c a l e  a n d  s u f f i c i e n t  q u a n t i t i e s  o f  p u r i f i e d  m a t e r i a l  h a v e  b e e n  

o b t a i n e d  t o  s t a r t  d e t a i l e d  c h e m i c a l  a n d  p h y s i o l o g i c a l  s t u d i e s .  F o r  

p u r p o s e s  o f  t h e  p r e s e n t  s y m p o s i u m  w e  w i l l  d e s c r i b e  b r i e f l y  t h e  

p u r i f i c a t i o n  p r o c e d u r e s  a n d  t h e n  p r e s e n t  d a t a  s h o w i n g  t h e  e f f e c t s  o f  

u r i n a r y  F a c t o r  S  o n  t h e  s l e e p  c y c l e s  o f  c a t s ,  r a b b i t s  a n d  r a t s .

1 ) .  O u t l i n e  o f  p u r i f i c a t i o n  p r o c e d u r e s

F i g u r e  1  s u m m a r i z e s  p r o c e d u r e s  u s e d  f o r  p r e p a r a t i o n  o f  F a c t o r  S  

f r o m  l a r g e  q u a n t i t i e s  o f  h u m a n  u r i n e .  T h e  p h y s i o l o g i c a l  d a t a  t o  b e  

d e s c r i b e d  w e r e  o b t a i n e d  w i t h  F a c t o r  S  p u r i f i e d  a s  i n  F i g u r e  1  t h r o u g h  t h e  

s t e p  l a b e l e d  B i o l o g i c a l  S t u d i e s .  A t  t h i s  s t a g e  o f  p u r i f i c a t i o n  t h e  

a m o u n t  o f  m a t e r i a l  r e q u i r e d  t o  i n d u c e  e x c e s s  s l o w  w a v e  s l e e p  i n  a  r a b b i t  

i s  e q u i v a l e n t  t o  t h a t  o b t a i n e d  f r o m  a b o u t  1 0 0  m l .  o f  o r i g i n a l  u r i n e .

T h i s  a m o u n t  o f  p a r t i a l l y  p u r i f i e d  p r o d u c t  c o n t a i n s  a l m o s t  n o  d e t e c t a b l e  

n i n h y d r i n  r e a c t i n g  m a t e r i a l  ( l e s s  t h a n  1 5  p i c o m o l s  o f  a n y  k n o w n  f r e e  

a m i n o  a c i d ) .  A f t e r  a c i d - h y d r o l y s i s  t h e  h i g h e s t  c o n c e n t r a t i o n  o f  a n y  o f  

t h e  l i b e r a t e d  a m i n o  a c i d s  i s  l e s s  t h a n  3 0 0  p i c o m o l s .  A l t h o u g h  f u r t h e r  

f r a c t i o n a t i o n  r e d u c e s  t h i s  c o n c e n t r a t i o n  t o  l e s s  t h a n  8 0  p i c o m o l s  p e r  

e f f e c t i v e  r a b b i t  d o s e ,  w e  h a v e  u s e d  o n l y  t h e  p a r t i a l l y  p u r i f i e d  m a t e r i a l  

f o r  t h e  p h y s i o l o g i c a l  e x p e r i m e n t s  d e s c r i b e d  b e l o w .

• S u p p o r t e d  b y  A m e r i c a n  H e a r t  A s s o c ,  a n d  O N R  C o n t r a c t  N o .  0 0 1 4 - 7 7 - 0 - 0 7 7 4  

• • C a r e e r  I n v e s t i g a t o r ,  A m e r i c a n  H e a r t  A s s o c i a t i o n
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2. Effects of Urinary Factor S on the Sleep Cycle of Cats

F i v e  c a t s  w e r e  p r o v i d e d  w i t h  c h r o n i c a l l y  i m p l a n t e d  v e n t r i c u l a r  

g u i d e  t u b e s  a n d  e l e c t r o d e s  f o r  r e c o r d i n g  E E G ,  E O G  a n d  E M G .  T h e  c a t s  w e r e  

a d a p t e d  t o  l i v i n g  i n  a  s o u n d  p r o o f  b o x  ( 6 0  x  6 0  x  8 0  c m )  o n  a  1 0 - 1 4  h o u r  

l i g h t - d a r k  c y c l e .  S l e e p  s t a t e s  w e r e  a n a l y z e d  o n  e a c h  c a t  f o r  3 2  h o u r  

p e r i o d s  u n d e r  e a c h  o f  t h e  f o l l o w i n g  c o n d i t i o n s  1 )  w i t h o u t  i n f u s i o n  2 )  

a f t e r  3 0  m i n u t e  i n t r a v e n t r i c u l a r  i n f u s i o n  o f  0 . 3  m l .  a r t i f i c i a l  C S F  a n d

3 )  a f t e r  3 0  m i n u t e  i n f u s i o n  o f  a r t i f i c i a l  C S F  c o n t a i n i n g  5 0 0 - 7 5 0  m l u  

F a c t o r  S  ( i . e .  F a c t o r  S  p u r i f i e d  a s  i n  F i g u r e  1  f r o m  5 0 0 - 7 5 0  m l .  h u m a n  

u r i n e .

f i l t e r  t h r o u g h  W h a t m a n  # 1  p a p e r

E X C H A N G E  O N  C M  S E P H A D E X

W a s h  # 1 ,  p H  7  b u f f e r  

W a s h  # 2 ,  p H  9  b u f f e r  

W a s h  # 3 ,  w a t e r
E l u t e  F a c t o r  S  w i t h  H A c - H C O O H  b u f f e r ,  p H  1 . 9  

V o l u m e  r e d u c t i o n  b y  l o w  p r e s s u r e  e v a p o r a t i o n

G E L - F I L T R A T I O N  O N  S E P H A D E X  G - 1 0

S a v e  v o i d  t o  s u c r o s e  p e a k  
• V

A N I O N  E X C H A N G E  C H R O M A T O G R A P H Y  O N  D E A E  S E P H A D E X

W a s h  # 1 ,  p H  5  b u f f e r  

W a s h  # 2 ,  p H  3 . 1  b u f f e r  

E l u t e  F a c t o r  S  w i t h  1  M  N a C l

G E L - F I L T R A T I O N  O N  G - 1 0  S E P H A D E X

s a v e  v o i d  t o  s u c r o s e  p e a k

B i o l o g i c a l  S t u d i e s  F u r t h e r  f r a c t i o n a t i o n  f o r

c h e m i c a l  s t u d i e s

U R I N E

1
C A T I O N

F i g u r e  1 .  O u t l i n e  o f  p r o c e d u r e s  u s e d  t o  p u r i f y  F a c t o r  S  f o r  t h e  s t u d i e s  

o n  c a t s  a n d  r a b b i t s  r e p o r t e d  a t  t h i s  s y m p o s i u m .  T h e s e  p r o c e d u r e s  a r e  

m o d i f i e d  f r o m  t h o s e  u s e d  p r e v i o u s l y  ( 5 )  t o  p r e p a r e  F a c t o r  S  f o r  s t u d i e s  

o n  r a b b i t s  a n d  r a t s .  A  h i g h  d e g r e e  o f  p u r i f i c a t i o n  i s  m a d e  p o s s i b l e  b y  

t h e  f a c t  t h a t  F a c t o r  S  c h a n g e s  i t s  c h a r g e  w i t h o u t  l o s s  o f  b i o l o g i c a l  

a c t i v i t y  d u r i n g  e l u t i o n  f r o m  S e p h a d e x  C M - 2 5 .  I t  i s  t h u s  p o s s i b l e  t o  u s e  

b o t h  c a t i o n i c  a n d  a n i o n i c  e x c h a n g e  r e s i n s  f o r  t h e  i s o l a t i o n .  D e t a i l s  o f  

t h e  c h a r g e  c h a n g e  h a v e  b e e n  d e s c r i b e d  ( 5 ) .

I n  f o u r  o f  t h e  c a t s  e a c h  o f  t h e  a b o v e  c o n d i t i o n s  w a s  r e p e a t e d  a t  l e a s t  

o n c e .  I n f u s i o n s  w e r e  c a r r i e d  o u t  f r o m  8 : 3 0  t o  9 : 0 0  a . m .  a n d  r e c o r d i n g s  

c o n t i n u e d  f o r  32  h o u r s  t h e r e a f t e r  e x c e p t  f o r  a  1 0  m i n u t e  i n t e r r u p t i o n  a t  

5  p . m .  a n d  a  3 0  m i n u t e  i n t e r r u p t i o n  a t  8  a . m ,  t h e  n e x t  d a y .  T h e  r e c o r d s
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w e r e  s c o r e d  v i s u a l l y  u s i n g  c o n v e n t i o n a l  c r i t e r i a  b u t  i n  a d d i t i o n  t h e  S W S  

c o m p o n e n t  w a s  d e t e r m i n e d  e l e c t r o n i c a l l y  b y  t h e  f i l t e r - r e c t i f i e r - i n t e g r a t o r  

s y s t e m  d e s c r i b e d  e l s e w h e r e  ( 6 , 7 ) .  T a b l e  1  s h o w s  t h a t  t h e  p r i n c i p a l  

e f f e c t  o f  F a c t o r  S  i s  t o  i n c r e a s e  t h e  a m o u n t  o f  S W S  d u r i n g  t h e  f i r s t  8  

h o u r s  a f t e r  i n f u s i o n .  T h e  e f f e c t  w a s  l a r g e  a n d  i t  w a s  p r e s e n t  i n  e v e r y  

c a t ;  o n  a v e r a g e ,  t h e  a m o u n t  o f  S W S  i n c r e a s e d  f r o m  a b o u t  4 0 $  t o  6 0 $  a f t e r

T A B L E  I

E F F E C T S  O F  F A C T O R  S  O N  S L E E P  O F  C A T S  

M e a n s  +  S . E .

H O U R S  A F T E R  I N F U S I O N

( D a y 1 ) ( N i g h t ) ( D a y  2 )
0 - 8 8 - 2 2 2 4  -  3 2

I . % S W S

a ) N o  i n f u s i o n 3 7 + 1 . 7 4 1 + 1 . 9 —

b ) A r t .  C S F 4 2 + 1 . 9 3 9 + 2 . 3 3 7  +  1 . 9
c ) F a c t o r  S 5 9 + 2 . 7 4 6 + 3 . 1 3 8  +  2 . 8

I I . % R E M
a ) N o  i n f u s i o n 1 0 . 1 + 0 . 8 1 7 . 1 + 0 . 7 —

b ) A r t .  C S F 9 . 1 + 1 . 1 1 6 . 8 + 0 . 9 9 . 5  +  1 . 2
c ) F a c t o r  S 7 . 9 + 0 . 8 1 9 . 2 + 1 . 2 9 . 7  +  0 . 6

F a c t o r  S ,  w h i l e  w a k e f u l n e s s  d e c r e a s e d  f r o m  a b o u t  5 0 $  t o  3 0 $ .  T h e  a m o u n t  

o f  R E M  r e m a i n e d  c o n s t a n t  a t  a b o u t  1 0 $ .  T h e  p e a k  e f f e c t  o f  F a c t o r  S  o n  

S W S  o c c u r r e d  a b o u t  4  h o u r s  a f t e r  t h e  i n f u s i o n ;  a t  t h i s  t i m e  t h e  c a t s  

s l e p t  a n  a v e r a g e  o f  m o r e  t h a n  7 0 $  o f  t h e  t i m e  i n  S W S .  T h e  e f f e c t s  o f  

F a c t o r  S  s u b s i d e d  g r a d u a l l y  a b o u t  1 2  h o u r s  a f t e r  t h e  i n f u s i o n ;  d u r i n g  t h e  

n e x t  2 0  h o u r s  t h e r e  w a s  n o  d e t e c t a b l e  " r e b o u n d "  o f  w a k e f u l n e s s  t o  m a k e  u p  

f o r  t h e  2  h o u r s  o f  e x c e s s  S W S  ( l o s s  o f  w a k e f u l n e s s )  d u r i n g  t h e  f i r s t  1 2  

h o u r s  a f t e r  t h e  i n f u s i o n .

I n  c o n t r a s t  t o  t h e  e f f e c t s  o n  S W S  t h e r e  w e r e  n o  s i g n i f i c a n t  c h a n g e s  

i n  a m o u n t  o f  R E M  a v e r a g e d  o v e r  p e r i o d s  o f  8  h o u r s  o r  m o r e .  E p i s o d e s  o f  

R E M  b e g a n  d u r i n g  p e r i o d s  o f  S W S  a n d  t h e  n o r m a l  a l t e r n a t i o n  o f  W - S W S - R E M  

p e r i o d s  w a s  r e t a i n e d .  A  c o m p l e t e  a n a l y s i s  o f  t h e s e  e x t e n s i v e  e x p e r i m e n t s  

w i l l  b e  g i v e n  e l s e w h e r e ;  f o r  p u r p o s e s  o f  t h e  p r e s e n t  s y m p o s i u m  w e  n e e d

o n l y  e m p h a s i z e  t h a t  i n  c a t s ,  t h e  p r i m a r y  e f f e c t  o f  F a c t o r  S  i s  t o
i n c r e a s e  S W S  a t  t h e  e x p e n s e  o f  w a k e f u l n e s s ,  w i t h o u t  m a j o r  c h a n g e s  o f  R E M  

o r  o f  n o r m a l  p e r i o d i c i t y .  T a b l e  1  a l s o  s h o w s  t h a t  i n  c a t s ,  a s  i n  r a b b i t s  

( 6 ) ,  t h e  i n t r a v e n t r i c u l a r  i n f u s i o n  o f  a r t i f i c i a l  C S F  h a s  l i t t l e  e f f e c t  o n  

s l e e p  s t a t e s  u n d e r  t h e  c o n d i t i o n s  o f  o u r  e x p e r i m e n t s .  T h i s  i s  i n  

c o n t r a s t  t o  r a t s ,  w h i c h  r e s p o n d  t o  i n t r a v e n t r i c u l a r  i n f u s i o n  o f  c o n t r o l  

s o l u t i o n s  w i t h  a  s i g n i f i c a n t  i n c r e a s e  i n  d u r a t i o n  o f  s l e e p  ( 1 , 3 )

3 )  E f f e c t s  o f  U r i n a r y  F a c t o r  S  o n  S l e e p  i n  R a b b i t s

D e v e l o p m e n t  o f  p r o c e d u r e s  f o r  e x t r a c t i n g  a n d  p u r i f y i n g  F a c t o r  S  

f r o m  b r a i n  o r  u r i n e  i n v o l v e d  m a n y  b i o l o g i c a l  a s s a y s  f o r  F a c t o r  S .  

I n i t i a l l y  w e  u s e d  t h e  n o c t u r n a l  l o c o m o t o r  a c t i v i t y  o f  r a t s  f o r  r o u t i n e
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a s s a y s  ( 3 )  b u t  s i n c e  1 9 7 4  w e  h a v e  u t i l i z e d  6  h o u r  d a y t i m e  r e c o r d i n g  o f  

E E G  i n  r a b b i t s .  R a b b i t s  h a v e  s e v e r a l  a d v a n t a g e s  o v e r  r a t s  f o r  s c r e e n i n g  

l a r g e  n u m b e r s  o f  f r a c t i o n s  g e n e r a t e d  b y  v a r i o u s  k i n d s  o f  i o n  e x c h a n g e ,  

g e l - f i l t r a t i o n ,  e l e c t r o p h o r e s i s ,  H P L C  e t c .  R a b b i t s  r e a d i l y  a d a p t  t o  t h e  

e x p e r i m e n t a l  c a g e s ,  t h e r e  i s  l i t t l e  d a y - t o - d a y  v a r i a t i o n  i n  t h e  a m o u n t  o f  

S W S  a n d  R E M  s l e e p  i g '  a  n e g l i g i b l e  f r a c t i o n  ( l e s s  t h a n  5 ? )  o f  s l e e p  t i m e .  

R a b b i t s  a r e  w e l l  s u i t e d  t o  a u t o m a t i c  a n a l y s i s  o f  S W S  b y  t h e  

f i l t e r - r e c t i f i e r - i n t e g r a t o r  t e c h n i q u e  w e  h a v e  d e s c r i b e d  ( 6 , 7 ) ;  t h e  m e a n ,  

r e c t i f i e d  E E G  p o t e n t i a l s  d u r i n g  S W S  a r e  u s u a l l y  3 - 5  f o l d  g r e a t e r  t h a n  

d u r i n g  w a k e f u l n e s s  a n d  t h e  a b s o l u t e  v a l u e s  i n  a n y  g i v e n  r a b b i t  a r e  

u s u a l l y  s t a b l e  w i t h i n  1 0 ?  f o r  s e v e r a l  w e e k s .

R a b b i t s  s l e e p  i n  s h o r t  S W S  e p i s o d e s  w h i c h  l a s t  a  f e w  s e c o n d s  t o  

s e v e r a l  m i n u t e s .  T h e s e  e p i s o d e s  t y p i c a l l y  o c c u p y  f r o m  3 5 - 4 5 ?  o f  t h e  

d a y l i g h t  h o u r s  i n  r a b b i t s  t h a t  a r e  k e p t  o n  a  1 2  h o u r  l i g h t - d a r k  c y c l e .  

R a b b i t s  r e s p o n d  t o  F a c t o r  S  b y  i n c r e a s i n g  t h e  a m o u n t  o f  S W S  t o  v a l u e s  a s  

h i g h  a s  9 0 ?  o f  e a c h  h o u r .  T h e  r e s p o n s e  u s u a l l y  p e a k s  2 - 3  h o u r s  a f t e r  

i n f u s i o n  a n d  i t  s u b s i d e s  g r a d u a l l y  d u r i n g  t h e  s u b s e q u e n t  4 - 6  h o u r s .  F o r  

s t a n d a r d i z a t i o n  o f  a s s a y s  w e  t a k e  t h e  a v e r a g e  ? S W S  i n  t h e  p e r i o d  2 - 6  

h o u r s  a f t e r  i n f u s i o n .  T h e  r e s p o n s e  i s  d o s e  d e p e n d e n t  b u t  t h e  m a x i m u m  

r e s p o n s e  h a s  n e v e r  b e e n  m o r e  t h a n  8 5 ?  S W S  a v e r a g e d  o v e r  t h e  5  h o u r  

p e r i o d .  E v e n  d u r i n g  a  m a x i m a l  r e s p o n s e  t h e  a n i m a l s  w a k e  o c c a s i o n a l l y  t o  

e a t ,  d r i n k  o r  g r o o m ,  a n d  t h e y  c a n  b e  e a s i l y  a r o u s e d  a t  a n y  t i m e  b y  n o i s e  

o r  t o u c h .  D u r i n g  S W S  i n d u c e d  b y  F a c t o r  S  i n  t h e  r a b b i t ,  t h e  a m p l i t u d e  o f  

c o r t i c a l  s l o w  w a v e s  i s  a b o u t  5 0 ?  g r e a t e r  t h a n  d u r i n g  n o r m a l  S W S  i n  t h e  

s a m e  r a b b i t  ( 6 ) .  S i m i l a r  c h a n g e s  o f  E E G  a m p l i t u d e  a r e  o b s e r v e d  i n  

r a b b i t s  a n d  i n  r a t s  ( 2 )  a l l o w e d  t o  s l e e p  f o l l o w i n g  s l e e p  d e p r i v a t i o n .  

H o w e v e r ,  w e  h a v e  n o t  o b s e r v e d  c h a n g e s  i n  E E G  a m p l i t u d e  d u r i n g  S W S  i n d u c e d  

b y  F a c t o r  S  i n  t h e  c a t .

4 )  E f f e c t s  o f  U r i n a r y  F a c t o r  S  o n  S l e e p  o f  R a t s

R a t s  h a v e  a  m a r k e d  d a y - n i g h t  a c t i v i t y  c y c l e  a n d  t h e  n o r m a l  

v a r i a t i o n s  i n  t h e i r  s l e e p  p a t t e r n  a r e  l a r g e  c o m p a r e d  t o  t h o s e  i n  c a t s  o r  

r a b b i t s .  F o r  t h e s e  a n d  o t h e r  r e a s o n s  i t  i s  m o r e  d i f f i c u l t  t o  a s s a y  

F a c t o r  S  i n  r a t s .  A  f u r t h e r  c o m p l i c a t i o n  a r i s e s  f r o m  t h e  f a c t  t h a t  

i n t r a v e n t r i c u l a r  i n f u s i o n s  o f  c o n t r o l  s o l u t i o n s  c a u s e  s i g n i f i c a n t  

r e d u c t i o n  o f  n o c t u r n a l  l o c o m o t o r  a c t i v i t y  a n d  i n c r e a s e  i n  S W S  f o r  t h e  

f i r s t  6  h o u r s  o f  t h e  d a r k  c y c l e  ( 2 , 3 ) .  N e v e r t h e l e s s ,  i t  i s  p o s s i b l e  t o  

s h o w  t h a t  i n t r a v e n t r i c u l a r  i n f u s i o n  i n  r a t s  o f  C S F  f r o m  s l e e p - d e p r i v e d  

a n i m a l s  i n d u c e s  m o r e  S W S  t h a n  s i m i l a r  i n f u s i o n s  o f  C S F  f r o m  n o r m a l  

a n i m a l s  ( 3 , 9 ) .  S i m i l a r l y ,  w e  f i n d  t h a t  i n f u s i o n  o f  2 0 - 5 0  m l u  u r i n a r y  

F a c t o r  S  i n  0 . 1  m l  a r t i f i c i a l  C S F  j u s t  p r i o r  t o  t h e  d a r k  c y c l e  r e s u l t s  i n  

a  5 0 ?  i n c r e a s e  i n  S W S  f o r  t h e  e n s u i n g  6  h o u r s .  T h u s  5  r a t s  r e c e i v i n g  

c o n t r o l  a r t i f i c i a l  C S F  j u s t  p r i o r  t o  t h e  d a r k  c y c l e  s l e p t  2 5  +  1 ?  o f  t h e  

n e x t  6  h o u r s  i n  S W S ;  t h e  s a m e  r a t s  s l e p t  3 8  +  2 ?  o f  t h e  t i m e  f o l l o w i n g  

i n f u s i o n  o f  F a c t o r  S  ( 4 ) .  A t  p r e s e n t  w e  h a v e  n o  i n f o r m a t i o n  c o n c e r n i n g  

t h e  e f f e c t s  o f  u r i n a r y  F a c t o r  S  o n  R E M  i n  r a t s .

5 )  S u m m a r y  a n d  C o n c l u s i o n s

P r o c e d u r e s  h a v e  b e e n  d e v e l o p e d  t o  o b t a i n  S l e e p - p r o m o t i n g  F a c t o r  S  

f r o m  l a r g e  v o l u m e s  o f  h u m a n  u r i n e .  C h e m i c a l  a n d  p h y s i o l o g i c a l  p r o p e r t i e s  

o f  t h i s  m a t e r i a l  a r e  s i m i l a r  t o  t h o s e  o f  F a c t o r  S  p u r i f i e d  f r o m  b r a i n .  

E m p h a s i s  i s  b e i n g  p l a c e d  o n  t h e  u s e  o f  t h i s  m a t e r i a l  f o r  s t u d i e s  o f  i t s  

c h e m i c a l  s t r u c t u r e  b u t  s u f f i c i e n t  p u r i f i e d  m a t e r i a l  h a s  b e e n  o b t a i n e d  t o
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s t a r t  s y s t e m a t i c  p h y s i o l o g i c a l  s t u d i e s .  I n  t h e  p r e s e n t  p a p e r  w e  d e s c r i b e  

t h e  e f f e c t s  o f  u r i n a r y  F a c t o r  S  o n  t h e  s l e e p  c y c l e  o f  c a t s ,  r a b b i t s  a n d  

r a t s .  T h e  p r i m a r y  e f f e c t  o f  F a c t o r  S  i s  t o  i n c r e a s e  S W S  a t  t h e  e x p e n s e  

o f  w a k e f u l n e s s ,  w h i l e  l e a v i n g  t h e  p e r i o d i c i t y  a n d  a m o u n t  o f  R E M  

u n a f f e c t e d .  T h e  e x c e s s  S W S  i n d u c e d  b y  F a c t o r  S  i s  n o t  f o l l o w e d  b y  

i n c r e a s e d  w a k e f u l n e s s  d u r i n g  t h e  3 2  h o u r  r e c o r d i n g  p e r i o d s  w e  h a v e  

e m p l o y e d  f o r  t h e  a n a l y s i s .

T h e  c h e m i c a l  a n d  p h y s i o l o g i c a l  p r o p e r t i e s  o f  F a c t o r  S  d i f f e r  f r o m  

t h o s e  o f  D S I P  ( 1 0 ) ,  a r g i n i n e  v a s o t o c i n  ( 8 )  a n d  o t h e r  p u t a t a t i v e  s l e e p  

f a c t o r s ;  h o w e v e r ,  F a c t o r  S  m a y  b e  r e l a t e d  t o  t h e  s l e e p - p r o m o t i n g  

s u b s t a n c e  e x t r a c t e d  f r o m  b r a i n s t e m s  o f  s l e e p - d e p r i v e d  r a t s  b y  U c h i z o n o  e t  

a l  ( 1 1 ) .  F u r t h e r  p r o g r e s s  t o w a r d  u n d e r s t a n d i n g  t h e  n o r m a l  f u n c t i o n  a n d  

m e c h a n i s m  o f  a c t i o n  o f  F a c t o r  S  w i l l  d e p e n d  u p o n  e l u c i d a t i o n  o f  i t s  

c h e m i c a l  s t r u c t u r e  a n d  t h e  d e v e l o p m e n t  o f  m e t h o d s  f o r  a n a l y s i s  o f  i t s  

d i s t r i b u t i o n  a n d  c o n c e n t r a t i o n  i n  b r a i n .
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PINEAL VASOTOCIN AND SLEEP
S. Pavel

I n s t i t u t e  o f  E n d o c r i n o l o g y ,  B u c h a r e s t ,  R o m a n i a

Introduction
We first demonstrated by specific differential bioassay, 

the presence of the nonapeptide hormone arginine vasotocin 
(AVT) in the pineal gland of all mammals so far investigated 
including man (27). Our work was confirmed by mass 
spectrometry (4), indirect radioimmunoassay (42) , immuno- 
cytochemistry (3) as well as by a specific AVT anti-serum (6). 
AVT is synthesized both in the fetal and adult pineal gland 
of mammals including man, by specialized ependymal cells of 
the pineal recess (27) and released into cerebrospinal fluid 
(CSF) by its releasing hormone, the pineal indole melatonin 
(26, 31). In the pineal gland of the rat, AVT displays a 
circadian rhythm with high levels at noon and low levels at 
midnight, suggesting its release into CSF during the night 
in the dark (27). AVT represents the most active hormone so 
far known, able to inhibit the release of hypothalamic 
releasing and inhibiting hormones at concentrations equivalent 
to only several hundreds of molecules (27). Extremely small 
amounts of synthetic or purified pineal AVT, corresponding to 
about 600 molecules AVT, injected into the pineal recess of 
unanesthetized cats, induce NREM sleep and suppress REM sleep 
(32). The high potency of AVT in inducing NREM sleep has been 
recently confirmed in rabbits (J.R.Pappenheimer, personal 
communication). AVT differs both in its structure and effects 
from all known sleep inducing peptides (19, 22, 25). However, 
in the absence of a chemical characterization, the problem 
remains open, whether the CSF factor affecting motor activity 
in the rat (43), is identical or not with AVT. Compared on a 
molar basis with the synthetic delta nonapeptide (19), AVT 
is at least six thousand milliard times more potent, being 
thus by far the most active sleep inducing substance so far 
known.

Melatonin as releasing hormone
Since in spite of its quite different structure, AVT 

mimics all known effects of melatonin (27), and since melatonin 
injected either intravenously or intraventricularly, induces 
the release of AVT into the CSF of cats, it was advanced the
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hypothesis that melatonin represents the releasing hormone for 
pineal AVT (26, 31). Not only in cats, but also in man, we 
demonstrated recently (36), that the suboccipital CSF AVT 
levels in 3 prepuberai boys admitted for minor neurological 
disorders,increase at 15 minutes, from 9 + 3  pg/ml after the 
intravenous injection of the diluent alone, to 77 + 5 pg/ml 
after the intravenous injection of 50 mg melatonin. In cats, 
it has been shown that AVT induces NREM sleep and suppresses 
REM sleep (28, 32), while melatonin also induces NREM sleep 
(18). However, because these authors (18) injected pharma
cological amounts of melatonin (30 ug) in the preoptic area 
and no mention was made about REM sleep, we reinvestigated 
recently (9) the effects of melatonin on REM sleep in cats 
and demonstrated that 10 ng of melatonin, an amount 
comparable to the content of a pineal gland (50), induces 
NREM sleep and suppresses REM sleep in an identical manner as 
AVT, when injected into the pineal recess of unanesthetized 
cats. Both after melatonin (9) and AVT (28), the reappearance 
of REM sleep occurs with a marked rebound, like that observed 
after the administration of 5-hydroxytryptophan (15). In man, 
however, in contrast to cats, both melatonin (2, 5, 34, 36) 
and AVT (29, 34, 35, 36, 39) increase incidence and duration 
of REM sleep in healthy adults and induce and dramatically 
increase the amount of REM sleep in infants, some prepuberai 
boys and narcoleptics. The identical effects of both 
melatonin and AVT in inducing NREM sleep and in suppressing 
REM sleep in cats as well as the opposite effects of both 
melatonin and AVT on REM sleep in cats and man, further 
supports the postulate that melatonin represents the 
releasing hormone for pineal AVT.

Sleep deprivation
The lumbar CSF AVT levels were measured in 3 young male 

volunteers at 08.00h, after 24h of sleep deprivation or at 
08.00h, at approximately 2h after awakening from a normal 
night of sleep. The CSF AVT levels markedly increase from 
the control levels of less than 5 pg/ml, to 85 + 13 pg/ml 
after 24h of sleep deprivation. A similar increase of the 
urinary excretion of melatonin has been reported in sleep 
deprived subjects (14, 49).

REM sleep-dependent release
Lumbar CSF of healthy young males, contains detectable AVT 

levels when CSF was removed after awakening from REM sleep 
(33). No detectable AVT levels were found in the CSF of the 
same subjects when CSF was removed after awakening from NREM 
sleep, regardless the stage of NREM sleep from which they 
were awakened (33). The release of AVT into CSF after REM 
sleep is apparently independent of lighting conditions of 
hour of the day. The above data, demonstrating a strong REM 
sleep-dependent release of AVT into CSF of man, provide the 
first evidence of a physiological stimulus for the release of 
AVT into CSF (33). Whether AVT is released into CSF during 
the REM sleep period or in the period immediately preceding
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REM sleep, cannot be deduced from these experiments. However, 
the increase by AVT of incidence and duration of REM sleep in 
healthy adults (29, 34), the induction by AVT on REM sleep in 
infants (35), some prepuberal boys (36) and narcoleptics (34, 
39) as well as the increase of CSF AVT levels in sleep 
deprived subjects, strongly suggests the involvement of AVT in 
the induction of REM sleep, and consequently its release into 
CSF in the period immediately preceding REM sleep. Although 
the relationship between the nocturnal rise in melatonin 
secretion and sleep stages in humans is not well defined (47, 
48), a REM sleep dependent release has been reported in 
epileptic patients (44).

Mechanism of action(see also Addendum)
The effects of AVT are highly specific because neither 

vasopressin nor oxytocin, which differ from AVT by only a 
single amino acid, was able to induce NREM sleep and to 
suppress REM sleep in cats (28, 32) or to induce REM sleep 
in man (36). In view of the evidence for the involvement of 
5-hydroxytryptamine (5-HT) containing midbrain rahe neurons 
in the regulation of the sleep-waking cycle (15), it was of 
crucial importance to determine whether the sleep inducing 
activities of AVT are or are not mediated by 5-HT containing 
neurons. The following available evidence strongly suggest 
that AVT induces its hypnogenic effects by interfering with 
5-HT neurotransmission: a) AVT increases 5-HT and decreases 
5-hydroxyindole acetic acid levels in the cat brain (28);
b) fluoxetine, a specific and selective 5-HT uptake inhibitor 
which facilitates 5-HT neurotransmission (7), greatly 
enhances the AVT induced NREM sleep in cats, when administered 
in small amounts without any apparent effects on sleep (28);
c) higher amounts of fluoxetine alone, completely mimics the 
effects of AVT both in inducing NREM sleep and in suppressing 
REM sleep in cats (28, 45); d) in rats, fluoxetine alone, 
mimics the effects of AVT both in inducing NREM sleep and in 
suppressing REM sleep during the night in the dark and in 
reducing REM sleep without affecting apparently NREM sleep 
during the dayligth hours (10, 45); e) in man, in contrast to 
cats and rats, small amounts of fluoxetine without any 
apparent effects on sleep, greatly enhance the AVT induced 
REM sleep, whereas higher amounts of fluoxetine alone, induce 
REM sleep (29, 36); f) methergoline, a selective central 5-HT 
receptor blocker (8), completely prevents AVT in inducing 
NREM sleep in cats (28) and REM sleep in man (36); g) raphe 
dorsalis lesions in cats, completely prevent AVT in inducing 
NREM sleep and in suppressing REM sleep (11). The opposite 
effects of both AVT and fluoxetine on REM sleep in cats and 
man, reflect a different involvement of 5-HT containing 
neurons in the organization of REM sleep in cats and man, as 
suggested by several workers (17, 23, 51). The present results 
disagree with the conclusions of a recent study in which no 
effects of AVT on sleep in rats could be detected (46).

103



Dreaming
Seventeen young male volunteers receiving intra-nasally

2.5 ug AVT or saline, were awakened from their first REM 
period and questioned about their dreams, giving particular 
emphasis to the vividness of visual imagery. Thirteen subjects 
reported vivid and coloured dreams after AVT but only four 
after saline, confirming our first study (29) . In another 
experiments we demonstrated that at awakening from REM sleep, 
the amount of AVT detected in the CSF of the subjects which 
experienced vivid and emotive dreams,was significantly higher 
than the amount of AVT detected in the CSF of the subjects 
whose REM dreams were devoid of vividness and emotionality 
(33). In narcoleptics, AVT induces intense coloured dreams, 
completely devoid of their usual nightmare-like elements (34). 
Melatonin affects also the visual imagery of dreaming (2) and 
we could confirm this, both in healthy subjects (36) and 
narcoleptics (34). Since the hallucinogenic drug LSD, whose 
effects on 5-HT neurons are well established (1), decreases 
REM sleep in cats (13) and increases REM sleep in man (21) 
like AVT, and since fluoxetine greatly enhances the 
hallucinogenic effects of AVT (29, 36), suggests that AVT 
induces the hallucinatory imagery of REM dreaming by 
interfering with 5-HT neurotransmission.

REM sleep ontogenesis
The AVT content in the pineal gland of mammals (27) and 

CSF of man (30) markedly decreases from fetal to adult age, 
concomitantly with the reduction of the ependymal cells that 
synthesize AVT from the pineal recess and pineal gland (24). 
There is also a decrease in the amount of REM sleep from fetal 
to adult age (37, 41) . This intriguing parallelism in the 
marked decrease with age of both AVT and REM sleep, promted us 
to investigate the effects of AVT on REM sleep in infants. 
Synthetic AVT administered intra-nasally to 7 full-term infants 
aged 7-9 weeks, induces REM sleep within 1 minute and 
dramatically increases the amount of REM sleep up to 100 
percent of the recording time of 60 minutes (35). A dose- 
-related effect could be established between 0.1, 0.5 and
2.5 ug synthetic AVT. The equivalent of 1 mg pineal extract 
from human fetuses aged 4-5 months and containing 13.5 
hydroosmotic milliunits, the most specific biological activity 
of AVT (27), administered intranasally to another 3 infants, 
increases REM sleep from 17, 21 and 23 minutes respectively, 
to 31, 37 and 43 minutes respectively (35). The significance 
of the high potency of both synthetic and human fetal pineal 
AVT in inducing and in increasing REM sleep in infants is 
unknown. It has been proposed that REM sleep, a source of 
intense endogenous excitation, play an important role in 
neural and behavioral development (16, 41). If this postulate 
is true, then AVT would represent, at least in man, an 
important endogenous chemical stimulus for the maturation and 
differentiation of the brain. The delayed maturation of the 
brain by the impairment of myelin synthesis in neonatally 
pinealectomized rats (40), supports the above hypothesis.
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Narcolepsy
Since narcolepsy represents essentially a pathology of REM 

sleep (12, 37) and pinealectomy, which removes the main source 
of melatonin (50) but leaves intact most of the ependymal 
cells that synthesize AVT (27), induces both in rats and man 
(20) a narcoleptic-like distribution of REM sleep, we 
investigated the effects of AVT and melatonin on REM sleep in 
narcoleptics. Both AVT and melatonin induce REM periods at 
sleep onset and dramatically increase the amount of REM sleep 
and decrease REM sleep latency in narcoleptics (34, 39). 
Although in the normal subjects the effects of AVT and 
melatonin were more variable, both AVT and melatonin 
significantly increase the amount of REM sleep and decrease 
REM sleep latency. However, in contrast to narcoleptics, in 
the normal subjects, neither AVT nor melatonin, was able to 
induce REM periods at sleep onset, or to increase the amount 
of REM sleep at the dramatic level of narcoleptics (34, 39). 
Since in healthy infants (35) and even in some healthy 
prepuberal boys (36), in contrast to healthy adults, AVT is 
extremely potent in inducing REM periods at sleep onset and 
in increasing the amount of REM sleep, suggests that the 
high sensitivity of narcoleptics to melatonin and AVT,reflects 
an immaturity of REM triggering centers. Since the AVT content 
in the pineal of narcoleptics, as deduced from its release 
into CSF (38), is apparently normal or even higher than in 
healthy subjects (33), it appears that the pineal of 
narcoleptics displays rather a melatonin deficiency, either in 
its synthesis or in its control over AVT release, with 
resultant alterations in the induction and circadian 
organization of REM sleep.

Conclusions
The present results suggest that the pineal gland by its 

indole melatonin as releasing hormone and by its nonapeptide 
AVT as specific effector in the brain, plays an important, 
still not elucidated role, in the induction and circadian 
organization of'sleep. Compared with other sleep inducing 
peptides, AVT fulfills the following specific physilogical 
criteria: 1) it is synthesized both in the fetal and adult 
pineal; 2) it displays a circadian rhythm in the pineal;
3) its release into CSF is REM sleep dependent; 4) its levels 
in CSF markedly increase after sleep deprivation; 5) its 
decrease in the pineal and CSF from fetal to adult age, 
parallels the decrease of REM sleep; 6) it induces its 
hypnogenic effects within few minutes; 7) it is the most 
active sleep inducing substance so far known; 8) it induces 
its hypnogenic effects in different species according to the 
specific involvement of 5-HT containing neurons in the 
organization of their sleep states; 9) it induces vivid and 
coloured dreams;.10) it appears to be involved in the 
pathophysiology of narcolepsy.
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Addendum
Whether AVT acts directly or indirectly on 5-HT neurons is 

unknown. However, the failure of AVT to induce consistent 
changes in firing rate when applied by microintophoresis to 
5-HT neurons in the dorsal raphe nucleus of the rat (G.K. 
Aghajanian, personal communication), the existence of a major 
gaba-ergic projection from the habenula to raphe dorsalis (1) 
as well as the increase of GABA levels in the brain by 
melatonin (2), suggests a possible gaba-ergic mediation of 
the AVT effects on raphe dorsalis neurons. This, would also 
agree with the results obtained after raphe dorsalis cooling 
(Cespuglio et al. 1979).
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Several papers have been reported which suggest the exis
tence of a close interaction between thermoregulation and 
sleep-waking activity (Heller and Glotzbach, 1977, Schmidek 
et al.»1972, Valatx et al., 1973). The conflicting findings 
concerning the influence of a warm environment on sleep-waking 
activity can be attributed to the fact that, for example in 
rats, several mechanisms opposite in action are activated by a 
warm exposure. On the one hand, warm stimuli put into action 
behaviours with increased motor activity to protect the ani
mals against overheating of the body (Hainsworth, 1967). On 
the other hand, behavioural deactivation (prone extension of 
the body, sleep) can also been observed (Roberts and Mooney, 
1974, Roberts and Robinson, 1969), which reduces thermogenesis 
and favours heat dissipation.

The study of the acute and chronic consequences of capsa
icin administration offers useful means to elucidate some 
effects of warm stimuli on behaviour. Acute administration of 
capsaicin excites warm receptors, which anyone who has come 
into contact with red pepper can attest to as a common 
experience. Fractionated administration of large doses of 
capsaicin, however, results i/i a state characterized by 
irresponsiveness to warm stimuli (desensitization, Jancsó- 
Gábor et al., 1970).

If rats are put into a warm environment, they respond 
with intensive saliva spreading and escape reactions. 
Desensitized rats fail to produce such reactions, as if they

111



were insensitive to warm stimuli. Due to these failures, their 
body temperature increases to a great extent and soon reaches 
a lethal limit (Obál et al., 1979).

As a first step in our experiments, the effects of a warm 
ambient temperature on the sleep-waking activities of capsai
cin-desensitized and untreated rats were studied (Benedek et 
al., 1980). Eleven pairs of desensitized and control rats were 
kept at 22-24 °C for base-line recordings, then at 32 °C and 
at 34 °C for 24 hours each. A light-dark cycle of 12:12 hours 
was maintained, and recordings were performed during the light 
phase. The sleep-waking activities of both groups were influ
enced by the elevation of the ambient temperature (Fig. 1).
In the control rats, the amount of wakefulness (W) increased 
parallel to the ambient temperature. The time spent in light 
slow wave sleep (LSWS) also decreased at the expense of deep 
slow wave sleep (DSWS). It seems that a warm ambient 
temperature exerts a powerful activating effect on the control 
rats, resulting in both increased wakefulness and lighter

W  LSWS DSWS SWS PS

* * * * * *

32C 34C 32C 34 C 32'C 34 С 32C 34 С 32C 34C

Fig. 1. Effect of 32 °C and 34 °C ambient temperature on the
amount of sleep-waking stages in control (white columns) and 
desensitized (shaded columns) rats. The percentage deviation 
of each stage from the values observed at room temperature
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sleep. In desensitized rats, however, a deactivation was 
obtained at 32 °C.
The amount of wakefulness decreased and that of deep slow 
wave sleep increased. There was a pronounced increase in the 
amount of paradoxical stage (PS).

The study of cyclicity in the appearance of paradoxical 
phases revealed conspicuous differences between the two 
groups (Fig. 2). The cyclicity was calculated by the method 
of Globus (1970), taking into account the daytime paradoxical 
episodes. In the control rats, a definite cyclicity with a 
maximum at 18 min cycle length appeared at 22-24 °C. On 
elevation of the ambient temperature, this cyclicity greatly 
deteriorated. In capsaicin-desensitized rats, the cycle length 
was shortened and the cyclicity was less pronounced than in 
the controls, even at 22-24 °C. No characteristic changes

Fig. 2 Changes in the cyclicity of the occurence of para
doxical sleep under the effect of warm ambient temperature. 
The curves represent the mean values and confidence intervals 
obtained in eleven rats during daytime.
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could be observed under the effect of a warm ambient 
temperature.
Two findings are worthy of emphasis:
i) The deactivating effect of heat did not manifest itself 
in the sleep-waking activity of untreated rats, at least on 
the first few days of exposure; indeed, an increase in wake
fulness was observed. The facilitation of wakefulness may be 
due to behaviours enhancing heat dissipation: when vasodila
tation itself is not enough for thermolysis, the rats are 
forced to wake up and spread saliva on their fur. This re
peated awakening is reflected by the impairment of PS cyc
licity; the need for thermolytic behaviours interferes with 
sleep cycles. The reason for alteration in PS cyclicity of 
desensitized animals at room temperature is far less under
stood. The alteration suggests that warm receptors may play 
a role in timing the sleep-waking cyclicity even at room 
temperature.
ii) Desensitized rats increase their sleep time at a moderate 
warm ambient temperature, in spite of their irresponsiveness 
to a warm environment.

For further analysis of the interaction of a warm 
environment and the sleep-waking activity, the effect of 
local preoptic heating on cortical electrical activity was 
studied in acute» immobilized unanaesthetized rats (Benedek 
et al., 1976). The animals were operated on under ether 
anaesthesia. After careful infiltration of wound edges and 
pressure points with local anaesthetics, the rats were 
immobilized, artificial respiration was introduced, and then 
the anaesthesia was discontinued. The preoptic region was 
heated by means of high-frequency alternating current through 
concentric bipolar electrodes.
Local heating of the RPO/AH brought about cortical synchroni
zation in both control and desensitized animals (Fig. 3).
This synchronization consisted of slow waves and frontal 
spindles, appearing progressively during the 5-6 min of 
heating which elevated the local temperature by 1-2 °C.
This finding suggests that heating of the central thermosen-
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sor area can elicit deactivation, and furthermore this de
activation can be brought about even after capsaicin desen
sitization .

V̂ VĥvYv̂ iV\\VW4flŶ iVWVwvsiSÂ .' ,4Xv*
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Fig. 3. The effect of preoptic heating on the EEG of control 
(C) and capsaicin-desensitized (D) unanaesthetized immo
bilized rats. LF:left frontal, RF:right frontal, LP: left 
parietal, RP: right parietal derivations. Bottom: change in 
preoptic temperature. Lines: heating period. Calibration:
1 sec, 50 /uV.

To test whether these animals were really insensitive to 
the central influence of capsaicin, the EEG effects of app
lication of the drug into the preoptic region was studied 
in control and desensitized rats. The experiments were 
carried out on 62 acute, immobilized rats. Capsaicin sol
ution (1%) was injected in an amount of 1 pi. In response 
to the microinjection, cortical synchronization appeared 
after a 1-2 min desynchronization period. The synchronization
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Fr:-1

Fig. 4. The effect of local preoptic injection of capsaicin 
on the. cortical electrical activity of an unanaesthetized 
immobilized rat. A: before capsaicin application. B: 4 min 
after 1 pi capsaicin. Bottom: schematic drawing of frontal 
sections (Pellegrino-Cushman atlas). Black squares: syn
chronizing sites, empty squares: desynchronizing sites, 
crosses: ineffective sites. The number of experiments is 
also indicated.
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lasted for 8-10 min. Not only the RPO/AH but also the 
hypothalamus in its entire length was tested in these ex
periments. Every point was heated first, and when the effect 
had elapsed, capsaicin microinjection was applied. Points 
effective in eliciting cortical synchronization were found 
throughout the basal forebrain, from the level of the RPO 
to the mesencephalon (Fig. 4). In control animals, all points 
sensitive to warming reacted to capsaicin too. In capsaicin- 
-desensitized animals, however, capsaicin microinjection 
failed to elicit cortical synchronization, while preoptic 
heating was still effective.

These results show that heat-sensitive structures which 
can contribute to the deactivating effect brought about by 
warming are not confined to the RPO/AH region. In spite of 
the fact that these areas are insensitive to capsaicin in 
desensitized animals, the desensitization does not influence 
the deactivating effect of warmth.

The manifestations of this deactivation were studied in 
freely-moving animals. The effect of preoptic heating on the 
behaviour of rats was tested in eight animals kept at 30 °C 
ambient temperature. Five minute preoptic heating periods 
were alternated with non-heating ones for an hour. In re
sponse to preoptic heating, characteristic large spindles 
were observed which accompanied an immobile pronal extension 
of the body (Fig. 5). This extended lying was often inter
rupted by grooming or drinking behaviour. The amount of 
sleep was not altered significantly by intermittent heating 
for one hour, but the time spent in extension and grooming 
significantly exceeded that observed during the control, 
prestimulation period.

To sum up, the effects of localized preoptic heating and 
a warm ambient temperature were studied in capsaicin-desensi
tized and control rats. It seems that warm stimuli affect 
capsaicin-sensitive and capsaicin-insensitive mechanisms 
which contribute to the activating and deactivating effects 
of a warm environmental temperature. While capsaicin pre
treatment prevents the activating effect of heat, the deac
tivation seems to be unaltered. Since the synchronizing
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Fig. 5. The effect of preoptic heating on the EEG and behav
iour of a freely-moving rat. Lines indicate prone extension 
of the body. Left fronto-parietal derivation. Calibration:
1 sec, 50 jjV.

effect of preoptic warming survived capsaicin treatment, we 
may assume that it is the elevation of the preoptic tempera
ture that causes synchronization and deactivation even in 
freely-moving animals. This assumption is in agreement with 
the findings of Heller and Glotzbach (1977) since the in
crease of slow wave sleep we noted in desensitized rats in a 
32 °C environment was similar to that observed by them in 
rats exposed to an ambient temperature of 20 °C provided the 
preoptic temperature was clamped above normal. To explain 
this deactivating effect of warm stimuli in capsaicin-desen
sitized rats, a non-specific excitation of preoptic neurons 
can be taken into consideration. This explanation was first 
proposed by Parmeggiani et al. (1974) in their interpretation 
of the prolongation of PS elicited by preoptic heating. The 
role of capsaicin-insensitive, but still heat-sensitive 
units, and the contribution of cold-sensors, can not be 
ruled out either.
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INTERRELATION BETWEEN SLEEP 
AND TEMPERATURE REGULATION*

H. Craig Heller and S. F. Glotzbach
D e p a r t m e n t  o f  B i o l o g i c a l  S c i e n c e s ,  S t a n f o r d  U n i v e r s i t y ,  S t a n f o r d ,  C a l i f o r n ia  9 4 3 0 5 ,  U S A

T h a t  t h e  t h e r m a l  e n v i r o n m e n t  h a s  a n  i n f l u e n c e  o n  s l e e p  i s  a  p r o p o s i t i o n  

w e  c a n  a c c e p t  f r o m  p e r s o n a l  e x p e r i e n c e .  T h i s  r e l a t i o n s h i p  h a s  b e e n  e x p l o r e d  

i n  d e p t h  t h r o u g h  a  s e r i e s  o f  s t u d i e s  o v e r  t h e  p a s t  1 2  y e a r s  ( r e v i e w s ,  s e e  

H e l l e r  a n d  G l o t z b a c h  1 9 7 7 ,  H e n a n e  e t  a l .  1 9 7 7 ,  P a r m e g g i a n i  1 9 7 7 ) .  T h e  

r e s u l t s  c a n  b e  g e n e r a l i z e d  a s  f o l l o w s :  a )  t o t a l  s l e e p  t i m e  ( T S T )  i s  m a x i m a l  

i n  a  t h e r m o n e u t r a l  e n v i r o n m e n t  a n d  p r o g r e s s i v e l y  d e c r e a s e s  a b o v e  a n d  b e l o w  

t h e r m o n e u t r a l  c o n d i t i o n s ,  b )  w i t h i n  t h e  t h e r m o n e u t r a l  z o n e  T S T  i s  i n c r e a s e d  

b y  w a r m i n g ,  c )  t h e  s l e e p  s t a g e  m o s t  c u r t a i l e d  b y  t h e r m a l  s t r e s s  i s  p a r a d o x 
i c a l  s l e e p  ( P S ) .  S o  f a r  t h e s e  g e n e r a l i z a t i o n s  a p p l y  t o  c a t s  ( P a r m e g g i a n i  

e t  a l .  1 9 6 9 ,  1 9 7 0 ) ,  r a t s  ( V a l a t x  e t  a l .  1 9 7 3 ,  S c h m i d e k  e t  a l .  1 9 7 2 ) ,  k a n g a 
r o o  r a t s  ( S a k a g u c h i  e t  a l .  1 9 7 9 )  a n d  m a n  ( H a s k e l l  e t  a l .  1 9 7 8 ,  B u g u e t  e t  a l .  

1 9 7 6 ,  1 9 7 9 ) .

I n v e s t i g a t i o n  o f  a r o u s a l  s t a t e  r e l a t e d  c h a n g e s  i n  t h e  t h e r m o r e g u l a t o r y  

s y s t e m  h a v e  s u g g e s t e d  a d a p t i v e  e x p l a n a t i o n s  f o r  t h e  o b s e r v e d  i n f l u e n c e s  o f  

t h e  t h e r m a l  e n v i r o n m e n t  o n  s l e e p ,  e s p e c i a l l y  t h e  s t r o n g  e f f e c t  o f  h i g h  a n d  

l o w  t e m p e r a t u r e s  o n  P S .  R e d u c t i o n s  i n  t h e r m o r e g u l a t o r y  r e s p o n s e s  d u r i n g  

s l e e p  i n  c o m p a r i s o n  t o  w a k e f u l n e s s  h a d  b e e n  n o t e d  i n  m a n y  s t u d i e s  ( r e v i e w ,  

s e e  H e l l e r - a n d  G l o t z b a c h  1 9 7 7 ) .  T h e  m o s t  d r a m a t i c  w a s  t h e  a p p a r e n t  t o t a l  

b l o c k  o f  p a n t i n g ,  s h i v e r i n g ,  a n d  t h e r m o r e g u l a t o r y  v a s o m o t o r  t o n e  d u r i n g  P S  

i n  c a t s  o b s e r v e d  b y  P a r m e g g i a n i  a n d  R a b i n i  ( 1 9 6 7 ) .  I t  w a s  t h e n  d i s c o v e r e d  

t h a t  a c t i v e  t h e r m o r e g u l a t o r y  r e s p o n s e s  i n  o t h e r  s p e c i e s ,  i n c l u d i n g  m a n ,  w e r e  

b l o c k e d  d u r i n g  R E M  s l e e p  ( G l o t z b a c h  a n d  H e l l e r  1 9 7 6 ,  H e n a n e  e t  a l .  1 9 7 7 ,  

S h a p i r o  e t  a l .  1 9 7 4 ) .  T h e  c e n t r a l  n e r v o u s  s y s t e m  b a s i s  f o r  t h e s e  s l e e p  

r e l a t e d  c h a n g e s  i n  t h e  t h e r m o r e g u l a t o r y  s y s t e m  w a s  r e v e a l e d  i n  s t u d i e s  o f  

h y p o t h a l a m i c  t h e r m o s e n s i t i v i t y  a s  a  f u n c t i o n  o f  a r o u s a l  s t a t e  i n  k a n g a r o o  

r a t s  ( G l o t z b a c h  a n d  H e l l e r  1 9 7 6 ) .  S i n c e  h y p o t h a l a m i c  t h e r m o s e n s i t i v i t y  i s  

t h e  d o m i n a n t  f e e d b a c k  l o o p  i n  t h e  t h e r m o r e g u l a t o r y  s y s t e m  o f  s m a l l  m a m m a l s ,  

i t s  c h a r a c t e r i z a t i o n  p r o v i d e s  a  d i r e c t  a p p r o a c h  t o  r e v e a l  a l t e r a t i o n s  i n  

t h i s  c e n t r a l  n e r v o u s  r e g u l a t o r y  s y s t e m .  M e a s u r e s  o f  t h e  m e t a b o l i c  h e a t  

p r o d u c t i o n  r e s p o n s e  t o  h y p o t h a l a m i c  c o o l i n g  s h o w e d  t h a t  h y p o t h a l a m i c  s e n s i 
t i v i t y  w a s  m u c h  l o w e r  d u r i n g  s l o w  w a v e  s l e e p  ( S W S )  t h a n  d u r i n g  w a k e f u l n e s s .  

T h i s  d o w n w a r d  r e s e t t i n g  o f  t h e  t h e r m o r e g u l a t o r y  s y s t e m  e x p l a i n s  d e c r e a s e s  i n  

h e a t  p r o d u c t i o n / c o n s e r v a t i o n  r e s p o n s e s ,  i n c r e a s e s  i n  h e a t  l o s s  r e s p o n s e s ,  

a n d  d e c l i n e s  i n  b o d y  t e m p e r a t u r e  ( T ^ )  s e e n  t o  b e  a s s o c i a t e d  w i t h  s l e e p  o n s e t  

i n  a  v a r i e t y  o f  s t u d i e s .  H y p o t h a l a m i c  t h e r m o s e n s i t i v i t y  w a s  c o m p l e t e l y  

e l i m i n a t e d  d u r i n g  P S  e x p l a i n i n g  o b s e r v a t i o n s  o f  l o s s  o f  t h e r m o r e g u l a t o r y  

r e s p o n s e s  d u r i n g  t h i s  s l e e p  s t a g e .

* S u p p o r t e d  b y  U n i t e d  S t a t e s  N . I . H .  g r a n t s  N S 1 0 3 6 7 ,  G M 2 3 6 9 5 .

121



T h e  s t r o n g  i n h i b i t i o n  o f  a n  a u t o n o m i c  h o m e o s t a t i c  m e c h a n i s m  d u r i n g  P S  

i s  a  p u z z l i n g  p h e n o m e n o n .  I t  d o e s ,  h o w e v e r ,  o f f e r  a n  a d a p t i v e  r a t i o n a l e  

f o r  t h e  d i s p r o p o r t i o n a t e  d i s r u p t i o n  o f  P S  i n  t h e  f a c e  o f  t h e r m a l  s t r e s s .

I f  r e g u l a t i o n  c a n n o t  o c c u r  d u r i n g  P S ,  t h e n  t h i s  s l e e p  s t a g e  s h o u l d  b e  

m i n i m i z e d  u n d e r  c o n d i t i o n s  i n  w h i c h  r e g u l a t i o n  i s  r e q u i r e d .  C a r r y i n g  t h i s  

l i n e  o f  s o e c u l a t i o n  o n e  s t e p  f a r t h e r  l e a d s  u s  t o  w o n d e r  w h e t h e r  a  s i g n i f i 
c a n t  s e l e c t i v e  p r e s s u r e  i n  t h e  e v o l u t i o n  o f  i n s u l a t e d  n e s t  b u i l d i n g  b e h a v 
i o r  i n  m a m m a l s  b e s i d e s  t h e  o v e r a l l  c o n s e r v a t i o n  o f  m e t a b o l i c  e n e r g y  m i g h t  

h a v e  b e e n  t h e  n e e d  t o  p r e s e r v e  P S .

S i m i l a r l y  t h e  r e d u c t i o n  i n  s e n s i t i v i t y  o f  t h e  c e n t r a l  t h e r m o r e g u l a 

t o r y  s y s t e m  d u r i n g  S W S  m i g h t  a l s o  c o n t r i b u t e  t o  t h e  r e d u c t i o n  o f  T S T  u n d e r  

t h e r m a l  s t r e s s .  A  r e d u c e d  d r i v i n g  s i g n a l  t o  t h e r m o r e g u l a t o r y  e f f e c t o r  

m e c h a n i s m s  w o u l d  r e s u l t  i n  a n  i n a d e q u a t e  h o m e o s t a t i c  r e s p o n s e  a n d  a  d r i f t  

o f  i n  t h e  d i r e c t i o n  o f  t h e  s t r e s s  u n l e s s  r e s p o n s e s  w e r e  p e r i o d i c a l l y  

i n c r e a s e d  b y  e p i s o d e s  o f  w a k e f u l n e s s .

A n  a d a p t i v e  e x p l a n a t i o n  f o r  t h e  o b s e r v e d  i n f l u e n c e s  o f  t h e  t h e r m a l  

e n v i r o n m e n t  o n  s l e e p  l e a d s  t o  t h e  q u e s t i o n  o f  w h e t h e r  t h e s e  i n f l u e n c e s  a r e  

m e d i a t e d  b y  t h e  t h e r m o r e g u l a t o r y  s y s t e m  o r  w h e t h e r  t h e y  a r e  d i r e c t  e f f e c t s  

o f  p e r i p h e r a l  t e m p e r a t u r e  r e c e p t i o n  o n  s y s t e m s  s u b s e r v i n g  a r o u s a l  s t a t e  

c o n t r o l .  T h e  p o s s i b i l i t y  o f  i n t e r a c t i o n  b e t w e e n  t h e  t h e r m o r e g u l a t o r y  

s y s t e m  a n d  a r o u s a l  s t a t e  c o n t r o l l i n g  s y s t e m s  r e q u i r e s  u s  t o  t a k e  a  n e w  

l o o k  a t  s t u d i e s  o n  t h e  i n v o l v e m e n t  o f  t h e  h y p o t h a l a m u s  o n  t h e  c o n t r o l  o f  

a r o u s a l  s t a t e s .  T h e  e f f e c t s  o f  h y p o t h a l a m i c  l e s i o n s  a n d  e l e c t r i c a l  s t i m u 

l a t i o n  h a v e  l e d  t o  t h e  p o s t u l a t i o n  t h a t  t h e  p r e o p t i c  n u c l e i  a n d  a n t e r i o r  

h y p o t h a l a m u s  ( P O A H )  a r e  i n v o l v e d  i n  p r o d u c i n g  c o r t i c a l  s y n c h r o n y  a n d  s l e e p  

w h e r e a s  t h e  p o s t e r i o r  h y p o t h a l a m i c  a r e a s  a r e  i n v o l v e d  i n  p r o d u c i n g  c o r t i c a l  

d e s y n c h r o n y  a n d  a r o u s a l  ( f o r  r e v i e w s  s e e  J a c o b s  1 9 7 8  a n d  B e n e d e k  e t  a l .  

1 9 7 9 ) .  A l s o  c i t e d  i n  s u p p o r t  o f  t h e  P O A H  a s  a  s l e e p  c e n t e r  i s  t h e  f a c t  

t h a t  m i l d  w a r m i n g  o f  t h e  P O A H  i s  e f f e c t i v e  i n  p r o d u c i n g  c o r t i c a l  s y n c h r o n y  

a n d  s l e e p  ( R o b e r t s  a n d  R o b i n s o n  1 9 6 9 ,  B e n e d e k  e t  a l .  1 9 7 6 ) .

A  v e r y  c a r e f u l  s t u d y  b y  B e n e d e k  e t  a l .  ( 1 9 7 9 )  h a s  d e s c r i b e d  t h e  

i n f l u e n c e s  o n  c o r t i c a l  a n d  h i p p o c a m p a l  E E G  s y n c h r o n y  o f  l o w  ( 1 0  c p s )  a n d  

h i g h  ( 1 0 0  c p s )  f r e q u e n c y  s t i m u l a t i o n  i n  p r e c i s e l y  l o c a l i z e d  r e g i o n s  o f  t h e  

P O A H .  T h e  r e s u l t s  o f  t h i s  s t u d y  a r e  t o o  e x t e n s i v e  a n d  c o m p l e x  t o  b e  d i s 

c u s s e d  i n  d e t a i l  h e r e ,  h o w e v e r ,  t w o  g e n e r a l  f i n d i n g s  a r e  o f  i n t e r e s t  f o r  

c o m p a r i s o n  w i t h  t h e r m o r e g u l a t o r y  s t u d i e s  o f  t h e  h y p o t h a l a m u s .  F i r s t ,  

t h e r e  i s  a  d i s t i n c t  m e d i a l - l a t e r a l  d i f f e r e n c e  i n  t h e  r e s p o n s e s  t o  e l e c t r i 
c a l  s t i m u l a t i o n .  L o w  f r e q u e n c y  s t i m u l a t i o n  o f  l a t e r a l  a r e a s  p r o d u c e s  

c o r t i c a l  s y n c h r o n y  w h e r e a s  s i m i l a r  s t i m u l a t i o n  o f  m e d i a l  a r e a s  p r o d u c e s  

c o r t i c a l  d e s y n c h r o n y .  S e c o n d ,  t h e  e f f e c t  o f  t h e  s t i m u l a t i o n  w a s  d e p e n d e n t  

u p o n  t h e  f r e q u e n c y  u s e d .  H i g h  f r e q u e n c y  s t i m u l a t i o n  r e s u l t e d  i n  c o r t i c a l  

s y n c h r o n y  o n l y  w h e n  a p p l i e d  i n  t h e  l a t e r o b a s a l  p a r t  o f  t h e  p r e o p t i c  r e g i o n  

a n d  p r o d u c e d  c o r t i c a l  d e s y n c h r o n y  a n d  h i p p o c a m p a l  t h e t a  i n  o t h e r  l o c a t i o n s  

w h e r e  l o w  f r e q u e n c y  s t i m u l a t i o n  c a u s e d  c o r t i c a l  s y n c h r o n y .

O n e  c r i t i c i s m  o f  t h e  l e s i o n  a n d  s t i m u l a t i o n  s t u d i e s  o f  p u t a t i v e  

h y p o t h a l a m i c  s l e e p  c e n t e r s  i s  t h a t  t h e  e f f e c t s  m a y  b e  d u e  t o  d i s r u p t i o n  o r  

s t i m u l a t i o n  o f  f i b e r s  o f  p a s s a g e  r a t h e r  t h a n  t o  h y p o t h a l a m i c  n u c l e i .  F o r  

e x a m p l e ,  t h e  l a t e r a l  h y p o t h a l a m u s  i n c l u d e s  t h e  m e d i a l  f o r e b r a i n  b u n d l e  

w h i c h  i n c l u d e s  d e s c e n d i n g  p a t h w a y s  f r o m  s e p t a l  a n d  o l f a c t o r y  n u c l e i  p l u s  

o l f a c t o r y ,  h i p p o c a m p a l  a n d  o r b i t o f r o n t a l  c o r t i c e s  t o  t h e  m i d b r a i n  a n d  

p o s s i b l y  l o w e r  b r a i n s t e m .  A s c e n d i n g  f i b e r s  i n  t h e  m e d i a n  f o r e b r a i n  b u n d l e  

i n c l u d e  t h o s e  f r o m  s e v e r a l  b r a i n s t e m  n u c l e i .  T h e  m e d i a l  f o r e b r a i n  b u n d l e  

a l s o  c o n t a i n s  a x o n s  f r o m  v a r i o u s  h y p o t h a l a m i c  n u c l e i  ( M i l l h o u s e  1 9 7 3 ) .
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A n o t h e r  p o s s i b i l i t y  w h i c h  m u s t  b e  c o n s i d e r e d  i n  t h e  i n t e r p r e t a t i o n  o f  t h e  

h y p o t h a l a m i c  l e s i o n  a n d  s t i m u l a t i o n  s t u d i e s  i s  t h a t  v a r i o u s  h y p o t h a l a m i c  

m a n i p u l a t i o n s  i n f l u e n c e  s l e e p  i n d i r e c t l y  b e c a u s e  o f  e f f e c t s  o n  t h e  t h e r m o 
r e g u l a t o r y  s y s t e m  o r  o t h e r  h y p o t h a l a m i c  h o m e o s t a t i c  m e c h a n i s m s .

T h e  r e g i o n a l  d i f f e r e n c e s  d e s c r i b e d  f o r  t h e  e f f e c t s  o f  l e s i o n s ,  t h e r m a l  

s t i m u l a t i o n ,  a n d  e l e c t r i c a l  s t i m u l a t i o n s  o f  t h e  b a s a l  f o r e b r a i n  o n  s l e e p  

b e a r  i n t e r e s t i n g  r e l a t i o n s  w i t h  t h e  t h e r m o r e g u l a t o r y  f u n c t i o n s  o f  t h e  s a m e  

a r e a s ,  e s p e c i a l l y  w h e n  o n e  k e e p s  i n  m i n d  t h e  f a c t  t h a t  m i l d  p e r i p h e r a l  o r  

c e n t r a l  w a r m i n g  f a c i l i t a t e s  s l e e p  b u t  s t r o n g  t h e r m a l  s t i m u l i  i n t e r f e r e  w i t h  

s l e e p .  T h e  e f f e c t s  o f  h y p o t h a l a m i c  l e s i o n s  o n  t h e r m o r e g u l a t i o n  h a v e  s u g 
g e s t e d  a  d i v i s i o n  o f  f u n c t i o n  w i t h  n e u r o n s  i n  t h e  P O A H  r e s p o n s i b l e  f o r  

d r i v i n g  h e a t  l o s s  r e s p o n s e s  a n d  n e u r o n s  i n  t h e  p o s t e r i o r  h y p o t h a l a m u s  

r e s p o n s i b l e  f o r  c o n t r o l l i n g  h e a t  c o n s e r v a t i o n / p r o d u c t i o n  r e s p o n s e s .  S t u d i e s  

u s i n g  l o c a l i z e d  e l e c t r i c a l  s t i m u l a t i o n s  h a v e  l a r g e l y  s u p p o r t e d  t h i s  f u n c 

t i o n a l  d i v i s i o n  a n d  h a v e  s u g g e s t e d  r e c i p r o c a l  i n h i b i t o r y  i n t e r a c t i o n s  a s  

w e l l  ( B l i g h  1 9 7 3 ,  R e a v e s  a n d  H a y w a r d  1 9 7 9 ) .  A n o t h e r  s t u d y  h a s  t a k e n  t h e  

a p p r o a c h  o f  r e c o r d i n g  l o c a l  E E G  o f  t h e  a n t e r i o r  a n d  p o s t e r i o r  h y p o t h a l a m u s  

w h i l e  m a n i p u l a t i n g  t h e  t e m p e r a t u r e  o f  t h e  s p i n a l  c o r d  ( W ü n n e n b e r g  1 9 7 3 ) .

T h e  a v e r a g e  f r e q u e n c y  o f  t h e  E E G  o f  t h e  a n t e r i o r  h y p o t h a l a m u s  i n c r e a s e d  

w i t h  s p i n a l  w a r m i n g  a n d  t h a t  o f  t h e  p o s t e r i o r  h y p o t h a l a m u s  i n c r e a s e d  w i t h  

s p i n a l  c o o l i n g ,  t h u s  s u p p o r t i n g  t h e  c o n c e p t  t h a t  t h e  a n t e r i o r  h y p o t h a l a m u s  

s u b s e r v e s  h e a t  l o s s  a n d  t h e  p o s t e r i o r  s u b s e r v e s  h e a t  p r o d u c t i o n  r e s p o n s e s .  

I t  i s  t h e r e f o r e  p o s s i b l e  t h a t  m i l d  e l e c t r i c a l  s t i m u l a t i o n  o f  t h e  p o s t e r i o r  

h y p o t h a l a m u s  m i m i c s  a  c o l d  s t i m u l u s  a n d  i s  t h e r e f o r e  a r o u s i n g  w h e r e a s  a  

m i l d  e l e c t r i c a l  s t i m u l u s  o f  t h e  P O A H  m i m i c s  a  w a r m  s t i m u l u s  a n d  i s  h y p n o -  

g e n i c .  H i g h  f r e q u e n c y  s t i m u l a t i o n  i n  e i t h e r  a r e a  m a y  m i m i c  i n t e n s e  t h e r m a l  

s t i m u l i .

O n  a n o t h e r  f r o n t ,  s i n c e  t h e  p i o n e e r i n g  s t u d y  o f  N a k a y a m a  e t  a l .  ( 1 9 6 3 ) ,  

n u m e r o u s  i n v e s t i g a t o r s  h a v e  r e c o r d e d  t e m p e r a t u r e  s e n s i t i v e  n e u r o n s  i n  t h e  

h y p o t h a l a m u s .  A  c o m m o n  f e a t u r e  i n  t h e  r e s u l t s  o f  m a n y  o f  t h e s e  s t u d i e s  i s  

t h a t  t h e  h i g h e s t  n u m b e r s  o f  t e m p e r a t u r e  s e n s i t i v e  c e l l s  a r e  f o u n d  c l o s e  t o  

m i d l i n e .  I n  t h e  s t u d i e s  o f  N a k a y a m a  e t  a l .  ( 1 9 6 3 )  o v e r  5 0 %  o f  t h e r m o s e n s i 
t i v e  c e l l s  w e r e  w i t h i n  0 . 5  m m  o f  m i d l i n e .  I n  a  s t u d y  o n  r a b b i t s  b y  H e l l o n  

( 1 9 6 7 )  7 5 %  o f  t h e  t e m p e r a t u r e  s e n s i t i v e  c e l l s  w e r e  w i t h i n  1  m m  o f  m i d l i n e ,  

t h e  r e s t  w i t h i n  2  m m .  I n  a  s t u d y  b y  J e l l  a n d  G l o o r  ( 1 9 7 2 )  o n  c a t s  m o s t  o f

t h e  t e m p e r a t u r e  s e n s i t i v e  c e l l s  w e r e  w i t h i n  1  m m  o f  m i d l i n e .  N o n e  o f  t h e s e

s t u d i e s  d e s c r i b e s  n u m b e r  o f  p e n e t r a t i o n s  i n  d i f f e r e n t  a r e a s  o r  s o m e  o t h e r  

c r i t e r i a  w h i c h  w o u l d  i n d i c a t e  w h e t h e r  o r  n o t  t h e  r e p o r t e d  r e s u l t s  t r u l y  

r e p r e s e n t  d i f f e r e n t  d e n s i t i e s  o f  t e m p e r a t u r e  s e n s i t i v e  c e l l s ,  b u t  t h e  b e s t  

a s s u m p t i o n  a t  t h i s  t i m e  i s  t h a t  t e m p e r a t u r e  s e n s i t i v i t y  i s  g r e a t e s t  i n  t h e  

m o s t  m e d i a l  l o c a t i o n s  i n  t h e  P O A H .  T h i s  m e a n s  t h a t  t h e  s a m e  l e v e l  o f  e l e c 

t r i c a l  s t i m u l a t i o n  i n  m e d i a l  a n d  l a t e r a l  P O A H  w o u l d  h a v e  v e r y  d i f f e r e n t

e f f e c t s  o n  t h e r m o r e g u l a t o r y  p a t h w a y s .  W h e r e a s  t h e  l a t e r a l l y  p l a c e d  s t i m u l i  

m i g h t  b e  t h e  e q u i v a l e n t  o f  s l i g h t l y  w a r m  i n p u t s ,  m e d i a l  s t i m u l a t i o n  m i g h t  

b e  t h e  e q u i v a l e n t  o f  i n t e n s e  t h e r m a l  i n p u t s .

A n o t h e r  r e a s o n  f o r  h y p o t h e s i z i n g  t h a t  m i l d  e l e c t r i c a l  s t i m u l a t i o n  o f  

t h e  P O A H  m i g h t  m i m i c  a  w a r m  i n p u t  t o  t h e  t h e r m o r e g u l a t o r y  s y s t e m  h a s  t o  d o  

w i t h  t h e  a n a t o m y  o f  t e m p e r a t u r e  s e n s i t i v e  n e u r o n s .  A l t h o u g h  u n c e r t a i n t y  

r e m a i n s ,  t h e  d i f f e r e n c e s  i n  f i r i n g  r a t e  v e r s u s  t e m p e r a t u r e  c u r v e s  f o r  

h y p o t h a l a m i c  n e u r o n s  h a v e  g e n e r a l l y  b e e n  i n t e r p r e t e d  t o  m e a n  t h a t  p r i m a r y  

t h e r m o d e t e c t o r s  a r e  c o n c e n t r a t e d  i n  t h e  P O A H ;  w h e r e a s  t h e  c e l l s  r e s p o n d i n g  

t o  t e m p e r a t u r e  i n  t h e  p o s t e r i o r  h y p o t h a l a m u s  a r e  i n t e r n e u r o n s  i n  i n t e g r a 
t i v e  p a t h w a y s .  T h e  i m p o r t a n t  p o i n t ,  h o w e v e r ,  i s  t h a t  s u r v e y s  o f
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t e m p e r a t u r e  s e n s i t i v i t y  o f  P O A H  n e u r o n s  r e p o r t  a  p r e d o m i n a n c e  o f  w a r m  

s e n s i t i v e  c e l l s  ( 1 0  t o  5 0 % )  o v e r  c o l d  s e n s i t i v e  ( 2  t o  2 0 % )  ( R e a v e s  a n d  

H a y w a r d  1 9 7 9 ) .  I t  i s  t h e r e f o r e  p r o b a b l e  t h a t  e l e c t r i c a l  s t i m u l a t i o n  o f  

t h i s  a r e a  w o u l d  e n h a n c e  t h e  a c t i v i t y  o f  m o r e  w a r m  s e n s i t i v e  t h a n  c o l d  

s e n s i t i v e  t h e r m o d e t e c t o r s  a n d  r e p r e s e n t  a  n e t  w a r m  i n p u t .

A  f u n c t i o n a l  t h e r m o r e g u l a t o r y  d i f f e r e n t i a t i o n  b e t w e e n  m e d i a l  a n d  

l a t e r a l  P O A H  i s  a l s o  e v i d e n c e d  i n  r e c e n t  u n p u b l i s h e d  s t u d i e s  b y  K i l d u f f ,  

S h a r p  a n d  H e l l e r  i n  w h i c h  1 1 + C - 2 - d e o x y - d - g l u c o s e  w a s  u s e d  t o  m e a s u r e  

g l u c o s e  u p t a k e  i n  b r a i n  s t r u c t u r e s  d u r i n g  h e a t  s t r e s s .  A  g r o u n d  s q u i r r e l  

w a s  m a d e  h y p e r t h e r m i c  i n  a  4 0 ° C  e n v i r o n m e n t  b e f o r e  t h e  l a b e l  w a s  i n f u s e d  

i n t o  t h e  e x t e r n a l  j u g u l a r  v e i n  t h r o u g h  a  c h r o n i c  c a t h e t e r .  A f t e r  4 0  m i n 
u t e s  o f  t h i s  c e n t r a l  a n d  p e r i p h e r a l  t h e r m a l  s t r e s s  t h e  a n i m a l  w a s  S a c r i 
f i c e d  w i t h  s o d i u m  p e n t a b a r b i t o l ,  i t s  b r a i n  w a s  f r o z e n ,  s e c t i o n e d ,  a n d  

a u t o r a d i o g r a p h e d .  T h e r e  w a s  a  m u c h  i n c r e a s e d  g l u c o s e  u p t a k e  i n  t h e  P O A H  

a r e a  o f  t h i s  a n i m a l  i n  c o m p a r i s o n  t o  c o n t r o l s .  O f  g r e a t e r  i n t e r e s t ,  h o w 

e v e r ,  w a s  t h e  s h a r p  d i f f e r e n c e  b e t w e e n  t h e  g l u c o s e  u p t a k e  o f  t h e  l a t e r a l  

a n d  m e d i a l  P O A H  a r e a s .  A l t h o u g h  w e  c a n n o t  y e t  i n t e r p r e t  t h i s  p a t t e r n ,  t h e  

m e d i a l - l a t e r a l  d i f f e r e n c e  i s  y e t  a n o t h e r  s t r o n g  c o i n c i d e n c e  b e t w e e n  t h e  

e l e c t r o p h y s i o l o g i c a l  s t u d i e s  o f  c o r t i c a l  s y n c h r o n i z i n g  s y s t e m s  a n d  t h e  

t h e r m o r e g u l a t o r y  a c t i v i t i e s  o f  t h e s e  s a m e  s t r u c t u r e s .

A l l  o f  t h e  c o i n c i d e n c e s  b e t w e e n  s l e e p  r e l a t e d  a n d  t h e r m o r e g u l a t o r y  

f u n c t i o n s  o f  t h e  h y p o t h a l a m u s  w e  h a v e  r e v i e w e d  a r e  c i r c u m s t a n t i a l  e v i d e n c e  

t h a t  t h e  t h e r m o r e g u l a t o r y  s y s t e m  h a s  a  s t r o n g  i n f l u e n c e  o n  a r o u s a l  s t a t e  

c o n t r o l l i n g  m e c h a n i s m s  a n d  t h a t  m a n i p u l a t i o n s  o f  h y p o t h a l a m i c  s t r u c t u r e s  

m a y  h a v e  t h e i r  o b s e r v e d  e f f e c t s  o n  a r o u s a l  s t a t e s  i n d i r e c t l y  t h r o u g h  t h e  

t h e r m o r e g u l a t o r y  s y s t e m .  M o r e  d i r e c t  i n v e s t i g a t i o n s  o f  t h e s e  r e l a t i o n s h i p s  

a r e  r e q u i r e d .  O n e  s u c h  s t u d y  i s  o u r  w o r k  o n  t h e  s e p a r a t e  a n d  c o m b i n e d  

e f f e c t s  o f  h y p o t h a l a m i c  a n d  p e r i p h e r a l  t e m p e r a t u r e  m a n i p u l a t i o n s  o n  a r o u s a l  

s t a t e  d i s t r i b u t i o n s  i n  k a n g a r o o  r a t s  ( S a k a g u c h i  e t  a l .  1 9 7 9 ) .  T h e  a i m  o f  

t h i s  s t u d y  w a s  t o  s e e  w h e t h e r  p e r i p h e r a l  t e m p e r a t u r e  i n f l u e n c e s  a r o u s a l  

s y s t e m s  d i r e c t l y  o r  t h r o u g h  t h e  o u t p u t  o f  t h e  t h e r m o r e g u l a t o r y  s y s t e m .  W e  

t h e r e f o r e  u s e d  w a t e r  p e r f u s e d  t h e r m o d e s  a r o u n d  t h e  P O A H  t o  d i s a s s o c i a t e  

t h e r m o r e g u l a t o r y  d r i v e  f r o m  p e r i p h e r a l  t h e r m a l  s t i m u l a t i o n .  T h i s  w a s  d o n e  

b y  f i r s t  k n o w i n g  t h e  t h r e s h o l d  h y p o t h a l a m i c  t e m p e r a t u r e  f o r  t h e  m e t a b o l i c  

h e a t  p r o d u c t i o n  r e s p o n s e  a t  e a c h  T a  u s e d  i n  t h e  s t u d y .  W e  w e r e  t h e n  a b l e  

t o  c l a m p  T ^ y  a t  a n  a p p r o p r i a t e  l e v e l  t o  m a i n t a i n  t h e  d e s i r e d  d i f f e r e n c e  

b e t w e e n  T j j y  a n d  t h r e s h o l d  a t  e a c h  T a .  I n  t h i s  w a y  w e  c o u l d  p r o d u c e  a  

c e n t r a l  t h e r m o r e g u l a t o r y  d r i v e  n o r m a l l y  s e e n  a t  t h e  c o l d  T a  ( 2 0 ° )  i n  e x p e r 
i m e n t s  c o n d u c t e d  a t  t h e  n e u t r a l  T a  ( 3 0 ° ) .  S i m i l a r l y  i n  e x p e r i m e n t s  a t  t h e  

c o l d  T a  w e  c o u l d  s u p p r e s s  c e n t r a l  t h e r m o r e g u l a t o r y  d r i v e  t o  l e v e l s  n o r m a l l y  

o c c u r r i n g  a t  t h e  n e u t r a l  T a >  A n y  c o m b i n a t i o n  o f  c o n d i t i o n s  w a s  h e l d  f o r  a  

4 - h o u r  p e r i o d  f a l l i n g  i n  t h e  m i d d l e  o f  t h e  a n i m a l s '  d a i l y  i n a c t i v e  p e r i o d  

d u r i n g  w h i c h  e l e c t r o p h y s i o l o g i c a l  r e c o r d i n g s  w e r e  m a d e  t o  e n a b l e  d e s c r i p 

t i o n  o f  a r o u s a l  s t a t e  d i s t r i b u t i o n s .

T h e  q u e s t i o n  w a s  w h e t h e r  d i s t r i b u t i o n s  o f  a r o u s a l  s t a t e s  w o u l d  f o l l o w  

p e r i p h e r a l  t e m p e r a t u r e  o r  t h e r m o r e g u l a t o r y  d r i v e .  T h e  r e s u l t s  w e r e  t h a t  

T S T  w a s  a  f u n c t i o n  o f  t h e r m o r e g u l a t o r y  d r i v e .  I n  o t h e r  w o r d s ,  t h e  a n i m a l  

i n  t h e  c o l d  e n v i r o n m e n t  h a d  a  T S T  e q u a l  t o  t h a t  s e e n  i n  t h e  w a r m  e n v i r o n 
m e n t  i f  t h e  P O A H  w e r e  w a r m e d  t o  r e d u c e  t h e r m o r e g u l a t o r y  d r i v e .  R e c i p r o c a l l y  

t h e  a n i m a l  i n  a  w a r m  e n v i r o n m e n t  r e s p o n d e d  t o  P O A H  c o o l i n g ,  p r o d u c i n g  t h e  

s a m e  t h e r m o r e g u l a t o r y  d r i v e  a s  w o u l d  r e s u l t  f r o m  e x p o s u r e  t o  a  T a  o f  2 0 ° C  

b y  s h o w i n g  a  r e d u c t i o n  i n  T S T  t o  a  v a l u e  s e e n  i n  c o n t r o l s  a t  a  T a  o f  2 0 ° C .
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The distribution of TST between SWS and PS was not a simple function 
of thermoregulatory drive. Either central or peripheral thermal stimula
tion characteristic of nonneutral conditions caused a reduction of the PS/ 
SWS ratio regardless of thermoregulatory drive. For example, the animals 
at Ta =  2 0 ° C  had reductions of PS in comparison to values seen at 3 0 ° C  even 
when thermogenesis was suppressed by warming the POAH.

’ T h e s e  r e s u l t s  a r g u e  f o r  d i r e c t  i n f l u e n c e  o f  t h e r m a l  a f f e r e n t s  o n  m e c h 
a n i s m s  i n f l u e n c i n g  S W S / P S  t r a n s i t i o n s  i n  a d d i t i o n  t o  t h e  i n d i r e c t  i n f l u e n c e  

o f  t h o s e  a f f e r e n t s  o n  w a k e f u l n e s s / S W S  t r a n s i t i o n s  v i a  t h e  t h e r m o r e g u l a t o r y  

s y s t e m .  N e u r o p h y s i o l o g i c a l  a n d  n e u r o a n a t o m i c a l  s t u d i e s  s h o w  t h a t  t h e  

n e c e s s a r y  c i r c u i t r y  e x i s t s  t o  a c c o u n t  f o r  t h e s e  r e s u l t s .  T h e r e  i s  s o m e  

e v i d e n c e  f o r  a  l i m b i c  s y s t e m  m i d b r a i n  c i r c u i t  w h i c h  r e c e i v e s  i n p u t s  f r o m  

h y p o t h a l a m i c  t h e r m o r e g u l a t o r y  m e c h a n i s m s  a n d  i n f l u e n c e s  w a k e f u l n e s s / S W S  

t r a n s . i t i o n s  ( H e l l e r  1 9 7 8 ) .  H i n c k e l  e t  a l .  ( 1 9 8 0 )  h a v e  r e c e n t l y  r e p o r t e d  

e v i d e n c e  f o r  d i r e c t  p r o j e c t i o n s  f r o m  c u t a n e o u s  c o l d  r e c e p t o r s  o n t o  c e l l s  i n  

t h e  d o r s o m e d i a l  p o n t i n e  r e t i c u l a r  f o r m a t i o n ,  a n  a r e a  k n o w n  t o  c o n t a i n  n o r 

a d r e n e r g i c  c e l l  b o d i e s  w h i c h  p r o j e c t  t o  t h e  h y p o t h a l a m u s .  A l s o ,  D i c k e n s o n  

( 1 9 7 7 )  h a s  d e m o n s t r a t e d  s p e c i f i c  r e s p o n s e s  o f  c e l l s  i n  t h e  r a p h é  n u c l e i  t o  

c h a n g e s  i n  s k i n  t e m p e r a t u r e .

W h a t e v e r  t h e  n e u r o p h y s i o l o g i c a l  m e c h a n i s m  i n v o l v e d ,  i t  s e e m s  r a t h e r  

c e r t a i n  f r o m  r o d e n t  s t u d i e s  t h a t  p e r i p h e r a l  t h e r m a l  s t i m u l a t i o n  i s  a l t e r i n g  

t h e  P S / S W S  r a t i o  b y  i n f l u e n c i n g  t r a n s i t i o n s  f r o m  S W S  t o  P S  r a t h e r  t h a n  b y  

d i s r u p t i n g  P S  e p o c h s .  S t a t i s t i c a l  c o m p a r i s o n s  o f  t h e  P S  e p o c h s  i n  o u r  

k a n g a r o o  r a t  s t u d i e s  d e m o n s t r a t e d  t h a t  t h e r m a l  s t r e s s  p r i m a r i l y  r e d u c e d  t h e  

n u m b e r  r a t h e r  t h a n  t h e  a v e r a g e  d u r a t i o n  o f  P S  e p o c h s  ( S a k a g u c h i  e t  a l .  

1 9 7 9 ) .  S i m i l a r  r e s u l t s  c a n  b e  s e e n  i n  t h e  d a t a  o f  S c h m i d e k  e t  a l .  ( 1 9 7 2 )  

o n  r a t s  a n d  p a r t i a l l y  a t  l e a s t  i n  t h e  d a t a  o f  P a r m e g g i a n i  e t  a l .  ( 1 9 6 9 ,  

1 9 7 0 )  o n  c a t s .  T h e  c a t s  s o m e t i m e s  s h o w  a  l a r g e  n u m b e r  o f  " a b o r t i v e "  t r a n 
s i t i o n s  i n t o  P S  a t  l o w  a m b i e n t  t e m p e r a t u r e s  w h i c h  a p p e a r  i n  t h e  f r e q u e n c y  

d i s t r i b u t i o n s  o f  s i n g l e  e p o c h  d u r a t i o n s  a s  i n c r e a s e s  i n  t h e  s h o r t e s t  e p o c h  

d u r a t i o n  c l a s s .  I f  t h e s e  " a b o r t i v e "  t r a n s i t i o n s  a r e  s e t  a s i d e  t h e r e  

a p p e a r s  t o  b e  n o  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  f r e q u e n c y  d i s t r i b u t i o n  o f  P S  

e p o c h  d u r a t i o n s  b e t w e e n  n e u t r a l  a n d  c o l d  t e m p e r a t u r e s ,  b u t  t h e r e  i s  a  l a r g e  

r e d u c t i o n  i n  n u m b e r  o f  P S  e p o c h s  a t  t h e  l o w  t e m p e r a t u r e s  ( P a r m e g g i a n i  a n d  

R a b i n i  1 9 7 0 ) .  I n  a n o t h e r  s t u d y  o n  c a t s  P a r m e g g i a n i  e t  a l .  ( 1 9 7 5 )  s i m p l y  

m e a s u r e d  b r a i n  t e m p e r a t u r e  d u r i n g  s l e e p  a t  a  l o w  a n d  a t  a  n e u t r a l  T a  a n d  

o b s e r v e d  a  c o r r e l a t i o n  a t  t h e  l o w  T a  b e t w e e n  b r a i n  t e m p e r a t u r e  d u r i n g  S W S  

a n d  w h e t h e r  o r  n o t  t h a t  e p o c h  o f  S W S  w a s  f o l l o w e d  b y  P S  o r  w a k e f u l n e s s .
T h e  c o n c l u s i o n  w a s  t h a t  a c t i v e  t h e r m o r e g u l a t o r y  p r o c e s s e s  d u r i n g  S W S  w e r e  

a n t a g o n i s t i c  t o  t h e  t r a n s i t i o n  i n t o  P S .  W a r m i n g  t h e  s k i n  a f t e r  t h e  o n s e t  

o f  S W S  h a s  t h e  e f f e c t  o f  f a c i l i t a t i n g  t h e  t r a n s i t i o n  t o  P S  i n  r a t s  

(  S z y m u s i a k  e t  a l .  1 9 7 8 )  w h i c h  a l s o  s u g g e s t s  t h e  t h e r m a l  i n f l u e n c e s  o n  P S  

a r e  a c t i n g  d u r i n g  S W S .  H o w e v e r ,  w e  c a n n o t  r u l e  o u t  a n  i n f l u e n c e  o f  t h e r m a l  

i n p u t  d u r i n g  P S  e p o c h s  a s  i t  h a s  b e e n  s h o w n  i n  c a t s  t h a t  h y p o t h a l a m i c  w a r m 
i n g  i n i t i a t e d  a f t e r  t h e  t r a n s i t i o n  f r o m  S W S  t o  P S  c a n  s i g n i f i c a n t l y  

l e n g t h e n  t h e  P S  e p o c h  ( P a r m e g g i a n i  e t  a l .  1 9 7 4 ) .

R e p o r t s  o f  h u m a n  s l e e p  a t  n o n n e u t r a l  t e m p e r a t u r e s  a l s o  s h o w  c o n s i d e r 

a b l e  d i s r u p t i o n  o f  P S .  H a s k e l l  e t  a l .  ( 1 9 7 8 )  s h o w e d  d e c r e a s e d  P S / T S T  a t  

h i g h  a n d  l o w  T a ' s ,  K a r a c a n  e t  a l .  ( 1 9 7 8 )  s h o w e d  t h a t  P S  w a s  m o r e  c u r t a i l e d  

b y  h i g h  T a ' s  t h a n  w a s  S W S ,  B u g u e t  e t  a l .  ( 1 9 7 6 ,  1 9 7 9 )  r e p o r t e d  t h a t  P S  w a s  

t h e  s l e e p  s t a g e  m o s t  a f f e c t e d  b y  c o l d  e x p o s u r e .  U n f o r t u n a t e l y ,  t h e s e  

r e p o r t s  d o  n o t  p e r m i t  t h e  a s s e s s m e n t  o f  w h e t h e r  P S  e p o c h s  a r e  s h o r t e n e d  o r  

w h e t h e r  i t  i s  t h e  t r a n s i t i o n  i n t o  P S  w h i c h  i s  m o s t  i n f l u e n c e d  b y  t h e r m a l
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s t r e s s .  M u z e t  ( p e r s o n a l  c o m m u n i c a t i o n )  r e c e n t l y  r e p o r t e d  t h a t  l o w  T a ' s  

p r i m a r i l y  c a u s e  a n  i n c r e a s e  i n  t h e  P S  c y c l e  l e n g t h  r a t h e r  t h a n  a  s h o r t e n i n g  

o f  P S  e p o c h  d u r a t i o n .

T w o  s p e c i e s  o f  h i b e r n a t o r s  s e e m  t o  h a v e  n o  r e d u c t i o n  i n  T S T  o r  P S  a t  

l o w  a m b i e n t  t e m p e r a t u r e s ,  g o l d e n  m a n t l e d  g r o u n d  s q u i r r e l s  ( H a s k e l l  e t  a l .  

1 9 8 0 )  a n d  p o c k e t  m i c e  ( W a l k e r  e t  a l .  i n  p r e s s ) .  T h i s  m a y  r e f l e c t  e i t h e r  a n  

e x t r e m e l y  l o w  p e r i p h e r a l  t h e r m o s e n s i t i v i t y  w h i c h  i s  v e r y  l i k e l y  t h e  c a s e  i n  

s m a l l  h i b e r n a t o r s  ( H e l l e r  e t  a l .  1 9 7 4 )  o r  i t  m a y  r e f l e c t  a  s p e c i a l  a d a p t a 

t i o n  f o r  h i b e r n a t i o n .  A f t e r  a l l ,  s i n c e  h i b e r n a t i o n  i s  e n t e r e d  t h r o u g h  

s l e e p  i t  w o u l d  b e  m a l a d a p t i v e  f o r  d e c l i n i n g  s k i n  a n d  c e n t r a l  t e m p e r a t u r e s  

t o  d i s r u p t  s l e e p  i n  h i b e r n a t o r s .  I t  h a s  b e e n  d o c u m e n t e d ,  h o w e v e r ,  t h a t  

d u r i n g  t h e  e a r l y  e n t r a n c e  i n t o  h i b e r n a t i o n  t h e r e  i s  a  g r e a t  i n c r e a s e  i n  S W S  

b u t  a  p r o g r e s s i v e  d e c l i n e  i n  P S  u n t i l  P S  c o m p l e t e l y  d i s a p p e a r s  b e l o w  a  T ^  

o f  a b o u t  2 7 ° C  ( W a l k e r  e t  a l .  1 9 7 7 ,  1 9 7 9 ) .  P o s s i b l y  i n  t h e  h i b e r n a t o r  t h e  

i n f l u e n c e  o f  c e n t r a l  b u t  n o t  p e r i p h e r a l  c o l d  s t i m u l i  d i s r u p t s  t r a n s i t i o n s  

f r o m  S W S  t o  P S ,  a n d  a s  l o n g  a s  t h r e s h o l d s  f o r  t h e r m o r e g u l a t o r y  h e a t  p r o d u c 

t i o n  r e s p o n s e  a r e  l o w  o r  d e c l i n i n g  t h e r e  i s  n o  h y p o t h a l a m i c  t h e r m o r e g u l a 

t o r y  e r r o r  s i g n a l  g e n e r a t e d  t o  d i s r u p t  T S T .  W e  m i g h t  e x p e c t  t h e n  i n  t h e  

h i b e r n a t o r  i n  c o m p a r i s o n  t o  t h e  n o n h i b e r n a t o r  a  g r e a t e r  r e d u c t i o n  i n  h y p o 
t h a l a m i c  t h e r m o s e n s i t i v i t y  b e t w e e n  w a k e f u l n e s s  a n d  S W S .  , T h i s  a d a p t a t i o n  

a l o n g  w i t h  t h e  t e n d e n c y  t o  g r e a t e r  T S T  d u r i n g  t h e  h i b e r n a t i o n  s e a s o n  

( W a l k e r  e t  a l .  1 9 8 0 )  w o u l d  f a c i l i t a t e  t h e  e n t r y  i n t o  h i b e r n a t i o n .

I n  c o n c l u s i o n ,  w e  w i s h  t o  e m p h a s i z e  t h a t  t h e  c l e a r  f u n c t i o n a l  r e l a 

t i o n s h i p s  d e m o n s t r a t e d  b e t w e e n  s l e e p  a n d  t h e r m o r e g u l a t i o n  p o i n t  t o  t h e  

p o s s i b i l i t y  t h a t  h y p o t h a l a m i c  m a n i p u l a t i o n s  w h i c h  i n f l u e n c e  a r o u s a l  s t a t e s  

m a y  b e  d o i n g  s o  b e c a u s e  t h e y  a r e  p e r t u r b i n g  t h e  t h e r m o r e g u l a t o r y  o r  s o m e  

o t h e r  h o m e o s t a t i c  s y s t e m .  C o n v e r s e l y ,  s t u d i e s  o f  a l t e r a t i o n s  o f  t h e r m o 
r e g u l a t o r y  r e s p o n s e s  m u s t  c o n t r o l  f o r  c h a n g e s  i n  a r o u s a l  s t a t e s .  O u r  

f u t u r e  p r o g r e s s  i n  u n d e r s t a n d i n g  t h e  i n t e r a c t i o n s  o f  t h e s e  t w o  s y s t e m s  

d e p e n d s  o n  a d v a n c e s  i n  o u r  u n d e r s t a n d i n g  t h e  d e t a i l e d  f u n c t i o n a l  n e u r o p h y s 
i o l o g y  u n d e r l y i n g  t h e m .  T h i s  m e a n s  m o r e  e f f o r t  p l a c e d  o n  w o r k i n g  w i t h  

u n a n e s t h e t i z e d  c h r o n i c  p r e p a r a t i o n s  i n  w h i c h  n o r m a l  t h e r m o r e g u l a t o r y  f u n c 
t i o n s  a n d  a r o u s a l  s t a t e  c o n t r o l  m e c h a n i s m s  a r e  i n t a c t .
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d r i f t e d  a p a r t  b e f o r e  N S . ; 3 )  T h i s  w a s  o f t e n  f o l l o w e d  b y  r e c u r r e n t  p h a s e  j u m p s  i n  t h e  t i m i n g  o f  s l e e p  ( p h a s e  t r a p p i n g ) ;
4 )  A  c l u s t e r  l i n e  o f  s l e e p  p e r i o d s ,  6 - 1 0  h r s . l o n g ,  w a s  s y n c h r o 
n o u s  w i t h  T ;  b o t h  h a d  a  s h o r t e r  p e r i o d  t h a n  b e f o r e  N S ;  5 )  T h e  
a v e r a g e  p e r i o d  o f  A  t y p i c a l l y  l e n g t h e n e d  d u r i n g  t h e  f r e e - r u n ;  
a n d  6 )  S l e e p  d u r a t i o n  v a r i e d  p r e d i c t a b l y  w i t h  t h e  p h a s e  o f  
T  a t  s l e e p  o n s e t ,  e v e n  i n  s u b j e c t s  w i t h  a c t i v i t y - r e s t  c y c l e s  2 4  h r s .  T h e  r a t e  o f  R E M  s l e e p  a c c u m u l a t i o n  v a r i e d  w i t h  t h e  
p h a s e  o f  T ,  a s  d i d  p l a s m a  c o r t i s o l  a n d  s u b j e c t i v e  a s s e s s m e n t s  
o f  a l t e r n e s s .  W e  p o s t u l a t e  t h a t  t h e  o c c u r e n c e  o f  e x t r e m e l y  
l o n g  o r  s h o r t  a c t i v i t y - r e s t  c y c l e  p e r i o d s  i s  a  n a t u r a l  c o n 
s e q u e n c e  o f  t h e  p r o g r e s s i v e l y  c h a n g i n g  i n t e r a c t i o n  o f  t h e s e  
o s c i l l a t o r s  i n  m a n .
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A. A. Borbély
I n s t i t u t e  o f  P h a r m a c o l o g y ,  U n i v e r s i t y  o f  Z u r i c h ,  Z ü r i c h ,  S w i t z e r l a n d

M o n o a m i n e s
F . O b á l  j r .  r a i s e d  t h e  p o i n t  t h a t  a c c o r d i n g  t o  t h e  s e r o 

t o n i n  ( 5 - H T )  h y p o t h e s i s  o f  s l e e p ,  s l o w  w a v e  s l e e p  ( S W S )  
s h o u l d  b e  a b o l i s h e d  i n  t h e  c h r o n i c  c e r v e a u  i s o l é  p r e p a r a t i o n ,  
s i n c e  t h e  5 - H T  n e r v e  t e r m i n a l s  w o u l d  b e  d e g e n e r a t e d .  M .
3 o u v e r  r e p l i e d  t h a t  c o r t i c a l  s l o w  w a v e s  c a n  b e  g e n e r a t e d  
b y  v a r i o u s  n o n s p e c i f i c  f a c t o r s  ( e . g .  d r u g s ,  c h a n g e  i n  C S F  p r e s s u r e ) ,  a n d  t h a t  E E G  s y n c h r o n i z a t i o n  d o e s  n o t  i n d i c a t e  
t h e r e f o r e  n e c e s s a r i l y  t h e  p r e s e n c e  o f  S W S .  H e  e m p h a s i z e d  
t h e  n e e d  f o r  a  b e t t e r  d e f i n i t i o n  o f  S W S  o n  t h e  b a s i s  o f  E E G  
c r i t e r i a  ( e . g .  b y  f r e q u e n c y  a n a l y s i s ) ,  a  p r o b l e m  t h a t  h a s  n o t  
r e c e i v e d  s u f f i c i e n t  a t t e n t i o n .
S l e e p  f a c t o r  a n d  a r g i n i n e  v a s o t o c i n  ( A V T )
0 . R . P a p p e n h e i m e r  s p e c i f i e d  t h a t  t h e  a c t i v e  d o s e  o f  F a c t o r  
S  i s  a p p r o x i m a t e l y  3 0  p m o l  ( q u e s t i o n  f r o m  3 . M a g n e s ) ,  a n d  
t h a t  t h e  f a c t o r  c a u s e s  n o  s i g n i f i c a n t  h y p o t h e r m i c  e f f e c t  
( q u e s t i o n  f r o m  H . C . H e l l e r ) .  H e  s t r e s s e d  t h e  f a c t  t h a t  F a c 
t o r  S  p r o d u c e s  a  b e h a v i o r a l l y  n a t u r a l  s l e e p  i n  t h e  c a t  w h i c h  
e x h i b i t s  a  s t r o n g  u r g e  t o  r e t u r n  t o  s l e e p  w h e n  i t  i s  a w a 
k e n e d  ( q u e s t i o n  f r o m  G . B e n e d e k ) .  I n  t h e  r a b b i t ,  F a c t o r  S  h a s  b e e n  s h o w n  t o  i n c r e a s e  t h e  d u r a t i o n  o f  t h e  l o n g  S W S  e p i s o 
d e s  ( A m . 3 . P h y s i o l . , 2 3 8 ,  E l 1 6 - E 1 2 3 , 1 9 8 0 ) .  D u e  t o  t h e  s m a l l  
a m o u n t s  o f  t n e  p u r i f i e d  s u b s t a n c e  t h a t  h a d  b e e n  a v a i l a b l e  
s o  f a r ,  t h e  e f f e c t  o f  a  s y s t e m i c  a d m i n i s t r a t i o n  h a s  n o t  b e e n  i n v e s t i g a t e d  ( q u e s t i o n  f r o m  M . K l u g e r ) .  A  p e p t i d i c  b o n d  i s  p r e s e n t  i n  F a c t o r  S ,  b e c a u s e  i t s  b i o l o g i c a l  a c t i v i t y  i s  a b o l i s h e d  a f t e r  t r e a t m e n t  w i t h  c a r b o x y p e p t i d a s e  ( q u e s t i o n  
f r o m  3 . P . R o s s i e r ) . F i n a l l v ,  M . 3 o u v e t  r e p o r t e d  t h a t  t h e  
s l e e p  f a c t o r  o f  t h e  U c h i z o n o  g r o u p  e n h a n c e d  b o t h  n o n R E M  
s l e e p  a n d  R E M  s l e e p  i n  t h e  m o u s e  a s  s h o w n  b y  e x p e r i m e n t s  
c o n d u c t e d  i n  t h e  L y o n  l a b o r a t o r y .
S . P a v e l  i n d i c a t e d  t h a t  h e  h a s  f o u n d  t h e  s l e e p - p r o m o t i n g  e f f e c t  o f  A V T  i n  s e v e r a l  s p e c i e s  ( q u e s t i o n  3 . H . W o l s t e r i c r o f t ) .  R . G o l d s t e i n ,  a  c o w o r k e r  o f  D r . P a v e l ,  p r e s e n t e d  r e s u l t s  f r o m  
e x p e r i m e n t s  c a r r i e d  o u t  i n  t h e  r a t  i n  w h i c h  A V T  d e p r e s s e d
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R E M  s l e e p  w h e n  g i v e n  e i t h e r  i n  t h e  l i g h t  p h a s e  o r  i n  t h e  
d a r k  p h a s e ,  w h i l e  i t  e n h a n c e d  n o n R E M  s l e e p  o n l y  i n  t h e  d a r k  
p h a s e .  S . P a v e l  d i d  n o t  s e e  a n y  o t h e r  b e h a v i o r a l  e f f e c t s  o f  A V T  i n  h i s  s l e e p  s t u d i e s  ( q u e s t i o n  f r o m  P . D o h n s o n ) .  5 . R .  
P a p p e n h e i m e r  r e f e r r i n g  t o  D r . P a v e l ' s  f i r s t  r e s u l t s  ( B r a i n  
R e s . B u l l . ,  2 ,  2 5 1 - 2 5 4 ,  1 9 7 7 )  e x p r e s s e d  h i s  r e s e r v a t i o n s  w i t h  r e s p e c t  t o  t h e  c l a i m  t h a t  a  f e w  h u n d r e d  m o l e c u l e s  o f  
A V T  i n d u c e  s l e e p .  F i n a l l y ,  A . B o r b é l y  d r e w  a t t e n t i o n  t o  t h e  
q u e s t i o n a b l e  e t h i c a l  s i d e  o f  A V T  e x p e r i m e n t s  i n  i n f a n t s ,  
p a r t i c u l a r t y  s i n c e  i n  v i e w  o f  t h e  p o t e n t  e n d o c r i n o l o g i c a l  
a c t i o n s  o f  t h e  c o m p o u n d ,  a d v e r s e  e f f e c t s  o n  a  d e v e l o p i n g  o r g a n i s m  c a n n o t  b e  e x c l u d e d .
T h e r m o r e g u l a t i o n
E . S i m o n  r a i d e s  t h e  p o i n t  t h a t  t h e  c h a n g e s  o f  s l e e p  o b s e r 
v e d  b y  D . H e l l e r  a f t e r  a l t e r i n g  t h e  h y p o t h a l a m i c  t e m p e r a t u 
r e  w e r e  n o t  n e c e s s a r i l y  c a u s e d  b y  a  s p e c i f i c  i n f l u e n c e  o n  
t h e r m o s e n s i t i v e  u n i t s .  H . C . H e l l e r  a d m i t t e d  t h a t  t h i s  p o s s i b i l i t y  c a n n o t  b e  e x c l u d e d .  H o w e v e r ,  t h e  f a c t  t h a t  t h e  e x p e r i m e n t s  f o c u s s e d  o n  t h e  d i f f e r e n c e s  b e t w e e n  t h e  a c t u a l  h y p o t h a l a m i c  t e m p e r a t u r e  a n d  t h e  h y p o t h a l a m i c  t h r e s h o l d ,  s h o u l d  l a r g e l y  r u l e  o u t  n o n s p e c i f i c  e f f e c t s .  M . K l u g e r  a s k e d  i f  t h e  p e r i p h e r a l  v a s o d i l a t i o n  c a u s e d  b y  h y p o t h a l a m i c  h e a r  
t i n g  i n  r a t s  e x p o s e d  t o  3 0 ° C  c o u l d  n o t  e f f e c t  s l e e p  v i a  t h e  
r a i s e d  s k i n  t e m p e r a t u r e .  H . C . H e l l e r  e m p h a s i z e d  i n  h i s  r e s 
p o n s e  t h e  l a r g e  d r o p  i n  c o r e  t e m p e r a t u r e  i n  t h e s e  a n i m a l s .
G . B e n e d e k  s p e c i f i e d  i n  r e s p o n s e  t o  D r . H e l l e r ' s  q u e s t i o n  t h a t  c a p s a i c i n  a p p l i e d  v i a  a  s i n g l e  c a n n u l a  h a d  a n  i m m e d i 
a t e  d e s y n c h r o n i z i n g  a c t i o n  d u e  t o  t h e  m e c h a n i c a l  s t i m u l a t i o n  o f  t h e  p r e o p t i c  r e g i o n ,  a n  e f f e c t  t h a t  w a s  n o t  s e e n  w h e n  t h e  d r u g  w a s  a d m i n i s t e r e d  v i a  a  d o u b l e  c a n n u l a .
C i r c a d i a n  o s c i l l a t o r s
C .  C z e i s l e r  s p e c i f i e d  i n  r e s p o n s e  t o  a  q u e s t i o n  f r o m  A .  
B o r b é l y  t h a t  t h e  h y p o t h e s i s  o f  a n  e n v i r o n m e n t a l  Z e i t g e b e r  e f f e c t  o n  t h e  b o d y  t e m p e r a t u r e  r h y t h m  v i a  a  d i r e c t  a c t i o n  
o n  t h e  s l e e p - w a k i n g  o s c i l l a t o r ,  i s  b a s e d  o n  c o m p u t e r  s i m u l a t i o n  s t u d i e s .

132



MAMMALIAN NERVOUS SYSTEM UNDER
PRESSURE

C h a i r m a n :

M . HUGÓN (France)





Adv Physiol. Sci. Vol. 18. Environmental Physiology
F. Obái, G. Benedek (eds)

MAMMALIAN NERVOUS SYSTEM AT DEPTH 
INTRODUCTION TO A ROUND TABLE (R.T.)

Maurice Hugón
G .  /. S. P h y s i o l o g i e  F i y p e r b a r e .  B r d  P . D r a m a r d ,  M a r s e i l l e  1 3 3 2 6 ,  F r a n c e

We specifically considered here the case for "isopressure" diving : 
the breathed gas pressure and the hydrostatic water pressure are equal (ap
proximately 10 M depth'in sea water for 1 ATA, absolute pressure). Conse
quently high pressures of biological mixtures of gases in "dry chamber" can 
simulate the most important characteristic of the underwater dives, and 
make it possible to carry out experimental studies.

The ambient pressure is usually made up of added Helium, a light and 
relatively inert gas. The normal air in the chamber can be preserved, or 
washed out and replaced by Oxygen (Pi02 = 200 to 400mb normally; He-02 mix
tures) . Adding Nitrogen (He-02-N2 mixtures or Trimix) may result in venti
latory difficulties due to the high specific mass of the compressed gas, 
and in some, narcosis.

High rate of compression with He-02 (100M sw/H or more...) induces be
havioral modifications in the mouse, rat, squirrel monkey (see review in 
Brauer et all.,1980, this R.T.), in the cat (Fagni et all., in preparation), 
in the Papio monkey and in Man (see Rostain thesis, 1980; also Burgess, 
thus T.R.).

In every species, with some relatively minor variations, a fast com
pression provokes : i) tremor (8-12 Hz) in active muscles by 20-30 ATA;
2i) jerks or short myoclonies (each lasting several hundred milliseconds; 
a few jerks a minute ...); tonico-clonic crisis can then develop. Thres
holds for such epileptic modifications are about 40-60 ATA; 3i) a slowing 
in E.E.G. frequencies with a theta frequency power increase (Rostain,
1980, p. 47-60), a facilitation in somatic evoked potentials (Hugón et all., 
1980, the development of erratic, fast, spike-like events in the scalp 
EEG; 4i) defects in sensori-motor and cognitive performance (Seki, 1976; 
Lemaire, 1980).Burgess (this R.T.) has observed nausea, possibly from la
byrinthine origin.

In contrast low mean rates of compression (10 M sw or less...), inclu
ding possible interspersed stages at constant pressure provokes only small 
neurological disturbances, as long as the ultimate depth is moderate : less 
than 30 ATA for evident clinical modifications (Lambertsen et all., 1977; 
O'Reilly, 1977-; Hugón et all., 1979; Hugón and Seki, 1979). If the final 
saturation pressure is high enough (e.g. 80 ATA for Papio ...) the subject 
may undergo a non-paroxyStic lethal degradation (Rostain, 1980, p.71).

After fast compression, at constant depth, the hyperbaric modifica
tions tend to reduce with time (Gruenau and Ackerman, 1978; Rostain, 1980, 
p.71; Burgess this R.T., Brauer this R.T.). Such reduction is small or
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absent, when the constant depth is high (Berghage et all., 1975); in fact 
acute modifications may develop (mouse : Brauer et all., 1977).In any case, 
adaptation does appear to be not sufficient beyond a certain limit of depth.

Progressive addition of N2 (5 to 10% of the on-going pressure) dimi
nishes the motor problems (Bennett et all., 1974; Brauer et all., 1974; 
Rostain et all., 1977; Bennett et all., 1980) without reducing the EEG 
disturbances (Rostain, 1980, p. 93 and sq; 157 and s q ) . Trimix is said 
to be better for fast, confortable and safe diving.

Behavioral modifications, reflex variations (Roll et all., 1978; La- 
cour et all., 1978; Harris, 1979), EEG and cognitive modifications under 
constant high pressure, all should be included in an comprehensive defini
tion of the "High pressure nervous syndrome" revisited after the initial 
definitions (see Rostain, 1980).

HPNS is understood here to be the net result of the pressure strain, 
plus the biological effect of the diluent gas after tissue saturation, 
and perhaps molecular fixation, and after the adaptative response of the 
organism. In contrast a clinically different "compression syndrome" would 
be "a pure" pressure effect, with minimal gas action and adaptation. A 
"pure" compression syndrome is, of course, a theoretical concept because 
any compression needs time, and this time could be sufficient for some 
gas diffusion and adaptation by the organism.

Such syndromes are "nervous" as long as there are no (ventilatory) 
respiratory problems, no gas conductance impairment (Imbert et all., 1980), 
no blood and circulation problems (Rostain, 1980, p.170 and sq; but also 
Ornhagen, 1979), no cellular problems in oxidative processes (Geiger et 
all., 1976), nor ionic disturbances ... Then disorders in nerve excitation, 
impulses conduction, synaptic transmission... could be related to some 
specific neural diving effect from pressure and/or gas.

Neurological pressure effects are demonstrated by dysfunctions in or
ganisms or preparations under water pressure (Lundgren and Ornhagen, 1976; 
Ornhagen and Hogan, 1977). Gases by themselves have biological effects. 
Nitrogen is far from being inert (Miller, 1972; Brauer et all.,1974; Ros
táin et all., 1977; Mac Donald, 1978; Gruenau and Ackerman, 1979; Cromer 
et all., 1979...). Helium,on the other hand, does not have much physiolo
gical effect (Lambertsen, 1967, 1978 and this R.T.; Fries and Durant,
1974; Kendig and Cohen, 1976 and in reviews by Mac Donald and Wan, 1978;
Mac Donald, 1980). In many cases Helium actions seems to be negigible, 
after short time of exposure (under 62 ATA : Rostain, 1980, p. 150, Man 
and monkey). It is worth noting here that "bathyphysiology" of submammals 
and invertebrates is of interest to the understanding of progresses in 
mammal physiology.

In pressure and gas effects, the authors theorize about molecular m o 
difications in single macromolecules or in multimolecules structures (mem
branes, organelles, enzymatic systems...). The fact that hydrostatic pres
sure rouses animals under light narcosis (Miller, 1972; Brauer et all., 
1974) or reverses the effects of general anaesthetics on nerve fibers and 
neurones (Spyropoulos, 1957; Roth et all., 1976; Kendig and Cohen, 1975) 
led to the development of the membrane expansion theory (Seeman, 1972) 
and the critical volume hypothesis (Miller et a l l .,1973).Briefly»pressure 
is considered to diminish the fluidity of the phospho bilayers in the mem
branes, with a possible increase of the hydration and ionisation of the 
hydrophilic groups. Many anaesthetics (but not all of them) woul^l have++ 
opposite effects. The ionic permeability of the membrane (Na , К ...Ca ) 
would be restored by anaesthetics (and nitrogen ?) after adverse pressure 
effects. Such a model could be valuable for small neurones in neuropiles,
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but not for myelinated fibres in peripheral nerves, under 100 ATA. Under 
such pressures there is no detectable change in most of the membrane or 
action potentials (invertebrates). Similarly Hugón and Lemaire (1975) d e 
tect no variation in the recovery cycle of the human single motor axon in 
situ, a finding which suggests no impairment in the ionic environment and 
exchanges of the m y e l t n a t e d - ü h r e —  In line with this conclusion, the Helium 
pressure does not produce any detectablé variation of velocity in sensory 
and motor fibres in Man (Roll et all., 1978) or in the monkey (99 ATA : 
Bonnet et all., 1973; Harris, 1979; Hugón et all., 1980). So the membrane 
of the (large) nerve fibre under such pressures seems to be sound - HPNS 
would result from modifications of the physiology in the neuropile (mem
brane properties of neurones and neuroglia, including synaptic transmission 
and related phenomenons).

At pressures less than 100 ATA, HPNS mainly consists of modifications 
of polyneuronal polysynaptic processes reflexes, EEG activity, evoked po
tentials and gross behavior. Focusing interest on the synaptic processes, 
it is possible to elaborate a rough outline of synaptic pressure effects, 
as in the work of Mac Donald (1980) and Lehmann (1978). Under pressure, 
molecular organization can undergo modifications if there is a (causal) 
decrease in molecular volume (Kettman et all., 1966) : pressure per se 
would induce a modification of the external conformation of the cloud of 
electron "gas" of the molecules. Hydration, ionisation, possible changes 
in inter atomic spatial arrangement... are quoted as examples of pressure 
effects.Because of such a change in the molecular "shape", interaction 
between a modified molecule and a specific substrate could be also modi
fied. "Recognition" (or "stereo selectivity") could be impaired. Pressure 
could result for instance : i) in a modification of the conformation and 
properties of the membrane receptor for a neural mediator or hormone 
(Kendig et Cohen, 1975, 1976; Athey and Ackers, 1978); 2i) in modifica
tions of the related adenyl-cyclase system (Fain, 1978; Fish et all., 1979); 
3i) or in changes of properties (fluidity) of the phospho lipid matrix in 
which the receptors and cyclase systems are embedded (an other version of 
the membrane expansion theory ?). Defects in synaptic transmission will 
result from any such disturbances. This kind of hypothesis is often allu
ded to in papers (Martin et all.,1972 ; Friess et all.,1975 ; Henderson 
et all.,1977 ; Yeandle ,1977 ; Kaufmann et all.1979...). Hugón et all.
(1980) tentatively explain the atropine-like effect of Helium on reflexes 
and evoked potentials as due to a post-synaptic anti-muscarinic pressure 
effect. Such an effect on synaptic transmission is not due to some pro
blem in acetylcholine release in their experiments, and that suggests 
some post-synaptic receptor impairment.

Such a stereochemical hypothesis is very attractive because it is very 
suggestive : it could explain the relation of a variety of problems at 
depth to many different pressure-sensitive structures in the CNS (Naquet 
this R.T., 1980), in isolated spinal cord, as well as in other centers 
in nervous system (Kaufmann et all., 1979b). It suggest a rationale for 
understanding the exageration of the HPNS in higher biological forms 
(Brauer et all., 1980). Emphasis was placed, at the beginning of this pa
per, on the reduction of some problems during stages of moderate constant 
depth after fast compression. Such a reduction could be due to the effect 
of Helium on molecular systems when saturation develops (Mac Donald, 1980). 
But a model from Mandell (1980) provides us with another valuable tool for 
research : homeostasis at cellular level could explain the reduction of 
the problems through the reactions of the biological system. Yet, the per
missive and regulatory effects of the hormones on the nerve cells (thyroid-
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gluco-corticoids) develop using the membrane receptors, and consequently 
can be pressure-sensitive processes as well. Of course presynaptic recep
tors, endocellular systems (e.g. mitochondria, Wattiaux, 1974) and other 
molecular systems could be sensitive-pressure. One modification does not 
exclude another and any physiological and pharmacological analysis should 
take advantage of both neurophysiology in adaptative organism or prepara
tion and biology at cellular or subcellular levels.
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Man exposed as a diver in the deep sea experiences, in 
all of his physiological systems, greater environmental 
forces and stresses than in any other sustained working 
situation. These forces drastically modify his physio
logical processes and his performance.

The continuing question to physiology is "What are the 
specific limits of tolerance to high pressures?" The 
answers to be obtained will involve the most fundamental 
mechanisms in physiology and biophysics.
THE PHILOSOPHY OF LIMITS

Physiological limits of many forms do exist for diving. 
They exist at all depths, from the shallowest to deep 
diving. Some limits can be overcome or postponed by modifi
cation of the diving method. Some can be masked. Some can 
be eliminated by engineering. Most persist and must re- 
emerge with the increasing pressures and durations of deep 
diving.

Investigation and prediction of these limits require 
constant awareness of what diving actually is, in its many 
forms. The activity of diving is a linked composite of 
subconscious physiologic mechanisms which support the cons
ciously purposeful functions (interpretation and thought, 
communication, work, manipulation) which are the intended 
aspects of diving. Diving is not simply passive exposure to 
gas pressure in a chamber, and it is not simply breathing or 
breath holding underwater. Therefore prediction of limi
tations must be concerned not only with the absence of 
convulsions or unconsciousness but also with the quality of 
thought and the capacity for useful physical action. The 
nature and degree of performance disruption can vary with 
any combination of sensory, mental, psychomotor and physical 
processes (Table 1). The disruptions can be of any degree, 
extending from undetectable to full physical incapacitation 
to unconsciousness.

Against this background it is the intent of this paper 
to offer the philosophy of limitations and prediction that 
has guided the Institute for Environmental Medicine's
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series of Predictive 
tolerance to work at

Studies concerned with extending 
high ambient pressures.

Oxidation
Respiration Sleep
Circulation Rest

Sensation
Mentation
Manipulation
Communication

Work

Table 1. Functional Components of Deep Diving.

The Diver
The working diver is unique in the spectrum of exposure 

to extreme physiological stress (Fig. 1). The athlete func 
tions to physical exhaustion, but in an ideal and harmless 
environment. The astronaut is essentially unstressed, week 
after week, regardless of distance from earth, protected by 
engineering from most hazards or even need for severe 
exertion. The mountaineer suffers the cold and extreme 
hypoxia of Mount Everest, but after weeks of progressive 
adaptation prior to attempting his final ascent. Even the 
whale is not exposed to the full severities of human diving

Fig. 1. Diver Breathing Helium-Oxygen 
Mixture While Performing Practical Work 
in Water-Filled Chamber at Pressure 
Equivalent to 488 Meters (1600 Feet of Sea 
Water) (8) .
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It does not have to ventilate its lungs, it has no narcotic, 
hyperoxic, decompression, temperature or strenuous exercise 
stress. Its exposures to hypoxia and pressure are acute, 
but the requirement for detailed performance is limited.
For the human diver each of many forces or effects increases 
with the greater pressures of deep diving, and some increase 
with duration of exposure. Of all these examples he is the 
only one who becomes "physiologically" trapped by the high 
pressure environment and unable to leave it at will. It 
requires longer to decompress from saturation exposure to a 
helium pressure of 1000 feet of sea water than to return to 
earth from a lunar landing.
Fundamental Physiological Mechanisms Affected

In a search for limitations to deep diving it is not 
sensible to assume a precise pressure limit or a single 
limiting mechanism in any form of deep diving. The mammal
ian organism (mouse, man or whale) is infinitely complex. 
Moreover, the function of one process or system or organ or 
sensor or effector is intricately related to functions of 
other systems and processes. Ultimately all depend for 
their normal function upon fundamental biophysical and bio
chemical mechanisms, concerned with life factors of charge, 
reaction velocity, synthesis, binding and even physical dif
fusion of gases and ions.

Under the physical and chemical stresses of deep diving 
each of these many basic functions is a potential target, 
but all must differ greatly from each other in the condi
tions for producing initial disturbance (threshold ?) and 
also for rates of subsequent failure. It is even a large 
error to simplify the prediction of extreme pressure effects 
in diving by assuming that a specific site or structure is 
the primary limiting target. Even with equivalent effects 
upon the fundamental chemistry or membrane characteristics 
of many different cells, the measurable consequences of 
exposure can be expected to vary greatly. In great physio
logical systems, such as the entirety of our neurological 
assets, the more complex functions (with more components and 
steps in chemical and electrical activity) can be expected 
to fail at lower hydrostatic or gas pressures than will the 
simpler functions. The important study of impulse transmis
sion in a peripheral nerve fiber or autonomic ganglion 
synapse will teach us the nature of their particular respon
ses to pressurization. To learn of limiting effects upon 
judgment arid vision it will be necessary to measure vision 
and judgment.

With this as general perspective it is Clear that to 
learn the ultimate limits of diving requires two related 
forms of investigation and analysis. Fundamental mechanisms 
must be examined in any appropriate tissue or animal to 
hydrostatic and gas pressures well beyond those conceivably 
reachable by man. And man himself must be systematically 
examined, step-by-step, in minute physiologic detail under
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cond:-ions beyond those to be encountered in practical oper
ations . Both approaches are honorable and absolutely 
necessary. There is no room for trial and error research in 
human exposure to environmental extremes.
PRIMARY STRESSES OF UNDERSEA ACTIVITY

A classical concept out of basic pharmacology and engi
neering is that response to a drug or physical stress is 
usually proportional to the drug dose or to the severity of 
the stress. The quantitative "dose-response" curve can 
often be used to describe basic cellular reactions or over
all physiologic competence. It is the ideal predictive 
measure for specific effect and limitation. However, with-

Fig. 2. Stimulus or Dose-Response Relation
ships in Physiology and Pharmacology

out precise quantitative studies no such predictions of 
limiting relationships can be described. Description is 
required for each function of interest, as affected by 
increasing degree of each stress of importance. Prediction 
derives from this description.
The Nature of the Stresses

The identities of several primary stresses are well 
known, even though their mechanisms and interactions are 
more conceptual than demonstrated. They include: Tempera
ture, Physicochemical Effects of Inert Gases, Hydrostatic 
Pressure, Inert Gas Exchange, Hyperoxygenation, Hypoxia and 
Respiratory Gas Density. Each ultimately influences neural, 
circulatory, respiratory and other functions (Table 2).
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Hypothermia
Hyperoxia 
Hypoxia 

Hypercapnia 
Hyperbar ia

Hyper thermia

Physicochemical Effects of High inert 
Communication Decrement

Gas Pressure

Increased Respiratory Gas Density 
Respiratory Work 

Sleep
Interactions

Table 2. Major Pressure, Temperature and 
Atmospheric Stresses in Undersea Activity

Thermal Exchange
Temperature regulation, hypothermia and hyperthermia are 

the background factors against which nearly every other 
stress of undersea activity expresses itself.

Deep body temperature is a controlled component of the 
design of the internal environment of the mammalian organ
ism, affecting such basic factors as hydrogen ion activity, 
calcium ionization, and the kinetics of numerous enzymatic 
reactions. Its control is not to be interfered with in 
diving .

Temperature is therefore of extreme practical limiting 
importance, regardless of depth, but not independent of it. 
Temperature deviations can be incapacitating or lethal or 
can contribute to lethal outcome in interactions with gas 
narcosis, very probably with hydrostatic pressure, and cer
tainly with increased gas density. Search for tolerance to 
ambient temperature alteration is essential to the under
standing of limitations of other stresses, and no study of 
effects of gases or pressure can ignore temperature as a 
critical variable.

Temperature stress increases severely with increasing 
ambient pressure, in water or in a gaseous environment. The 
compression of gas (e.g., helium) molecules increases heat 
capacity of the respired and ambient atmosphere, leading to 
excessive heat transfer between lungs and atmosphere or skin 
and atmosphere. Transfer may involve gain or loss of body 
heat, depending upon thermal differential between body and 
atmosphere. The result may be intolerable or incapacitating 
hypothermia or hyperthermia. Since this aspect of deep 
undersea activity involves physical exchange processes not 
adaptable to physiological modification, the limitations 
upon temperature regulation imposed by increased gas density 
and altered ambient temperature can be predicted to remain 
unless minimized by engineered systems for adjusting the 
temperature of ambient and respired gas. The precision of
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regulation required for these systems increases with diving 
depth, and relates as well to forms of physical work and to 
individuals (Table 3). Even in dry, helium-filled chambers 
the spread of comfort temperature becomes close to 1°C at 
1200 feet of sea water and, in the presence of physical 
activity, should be still less at still higher pressures. 
Temperature control is therefore a major technical component 
of any deep diving life support system. The real 
requirement is to eliminate temperature abnormality at all 
depths rather than to provide physiologic countermeasures in 
the presence of uncontrolled or abnormal body temperature.

Depth Low Limit High Limit
Meters Feet °C °C
122 400 28.5 31.5
213 700 29.0 31.5
274 900 30.0 32.0
366 1200 32.5 33.5

Table 3. Thermal Comfort Ranges in a Helium Environment (1)

Physicochemical Effects of High Inert Gas Concentrations in 
Cellular Structures

It seems inevitable that at increasingly high pressures 
the increasing molecular concentration of any inert gas in 
cell structures will interfere with any function of any 
cell. The effects of inert gases are probably qualitatively 
numerous, even though the tendency persists in undersea 
physiology to designate "narcosis" as a single end result. 
The term "narcosis" is a loose one and it is very likely 
that the influence of high inert gas pressures is not a 
single one, even for a single inert gas. Effects upon mem
brane function, metabolic enzyme function and synthetic 
functions can all be conceived, with different dose-effect 
patterns, and different consequences or symptoms, with dif
ferent gases. Inert gas effects on a retinal rod cell could 
affect vision. The same biophysical effect upon the smooth 
muscle cell of a retinal vessel could affect its contrac
tility .

Gases differ in fundamental influence upon cell compo
nents. While nitrogen is distinctly narcotic at pressures 
less than 10 atmospheres, helium and neon produce no promi
nent depression of mental or sensory function at (38 ata 
pressure) 1200 feet of sea water (1). Since all indications 
are that inert gases should induce "dose-effect" patterns of 
functional change, it is probable but not at all certain 
that helium or neon will not induce disruptive effects on 
central nervous system function comparable in degree to 
those of nitrogen until ambient pressures much in excess of 
3000 feet of sea water are experienced (1) (Fig. 3).
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Fig. 3. Comparative Narcotic Effects of N2O, N2r 
Ne and He on Mental Function (Arithmetic Index) (1).

Faced with these forms of unawareness of the mechanisms 
of inert gas effects, prediction of limitations imposed by 
inert gases requires detailed study of individual gases over 
an extreme range of pressures. The true separation of 
helium and hydrostatic pressure effects will be extremely 
difficult in any specimen, and probably not possible in 
man.
Hydrostatic Pressure

Extreme increase in hydrostatic pressure itself is 
limiting, even without accompanying increase in solution of 
inert gases in tissues. Pressurization can produce myospas- 
tic immobilization, paralysis, convulsions, cardiac arrest 
and death in experimental animals (2, 3, 4, 5).

In man, "moderate" increase in hydrostatic pressure 
(e.g., to 10 meters of sea water) produces no clearly detec
table effect. Higher pressures (e.g., 20 to 60 meters of 
sea water), especially when rapidly attained, induce 
increasing degrees of derangement, including temporary inca
pacitation (Fig. 4) (6, 7, 8). The bases for the varied
symptoms and signs which include malaise, mental slowness, 
sleepiness, dizziness, nausea and vomiting, weakness, tre
mors and myoclonic spasms, and electroencephalographic 
changes (6, 7, 8, 11, 26), is not known. In the absence of 
an evident effect of helium itself (1), it is presumed that 
these derangements are due to hydrostatic pressure.

Since the most easily measurable effects of compression 
have been tremor and electroencephalographic changes, the 
designation "High Pressure Nervous Syndrome" has been 
applied to the pattern of abnormalities produced (6, 7).
The term is useful but too specific for a phenomenon which 
is undoubtedly general in its effects, even on non-neu'ral 
biological systems (9, 3, 10, 30, 31).

Limitations. Investigation of hydrostatic pressure 
effects has involved (a) study of rate and degree of com
pression in man to approximately 65 ata (11, 24), and (b) 
extension of hydrostatic pressure exposures to over 200 ata 
in animals and isolated tissues (12, 9, 10, 27, 28, 17, 16).
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.

Fig. 4. Rapid Compression in Helium Atmosphere 
to Presure Equivalent of 244-366-488 Meters 
(800-1200-1600 Feet) of Sea Water (8).

Prediction of limits of tolerance to increased hydro
static pressure requires the same philosophical reasoning as 
for the narcosis and/or oxygen toxicity encountered in 
diving. Each of these stresses must be considered as exer
ting effects on more than a single biophysical or chemical 
mechanism, at many sites and therefore on many functions 
(Fig. 5). Indication of multiple molecular sites for 
effects of hydrostatic pressure has actually been observed 
(12). While an obvious initial expression of hydrostatic 
pressure effect may be tremor, it should be considered that 
multiple, simultaneous other effects must be occurring 
during high pressure exposure. While within limits all such 
effects may be reversible, probably most still remain un
identified. Therefore, the desired dose-effect relation
ships have not been determined and prediction of limitations 
to hydrostatic compression in man is not now possible.

On gross and purely practical grounds it is evident from 
experiment in man with helium breathing that between 0 and 
1200 feet of sea water no acute or lasting general handicaps 
develop when the rate of compression is slow or when a 
waiting period follows rapid compression (1, 6, 7, 8). 
Moreover, adaptation to rapid compression to this pressure 
appears to be complete (8), and in subsequent excursions 
from 1200 to 1600 feet of sea water general functions remain 
close to normal in spite of prolonged persistence of some 
electroencephalographic effects of compression (1, 13, 8).
At helium pressures between 1600 and 2000 feet of sea water 
serious limitations of activity with helium breathing appear 
to persist for prolonged periods without full adaptation, 
even when compression is slow (11, 13, 14, 22, 30, 31).

The causes, the variety, and the reserve tolerance for 
these effects of hydrostatic pressure itself is not known. 
Therefore, at still higher pressures not yet fully explored 
in humans, it is not possible to predict which of many
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affected functions have already'' reached their tolerable 
limits and which have only begun to be affected.

At the now relatively low pressures of 30 ata, where 
effects of helium itself have been shown to be innocuous 
(1) , study of rapid rates of compression has indicated the 
occurrence of gross effects presumed to be due to the 
increasing hydrostatic pressure (8, 22, 30). Therefore, 
rapid compression to still higher pressures can be expected 
to induce more severe effects, including convulsions or 
other incapacitation. Prediction of tolerance to rapid 
compression requires consideration of the degree of compres
sion, its rate and the patterns of time allowed for adapta
tion at stages during compression.

Extension of Tolerance to Pressure. Addition of nar
co tic~sTTbstanc¥s (gases or other ""dr ugs) has been shown to 
prominently modify effects of very high hydrostatic pressure 
on isolated tissues (16) and in intact aquatic or terres
trial animals (5, 12, 15). Conversely, compression can at 
least partially overcome effects of depressant gases or 
drugs (2, 5). These classical findings in animals have been 
applied to undersea physiology, as by the addition of nitro
gen to helium breathed by man at high pressure (22, 24, 25, 
30), to increase tolerance to the effects of hydrostatic 
compression. Nitrogen modifies the pattern of effects pro
duced by rapid compression (22, 24); it is not known whether 
it prevents or merely masks these effects (8) .

Since determination of the scope and quantitative degree 
of effects produced by hydrostatic pressure alone and by 
compression with helium has been accomplished only in part, 
the specific influences of concurrent exposure to other 
inert gases along with helium cannot be defined. Any site 
of neurotransmission is a potential site where pressure or 
anesthetic may alter several functions (17). Some synapses 
are components of sensory or stimulant transmission path
ways, others serve in depressant pathways. Since 
compression aggravates some neurophysiologic depressant 
effects of anesthetics and counteracts others, uniform or 
progressive benefit for all influences of compression cannot 
be predicted and is in fact unlikely. It therefore becomes 
necessary at pressures beyond those already explored for 
helium alone to "expect the unexpected" rather than simply 
to assume general amelioration of all compression effects.

This awareness is especially pertinent to neurological 
and respiratory effects of compression, since a convulsion 
in man at extreme gas density, with its composite of violent 
exercise and breathholding must inevitably result in death 
due to the failure to re-establish alveolar ventilation 
(35). The requirement therefore continues to exist for 
simultaneous study of critical physiological functions 
(Figs. 5 and 6) (8).
Inert Gas Exchange

There is as yet no indication that rate of uptake of 
inert gas during compression should be a limiting factor for 
ultimate diving depth (Fig. 6). Even if the concept of
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osmotic forces related to local differential inert gas con
centration (18) is eventually determined to have importance, 
its effects will most probably continue to be overshadowed 
by the more drastic influences of hydrostatic pressure. An 
exception, though not strictly limiting, is the arthralgia 
of compression which has been conceived as possibly related 
to osmotic influences of inert gas uptake (20).

Aspects of inert gas exchange will predictably continue 
at all pressures to be major limiting factors in decompres
sion , in development of decompression sickness, in the 
multiple forms and consequences of isobaric inert gas coun- 
terd iffusion and in the therapy of decompression and iso- 
baric sicknesses (23, 32). All of these attest to the 
physiological importance of inert gas exchange, and the 
necessary interactions among them make impractical predic
tion of definite improvement in safe decompression. It can 
be predicted that for each inert gas its exchange will 
continue to be governed by normal factors of anatomy, circu
lation, temperature and respiration, which themselves will 
continue to be limiting. Therefore the rates of inert gas 
elimination from critical sites are unlikely to be improved. 
For this reason it can be predicted that opportunities for 
extending diving without hazard of decompression or isobaric 
gas lesion diseases rests, not with a primary physiological 
speeding of gas elimination, but largely with (a) improve
ment in oxygen tolerance; and (b) improved understanding of 
the generation, growth and dissemination of gas bubbles, the 
interactions of bubbles and blood constituents, and the 
interplay among decompression, gas exchange, oxygen toler
ance and isobaric gas exchange both in normal diving and in 
treatment situations.
Oxygen Toxicity and Oxygenation

Oxygen toxicity must be paired in importance with hydro
static pressure in any ranking of major factors affecting 
predictions of ultimate diving capability. It presents 
limits to oxygenation as well as to attainable rates of 
inert gas elimination and effectiveness in "bends" therapy.

Oxygenation. At extreme pressures, beyond those yet 
reached by man, it has been considered on theoretical and 
indirect empirical grounds that large mammals are incapaci
tated through limitation of intrapulmonary diffusion of 
oxygen (19). This is not grossly evident in monkeys exposed 
to 100 ata or smaller mammals exposed even to 200 atmo
spheres and has not been found in man breathing dense gases 
at high pressures (1, 24) , even in severe exercise (1) .

Decompression and Isobaric Counterdiffusion. Extension 
of limits for excursion diving from saturation critically 
depends upon improvement in oxygen tolerance, as does 
increase in safety of decompression from each other form of 
diving, and improved therapeutic success in all forms of 
decompression sickness.

While substantial gains in extending oxygen tolerance 
are being made by programmed alternation of high and normal 
PC>2 (Fig. 7) (33, 34), prediction of further influence
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upon diving depends in part both upon methods of oxygen use 
and upon resolution of the scope of acute and chronic 
effects of hyperoxia. Just as for narcosis and hydrostatic 
pressure, increased pressures and durations of supranormal 
oxygen exposure should be considered as causing multiple 
adverse effects upon multiple tissues. Determination of

Fig. 7. Predicted Effect of Intermittent 
Oxygen Breathing on Pulmonary Oxygen 
Tolerance Limits in Man (34).

limits of oxygen tolerance and means for extending oxygen 
usage requires determination of the nature, onset, time 
course and reversibility of the several specific forms of 
enzymatic and related oxygen poisoning (34) . Of critical 
importance is the determination of any as yet unquantified 
chronic or cumulative or residual effects of hyperoxia upon 
organs and their tissues.
Density of Respired and Ambient Gas

The linear increase in gas density which occurs with 
increasing pressure induces non-linear decrements in two 
forms of interchange between internal and external environ
ments. It progressively modifies respiratory thermal 
exchange and ventilatory gas exchange, toward potential 
failure of each function.

Effects on Pulmonary Ventilation, Respiratory Control 
and Exercise Tolerance. Increased respiratory gas density 
increases respiratory resistance and work of breathing, with 
inevitable decrements in alveolar ventilation and capability 
for sustained effort by respiratory muscles. At any gas 
density each factor cited is related to the magnitude of 
pulmonary ventilation and hence to the degree and the 
duration of physical work being performed.

Tolerance to respired gas density has been extensively 
studied in man at increasingly high ambient pressures. In
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the absence of prominent effects of hydrostatic pressure, 
acute exposure to increased gas density diminishes pulmonary 
ventilatory capacity in rest and in exercise (Fig. 8) (1,
20, 29). Such studies have indicated that density effects

Fig. 8. Influence of Respiratory Gas 
Density and Airway Resistance on 
Ventilatory Capacity (1) .

upon respiratory function (pulmonary ventilation and respir
atory reactivity) at rest and in mild exercise should be 
tolerable even at gas density equivalent to helium breathing 
at 1500 meters (c.a. 5000 feet of sea water) (Fig. 9) (1).

Fig. 9. Pulmonary Ventilatory Response to 
Exercise at Extreme Respiratory Gas Density 
(Equivalent to Helium-Oxygen Breathing 
at 1500 meters or to 1200, 2000, 3000, 4000, 5000 
Feet of Sea Water) (1).
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There is as yet no reason to revise this prediction for 
effects of gas density alone.

However, increase in gas density during compression in a 
helium atmosphere is inevitably accompanied both by increase 
in hydrostatic pressure and increase in any as yet unknown 
effect which may be produced by solution of helium in criti
cal tissues. The interaction of such effects with the 
better defined influences of increased gas density appears 
to induce subjective respiratory distress not importantly 
associated with increased gas density at lower pressures 
(14, 21, 29). Precision in matching of method in such 
investigations should allow separation of density and

Fig. 10. Pattern of Continuous, Sustained, 
Increasing Workload in Studies of High 
Respiratory Gas Density (1).

pressure-related effects (Fig. 10). Since this separation 
is not now complete, prediction of diving limitations due to 
interactions of gas density and pressure now depends upon 
indications that even moderate exertion appears impractical 
in prolonged exposure to helium at pressures of 550 meters 
(1800 feet) of sea water (14). Since vigorous underwater 
work has been clearly shown to be practical in helium 
excursions to 488 meters (1600 feet) of sea water (8) , a 
zone of sharply exaggerated decrement between 488 and 610 
meters (1600 - 1800 - 2000 feet) of sea water breathing 
He-C>2 can be predicted. The subjective limitations 
encountered should be expected to be tolerable at rest, and 
to be magnified by increasing severity or duration of work. 
The degree to which these limitations are modified by use of 
gases other than helium must bé quantitatively determined.
INTERACTIONS OF STRESSES AND EFFECTS

Throughout these considerations and predictions of phys
iological limits to pressurization, selected interactions of 
important stresses have been cited. Those interactions 
already mentioned are to be considered merely examples from 
an extensive pattern of inevitable cross-influences of phys
iological mechanisms, degrees of physical or mental acti
vity, and severity of environmental forces. They include 
necessary interplay among work, oxygen pressure, gas den
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sity, exposure durations, hydrostatic pressure, temperature 
inert gas and other factors (Fig. 11). They change qualita

Fig. 11. Examples of Interacting 
Influences of Stresses and Effects in 
High Presure Exposures (35).

tively and in degree with increasing depth in the sea, and 
with duration of exposure. They confound any but gross pre 
diction, making it necessary to explore men in controllable 
actual circumstances as well as to investigate basic mechan 
isms. Each stress alone can conceivably be tolerated bette 
than can the composite of several or all stresses. The 
great progress of undersea physiology and activity of the 
past decade has derived from modification of the stresses 
and interactions (e.g., by choice of gas and compression 
rates, and improved life support systems) and not from modi 
fication of the basic physiological responses by drugs.
DETERMINATION, COMPENSATION, ADAPTATION, DETERIORATION

The fact that multiple limitations do exist to further 
extension of deep diving is less surprising than the fact 
that human pressurization to 122 to 615 meters (400-600-800 
1000-1200-1400-1600-1800 and 2000 feet) of sea water, incon 
ceivable very few years ago, has actually been possible. 
Extreme determination on the part of many of the "diver" 
subjects has allowed physiological exploration of the 
unknown in spite of sometimes severe symptoms.



Compensation and Adaptation
Part of the large advance, which has included sustained 

open sea diving operations at approximately 365 meters (1200 
feet) of sea water, demonstration of underwater work capa
bility at helium pressures to 488 meters (1600 feet) of sea 
water (8), and compressions breathing helium to 62 or 
nitrogen-helium mixtures to 65 ata, (11, 22, 24), has 
resulted from compensatory physiological adjustments, and 
from adaptation to the stresses considered in this analysis. 
The result of each of these mechanisms is a lessening of the 
biophysical, chemical or physiologic influences of the 
stresses, with restoration toward a stable condition of nat
ural function and full competence. This restoration may 
include return of neural, smooth muscle, neuromuscular and 
other functions. Failure of partial degree may be expected 
to be followed by partial or complete adaptation, at least 
for some processes. Such adaptations will usually require 
time, and the time course cannot be expected to be the same 
for all functions and for all degrees of failure.

Limitation of further descent and/or more prolonged ex
posure to high pressure, with prominent decrement in physi
cal or sensory or mental performance, is to be predicted 
when compensation and adaptation mechanisms become inade
quate in overcoming the imposed individual or composite 
stress. At the limits of compensation and adaptation acute 
decrement can then be followed by progressive deterioration 
and failure of specific functions. This is the ultimate and 
potentially irreversible limitation to deeper or longer 
exposure.
Peter ioration

In several situations exposure to the physical or toxic 
stresses of high pressure must predictably impose true limi
tations upon extension of diving depth. A proposed example 
is an increase in pressure and respired gas density to such 
a high degree that the work of breathing, even at rest, is 
severe. In this situation performance of useful physical 
activity will be impractical, even though discrete manipula
tion and sensory/mental functions are competent at rest. 
Continued excessive exertion by the muscles of respiration, 
even without considering the probable overlay of hydrostatic 
effects upon neuromuscular function, will necessarily result 
in progressive fatigue of these respiratory muscles, decom
pensation of the diaphragm and intercostal muscles and 
failure of ventilatory function (1, 8, 21). In the presence 
of hydrostatic pressure effects upon neuromuscular transmis
sion or muscle contraction, the above-mentioned influences 
of gas density must inevitably be aggravated. This entire 
sequence must be exaggerated by any requirement for exer
cise, whether for practical purpose or emergency. Concur
rent with this predicted respiratory deterioration, the act 
of sleep would predictably further diminish respiratory 
reactivity, accelerate the failure of ventilation and result 
in further hypoxia and hypercapnia.
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Since decompression from prolonged exposure to high 
pressure cannot be rapid, any escape or withdrawal from a 
progressive respiratory decompensation can only be slow.
The rate of withdrawal allowable by the requirements for 
inert gas elimination should be considered inadequate to 
allow recovery of capacity for ventilation. Continued 
deterioration, complete respiratory failure, severe hypoxia 
and death must therefore result (1, 8, 21).

At the limits of tolerance to extreme levels of respira
tory gas density the use of pharmacologic therapy or substi
tution of another inert gas is not likely to overcome all 
effects of compression, even though it may mask some (8). 
Moreover, attempts to sustain survival at high gas density 
by hyperoxygenation should predictively further diminish 
ventilation while introducing oxygen toxicity as an 
additional respiratory complication.

The example is cited here again to indicate that, while 
capability for work at high pressures has been remarkably 
extended, limits of several forms can indeed ultimately be 
expected for rate and degree of compression, even if all 
factors but respiratory gas density and associated hydro
static pressure are controllable. The limits must be expec
ted to be more stringent in open sea operations than in 
laboratory chambers. At present, largely due to lack of 
quantitative knowledge concerning effects of hydrostatic 
pressure in man, it is not possible to project the depth 
range at which the irreversible respiratory failure de
scribed above should be considered inevitable. It surely 
exceeds 600 meters (or 2000 feet) at rest and may not be 
much greater for extended work.
CONCLUSIONS

Exposure of man to high ambient pressures has increased 
from the equivalent of approximately 100 to over 600 meters 
(300 to over 2000 feet) of sea water during little more than 
the past decade.

Detailed investigation of the physiologic influences of 
compression indicates that:

oxygenation will not be limiting at depths less 
than 1000 meters (c.a. 3000 feet).
increased respiratory gas density alone should 
be tolerable at rest at least to pressures equi
valent to helium breathing at 1500 meters (c.a.
5000 feet), but will severely limit productive, 
sustained physical work at lesser pressures.
full functional competence for human physical, 
sensory and intellectual activity in water at 
depths between 365 and 610 meters (c.a. 1200 and 
2000 feet) of sea water should be attainable.
the most clearly limiting stresses are hydro
static pressure and temperature. In their
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interactions with other stresses each is 
exaggerated and rendered unpredictably more 
limiting.
increased hydrostatic pressure with helium 
breathing induces prominent but ill-defined 
limitations upon physical activity and respi
ration at pressures between 490 and 550 meters 
(1600 and 1800 feet) of sea water. At 610 
meters (2000 feet) of sea water neurological 
changes are sustained throughout exposure even 
at rest, and actual capacity for sustained 
physical work is not predictable.
decompression rates in saturation or excursion 
diving depend upon physical principles and will 
probably not be increased except by improvement 
in oxygen tolerance.
oxygen tolerance is susceptible to practical 
extension by programmed intermittency of 
exposure even though the several chemical 
mechanisms of oxygen toxicity will predictably 
remain active.
temperature limitation in diving will remain 
serious at all depths and will continue to 
impose extreme engineering requirements in open 
sea operation at pressures beyond 365 meters 
(1200 feet) of sea water.
the multiple and interacting influences of 
oxygen, hydrostatic pressure, inert gases and 
temperature upon fundamental cellular 
physicochemical and biochemical processes will 
continue to result in unpredictably changing 
patterns of limitation with increasing depth.
beyond 600 meters (c.a. 2000 feet) the composite 
effects of gas density and hydrostatic pressure 
upon respiratory function in sustained exposures 
can predictably result in progressive, 
inescapable hypoxia and hypercapnia, and 
irreversible respiratory failure in man, even at 
pressures tolerated in smaller animals.
the addition of narcotic drugs or gases to 
helium breathed at high pressures can be 
expected to diminish some symptomatic and 
neurologic expressions of hydrostatic pressure 
effects. Where this diminution is produced by 
masking rather than by prevention of the 
hydrostatic pressure effects, effects can be 
expected to re-emerge as pressure is further 
increased.
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I n t  r o d u c t I o n
F o r  s o m e  y e a r s  w e  a t  t h e  A d m i r a l t y  M a r i n e  T e c h n o l o g y  E s t a b l i s h m e n t  ( A M T E )  h a v e  b e e n  s t u d y i n g  t h e  e f f e c t s  o f  p r e s s u r e  o n  b o t h  m e n  a n d  a n i m a l s ,  a n d  f o r  m a n y  o f  t h e s e  

y e a r s  h a v e  b e e n  c o n c e r n e d  w i t h  t h e  n e u r o l o g i c a l  e f f e c t s  o f  p r e s s u r e .  I n  o u r  e a r l y  d i v e s  o f  t h e  m i d - 1 9 6 0 s  i t  w a s  r e c o r d e d  
t h a t  t h e  d i v e r s  s h o w e d  s i g n s  o f  b o d y  t r e m o r ,  a n d  i n  o n e  
c o m p r e s s i o n  t o  8 0 0  f t  ( 2 4 4  m )  i n  8  m i n u t e s  1 2  s e c o n d s  t h e  
p e r f o r m a n c e  i m p a i r m e n t  w a s  a c c o m p a i n e d  b y  d i z z i n e s s ,  n a u s e a  
a n d  v o m i t i n g .  F r o m  t h i s  s e r i e s ,  t o g e t h e r  w i t h  t h e  w o r k  o f  
o t h e r s ,  i t  w a s  c o n c l u d e d  t h a t  t h e r e  w a s  s o m e  f o r m  o f  b a r r i e r  
a t  1 1 0 0  f t  ( 3 3 5  m )  b e y o n d  w h i c h  m a n  c o u l d  n o t  g o .  T h i s  l i m i t  w a s  h o w e v e r  n o t  f u l l y  b e l i e v e d  b y  t h e  w o r k e r s  o f  t h i s  L a b o r a 
t o r y  a n d  i n  a  d i v e  u s i n g  s l o w  r a t e s  o f  c o m p r e s s i o n ,  t o g e t h e r  w i t h  s t a g i n g ,  a  d e p t h  o f  1 5 0 0  f t  ( 4 5 7  m )  w a s  a c h i e v e d  w i t h  
o n l y  m a r g i n a l  s i g n s  o f  t r e m o r  e t c .  A f t e r  t h i s  i n i t i a l  p u s h  i n t o  d e e p  d i v i n g  w e  h a d  s o m e w h a t  o f  a  r e s t  a n d  i t  w a s  n o t  
u n t i l  S e p t e m b e r  1 9 7 5  t h a t  w e  s t a r t e d  o n  o u r  p r e s e n t  d e e p  
d i v e  p r o g r a m m e .  I n  t h i s  p r o g r a m m e  w e  d e c i d e d  t h a t  w h a t  w a s  
n e e d e d  w a s  a  f u l l  s c i e n t i f i c  i n v e s t i g a t i o n  i n t o  t h e  p r o b l e m s  
o f  p r e s s u r e .  T h e r e f o r e ,  s o  a s  t o  e l i m i n a t e  a  f e w  o f  t h e  
p r o b l e m s ,  s u c h  a s  c o n f i n e m e n t ,  e t c ,  o u r  e a r l y  d i v e s  ( 1  t o  4 )  w e r e  c a r r i e d  o u t  a t  l o w  p r e s s u r e s  a n d  w i l l  n o t  b e  m e n t i o n e d  f u r t h e r  a s  t h e y  p r e s e n t e d  n o  n e u r o l o g i c a l  c h a n g e s .
300 m Dives

B y  D i v e  5  w e  w e r e  r e a d y  t o  e x t e n d  o u r  e x p e r i m e n t  d e p t h  d o w n  t o  3 0 0  m  a n d  u n t i l  t h i s  d i v e  a l l  h a d  w o r k e d  w e l l .  I n  t h i s  s e r i e s , - t o  e l i m i n a t e  a n y  e f f e c t s  o f  n o r m a l  a i r  b r e a t h i n g  
i t  h a d  b e e n  o u r  p r o c e d u r e  t o  c o n f i n e  t h e  v o l u n t e e r s  i n  t h e  
c h a m b e r  i n  h e l i u m  a t  3  m  w i t h  0 , 4  b a r  o x y g e n .  A t  t h e  e n d  o f  
t h i s  2 - d a y  w a s h o u t  p e r i o d  c o m p r e s s i o n  w a s  c o n t i n u e d  t o  t h e  
w o r k i n g  d e p t h  a t  a  r a t e  o f  1  m / m i n .  O n  t h e  t h i r d  d a y ,  t h e r e 
f o r e ,  w e  b e g a n  c o m p r e s s i o n  d o w n  t o  3 0 0  m ,  w h e n  a r o u n d  2 0 0  m  o n e  o f  t h e  v o l u n t e e r s  r e p o r t e d  s i g n s  o f  n a u s e a  a n d  v e r t i g o ;
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2 0  m  l a t e r  h e  r e p o r t e d  a  s e n s e  o f  f a t i g u e  a n d  m u s c u l a r  w e a k n e s s  w i t h  i n c r e a s e d  i n t e n s i t y  o f  a l l  o t h e r  s y m p t o m s .  A t  
2 5 0  m  t h e  o t h e r  s u b j e c t  r e p o r t e d  a  s e n s e  o f  i m p e d i n g  l o s s  o f  
c o n s c i o u s n e s s  a n d  t h e  d e s c e n t  w a s  h a l t e d .  N a u s e a  a n d  v e r t i g o ,  
a s  w e l l  a s  a  s e n s e  o f  r o t a t i o n  o f  t h e  v i s u a l  w o r l d ,  w e r e  t h e  
m a i n  s y m p t o m s ,  b u t  t r e m u l o u s n e s s ,  f e e l i n g  o f  f a i n t n e s s  a n d  
e x t r e m e  m u s c u l a r  w e a k n e s s  w e r e  e q u a l l y  d i s t r e s s i n g .  T h e  s u b j e c t s  l o o k e d  s w e a t y  a n d  d i s t r e s s e d ,  b u t  t h e i r  c o n v e r s a t i o n  w i t h  o u t s i d e  s t a f f  i n d i c a t e d  a  n o r m a l  m e n t a l  s t a t e .  A t  n o  
t i m e  d i d  t h e y  s h o w  g r o s s  t r e m o r ,  E E G  c h a n g e s  o r  m a n i f e s t  
n y s t a g m u s .  O n e  h o u r  l a t e r  b o t h  s u b j e c t s  f e l t  b e t t e r  a n d  c o m 
p r e s s i o n  w a s  r e s u m e d  a t  t h e  p r e v i o u s  r a t e  (  1  m / m i n ) .  N o  
w o r s e n i n g  o c c u r r e d  a n d  3 0 0  m  w a s  r e a c h e d  5 0  m i n u t e s  l a t e r .  O v e r  t h e  n e x t  5  t o  6  h o u r s  f u r t h e r  i m p r o v e m e n t  o c c u r r e d ,  b u t  i n  o n e  s u b j e c t  t h e  s y m p t o m s  o f  n a u s e a  w i t h  v o m i t i n g  p e r s i s t e d  f o r  t h e  n e x t  2 4  h o u r s .W h a t  t h e n  h a d  c a u s e d  t h i s  p r o b l e m ,  a s  p r e v i o u s  d i v e s  
a t  t h e  D e e p  T r i a l s  U n i t  h a d  n o t  s h o w n  t h e s e  s y m p t o m s .  A s  
t h e s e  d i v e s  h a d  s t a r t e d  f r o m  a i r ,  i t  w a s  c o n c l u d e d ,  t h e r e 
f o r e ,  t h a t  p e r h a p s  t h e  r e m o v a l  o f  d i s s o l v e d  n i t r o g e n  b e f o r e  c o m p r e s s i o n  c o u l d  h a v e  b e e n  t h e  c a u s e .  W e  t h e r e f o r e  r e s c h e d u l e d  o u r  n e x t  3 0 0  m  d i v e  ( D i v e  6 )  t o  s t a r t  c o m p r e s s i o n  o n  D a y  1 ,  f r o m  a n  a i r - f i l l e d  c h a m b e r .  C o m p r e s s i o n  r a t e  w a s  a g a i n  c o n t i n u o u s  a t  1  m / m i n .  A g a i n  a l l  w a s  w e l l  u n t i l  a t  
2 5 0  m  o n e  o f  t h e  v o l u n t e e r s  r e p o r t e d  t h a t  h e  h a d  s i g n s  o f  
n a u s e a  a n d  v e r t i g o .  T h e  c o m p r e s s i o n  w a s  s t o p p e d ,  a n d  a l 
t h o u g h  h e  r e p o r t e d  o n e  h o u r  l a t e r  t h a t  h e  n o w  f e l t  b e t t e r ,  
w e  h e l d  a t  2 5 0  m  u n t i l  t h e  n e x t  d a y ,  b e f o r e  c o n t i n u i n g  t o  
3 0 0  m .  N o  f u r t h e r  s y m p t o m s  w e r e  o b s e r v e d  a n d  t h e r e  w e r e  n o  c h a n g e s  s e e n  i n  a n y  o f  t h e  n e u r o p h y s i o l o g i c a l  t e s t s  t a k e n  a t  d e p t h .  T h e  v o l u n t e e r s  p e r f o r m e d  w e l l  a n d  c o m p l e t e d  t h e  f u l l  w o r k  p r o g r a m m e  w i t h  n o  f u r t h e r  p r o b l e m s ,  a n d  w e r e  s u c c e s s f u l l y  d e c o m p r e s s e d  a f t e r  s p e n d i n g  7  d a y s  a t  3 0 0  m .
4 2 0  m  D i v e s

W e  n o w  m o v e d  o n  t o  o u r  n e x t  w o r k i n g  d e p t h  o f  4 2 0  m e t r e s  
a n d  w e  c o n c l u d e d  t h a t  p e r h a p s  t h e  p r o b l e m  w a s  d u e  t o  t h e  
c o n t i n u o u s  c o m p r e s s i o n ,  a s  n o r m a l  w o r k i n g  d i v e s  w o u l d  h a v e  
s o m e  b u i l t - i n  s t a g e s  t o  t e s t  e q u i p m e n t  e t c .  T o  t e s t  t h i s  
h y p o t h e s i s ,  t h e r e f o r e ,  w e  d e c i d e d  t o  c o m p r e s s  a t  a  v e r y  s l o w  r a t e  w i t h  n o t  m o r e  t h a n  6 0  m / d a y .  D i v e  7  t h e r e f o r e  f o l l o w e d  t h i s  r o u t i n e  a n d  4 2 0  m  w a s  r e a c h e d  w i t h  o n l y  a  v e r y  s l i g h t  
p a s s i n g  s i g n  o f  n a u s e a  o n  t h e  l a s t  d r o p .  W e  t h e r e f o r e  c o n 
s i d e r e d  t h a t  w e  h a d  a  s u c c e s s f u l  p r o f i l e  a n d  s e t  o u t  t o  r e p e a t  t h i s  d i v e  w i t h  a  f u l l  s c i e n t i f i c  p r o g r a m m e  o f  s t u d i e s  
a t  d e p t h .  H o w e v e r ,  t h i s  t i m e  o n  t h e  l a s t  s t a g e  o n e  v o l u n t e e r  
r e p o r t e d  m a r k e d  f e e l i n g s  o f  v e r t i g o .  D u r i n g  t h e  n e x t  2 4  
h o u r s  h e  h a d  r e p e a t e d  a t t a c k s  o f  v e r t i g o  a n d  v o m i t i n g  w h i c h  
p r o d u c e d  s e r i o u s  p r o b l e m s  i n  o u r  s c i e n t i f i c  p r o g r a m m e .  T h e  n e x t  d a y  h e  r e p o r t e d  w e l l  a n d  t h e  d i v e  w a s  c o n t i n u e d  a s  p l a n n e d .  A l l  n e u r o l o g i c a l  t e s t s  w e r e  n e g a t i v e  i n  t h e  r a n g e s  m e a s u r e d ,  b u t  i t  w a s  n o t e d  t h a t  t h e  t a p e  r e c o r d e r  h a d  o v e r l o a d e d  d u e  t o  a  m a r k e d  i n c r e a s e  i n  l o w  f r e q u e n c y  s w i n g s  
i n  b o t h  t h e  E E G  a n d  t r e m o r .  S i n c e  a t  t h i s  t i m e  w e  h a d  a  l o w
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f r e q u e n c y  c u t - o f f  a t  2  H z  i n  o u r  a n a l y s i s  e q u i p m e n t ,  n o  c o m m e n t  c o u l d  b e  m a d e  o n  t h i s  d a t a .I n  a l l  o u r  p r e v i o u s  d i v e s  i t  h a d  b e e n  o b s e r v e d  t h a t  t h e  f i r s t  1 8 0  m  h a d  p r o d u c e d  n o  p r o b l e m s .  T h e r e f o r e  i n  a n  a t t e m p t  
t o  s p e e d  u p  t h i s  p a r t  o f  t h e  c o m p r e s s i o n  w e  s c h e d u l e d  a  d i v e  
t o  1 8 0  m  ( D i v e  9 A )  w i t h  a  c o m p r e s s i o n  r a t e  o f  3  m / m i n .  A t  
t h e  e n d  o f  t h e  c o m p r e s s i o n  o n e  v o l u n t e e r  r e p o r t e d  w e l l ,  b u t  
t h e  o t h e r  s t a t e d  t h a t  h e  f e l t  a  l i t t l e  s i c k .  S o m e  s h o r t  
w h i l e  l a t e r  h i s  s y m p t o m s  b e c a m e  s o  b a d  t h a t  h e  s t o p p e d  a l l  
e x p e r i m e n t a l  w o r k  a n d  l a y  d o w n  o n  t h e  f l o o r  o f  t h e  c h a m b e r .  D u r i n g  t h i s  p e r i o d  E E G  a n d  w h o l e  b o d y  t r e m o r  r e c o r d i n g s  w e r e  m a d e ,  w i t h  t h e  f r e q u e n c y  r a n g e  n o w  e x t e n d e d  d o w n  t o  
0 , 1  H z .  D u r i n g  t h e  o n s e t  o f  t h i s  e p i s o d e  l o w  f r e q u e n c y  w h o l e  
b o d y  t r e m o r  w a s  s e e n ;  t h a t  l a t e r  c h a n g e d  t o  b u r s t s  o f  h i g h e r  
f r e q u e n c i e s ,  s e t  a t  r e g u l a r  i n t e r v a l s ,  a s  t h e  v o l u n t e e r  l a y  
d o w n .  L o w  f r e q u e n c y  c h a n g e s  w e r e  a l s o  o b s e r v e d  i n  t h e  E E G  
o f  t h e  o t h e r  v o l u n t e e r  w h i c h  l a s t e d  f o r  a  p e r i o d  o f  s o m e  
5  m i n u t e s .  H o w e v e r ,  d u r i n g  t h i s  t i m e  h e  d i d  n o t  r e p o r t  a n y  
s i g n s  o f  v e r t i g o  o r  n a u s e a .  T h i s  l o w  f r e q u e n c y  d a t a  w a s  t h e  f i r s t  t i m e ,  t h a t  w e  h a d  o b s e r v e d  a n y  n e u r o p h y s i o l o g i c a l  c h a n g e s  d u r i n g  a n  a t t a c k  o f  h i g h  p r e s s u r e  v e r t i g o  i n  m a n .
F u r t h e r  s t u d i e s

S i n c e  t h e  4 2 0  m  s e r i e s  w e  h a v e  a t t e m p t e d  t h r e e  e x p e r i 
m e n t s  t o  5 2 0  m ,  o n l y  o n e  o f  w h i c h ,  u s i n g  p r o f e s s i o n a l  d i v e r s ,  
h a s  r e a c h e d  t h e  f u l l  d e p t h .  I n  e a c h  c a s e  t h e r e  h a s  b e e n  
s i g n s  o f  v e r t i g o  a n d  n a u s e a ,  w h i c h  i n  t w o  o f  t h e  c a s e s ,  h a v e  
b e e n  s o  b a d  t h a t  t h e  d i v e  h a s  h a d  t o  b e  c a n c e l l e d .  A l l  
c o m p r e s s i o n s  h a v e  u s e d  0 . 4  b a r  o x y g e n  i n  h e l i u m  w i t h  n o  
n i t r o g e n  a d d e d .  E v i d e n c e  s u g g e s t s  t h a t  w i t h o u t  s o m e  f o r m  o f  d i v e r  s e l e c t i o n  f o r  a  l a c k  o f  n e u r o p h y s i o l o g i c a l - r e l a t e d  s y m p t o m s  w e  w i l l  f i n d  i t  h a r d  t o  r e a c h  d e p t h s  i n  e x c e s s  o f  
3 0 0  m  u s i n g  p u r e  H e / О  m i x e s .  N e u r o l o g i c a l  s i g n s  o f  l o w  
f r e q u e n c i e s  h a v e  b e e n  s e e n  w h i c h  g a v e  s o m e  e a r l y  w a r n i n g s  
o f  l a t e r  t r o u b l e s .  T h e s e  s i g n s  a r e  u n d e r  f u r t h e r  i n v e s t i 
g a t i o n  a t  o u r  L a b o r a t o r y  a n d  w i l l  b e  s t u d i e d  i n  o u r  c o n 
t i n u i n g  d e e p  d i v e  p r o g r a m m e .
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MAN AND SUBHUMAN MAMMALS. 
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P h y s i o l o g i e  n e r v e u s e ,  C N R S ,  G i f - s u r - Y v e t t e ,  9 1 1 9 0 ,  F r a n c e

T h e  h i g h  p r e s s u r e  n e r v o u s  s y n d r o m e  ( H P N S )  i n  m a n ,  a s  d e s c r i b e d  h y  

B r a u e r  e t  a l .  ( 1 9 6 9 )  a f t e r  s e v e r a l  d i v e s  m a d e  t o  m o r e  t h a n  3 0 0  m e t e r s  w i t h  

a  h e l i u m - o x y g e n  m i x t u r e ,  i n c l u d e s  a  w h o l e  g r o u p  o f  c l i n i c a l  a n d  e l e c t r o -  

e n c e p h a l o g r a p h i c  ( E E G )  s i g n s .

T h e  p r i n c i p a l  s y m p t o m s  a r e  t h e  f o l l o w i n g  :

-  F r o m  a  c l i n i c a l  p o i n t  o f  v i e w  :  t r e m o r  w i t h  r a p i d  f r e q u e n c y  ( 8  t o  1 2  

c / s e c . ) ,  d y s m e t r i a ,  f a s c i c u l a t i o n s  a n d  m y o c l o n i a  ( o c c u r r i n g  w i t h o u t  a n y  

E E G  m o d i f i c a t i o n s )  a n d  d a y t i m e  d r o w z i n e s s .

-  F r o m  a n  E E G  p o i n t  o f  v i e w  :  t h e  a p p e a r a n c e  o f  s l o w  w a v e s  i n  h u r s t s  

( m o s t  o f t e n  t h e t a  f r e q u e n c y ,  o c c u p y i n g  e s p e c i a l l y  t h e  a n t e r i o r  r e g i o n s  o f  

t h e  s c a l p ) ,  t h e  d i m i n i s h i n g  o f  t h e  a m p l i t u d e  o f  t h e  p o s t e r i o r  a l p h a  r h y t h m  

a n d  t h e  o c c u r r e n c e  o f  m i c r o s l e e p  a c c o m p a n y i n g  t h e  l o w e r i n g  i n  t h e  l e v e l  o f  

v i g i l a n c e  n o t e d  i n  t h e  c l i n i c a l  o b s e r v a t i o n s .

C o m p l e m e n t a r y  s y m p t o m s  h a v e  s u b s e q u e n t l y  b e e n  a d d e d ,  i n  p a r t i c u l a r  t h e  

p o s s i b i l i t y  o f  t h e  o c c u r r e n c e  o f  d i z z i n e s s  a n d  n a u s e a ,  a  r e l a t i v e  l o w e r i n g  

o f  t h e  p s y c h o m o t o r  p e r f o r m a n c e  ( B e n n e t t  a n d  T o w s e ,  1 9 7 1 )  a n d  a  l i g h t e n i n g  

o f  n i g h t - t i m e  s l e e p  ( s e e  B e n n e t t  e t  a l . ,  1 9 7 6  ;  R o s t a i n ,  I 9 8 O ) .

E p i l e p t i c  s e i z u r e s ,  p r e c e d e d  b y  m y o c l o n i a  a c c o m p a n i e d  b y  E E G  p a r o x y s m a l  

d i s c h a r g e s ,  a r e  n o t  f o u n d  i n  t h e  H P N S  i n  m a n ,  w h e r e a s  t h e y  a r e  o n e  o f  t h e  

c h a r a c t e r i s t i c s  o f  t h e  H P N S  i n  t h e  s u b h u m a n  m a m m a l  ( R o s t a i n ,  1 9 7 3 )  ;  t h e  

f a c t  t h a t  m a n  h a s  n o t  y e t  h a d  a n y  e p i l e p t i c  s e i z u r e s  i n  d e e p  d i v e s  c a n  

c e r t a i n l y  b e  e x p l a i n e d  i n  p a r t  b y  t h e  f a c t  t h a t  m a n  w a s  s u b m i t t e d  t o  l e s s e r  

d e p t h s  t h a n  t h e  a n i m a l .

I n  I 9 6 9 ,  a t  t h e  t i m e  H P N S  w a s  d e s c r i b e d ,  t h e  v a r i o u s  s y m p t o m s  w e r e  

t h o u g h t  t o  b e  d u e  t o  t h e  p r e s s u r e ,  w i t h o u t  t a k i n g  i n t o  a c c o u n t  t h e  r o l e ‘ o f  

o t h e r  p a r a m e t e r s  s u c h  a s  t h e  c o m p o s i t i o n  o f  t h e  g a s  m i x t u r e ,  o r  t h e  c o m p r e s 
s i o n  s p e e d  a n d  p r o f i l e .

I t  w a s  e v e n  t h o u g h t  t h a t  m a n  c o u l d  n o t  g o  b e y o n d  d e p t h s  o f  3 Ő 5  m e t e r s  

w i t h o u t  t o o  m u c h  d a m a g e .  T h a n k s  t o  r e s e a r c h  c a r r i e d  o u t  i n  d i f f e r e n t  h y p e r 

b a r i c  c e n t e r s  i n  F r a n c e ,  i n  E n g l a n d  a n d  i n  t h e  U . S .  i t  h a s  b e e n  d e m o n s t r 

a t e d  t h a t  t h i s  l i m i t  c o u l d  b e  e x t e n d e d  a n d  i t  i s  k n o w n  a t  t h e  p r e s e n t  t i m e  

t h a t  m a n  c a n  w o r k  i n  t h e  s e a  w i t h o u t  t o o  m u c h  d i f f i c u l t y  a t  a  5 0 0  m e t e r  

d e p t h  ( f r e n c h  e x p e r i m e n t  i n  1 9 7 8 )  a n d  w o r k  a n d  l i v e  c o r r e c t l y  i n  a  c h a m b e r  

u n d e r  p r e s s u r e  b e y o n d  6 O O  m e t e r s  ( 6 1 0  m e t e r s  i n  F r a n c e  i n  1 9 7 1  a n d  1 9 7 * +  ;
6 5 0  m e t e r s  i n  t h e  U . S . A .  i n  1 9 8 О ) .
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T h e s e  e x p e r i m e n t s  h a v e  s h o w n  t h a t  t h e  i n t e n s i t y  a n d  t h e  t y p e  o f  

s y m p t o m s  v a r i e d  a c c o r d i n g  t o  t h e  e x p e r i m e n t a l  c o n d i t i o n s  a n d  t h e  s u b j e c t s  

t e s t e d ,  a n d  t h e y  a l l o w e d  t o  e s t a b l i s h  s e v e r a l  g e n e r a l  r u l e s  :

1 )  F o r  a  g i v e n  g a s  m i x t u r e  a n d  a  g i v e n  d e p t h ,  t h e  H P N S  s y m p t o m s  

d e p e n d  o n  t h e  r a t e  a n d  m o d e  o f  c o m p r e s s i o n  ( R o s t a i n  a n d  N a q u e t ,  1 9 7 * * ) .
I n  a  h e l i u m - o x y g e n  m i x t u r e  i t  h a s  b e e n  s h o w n  t h a t  :
a .  i n  t h e  P a p i o  p a p i o  b a b o o n ,  a t  a  c o n s t a n t  c o m p r e s s i o n  s p e e d  o f

2 0 0  m / h ,  t h e  e p i l e p t i c  s e i z u r e  o c c u r s  b e t w e e n  Ó 5 0  a n d  7 5 0  m e t e r s  ;  i t  d o e s  

n o t  o c c u r  u n t i l  1 0 0 0  m  w i t h  a  s p e e d  o f  **0 m / h  a n d  c l o s e  t o  9 0 0  m  f o r  a  

d e c r e a s i n g  s p e e d  o f  1 2 0  t o  * * 0  m / h  ( R o s t a i n ,  1 9 8 0 ) .

b .  i n  m a n ,  t h e  c o m p r e s s i o n  c u r v e s  w i t h o u t  i n t e r m e d i a t e  s t a g e s  a r e  

l e s s  f o v o r a b l e  t h a n  t h o s e  i n t e r r u p t e d  b y  s t a g e s  ;  w h e n  s t a g e s  e x i s t ,  t h e  

c o m p r e s s i o n  c u r v e s  a r e  m o r e  f a v o r a b l e  w h e n  t h e y  a r e  s l o w  a n d  e x p o n e n t i a l  

t h a n  w h e n  t h e y  a r e  l i n e a r  ;  w i t h  e q u i v a l e n t  c o m p r e s s i o n  s p e e d s ,  a n d  e s p e 
c i a l l y  a t  h i g h  c o m p r e s s i o n  s p e e d s ,  t h e  e f f e c t s  i n c r e a s e  a t  g r e a t e r  d e p t h s  

( C o r r i o l  e t  a l . ,  1 9 7 3  ;  H u n t e r  a n d  B e n n e t t ,  1 9 7 * *  j  R o s t a i n  a n d  N a q u e t ,  

1 9 7 * * ) .
T h e  f o l l o w i n g  e x a m p l e s  i l l u s t r a t e  t h e s e  d a t a  :
-  D u r i n g  t h e  P h y s a l i e  V I  a n d  S a g i t t a i r e  I V  e x p e r i m e n t s  ( R o s t a i n  a n d  

N a q u e t ,  1 9 7 8 )  t h e  c o m p r e s s i o n  s p e e d s  w e r e  i d e n t i c a l  u p  t o  5 5 0  m e t e r s  a n d  

t h e  E E G  m o d i f i c a t i o n s  i n  t h e  d i f f e r e n t  s u b j e c t s  w e r e  s i m i l a r  f r o m  o n e  

e x p e r i m e n t  t o  a n o t h e r .  B e t w e e n  5 5 0  m  a n d  6 1 0  m  t h e  c o m p r e s s i o n  s p e e d  w a s  

t h r e e  t i m e s  f a s t e r  a n d  t h e  E E G  m o d i f i c a t i o n s  f i v e  t i m e s  g r e a t e r  d u r i n g  t h e  

S a g i t t a i r e  V I  e x p e r i m e n t .
-  D u r i n g  t h e  P h y s a l i e  V  e x p e r i m e n t ,  c o m p r e s s i o n  w a s  m u c h  f a s t e r  

b e t w e e n  3 5 0  a n d  * * 0 0  m  a n d  b e t w e e n  * * 6 0  a n d  * + 9 0  m  t h a n  b e t w e e n  * * 0 0  a n d  * * 6 0  m  

a n d  * + 9 0  a n d  5 1 8  m .  U p  t o  h60 m ,  t r e m o r  d i d  n o t  i n c r e a s e  m o r e  t h a n  2 0 0  % f o r  

t h e  t w o  d i v e r s ,  d u r i n g  c o m p r e s s i o n  a n d  a t  t h e  s t a g e s .  B e t w e e n  * * 6 0  a n d  * * 9 0  

m e t e r s  f o r  t h e  t w o  d i v e r s  t h e r e  w a s  a  v e r y  m a r k e d  i n c r e a s e  i n  t r e m o r  w h i c h  

e x c e e d e d  6 0 0  % f o r  o n e  d i v e r  ( R o s t a i n  a n d  L e m a i r e ,  1 9 7 3 ) .
-  D u r i n g  1 1  c o m p r e s s i o n  e x p e r i m e n t s  c a r r i e d  o u t  b e t w e e n  3 0 0  a n d  6 1 0  m  

i n  2 * *  s u b j e c t s ,  t h e  r e s u l t s  s h o w e d  t h a t
—  d e p e n d i n g  o n  t h e  c o m p r e s s i o n  s p e e d ,  t h e  c l i n i c a l  a n d  E E G  s y m p t o m s  

a p p e a r  a t  d i f f e r e n t  d e p t h s .  T h e  v a r i a t i o n  i s  a b o u t  1 0 0  m e t e r s  f o r  t r e m o r ,  

a n d  2 0 0  m e t e r s  f o r  m y o c l o n i a ,  d r o w z i n e s s ,  t h e t a  a c t i v i t i e s ,  t h e  d e p r e s s i o n  

o f  a l p h a ,  a n d  m i c r o s l e e p ,
—  t h a t  t h e  d e g r e e  o f  t h e  s y m p t o m s  d e p e n d s  o n  t h e  c o m p r e s s i o n  c u r v e
—  t h a t  t h e  s y m p t o m s  d o  n o t  a l l  o c c u r  a t  t h e  s a m e  d e p t h  ( t r e m o r  

a p p e a r s  b e t w e e n  2 0 0  a n d  3 0 0  m e t e r s ,  t h e t a  a c t i v i t i e s  b e t w e e n  2 0 0  a n d  * Ю 0  
m e t e r s ,  m y o c l o n i a ,  d a y t i m e  d r o w z i n e s s  a n d  m i c r o s l e e p  b e t w e e n  3 0 0  a n d  5 0 0  m  

( N a q u e t  e t  a l . ,  1 9 7 5 ) .

2 )  I n  a  g i v e n  s u b j e c t ,  a l l  t h e  s y m p t o m s  d o  n o t  o c c u r  s i m u l t a n e o u s l y ,  

e v e n  f o r  a  g i v e n  d e p t h .  T h i s  i s  t r u e  e s p e c i a l l y  w h e n  c o m p r e s s i o n  i s  v e r y  

r a p i d .  F o r  e x a m p l e  i t  h a s  b e e n  s h o w n  t h a t  f o r  a  c o m p r e s s i o n  t o  l 8 0  m  i n  

1 5  m i n . ,  t r e m o r  a p p e a r s  i m m e d i a t e l y ,  r e a c h e s  i t s  m a x i m u m  a l l  a t  o n c e ,  a n d  

e v e n t u a l l y  d i m i n i s h e s  i n  s e v e r a l  h o u r s .  T h e  E E G  m o d i f i c a t i o n s  a p p e a r  

s l o w l y  a n d  m a y  n o t  r e a c h  t h e i r  m a x i m u m  u n t i l  7  h o u r s  a f t e r  t h e  a r r i v a l
a t  t h e  b o t t o m  w h i l e  t h e  o t h e r  s y m p t o m s  h a v e  a l r e a d y  b e g u n  t o  d i m i n i s h  

( R o s t a i n  e t  a l . ,  1 9 8 0 b ) .

3 )  I f  t h e  s u b j e c t  s t a y s  a t  a  g i v e n  d e p t h ,  c e r t a i n  s y m p t o m s ,  o n c e  

t h e y  a p p e a r ,  s h o w  l i t t l e  v a r i a t i o n  d u r i n g  2 b  h o u r s ,  w h i l e  o t h e r s  s u c h  a s  

t r e m o r  a r e  m o r e  p r o n o u n c e d  i n  t h e  m o r n i n g  t h a n  i n  t h e  e v e n i n g  ( R o s t a i n  

e t  a l .  ,  1 9 7 5  ;  R o s t a i n  e t  a l . ,  1 9 7 7 ) .
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U )  T h e  s y m p t o m s  a r e  r e l a t e d  t o  t h e  t y p e  o f  g a s  m i x t u r e  u s e d .  T h e  

a d d i t i o n  o f  a  g i v e n  q u a n t i t y  o f  n i t r o g e n  t o  t h e  h e l i u m - o x y g e n  m i x t u r e  

m o d i f i e s  t h e  e l e c t r o o l i n i c a l  s y m p t o m a t o l o g y  o f  t h e  H P N S  ( B e n n e t t  e t  a l . ,  

1 9 T 1 * ) .  W i t h  a  m i x t u r e  c o n t a i n i n g  a  s u f f i c i e n t  p e r c e n t a g e  o f  n i t r o g e n  ( 9  % )  

t r e m o r  d i s a p p e a r s .  H o w e v e r ,  u p o n  a r r i v a l  a t  3 0 0  m  f o r  r a p i d  c o m p r e s s i o n  

b e h a v i o r a l  s y m p t o m s  ( e u p h o r i a )  a n d  i n c r e a s e d  f a t i g u e  o c c u r  ;  t h e  E E G  m o d i 
f i c a t i o n s  a r e  g r e a t e r  t h a n  i n  a  h e l i o x  m i x t u r e  a t  t h e  s a m e  d e p t h  ;  t h e  

p o w e r  s p e c t r a  o f  t h e  s l o w  w a v e s  a n d  a l s o  o f  t h e  f a s t - a c t i v i t i e s  i s  g r e a t e r  

t h a n  a t  t h e  s u r f a c e .  D a y t i m e  d r o w z i n e s s  i s  v e r y  m a r k e d .  H o w e v e r ,  e v e n  w h e n  

t h e  s u b j e c t  r e m a i n s  a t  a  c o n s t a n t  d e p t h ,  t h e  c l i n i c a l  a n d  E E G  s y m p t o m a t o l 

o g y  i s  m o r e  t r a n s i t o r y  t h a n  i n  a  h e l i o x  m i x t u r e  ;  i n  g e n e r a l  t h e  c l i n i c a l  

s y m p t o m s  d i s a p p e a r  i n  2 b  h o u r s  ( R o s t a i n  e t  a l . ,  1 9 8 0 b ) .
T h e s e  d a t a ,  w h i c h  w e r e  v a l i d  a t  3 0 0  m  w e r e  a l s o  v a l i d  f o r  g r e a t e r  

d e p t h s .  T h i s  w a s  c o n f i r m e d  r e c e n t l y  b y  t w o  e x p e r i m e n t a l  s e r i e s  i n  w h i c h  

8  d i v e r s  w e r e  c a r r i e d  t o  U O O  a n d  t o  b .50  m  w i t h  a n  e x p o n e n t i a l  c u r v e  

( R o s t a i n  e t  a l . ,  1 9 8 0 a ) .  D u r i n g  t h e s e  2  d i v e s  n i t r o g e n  w a s  a d d e d  p r o g r e s s 

i v e l y  t o  t h e  m i x t u r e  a n d  i t  s e e m e d  t o  h a v e  h a d  a  p o s i t i v e  e f f e c t  ;  i n  

s p i t e  o f  t h a t  t h e  d e g r e e  o f  t h e  E E G  m o d i f i c a t i o n s  ( i n c r e a s e  i n  t h e  s l o w  

w a v e s ,  a n d  t h e  r a p i d  f r e q u e n c i e s )  i s  g r e a t e r  a t  t h e  b e g i n n i n g  o f  t h e  

e x p e r i m e n t  w h e r e  c o m p r e s s i o n  s p e e d  i s  r a p i d ,  t h a n  a t  t h e  t i m e  w h e n  t h e  

s u b j e c t s  a r r i v e  a t  t h e  b o t t o m ,  d u e  t o  a  p r o g r e s s i v e  s l o w i n g  d o w n  o f  t h e  

c o m p r e s s i o n  r a t e .  T h i s  m e a n s  t h a t  e v e n  w i t h  a  t r i m i x  m i x t u r e  t h e  c o m p r e s 

s i o n  r a t e  a n d  p r o f i l e  i n f l u e n c e  t h e  s y m p t o m s  o f  t h e  H P N S .

5 )  T h e  s y m p t o m s  a r e  n o t  r e p r o d u c t i b l e  f r o m  o n e  s u b j e c t  t o  a n o t h e r .  

T h i s  d i f f e r e n c e  i n  s e n s i t i v i t y  w h i c h  w a s  n o t e d  d u r i n g  t h e  f i r s t  d i v e s  

w i t h  h e l i o x ,  w a s  c o n f i r m e d  d u r i n g  t h e  d i v e s  w i t h  t r i m i x .  D u r i n g  t h e  d i v e  

t o  i + 5 0  m  w h i c h  i n c l u d e d  8  d i v e r s ,  i t  w a s  s h o w n  t h a t  n o t  o n l y  d o  d i f f e r 

e n c e s  i n  s e n s i t i v i t y  e x i s t  f r o m  o n e  s u b j e c t  t o  a n o t h e r  b u t  t h a t  f o r  a  

g i v e n  s u b j e c t  c e r t a i n  s y m p t o m s  a r e ' m o r e  s e n s i t i v e  f o r  t h e  s a m e  t y p e  o f  

c o m p r e s s i o n .

F o r  e x a m p l e ,  u p o n  a r r i v a l  a t  t h e  b o t t o m ,  i n  c e r t a i n  s u b j e c t s ,  t h e r e  

w e r e  v e r y  m a r k e d  E E G  m o d i f i c a t i o n s  a n d  f e w  c h a n g e s  i n  t h e  s e n s o r i m o t o r  

p e r f o r m a n c e ,  w h i l e  i n  o t h e r s ,  t h e  E E G  r e c o r d s  w e r e  v e r y  s l i g h t l y  m o d i f i e d  

a n d  t h e r e  w a s  a  m a r k e d  d e f i c i e n c y  i n  t h e  p s y c h o m o t o r  t e s t s  ( L e m a i r e ,  1 9 8 0  ;  

R o s t a i n  e t  a l . ,  1 9 8 0 c ) .  T h i s  m e a n s  t h a t  e a c h  s y m p t o m  o f  t h e  H P N S  o f  e a c h  

s u b j e c t  h a s  a  s e n s i t i v i t y  c o r r e s p o n d i n g  t o  t h e  h y p e r b a r i c  c o n d i t i o n s  t o  

w h i c h  h e  i s  s u b m i t t e d .

I n  c o n c l u s i o n ,  t h e s e  d a t a  m a k e  u s  c o n s i d e r  m o r e  c l o s e l y  t h e  H P N S  

e n t i t y  a n d  t h e  d a n g e r  o f  u s i n g  t h i s  s o l e  t e r m  t o  c o v e r  a l l  t h e  m u l t i p l e  

s y m p t o m s  w h i c h  m a y  a p p e a r  i n  d i v e s  i n  v a r i o u s  e x p e r i m e n t a l  c o n d i t i o n s .

A n  a n a l y t i c a l  d e s c r i p t i o n  o f  t h e  e v o l u t i o n  o f  e a c h  o f  t h e  s y m p t o m s  i n  

r e l a t i o n s h i p  w i t h  t h e  e x p e r i m e n t a l  c o n d i t i o n s  ( g a s  m i x t u r e ,  p r e s s u r e ,  

c o m p r e s s i o n  p r o f i l e )  w o u l d  p e r h a p s  c o n t r i b u t e  t o  a  b e t t e r  c o m p r e h e n s i o n  

o f  t h e  o r i g i n ,  t h e  s i g n i f i c a n c e  a n d  t h e  v a l u e  o f  e a c h  o f  t h e m .  I t  s e e m s  

t o o  t h a t  o n e  c a n n o t  c o n s i d e r  t h e  d i s a p p e a r a n c e  o f  a  g i v e n  s y m p t o m  d u e  t o  

t h e  m o d i f i c a t i o n  o f  o n e  o r  s e v e r a l  p a r a m e t e r s  o f  t h e  c o m p r e s s i o n  s i g n i f i e s  

n e c e s s a r i l y  t h e  d i s a p p e a r a n c e  o f  t h e  H P N S .  I t  h a s  b e e n  s e e n  i n  m a n  t h a t  

w i t h  a n  a p p r o p r i a t e  m i x t u r e ,  t h e  t r e m o r  c o u l d  d i s a p p e a r  w h i l e  o t h e r  s y m p 

t o m s  p e r s i s t  o r  i n c r e a s e  ;  i t  i s  a l s o  k n o w n  t h a t  i n  t h e  b a b o o n  u s i n g  a  

p a r t i c u l a r  c o m p r e s s i o n  p r o f i l e  a n d  a  p r o g r e s s i v e  n i t r o g e n  a d d i t i o n ,  i t  

i s  p o s s i b l e  t o  r e t a r d  t h e  a p p e a r a n c e  o f  o n e  o f  t h e  m o s t  s e r i o u s  s y m p t o m s  

o f  H P N S ,  t h e  c o n v u l s i v e  e p i l e p t i c  s e i z u r e .  H o w e v e r ,  f o r  d e p t h s  b e y o n d  

1 0 0 0  m e t e r s ,  i t  h a s  b e e n  n o t e d  t h a t  t h e  g l o b a l  a m p l i t u d e  o f  t h e  E E G  

d e c r e a s e s  a n d  v i o l e n t  t o n i c  m u s c l e  s p a s m s  o c c u r .  T h e s e  s p a s m s ,  w h o s e
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o r i g i n  i s  s t i l l  u n k n o w n  a r e  n o t  a c c o m p a n i e d  b y  p a r o x y s m a l  E E G  d i s c h a r g e s  

( N a q u e t  e t  R o s t a i n ,  1 9 8 0  ;  R o s t a i n  e t  a l . ,  1 9 7 9 ) .  T h e  d i s a p p e a r a n c e  o f  

t h i s  a l a r m  s i g n a l ,  ( t h e  c o n v u l s i v e  e p i l e p t i c  s e i z u r e ) ,  i s  d a n g e r o u s  s i n c e  

i n  i t s  a b s e n c e ,  a c c e s s  t o  g r e a t e r  d e p t h s  m a y  r e v e a l  o t h e r  m o r e  s i g n s  w i t h  

a n y  w a r n i n g .
C o n t i n u e d  a n i m a l  e x p e r i m e n t a t i o n  a n d  t h e  e v a l u a t i o n  o f  t h e  m o s t  

s i g n i f i c a n t  a l a r m  s i g n a l s  f o r  e a c h  t y p e  o f  c o m p r e s s i o n  u s e d  i n  t h e  a n i m a l  

a n d  i n  m a n  a r e  n e c e s s a r y  i n  o r d e r  t o  a v o i d  e x p o s i n g  s u b j e c t s  i n  t h e  f u t u r e  

t o  s e r i o u s  a c c i d e n t s  d u r i n g  e v e n  d e e p e r  d i v e s .

T h i s  s t u d y  h a s  b e e n  c a r r i e d  o u t  t h a n k s  t o  e x p e r i m e n t s  m a d e  a t  t h e  

C E H  o f  C O M E X  i n  M a r s e i l l e  a n d  a t  t h e  G I S M E R  i n  T o u l o n .  T h e y  w e r e  s u p p o r t e d  

b y  t h e  C N E X O  a n d  p a r t i c u l a r l y  b y  t h e  D R E T .
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C l i n i c a l l y ,  i t  s e e m s  t o  m e ,  t h e r e  i s  r a t h e r  m o r e  u n i t y  t h a n  d i v e r s i t y  i n  t h e  r e s p o n s e  o f  a  w i d e  r a n g e  o f  a n i m a l s  
t o  p r o g r e s s i v e  i n c r e a s e  i n  h y d r o s t a t i c  p r e s s u r e .  V e r b a l  
d e s c r i p t i o n s  o f  t h e  r e s p o n s e s  i n  p r i m a t e s  o r  i n  m i c e ,  o r  e -  
v e n  i n  c r a y f i s h  a n d  i n  s n a i l s ,  s o u n d  r e m a r k a b l y  a l i k e :  t h e y  
a l l  p r o g r e s s  t h r o u g h  o n e  t y p e  o r  a n o t h e r  o f  m o t o r  d i s t u r 
b a n c e s  s u c h  a s  t r e m o r s  o r  e n h a n c e d  a c t i v i t y ,  t o  a  s t a g e  
c h a r a c t e r i z e d  b y  m o r e  o r  l e s s  g e n e r a l i z e d  m u s c u l a r  s p a s m s ,  
( w h i c h ,  i n  v e r t e b r a t e s ,  a r e  q u i t e  p r o p e r l y  d e s c r i b e d  a s  c o n v u l s i o n s ) ,  t o  a  t e r m i n a l  o r  n e a r  t e r m i n a l  s t a g e  o f  p a r a l y s i s  o r  c a r d i a c  f a i l u r e  ( c f .  ( 1 )  f o r  r e c e n t  r e v i e w ) .  Y e t ,  
e v e n  i n  t h i s  g r o s s l y  o v e r s i m p l i f i e d  d e s c r i p t i o n ,  o n e  c a n  r e c o g n i z e  t h a t  m o r e  t h a n  o n e  o r g a n  s y s t e m  i s  i n v o l v e d :  w h i l e  
i t  s e e m s  t o  b e  g e n e r a l l y  t r u e  t h a t  t h e  C N S  p l a y s  a  p a r a m o u n t  
r o l e  i n  t h e  f i r s t  t w o  s t a g e s ,  i t  i s  v i r t u a l l y  c e r t a i n  t h a t  
t h e  t h i r d  g r o u p  o f  e f f e c t s  m u s t  h a v e  t h e i r  o r i g i n  i n  d i s 
t u r b a n c e s  o f  t h e  c o n t r a c t i l e  s y s t e m .

M o r e  d e t a i l e d  a n a l y s i s  o f  t h e  p o r t i o n  o f  t h e  s y n d r o m e  
d o m i n a t e d  b y  C N S  e f f e c t s ,  t h e  h i g h  p r e s s u r e  n e u r o l o g i c  
s y n d r o m e  ( H P N S ) ,  r e v e a l s  f u r t h e r  e v i d e n c e  o f  c o m p l e x i t y :  
T h u s ,  f o r  i n s t a n c e ,  i n  t h e  c o n v u l s i o n  s t a g e  o f  t h e  v e r t e b 
r a t e  H P N S  o n e  c a n  r e a d i l y  d i s c e r n  t w o  s u b s t a g e s  w h i c h  w e  
h a v e  d e s i g n a t e d  a s  T y p e  I  a n d  T y p e  I I  H P N S  s e i z u r e s .  W e  a s  
w e l l  a s  o t h e r s ,  h a v e  c a l l e d  a t t e n t i o n  t o  t h e  f a c t  t h a t  t h e  
t h r e s h o l d  p r e s s u r e s  e l i c i t i n g  t h e s e  t w o  t y p e s  o f  s e i z u r e s  
s h o w  n u m e r o u s  d i f f e r e n c e s  i n  t h e  w a y s  i n  w h i c h  t h e y  a r e  
a f f e c t e d  b y  d r u g s  ( 2 ,  3 ) ,  b y  m a n i p u l a t i o n  o f  c o m p r e s s i o n  
c o n d i t i o n s  ( 2 ) ,  b y  a g e  ( 4 ) ,  o r  b y  g e n e t i c  f a c t o r s  ( 5 )( T a b l e  1 ) .  T h e s e  d i f f e r e n c e s  a r e  s u f f i c i e n t l y  m a r k e d  t o  r a i s e  t h e  q u e s t i o n  w h e t h e r  o n e  s h o u l d  v i e w  t h e  t w o  t y p e s  o f  
H P N S  c o n v u l s i o n s  m e r e l y  a s  s u c c e s s i v e  m a n i f e s t a t i o n s  o f  a  
s i n g l e  c o m m o n  u n d e r l y i n g  b i o p h y s i c a l  c h a n g e  t h e  s e v e r i t y  o f  
w h i c h  i n c r e a s e s  w i t h  i n c r e a s i n g  p r e s s u r e ,  o r  w h e t h e r  t h e y  
s h o u l d  n o t  r a t h e r  b e  v i e w e d  a s  t h e  e n d  r e s u l t s  o f  t w o  d i 
v e r g e n t  c h a i n s  o f  c a u s e  a n d  e f f e c t  e m a n a t i n g  f r o m  d i s t i n c t  
b i o p h y s i c a l  e v e n t s .
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TABLE )

DIFFERENCES BETWEEN TYPE I AND TYPE II HPNS SEIZURES IN CD-I MTCE

CRITERIA: TYPE I: TYPE II:

Clinical Clonic Burst Tonic/Clonic
Sequence

EEC Little Change 4-5 sec. spike and 
wave; post-ical silence

Heart Rate No change; no atropine 
ef feet

80-90% decrease; 
atropine blocked par
tially

Compression Rate Very: к = 11 None: к = 0 or 
negative

Phenobarbital Protects Protects - but to a 
much greater degree 
than I

Diphenylhydantoin Sensitizes Markedly protects

Trimethadione Sensitizes early, 
protects slightly-late

Protects early, no 
effect late

Reserpine Sensitizes, especially 
at low compression rate

Little effect

Ontogenetic Mature, more resistant 
than newborn

Little change from 
birth to naturi tv

Spinal Animal No seizures below 
transsection

Sei zurо also in 
isolated part of 
spinal cord

Mortality None ;h);
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1 4F i g . l  M a p p i n g  o f  d i s t r i b u t i o n  o f  2  d e o x y - l - C  - d - g l u c o s e  r e t e n t i o n  i n  m o u s e  b r a i n  a t  s u c c e s s i v e  s t a g e s  o f  
H P N S  d e v e l o p m e n t .  F r o m  t o p  t o  b o t t o m :  C o a r s e  t r e m o r  
s t a g e ;  T y p e  I  H P N S  c o n v u l s i o n ;  i n t e r i c t a l  s t a g e  
i n t e r v e n i n g  b e t w e e n  T y p e  I  a n d  o n s e t  o f  T y p e  I I  s e i 
z u r e s ;  T y p e  I I  H P N S  s e i z u r e s .  L e f t  c o l u m n  -  s a g i t t a l  
s e c t i o n s  ( s c h e m a t i c ) ;  r i g h t  c o l u m n  -  s u r f a c e  v i e w s  a t  t h e  t w o  s e i z u r e  s t a g e s .  T w o  d e g r e e s  o f  C i 4  r e t e n t i o n  a r e  s h o w n .  I n  o r d e r  o f  i n c r e a s i n g  d e n s i t y  t h e s e  a r e :  " T w o  , a n d  " T h r e e "  .

W h i l e  a t  t h i s  m o m e n t  i t  s e e m s  t o  m e  t h a t  n o  o n e  c a n  
p r o v i d e  a  t r u l y  c o n c l u s i v e  a n s w e r  t o  t h i s  q u e s t i o n ,  I  b e 
l i e v e  t h a t  w e  d o  h a v e  s o m e  d a t a  t h a t  t h r o w  a d d i t i o n a l  l i g h t  
o n  t h i s  m a t t e r :  I n  a  n u m b e r  o f  m a m m a l s  i t  h a s  b e e n  s h o w n  
t h a t  l o c a l i z e d  p a r o x y s m a l  a c t i v i t y  o f  t h e  C N S  e l i c i t s  a  g r o s s l y  e x a g g e r a t e d  r a t e  o f  g l u c o s e  u t i l i z a t i o n  i n  t h e  a f f e c t e d  a r e a s  ( 6 ) .  I t  i s  p o s s i b l e ,  t h e r e f o r e ,  b y  t h e . u s e  o f  a  r a d i o a c t i v e  g l u c o s e  a n a l o g u e  s u c h  a s  2 - d e o x y  1 - C 1  - d -  
- g l u c o s e  t o  l a b e l  s u c h  s i t e s  a n d  s u b s e q u e n t l y  b y  p r o p e r  
h i s t o l o g i c  m a n i p u l a t i o n  t o  p r e p a r e  r a d i o a u t o g r a p h i c  r e c o r d s  
w h i c h  p e r m i t  d e v e l o p i n g ,  a s  i t  w e r e ,  a  m a p  o f  s i t e s  i n v o l v e d  
i n  a n y  p a r t i c u l a r  f o r m  o f  c o n v u l s i v e  a c t i v i t y .  S o  f a r  a s  I  c a n  t e l l ,  w h i l e  t h e  b a s i c  m e t h o d o l o g y  h a s  b e e n  a v a i l a b l e  f o r  s o m e  t i m e ,  e x p e r i m e n t a l  d i f f i c u l t i e s  h a d  p r e c l u d e d  i t s
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жT a b l e  2

D I S T R I B U T I O N  O F  V E R T E B R A T E S  S P E C I E S  A C C O R D I N G  T O  H P N S  
S E I Z U R E  T Y P E S  ( T E N T A T I V E )

S E I Z U R E  T Y P E

N

M A M M A L I A N  

% P c  ( a t a )

A V I A N

N  %

a n d  L O W E R  V E R T B .
; c

I  a n d  I I 9 6 0 7 7 . 6 Í 4 . 9 0 0 -

C 3 2 o 9 6 . 7 Í 3 . 9 1 1 0 1 0 8
I I  o n l y 0 0 - 5 5 0 1 3 4 Í  2 0
I  o n l y 2 1 3 7 7 . 7 2 2 0 8 4  a n d  1 5
I  o r  I I 2 7 6 5 2 2 0 2 0 7

T O T A L : 1 6 1 0 0 1 0 1 0 0

T h e  b a s i c  s e i z u r e  t y p e s  d i s c u s s e d  i n  t h e  t e x t  a r e  T y p e s  
I  a n d  I I  f o r  t h e  m o u s e ,  a n d  c o m p o u n d  ( C )  f o r  t h e  m a j o r i t y  
o f  a d u l t  r a t s .  O t h e r  s y m b o l s :  N  -  n u m b e r  o f  s p e c i e s  i n  
c a t e g o r y :  % -  f r a c t i o n  o f  a l l  m a m m a l i a n ,  o r  a l l  n o n - m a m m a 
l i a n  s p e c i e s  r e v i e w é d .  P  -  m e a n  c o n v u l s i o n  t h r e s h o l d  p r e s 
s u r e  f o r  a  g i v e n  c a t e g o r y  a t  a  c o m p r e s s i o n  r a t e  o f  
1 3 5  a t m / h .
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f o l l o w s  t h e  m o u s e  r a t h e r  t h a n  t h e  r a t  p a t t e r n .

F i g . 2  P a t t e r n  o f  c h a n g e s  o f  H P N S  c o n v u l s i o n  t h r e s h o l d s
d u r i n g  m a t u r a t i o n  o f  t h e  b a b y  r a t .  A f t e r  a b o u t  t h e  
t w e n t i e t h  d a y  o f  p o s t n a t a l  a g e  t h e  m a j o r i t y  o f  r a t s  
o f  t h i s  s t r a i n  s h o w  c o m p o u n d  s e i z u r e s .  A  s m a l l  p r o p o r t i o n  ( a b o u t  1 5 % )  c o n t i n u e  t o  d i s p l a y  t h e  d o u b l e  
s ' e i z u r e  p a t t e r n ,  a n d  i t  i s  t h e  m e a n  v a l u e  f o r  e a c h  t y p e  o f  s e i z u r e  i n  t h i s  g r o u p  w h i c h  i s  r e p r e s e n t e d  b y  t h e  o p e n  o r  f i l l e d  c i r c l e s  s h o w n  a f t e r  d a y  t w e n t y .  T h e  
m e a n  f o r  t h e  c o m p o u n d  s e i z u r e  g r o u p  a f t e r  d a y  t w e n t y  
i s  c o m p r i s e d  w i t h i n  t h e  s p a c e  m a r k e d  o f f  b y  t h e  l i n e s  
d r a w n  t h r o u g h  t h e  t w o  f a m i l i e s  o f  p o i n t s .  P  i s  t h e  
c o m p r e s s i o n  r a t e .

T h e  s i t u a t i o n  f o r  n o n - m a m m a l i a n  v e r t e b r a t e s  i s  m o r e  c o m p l i c a t e d  ( c f .  T a b l e  2 ,  r i g h t  s i d e ) .  W e  h a v e  n o t  b e e n  a b l e  t o  r e p r o d u c e  t h e  d o u b l e  s e i z u r e  p a t t e r n  c h a r a c t e r i s t i c  o f  t h e  
m o u s e  a n d  o t h e r  m a m m a l i a n  s p e c i e s  i n  b i r d s ,  r e p t i l e s ,  a m p h i 
b i a n s ,  o r  f i s h .  A m o n g  n o n - m a m m a l i a n  v e r t e b r a t e s ,  t h e  f i r s t  
s e i z u r e  e v e n t  f r e q u e n t l y  i s  a  t o n i c  s e i z u r e ,  b u t  s u f f i c i e n t l y  
d e t a i l e d  i n f o r m a t i o n  i s  n o t  y e t  a v a i l a b l e  t o  d e c i d e  w h e t h e r  t h i s  p a t t e r n  s h o u l d  b e  c o m p a r e d  t o  t h e  T y p e  I I  s e i z u r e  o f  m a m m a l s  o r  w h e t h e r  i t  s h o u l d  r a t h e r  b e  c o m p a r e d  t o  t h e  m o d i 
f i e d  T y p e  I  s e i z u r e  r e c e n t l y  o b s e r v e d  b y  c o l l e g u e s  a t  O x f o r d  
U n i v e r s i t y  i n  m i c e  a f t e r  d e c e r e b r a t i o n  ( S .  D a n i e l s  -  p e r s .
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c o m m u n • ) .
F i n a l l y ,  I  w i s h  t o  c o m m e n t  b r i e f l y  o n  t h e  H P N S - l i k e  

s e q u e n c e  w h i c h  i s  o b s e r v e d  a m o n g  i n v e r t e b r a t e s  a n d  w h i c h  r e v e a l s  a  n u m b e r  o f  i n t e r e s t i n g  f e a t u r e s  n o t  ( o r  n o t  y e t )  e n 
c o u n t e r e d  a m o n g  v e r t e b r a t e s .  I n  t h e  f i r s t  p l a c e ,  t h e r e  i s  a  p r e s e i z u r e  s t a g e  o f  e n h a n c e d  m o t o r  a c t i v i t y .  W h i l e  t h e  p h y 
s i o l o g i c a l  s i g n i f i c a n c e  o f  t h i s  s t a g e  i s  a s  y e t  n o t  u n d e r 
s t o o d ,  w e  h a v e  b e e n  s t r u c k  b y  t h e  f r e q u e n t  r e s e m b l a n c e  o f  
b e h a v i o r  d u r i n g  t h i s  s t a g e  t o  t h e  e s c a p e  r e a c t i o n s  c h a r a c t e 
r i s t i c  o f  t h e  d i f f e r e n t  s p e c i e s .  A m o n g  t h e  l a b o r a t o r y  d e v i 
c e s  w h i c h  w e  h a v e  d e v e l o p e d  f o r  t h e  s t u d y  o f  d e e p  s e a  a n i 
m a l s  i s  a  p u m p  w h i c h  p e r m i t s  p u l s e l e s s  e x c h a n g e  o f  a q u a r i u m  w a t e r  b e t w e e n  a  h i g h  p r e s s u r e  c o m p a r t m e n t  a n d  a  o n e - a t m o s p h e r e  a q u a r i u m  ( 1 2 ) .  I n  s u c h  a  d e v i c e ,  i t  i s  p o s s i b l e  t o  i n 
t r o d u c e  t e s t  a n i m a l s  o f  t h e  s a m e  s p e c i e s  i n t o  e a c h  o f  t h e  t w o  
c o m p a r t m e n t s  o f  t h e  s y s t e m  l i n k e d  o n l y  b y  t h e  e x c h a n g e  o f  
w a t e r ,  a n d  t h e n  t o  o b s e r v e  t h e  b e h a v i o r  o f  b o t h  a n i m a l s ,  o r  
g r o u p s  o f  a n i m a l s ,  w h i l e  h y d r o s t a t i c  p r e s s u r e  i n  t h e  h i g h  
p r e s s u r e  c o m p a r t m e n t  i s  b e i n g  i n c r e a s e d  p r o g r e s s i v e l y .  U n d e r  t h o s e  c o n d i t i o n s ,  w e  f i n d  t h a t  w h e n  p r e s s u r e s  h a v e  b e e n  r e a c h e d  w h i c h  r e s u l t  i n  e n h a n c e d  l o c o m o t o r  a c t i v i t y  o f  t h e  s u b j e c t s  i n  t h e  h i g h  p r e s s u r e  c o m p a r t m e n t ,  t h e  a n i m a l s  i n  t h e  c o m m u n i c a t i n g  l o w  p r e s s u r e  c o m p a r t m e n t  a l s o  b e g i n  t o  
s h o w  i n c r e a s e d  l o c o m o t o r  a c t i v i t y .  S u c h  o b s e r v a t i o n s  s t r o n g l y  
s u g g e s t  t h a t  u n d e r  t h e s e  c o n d i t i o n s  c h e m i c a l  a g e n t s  a r e  
r e l e a s e d  i n t o  t h e  w a t e r  b y  t h e  a n i m a l s  s u b j e c t e d  t o  c o m p r e s 
s i o n ,  a n d  o n  b e i n g  c a r r i e d  w i t h  t h e  e x c h a n g e  w a t e r  t o  t h e  
l o w  p r e s s u r e  c o m p a r t m e n t  t h e r e  e l i c i t  c h a n g e s  i n  b e h a v i o r  
s i m i l a r  t o  t h o s e  s e e n  i n  t h e  a n i m a l s  e x p o s e d  t o  h i g h  p r e s 
s u r e  .A  s e c o n d  c h a r a c t e r i s t i c  o f  t h e  h i g h  p r e s s u r e  r e s p o n s e  i n  
c r u s t a c e a n s  i s  t h a t  i t  i s  s u b j e c t  t o  a c c l i m a t i z a t i o n .  T h u s ,  
f o r  i n s t a n c e ,  c o n v u l s i o n  t h r e s h o l d  p r e s s u r e s  o b s e r v e d  i n  
g a m m a r i d  c r u s t a c e a n s  f r o m  L a k e  B a i k a l  v e r y  c l e a r l y  r e v e a l  
a  s u b s t a n t i a l  d i f f e r e n c e  b e t w e e n  s p e c i e s  i n h a b i t i n g  s h a l l o w  
w a t e r s  a n d  c l o s e l y  r e l a t e d  o n e s  i n h a b i t i n g  d e e p  ( i . e . , 1 , 0 0 0 -  
- 1 , 5 0 0  m )  w a t e r s  o f  t h e  L a k e  ( 1 3 ) .  I n  t h e  l a b o r a t o r y ,  i t  c a n  b e  s h o w n  t h a t  t h i s  t y p e  o f  a c c l i m a t i z a t i o n  c a n  b e  r e p r o d u c e d  t o  s o m e  e x t e n t  b y  m a i n t a i n i n g  a n i m a l s  i n  t h e  h i g h  
p r e s s u r e  a q u a r i u m  f o r  p e r i o d s  o f  t h e  o r d e r  o f  t w o  t o  t h r e e  
w e e k s  a t  p r e s s u r e s  o f  1 0 0  a t m .  A c c l i m a t i z a t i o n  o f  t h i s  g e 
n e r a l  t y p e  w o u l d  a c c o u n t  f o r  o b s e r v a t i o n s  m a d e  b y  o u r  c o l l e a 
g u e s  i n  A b e r d e e n ,  s u g g e s t i n g  a  l i n e a r  r e l a t i o n  b e t w e e n  t h e  
d e p t h  a t  w h i c h  a  g i v e n  c r u s t a c e a n  w a s  c a p t u r e d  a n d  i t s  c o n 
v u l s i o n  t h r e s h o l d  p r e s s u r e  a s  o b s e r v e s  o n  r e c o m p r e s s i o n  
a f t e r  r e t r i e v a l  t o  t h e  s u r f a c e  ( 1 4 ) .  I t  i s  p a r t i c u l a r l y  i n t e r e s t i n g  t o  u s  t o  n o t e  t h a t  t h i s  a c c l i m a t i z a t i o n  a p p e a r s  
c o n f i n e d  t o  t h e  c o n v u l s i o n  s t a g e  o f  t h e  c r u s t a c e a n  " H P N S " :  n e i t h e r  t h e  a c t i v a t i o n  n o r  t h e  i m m o b i l i z a t i o n  s t a g e s  o f  g a m -  m a r i d s  s h o w  a n y t h i n g  c o m p a r a b l e  t o  t h e  i n c r e a s e d  p r e s s u r e  t o l e r a n c e  o f  t h e  a b y s s a l  s p e c i e s  f o r  h i g h  p r e s s u r e  c o n 
v u l s i o n s  ( 1 3 ) .
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F i g . З А  E f f e c t  o f  c h a n g e s  i n  h y d r o s t a t i c  p r e s s u r e  o n  t e m p e 
r a t u r e  p r e f e r e n c e  b e h a v i o r  i n  a  m a r i n e  g a m m a r i d ,  P a r h y a l e  h .  R e l a t i v e  f r e q u e n c y  o f  s o j o u r n  o f  a n i 
m a l s  i n  a  g i v e n  t e m p e r a t u r e  i n t e r v a l  w i t h i n  a  d y n a m i c a l l y  s t a b i l i z e d  t e m p e r a t u r e  g r a d i e n t  t u b e .O p e n  p o l y g o n  -  1  a t m  c o n t r o l ;  c r o s s  h a t c h e d  p o l y g o n -  
1 5 0  a t m .

T h e  c o m p l e x i t y  o f  t h e s e  e v e n t s  i s  s u f f i c i e n t l y  e v i d e n t  
t o  m a k e  u s  t e n d  t o  s h y  a w a y  f r o m  p r e m a t u r e  h y p o t h e s e s  r e 
g a r d i n g  b i o p h y s i c a l  m e c h a n i s m s .  N o n e t h e l e s s ,  s o m e  p r o g r e s s  i s  b e i n g  m a d e  t o w a r d  u n d e r s t a n d i n g  b o t h ,  t h e  a c c l i m a t i z a t i o n  
m e c h a n i s m s ,  a n d  t h e  m e c h a n i s m s  g i v i n g  r i s e  t o  t h e  • n e u r o m u s 
c u l a r  d i s t u r b a n c e s .  I  w o u l d  l i k e  t o  s h o w  y o u  o n l y  o n e  e x a m p l e  
o f  t h i s  k i n d  o f  w o r k :  M a n y  c r u s t a c e a n s ,  w h e n  p l a c e d  i n  a  t e m p e r a t u r e  g r a d i e n t ,  r e s p o n d  b y  s h o w i n g  a  w e l l  d e f i n e d  p r e f e r e n c e  f o r  a  n a r r o w  t e m p e r a t u r e  b a n d ,  t h e  p o s i t i o n  o f  w h i c h  v a r i e s  a s  a  f u n c t i o n  o f  a c c l i m a t i z a t i o n  t e m p e r a t u r e  
a n d  p e r h a p s  o f  s p e c i f i c  l i f e  s t a g e s  ( c f .  e . g . ,  ( 1 5 ) ) .  W e  
h a v e  d e v e l o p e d  a  d e v i c e  w h i c h  p e r m i t s  c a r r y i n g  o u t  s u c h  
e x p e r i m e n t s  a t  v a r i o u s  p r e s s u r e s  t o  s t u d y  t h e  i n t e r a c t i o n  o f  
h y d r o s t a t i c  p r e s s u r e  w i t h  p r e f e r r e d  t e m p e r a t u r e .  T h e  r e s u l t s  o f  s u c h  e x p e r i m e n t s  r e v e a l  t h a t  i n  m a r i n e  c r u s t a c e a n s  i n c r e a s e d  p r e s s u r e  w i l l  e l i c i t  a  s u r p r i s i n g l y  d r a m a t i c  i n -
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F i g . 3 B  R e l a t i o n s  b e t w e e n  t e m p e r a t u r e  p r e f e r e n d u m ,  2 0 0  m i n .  s u r v i v a l  t e m p e r a t u r e ,  a n d  h y d r o s t a t i c  p r e s s u r e .

c r e a s e  i n  t e m p e r a t u r e  p r e f e r e n c e  ( ( 1 6 )  a n d  F i g u r e  З А ) .  T h i s  
r e a c t i o n  d o e s  n o t  a p p e a r  t o  b e  a  s i m p l e  o n e - t o - o n e  p r e s s u r e /  
t e m p e r a t u r e  i n t e r a c t i o n ,  b u t  r a t h e r  s e e m s  t o  b e  c h a r a c t e r i z e d  
b y  a  t h r e s h o l d  p r e s s u r e  b e l o w  w h i c h  t e m p e r a t u r e  p r e f e r e n c e  
i s  n o t  a f f e c t e d ,  b u t  a b o v e  w h i c h  p r e f e r r e d  t e m p e r a t u r e  i n 
c r e a s e s  r a p i d l y  a s  a  f u n c t i o n  o f  p r e s s u r e .  I t  m a y  b e  o f  i n t e r e s t  t o  n o t e  t h a t  t h e  t h r e s h o l d  p r e s s u r e  f o r  t h i s  e f f e c t  i s  v e r y  c l o s e  t o  w h a t  a p p e a r s  t o  b e  t h e  t h r e s h o l d  p r e s s u r e  f o r  t h e  i n c r e a s e  i n  l o c o m o t o r  a c t i v i t y  w e  d i s c u s s e d  a b o v e .T h e r e  a r e  i n d i c a t i o n s  t h a t  t h i s  r e s p o n s e  p a t t e r n  i s  m a r k e d l y  
a f f e c t e d  b y  t h e  s a l i n i t y  t o  w h i c h  t h e  a n i m a l s  a r e  a c c l i m a t i z e d ;  
i n d e e d ,  i n  f r e s h  w a t e r  g a m m a r i d s  t h e  e n t i r e  p a t t e r n  i s  b l u r 
r e d  o r  e v e n  i n v e r t e d .  S i n c e  t h e  p r e s s u r e s  a t  w h i c h  t h e s e  
e f f e c t s  o c c u r  a r e  s u f f i c i e n t l y  h i g h  t o  m o d i f y  s o d i u m  a n d  c a l 
c i u m  t r a n s p o r t  m e c h a n i s m s  ( ( 1 7 ) ,  a n d  c f .  e . g .  ( 1 8 ) ;  a l s o  R .  R o e r  -  u n p u b . ) ,  i t  s e e m s  t o  u s  q u i t e  p o s s i b l e  t h a t  i n  
t h e s e  p r e s s u r e / t e m p e r a t u r e  i n t e r a c t i o n  p h e n o m e n a ,  w a  m a y  b e  c o m i n g  r a t h e r  c l o s e  t o  t h e  c o r e  o f  t h e  m e c h a n i s m s  g i v i n g  r i s e  t o  t h e  H P N S ,  o r  a t  l e a s t  t o  p a r t s  o f  t h e  H P N S ,  i n  c r u s 
t a c e a n s .
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I  w o u l d  l i k e  t o  m a k e  a  l a s t  p o i n t  b y  i n q u i r i n g  h o w  f a r  d o w n  o n  t h e  p h y l o g e n e t i c  s c a l e  w e  c a n  t r a c e  h i g h  p r e s s u r e -  - e l i c i t e d  c o n v u l s i o n - l i k e  p h e n o m e n a .  A s  y o u  c a n  s e e  f r o m  T a b l e  3 ,  s u c h  p h e n o m e n a  a r e  p r e s e n t  a t  l e a s t  d o w n  t o  t h e  l e v e l  
o f  n e m a t o d e s ,  a r e  a b s e n t  i n  m o s t  ( b u t  n o t  a l l )  f l a t  w o r m s ,  
a n d  a r e  a l t o g e t h e r  a b s e n t  f r o m  t h e  b e h a v i o r a l  r e p e r t o i r e  o f  
c o e l e n t e r a t e s  a n d  c t e n o p h o r e s .  W h e n  s u b j e c t e d  t o  i n c r e a s e d  
p r e s s u r e s ,  t h e s e  l a t t e r  a n i m a l s  g o  a b o u t  t h e i r  b u s i n e s s  a s  
t h o u g h  n o t h i n g  h a d  h a p p e n e d  u n t i l  q u i t e  h i g h  p r e s s u r e s  a r e  r e a c h e d  a t  w h i c h  p o i n t  t h e y  b e c o m e  p r o g r e s s i v e l y  m o r e  f l a c c i d  a n d  u n d e r g o  a  p r e s s u r e  p a r a l y s i s  v e r y  s i m i l a r  t o  t h a t  o b s e r v e d  a s  t h e  f i n a l  s t a g e  o f  t h e  h i g h  p r e s s u r e  s e q u e n c e  i n  
c r u s t a c e a n s  o r  m o l l u s k s .  I  s u g g e s t  t o  y o u  t h a t  t h e s e  o b s e r 
v a t i o n s  f u r n i s h  a n  i n d i c a t i o n  o f  t h e  l e v e l  o f  o r g a n i z a t i o n  
r e q u i r e d  f o r  t h e  e l i c i t a t i o n  o f  h i g h  p r e s s u r e  c o n v u l s i o n s :
T h e  d a t a  s u g g e s t  t h a t  t h e  s i m p l e  n e r v e  n e t w o r k s  c h a r a c t e 
r i s t i c  o f  c o e l e n t e r a t e s  l a c k  t h e  n e c e s s a r y  d e g r e e  o f  s t r u c t u r a l  a n d  f u n c t i o n a l  c o m p l e x i t y , a n d  t h a t  e v e n  i n  f l a t  w o r m s  t h e  d e g r e e  o f  i n t e g r a t i v e  d i f f e r e n t i a t i o n  ( o r  o f  n u m e r i c a l  c o m p l e x i t y )  o f  t h e  c e n t r a l  n e u r o p i l  i s  s t i l l  i n s u f f i c i e n t  t o  e l i c i t  t h i s  t y p e  o f  r e a c t i o n .  I  s u g g e s t  t o  y o u  f u r t h e r  t h a t  
t h e  d a t a  o f  T a b l e  3  a d d  s u p p o r t  t o  t h e  i n f e r e n c e  d r a w n  m o r e  
o b l i q u e l y  f r o m  c o m p a r i s o n  o f  w h o l e  a n i m a l s  w i t h  n e u r o p h y s i o l o g i c a l  i s o l a t e  e x p e r i m e n t s  i n  m o r e  h i g h l y  d e v e l o p e d  s p e 
c i e s  ( c f . ( l ) ) :  T h e  H P N S  i s  e s s e n t i a l l y  a  p h e n o m e n o n  o f  
c o m p l e x  i n t e g r a t i v e  n e u r o p i l s .  M o d e l  s y s t e m s  f o r  t h e  s t u d y  
o f  i t s  b i o p h y s i c s  w i l l  h a v e  t o  r e s p e c t  t h i s  r e q u i r e m e n t  f o r  
c o m p l e x i t y  e i t h e r  b y  t h e  c h o i c e  o f  a  r e l a t i v e l y  c o m p l e x  
n e u r o p i l  s u c h  a s  t h e  v e r t e b r a t e  s p i n a l  c o r d ,  ( ( 1 9 ) ,  ( 2 o ) ) ,  
o r  p e r h a p s  o f  c e n t r a l  n e r v o u s  s y s t e m  n e u r o n s  s p e c i a l i z e d  f o r  i n t e g r a t i v e  f u n c t i o n  s u c h  a s  t h e  b u r s t e r  n e u r o n s  o f  c e r t a i n  i p o l l u s k s  ( 2 1 ) .

I n  t h i s  b r i e f  s k e t c h ,  I  h a v e  t r i e d  t o  s u r v e y  r a p i d l y  a  
n u m b e r  o f  a r e a s  i n  w h i c h  c o m p a r a t i v e  p h y s i o l o g i c a l  s t u d i e s  
a r e  c o n t r i b u t i n g  t o  a n  u n d e r s t a n d i n g  o f  t h e  f a s c i n a t i n g  
e f f e c t s  o f  h i g h  p r e s s u r e  o n  C N S  f u n c t i o n ,  a n d  o f  w a y s  i n  
a p p l i c a t i o n  t o  t h e  s t u d y  o f  d r u g  o r  e l e c t r o s h o c k  i n d u c e d  
g e n e r a l i z e d  c o n v u l s i o n s  u n t i l  w e  u n d e r t o o k  t o  a p p l y  i t  t o  
t h e  s t u d y  o f  t h e  t w o  t y p e s  o f  H P N S  c o n v u l s i o n s  i n  t h e  m o u s e  ( 7 ) .  I t  b e c a m e  a p p a r e n t  a t  o n c e  t h a t  t h e  t w o  t y p e s  o f  s e i z u r e s  
a r e  c h a r a c t e r i z e d  b y  r a t h e r  c o m p l e x  b u t  a l t o g e t h e r  d i f f e r e n t  
p a t t e r n s  o f  d i s t r i b u t i o n  o f  t h e  c e n t e r s  i n v o l v e d  i n  t h e  
b r a i n .  M o r e  t o  t h e  p r e s e n t  p o i n t ,  h o w e v e r ,  i s  t h e  o b s e r v a 
t i o n  ( F i g .  1 )  t h a t  a  c o m p l e t e  s e q u e n c e  o f  r a d i o a u t o g r a p h i c  
s t u d i e s ,  i n c l u d i n g  t h e  t r e m o r  s t a g e ,  t h e  T y p e  I  c o n v u l s i o n ,  t h e  i n t e r v a l  b e t w e e n  T y p e  I  a n d  T y p e  I I  c o n v u l s i o n s ,  a n d  T y p e  I I  c o n v u l s i o n s ,  s h o w s  n o t  o n l y  t h a t  t h e  t w o  s e i z u r e  e v e n t s  a r e  d i f f e r e n t  i n  t h e i r  n e u r o a n a t o m i c a 1  m a n i f e s t a t i o n s ,  
b u t  t h a t  t h e y  e r u p t  o n  r e l a t i v e l y  q u i e t  b a c k g r o u n d s  w h i c h  
s u g g e s t  t h a t  t h e  t w o  s e i z u r e s  r e p r e s e n t  w h o l l y  d i s c r e t e  
e v e n t s  w i t h  n o  e v i d e n c e  t o  s u g g e s t  t h a t  o n e  c o u l d  b e  v i e w e d  
a s  p r o g r e s s i n g  f r o m  o r  a s  a n  e x a c e r b a t i o n  o f  t h e  o t h e r  ( 8 ) .  
T h u s ,  t h e  r a d i o a u t o g r a p h i c  d a t a  a p p e a r  t o  s u p p o r t  t h e  i n t e r p r e t a t i o n  t h a t  t h e  c o n v u l s i o n  s t a g e  o f  t h e  H P N S  i n  t h e  
m o u s e  i s  n o t  o n l y  c o m p l e x ,  c o n s i s t i n g  o f  t w o  d i s c r e t e  s t a g e s ,
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b u t  t h a t  t h e  t w o  s t a g e s  a r e  s o  s h a r p l y  d i s c r e t e  a s  t o  i n v i t e  
t h e  h y p o t h e s i s  t h a t  t h e y  r e p r e s e n t  d i f f e r e n t  n e u r o p h y s i o l o 
g i c a l  m e c h a n i s m s  a n d  h e n c e  m a y  w e l l  p r o v e  t o  b e  t h e  c o n s e 
q u e n c e s  o f  d i s c r e t e  b i o p h y s i c a l  e v e n t s .I f  o n e  t u r n s  f r o m  t h e  m o u s e  t o  o t h e r  m a m m a l s ,  a  s e c o n d  H P N S  p a t t e r n  i s  s o m e t i m e s  e n c o u n t e r e d  s u b s t a n t i a l l y  d i f f e 
r e n t  f r o m  t h a t  s e e n  i n  t h e  m o u s e .  T h i s  i s  w e l l  d e v e l o p e d  i n  
t h e  m a j o r i t y  o f  a d u l t  r a t s ,  w h e r e  t h e  p a t t e r n  o f  t w o  s u c c e s 
s i v e  H P N S  s e i z u r e  t y p e s  i s  n o t  s e e n  b u t  i s  r e p l a c e d  b y  a  
s i n g l e  s e i z u r e  e v e n t  w h i c h  h a s  s o m e  o f  t h e  c h a r a c t e r i s t i c s  o f  
b o t h  t y p e s  o f  m o u s e  s e i z u r e s  ( 9 ,  l o ) .  T h e  n a t u r e  o f  t h i s  
e v e n t  i s  i n d i c a t e d  b y  t h e  s u c c e s s i v e  H P N S  p a t t e r n s  d i s p l a y e d  
b y  v e r y  y o u n g  r a t s  w h i l e  m a t u r i n g  t o  a d u l t h o o d :  I n  t h e  y o u n g  
b a b y  r a t ,  H P N S  s e i z u r e s  f o l l o w  i n  m o s t  d e t a i l s  t h e  t w o - s e i z u r e  t y p e  p a t t e r n  c h a r a c t e r i s t i c  o f  t h e  m o u s e .  A s  t h e  a n i m a l s  
m a t u r e ,  t h e  t h r e s h o l d  p r e s s u r e s  e l i c i t i n g  t h e  t w o  t y p e s  o f  
s e i z u r e  c h a n g e  ( a s ,  i n c i d e n t a l l y ,  t h e y  d o  i n  t h e  m o u s e )  ( 4 ) .  
U n l i k e  t h e  m o u s e ,  h o w e v e r ,  t h e  t h r e s h o l d  p r e s s u r e  g i v i n g  r i s e  t o  t h e  s e c o n d  t y p e  o f  H P N S  s e i z u r e  d o e s  n o t  c h a n g e  o r  e v e n  d e s c r e a s e s  w i t h  a g e  w h i l e  t h e  p r e s s u r e  g i v i n g  r i s e  t o  t h e  f i r s t  H P N S  s e i z u r e  t y p e  i n c r e a s e s  r a p i d l y  s o  t h a t  s o m e w h e r e  i n  t h e  n e i g h b o r h o o d  o f  t h e  t w e n t i e t h  d a y  o f  a g e  t h e  p r e s s u r e s  e l i c i t i n g  t h e  t w o  t y p e s  o f  s e i z u r e s  c o i n c i d e  ( F i g .  
2 ) .  A t  t h i s  p o i n t ,  t h e y  f u s e  i n t o  t h e  s i n g l e  c o m p o u n d  
s e i z u r e  c h a r a c t e r i s t i c  o f  t h e  a d u l t  r a t .

O t h e r  m a m m a l s  s e e m  t o  f a l l  i n t o  o n e  o r  a n o t h e r  o f  t h e s e  
t w o  H P N S  p a t t e r n s  ( T a b l e  2  -  l e f t  s i d e ) .  A m o u n g  t h e  s e r i e s  o f  m a m m a l i a n  s p e c i e s  w e  h a v e  e x p l o r e d  ( c f .  ( 1 1 ) ) ,  s l i g h t l y  m o r e  t h a n  h a l f  f o l l o w  t h e  t w o - s e i z u r e  p a t t e r n  c h a r a c t e r i s t i c  o f  t h e  m o u s e .  E l s e w h e r e  w e  h a v e  r e v i e w e d  t h e  d a t a  b e a 
r i n g  o n  t h e  s i t u a t i o n  i n  a  p r i m a t e ,  t h e  s q u i r r e l  m o n k e y  ( 8 ) .  
W h i l e  t h e  f i r s t  H P N S  s e i z u r e  i n  t h i s  s p e c i e s  d o e s  n o t  f u l l y  
c o n f o r m  t o  t h e  p a t t e r n  f o r  a  m o u s e  T y p e  I  ( i . e . ,  c l o n i c )  
s e i z u r e ,  t h e  s i m i l a r i t i e s  o b s e r v e d ,  a n d  t h e  s u b s e q u e n t  d e v e 
l o p m e n t  o f  t h e  H P N S  i n  t h e  m o n k e y  l e a d  u s  t o  f e e l  t h a t  t h e  
m o s t  l i k e l y  w o r k i n g  h y p o t h e s i s  a t  p r e s e n t  i s  t h a t  t h e  s q u i r r e l  m o n k e y  s h o w s  a n  H P N S  c o n v u l s i o n  s t a g e  w h i c h  i n  g e n e r a l  
w h i c h  s t u d i e s  o f  t h e  n e u r o l o g i c a l  e f f e c t s  o f  h i g h  p r e s s u r e s  b i d  f a i r  t o  c o n t r i b u t e  t o  o u r  u n d e r s t a n d i n g  o f  t h e  f u n c t i o 
n i n g  o f  t h e  C N S  o f  t i s s u e - g r a d e  a n i m a l s .
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TABLE 3
DISTRIBUTION OF THE OCCURRANCF. OF HIGH PRESSURE CONVULSIONS AMONG DIFFERENT PHYLA

= High Pressure Convulsions Present = High Pressure Convul
sions Absent

A C K N O W L E D G E M E N T

T h e  R e s e a r c h  r e p o r t e d  h e r e  h a s  b e e n  j o i n t l y  f u n d e d  b y  
t h e  O f f i c e  o f  N a v a l  R e s e a r c h  a n d  t h e  N a v a l  M e d i c a l  R e s e a r c h  
a n d  D e v e l o p m e n t  C o m m e n t  t h r o u g h  O f f i c e  o f  N a v a l  R e s e a r c h  
C o n t r a c t  N 0 0 0 1 4 - 7 5 - C - 0 4 6 8  a n d  b y  T h e  G r i f f i s  F u n d a t i o n ,  I n c .  a n d  T h e  M a x  a n d  V i c t o r i a  D r e y f u s  F u n d a t i o n ,  I n c .
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A d v .  P h y s i o l .  S c i .  V o l .  1 8 .  E n v i r o n m e n t a l  P h y s i o l o g y  

F. O b á l ,  G .  B e n e d e k  ( e d s )

NEUROPHYSIOLOGICAL PROBLEMS 
WITH NITROGEN AT PRESSURE

J. C. Rostain
C . N .  R .  S .  G i s  P h y s i o l o g i e  H y p e r b a r e ,  F a c u l t é  d e  M e d i c i n e  N o r d ,  B D .  P .  D r a m a r d ,  

M a r s e i l l e  C e d e x  3 ,  1 3 3 2 6 ,  F r a n c e

S i n c e  t h e  d e s c r i p t i o n  o f  t h e  h i g h  p r e s s u r e  n e r v o u s  s y n 
d r o m e  ( H P N S )  ( B r a u e r  e t  a l . ,  1 9 6 9 ;  F r u c t u s e t  a l . ,  1 9 6 9 ) ,  
s e v e r a l  a u t h o r s  h a v e  t r i e d  t o  s h o w  t h e  c a u s e s  a n d  m e c h a n i s m s  
o f  t h e  H P N S  a n d  t o  r e d u c e  t h e  s i g n s  o f  h y p e r e x c i t a b i l i t y  
t h a t  t h e y  f o u n d  i n  t h e  a n i m a l  b y  a d d i n g  m o r e  o r  l e s s  n a r c o t i c  
9 a s e s  t o  t h e  H e - 0  m i x t u r e  ( M i l l e r  e t  a l . ,  1 9 7 2 ;  B r a u e r  e t  a l . ,  1 9 7 4 ) .  T h e y  e x p e c t e d  t o  t a k e  a d v a n t a g e  o f  t h e  p r e s s u r e -  - n a r c o t i c  a g e n t  a n t a g o n i s m  ( D o h n s o n  e t  a l . ,  1 9 4 2 ;  D o h n s o n  a n d  M i l l e r ,  1 9 7 0 ;  L e v e r  e t  a l . ,  1 9 7 1 )  a n d  o f  t h e  p r e s s u r e  r e v e r s a l  e f f e c t  a n d  c r i t i c a l  v o l u m e  h y p o t h e s i s .  T h e  u s e  o f  a  
n a r c o t i c  a g e n t  o r  a n e s t h e s i c  a g e n t  t o  c o u n t e r b a l a n c e  t h e  
e f f e c t  o f  t h e  p r e s s u r e  c o u l d  t h u s  k e e p  t h e  v o l u m e  a n d  t h e  
f l u x  i o n i c  " c o n s t a n t ”  a n d  t o  p r e v e n t  e i t h e r  t h e  n a r c o s i s  o r  
t h e  H P N S .  ( B e n n e t t  e t  a l . ,  1 9 7 5 ) .

T h u s ,  b y  u s i n g  a  H e - N 2 - 0  m i x t u r e  d u r i n g  v e r y  r a p i d  c o m p r e s s i o n s  t o  3 0 0  m e t e r s ^ í s á  m i n )  B e n n e t t  e t  a  1 . ( 1 9 7 4 )  
r e p o r t  a  " s u p p r e s s i o n  o f  H P N S " .  T h e s e  a u t h o r s  c o n c l u d e d  t h a t  t h e  n i t r o g e n  h a d  s u p p r e s s e d  t h e  H P N S  b u t  t h a t  t h e  p a r t i a l  p r e s s u r e  o f  n i t r o g e n  w a s  s o  h i g h  t h a t  i t  c a u s e d  a  n a r c o s i s  
a n d  t h a t  i t  w o u l d  b e  n e c e s s a r y  t o  r e d u c e  i t  i n  t h e  f u t u r e  
e x p e r i m e n t s .A s  a  r e s u l t  o f  t h e s e  e x p e r i m e n t s ,  w e  h a v e  d e c i d e d  w i t h  
C O M E X  i n  M a r s e i l l e  t o  c a r r y  o u t  a n  e x p e r i m e n t a l  s e r i e s  i n  
m a n  w i t h  t h e  H e - N ^ - O ^  m i x t u r e .
I .  E x p e r i m e n t s  i n  m a n

F o r  t h e s e  e x p e r i m e n t s  w e  c h o s e  a  d e p t h  o f  3 0 0  m e t e r s  a n d  a  c o m p r e s s i o n  i n  4  h o u r s  a t  t h i s  d e p t h .
4 m / m i n  f r o m  0  t o  1 0 0  m e t e r s
2 m / m i n  f r o m  1 0 0  t o  2 4 0  m e t e r s
l m / m i n  f r o m  2 4 0  t o  3 0 0  m e t e r s

3 0 m i n  s t a g e s  w e r e  m a d e  a t  1 0 0  m e t e r s ,  1 8 0  m e t e r s  a n d  2 4 0  
m e t e r s .  F o u r  d i v e s  w e r e  c a r r i e d  o u t .  T h e  q u a n t i t y  o f  n i t r o -  q e n  w a s  9 %  i n  t h e  f i r s t ,  4 , 5 %  i n  t h e  s e c o n d  a n d  t h i r d  a n d  
0% i n  t h e  l a s t .C o m p a r i s o n  o f  t h e  r e s u l t s  o b t a i n e d  f r o m  t h e s e  f o u r  d i v e s  a l l o w e d  u s  t o  m a k e  t h e  f o l l o w i n g  o b s e r v a t i o n s .
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-  C l i n i c a l  s y m p t o m s. T h e  d i s m e t r y  i s  m o r e  p r o n o u n c e d  w i t h  t h e  H e - 0 2  
m i x t u r e

. D r o w s i n e s s  a n d  e u p h o r i a  w e r e  f o u n d  w i t h  t h e  
H e - N 2 - 0 2  m i x t u r e .

. T h e  i n t e n s i t y  o f  t r e m p r  i s  p r a c t i c a l l y  t h e  s a m e  w i t h  4 , 5  %  a n d  0 %  n i t r o g e n ;  i t  i s  l e s s  w i t h  9 %  n i t r o g e n .T h e  c l i n i c a l  s y m p t o m s  t e n d  t o  r e g r e s s  r a p i d l y  i n  H e - N 2 - C > 2  w h i l e  t h e y  p e r s i t s  w i t h  t h e  H e - C > 2  m i x t u r e .
-  E E G  a c t i v i t y

. T h e  m o d i f i c a t i o n s  ( i n c r e a s e  o f  t h e t a  a c t i v i t y  e s p e c i a l 
l y )  t e n d  t o  b e  g r e a t e r  w i t h  t h e  H e - N „ - 0  m i x t u r e  ( 9 %  a n d  4 , 5 % )  
t h a n  w i t h  t h e  H e - 0 2  m i x t u r e  ( 0 % ) .

. I n  c e r t a i n  s u b j e c t s ,  r a p i d  c o m p r e s s i o n  w i t h  t h e  
H e - N 2 ~ 0 2  m i x t u r e  c o n t a i n i n g  9 %  o r  4 , 5 %  n i t r o g e n  c a n  b r i n g  o n
E E G  a c t i v i t i e s  o f  a  p a r o x i s t i c  n a t u r e .

T h u s  a s  a  r e s u l t  o f  t h i s  e x p e r i m e n t a l  s e r i e s  i n  m a n  t h e  h e l i u m - n i t r o g e n - o x y g e n  m i x t u r e  s e e m e d  t o  a t t e n u a t e  c e r t a i n  
H P N S  s y m p t o m s  w h i l e  i n c r e a s i n g  o t h e r s .T h e s e  d i v e r g e n t  r e s u l t s  p r o m p t e d  u s  t o  c a r r y  o u t  a  s t u d y  o f  t h e  e f f e c t  o f  n i t r o g e n  d u r i n g  " r a p i d  c o m p r e s s i o n s "  i n  m o n k e y  
P a p i o  p a p i o .  W e  t r i e d  t o  f i n d  t h e  b e s t  p o s s i b l e  c o m b i n a t i o n s  
o f  p r e s s u r e  a n d  n i t r o g e n  p e r c e n t a g e s  i n  o r d e r  t o  r e d u c e  t h e  
d i s a d v a n t a g e s  w h i c h  n i t r o g e n  c o u l d  h a v e  o n  t h e  E E G  a n d  H P N S  
m o d i f i c a t i o n s  w h i l e  p r o f i t i n g  f r o m  t h e  a d v a n t a g e s  o f  t h i s  
g a s  a t  t h e  m o t o r  l e v e l .
I I .  E x p e r i m e n t s  i n  m o n k e y  P a p i o  p a p i o

1 ° / W e  h a v e  s t u d i e d  t h e  e f f e c t  o f  H e - N g - O ^ b r e a t h i n g
m i x t u r e  d u r i n g  f a s t  c o m p r e s s i o n s  ( C o r a s i n  I  t o  I I I ) .W i t h  a  H e - N 2 ~ 0 2  b r e a t h i n g  m i x t u r e  c o n t a i n i n g  6  b a r s  o f
n i t r o g e n  a d d e d  a t  t h e  b e g i n n i n g  o f  c o m p r e s s i o n  a n d  a  c o n s t a n t  
c o m p r e s s i o n  s p e e d  o f  2 0 0  m / h  f r o m  s u r f a c e  t o  8 0 0  m e t e r s ,  t h e  H P N S  s y m p t o m s  a p p e a r e d  i n  t h e  s a m e  c o n d i t i o n s  t h a t  w i t h  
H e - 0 2  b r e a t h i n g  m i x t u r e  w i t h  a n  e p i l e p t i c  s e i z u r e  a t  7 9 0
m e t e r s .

A  m o s t  r a p i d  c o m p r e s s i o n  ( 6 0 0 m  i n  2 h )  a n d  5  b a r s  o f  
n i t r o g e n  a d d e d  a t  t h e  b e g i n n i n g  o f  t h e  c o m p r e s s i o n ,  p r o d u c e d  
t h e  s a m e  H P N S  s y m p t o m s  a n d  a  s e i z u r e  a t  6 0 0  m e t e r s .  T h i s  s e i z u r e  i n  c o n t r a s t  t o  t h a t  s e e n  i n  H e - 0 _  e x p e r i m e n t s  w a s  c o n f i n e d  t o  t h e  h e a d  ( c l o n i e s  o f  t h e  e y e l i d s ,  m u z z l e  a n d  
f a c e ) .  T h e r e  w a s  a  l a r g e  i n c r e a s e  i n  p o w e r  s p e c t r a  o f  s l o w  w a v e s  ( t h e t a :  2 0 0 0 % )  a n d  a n  i n c r e a s e  i n  a l p h a  a n d  b e t a  a c t i v 
i t i e s .

T h u s ,  w i t h  t h e  q u a n t i t y  o f  n i t r o g e n  u s e d ,  t h e  c o m p r e s s i o n  
c u r v e  h a s  a n  i m p o r t a n t  r o l e  i n  t h e  a p p a r i t i o n  o f  t r o u b l e s .

2 ° /  W e  h a v e  s t u d i e s  d i f f e r e n t  c o m p r e s s i o n  c u r v e s  w i t h  H e - N 2 ~ 0 2  b r e a t h i n g  m i x t u r e  ( C o r a s i n  I V ,  V ,  X ) .
U s i n g  a n  e x p o n e n t i a l  c o m p r e s s i o n  t o  6 0 0  m e t e r s  i n  2  h o u r s
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w i t h  a n d  w i t h o u t  s t a g e  a n d  w i t h  4 . 8  b a r s  o f  n i t r o g e n  a d d e d  a t  t h e  b e g i n n i n g  o f  t h e  d i v e ,  t h e  H P N S  s y m p t o m s  d i d  n o t  a p 
p e a r  s y s t e m a t i c a l l y  a n d  w e r e  g e n e r a l l y  l e s s  i n t e n s e  t h o s e  
p r o d u c e d  b y  n o n  e x p o n e n t i a l  c o m p r e s s i o n :

-  T h e  t r e m o r  a p p e a r e d  a t  g r e a t e r  d e p t h :  4 6 3 m  2 9 m  
( 3 3 6 m - 4 3 m  w i t h  n o n  e x p o n e n t i a l  c o m p r e s s i o n ) ,  a n d  w a s  l e s s  
i n t e n s e  a t  6 0 0  m e t e r s .

-  T h e  i n c r e a s e  o f  s l o w  w a v e  E E G  a c t i v i t y  w a s  l e s s  ( a p p r o x i m a t i v e l y  8 0 0 % ) .
C o n s e q u e n t l y ,  w i t h  t h e  s a m e  p e r c e n t a g e  o f  n i t r o g e n  a n d  

a  t o t a l  t i m e  o f  c o m p r e s s i o n  o f  2  h o u r s  f r o m  0  m e t e r  t o  6 0 0  
m e t e r s ,  a n  e x p o n e n t i a l  c u r v e  i n d u c e d  H P N S  s y m p t o m s  l e s s  i m 
p o r t a n t  t h a n  a  n o n  e x p o n e n t i a l  c u r v e .

3 ° /  U s i n g  a n  e x p o n e n t i a l  c o m p r e s s i o n  w i t h  i n t e r m e d i a r y  
s t a g e s  t o  6 0 0  m e t e r s  i n  2  h o u r s  a n d  4 . 8  b a r s  o f  n i t r o g e n  
a d d e d  a t  v a r i o u s  s t a g e s  d i f f e r e n t  r e s u l t s  w e r e  o b t a i n e d  ( C o r a s i n  V I  -  V I I  -  V I I I ) .

-  T h e  e f f e c t  o f  n i t r o g e n  s a t u r a t i o n  a t  4 2  m e t e r s  f o r  t h e  2 4  h o u r s  p r e c e d i n g  t h e  d i v e  w a s  t h e  s a m e  a s  t h a t  a d d i n g  t h e  
n i t r o g e n  a t  t h e  b e g i n n i n g  o f  c o m p r e s s i o n .

-  A d d i t i o n  o f  n i t r o g e n  a t  t h e  e n d  o f  c o m p r e s s i o n  d i m i n 
i s h e d  a l l  t h e  H P N S  s y m p t o m s  w h i c h  w e r e  a p p e a r e d  d u r i n g  t h e  
f i r s t  p a r t  o f  c o m p r e s s i o n  i n  H e - O ^  b r e a t h i n g  m i x t u r e .

-  P r o g r e s s i v e  a d d i t i o n  b e f o r e  e a c h  s t a g e  p r o d u c e  s o m e  
d i f f e r e n t  e f f e c t s :

. T r e m o r s  a p p e a r e d  i n  t h e  e x t r e m i t i e s  a t  a  m e a n  d e p t h  o f  4 7 5  m e t e r s ;  t h e y  r e m a i n e d  s l i g h t  a n d  d i d  n o t  
s p r e a d  t o  t h e  r e s t  o f  t h e  b o d y .

. T h e  E E G  c h a n g e s  w e r e  s l i g h t :  t h e t a  a c t i v i t y  
i n c r e a s e  s o m e w h a t  ( 1 0 0  -  2 0 0 % )  a n d  h i g h  f r e q u e n c y  a c t i v i t y  
w a s  s l i g h t l y  d e p r e s s e d .

C o n s e q u e n t l y ,  n i t r o g e n  i n j e c t i o n s  i n  t h e  b r e a t h i n g  m i x t u r e  d u r i n g  t h e  c o m p r e s s i o n  s e e m  t o  b e  a  b e t t e r  m e t h o d  t o  d i m i n i s h  t h e  c l i n i c a l  s y m p t o m s  w i t h o u t  t o  e n h a n c e  t h e  
E E G  m o d i f i c a t i o n s .

4 ° /  T h e s e  r e s u l t s  h a v e  p e r m i t  e x t r a p o l a t i o n  o f  t h e  
m e t h o d  o f  c o m p r e s s i o n  t o  1 0 0 0  m e t e r s  a n d  b e y o n d  ( C o r n e l i u ss e r i e s ) .A c t u a l l y  t h e  i m p r o v e d  m e t h o d  o f  c o m p r e s s i o n  i n c l u d e s :

. A n  e x p o n e n t i a l  p r o f i l e ;

. S t a g e s  o f  4 0  m i n  e v e r y  1 0 0  m e t e r s ;

. I n t r o d u c t i o n  o f  n i t r o g e n  i n t o  t h e  m i x t u r e  b e f o r e  e a c h  s t a g e .
T h e s e  l a t e s t  e x p e r i m e n t s  s h o w  t h a t :-  U p  t o  6 0 0  m e t e r s ,  t h e  p r o c e d u r e  u s e d  i n  t h e  C o r n e l i u s  s e r i e s  d o e s  n o t  p r o v o k e  m y o c l o n i a  o r  e p i l e p t i c  s e i z u r e .

. T r e m o r  o c c u r s  a t  a  g r e a t e r  d e p t h  ( a r o u n d  
6 0 0 m )  t h a n  i n  t h e  r a p i d  c o m p r e s s i o n  w i t h  t h e  H e - 0  m i x t u r e
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o r  d u r i n g  t h e  C o r a s i n  s e r i e s  w i t h  t h e  H e - N 2 - 0 2  m i x t u r e .  T h e
a p p e a r a n c e  o f  t r e m o r  a t  3 0 0  m e t e r s  a n d  i t s  g r e a t  i n t e n s i t y  
i n  t h e  d i v e s  u s i n g  t h e  s a m e  c o m p r e s s i o n  c u r v e  b u t  w i t h o u t  
t h e  a d d i t i o n  o f  n i t r o g e n  s h o w s  t h a t  t h e  i m p r o v e m e n t  f o u n d  i n  
t h e  d i v e s  w i t h  t h e  H e - N 2 - 0 2  b r e a t h i n g  m i x t u r e  a t  t h e  l e v e l
o f  c l i n i c a l  s y m p t o m s  ( t r e m o r ,  m y o c l o n i a  t o n i c  m u s c u l a r  
s p a s m e s )  i s  r e l a t e d  t o  t h e  i n j e c t i o n  o f  n i t r o g e n .

. T h e  E E G  m o d i f i c a t i o n s  a r e  c h a r a c t e r i z e d  b y  a c c e n t u a t e d  t h e t a  a c t i v i t i e s  i n  t h e  a n t e r i o r  r e g i o n  o f  t h e  s k u l l .  T h i s  i n c r e a s e  ( m a x i m u m  3 0 0 % )  i n f e r i o r  t o  t h o s e  e n r e g -  i s t e r e d  i n  t h e  C o r a s i n  s e r i e s ;  i t  i s  s i m i l a r  t o  t h a t  n o t e d  
i n  t h e  d i v e  u s i n g  t h e  s a m e  c o m p r e s s i o n  c u r v e  b u t  w i t h o u t  
n i t r o g e n .  T h u s ,  w i t h  t h e  c o m p r e s s i o n  c u r v e  u s e d ,  t h e  p r e s 
e n c e  o r  a b s e n c e  o f  n i t r o g e n  h a d  n o  i n f l u e n c e  o n  t h e  i n t e n s i t y  
o f  t h e  E E G  m o d i f i c a t i o n s .

-  B e y o n d  6 0 0  m e t e r s ,  n e w  p h e n o m e n a  a p p e a r ,  b e g i n n i n g  a t  8 0 0  m e t e r s : . D i m i n u t i o n  o f  t h e  a m p l i t u d e  o f  t h e  w h o l e  o f  t h e
E E G  a c t i v i t i e s ;. T e n d e n c y  t o  m o n o r y t h m i c i t y  o f  E E G  a c t i v i t i e s ;

. p e r i o d s  o f  " m o t o r  p e r t u r b a t i o n s ”  b e y o n d  1 0 0 0
m e t e r s .

T h e s e  s i g n s  w h i c h  s h o u l d  b e  m a s k e d  b y  t h e  o c c u r e n c e  o f  
e p i l e p t i c  s e i z u r e s  p r o v o k e d  b y  t o o  r a p i d  c o m p r e s s i o n ,  r e m a i n  t o  b e  i n t e r p r e t e d  .
I I I .  G e n e r a l  c o m m e n t s

T h e  r e s u l t s  o b t a i n e d  i n  m a n  a n d  t h e  b a b o o n  i n  o u r  
e x p e r i m e n t a l  s e r i e s  a r e  s l i g h t l y  d i f f e r e n t  f r o m  t h o s e  r e 
p o r t e d  i n  m a n  ( B e n n e t t  e t  a l . ,  1 9 7 4 )  a s  w e l l  a s  i n  v a r i o u s  a n i m a l s ( B r a u e r  e t  a l . ,  1 9 7 1 ,  1 9 7 4  b ;  L e v e r  e t  a L , 1 9 7 l ;  M i l l e r ,  
1 9 7 2 ;  B e n n e t t  e t  a l . ,  1 9 7 5 ;  H a l s e y  e t  a l . ,  1 9 7 5 ;  B e l a u d  e t  
a l . ,  1 9 7 7 ) .

F r o m  t h e  E E G  p o i n t  o f  v i e w ,  i n  o u r  e x p e r i m e n t a l  c o n 
d i t i o n s ,  i n  m a n ,  i t  i s  t h e  H e - 0 2  m i x t u r e  w h i c h  s e e m s  t o  g i v e
b e t t e r  r e s u l t s  t h a n  t h e  H e - I S L - O  m i x t u r e ;  t h e  l a t t e r  a c c e n 
t u a t e s  t h e  E E G  m o d i f i c a t i o n s ^ i n ^ c e r t a i n  s e n s i t i v e  s u b j e c t s  
( R o s t a i n  e t  a l . ,  1 9 8 0 ) .  F o r  B e n n e t t  e t  a l . ( l 9 7 4 )  t h e  
H e - N U - 0  m i x t u r e  w o u l d  b e  b e t t e r  t h a n  H e - 0  m i x t u r e .  I t  s h o u l d  
b e  n o t e d  t h e  e x p e r i m e n t a l  c o n d i t i o n s  o f  t h e s e  a u t h o r s  a r e  d i f f e r e n t  t h a n  o u r s :  t h e  d e p t h  i s  t h e  s a m e  ( 3 0 0 m ) ,  b u t  t h e  c o m p r e s s i o n  i s  m o r e  r a p i d  ( 3 3  m i n )  a n d  t h e  p e r c e n t a g e  o f  
n i t r o g e n  s l i g h t l y  h i g h e r  ( 1 0 % ) .M o r e o v e r ,  t h e  s t a y  a t  t h e  b o t t o m  i s  s h o r t ;  i t  h a s  b e e n  
r e p o r t e d  e l s e w h e r e  ( R o s t a i n  e t  a l . ,  1 9 7 7  a ,  1 9 7 8 )  a n d  C o r a z  
e x p e r i m e n t s  h a v e  s h o w n  t h a t  t h e  H P N S  a n d  e s p e c i a l l y  t h e  E E G  
m o d i f i c a t i o n s  d e v e l o p  w i t h  a  m a r k e d  l a t e n c y  a n d  d o  n o t  a p p e a r  
i m m e d i a t e l y  a f t e r  a  r a p i d  c o m p r e s s i o n  ( R o s t a i n  e t  a l . ,  i n  
p r e p a r a t i o n ) .
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1 I

F r o m  a  c l i n i c a l  p o i n t  o f  v i e w ,  t h e  H e - N g - O ^  m i x t u r e
s e e m s  m u c h  b e t t e r  t h a n  t h e  H e - 0 „  m i x t u r e .  I t  l e s s e n s  t h e  t r e m o r  a n d  t h e  d y s m e t r y ,  a n d  t h u s  c o n c o r d s  w i t h  t h e  o b s e r v a t i o n s  m a d e  b y  o t h e r  a u t h o r s  ( B r a u e r  e t  a l . ,  1 9 7 1 ,  1 9 7 4  b ;  L e v e r  e t  a l . ,  1 9 7 1 ;  M i l l e r  e t  a l . ,  1 9 7 3 ;  B e n n e t t  e t  a l . ,  1 9 7 4 ) .  I t  i s  h o w e v e r ,  r e s p o n s i b l e  f o r  n e w  b e h a v i o r a l  s y m p 
t o m s  ( e u p h o r i a  f o r  e x a m p l e )  a n d  i t  i n c r e a s e s  d r o w s i n e s s -  

W i t h  t h e  H e - N 2 - 0 2  m i x t u r e ,  a  d i s s o c i a t i o n  a p p e a r s
b e t w e e n  t h e  t r e m o r  a n d  t h e  E E G  m o d i f i c a t i o n s ,  d i s s o c i a t i o n  
a l r e a d y  r e p o r t e d  d u r i n g  e x p e r i m e n t s  i n  H e - C > 2  a t m o s p h e r e
( R o s t a i n  a n d  N a q u e t ,  1 9 7 4 ,  1 9 7 8 ) .  T h i s  d i s s o c i a t i o n  b e t w e e nt h e  e v o l u t i o n  o f  c e r t a i n  c l i n i c a l  s i g n s  a n d  t h e  E E G  m o d i f i c a t i o n s  c a n  b e  f o u n d  i n  t h e  P a p i o  p a p i o .  I t  c o u l d  r e v e a l  t h e  e x i s t e n c e  o f  d i f f e r e n t  m e c h a n i s m s  a t  t h e  o r i g i n  o f  
t h e s e  t w o  s y m p t o m s .  T h u s ,  t r e m o r  w o u l d  b e  s e n s i t i v e  t o  n a r 
c o t i c  a g e n t s  s u c h  a s  n i t r o g e n  a n d  w o u l d  b e  l e s s e n e d .  T h i s  
c o r r e s p o n d s  t o  o b s e r v a t i o n s  o n  t h e  n a r c o t i c  a g e n t - p r e s s u r e  
a n t a g o n i s m  ( M i l l e r  e t  a l . ,  1 9 7 3 ;  B e n n e t t  e t  a l . ,  1 9 7 5 ;  
H a l s e y  e t  a l . ,  1 9 7 5 ;  M i l l e r ,  1 9 7 5 ;  B e l a u d  e t  a l . ,  1 9 7 7 ) .
T h e  E E G  m o d i f i c a t i o n s  w o u l d  n o t  b e  i m p r o v e d  a n d  w o u l d  b e  r e i n f o r c e d  b y  t h e  p r e s e n c e  o f  n i t r o g e n  i n  t h e  m i x t u r e .
T h i s  c o u l d  c o r r e s p o n d  t o  a  s y n e r g i c  p r e s s u r e - n a r c o t i c  a g e n t  
e f f e c t  a n d  c e r t a i n  a u t h o r s  h a v e  o b s e r v e d  t h i s  e f f e c t  o n  
d i v e r s e  b i o l o g i c a l  o r  p h y s i o l o g i c a l  f u n c t i o n s  ( H s i a  a n d  
B o g g s ,  1 9 7 5 ;  R o t h ,  1 9 7 5 ;  K e n d i g  a n d  C o h e n ,  1 9 7 5 ;  P a r m e n t i e r  e t .  a l ,  1 9 7 9 ) .

T h e  e p i l e p t i c  s e i z u r e  f o u n d  w i t h  t h e  H e - N  - 0  m i x t u r e  
i s  d i f f e r e n t  t h a n  t h a t  f o u n d  i n  t h e  H e - 0 2  m i x t u r e .

T h e  f a c t  t h a t  t h e  s e i z u r e  b e g i n s  i n  t h e  f r o n t o - r o -  l a n d i c  r e g i o n  w i t h  t h e  H e - 0  m i x t u r e  w h e r e a s  i t  a p p e a r s  
p r e f e r e n t i a l l y  i n  t h e  o c c i p i t a l  r e g i o n  w i t h  t h e  H e - N 2 - C > 2  
m i x t u r e  a l s o  r a i s e s  y e t  t o  b e  e x p l a i n e d  p r o b l e m s .  D i f 
f e r e n c e s  o f  t h e  s a m e  o r d e r  h a v e  b e e n  o b s e r v e d  i n  t h e  P a p i o  
p a p i o  e i t h e r  i n  h y p e r b a r i c  o x y g e n  ( G o s s e t ,  1 9 6 6 ;  G o s s e t  
e t  a l . , 1 9 6 9 )  ő r  b y  u s i n g  d r u g s  c a u s i n g  t h e  d e c r e a s e  o f  t h e  
c e r e b r a l  G A B A  l e v e l  ( M e l d r u m  e t  a l . ,  1 9 7 0 ;  M e l d r u m  a n d  
H o r t o n ,  1 9 7 4 ;  M e n i n i  e t  a l . ,  1 9 7 7 ) .A n  a n o t h e r  f a c t  i s  i m p o r t a n t ;  i t  i s  i n  r e l a t i o n  w i t h  t h e  p r o g r e s s i v e  i n j e c t i o n  o f  n i t r o g e n  d u r i n g  t h e  c o m p r e s s i o n  w h i c h  m a k e s  i t  p o s s i b l e  t o  e x p l o i t  a n t a g o n i s t i c  e f f e c t s  o f  n i t r o g e n  a n d  p r e s s u r e  r e p o r t e d  b y  s e v e r a l  a u t h o r s  
( M i l l e r  e t  a l . ,  1 9 7 3 ;  B e n n e t t  e t  a l . ,  1 9 7 5 ;  B e l a u d  e t  a l . ,  
1 9 7 7 ) a n d  t o  c o n t r o l  t h e  s y n e r g i c  e f f e c t s  o f  n i t r o g e n  a n d  
p r e s s u r e  o n  E E G  m o d i f i c a t i o n  d e m o n s t r a t e d  i n  m a n  ( N a q u e t  
e t  a l . ,  1 9 7 5 ;  R o s t a i n  e t  a l . ,  1 9 7 6 ,  1 9 8 0 )  a n d  i n  m o n k e y  
P a p i o  p a p i o  ( R o s t a i n  e t  a l . ,  1 9 7 7 , 1 9 7 8 ) .

T h e  e x p e r i m e n t s  w h i c h  w e  h a v e  c a r r i e d  i n  m a n  a n d  i n  t h e  P a p i o  p a p i o  w i t h  t h e  H e - N 2 - C > 2  m i x t u r e  p o i n t  o u t  t h e
c o m p l e x  r o l e  t h a t  n i t r o g e n  p l a y s  i n  t h e  d e v e l o p m e n t  o f  t h e  
H P N S ;  i t  l e s s e n s  c e r t a i n  c l i n i c a l  s y m p t o m s  ( t r e m o r )  b u t  i t  
c a n  r e i n f o r c e  t h e  E E G  m o d i f i c a t i o n s  ( s l o w  w a v e s ) .
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C o n s e q u e n t l y ,  t h e  m o d e s  o f  a c t i o n  o f  p r e s s u r e  a n d  o f  t h e  
n i t r o g e n  i n  t h e  H e - I S ^ - O ^  m i x t u r e ,  a r e  m u c h  m o r e  c o m p l e x  t h a n
a  s i m p l e  a n t a g o n i s m ;  t h i s  i s  p r o b a b l y  f o u n d  a t  t h e  l e v e l  o f  t h e  c o n f o r m a t i o n  o f  t h e  a c t i v e  s i t e s  o f  t h e  p r o t e i c  o r  l i -  
p o p r o t e i c  m o l e c u l e s ;  t h e  e f f e c t s  d i f f e r e n t ,  d e p e n d i n g  o n  t h e  
n e u r o n i c  c i r c u i t s  a n d  t h e  c h e m i c a l  m e d i a t o r s  w h i c h  c o m e  
i n t o  p l a y .
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AN EXPERIMENTAL PROCEDURE FOR 
QUANTIFICATION OF INDIVIDUAL 

HYPERBARIC FACTORS AFFECTING THE 
PHYSICAL PERFORMANCE OF THE RAT

Y. C. Lin
D e p a r t m e n t  o f  P h y s i o l o g y ,  U n i v e r s i t y  o f  H a w a i i ,  J o h n  A .  B u r n s  S c h o o l  o f  M e d i c i n e ,  H o n o lu l u ,

H a w a i i  9 6 8 2 2 ,  U S A

INTRODUCTION
The hyperbaric environment is a complex set of physical 

variables, which includes hydrostatic pressure, gas density, 
ambient pressure, partial pressure of inspired oxygen, carbon 
dioxide, inert gases, and possibly interactions between these 
factors. Conflicting results have been reported on oxygen 
uptake in humans at rest and during exercise in hyperbaric 
environments due in part to the inconsistency of these 
variables at a given pressure level (1, 2, 3) . It is equally 
true of the inconsistency that is found in the symptoms of 
high pressure nervous syndrome at a given pressure level (4, 
5). In order to understand these conflicting results, it is 
necessary to study the quantitative effect of environmental 
variables involved. This study was designed to evaluate the 
separate effects of hydrostatic pressure, gas density, and 
partial pressure of inspired oxygen on a physiological 
response. Oxygen uptake of rats at rest and during exercise 
was used as an example to illustrate the procedure for 
quantifying the effect of individual hyperbaric factors.
METHODS

Environmental conditions: A total of 10 experimental 
environments were provided by varying ambient pressure from 
1 to 10 ATA, gas density from 0.36 to 10.33 relative to air 
at 1 ATA, PO2 from 150 to 1,500 torr, and partial pressure 
of nitrogen or helium from 0 to 7,400 torr (Table 1).

Gas mixtures used were air, 7% and 2% oxygen in nitrogen, 
20%, 7% and 2% oxygen in helium. 7% and 2% oxygen mixtures 
were used to provide normoxic ambients at 3 and 10 ATA, 
respectively, whereas 20% oxygen mixtures were used to 
provide hyperoxic conditions at elevated ambient pressures.

Exercise and oxygen uptake: The details of the hyperbaric 
swimming chamber with a pneumatic elevator and determination 
of oxygen uptake for the rat at rest and during exercise have 
been described elsewhere (6). Briefly, the rat was exposed to 
hyperbaric conditions in a swimming chamber made of a 
plexiglas cylinder 58 cm in height and 15 cm in diameter.
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The air volume was reduced to approximately 2.5 liters by 
adding water. A platform, attached to the top of a pneumatic 
jack, could be raised or lowered by controlling pressure 
within a telescopic column. The entire chamber was immersed 
in a water bath regulated at 37°C. The chamber was ventilated 
with compressed gas mixtures at a rate of 3 liters per min. 
at 1 ATA. The gas entered the hyperbaric system at the bottom 
of the cylinder and was bubbled through the water to ensure 
complete mixing of the gas inside the chamber and complete 
equilibration of the gas in the water. The exhaust was 
dehumidified before entering the flowmeter, after which it 
was analyzed for oxygen with a Beckman OM-11 polarographic 
oxygen analyzer. All gas analyses were carried out under 1 ATA 
conditions. Oxygen uptake was obtained by multiplying the flow 
through the chamber by the difference in oxygen concentration 
between supply and exhaust gases.

Experimental protocol: An equilibration period of 1 hour 
was allowed whenever gas mixtures and/or pressures were 
altered and before resting oxygen uptake was taken. Following 
the measurement of resting oxygen uptake, the platform was 
lowered into the water until the animal swam freely. Oxygen 
uptake for a 30 min. swim period was determined at 3 min. 
intervals. At the end of this period, the animal was raised 
above the water and oxygen uptake was measured for 15 min. 
during recovery, also at 3 min. intervals. Decompression was 
then carried out in stages over periods ranging from 30 min. 
to one hour. The peak oxygen uptake was used for analysis of the 
effect of individual factors.
RESULTS

Resting and peak exercise oxygen uptakes are summarized 
in Table 2.

Oxygen uptake at rest in 3 and 10 ATA normoxic nitrogen 
environments was depressed by 24% and 17%, respectively; 
whereas in hyperoxic nitrogen it was 17% and 31% respectively. 
The corresponding changes in the helium environments were 
much less than those in nitrogen environments and a 
significant depression of oxygen uptake 20% was observed in 
the lO ATA normoxic heliox condition.

Peak oxygen uptake during exercise in 3 and 10 ATA 
hyperoxic nitrogen (compressed air) was depressed 33% and 
63% respectively compared to 1 ATA air. Under normoxic 
nitrogen conditions this decrease was 24% and 49%,respectively 
at 3 and 10 ATA. The depressive effect on exercise oxygen 
uptake of hyperbaric helium was 17% and 30% at normoxic 3 and 
10 ATA and 7% and 45% at hyperoxic 3 and 10 ATA.

Total effect of compressed air and compressed helium 
containing 20% oxygen on oxygen uptake is complex, because 
elevation of inspired » PN2 or PHe' an<̂  ?as ^ensaty are aH  expected concurrent to tne elevationof ambient pressure. 
Utilizing the data presented above, the quantification of the 
individual effects of hydrostatic pressure, gas density, and 
hyperoxia on the ability to take up oxygen was made by the 
following procedures:

Effect of hyperoxia was determined by comparing oxygen
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uptakes for varied Po2 at a given ambient pressure, inert gas, 
and gas density (Fig. 1) .

Fig. 1. Oxygen uptake at rest and during peak exercise in
normoxic and hyperoxic nitrogen environments. Vertical 
bars indicate + 1. S.E. of mean (6 rats).

199



In the nitrogen environment, an 
increase in Pq 2 from 150 to 450 mm Hg depressed oxygen uptake 
by 6 units in ml/min/kg of body weight; and an increased in 
Pq „ from 150 to 1500 mm Hg depressed oxygen uptake by 9 ml/ 
min/kg. At rest the effect of hyperoxia was small and was 
statistically not significant. A similar comparison can be 
made for the hyperoxic effect in helium environments. However, 
this comparison was not as clean as we would have liked it to 
be because in the case of helium, the gas density of the 
hyperoxic mixture was about 2 times that of the normoxic 
mixture at these pressures.

Effect of inspired gas density on oxygen uptake was 
analyzed by utilizing the data obtained under normoxic 
conditions, and plotting the oxygen uptake as a function of 
relative gas density on a log scale. Oxygen uptake decreased 
as gas density increased in each inert gas environment during 
exercise. However,an insignificant effect was seen at rest 
(Fig. 2). The effect of elevated gas density was obtained by 
comparing the oxygen uptakes at the same ambient pressure.
This so called "isobaric comparison" is necessary in order to 
exclude the pressure factor. During exercise at 3 ATA, the 
peak oxygen uptake was depressed by 2 ml/min/kg with an 
increase in gas density of 2.4 units, thus depression of 2/2.4 
in oxygen uptake per unit increase in gas density is realized. 
By calculation, an increase in gas density of 2 units (from 
1 ATA to 3 ATA) resulted in depression of oxygen uptake by 
1.7 units. Similarly, comparisons of oxygen uptake at 10 ATA 
showed that an increase in gas density of 8.3 units caused a 
decrease in oxygen uptake of 10 units. Therefore, an increase 
of gas density of 9 units (from 1 ATA to 10 ATA) resulted in 
depression of oxygen uptake by 11 (=10(10 - D/8.3) units.

Effect of ambient pressure per se on oxygen uptake in the 
rat is obtained by comparing the difference in oxygen uptake 
at a given gas density and Po2 (normoxic). For example, given 
a relative gas density of 1.0, the pressure difference 
between the nitrogen and the helium mixture was 3.8 ATA (Fig. 
2). For a gas density of 1.7, the pressure difference between 
these two gas mixtures was 8.3 ATA. The differences in oxygen 
uptake between these two environments represent the effect of 
hydrostatic pressure per se. With the pressure difference 
ranging from 3.8 to 8.3 ATA, the depression of oxygen uptake 
was found to be between 14 to 16 units at peak exersice, and 
between 6 to 7 units at rest (Fig. 2).

Summation of the effects of elevated ambient pressure, gas 
density, and Po^ is sufficient to explain the total observed 
effect on resting oxygen uptake in various hyperbaric nitrogen 
environments, as well as exercise uptake at 3 ATA in air. As 
measured experimentally, a statistically insignificant under
estimation of the total effect was seen in 10 ATA air (Fig.3). 
Summation of the effects of these three factors can not be 
made for hyperoxic heliox conditions due to difficulties in 
estimation of Po2 effect (see above).
DISCUSSION

"Swim or sink" was the only important drive for the rats 
to exercise in this experiment.
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Fig. 2. Oxygen uptake at rest and during peak exercise as a 
function of gas density. Effect of gas density was 
determined by comparing oxygen uptake under normoxic 
and isobaric conditions; and the effect of hydrostatic 
pressure was determined by comparing oxygen uptake 
under normoxic and iso-density conditions. Means of 
6 rats + 1 S.E. are indicated.
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The rats invariably exert
maximal effort to exercise and to keep afloat initially when 
dropped into the water for the first time, then settled down 
to a less intense but steadier level as the swimming period 
progressed. In subsequent exposures their efficiency in 
keeping afloat improves, and oxygen uptake was consequently 
lower than the first exposures. To elicit the maximum effort 
to exercise, only the unexperienced rats were used in this 
experiment. Maximal oxygen uptake was observed within a few 
minutes following exposure to water which declined to a 
steady level of oxygen uptake within 12 to 15 minutes of 
swimming. However, all rats exercise in hyperoxic 10 ATA 
environments were unable to complete the 30 min. exercise (6).

In the present study, the maximal rate of oxygen uptake 
was taken for analysis of relative contributions of the 
individual environmental factors to the change in ability to 
take up oxygen. Stepwise removal of the effects of hyperoxia 
(Po,), density (D), and hydrostatic pressure (P) and hence 
enabled comparisons of oxygen uptake on the basis of normoxia, 
iso-density, and isobaric at each pressure level. The total 
effect of hyperbaric air environments on the oxygen uptake can 
be approximated by summation of the effects of Po-,» D, and P 
by the present procedure. Summation of P0 2 ' D ' ana p effects 
is sufficient to explain the effects of hyperbaric air on 
resting and exercising rats at 3 and 10 ATA (Fig. 3). A 
similar analysis of the effect of helium environments was 
hampered by the inability to obtain closely matched gas 
densities of hyperoxic and normoxic heliox mixtures at 
elevated pressures. At 3 and 10 ATA, the hyperoxic heliox 
mixture weighs approximately 2 times as much as a normoxic 
heliox mixture (Table 1). Although qualitatively similar 
effects of P, P0 2 ' and D were observed further analysis was 
not attempted.

The present procedure for separating the effects of P, D, 
and P0 2 by no means a perfect one, and the reasons are:

1) The use of different inert gases in the density study:
Gas density can be altered by change in ambient pressure or 
gas mixture, i.e. nitrogen vs. helium. Since an isobaric 
comparison is desired, we therefore have no choice but to 
employ different inert gas mixtures for this purpose. It is 
possible that the presence of inert gases with substantially 
different narcotic potencies may introduce an artifact. It is 
fairly certain that there are no obvious sign of nitrogen 
narcosis in rats at rest up to a P ^  of 8 ATA (7, 8) . However, 
it is possible that the threshold pressure for nitrogen 
narcosis is lowered during exercise. In any event, the 
comparison of the hyperoxic effect was made on the basis of 
approximately the same P ^  in this study (Fig. 1).

2) Inability to assess interactions between environmental 
factors: Interactions between several known factors have been 
studied. The potentiation of hypercapnia on oxygen poisoning 
(9) and on nitrogen narcosis (10), and of hyperoxia on inert 
gas narcosis (11), are well documented. Taking into con
sideration the metabolic rates, increased gas mass in the 
chamber, elevated ambient pressure, and a constant rate of 
chamber ventilation, an increase in alveolar PCO2 is predictable.
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Thus, it is possible that potentiation of 
nitrogen narcosis and/or oxygen toxicity may explain why the 
summation of the partitioned effects of P, D, and Pq -, 
slightly underestimates the measured effects on oxygen uptake 
°f rats exercising in 10 ATA air. No such underestimation 
was found in the resting state (Fig. 3).

1_________________ i__________i_______i-----J---- 1--- 1---1— i— lI 5 10
Ambient Pressure , ATA

Fig. 3. Comparison of the measured total effects of air under 
hyperbaric conditions (T) with the estimated 
individual effects of hyperoxia (Po2)' density (D) , 
and hydrostatic pressure (P). Lines indicated by 
normoxic, isobaric and iso-density represent stepwise 
removal of the effects of hyperoxia, hydrostatic 
pressure, and gas density, respectively.
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A surprisingly large influence of hydrostatic pressure on 
oxygen uptake was found by using the present procedure. The 
mechanism(s) by which oxygen uptake is suppressed under 
pressure is not known. Previous observations of suppressed 
Na-K-Mg ATPase activity (12), reduced Po, 50 (13), lowered 
relative diffusibility of water vapor (15J nence reduced heat 
dissipation during exercise, and interactions of some known 
factors (9, 10, 11) as mentioned above may in some ways 
relate to pressure affecting the ability of the rats to take 
up oxygen.

Density of the breathing gases is the main factor 
affecting maximum voluntary ventilation at depth, which is 
one of the indices of respiratory capacity. Lanphier (15) 
reviewed the work of Wood (16) and Maio and Farhi (17, 
published later in detail, 1967) and concluded that 
experimental data match well with predictions based on the 
relative density of breathing media. Increased expiratory 
efforts while breathing a mixture of increased density could 
cause collapse of airways and blockage of alveolar gas 
exchange (18, 19). Impairment of ventilation in high gas 
density environments, obtained either by increasing ambient 
pressure or by changing in gas composition, was determined 
to be due to a combination of airway resistance and inherent 
limitations in the ventilatory apparatus of man (17). It 
should also be noted that substituting helium for nitrogen at 
3 ATA, Fagraeus (2) demonstrated increased maximum oxygen 
uptake in man, indicating that elevated gas density is respon
sible for the depressed oxygen uptake at depth. These 
observations support the conclusion that increased density of 
breathing mixture causes elevated respiratory efforts but 
reduces the capacity of oxygen uptake and hence the work 
capacity.

SUMMARY AND CONCLUSION
In the present study,the effect of elevated Pc>2 was 

determined by comparing oxygen uptake with varying inspired 
Pc>2 for a given ambient pressure and gas density; effect of 
elevated gas density was obtained by comparing the oxygen 
uptake at isobaric and normoxic conditions; and the effect of 
elevated ambient pressure per se on oxygen uptake can be 
closely approximated by the summation of the individual effects 
of P0 2 ' density, and hydrostatic pressure according to the 

procedure established above. The important contribution of 
this study is the procedure employed by which the individual 
hyperbaric factors affecting oxygen uptake can be quantified. 
Although this quantification procedure is established for 
oxygen uptake, it should also be adoptable for quantification 
of other physiological variables of importance under 
hyperbaric conditions.
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TABLE 1. SOffi PHYSICAL PROPERTIES OF CAS MIXTURES

GasU) P02̂ 2̂ PN2^ PHe^
(ATA) Composition (irmHg) (mmHg) (irniHg) g/L Relative

1 Air 150 563 0 1.108 1 . 0 0 0

ts
J 

00
О 
о

O'
P 

tíP

142 0 570 0.398 0.359

3 Air 469 1764 0 3.393 3.062

93% N, 
7% 02 156 2077 0 3.328 3.004

931 He
n o2 156 0 2077 0.713 0.644

80% He 
20% 02 447 0 1786 1.139 1.028

10 Air 1586 5967 0 11.445 10.329

98% N, 
2% 02 151 7402 0 11.147 10.060

98% He 
2% 02 151 0 7402 1.904 1.718

80% He 
20% 02 1511 0 6042 3.884 3.505

^Approximate composition of oxygen and inert gases is indicated. The 
gas mixture was obtained fron a commercial source.

2 ?02 listed above are approximated values. The Po2 value of the supply 
gas was determined for each experiment by using a12Beckman OM-11 oxygen 
analyzer.

and Рц„ were calculated as the difference between total pressure and
po2-
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TABLE Í. Resting and peak oxygen uptake during exercise 
in 10 environmental conditions.

Rest Exercise
Gas compositions 1 ATA 3 ATA 10 ATA 1 ATA 3 ATA 10 AT A

Air 29 + 1.2 24 + 2.6(a) 20 + 2.1(b' 63 + 3.4 42 + 2.6(c) 23 + 2.1(C)

201 0 2 in He 25 + 1.4 23 + 1.3 24 + 1.1 6 0 + 1 . 7 56 ♦ 1.7 .3.3 + 2.-(t)

71 0 2 in N 2 22 + 1.2(B' »Trg ♦ 1 
00

71 0 2 in He 24 + 1.7 50 ♦ 3.1

21 0 2 in N2 
21 0 2 in He

24 + 1.9(a' 
20 + 1.8(a'

32 + 4.4(C| 

42 + 1.3(i;)

Values are X  +_ 1 S.E. for 6 rats in each experimental condition. The body weight of 
the rats was 344 +2.4 (60 rats) g. and ranged from 305 to 390 g. Oxygen uptake is 
measured in ml/min/kg (STPD).
(a), (b), and (c) indicates P < 0 . 0 5 ,  P < 0 . 0 1 ,  and P <  0.001, when compared to their 

respective inert gas mixtures at 1 ATA, by grouped t-tests.
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I n  a n  i n t r o d u c t o r y  p r e s e n t a t i o n ,  P r o f e s s o r  L a m b e r t s e n  p l a c e d  t h e  

c o n f e r e n c e  i n  p e r s p e c t i v e  b y  p o i n t i n g  o u t  t h a t ,  a s  a p p l i e d  i n  t h e  f i e l d  t o  

p r o b l e m s  o f  h e a l t h  a n d  s a f e t y  o f  m e n  e n g a g e d  i n  d e e p  d i v i n g  o p e r a t i o n s ,  t h e  

p h e n o m e n a  u p o n  w h i c h  t h e  s y m p o s i u m  i s  f o c u s e d  o c c u r  i n  a  f r a m e w o r k  o f  m u l 
t i p l e  s t r e s s e s .  T h e s e  a r e  l i k e l y  t o  c o m p l i c a t e  a n d  m o d i f y  t h e  s i g n i f i c a n c e  

o f  m a n y  o f  t h e  r e a c t i o n s  o b s e r v e d  . b y  n e u r o p h y s i o l o g i s t s  w h o s e  c o n t r o l l e d  

e x p e r i m e n t s  t e n d  t o  b e  d e s i g n e d  t o  i s o l a t e  t h e  e f f e c t s  o f  a  s i n g l e  s t r e s s  

f a c t o r  s u c h  a s  h i g h  p r e s s u r e .

O n e  o u t s t a n d i n g  r e s u l t  o f  p r e s e n t a t i o n s  a t  t h i s  m e e t i n g  w a s  t h e  

r e c o g n i t i o n  t h a t  t h e  s o  c a l l e d  h i g h  p r e s s u r e  n e u r o l o g i c  s y n d r o m e  ( H P N S )  i s  

n o t  a  s i n g l e ,  b u t  a  c o m p o u n d  e n t i t y ,  r e s u l t i n g  f r o m  t h e  i n t e r t w i n i n g  o f  

s e v e r a l  c o n c u r r e n t  p r o c e s s e s  w h i c h  l e a d  u p  t o  d i f f e r e n t  e n d p o i n t s  —  t h e  

s i g n s  c o m m o n l y  t a k e n  a s  c h a r a c t e r i z i n g  t h e  s y n d r o m e .  S i n c e  t h e s e  d i f f e r e n t  

c o m p o n e n t s  r e s p o n d  d i f f e r e n t l y  t o  v a r i a t i o n s  i n  c o m p r e s s i o n  r a t e  a n d  i n  t h e  

m a n n e r  o f  p h a r m a c o l o g i c a l  t r e a t m e n t ,  a n d  s i n c e  t h e i r  r e l a t i o n s h i p s  a p p e a r  

t o  v a r y  i n d e p e n d e n t l y  i n  d i f f e r e n t  s p e c i e s  a n d  a m o n g  d i f f e r e n t  i n d i v i d u a l s ,  

w i d e  v a r i a t i o n s  i n  t h e  c l i n i c a l  a p p e a r a n c e  o f  t h e  s y n d r o m e  b e c o m e  u n d e r 
s t a n d a b l e .  T h i s  t h e m e  w a s  f u r t h e r  d e v e l o p e d  i n  a  n u m b e r  o f  p r e s e n t a t i o n s  

t h a t  i l l u s t r a t e  s p e c i f i c  a p p l i c a t i o n s  o f  t h i s  c o n c e p t .
D a t a  w e r e  p r e s e n t e d  t o  m a k e  a  c a s e  f o r  t h e  v i e w  t h a t  H P N S - l i k e  

p h e n o m e n a  a r e  m a n i f e s t a t i o n s  o f  n e r v e  n e t w o r k  c h a r a c t e r i s t i c s ,  a n d  h e n c e  

n o t  p r e d i c t a b l e  i n  t e r m s  o f  e v e n t s  i n  i s o l a t e d  n e u r o n s .  I t  w a s  o f  

i n t e r e s t  t o  n o t e  t h a t  H P N S  c o n v u l s i o n s  a n d  o t h e r  m a n i f e s t a t i o n s  a r e  

r e a d i l y  e l i c i t e d  i n  s p e c i e s  o f  a n i m a l s  d e v o i d  o f  a  f u n c t i o n a l  n e o c o r t e x  

t h o u g h  r e l a t i o n s  b e t w e e n  H P N S  m a n i f e s t a t i o n s  i n  v a r i o u s  p a r t s  o f  t h e  

n e u r a x i s  o f  m a m m a l s  r e m a i n  o n l y  v e r y  p a r t i a l l y  c l a r i f i e d .
W h i l e  i t  h a s  l o n g  b e e n  k n o w n  t h a t  a t  l e a s t  s o m e  o f  t h e  H P N S  m a n i 

f e s t a t i o n s  a p p e a r  t o  b e  t r a n s i e n t ,  a n d  t h a t  f o r  o t h e r s  t h e  t i m e  c o u r s e  o f  

i n c r e a s e  i n  p r e s s u r e  s i g n i f i c a n t l y  a f f e c t s  b o t h  t h e  s e v e r i t y  o f  t h e  m a n i 
f e s t a t i o n s  o b s e r v e d  a n d  t h e  p r e s s u r e s  a t  w h i c h  t h e y  o c c u r ,  d a t a  o n  a c c l i 

m a t i z a t i o n  o r  o n  a d a p t a t i o n  t o  p r e s s u r e  r e m a i n  s c a r c e .  I t  w a s ,  t h e r e f o r e ,  

w e l c o m e  t o  h e a r  o f  t h e  a c h i e v e m e n t s  b y  D r .  S e k i  a n d  h i s  c o l l e a g u e s  w h o  

h a v e  s u c c e e d e d  i n  m a i n t a i n i n g  f u l l y  i n s t r u m e n t e d  l a b o r a t o r y  a n i m a l s  a t  

h i g h  p r e s s u r e  f o r  l o n g  p e r i o d s  o f  t i m e .  O b s e r v a t i o n s  i n  i n v e r t e b r a t e s  

o n c e  a g a i n  p o i n t  u p  t h e  c o m p l e x i t y  o f  t h e  H P N S :  w h i l e  a d a p t a t i o n  t o  h i g h  

p r e s s u r e  m a r k e d l y  p r o t e c t s  t h e  a n i m a l s  a g a i n s t  c e r t a i n  m a n i f e s t a t i o n s  o f  

t h e  i n v e r t e b r a t e  h i g h  p r e s s u r e  s y n d r o m e ,  o t h e r s  r e m a i n  v i r t u a l l y  u n a f 
f e c t e d  .
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T h e  s a m e  t h e m e  o f  c o m p l e x i t y  r e c u r r e d  i n  p r e s e n t a t i o n s  d e a l i n g  w i t h  

t h e  i m p o r t a n t  a d v a n c e s  t h a t  h a v e  b e e n  m a d e  i n  r e c e n t  y e a r s  i n  t h e  a p p l i 
c a t i o n  o f  n i t r o g e n  a s  a  c o m p o n e n t  o f  h i g h  p r e s s u r e  a t m o s p h e r e s  g i v i n g  

s o m e  m e a s u r e  o f  p r o t e c t i o n  a g a i n s t  c e r t a i n  H P N S  m a n i f e s t a t i o n s .  S e v e r a l  

d i s c u s s a n t s  p o i n t e d  t o  t h e  p r o b l e m s  i m p o s e d  b y  t h e  h i g h  d e n s i t y  o f  n i t r o 
g e n  c o n t a i n i n g  d i v i n g  a t m o s p h e r e s  w h i c h  m a y  l e a d  t o  c a r b o n  d i o x i d e  r e t e n 

t i o n ,  a n d  w h i c h ,  a t  t h e  p r e s s u r e s  n o w  c o m i n g  i n  r e a c h ,  a r e  b e g i n n i n g  t o  

i m p o s e  s o m e  l i m i t a t i o n  o n  a t t a i n a b l e  r e s p i r a t o r y  e x c h a n g e  r a t e s .  I t  w a s  

p o i n t e d  o u t  t h a t  t h i s  m a y  p r o v i d e  a n  e x a m p l e  o f  t h e  c o m p o u n d i n g  o f  h a z a r d s  

u n d e r  c o n d i t i o n s  w h e r e  c o n v u l s i o n s  m i g h t  b e  e l i c i t e d  a t  h i g h  p r e s s u r e  t h e  

e n h a n c e d  r e s p i r a t o r y  e x c h a n g e  r e q u i r e d  t o  c o m p e n s a t e  f o r  t h e  m u s c u l a r  e f 
f o r t  e n t a i l e d  m a y  b e  v i t i a t e d  b y  t h e  h i g h  d e n s i t y  o f  t h e  a t m o s p h e r e  w i t h  

p o t e n t i a l l y  l e t h a l  r e s u l t s .  N i t r o g e n  i s  n o t  u n i f o r m l y  e f f e c t i v e  i n  m o d i 
f y i n g  t h e  e f f e c t s  o f  h i g h  p r e s s u r e  e n v i r o n m e n t s  o n  C N S  f u n c t i o n .  T h u s ,  

f o r  i n s t a n c e ,  w h i l e  t h e r e  i s  d e p r e s s i o n  o f  c o r t i c a l  a c t i v i t y ,  m i n i m a l  e f 

f e c t s  s e e m  t o  h a v e  b e e n  o b s e r v e d  o n  m o d i f i c a t i o n  o f  e v o k e d  p o t e n t i a l s .  

F i n a l l y ,  t h e r e  i s  t h e  i m p o r t a n t  w o r k  o f  R o s t a i n  a n d  h i s  a s s o c i a t e s  p o i n t 
i n g  o u t  t h a t  t h e  t i m e  c o u r s e  f o l l o w e d  b y  n i t r o g e n  p a r t i a l  p r e s s u r e s  d u r i n g  

a  c o m p r e s s i o n  h a s  a  v e r y  s i g n i f i c a n t  e f f e c t  u p o n  t h e  e x t e n t  t o  w h i c h  t h i s  

g a s  a d d i t i v e  m a y  a m e l i o r a t e  s i g n s  a n d  s y m p t o m s  o f  H P N S ,  a n d  t h e  d e g r e e  o f  

i n e r t  g a s  n a r c o s i s  m a n i f e s t e d .
O v e r a l l ,  t h e  d a t a  p r e s e n t e d  h e r e  p r o v i d e  b o t h ,  w a r n i n g s  a g a i n s t  

d a n g e r s  w h i c h  h a d  h i t h e r t o  b e e n  l e s s  c l e a r ,  a n d  i n d i c a t i o n s  o f ' d i r e c t i o n s  

w h i c h  f u t u r e  w o r k  i n  t h i s  f i e l d  m i g h t  p r o f i t a b l y  t a k e .  F r o m  t h e  p o i n t  o f  

v i e w  o f  h a z a r d  e v a l u a t i o n ,  P r o f e s s o r  N a q u e t ' s  o b s e r v a t i o n s  o f  o m i n o u s  

f l a t t e n i n g  o f  t h e  E E G  a t  v e r y  h i g h  p r e s s u r e s  a r e  o f  s p e c i a l  i n t e r e s t .  I n  

a d d i t i o n ,  r e c o g n i t i o n  o f  t h e  c o m p l e x i t y  o f  t h e  s y n d r o m e ,  a n d  o f  t h e  c o m 
p l e x i t y  o f  t h e  m a n n e r  i n  w h i c h  i t  r e s p o n d s  t o  p h a r m a c o l o g i c  i n t e r v e n t i o n ,  

b r o u g h t  i n t o  f o c u s  t h e  p o t e n t i a l  d a n g e r  t h a t  p r o c e d u r e s  d e s i g n e d  t o  

a m e l i o r a t e  H P N S  s i g n s  a n d  s y m p t o m s  m i g h t  m e r e l y  s e r v e  t o  m a s k  w a r n i n g  

s y m p t o m s  w h i l e  m o r e  d a n g e r o u s  d e v e l o p m e n t s  m i g h t  p r o c e e d  u n a b a t e d  a n d  

g i v e  r i s e  t o  t h e  u n e x p e c t e d  e m e r g e n c e  o f  c a t a s t r o p h i c  e v e n t s .  S e v e r a l  

p a r t i c i p a n t s  c o n s i d e r e d  t h e  p o s s i b i l i t y  o f  s e l e c t i n g  r e l a t i v e l y  H P N S  r e 
s i s t a n t  p e r s o n n e l  a n d  c a l l e d  a t t e n t i o n  t o  t h e  d i f f i c u l t i e s  i n  t h e  w a y  o f  

s u c h  s e l e c t i o n  i m p o s e d  b y  t h e  n o w  r e c o g n i z e d  i n d e p e n d e n t  d e v e l o p m e n t  o f  

d i f f e r e n t  c o m p o n e n t s  o f  t h e  H P N S .
W i t h  r e g a r d  t o  g u i d e  l i n e s  f o r  f u t u r e  w o r k ,  t h e  d e l i b e r a t i o n s  s h o w e d  

a  g a p  b e t w e e n  i n v e s t i g a t i o n s  a t  t h e  c e l l u l a r  a n d  a t  t h e  w h o l e  a n i m a l  

l e v e l s .  I n  v i e w  o f  t h e  n o w  r e c o g n i z e d  c o m p l e x i t y  o f  H P N S - l i k e  e v e n t s ,  i n 
v e s t i g a t i o n s  w o u l d  s e e m  t o  b e  n e e d e d  a t  a l l  o r g a n i z a t i o n a l  l e v e l s  i n  t h e  

h o p e  t h a t  w i t h i n  t h e  n e x t  s e v e r a l  y e a r s  t h i s  g a p  m a y  b e  c l o s e d .  P r o g r e s s  

i s  b e i n g  m a d e  i n  e x p l o r i n g  t h e  e f f e c t s  o f  h i g h  p r e s s u r e  u p o n  r e l e a s e  o f  

n e u r o t r a n s m i t t e r s  a n d  t h e i r  i n t e r a c t i o n  w i t h  r e c e p t o r s .  T h i s  w o r k  h a s  

j u s t  b a r e l y  b e g u n ,  b u t  m u c h  m o r e  e f f o r t  i n  t h i s  d i r e c t i o n  w o u l d  a p p e a r  

w e l l  w o r t h w h i l e  i n  t h e  f u t u r e .  S o m e  o f  t h e  c o n t r i b u t i o n s  r a i s e d  t h e  p o s 

s i b i l i t y  t h a t  a t  l e a s t  s o m e  o f  t h e  c o m p o n e n t s  o f  t h e  H P N S  m i g h t  r e f l e c t  

s e c o n d a r y  e f f e c t s  u p o n  i n t e r n a l  m i l i e u  o f  e x c i t a b l e  c e l l s ,  o r  i n d e e d  o f  

t h e  C N S  a s  a  w h o l e ,  r a t h e r  t h a n  d i r e c t  e f f e c t s  a t  t h e  m e m b r a n e  l e v e l ,  a n d  

f u r t h e r  a t t e n t i o n  s h o u l d  b e  g i v e n  t o  t h i s  p o s s i b i l i t y .  D a t a  w e r e  p r e 
s e n t e d  w h i c h  h o l d  o u t  p r o m i s e  t h a t  d r u g s  m a y  b e  d e v e l o p e d  w h i c h  w i l l  

p r o v e  m o r e  s e l e c t i v e  a g a i n s t  s p e c i f i c  H P N S  c o m p o n e n t s  t h a n  t h e  g e n e r a l  

a n e s t h e t i c s  h i t h e r t o  m o s t  w i d e l y  e m p l o y e d ,  a n d  f u t u r e  d e v e l o p m e n t  o f  

t h i s  l i n e  o f  i n q u i r y  w i l l  b e  a w a i t e d  w i t h  g r e a t  i n t e r e s t .  F i n a l l y ,  i t  

s e e m s  t o  u s  t h a t  d e v e l o p m e n t  o f  n o n i n v a s i v e  m e t h o d s  o f  r e c o r d i n g  t h e  

b i o c h e m i c a l  a n d  c i r c u l a t o r y  s t a t u s  o f  s u b j e c t s  e x p o s e d  t o  h i g h  p r e s s u r e  

e n v i r o n m e n t s  m i g h t  c o n t r i b u t e  g r e a t l y  b o t h  t o  u n d e r s t a n d i n g  o f  t h e  e v e n t s  

a n d  t o  a s s u r a n c e  o f  t h e  s a f e t y  o f  t h e  p e o p l e  i n v o l v e d .
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I n  t h e  l a s t  t h r e e  d e c a d e s ,  t h e r e  h a s  b e e n  a  r a p i d  a c c u m u l a t i o n  o f  

i n f o r m a t i o n  o n  t h e  p h y s i o l o g i c a l  r e s p o n s e s  t o  i s o m e t r i c  e x e r c i s e  a n d  t h e  

f a c t o r s  t h a t  c o n t r o l  t h e m .  T h a t  i n f o r m a t i o n  e n q u i r e s  i n t o  t h e  c a u s e s  o f  

t h e  r a p i d  f a t i g u e  i n d u c e d  b y  i s o m e t r i c  e x e r c i s e ,  t h e  r e c r u i t m e n t  a n d  r a t e  

c o d i n g  o f  m o t o r  u n i t s ,  a n d  t h e  c a r d i o v a s c u l a r  a n d  r e s p i r a t o r y  c o n s e q u e n c e s  

o f  t h i s  k i n d  o f  e x e r c i s e .  F o r  t h e  m o s t  p a r t ,  t h e s e  l a b o r a t o r y  

i n v e s t i g a t i o n s  i n v o l v e  " t r u e "  i s o m e t r i c  c o n t r a c t i o n s  w h e r e  t h e  m u s c l e  

s h o r t e n s  o n l y  b y  a s  m u c h  a s  t h e  t e n d o n  l e n g t h e n s  a n d  t h e r e  i s  n o  m o v e m e n t  

a r o u n d  j o i n t s .  M o s t  c o m m o n l y  t h e  m u s c l e s  h a v e  b e e n  r e q u i r e d  t o  m a i n t a i n  a  

s t e a d y  t e n s i o n  a t  s o m e  k n o w n  f r a c t i o n  o f  t h e  m a x i m u m  v o l u n t a r y  c o n t r a c t i o n  

( M V C ) ,  b u t  i n  s o m e  e x p e r i m e n t s  t h e  p r o c e d u r e  h a s  b e e n  t o  e x e r t  a  c o n t i n u o u s  

m a x i m u m  e f f o r t  w h e r e  t h e  t e n s i o n  b e g i n s  w i t h  t h e  M V C  a n d  r a p i d l y  f a l l s  

b e c a u s e  o f  f a t i g u e .  A n  i n c r e a s i n g  v a r i e t y  o f  m u s c l e  g r o u p s  h a v e  b e e n  

e x a m i n e d  b u t  t h e  b u l k  o f  t h e  e x i s t i n g  e v i d e n c e  c o m e s  f r o m  h a n d - g r i p  

c o n t r a c t i o n s  o f  t h e  f o r e a r m  m u s c l e s .  I n  a n i m a l  e x p e r i m e n t s ,  t h e  c o m m o n  

p r o c e d u r e  h a s  b e e n  t o  s t i m u l a t e  t h e  a p p r o p r i a t e  v e n t r a l  r o o t s  

s y n c h r o n o u s l y  b u t  a n  i n t e r e s t i n g  r e c e n t  d e v e l o p m e n t  h a s  b e e n  t o  s t i m u l a t e  

s e v e r a l  v e n t r a l  r o o t  b u n d l e s  i n  r o t a t i o n ,  v a r y i n g  t h e  p a t t e r n  o f  

r e c r u i t m e n t  a n d  r a t e  c o d i n g ,  t h e r e b y  a l l o w i n g  c o n t r o l  o f  t h e  t e n s i o n  

g e n e r a t e d .  W e  w i l l  h e a r ,  t h i s  a f t e r n o o n  o f  e x p e r i m e n t s  i n  w h i c h  t h i s  

p r o c e d u r e  i s  u s e d .
I s o m e t r i c  c o n t r a c t i o n s  c a n  b e  h e l d  f o r  a  v e r y  l o n g  t i m e  a t  t e n s i o n s  o f  

l e s s  t h a n  a b o u t  1 5 %  M V C ,  a n d  a t  t h o s e  t e n s i o n s  t h e y  h a v e  b e e n  c o n s i d e r e d  

e s s e n t i a l l y  i n d e f a t i g u a b l e .  B u t  a t  a  t e n s i o n  o f  2 0 %  M V C  f a t i g u e  o c c u r s ,  

u s u a l l y  i n  a b o u t  1 0  m i n u t e s .  A s  t h e  t e n s i o n  i s  i n c r e a s e d ,  f a t i g u e  o c c u r s  

m o r e  q u i c k l y  s o  t h a t  a t  5 0 %  M V C  t h e  e n d u r a n c e  t i m e  i s  o f  t h e  o r d e r  o f  o n e  

m i n u t e  a n d  a t  7 0 %  M V C  i t  i s  o n l y  a b o u t  3 5  s e c o n d s .  T h e  r e l a t i o n s h i p  

b e t w e e n  t e n s i o n  a n d  e n d u r a n c e  i s  c u r v i l i n e a r  a n d  w a s  f i r s t  d e s c r i b e d  b y  

M o n o d  a n d  S c h e r r e r  ( 1 9 5 7 )  a n d  R o h m e r t  ( 1 9 6 0 ) .  O b v i o u s  q u e s t i o n s  t h a t  a r i s e  

a r e  w h y  d o  i s o m e t r i c  c o n t r a c t i o n s  f a t i g u e  a t  a l l  a t  s u c h  l o w  t e n s i o n s ,  a n d  

s o  q u i c k l y  a t  h i g h  t e n s i o n s ?  T h e  a n s w e r  i s  g e n e r a l l y  t h o u g h t  t o  l i e  i n  t h e  

v i e w  p u t  f o r w a r d  f i r s t  b y  G a s k e l l  i n  1 8 8 0  t h a t  w h i l e  a c t i v e  m u s c l e s  r e l e a s e  

d i l a t o r  s u b s t a n c e ( s )  t o  i n c r e a s e  t h e  l o c a l  b l o o d  f l o w ,  t h a t  i n c r e a s e  i s  

o p p o s e d  b y  a  m e c h a n i c a l  c o m p r e s s i o n  o f  t h e  v e s s e l s  b y  t h e  c o n t r a c t i n g  

s k e l e t a l  m u s c l e .  I n  s u s t a i n e d  i s o m e t r i c  e x e r c i s e  t h e  m e c h a n i c a l  

c o m p r e s s i o n  i s  u n r e m i t t i n g ,  r e s u l t i n g  i n  a  c o n s t a n t  t h r o t t l i n g  e f f e c t  o n  

t h e  l o c a l  b l o o d  f l o w .  T h e  m a t t e r  t h e n  d e p e n d s  o n  t h e  b a l a n c e  b e t w e e n  t h e  

s u p p l y  o f  o x y g e n  a n d  f o o d s t u f f s  ( o r  t h e  r e m o v a l  o f  t h e  u n w a n t e d
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m e t a b o l i t e s )  a n d  t h e  m e t a b o l i c  d e m a n d  o f  t h e  a c t i v e  m u s c l e s .  F a t i g u e  w o u l d  

t h e n  b e  r e g a r d e d  a s  a  b i o c h e m i c a l  e v e n t ,  a s  w a s  p r o p o s e d  b y  M e r t o n  ( 1 9 5 4 )  

w h o  p r o d u c e d  e v i d e n c e  t o  e x c l u d e  f a i l u r e  o f  n e u r o m u s c u l a r  t r a n s m i s s i o n  a s  

t h e  c o u r s e  o f  f a t i g u e .  T h e  n e u r o m u s c u l a r  j u n c t i o n  h a s  b e e n  c o n s i d e r e d  

t r a d i t i o n a l l y  a s  t h e  w e a k  l i n k  i n  t h e  c h a i n  o f  c o n t i n u e d  m u s c u l a r  f u n c t i o n  

a l t h o u g h  c e n t r a l  n e r v o u s  f a i l u r e  h a d  a l s o  b e e n  c o n s i d e r e d  a s  a  c o n t r i b u t o r ;  

h o w e v e r  m u c h  o f  t h a t  r e a s o n i n g  h a d  c o m e  f r o m  a n i m a l  e x p e r i m e n t s  w h e r e  t h e  

f r e q u e n c y  o f  s t i m u l a t i o n  w a s  h i g h  e n o u g h  t o  c a u s e  n o  g r e a t  s u r p r i s e  i n  t h e  

c o n c l u s i o n  t h a t  t r a n s m i s s i o n  f a i l u r e  w a s  t h e  c u l p r i t  i n  f a t i g u e .  M o r e  

r e c e n t l y ,  S t e p h e n s  a n d  T a y l o r  ( 1 9 7 2 )  c o n c l u d e d  t h a t  a t  h i g h  t e n s i o n s ,  t h e  

f a u l t  l i e  i n  t h e  n e u r o m u s c u l a r  j u n c t i o n  b u t  a t  l o w e r  t e n s i o n s ,  f a i l u r e  o f  

t h e  c o n t r a c t i l e  e l e m e n t s  s h a r e d  r e s p o n s i b i l i t y .  L i n d  a n d  P e t r o f s k y  ( 1 9 7 9 )  

f o u n d  t h a t  h a r d  t o  j u s t i f y  a n d  s u g g e s t e d  t h a t  t h e  m e t h o d  o f  

e l e c t r o m y o g r a p h y  u s e d  i n  s u c h  e x p e r i m e n t s  i s  i m p e r f e c t  i f  t r a d i t i o n a l  

i n t e r p r e t a t i o n s  a r e  a p p l i e d .  H o w e v e r ,  t h e  p r o b a b i l i t y  i s  t h a t  f a t i g u e  h a s  

d i f f e r e n t  c a u s e s  d e p e n d i n g  o n  t h e  t e n s i o n  e x e r t e d  a n d  t h e  p r o p o r t i o n s  o f  

d i f f e r e n t  t y p e s  o f  m o t o r  u n i t  i n  t h e  a c t i v e  m u s c l e s .
I t  i s  n o t  p o s s i b l e  t o  d e a l  h e r e  w i t h  a l l  a s p e c t s  o f  t h e  p h y s i o l o g i c a l  

r e s p o n s e s  t o  i s o m e t r i c  e x e r c i s e ,  a n d  t h e  r e m a i n d e r  o f  m y  c o n t r i b u t i o n  

a d d r e s s e s  i t s e l f  t o  t h e  d e s c r i p t i o n  o f  c a r d i o v a s c u l a r  r e s p o n s e s  t o  

i s o m e t r i c  e x e r c i s e  a n d  t o  t h e  m e c h a n i s m s  t h a t  m a y  c o n t r o l  t h o s e  r e s p o n s e s .
T h e  b l o o d  f l o w  t h r o u g h  t h e  c a l f  m u s c l e s  i s  c o m p l e t e l y  o c c l u d e d  a t  a  

t e n s i o n  o f  2 0 %  M V C  ( B a r c r o f t  a n d  M i l l  e n ,  1 9 3 9 ) ,  a n d  i n  t h e  q u a d r i c e p s  a t  

a b o u t  t h e  s a m e  c o m p a r a t i v e  t e n s i o n  ( E d w a r d s  e t  a l ,  1 9 7 2 ) .  B a r c r o f t  t h o u g h t  

t h a t  t h i s  w a s  m o s t  l i k e l y  t o  b e  c a u s e d  b y  t h e  " n i p p i n g "  o f  a  l a r g e  a r t e r i a l  

v e s s e l .  B u t  i n  t h e  f o r e a r m ,  t h e  b l o o d  f l o w  i s  n o t  o c c l u d e d  u n t i l  t h e  

t e n s i o n  r e a c h e s  a b o u t  6 0 %  ( H u m p h r e y s  a n d  L i n d ,  1 9 6 3 ;  L i n d  a n d  W i l l i a m s ,  

1 9 7 9 ) .  A t  l o w e r  t e n s i o n s  t h e  b l o o d  f l o w  c a n  r e a c h  q u i t e  h i g h  v a l u e s  d r i v e n  

i n  p a r t  b y  a  l a r g e  i n c r e a s e  i n  m e a n  a r t e r i a l  b l o o d  p r e s s u r e  ( s e e  b e l o w ) .  

T h e  w i d e l y  d i f f e r e n t  t e n s i o n s  n e e d e d  t o  o c c l u d e  l o c a l  b l o o d  f l o w s  i n  

d i f f e r e n t  m u s c l e s  p r e s u m a b l y  r e f l e c t  v a r i a t i o n s  i n  a n a t o m i c a l  a r r a n g e m e n t s  

i n  t h e  l i m b s  c o n c e r n e d .  W h i l e  t h e r e  i s  n o  e v i d e n c e  t o  s h o w  w h e r e  t h e  

o c c l u s i o n  o c c u r s ,  t h e  l a w  o f  L a p l a c e  m a k e s  i t  m o s t  l i k e l y  t o  o c c u r  i n  

r e l a t i v e l y  l a r g e  v e s s e l s .  T h e  a m o u n t  o f  b l o o d  f l o w  t h r o u g h  t h e  m u s c l e s  a t  

a n y  g i v e n  t e n s i o n  i s  i n f l u e n c e d  b y  t h e  l o c a l  v a s o d i l a t a t i o n  a n d  t h e  

i n c r e a s e d  p e r f u s i o n  p r e s s u r e ,  b o t h  o f  w h i c h  i n c r e a s e  t h e  b l o o d  f l o w ,  a n d  

t h e  c o m p r e s s i v e  f o r c e  w h i c h  o p p o s e  t h a t  i n c r e a s e .  I n  a d d i t i o n ,  t h e r e  i s  

e v i d e n c e  t o  s h o w  t h a t  i n  a t  l e a s t  s o m e  c i r c u m s t a n c e s ,  t h e r e  i s  a  

s y m p a t h e t i c  n e u r a l  v a s o c o n s t r i c t i o n ,  i n d u c e d  a s  a  s o m a t o m o t o r  r e f l e x  ( L i n d  

a n d  W i l l i a m s ,  1 9 7 9 ) .  G e n e r a l l y ,  i n  a n  a c t i v e  m u s c l e ,  t h a t  n e u r a l  

v a s o c o n s t r i c t i o n  i s  i n h i b i t e d  b y  s u b s t a n c e s  r e l e a s e d  f r o m  t h e  a c t i v e  

m u s c l e  ( S h e p h e r d  a n d  V a n h o u t t e ,  1 9 7 9 )  b u t  i n  s o m e  c o n d i t i o n s  i t  a p p e a r s  

t h a t  t h e  n e u r a l  c o n t r o l ,  p r e s u m a b l y  o f  l a r g e r  a r t e r i o l e s  u p s t r e a m ,  e s c a p e  

t h e  i n f l u e n c e  o f  t h a t  i n h i b i t i o n  ( L i n d  a n d  W i l l i a m s ,  1 9 7 9 ) .
G i v e n  t h e s e  f a c t s  w e  w e r e  l e f t  w i t h  t h e  f o l l o w i n g  i n t e r p r e t a t i o n :  1 )  

t h e  i n c r e a s e  i n  t h e  h e a r t  r a t e  w a s  s o l e l y  r e s p o n s i b l e  f o r  t h e  i n c r e a s e  i n  

c a r d i a c  o u t p u t  2 )  b e c a u s e  t h e  p e r i p h e r a l  r e s i s t a n c e  d i d  n o t  c h a n g e ,  t h e  

i n c r e a s e  i n  c a r d i a c  o u t p u t  w a s  a t  l e a s t  p a r t l y  r e s p o n s i b l e  f o r  t h e  i n c r e a s e  

i n  m e a n  b l o o d  p r e s s u r e  3 )  b e c a u s e  t h e  b l o o d  f l o w  i n  i n a c t i v e  l i m b s  a n d  t h e  

h e p a t i c  a n d  r e n a l  v a s c u l a r  b e d s ,  e v e n  i n  t h e  f a c e  o f  a  r a p i d l y  i n c r e a s i n g  

p e r f u s i o n  p r e s s u r e ,  t h e r e  m u s t  b e  a  w i d e s p r e a d  s y m p a t h e t i c  

v a s o c o n s t r i c t i o n ,  a d j u s t i n g  i n  i n t e n s i t y  t o  k e e p  t h e  b l o o d  f l o w  c o n s t a n t  i n  

t h e  i n a c t i v e  t i s s u e s ,  a n d  a i d i n g  t h e  b l o o d  p r e s s u r e  r e s p o n s e .
T h e  d r a m a t i c  p r e s s o r  r e s p o n s e s  d e m a n d e d ,  a n d  r e c e i v e d ,  m u c h  

a t t e n t i o n .  T h e  n e x t  q u e s t i o n  i s ,  o f  c o u r s e ,  w h a t  m e c h a n i s m s  a r e  i n v o l v e d ?  

T h r e e  m a i n  p o s s i b i l i t i e s  h a d  t o  b e  c o n s i d e r e d .  F i r s t ,  t h e  c a r d i o v a s c u l a r
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r e s p o n s e  c o u l d  b e  d u e  t o  a  r e f l e x ,  i n  w h i c h  c a s e  i t  h a d  t o  b e  e v o k e d  f r o m  

t h e  a c t i v e  m u s c l e s  o r  f r o m  t h e  a c t i v e  l i m b s .  S e c o n d ,  i t  c o u l d  b e  d u e  t o  

c i r c u l a t i n g  h o r m o n e s :  t h i s  w a s  c o n s i d e r e d  l e s s  l i k e l y  b e c a u s e  o f  t h e  

r a p i d i t y  o f  o n s e t  o f  t h e  r e s p o n s e  w i t h  t h e  c o n t r a c t i o n  a n d  i t s  r e d u c t i o n  

a f t e r  t h e  c o n t r a c t i o n  w a s  r e l e a s e d .  T h i r d ,  i t  c o u l d  b e  d u e  t o  " c e n t r a l  

n e r v o u s  d r i v e " ,  a  d i f f i c u l t  f a c t o r  t o  i n v e s t i g a t e .

T h e  f i r s t  p o s s i b i l i t y  t o  b e  e x a m i n e d  w a s  t h a t  t h e  r e s p o n s e s  w e r e  

a t t r i b u t a b l e  t o  a  r e f l e x .  P e r f o r m i n g  t h e  c o n t r a c t i o n s  i n  t h e  p r e s e n c e  o f  

c i r c u l a t o r y  a r r e s t  t o  t h e  a c t i v e  m u s c l e s  s h o w e d  t h a t  t h e  b l o o d  p r e s s u r e  a n d  

h e a r t  r a t e  i n c r e a s e d  a s  w h e n  t h e  c i r c u l a t i o n  w a s  i n t a c t ,  b u t  m o r e  r a p i d l y  

p r e s u m a b l y  b e c a u s e  f a t i g u e  o c c u r r e d  f a s t e r  i n  t h e  a b s e n c e  o f  b l o o d  f l o w .  

T h e  n e x t  s t e p  w a s  t o  d o  t h e  s a m e  e x p e r i m e n t  b u t  t o  m a i n t a i n  t h e  c i r c u l a t o r y  

o c c l u s i o n  a f t e r  t h e  c o n t r a c t i o n  w a s  r e l e a s e d .  T h e  o c c l u s i o n  w a s  b e g u n  3  

m i n u t e s  b e f o r e  t h e  c o n t r a c t i o n  a n d  w a s  m a i n t a i n e d  t h r o u g h o u t  a n d  f o r  3  

m i n u t e s  a f t e r  t h e  c o n t r a c t i o n  e n d e d .  O c c l u s i o n  d i d  n o t  a f f e c t  r e s t i n g  

l e v e l s  o f  h e a r t  r a t e  o r  b l o o d  p r e s s u r e .  D u r i n g  t h e  c o n t r a c t i o n ,  w h i c h  w a s  

n o t  h e l d  t o  f a t i g u e ,  t h e  b l o o d  p r e s s u r e  a n d  h e a r t  r a t e  i n c r e a s e d  i n  t h e  

f a m i l i a r  m a n n e r .  A f t e r  r e l e a s e  o f  t h e  c o n t r a c t i o n  t h e  b l o o d  p r e s s u r e  f e l l  

b y  s o m e  1 0  m m  H g ,  a n d  r e m a i n e d  s t e a d y  a t  t h a t  h i g h  l e v e l  u n t i l  t h e  

c i r c u l a t i o n  w a s  r e s t o r e d ,  w h e n  i t  r e t u r n e d  r a p i d l y  t o  i t s  r e s t i n g  v a l u e .  

I n  c o n t r a s t ,  t h e  h e a r t  r a t e  r e t u r n e d  t o  i t s  r e s t i n g  l e v e l  a s  s o o n  a s  t h e  

c o n t r a c t i o n  w a s  r e l e a s e d .  S o  f a r  a s  t h e  b l o o d  p r e s s u r e  i s  c o n c e r n e d ,  t h i s  

s e e m e d  c l e a r  d e d u c t i v e  e v i d e n c e  t h a t  t h e  p r e s s o r  r e s p o n s e  w a s  n o t  c a u s e d  b y  

t h e  r e l e a s e  i n t o  t h e  s y s t e m i c  c i r c u l a t i o n  o f  a  p r e s s o r  a g e n t  f r o m  t h e  

a c t i v e  m u s c l e s ,  o r  o f  t h e  s i g n i f i c a n t  e f f e c t  o f  c i r c u l a t i n g  h o r m o n e s  f r o m  

t h e  a d r e n a l  g l a n d s .  I n s t e a d  i t  p o i n t e d  d i r e c t l y  t o  t h e  p r o b a b i l i t y  o f  a  

r e f l e x  o r i g i n a t i n g  i n  t h e  a c t i v e  m u s c l e .  T h e  r e f l e x  w a s  n o t  r e l a t e d  t o  t h e  

t e n s i o n  g e n e r a t e d  b y  t h e  m u s c l e .  T h e r e f o r e  i t  i s  m o s t  l i k e l y  t o  b e  a  

c h e m i c a l l y  d r i v e n  r e f l e x .  E x a m i n a t i o n  o f  t h e  v e n o u s  e f f l u e n t  f r o m  t h e  

a c t i v e  m u s c l e s  s h o w e d  t h a t  o n l y  o n e  o f  t h e  f a c t o r s  w e  m e a s u r e d  b e h a v e d  i n  

t h e  s a m e  t e m p o r a l  s e q u e n c e  a s  t h e  b l o o d  p r e s s u r e ,  a n d  t h a t  w a s  p o t a s s i u m  

w h i c h  i n c r e a s e d  t o  a s  m u c h  a s  7  m e q u i v . L . m i n  .  S u b s e q u e n t  m e a s u r e m e n t  b y  

H n i k  ( 1 9 7 6 )  o f  p o t a s s i u m  c o n c e n t r a t i o n s  i n  t h e  i n t e r s t i t i a l  s p a c e  o f  

c o n t r a c t i n g  a n i m a l  m u s c l e s  s h o w  t h a t _ £ h e  v a l u e  c a n  r e a c h  a n d  c a n  p r o b a b l y  

e x c e e d  1 2  m  .  e q u i v a l e n t s  .  l i t e r  .  H o w e v e r ,  i n  H n i k ' s  e x p e r i m e n t s ,  

o c c l u s i o n  o f  t h e  c i r c u l a t i o n  a f t e r  2 0  s e c  c o n t r a c t i o n s  l e d  t o  t h e  p o t a s s i u m  

r e t u r n i n g  f r o m  t h e  i n t e r s t i t i a l  s p a c e  t o  t h e  m u s c l e  i n  a b o u t  o n e  m i n u t e ,  

t h e r e b y  c a s t i n g  r e a l  d o u b t  o n  t h e  p o s s i b i l i t y  t h a t  p o t a s s i u m ,  a t  l e a s t  b y  

i t s e l f ,  i s  t h e  a g e n t  r e s p o n s i b l e  f o r  d r i v i n g  t h e  a f f e r e n t  l i m b  o f  t h e  

r e f l e x .

W e  h a d  t h e  o p p o r t u n i t y  t o  s t u d y  a  p a t i e n t  w i t h  s y r i n g o m y e l i a  ( L i n d  e t  

a l ,  1 9 6 8 ) .  H e  h a d  c o m p l e t e  l o s s  o f  p a i n  a n d  t e m p e r a t u r e  s e n s a t i o n  i n  o n e  

a r m  w h i l e  t h o s e  s e n s a t i o n s  w e r e  a l m o s t  u n a f f e c t e d  i n  t h e  o t h e r  a r m .  T h e  

s y m p a t h e t i c  n e r v o u s  s y s t e m  s e e m e d  u n i m p a i r e d  i n  e i t h e r  a r m .  A  s u s t a i n e d  

h a n d - g r i p  c o n t r a c t i o n  o f  h i s  a f f e c t e d  a r m  e v o k e d  t h e  n o r m a l  p a t t e r n  o f  

r e s p o n s e  o f  b l o o d  p r e s s u r e  a n d  h e a r t  r a t e .  I n  c o n t r a s t ,  t h e  p r e s s o r  

r e s p o n s e  w a s  a b s e n t  w h e n  t h e  a f f e c t e d  a r m  c o n t r a c t e d ,  b u t  i n t e r e s t i n g l y ,  a t  

l e a s t  a  p o r t i o n  o f  t h e  n o r m a l  h e a r t  r a t e  r e s p o n s e  d e v e l o p e d .
T h e s e  f i n d i n g s  r e i n f o r c e d  o u r  v i e w  t h a t  t h e  p r e s s o r  r e s p o n s e  w a s  

r e f l e x ,  d r i v e n  b . y  a  c h e m i c a l  s t i m u l u s  i n  t h e  m u s c l e  a n d  w e  p o s t u l a t e d  t h a t  

t h e  a f f e r e n t  a r m  m a y  b e  t h r o u g h  s o m e  o f  t h e  m a n y  s m a l l  f i b e r s  t h a t  H n i k  h a d  

s h o w n  t o  e x i s t  i n  t h e  i n t e r s t i t i a l  s p a c e s  o f  m u s c l e  a n d  t o  w h i c h  n o  

f u n c t i o n  h a s  b e e n  a l l o c a t e d .  A s  a  r i d e r ,  w e  d i d  n o t  t h i n k  t h a t  a l l  t h e  

p r e s s o r  r e s p o n s e  w a s  n e c e s s a r i l y  d u e  t o  a  r e f l e x  a n d  t h a t  t h e  f a l l  o f  b l o o d  

p r e s s u r e ,  b y  1 0 - 2 0  m m  H g ,  s e e n  o n  r e l e a s e  o f  a  c o n t r a c t i o n  o f  a n  o c c l u d e d  

a r m  c o u l d  w e l l  b e  d u e  t o  " c e n t r a l  n e r v o u s  d r i v e "  o r  t o  a n  i n c r e a s e  i n
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t h o r a c i c  p r e s s u r e  b y  c h e s t  f i x a t i o n  a n d  b r e a t h h o l d i n g .  B u t  t h e  b u l k  o f  t h e  

r e s p o n s e  s e e m e d  t o  b e  d u e  t o  a  r e f l e x .
S h o r t l y  t h e r e a f t e r ,  f i r s t  C o o t e  a n d  h i s  c o l l e a g u e s  ( 1 9 7 1 )  a n d  t h e n  

M c C l o s k e y  a n d  M i t c h e l l  ( 1 9 7 2 )  s h o w e d  i n  a n i m a l  e x p e r i m e n t s  t h a t  a  m a j o r  

p o r t i o n  o f  t h e  p r e s s o r  r e s p o n s e  i s  i n d e e d  r e f l e x .  A f t e r  e l i c i t i n g  a  

p r e s s o r  r e s p o n s e  f r o m  t h e  i n t a c t  m u s c l e s ,  t h e  d o r s a l  r o o t s  w e r e  c u t ,  

f o l l o w i n g  w h i c h  t h e  r e s p o n s e  w a s  a b o l i s h e d .  M c C l o s k e y  a n d  M i t c h e l l  

s e l e c t i v e l y  b l o c k e d  l a r g e  a n d  s m a l l  a f f e r e n t  n e r v e s  i n  t h e  d o r s a l  r o o t s  a n d  

w e r e  a b l e  t o  s h o w  t h a t  t h e  t r a f f i c  r e l e v a n t  t o  t h e  p r e s s o r  r e s p o n s e  w a s  

c a r r i e d  i n  t h e  s m a l l  n e r v e s ,  t y p e s  I I I  a n d  I V .
W e  a r e  t h e r e b y  q u i t e  s e c u r e  t h a t  t h e  b u l k  o f  t h e  p r e s s o r  r e s p o n s e  i s  

r e f l e x  a n d  t h a t  w e  c a n  i d e n t i f y  t h e  a f f e r e n t  n e r v e s  t h a t  a r e  r e s p o n s i b l e .  

T h e  e f f e r e n t  l i m b  o f  t h e  a r c  m u s t  b e  s y m p a t h e t i c .  W e  s t i l l  d o  n o t  k n o w  w h a t  

a g e n t  o r  a g e n t s  a r e  r e s p o n s i b l e  f o r  g e n e r a t i n g  t h e  a f f e r e n t  t r a f f i c .
I t  s e e m s  c l e a r  t h a t  t h e  h e a r t  r a t e  i s  d r i v e n  b y  a  d i f f e r e n t  m e c h a n i s m .  

T h e  r e s u l t s  f r o m  t h e  o c c l u s i o n  e x p e r i m e n t s  ( L i n d  e t  a l ,  1 9 6 6 )  a n d  f r o m  t h e  

p a t i e n t  w i t h  s y r i n g o m y e l i a  ( L i n d  e t  a l ,  1 9 6 8 )  m a k e  t h a t  c l e a r .  A l s o ,  w e  

h a v e  b e e n  a b l e  t o  s h o w  t h a t  w h i l e  t h e  a b s o l u t e  l e v e l  o f  b l o o d  p r e s s u r e  

r e a c h e d  a t  t h e  p o i n t  o f  i s o m e t r i c  f a t i g u e  i s  t h e  s a m e  i r r e s p e c t i v e  o f  t h e  

t e n s i o n  e x e r t e d ,  t h e  h e a r t  r a t e  r e a c h e s  h i g h e r  a b s o l u t e  v a l u e s  a s  t h e  

t e n s i o n  i n c r e a s e s  ( F u n d e r b u r k  e t  a l ,  1 9 7 4 ) .  T h e  i n f e r e n c e  i s  t h a t  t h e r e  

m a y  b e  a  p e r i p h e r a l  c o m p o n e n t  i n v o l v e d  i n  t h e  i n c r e a s e  o f  t h e  h e a r t  r a t e .  

I f  t h a t  i s  s o ,  b e c a u s e  i t  i s  n o t  a f f e c t e d  b y  o c c l u s i o n ,  t h e  h e a r t  r a t e  

r e s p o n s e  m a y  d e p e n d  o n  s o m e  m e c h a n i c a l  r e c e p t o r .  T h i s  e x p l a n a t i o n  d o e s  n o t  

s a t i s f y  a l l  t h e  c i r c u m s t a n c e s  b e c a u s e  t h e  h e a r t  r a t e  r i s e s  t h r o u g h o u t  t h e  

c o n t r a c t i o n  w h e r e a s  t h e  s t i m u l a t i o n  o f ,  f o r  e x a m p l e ,  t e n d o n  o r g a n s  m u s t  b e  

p r e s u m e d  t o  b e  r e l a t i v e l y  c o n s t a n t  d u r i n g  s u s t a i n e d  c o n t r a c t i o n s  w h e n  t h e  

t e n s i o n  e x e r t e d  i s  c o n s t a n t .
I t  i s  a l w a y s  d i f f i c u l t  t o  p r o v e  o r  d i s p r o v e  t h e  s u g g e s t i o n  t h a t  

" c e n t r a l  n e r v o u s  d r i v e "  m a y  p l a y  a  p a r t  i n  s p e c i f i c  p h y s i o l o g i c a l  r e s p o n s e s  

t o  a  s t i m u l u s .  I t  i s  e v e n  m o r e  d i f f i c u l t  t o  q u a n t i t a t e  i t .  I t  s e e m s  f r o m  

o u r  r e s u l t s  f r o m  t h e  p a t i e n t  w i t h  s y r i n g o m y e l i a  t h a t  t h e  a b s e n c e  o f  a  

p r e s s o r  r e s p o n s e  w h e n  h i s  " a f f e c t e d "  a r m  c o n t r a c t e d  s t r o n g l y  s u g g e s t e d  

t h a t  " c e n t r a l  n e r v o u s  d r i v e "  p l a y s  n o  p a r t  i n  t h e  p r e s s o r  r e s p o n s e .  B u t  i t  

i s  a l w a y s  d i f f i c u l t  t o  b e  c e r t a i n  t h a t  r e s u l t s  f r o m  a  p a t i e n t  w i t h  d i s e a s e  

c a n  b e  c e r t a i n  t o  p r o v i d e  n o r m a l  p h y s i o l o g i c a l  r e s p o n s e s .  O t h e r  i n g e n i o u s  

e x p e r i m e n t s  o n  m a n  h a v e  b e e n  p e r f o r m e d  t o  i n v e s t i g a t e  t h e  p r o b l e m .  

F r e y s c h u s s  ( 1 9 7 0 )  r e c o r d e d  p r e s s o r  r e s p o n s e s  f r o m  a m p u t e e s  w h o  m a d e  a  

c o n t r a c t i o n  f r o m  a n  e x i s t i n g  l i m b  a n d  w e r e  t h e n  i n v i t e d  t o  a t t e m p t  t o  

c o n t r a c t  t h e  m i s s i n g  l i m b  t o  t h e  s a m e  e x t e n t .  T h e  c r i t i c i s m  o f  t h i s  

f i n d i n g  i s  t h a t  n o  s t e p s  w e r e  t a k e n  t o  e n s u r e  t h a t  s o m e  r e a l  m u s c l e s  d i d  

n o t  c o n t r a c t  w h e n  t h e  a m p u t e e  e n v i s i o n e d  c o n t r a c t i o n  o f  h i s  a b s e n t  l i m b .  

T h e  m a t t e r  i s  n o t  a  l i g h t  c r i t i c i s m  b e c a u s e  c o n t r a c t i o n  o f  a  v e r y  s m a l l  

m u s c l e  m a s s  ( e . g .  a d d u c t i o n  o f  t h e  l i t t l e  f i n g e r )  i n d u c e  t h e  p r e s s o r  

r e s p o n s e  ( L i n d  e t  a l ,  1 9 6 6 ;  M c C l o s k e y  a n d  S t r e a t f e i l d ,  1 9 7 5 ) .  F u r t h e r m o r e  

t h e  d u r a t i o n  o f  t h e  c o n t r a c t i o n s ,  r e a l  o r  i m a g i n a r y ,  w e r e  v e r y  b r i e f  a n d  

e l i c i t e d  a  p r e s s o r  r e s p o n s e  w h i c h  w a s  n o t  d r a m a t i c  i n  d i m e n s i o n .  M o r e  

r e c e n t l y ,  G o o d w i n  a n d  o t h e r s  ( 1 9 7 2 )  h a v e  s h o w n  t h a t  t h e  c a r d i o v a s c u l a r  

r e p o n s e s  t o  i s o m e t r i c  e x e r c i s e  c a n  b e  e n h a n c e d  o r  a t t e n u a t e d  t o  s o m e  d e g r e e  

b y  r e d u c i n g  o r  r a i s i n g  t h e  l e v e l  o f  " c e n t r a l  c o m m a n d "  b y  v i b r a t i n g  t h e  

t e n d o n s  o f  t h e  a g o n i s t  o r  a n t a g o n i s t  m u s c l e s  o f  t h e  a r m .  T h e  a l t e r a t i o n s  

i n  h e a r t  r a t e  a n d  b l o o d  p r e s s u r e  r e s p o n s e s  w e r e  n o t  l a r g e  b u t  d o  i n d i c a t e  

t h e  p o s s i b i l i t y  t h a t  a  c e n t r a l  c o m p o n e n t  e x i s t s  f o r  b o t h .
O b v i o u s l y ,  m u c h  m o r e  r e m a i n s  t o  b e  d o n e  t o  d e t e r m i n e  t h e  m e c h a n i s m s  

t h a t  c o n t r o l  t h e  c i r c u l a t o r y  r e s p o n s e s  t o  i s o m e t r i c  e x e r c i s e .  I f  I  h a d  t o
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p r o v i d e  a  b r i e f  r e p o r t  o f  t h e  g e n e r a l  s t a t e  o f  o u r  p r e s e n t  u n d e r s t a n d i n g  i t  

w o u l d  b e :  p r o m i s i n g ,  a f t e r  a  s l o w  s t a r t .

S o m e  o f  t h e  w o r k  r e p o r t e d  f r o m  t h e  a u t h o r ' s  l a b o r a t o r y  a n d  t r a v e l  

s u p p o r t  t o  t h i s  s y m p o s i u m  h a s  b e e n  p r o v i d e d  b y  U S  A i r  F o r c e  G r a n t  7 6 - 3 0 8 4  

a n d  U . S .  N a v y  G r a n t  N 0 0 0 1 4 - 7 7 - C - 0 6 4 0 .

REFERENCES

B a r c r o f t ,  H .  a n d  M i l l e n ,  J . L . E .  ( 1 9 3 9 ) .  T h e  b l o o d  f l o w  t h r o u g h  t h e  m u s c l e  

d u r i n g  s u s t a i n e d  c o n t r a c t i o n s .  J .  P h y s i o l ,  ( b o n d . )  9 7 _ :  1 7 - 2 9 ,

C o o t e ,  J . H . ,  H i l t o n ,  S . M . ,  P e r e z - G o n z a l e z ,  J . F .  ( 1 9 7 1 ) .  T h e  r e f l e x  n a t u r e  

o f  t h e  p r e s s o r  r e s p o n s e  t o  m u s c u l a r  e x e r c i s e .  J .  P h y s i o l ,  ( b o n d . ) ,  2 1 5 ,  

7 8 9 - 8 0 4 .

E d w a r d s ,  R . H . T . ,  H i l l ,  D . K .  a n d  M c D o n n e l ,  M .  ( 1 9 7 2 ) .  M y o t h e r m a l  a n d  

i n t r a m u s c u l a r  p r e s s u r e  m e a s u r e m e n t s  d u r i n g  i s o m e t r i c  c o n t r a c t i o n s  o f  t h e  

h u m a n  q u a d r e c e p s  m u s c l e .  J .  P h y s i o l ,  ( b o n d . )  2 2 4 ,  5 8 - 5 9 P .

E k l u n d ,  B . ,  K a i j s e r ,  L .  a n d  K n u t t s o n ,  E .  ( 1 9 7 4 ) .  B l o o d  f l o w  i n  r e s t i n g  

( c o n t r a l a t e r a l )  a r m  a n d  l e g  d u r i n g  i s o m e t r i c  c o n t r a c t i o n .  J .  P h y s i o l .  

( L o n d . ) ,  2 4 0 ,  1 1 1 - 1 2 2 .

F r e y s c h u s s ,  V .  ( 1 9 7 0 ) .  C a r d i o v a s c u l a r  a d j u s t m e n t  t o  s o m a t o m o t o r  

a c t i v a t i o n .  A c t a  p h y s i o l ,  s c a n d .  S u p p l .  3 4 2 .

F u n d e r b u r k ,  C . F . ,  H i p s k i n d ,  S . G . ,  W e l t o n ,  R . C .  a n d  L i n d ,  A . R .  ( 1 9 7 4 ) .  

D e v e l o p m e n t  o f  a  r e c o v e r y  f r o m  f a t i g u e  i n d u c e d  b y  s t a t i c  e f f o r t  a t  v a r i o u s  

t e n s i o n s .  J .  a p p l .  P h y s i o l .  3 7 _ ,  3 9 2 - 3 9 6 .

G a s k e l l ,  W . H .  ( 1 8 8 0 ) .  F u r t h e r  r e s e a r c h e s  o n  t h e  v a s o m o t o r  n e r v e s  o f  

o r d i n a r y  m u s c l e s .  J .  P h y s i o l .  ( L o n d . )  3 ^ ,  2 6 2 - 3 0 2 .

G o o d w i n ,  G . M . ,  M c C l o s k e y ,  D . I . ,  a n d  M i t c h e l l ,  J . H .  ( 1 9 7 2 ) .  C a r d i o v a s c u l a r  

a n d  r e s p i r a t o r y  r e s p o n s e s  t o  c h a n g e s  i n  c e n t r a l  c o m m a n d  d u r i n g  i s o m e t r i c  

e x e r c i s e  a t  c o n s t a n t  m u s c l e  t e n s i o n .  J .  P h y s i o l .  ( L o n d . )  2 2 6 ,  1 7 3 - 1 9 0 .

H u m p h r e y s ,  P . W . ,  a n d  L i n d ,  A . R .  ( 1 9 6 3 ) .  T h e  b l o o d  f l o w  t h r o u g h  a c t i v e  a n d  

i n a c t i v e  m u s c l e s  o f  t h e  f o r e a r m  d u r i n g  h a n d - g r i p  c o n t r a c t i o n s .  J .  P h y s i o l .  

1 6 6 ,  1 2 0 - 1 3 5 .

H n i k ,  P . ,  H o l a s ,  M . ,  K r e k u l e ,  I . ,  K r i z ,  N . ,  M e j s n a r ,  J . ,  S m i e s k o ,  V . ,  U j e c ,  

E . ,  a n d  V y s k o c i l ,  F .  ( 1 9 7 6 ) .  W o r k - i n d u c e d  p o t a s s i u m  c h a n g e s  i n  s k e l e t a l  

m u s c l e  a n d  e f f l u e n t  v e n o u s  b l o o d  a s s e s s e d  b y  l i q u i d  i o n - e x c h a n g e r  

m i c r o e l e c t r o d e s .  P f l ü g e r s  A r c h .  3 6 2 ,  8 5 - 9 4 .

K i l b o m ,  A .  a n d  B r u d i n .  ( 1 9 7 6 ) .  C i r c u l a t o r y  e f f e c t s  o f  i s o m e t r i c  m u s c l e  

c o n t r a c t i o n s  p e r f o r m e d  s e p a r a t e l y  a n d  i n  c o m b i n a t i o n  w i t h  d y n a m i c  e x e r c i s e .  

E u r .  J .  A p p l .  P h y s i o l .  3 6 ,  7 - 1 7 .

217



L i n d ,  A . R . ,  a n d  M c N i c o l ,  G . W .  ( 1 9 6 7 ) .  C i r c u l a t o r y  r e s p o n s e s  t o  s u s t a i n e d  

h a n d - g r i p  c o n t r a c t i o n s  p e r f o r m e d  d u r i n g  o t h e r  e x e r c i s e ,  b o t h  r h y t h m i c  a n d  

s t a t i c .  J .  P h y s i o l .  ( L o n d . )  1 9 2 ,  5 9 5 - 6 0 7 .

L i n d ,  A . R . ,  M c N i c o l ,  G . W . ,  B r u c e ,  R . A . ,  M a c D o n a l d ,  H . R . ,  a n d  D o n a l d ,  K . W .  

( 1 9 6 8 ) .  T h e  c a r d i o v a s c u l a r  r e s p o n s e s  t o  s u s t a i n e d  c o n t r a c t i o n s  o f  a  p a t i e n t  

w i t h  u n i l a t e r a l  s y r i n g o m y e l i a .  C l i n .  S e i .  35^ ,  4 5 - 5 3 ,

L i n d ,  A . R . ,  M c N i c o l ,  G . W . ,  a n d  D o n a l d ,  K . W .  ( 1 9 6 6 ) .  C i r c u l a t o r y  a d j u s t m e n t s  

t o  s u s t a i n e d  ( s t a t i c )  m u s c u l a r  a c t i v i t y .  P r o c .  S y m p o s .  P h y s i c a l  A c t i v i t y  i n  

H e a l t h  a n d  D i s e a s e .  O s l o :  U n i v e r s i t e t s - f o r l a g e t ,  p p .  3 9 - 6 3 .

L i n d ,  A . R . ,  a n d  P e t r o f s k y ,  J . S .  ( 1 9 7 9 ) .  T h e  a m p l i t u d e  o f  t h e  s u r f a c e  

e l e c t r o m y o g r a m  d u r i n g  f a t i g u i n g  i s o m e t r i c  c o n t r a c t i o n s .  M u s c l e  a n d  N e r v e ,  

2 ,  1 5 7 - 2 6 4 .

L i n d ,  A . R . ,  T a y l o r ,  S . H . ,  H u m p h r e y s ,  P . W . ,  K e n n e l l y ,  B . M . ,  a n d  D o n a l d ,  K . W .  

( 1 9 6 4 ) .  T h e  c i r c u l a t o r y  e f f e c t s  o f  s u s t a i n e d  v o l u n t a r y  m u s c l e  

c o n t r a c t i o n s .  C l i n .  S e i .  2 7 _ ,  2 2 9 - 2 4 4 .

L i n d ,  A . R . ,  a n d  W i l l i a m s ,  C . A .  ( 1 9 7 9 ) .  T h e  c o n t r o l  o f  b l o o d  f l o w  t h r o u g h  

h u m a n  f o r e a r m  m u s c l e s  f o l l o w i n g  b e i e f  i s o m e t r i c  c o n t r a c t i o n s .  J .  P h y s i o l .  

( L o n d . ) ,  2 8 8 ,  5 2 9 - 5 4 7 .

M c C l o s k e y ,  D . I .  a n d  M i t c h e l l ,  J . H .  ( 1 9 7 2 ) .  R e f l e x  c a r d i o v a s c u l a r  a n d  

r e s p i r a t o r y  r e s p o n s e s  o r i g i n a t i n g  i n  e x e r c i s i n g  m u s c l e .  J .  P h y s i o l .  

( L o n d . ) ,  2 4 4 ,  1 7 3 - 1 8 6 .

M c C l o s k e y ,  D . I . ,  a n d  S t r e a t f e i l d ,  K . A .  ( 1 9 7 5 ) .  M u s c u l a r  r e f l e x  s t i m u l i  t o  

t h e  c a r d i o v a s c u l a r  s y s t e m  d u r i n g  i s o m e t r i c  c o n t r a c t i o n s  o f  m u s c l e  g r o u p s  o f  

d i f f e r e n t  m a s s .  J .  P h y s i o l .  ( L o n d . )  2 5 0 ,  4 3 1 - 4 4 1 .

M e r t o n ,  P . A .  ( 1 9 5 4 ) .  V o l u n t a r y  s t r e n g t h  a n d  f a t i g u e .  J .  P h y s i o l .  ( L o n d . )  

1 2 3 ,  5 5 3 - 5 6 4 .

M o n o d ,  H .  a n d  S c h e r r e r ,  J .  ( 1 9 5 7 ) .  C a p a c i t e  d e  t r a v a i l  s t a t i q u e  d ' u n  g r o u p e  

m u s c u l a i r e  s y n e r g i q u e  c h e z  l ' h o m m e .  C . R .  S o c .  B i o l .  1 5 1 ,  1 3 5 8 - 1 3 6 9 .

R o h m e r t ,  W .  v o n .  ( 1 9 6 0 ) .  E r m i t t l u n g  v o n  E r h o l u n g s p a u s e n  f u r  s t a t i s c h e  

A r b e i t  d e s  M e n s c h e n .  I n t .  Z .  a n g e w  P h y s i o l .  l j b  1 2 3 - 1 6 4 .

S h e p h e r d ,  J . T .  a n d  V a n h o u t t e ,  P . M .  ( 1 9 7 9 ) .  T h e  H u m a n  C a r d i o v a s c u l a r  S y s t e m -  

F a c t s  a n d  C o n c e p t s .  R a v e n  P r e s s ,  N e w  Y o r k .  C h a p .  4 ,  p g .  9 1 - 1 0 6 .

S t e p h e n s ,  J . A .  a n d  T a y l o r ,  A .  ( 1 9 7 2 ) .  F a t i g u e  o f  m a i n t a i n e d  v o l u n t a r y  

m u s c l e  c o n t r a c t i o n  i n  m a n .  J .  P h y s i o l .  ( L o n d . ) ,  2 2 0 ,  1 - 1 8 .

218



A d v .  P h y s i o l .  S c i .  V o l .  1 8 .  E n v i r o n m e n t a l  P h y s i o l o g y  
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PERIPHERAL NEURAL CONTROL 
OF CARDIOVASCULAR AND RESPIRATORY 

RESPONSES TO ISOMETRIC EXERCISE
P. Hnik

I n s t i t u t e  o f  P h y s i o l o g y ,  C z e c h o s l o v a k  A c a d e m y  o f  S c i e n c e s ,  V i d e h s k á  1 0 8 3 ,  1 4 2  2 0  P r a g u e  4 - K r c ,
C z e c h o s l o v a k i a

It seems to be generally accepted that strong isometric 
contractions even of small muscle groups (e.g. the hand grip) 
evoke cardiovascular responses (CR) to muscle work. This has 
been shown by Lind and his collaborators (Lind et al, 1964, 
1966) during volitional isometric contractions in man and by 
Coote et al, (1971) in response to muscle stimulation in cats. 
The RR has mostly been studied under conditions of phasic 
(dynamic) rather than static (isometric) conditions (see e,g. 
Dojours 1 9 6 4 ). Since there is some controversy concerning CR 
and RR, the two sets of responses are first discussed sepa
rately.
1» Cardiovascular responses to muscle activity

a) The onset of the circulatory pressor response to iso
metric muscle contractions has been described by seve
ral authors as abrupt and has a latency of 1—2 s accord
ing to Krogh and Linhard (1913)» Asmussen and Nielsen 
(1 9 5 1 )» or even less (Petro, Hollander and Bouman 1970, 
Smith 1 9 7 4 , Borst et al. 1971).

b) This short latency of the response is mostly considered 
to mean that it is neurogenic in origin and that it is 
triggered by muscle afferents. Furthermore, occlusion 
of muscle circulation during muscle activity enhances 
the pressor response, indicating that metabolites re
leased into the circulation are not responsible for 
this reaction (Alam and Smirk 1938, Humphreys and Lind 
1 9 6 3 , Coote et al. 197l).

c) It has repeatedly been shown that stimulation of the 
central stump of a muscle nerve does not affect cardio
vascular functions until small afferents of group II 
and III (and possibly of group IV) are electrically 
stimulated (Laporte, Leitner and Pages 1962, Skoglund 
i9 6 0  and others).

d) The main difference between the effect of static and 
dynamic exercise upon cardiac functions as defined by 
Lind and McNicol (1 9 6 7 ) is that isometric contractions 
greatly increase blood pressure, while the heart rate
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and cardiac output are raised moderately. Rhythmical 
contractions, on the other hand, tend to efthance car
diac output, blood pressure exhibiting relatively small 
changes.

2. Respiratory responses to muscle activity
a) One of the first to point out the short latency of the 

ventilatory response to muscle activity were again 
Krogh and Linhard (1 9 1 3 ). The response to abrupt onset 
of work appears within 1-2 s, similarly as the cardio
vascular response. Xt was already pointed out by these 
authors that this early onset of the response may well 
be associated with irradiation of impulses from the 
brain into the respiratory centres and with conditioned 
reflex mechanisms.

b) The short latency of the respiratory response is con
sidered as evidence that the stimulus triggering these 
responses to work is neurogenic (e.g. Kao 19Ó3, Asmu- 
ssen and Nielsen 1964, Dejours 1964 and others) and 
arises in the working muscles. Dejours (1964) differen
tiates neurogenic control of the fast component and hu
moral (possibly combined with neural) control of the 
slow (late) component of the response.

c) There exists considerable controversy concerning the 
group of afferents mediating the stimulus which trig
gers the RR during exercise. The arguments speaking in 
favour of the hypothesis that it is muscle propriocep
tors which are involved has brought forth the following 
evidence : i. stimulation of low threshold muscle affe
rents is enough to induce respiratory changes in the 
cat (Bessou,Dejours, Laporte 1959), i.e. group I and II 
muscle afferents were probably involved, ii. Succinyl- 
choline, considered to stimulate muscle spindles speci
fically evoked a ventilatory response (Gautier, Lacai- 
sse and Dejours 1 9 6 9 ). iii. Passive muscle stretch was 
found by a number of authors to increase ventilation by 
a reflex mechanism (Harrison et al. 1932, Comroe and 
Schmidt 1 9 4 3 , Biscoe and Purves 1 9 6 7 ) and this was also 
the conclusion reached by Asmussen, Johansen, Jorgensen 
and Nielsen (1 9 6 3 ) in man. Passive muscle stretching, of 
limb muscles was also reported to affect the discharge 
rate of individual phrenic motoneurones (Pleschka et
al 1 9 7 0 ). These results, however, have not been univer
sally accepted.

Kao (1 9 6 3 ) reported, for example, that the reflex 
respiratory response in dogs could be elicited by 
muscle contraction and that muscles contain "ergorecep- 
tors" which are responsible for exercise hyperpnoea. 
Furthermore, Hodgson and Matthews (1 9 6 8 ) and McCloskey 
et al. (1 9 7 2 ), employing selective stimulation of la 
spindle terminals by vibration were able to show that 
respiratory (and cardiovascular) responses could not be 
evoked by this stimulation. And lastly, Kidd and Кибе- 
ra (1 9 6 9 ) demonstrated that succinylcholine does not
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only selectively stimulate spindle afferents, but also 
non—proprioceptive (NPN) free nerve endings in the 
muscle.

d)lt is apparent from this brief literary survey that 
while most of the results mentioned so far concerning 
the cardiovascular responses to muscle activity are in 
reasonable agreement, the respiratory neurogenic mecha
nism is still debatable. Xt is, however, necessary to 
bear in mind that the majority of experiments concern
ing the CR was performed under isometric conditions, 
those concerning RR were mostly contractions performed 
under dynamic conditions.

3. Increased sensory outflow from contracting muscles.
a) Direct evidence was presented in 1971 by Coote et al. 

that the CR and RR are caused by muscle contraction 
evoked by ventral root stimulation. The administration 
of gallamine, which abolished the contractions, or dor
sal root section, eliminated both the responses to sti
mulation of ventral roots.

b) Wo were able to show that even a 5-s isometric tetanus 
leads to increased sensory outflow from contracting 
muscles both in response to peripheral nerve stimulation 
or ventral root stimulation in the rat (Hnik et al.1 9 6 9 ).

c) This was subsequently confirmed by Hutton et al. (1973) 
in the cat who have designated the phenomenon postcon
traction sensory discharge (PCSD). However, the contro
versy as to the actual type of muscle afferents acti
vated still remains unresolved.

k. Type of muscle afferents involved in PCSD
a) Hutton et al. (1973) argue that PCSD is mainly caused 

by discharges in spindle afferents since, in their ex
periments, about 60$ of primary afferents exhibited an 
accelerated rate lasting for several minutes, even 
after a short tetanus. Furthermore, sudden stretching 
of the muscle during PCSD abolished this phenomenon.

b) In our experiments we also noted the effect which 
muscle stretch has on PCSD, but only about 10$ of axons 
from spindles exhibited increased rates of firing after 
ventral root stimulation. That most of the activity 
underlying PCSD is due to fusimotor activation of intra
fusal muscle fibres seems to have been well established 
by Perez—Gonzales and Coote (1972). These authors re
ported that invariably no increase in firing frequency 
could be obtained in spindle afferents until ventral 
roots were stimulated at intensities suprathreshold for 
gamma fibres and is not enhanced by circulatory occlu
sion. That PCSD is due to persisting contraction of 
intrafusal muscle fibres thus seems to be obvio\is. This 
phenomenon probably has a common (or similar) mechanism 
to "postexcitatory facilitation" described by Kuffler,
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Hunt and Quilliam (l95l) and perhaps to Kidd^ "per
sistent excitation" (Kidd 1964). This does not mean, 
however, that other smaller muscle afferents do not 
participate in this phenomenon, even though their con
tribution to the overall sensory activity in dorsal 
root filaments, in view of their small calibre, would 
be proportionally smaller as compared with the largest 
myelinated fibres.

c) We have some more evidence, though indirect, support
ing the contention that nonproprioceptive muscle affe
rents may be involved in PCSD, Firstly, we have shown 
that blockade of gamma fibres in the stimulated ventral 
root of the rat does indeed reduce the amplitude of 
PCSD, but does not eliminate it altogether (Hnik,Kuosa 
& Kick! 1 9 7 0 ). And secondly, on the model of muscles 
without spindles, containing only small myelinated 
(and unmyelinated) afferents terminating as free nerve 
endings, muscle stimulation via the ventral root showed 
a transient increase in sensory outflow from contract
ing muscles (Hnik et al. 1970).

It thus seems firmly established that muscle con
tractions, especially those evoked by electrical sti
mulation, cause a PCSD involving spindle activity.This 
might trigger respiratory responses, but from literary 
data spindle activity seems to be ineffective in me
diating cardiovascular responses to work. It is the 
small myelinated afferents (and perhaps also group IV 
fibres) which should be stimulated during muscle acti
vity. The evidence for their activation during muscle 
work is,so far, indirect.

5. Metabolic changes occurring in contracting muscles
It is hardly possible to enumerate all the metabolic 
changes occurring in the muscle during muscle contrac
tions. Mention will only be made here of the possible 
role of K+ in inducing repetitive activity in muscle 
afferents present in the muscle interstitial space.
Loss of К from working muscles has been repeatedly 
demonstrated by various authors (Fenn 1937, Kjellmer 
1 9 6 5 , Lind, McNicol and Donald 1 9 6 6 ).

a) Direct measurement of К
Using liquid ion-exchanger microelectrodes (Walker

1 9 7 1 ) with a side-pore (Vyskoöil and Кr£2 1972), we 
■were able to measure the time course of changes in 
extracellular K+ (K+ ) concentrations in the gastrocne
mius muscle of the r§bbit and cat (Hnik et al. 1976).
It %ra.s found that a 20-s isometric tetanus increased 
K+ from 5 mmol/l to 8-10 mmol/l. Furthermore, we 
employed these ion-selective microelectrodes £lSM| for 
measuring changes in venous effluent blood (K+ )from 
working muscles. The К lost from cat muscles äxH not 
depend upon the fact whether muscles were contracting 
under isometric or isotonic conditions.
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Although, there are other changes occurring in the 
interstitial space of working muscles which could, and 
probably do contribute, depolarize muscle afferonts 
(especially free nerve endings), besides К . But even 
the K+ changes probably occur sufficiently abruptly 
and ari of such magnitude to induce repetitive activi
ty in muscle afferents. It should also be stressed that 
the peak concentrations of К as measured by ISMs are 
probably somewhat underestimated and a certain time lag 
of the response due to diffusion is to be expected,

b) Intra-arterial infusions of K +
Xt has repeatedly been shown that intra-arterial 

infusions into the muscle vascular bed cause cardio
vascular pressor reflexes (Chernigovsky I960, Khayutin 
1 9 6 1 , Achar 1 9 6 8 , Vildenthal et al, 1 9 6 8 , Chernilovska- 
ya I9 6 9 , Liu et al. 1 9 6 9 ). Similar results have been 
reported for respiratory responses (Liu et al, 1 9 6 9 ). 
These results may also be considered as confirmatory 
evidence that К is capable of stimulating muscle affe
rents and inducing CRs and Hits.

We obtained direct evidence about the effect of K+ 
intra-arterial infusions upon the activity of myelina
ted muscle afferents belonging to different groups ac
cording to their conduction velocity. We found that it 
is possible to achieve repetitive activity in la, lb 
and NPN afferents when К is infused in such amounts 
which do not lead to highei' concentrations in venous 
effluent blood than correspond to those present under 
physiological conditions during muscle activity (i.o. 
8-10 minol/l). Taking into consideration the "unphysio- 
logically" large diffusion distances, the response 
from NPN afferents had a latency of about 15-30 s,while 
encapsulated receptors (spindle primerics and Golgi 
tendon organs) responded with a latency of 1.2-2.5 min 
after the onset of infusion. Repetitive activity in 
group XII fibres induced by К infusion is an exceptio
nal example when NPN discharges last fox.' such a long 
time (Hnik et al.1969).

c) Muscle chemoreceptors
Tlie existence of muscle chemoreceptors lias been 

suggested by a number of authors : Khayutin (1953) de
signated them as chemoreceptors, Ivao (1 9 6 3 ) as ergore- 
ceptors, Ramsay (1 9 6 )̂ as metaboreceptors, Coote et al.
(1971) metabolic receptors, Perez-Gonzalez and Coote
(1 9 7 2 ) exercise receptors. Our suggestion was to call 
them non-specific chemoreceptors (Hnik et al. 1 9 6 9 ) 
since, they do not behave as central chemoreceptors, 
although they respond to some metabolic changes in 
the muscle. However, they are apparently not responsi
ve to low PQ or high P .
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6 . Open questions and conclusions
In spite of the considerable effort devoted to the 
problem of peripheral neurogenic mechanisms triggering 
CRs and RRs during muscle exercise, there are a number 
of questions to be clarified.

a) Are CRs and RRs triggered by the same peripheral neu
ral mechanism ?

b) Why are static (isometric) contractions more effective 
than phasic (dynamic) contractions (at least as far as 
CRs are concerned), if both types of contraction induce 
analogous К changes in the muscle ?

c) What is the physiological role of spindle activation 
during and after muscle contractions ? Does this de
pend upon the gamma-loop and is it of significance for 
locomotion ? Spindle activation can hardly play a role 
in triggering CRs, and even their role in RR does not 
seem to be altogether convincing.

d) What is the basic difference between isometric (static) 
and isotonic (dynamic) type of contraction ? Do static 
contractions involve a change in sensitivity of NPN to 
K +  ?

e) How do muscle afferents affect the sympathetic output ? 
Via muscle spindles (and passive muscle stretcii, cf. 
Biscoe and Purves 1967) or via group III and IV (Coote 
and Porez-Gonzales 1970).
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S e r i e s  1 .  B l o o d  f l o w ,  v e n o u s  L A  c o n c e n t r a t i o n  a n d  p o t a s s i u m  

c o n c e n t r a t i o n  w e r e  m e a s u r e d  i n  t h e  S  a n d  M G  b e f o r e ,  a t  t h e  b e g i n n i n g ,  a n d  

t h e  e n d  ( f i r s t  a n d  l a s t  3 0  s e c ) ,  a n d  1 ,  3 ,  7  a n d  1 2  m i n  ( 3 0  s e c  s a m p l e s )  

f o l l o w i n g  i s o m e t r i c  c o n t r a c t i o n s  a t  t e n s i o n s  o f  1 0 ,  2 5 ,  5 0 ,  7 5  a n d  1 0 0 %  o f  

t h e  i n i t i a l  s t r e n g t h  o f  t h e  m u s c l e s  ( t e t a n t i c  t e n s i o n  o f  t h e  u n f a t i g u e d  

m u s c l e  d e t e r m i n e d  a t  t h e  b e g i n n i n g  o f  e a c h  e x p e r i m e n t ) .  I n  p r e v i o u s  

e x p e r i m e n t s ,  w e  h a v e  f o u n d  t h a t  t h e  c o n t r a c t i o n s  a t  1 0  a n d  2 5 %  o f  t h e  

i n i t i a l  s t r e n g t h  f o r  t h e  S ,  a n d  1 0 %  o f  t h e  i n i t i a l  s t r e n g t h  f o r  t h e  M G  w e r e  

n o n f a t i g u i n g  ( P e t r o f s k y  a n d  L i n d  1 9 7 9 ) .  T h e r e f o r e ,  w h i l e  a l l  o t h e r  

c o n t r a c t i o n s  w e r e  c a r r i e d  t o  f a t i g u e ,  t h e s e  n o n f a t i g u i n g  c o n t r a c t i o n s  w e r e  

o n l y  s u s t a i n e d  f o r  3  m i n .
S e r i e s  2 .  O x y g e n  u p t a k e ,  c a r b o n  d i o x i d e  p r o d u c t i o n  a n d  h y d r o g e n  i o n  

c o n c e n t r a t i o n s  w e r e  m e a s u r e d  f o r  t h e s e  t w o  t y p e s  o f  m u s c l e  d u r i n g  i s o m e t r i c  

e x e r c i s e .  T o  a c c o m p l i s h  t h i s ,  0 . 3 5  m l  b l o o d  s a m p l e s  w e r e  t a k e n  f r o m  v e i n s  

d r a i n i n g  t h e  m u s c l e  a t  r e s t ,  j u s t  p r i o r  t o  c o n t r a c t i o n ,  i n  t h e  f i r s t  a n d  

l a s t  h a l f  o f  t h e  c o n t r a c t i o n  ( f i r s t  a n d  l a s t  m i n ) ,  a n d  a t  1 ,  3 ,  7  a n d  1 2  

m i n  f o l l o w i n g  t h e  c o n t r a c t i o n .  A r t e r i a l  b l o o d  g a s e s  d i d  n o t  c h a n g e  d u r i n g  

i s o m e t r i c  c o n t r a c t i o n s  d u e  t o  t h e  s m a l l  m u s c l e  m a s s  i n v o l v e d .
S e r i e s  3 .  I n  t h i s  s e r i e s  o f  e x p e r i m e n t s  w e  d e t e r m i n e d  t h e  

c o n c e n t r a t i o n  o f  A T P , - P C ,  g l y c o g e n  a n d  L A  i n  t h e  m u s c l e  a t  r e s t  a n d  a t  t h e  

e n d  o f  a  f a t i g u i n g  i s o m e t r i c  c o n t r a c t i o n  a t  a  t e n s i o n  o f  e i t h e r  1 0 ,  2 5 ,  5 0 ,  

7 5  o r  1 0 0 %  o f  t h e  i n i t i a l  s t r e n g t h .  O n l y  o n e  c o n t r a c t i o n  w a s  p e r f o r m e d  o n  

a  g i v e n  m u s c l e .  J u s t  a t  t h e  p o i n t  o f  i s o m e t r i c  f a t i g u e ,  t h e  m u s c l e  b i o p s y  

w a s  t a k e n  a c r o s s  t h e  m i d d l e  o f  t h e  S  b e l l y  a n d  a c r o s s  t h e  p o r t i o n  o f  t h e
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Figure 1
The hlood flow In the soleus and nedl.il gastrocnemius muscles at 
rest (0% duration) during fatiguing and nonfatiguing Isometric 
contractions, and during a 12 min recovery period (post) follow
ing the exercise# Rach point shows the mean of 4 cats ^  the S.D. 
The blood flow during the contractions has been normalized in 
terras of the length of the contractions ('S duration).

UJ

The oxygen uptake (arterio-venous difference in oxygen content x 
blood flow) of the soleus and medial gastrocnemius muscles of 4 
cats the, S.D. at rest (R), In the first (S[) and last (S2) 30 
sec of the contraction, and following (post) isometric contrac
tions are illustrated here.

Figure 3
Oxygen uptake (cc/100 g nuscle/min), CO2 production (cc/100 g 
muscle/min), oxygen debt (cc/100 g muscle), blood debt (ml/100 g 
muscle) and venous pH, in the soleus muscles of 4 cats +the S.D. 
in relation to the tension exerted by the muscles.

Figure 4
Oxygen uptake (cc/100 g muscle/min), CO2 production (cc/100 g 
Quscle/min), oxygen debt (cc/100 g muscle), blood debt (ml/100 g 
muscle) and venoue pH in the medial gastrocnemius muscle of 4 
cats + the S.D. in relation to the tension exerted by the 
muscles.



m u s c l e  c o n t a i n i n g  o n l y  f a s t  t w i t c h  u n i t s  i n  t h e  M G .  T h e  r e s t i n g  s a m p l e  w a s  

t a k e n  f r o m  t h e  m u s c l e  i n  t h e  o p p o s i t e  ( n o n - c o n t r a c t i n g )  l e g .
S e r i e s  4 .  I n  t h e  f o u r t h  s e r i e s  o f  e x p e r i m e n t s ,  t h e  f o r c e - v e l o c i t y  

r e l a t i o n s h i p  w a s  d e t e r m i n e d  i n  u n f a t i g u e d  m u s c l e  a n d  a t  t h e  e n d  o f  a  f a t i g u 
i n g  i s o m e t r i c  c o n t r a c t i o n  a t  a  t e n s i o n  o f  e i t h e r  2 5 ,  5 0 ,  7 5  o r  1 0 0 %  o f  t h e  

i n i t i a l  s t r e n g t h  o f  t h e  m u s c l e s .  F r o m  t h e  i n i t i a l  l e n g t h ,  t h e  m u s c l e s  w e r e  

a f t e r l o a d e d  w i t h  w e i g h t s  e q u i v a l e n t  t o  a b o u t  1 0 ,  2 0 ,  3 0 ,  4 0 ,  5 0 ,  6 0 ,  7 0 ,

8 0 ,  9 0  o r  1 0 0 %  o f  t h e i r  i n i t i a l  s t r e n g t h  a n d  a l l o w e d  t o  c o n t r a c t  

i s o t o n i c a l l y  d u r i n g  s y n c h r o n o u s  d i r e c t  s q u a r e  w a v e  s t i m u l a t i o n  ( 0 . 1  m s  

d u r a t i o n )  o f  t h e  m u s c l e  a t  a  f r e q u e n c y  o f  3 0 0  H e r t z  ( t e t a n i z i n g  f r e q u e n c y ) .  

T h e  v e l o c i t y  o f  c o n t r a c t i o n  w a s  t h e n  r e c o r d e d  a t  e a c h  l o a d  a n d  f r o m  t h e s e  

d a t a  o n  t h e  4  c a t s ,  t h e  t r u e  v m x  a n d  a c t u a l  v e l o c i t i e s  o f  s h o r t e n i n g  w e r e  

c a l c u l a t e d .  F o l l o w i n g  t h i s  p r o c e d u r e ,  a  f a t i g u i n g  i s o m e t r i c  c o n t r a c t i o n  

w a s  i n i t i a t e d  a n d ,  a t  t h e  p o i n t  o f  f a t i g u e ,  t h e  m u s c l e  w a s  a l l o w e d  t o  a g a i n  

c o n t r a c t  i s o t o n i c a l l y  a g a i n s t  l o a d s  o f  u p  t o  1 0 0 %  o f  t h e  s t r e n g t h  o f  t h e  

m u s c l e  a t  t h e  p o i n t  o f  f a t i g u e .
S e r i e s  5 .  T h e  r i s e  t i m e  ( t i m e  t o  9 0 %  o f  t h e  p e a k  i s o m e t r i c  t e n s i o n ) ,  

t h e  h a l f  r e l a x a t i o n  t i m e  ( t i m e  f o r  t h e  t e n s i o n  t o  f a l l  f r o m  t h e  p e a k  t o  

h a l f  i t s  m a x i m u m  v a l u e )  o f  a n  i s o m e t r i c  t w i t c h  a n d  t h e  h e i g h t  a n d  d u r a t i o n  

o f  m u s c l e  a c t i o n  p o t e n t i a l s  w e r e  m e a s u r e d  f o r  b o t h  t y p e s  o f  m u s c l e  i n  t h e  

u n f a t i g u e d  a n d  f a t i g u e d  m u s c l e s .

R e s u l t s

I s o m e t r i c  E n d u r a n c e .  T h e  i s o m e t r i c  e n d u r a n c e  o f  t h e  S  a n d  M G  m u s c l e s  

w a s  s i m i l a r  t o  t h a t  r e p o r t e d  p r e v i o u s l y  ( P e t r o f s k y  a n d  L i n d  1 9 7 9 ) .
B l o o d  F l o w .  F o r  b o t h  M G  a n d  S ,  w h e n  t h e  m u s c l e s  c o n t r a c t e d  a t  t h e  

l o w e r  i s o m e t r i c  t e n s i o n s ,  t h e  b l o o d  f l o w  i n c r e a s e d  c o n t i n u o u s l y  t h r o u g h o u t  

t h e  d u r a t i o n  o f  t h e  c o n t r a c t i o n s  ( F i g .  1 ) .  T h e  h i g h e s t  b l o o d  f l o w  r e c o r d e d  

a t  t h e  b e g i n n i n g  a n d  e n d  o f  t h e  c o n t r a c t i o n s  i n  t h e  S ,  o c c u r r e d  a f t e r  

c o n t r a c t i o n s  a t  5 0 %  o f  t h e  i n i t i a l  s t r e n g t h .  T h e  h i g h e s t  b l o o d  f l o w  f o u n d  

d u r i n g  c o n t r a c t i o n s  i n  t h e  M G  o c c u r r e d  a t  t h e  e n d  o f  t h e  c o n t r a c t i o n s  a t  

2 5 %  o f  t h e  i n i t i a l  s t r e n g t h ;  w h e n  c o n t r a c t i o n s  w e r e  s u s t a i n e d  a b o v e  t h i s  

t e n s i o n  t h e  b l o o d  f l o w  w a s  p r o g r e s s i v e l y  r e d u c e d  u n t i l ,  f o r  c o n t r a c t i o n s  

a t  1 0 0 %  o f  t h e  i n i t i a l  s t r e n g t h ,  t h e  b l o o d  f l o w  t o  t h e  m u s c l e  w a s  o c c l u d e d  

b y  t h e  c o n t r a c t i o n .  F o l l o w i n g  t h e  i s o m e t r i c  c o n t r a c t i o n s ,  t h e  b l o o d  f l o w  

r e c o v e r e d  t o  t h e  r e s t i n g  v a l u e s  w i t h i n  1 2  m i n .
O x y g e n  U p t a k e .  A s  t h e  t e n s i o n  e x e r t e d  w a s  i n c r e a s e d  t o  2 5 %  f o r  t h e  M G  

a n d  5 0 %  o f  t h e  i n i t i a l  s t r e n g t h  f o r  t h é  S ,  t h e  O 2  u p t a k e  i n c r e a s e d  ( F i g .
2 ,  3 ,  4 ) .  A b o v e  t h e s e  t e n s i o n s ,  a l t h o u g h  t h e  l o a d  i n c r e a s e d ,  t h e  o x y g e n  

u p t a k e  w a s  r e d u c e d  p r o g r e s s i v e l y  w i t h  t e n s i o n  f o r  b o t h  t h e  M G  a n d  S .  N o  

b l o o d  f l o w  o r  o x y g e n  u p t a k e  o c c u r r e d  d u r i n g  t h e  c o n t r a c t i o n s  a t  1 0 0 %  o f  t h e  

i n i t i a l  s t r e n g t h  o f  t h e  M G .  T h e s e  f i n d i n g s  w e r e  m i r r o r e d  i n  t h e  o x y g e n  

u p t a k e  b y  t h e  m u s c l e s  I n  t h e  h y p e r e m i a  f o l l o w i n g  e x e r i c i s e  ( o x y g e n  d e b t ) .  

U n l i k e  t h e  S  w h e r e  t h e  O 2 d e b t  w a s  l e s s  t h a n  t h e  u p t a k e  d u r i n g  e x e r c i s e  

e x c e p t  a t  h i g h e r  i s o m e t r i c  t e n s i o n s ,  t h e  o x y g e n  u p t a k e  o f  t h e  M G  w a s  n e a r l y  

e q u a l  t o  o x y g e n  d e b t  f o r  c o n t r a c t i o n s  a t  1 0  a n d  2 5 %  o f  t h e  i n i t i a l  s t r e n g t h  

a n d  i n c r e a s e d  m a r k e d l y  f o r  c o n t r a c t i o n s  a t  h i g h e r  t e n s i o n s  ( F i g .  3  a n d  4 ) .
p H ,  C O ? ,  L A .  T h e  l a r g e s t  c a r b o n  d i o x i d e  p r o d u c t i o n  a n d  l o w e s t  v e n o u s  

P C O 2  w a s  f o u n d  f o r  t h e  S  d u r i n g  c o n t r a c t i o n s  a t  t h e  i n t e r m e d i a t e  t e n s i o n s  

( F i g .  5 ) .  T h i s  r e s u l t e d  i n  t h e  p H  b e i n g  m a r k e d l y  r e d u c e d  i n  t h e  v e n o u s  

e f f l u e n t  ( F i g .  6 )  i n  t h e  S  m u s c l e .  A l t h o u g h  t h e  p H  w a s  r e d u c e d  t o  s i m i l a r  

l e v e l s  i n  t h e  v e n o u s  b l o o d  f o l l o w i n g  c o n t r a c t i o n s  a t  i n t e r m e d i a t e  t e n s i o n s  

i n  t h e  M G ,  t h e  P C O 2  a n d  c a r b o n  d i o x i d e  p r o d u c t i o n  w e r e  b o t h  l e s s  t h a n  w a s  

f o u n d  i n  t h e  S .  H o w e v e r ,  a l t h o u g h  t h e  C O 2  p r o d u c t i o n  w a s  l e s s ,  t h e  L A  i n  

t h e  v e n o u s  b l o o d  w a s  g r e a t e r  i n  t h e  M G  a s  c o m p a r e d  w i t h  t h e  S  ( F i g .  - 7 ) ,
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F ig u r e  5
The production of carbon dioxide (arterio-venous difference In 
CO2 content X blood flow) in 4 soleus and medial gastrocnemius 
muscles + the S.D. with the muscles at rest (R), in the first 
(S1) and last (S2) 30 sec of the isometric contractions, and 
for 12 min following the contractions (post) at tensions between 
10 and 200% of the initial strength, CO2 efflux has been 
normalized in terms of the weight of the muscles.

Pos,'™ 'l РоаЦггап) PoMfTwii

Figure 6
The venous pH of the medial gastrocnemius (•) and soleus (о) 
muscles of 4 cats +_ the S.D. measured at rest (R) at the begin
ning (Sj) and end (S2) of isometric contractions and in the 12 
min recovery period (post).

U J
U J

Flgmpft 7
The lactic acid concentrations in the venous blood of the medial 
gastrocnemius (•) and eoleus (o) muscles of 4 cats + the S.D. 
measured at rest (R), at the end of a fatiguing contraction (S2) 
and in the 12 min recovery period (post).

Blood —  
M uscle —  
Soleus о

M edal G astrocnem ius •

T ension (%  of Initial S treng th )

Figure 8
Muscle glycogen, ATP, CP and lactate concentrations in 6 soleus 
(о) and medial gastrocnemius (•) muscles + the S.D. at rest 
(0) and at the end of fatiguing contractions.



a c c o u n t i n g  f o r  t h e  s i m i l a r i t y  i n  t h e  f f 1 "  i o n  e f f l u x  i n  t h e  t w o  m u s c l e s  

( F i g .  8 ) .  T h e  c o n c e n t r a t i o n  o f  l a c t a t e  i n  t h e  v e n o u s  b l o o d  w a s  l a r g e s t  

a b o u t  1  m i n  a f t e r  t h e  c o n t r a c t i o n s  a n d  r e c o v e r e d  f u l l y  a f t e r  t h e  1 2  m i n  

r e c o v e r y  p e r i o d .  T h e  v e n o u s  p H  w a s  l o w e r  f o r  t h e  c o n t r a c t i o n s  a t  5 0 %  o f  

t h e  i n i t i a l  s t r e n g t h  i n  t h e  M G  a n d  7 5 %  o f  t h e  i n i t i a l  s t r e n g t h  i n  t h e  S .  

T h e s e  f i n d i n g s  m i r r o r e d  t h e  t i s s u e  g l y c o g e n  u t i l i z a t i o n ,  L A ,  A T P  a n d  P C  

( F i g . * 9 ) .  T h e  l o w e s t  P C  a n d  A T P  a n d  h i g h e s t  L A  c o n c e n t r a t i o n s  w e r e  f o u n d  

i n  t h e  m u s c l e  a f t e r  c o n t r a c t i o n s  a t  t h e s e  s a m e  i s o m e t r i c  t e n s i o n s .
F o r c e - V e l o c i t y  R e l a t i o n s h i p .  T h e  f o r c e  v e l o c i t y  r e l a t i o n s h i p  i n  t h e  

u n f a t i g u e d ,  a n d  m u s c l e  w h i c h  h a d  b e e n  f a t i g u e d  a t  t e n s i o n s  o f  2 5 ,  5 0 ,  7 5  

a n d  1 0 0 %  o f  t h e  i n i t i a l  s t r e n g t h  w a s  t h e  s a m e  a s  r e p o r t e d  p r e v i o u s l y  

( P e t r o f s k y  e t  a l .  1 9 8 0 ) .  F o r  b o t h  o f  t h e  m u s c l e s ,  t h e r e  w a s  a  r e d u c t i o n  i n  

v m x  a n < *  i n  t 1 l e  v e l o c i t y  o f  c o n t r a c t i o n  f o r  t h e  m u s c l e  a g a i n s t  a  g i v e n  

l o a d  a s  t h e  m u s c l e  b e c a m e  f a t i g u e d .  T h e  g r e a t e s t  r e d u c t i o n  i n  t h e  ' W  

o c c u r r e d  a f t e r  c o n t r a c t i o n s  a t  t h e  l o w e r  i s o m e t r i c  t e n s i o n s .
T w i t c h  C h a r a c t e r i s t i c s .  A t  t h e  e n d  o f  f a t i g u i n g  c o n t r a c t i o n s ,  t h e  

t w i t c h  t e n s i o n  w a s  r e d u c e d  f o r  b o t h  t h e  M G  a n d  S  m u s c l e s  i n  p a r a l l e l  w i t h  

t h e  t e t a n i c  t e n s i o n .  T h e  r i s e  t i m e  a n d  h a l f  r e l a x a t i o n  t i m e  o f  t h e  

t w i t c h e s  w e r e  b o t h  l o n g e r  a t  t h e  e n d  t h a n  a t  t h e  o n s e t  o f  t h e  f a t i g u i n g  

i s o m e t r i c  c o n t r a c t i o n s  f o r  b o t h  m u s c l e s .  U n l i k e  t h e  i s o m e t r i c  t w i t c h  

c h a r a c t e r i s t i c s ,  t h e  a c t i o n  p o t e n t i a l  a m p l i t u d e s  c h a n g e d  l i t t l e  f o r  b o t h  

t h e  S  a n d  M G  m u s c l e s  t h r o u g h o u t  t h e  d u r a t i o n  o f  t h e  c o n t r a c t i o n s .  I n  

c o n t r a s t ,  f o r  b o t h  m u s c l e s  t h e r e  w a s  a  m a r k e d  i n c r e a s e  i n  t h e  d u r a t i o n  o f  

t h e  a c t i o n  p o t e n t i a l s ,  i n c r e a s i n g  a n  a v e r a g e  o f  4 2 %  a n d  4 9 %  f r o m  t h e  

c o n t r o l  v a l u e s  ( f r e s h  m u s c l e )  i n  t h e  S  a n d  M G  m u s c l e s  f o r  a l l  f a t i g u i n g  

t e n s i o n s  e x a m i n e d .

D i s c u s s i o n

T h e  s m a l l  r e d u c t i o n  i n  a c t i o n  p o t e n t i a l  a m p l i t u d e  a n d  t h e  i n c r e a s e  i n  

a c t i o n  p o t e n t i a l  d u r a t i o n  s h o w n  h e r e  i s  s i m i l a r  t o  t h a t  r e p o r t e d  p r e v i o u s l y  

b y  o t h e r s  d u r i n g  s u b m a x i m a l  i s o m e t r i c  c o n t r a c t i o n s  i n  n o r m a l  a n d  i s c h e m i c  

m u s c l e  ( L i n d s t r ö ' m  e t  a l .  1 9 7 0 ;  M o r t i m e r  e t  a l .  1 9 7 0 ) .  A n a l y s i s  o f  t h e  

s u r f a c e  E M G  i n  m a n  d o e s  s e e m  t o  s h o w  e l e c t r i c a l  f a i l u r e  d u r i n g  i s o m e t r i c  

c o n t r a c t i o n s  a t  t e n s i o n s  a b o v e  7 0 %  M V C .  I n  c o n t r a s t ,  t h e  E M G  a m p l i t u d e  a t  

t h e  e n d  o f  a  f a t i g u i n g  i s o m e t r i c  c o n t r a c t i o n  a t  a  t e n s i o n  o f ,  f o r  e x a m p l e ,  

2 5 %  M V C  i s  o n l y  h a l f  t h a t  o f  a n  M V C  i n  u n f a t i g u e d  m u s c l e .  I f  t h e  a m p l i t u d e  

o f  t h e  m u s c l e  a c t i o n  p o t e n t i a l s  i s  n o t  r e d u c e d  f u r t h e r  a t  t h e s e  l o w e r  

t e n s i o n s ,  t h e n  t h e  i n e s c a p a b l e  c o n c l u s i o n  i s  t h a t  t h e  m o t o r  u n i t  

r e c r u i t m e n t  a n d / o r  f r e q u e n c y  o f  f i r i n g  h a s  b e e n  a l t e r e d  i n  s o m e  m a n n e r  

d u r i n g  f a t i g u i n g  c o n t r a c t i o n s  e x e r t e d  a t  t h e s e  l o w e r  t e n s i o n s .  W h e t h e r  o r  

n o t  t h i s  i s  d u e  t o  e l e c t r i c a l  f a i l u r e  a t  s o m e  p o i n t  i n  t h e  e x c i t a t i o n  

s y s t e m  i s  n o t  k n o w n .

G r i m b y  a n d  H a n n e r z  ( 1 9 7 6 )  h a v e  s h o w n  t h a t  t h e  f r e q u e n c y  o f  m u s c l e  

a c t i o n  p o t e n t i a l s  c a n  b e  a l t e r e d  b y  a f f e r e n t  a c t i v i t y  f r o m  t h e  m u s c l e .

T h i s  m i g h t  l o w e r  t h e  m a x i m u m  f i r i n g  f r e q u e n c y  o f  t h e  a l p h a  m o t o r  n e u r o n  

p o o l .  I n  i t s e l f ,  t h i s  m a y  n o t  a l t e r  t h e  t e n s i o n  d e v e l o p e d  b y  f a t i g u i n g  

s k e l e t a l  m u s c l e .  I n  o u r  o w n  w o r k  i n  t h e  c a t ,  w e  f o u n d  t h a t  a l t h o u g h  

u n f a t i g u e d  s k e l e t a l  m u s c l e  r e q u i r e d  f r e q u e n c i e s  o f  s e q u e n t i a l  s t i m u l a t i o n  

a s  h i g h  a s  4 0  H z  t o  t e t a n i z e  t h e  m u s c l e  ( P e t r o f s k y  1 9 7 8 ;  P e t r o f s k y  a n d  L i n d  

1 9 7 9 ) ,  f a t i g u e d  f a s t  o r  s l o w  t w i t c h  s k e l e t a l  m u s c l e  r e q u i r e s  f r e q u e n c i e s  o f  

m o t o r  u n i t  d i s c h a r g e  o n l y  a s  h i g h  a s  2 0  H z  t o  t e t a n i z e  f u l l y .  F i n a l l y ,  

a l t h o u g h  t h e  a c t i o n  p o t e n t i a l  a m p l i t u d e  w a s  r e d u c e d  a t  t h e  e n d  o f  t h e  

f a t i g u i n g  c o n t r a c t i o n ,  F i n k  a n d  L u t t g a u  ( 1 9 7 6 )  h a v e  s h o w n  t h a t  a  s i m i l a r  

r e d u c t i o n  h a s  n o  e f f e c t  o n  t h e  c o n t r a c t i l e  c h a r a c t e r i s t i c s  o f  t h e  m u s c l e s .  

F o r  t h i s  r e a s o n ,  a  l o w e r  f r e q u e n c y  o f  m o t o r  u n i t  d i s c h a r g e  a t  t h e  e n d  o f
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l o w  t e n s i o n  I s o m e t r i c  c o n t r a c t i o n s  m a y  h a v e  l i t t l e  o r  n o  e f f e c t  o n  t h e  

t e n s i o n  d e v e l o p e d  b y  f a t i g u e d  m u s c l e  a n d  e l e c t r i c a l  f a i l u r e  m a y  n o t  b e  p a r t  

o f  t h e  f a t i g u e  m e c h a n i s m  i n  m a n .
I f  f a t i g u e  i n  t h e s e  m u s c l e s  i s  n o t  i n  t h e  e x c i t a t i o n ,  t h e n  i t  m u s t  

r e s i d e  i n  e i t h e r  e x c i t a t i o n - c o n t r a c t i o n  c o u p l i n g  o r  i n  t h e  c o n t r a c t i l e  

m e c h a n i s m  o f  t h e  m u s c l e s .  A l t h o u g h  t h e  p r e s e n t  I n v e s t i g a t i o n  d i d  n o t  

e x a m i n e  t h e  e x c i t a t i o n - c o n t r a c t i o n  p r o c e s s ,  t h e  c o n t r a c t i l e  c h a r a c t e r i s t i c s  

a n d  v a r i o u s  m e t a b o l i c  i n d i c e s  o f  m u s c l e  p e r f o r m a n c e  w e r e  e v a l u a t e d .

A s s o c i a t e d  w i t h  f a t i g u e ,  w e  f o u n d  a  s h a r p  r e d u c t i o n  i n  t h e  o f  

t h e s e  m u s c l e s  a f t e r  i s o t o n i c  c o n t r a c t i o n s .  V , ^ ,  t h e  m a x i m u m  v e l o c i t y  o f  

c o n t r a c t i o n  o f  t h e  u n l o a d e d  m u s c l e ,  i s  o f t e n  r e l a t e d  t o  t h e  a c t i n  a n d  

m y o s i n  A T P a s e  o f  t h e  m u s c l e  f i b e r s .  i s  n o t  r e l a t e d  t o  t h e  l e v e l  o f
a c t i v a t i o n  o f  t h e  m u s c l e ,  e . g .  n u m b e r  o f  a c t i v e  m u s c l e  f i b e r s .  F o r  

e x a m p l e ,  i n  a  h o r a o g e n i u s  m u s c l e ,  t h e  s o l e u s ,  i f  w e  r e c r u i t  2 5 ,  5 0 ,  7 5 %  o r  

a l l  u n i t s ,  t h e  f o r c e  v e l o c i t y  c u r v e  s h o w s  t o  b e  u n i n f l u e n c e d  b y  t h e  

n u m b e r  o f  a c t i v e  m o t o r  u n i t s  ( E d m a n  1 9 7 9 ;  P e t r o f s k y  a n d  P h i l l i p s  1 9 7 9 ) .  

D a w s o n  e t  a l  ( 1 9 7 9 )  h a v e  s h o w n  t h a t  t h e  A T P a s e  a c t i v i t y ,  w h i l e  b e i n g  

r e d u c e d  d u r i n g  i s o m e t r i c  c o n t r a c t i o n  i n  i s o l a t e d  f r o g  s k e l e t a l  m u s c l e ,  w a s  

n o t  r e l a t e d  t o  t h e  c o n c e n t r a t i o n  o f  C P ,  A T P  o r  H - * -  i n  t h e  m u s c l e .  T h e  

r e s u l t s  p r e s e n t e d  h e r e  a g r e e  w i t h  t h o s e  o f  D a w s o n  a n d  h i s  c o l l e a g u e s .

H e r e ,  h o w e v e r ,  w e  h a v e  s h o w n  t h a t  t h e r e  i s  a n  i n v e r s e  r e l a t i o n s h i p  b e t w e e n  

V m x  a f t e r  t h e  c o n t r a c t i o n s  a n d  t h e  t e n s i o n  e x e r t e d  b y  t h e  m u s c l e s  f o r  

b o t h  f a s t  a n d  s l o w  t w i t c h  s k e l e t a l  m u s c l e .  N o n e  o f  t h e  m e t a b o l i t i e s  

e x a m i n e d  h e r e  o r  t h e  o x y g e n  u p t a k e  o f  t h e  m u s c l e s  s e e m e d  t o  b e  c o r r e l a t e d  

w i t h  t h e  o b s e r v e d  r e d u c t i o n  i n  V r a x .  F u r t h e r ,  t h e  c o n c e n t r a t i o n  o f  C P  a n d  

A T P  i n  t h e  m u s c l e  a p p e a r e d  t o  b e  d i f f e r e n t  a t  f a t i g u e  f o r  t h e  v a r i o u s  

t e n s i o n s  e x a m i n e d .  S i n c e  g l y c o g e n  w a s  n o t  d e p l e t e d  a t  t h e  e n d  o f  

c o n t r a c t i o n s  a t  a n y  t e n s i o n  e x a m i n e d  h e r e  a n d  A T P  w a s  s t i l l  p r e s e n t  a t  

f a t i g u e  ( p a r t i c u l a r l y  i n  t h e  s l o w  t w i t c h  m u s c l e  S ) ,  i t  w o u l d  a p p e a r  t h a t  

s o m e  a s  y e t  u n i d e n t i f i e d  m e t a b o l i t e  m u s t  b e  i n v o l v e d  i n  t h e  f a t i g u e  

p r o c e s s .

A c k n o w l e d g e m e n t s

T h i s  w o r k  w a s  s u p p o r t e d  u n d e r  N I H  G r a n t  N u m b e r  7 R 0 1 N S 1 6 0 0 3 - 0 1  a n d  b y  
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PHYSIOLOGICAL RESPONSES DURING 
SUSTAINED ISOMETRIC CONTRACTIONS

H. Kramer, G. Küchler and D. Brauer
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It has been well documented that throughout voluntary sustain
ed isometric contraction the bioelectrical muscle activity 
and the cardiovascular response are determined by the inten
sity of the contraction and its duration. A reliable rela
tionship exists between EMG-activity, picked up by means of 
surface electrodes, and force in defined nonfatiguing contrac
tions (Komi and Buskirk 1970; Kramer et al. 1972; Brauer et 
al. 1975). The heart rate is also related to a certain extent 
only to the force developed during defined contractions. 
During defined fatiguing contractions the relationship bet
ween electrical activity and force and the mean heart rate 
changes in a typical way: during a sustained constant-force 
isometric contraction the integrated HÍG and the heart rate 
increase, whereas at a constant level of iEMG the tension 
development decreases and the heart rate remains almost con
stant after an initial increase (Kramer et al. 1979) (Fig. 1i
The different reactions of heart rate observable in fatiguing 
contractions at constant submaximal level of force and at 
constant level of iEMG respectively, support the assumption 
that the heart rate seems to be parallel to change in strength 
of innervation rather than to change in force development. 
Hence there is no reason to assume that mechanoreceptors are 
implicated in the regulation of heart activity during static 
work. The behaviour of the heart rate during sustained iso
metric contractions results from a reflex response initiated 
by the local action of humoral agents on sensory endings, and 
from cortical irradiation of motor impulses which are effec
tive not only at the beginning, but throughout the work. The 
rapid fall of exaggerate heart rate immediately after termi
nation of the work argues for an absence of this central 
command.
The postexercise fall of heart rate occurs also, when the . 
blood flow of the working limb is occluded by a cuff whereas 
recovery of increased blood pressure in this case is delayed 
or prevented (Rowell et al. 1976). These differences in heart 
rate and blood pressure responses to muscle ischemia has led 
several investigators to conclude that these two variables 
are controlled mainly or partly by seperate mechanisms.
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Pig. 1 The relationship between electrical activity and force 
and the mean heart rate during fatiguing isometric contrac
tions in different conditions: either the force (left) or the 
myoelectrical activity (right) are constant.
In repeated isometric contractions at a constant level of 
force (for example 4-0 % MVC) sustained to fatigue a diminution 
of isometric endurance occurs and there is an increase in the 
level of iEMG as well as in the total power of the EMG signal 
in each of the consecutive contractions if the interspersed 
pauses last for a few minutes only. Prom this it can be con
cluded that recovery is not completed within the allowed pe
riods of rest. Despite this the shift in the EMG power density 
spectra present in each of the consecutive fatiguing contrac
tions is abandoned in the rest periods (see Pig. 2). Rever
sible decline in conduction velocity of muscle fibre action 
potentials has been assumed as the main reason for the in
crease of duration of action potentials, i.e. the shift of the 
EMG spectrum towards lower frequencies occuring in fatiguing 
contraction (Lindström et al. 1977). The transient decrease 
in propagation velocity may be elicited directly or indirectly 
by metabolic by-products accumulated in muscles during sus
tained contractions. It is conceivable that normalization of 
the propagation velocity follows the return of blood flow.
The assumption has been widely accepted that the increase in 
ratio of myoelectrical activity to force in sustained contrac
tions is caused by a recruitment of additional motor units in 
order to compensate for the diminution of the force develop
ment of the fatigued fibres (Viitasalo and Komi 1978).
Although the specific origin of fatigue may be obscured by 
the complexity of the phenomenon it can be concluded that at 
least two mechanisms with different restitution times play 
their part in local muscular fatigue: an impaired excitation-
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Fig. 2 The change in the power-density distribution of MiG 
spectra (left) and in the total power of the EMG signal 
(right) during isometric contractions sustained until the dis
comfort could no longer be tolerated. Averaged values of 4 re
peated contractions; 7 subjects.
Continuous lines: power-density at the beginning; interrupted 
lines: power-density at the end; first balk: total power at 
the beginning; second balk: total power at the end.
contraction coupling and a decrease of conduction velocity of 
muscle action potentials. From a practical point of view it 
must be pointed out that the EilG spectrum distribution is 
less suitable for indicating the long lasting element of mus
cular fatigue, contrary to the iEI.lG to force ratio which of
fers some opportunities for investigating the time course in 
normalization of the exercise-induced depression of electro
mechanical coupling. Our results, obtained in the course of 
repeated short and moderate contractions after an exhaustive 
contraction are consistent with the view that the changed pro
cess of excitation-contraction coupling requires several hours 
for complete restitution (Edwards et al. 1977) (Fig. 3). Its 
practical importance for muscular performance indicates fur
ther studies on this subject.
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It could be shown by theoretical considerations and experi
mental investigations in turkeys, chickens, some water bird 
species (Nichelmann et al, 1976 a, 1977 a - c), rabbits 
(Nichelmann a. Lyhs, 1976) and in piglets (Nichelmann et al., 
1975, 1976 b): that
(a) ) the relationships between ambient temperature and the 
energy metabolism are to be described by a parabola; obvious
ly there is no wide zone of thermal neutrality as assumed
so far;
(b) ) the relationships between ambient temperature and rectal 
temperature, influences by acute temperature stress, can be 
demonstrated by a parabola or by a polynom of higher degree; 
the extrem value of the parabola is identical with the bio
logical optimum temperature;
(c) the control elements of the temperature regulating 
system are activated in a typical order. First of all, 
evaporative heat loss Degins to rise as ambient temperature 
increases, later thermal conductance increases as a measure 
of cutaneous blood flow. Finally, rectal temperature reaches 
a minimum and energy metabolism decreases to its lowest 
degree even in higher ambient temperatures.
Because control systems of the homoiothermic organism are 
meshea intensively, it is to expect that not only the con
trol elements of the temperature regulating system are in
fluenced continously by the environmental temperature but 
also the control elements and perhaps the controlled function 
of other control systems. This assumption has a high degree 
of probability, since Close (1978), Close and Mount (1978) 
and Close et al. (1978) have shown that the environmental 
temperature varies such growth parameters of the pig like 
the energy and fat retention, the growth rate, the energy 
content of the body weight increase and other (Fig. 1).
The present investigations shall accomplish two tasks. At 
first it shall be proved if the regularities mentioned 
also cover growing pigs and secondly it shall be investigated
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which relationships exist between the control elemnets of the 
temperature regulating system and some factors of the cardio
vascular system.

Figure 1
Relationships between the 
ambient temperature and the 
energy retention, the fat 
retention, the growth rate 
and the energy content of 
the body weight increase

Material and Methods
The investigations were carried out in castrated growing male 
hybrid pigs with a body weight of 18...24 kg. Animals were 
kept for 2 hours in a climatic chamber with a temperature of 
5 to 40 °C. The' air humidity was 75%, the wind speed was lower 
than 0.2 m/s.
After the end of the temperature influence heat production 
was estimated by determination of oxygen consumption and 
carbon dioxide production, evaporation by using a psychrome- 
ter and rectal temperature by the use of a fever thermometer. 
At the same time the arterial blood pressure and the heart 
frequency were measured via a cronical catheter implanted in 
the arta. The hemoglobin concentration and the packed cell 
volume were estimated in a venous blood sample.
Results and Discussion
The results are summarized in 5 points.
(1) The relationships between the environmental temperature 
and the rectal temperature are described by a parabola. The 
extrem value - situated at 18,8 °G - is identical with the 
biological optimum temperature. The rectal temperature increa
ses above as well as below the extrem value of the function. 
The increase in decreasing ambient temperature is due to a set
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point increase of temperature controller, caused by stimulation 
of cutaneous cold receptors and due to the following activation 
of the thermoregulatory heat production and heat conservation 
mechanisms.
The increase of the rectal temperature in high ambient tempe
rature is the result of the low efficiency of the heat loss 
mechanisms in pigs (Pig. 2)

Pigure 2
Influence of ambient tempe 
rature on the rectal tempe 
rature in growing pigs

(2) Similarly as in other species of mammals and in birds 
there is no thermical neutral zone in growing pigs; the rela
tionships between the environmental temperature and the energy 
metabolism can be described by a parabola (Pig. 3)

Pigure 3
Influence of ambient tempe 
rature on the energy meta
bolism and the oxygen con
sumption in growing pigs

(3) The investigated control elements of the temperature regu
lating system are activated in the typical order found already 
in other species of mammals. The evaporative heat loss begins 
to increase above an ambient temperature of 14.0 °C, heat 
production, however, reaches its minimum at 23.4 °C. That is 
an environmental temperature in which the evaporation is
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increased and in which the rectal temperature begins to in
crease. Therefore a temperature field exists in a medium 
range of environmental temperature in which heat loss as well 
as heat conservation mechanisms are activated simultaneously 
(Pig. 4).

Figure 4
Relationships between the 
ambient temperature and the 
energy metabolism, the rec
tal temperature, and the 
evaporative heat loss in gro
wing pigs

(4) Like energy metabolism relationships between ambient tem
perature and the heart frequency as well as the systolic and 
diastolic blood pressure can be described by a parabola-shaped 
function. The control elements of the cardiovascular system 
are stressed minimally in environmental temperatures near the 
thermic neutral temperature (Pig. 5).
It is very interesting that the optimum temperature of the 
blood pressure and the heart frequency is higher than the 
biological optimum temperature in every case (Pig. 6).
(5) The functions which described the interrelationships of 
the environmental temperature with the hemoglobin concentra
tion and with the packed cell volume have the character of a 
polynom. The physiological interesting extrem value of the 
functions are situated near the biological optimum temperatu
re (Pig. 6).
It can be summarized:
Firstly
The control elements of the temperature regulating system are 
activated in a typical order in growing pigs. This order 
can be deviated from Blighs neuron model of temperature regu
lation (Bligh, 1972).



U m gebungstem peratur (*C )

Figure 5
Kelationships between the 
environmental temperature 
and the energy metabolism, 
the heart frequency and the 
systolic and diastolic blood 
pressure

Figure 6
Relationships between the 
environmental temperature 
and the rectal temperature, 
the heart frequency, the 
energy metabolism, and the 
diastolic blood pressure in 
growing pigs
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Figure 7
Relationships between the 
environmental temperature 
and the rectal temperature, 
the packed cell volume va
riation, and the hemoglobin 
variation in growing pigs

Secondly
The relationships between the environmental temperature and 
various functions of the cardiovascular system are described 
by parabolas. That indicates that not only the energy metabo
lism but also some functional systems of the organism which have 
service functions in the energy metabolism.
Thirdly
The results of the investigations shows in connection with 
various literature datas and some unpublished experiments that 
every body function has his own optimum temperature. The ta
bula shows some of such optimum temperatures in the growing 
pigs.
The organism is stressed thermally in the whole range of the 
environmental temperature, because every function has its own 
optimum temperature. The biological optimum temperature is 
an integrating value und identical with those environmental 
temperature in which the organism is thermic stressed 
minimally.
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Table
Optimum temperatures of various body functions and growth pa
rameters in the pig (datas of growth parameters from Close, 
1978, Close and Mount, 1978, Close et al., 1978)

Body function Optimum temperature (° C)
_____________________________________ (Extrem value)_________
Temperature regulating system
Heat production 23.4
Evaporation 14.0
Rectal temperature 18.8
Cardiovascular system
Blood pressure, systolic 27.2
Blood pressure, diastolic 27.1
Heart frequency 21 .9
Hemoglobin concentration 18.7
Packed cell volume 19.0
Metabolic system
Free fatty acid -

Plasma glucose 20. b
Glucocorticosteroide 20.1
Growth parameters
Energy retention 2u.u
Protein retention 1u.u
rat retention 20.0
Growth rate 19.0
Energy content of weight gain 3u.O
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F o l l o w i n g  D r . H n i k ' s  p r e s e n t a t i o n ,  t h e  m a i n  t h r u s t  o f  t h e  d i s c u s s i o n  w a s  r e l a t e d  t o  t h e  r o l e  t h a t  K +  m a y  p l a y  a s  a  
g e n e r a t o r  o f  t h e  r e f l e x  c a r d i o v a s c u l a r  r e s p o n s e s .
D r . H u d l i c k a  p a r t i c u l a r l y  w a n t e d  t o  k n o w  w h a t  h a p p e n e d  t o  t h e  
c a r d i o v a s c u l a r  r e s p o n s e s  w h e n  t h e  s o l e u s  w a s  s t i m u l a t e d .D r . L i n d  r e p o r t e d  t h a t  h e  a n d  D r . P e t r o f s k y  h a d  f o u n d  t h a t  
s t i m u l a t i o n  o f  t h e  m o t o r  n e r v e s  o f  t h e  s o l e u s  e l i c i t e d  n o  
i n c r e a s e  i n  a r t e r i a l  b l o o d  p r e s s u r e .  D r . C o o t e  c o n s i d e r e d  
t h a t  m e t a b o l i t e s  o t h e r  t h a n  К  m i g h t  b e  c o n s i d e r e d  a n d  D r .
H n i k  a g r e e d  t h a t  t h e  i n t e r a c t i o n  o f  s e v e r a l  m e t a b o l i t e s  
m i g h t  b e  v e r y  p o w e r f u l .

D r . E d w a r d s  w a s  a s k e d  b y  D r . H u l t m a n  h o w  h e  e x p l a i n e d  t h e  r e s u l t s  o f  h i s  h y p o t h y r o i d  p a t i e n t s .  H e  r e p l i e d  t h a t  t h o s e  
p a t i e n t s  h a v e  a  m u c h  h i g h e r  p r o p o r t i o n  o f  s l o w  t w i t c h  m o t o r  
u n i t s ,  w h e r e a s  t h e  h y p e r t h y r o i d  p a t i e n t s  w e r e  m u c h  w e a k e r  
t h a n  n o r m a l  i n d i v i d u a l s  b e c a u s e  o f  l o s s  o f  m u s c l e  m a s s .

D r . H n i k  a s k e d  D r . P e t r o f s k y  w h e t h e r  i t  w a s  p o s s i b l e  t o  i n d u l g e  i n  r o t a r y  s t i m u l a t i o n  o f  v e n t r a l  r o o t e s  w i t h o u t  s u c h  a  c o m p l i c a t e d  a n d  s o p h i s t i c a t e d  a p p a r a t u s .  D r . P e t r o f s k y  r e p l i e d  t h a t  h e  d i d  n o t  p r e s e n t l y  s e e  h o w  i t  c o u l d  b e  d o n e  
b u t  t h a t  t o  a v o i d  g r o s s  t r e m o r  i n v o l v e d  i n  s y n c h r o n o u s  a n d  
c o n f u s e d  c o n t r a c t i o n s ,  i t  w a s  w o r t h  t h e  e x t r a  t r o u b l e  t o  
c o n t r o l  t h e  m u s c u l a r  f u n c t i o n .

T h e  q u e s t i o n  o f  K +  a s  a  s t i m u l a t i n g  m e t a b o l i t e  f o r  e i t h e r  
h y p e r e m i a  o r  f o r  b l o o d  p r e s s u r e  r e s p o n s e s  w a s  r a i s e d  a n d  
d i s c u s s e d  b y  D r .  S h e p h e r d ,  H n i k , L i n d ,  S a l t i n  a n d  E d w a r d s .
T h e  d i s c u s s i o n  w a s  p r o l o n g e d  a n d  f u l l  a g r e e m e n t  w a s  n o t  a t t a i n e d .  D r . E d w a r d s  c o m m e n t e d  t h a t  t h e  i n t r a m u s c u l a r  p r e s s u r e  
i n  h i s  o w n  e x p e r i m e n t s  w a s  s u b s t a n t i a l l y  g r e a t e r  t h a n  w a s  i n  
t h e  c a s e  i n  D r . S a l t i n ' s  e x p e r i m e n t s .  C o n c e r n i n g  t h e s e  f i n d 
i n g s ,  t h e i r  d i f f e r e n c e s  m a y  p e r h a p s  b e  a t t r i b u t e d  t o  i n d i 
v i d u a l  v a r i a t i o n ,  s p e c i e s  d i f f e r e n c e s  a n d  d i f f e r e n c e s  i n  r e s p o n s e s  o f  d i f f e r e n t  k i n d s  o f  m u s c l e s .
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INTRODUCTION TO HORMONAL 
AND PHARMACOLOGICAL ASPECTS 

IN PRESENT-DAY EXERCISE PHYSIOLOGY
Robert Frenkl

D e p a r t m e n t  o f  M e d i c i n e ,  H u n g a r ia n  U n i v e r s i t y  o f  P h y s i c a l  E d u c a t i o n ,  B u d a p e s t ,  H u n g a r y

Our days tend to direct attention both in research and 
in the clinical practice of sports medicine as well as sports 
physiology - in addition to the classic themes of circul

ation, respiration.and muscular adaptation - toward the problems of hormonal and pharmacological relations in sports 
physiology. These two topics are not random associates. Be
side the need to clarify the part/s/ played by hormonal reg
ulation in sports activity, we are burdened with the applic
ation of hormones as drugs, with their screening procedures, 
with the efforts to protect the purity of sports by medical 
means. On the other hand, the legitimate ways of supporting 
the athletes in reaching the necessary conditions of top 
level performance have to be found and employed too.

All these points were considered in defining the main 
theme for this Satellite Symposium as well as in deciding 
about the subtopics to be included which were as follows.

1. The Hypothalamic-Pituitary-Adrenal System
2. Anabolic Preparates
3. Catecholamines /with special emphasis on the use of 

beta receptor blocking agents in sports/
4. Free Papers
It was hoped that the contributors would touch upon 

really important points in this field. The Symposium fulfilled 
the best hopes of the organizers who are glad that the pro
ceedings of this interesting meeting can reach also those who 
were unable to attend it and all others who might be interest
ed in this fastly expanding territory.
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EXERCISE, NUTRITION AND GROWTH
Katarina Tomljenovic Borer

D e p a r t m e n t  o f  P h y s i c a l  E d u c a t i o n ,  U n i v e r s i t y  o f  M i c h i g a n  A n n  A r b o r ,  M ic h . ,  U S A

I t  i s  g e n e r a l l y  a c c e p t e d  t h a t  i n a c t i v i t y  l e a d s  t o  a t r o p h y  o f  

m u s c u l o s k e l e t a l  s y s t e m  [ 1 ] ,  a n d  t h a t  p r o l o n g e d  f a s t  o r  u n d e r n u t r i t i o n  b l o c k  

s o m a t i c  g r o w t h  [ 2 ] .  H o w e v e r ,  t h e  c o n v e r s e  i n t e r a c t i o n s  b e t w e e n  p h y s i c a l  a c 
t i v i t y , n u t r i t i o n ,  a n d  g r o w t h  a r e  n o t  w e l l  u n d e r s t o o d  a n d  h a v e  b e e n  s u b j e c t  

t o  t h e  f o l l o w i n g  s e r i e s  o f  i n v e s t i g a t i o n s .  T h e  s t a r t i n g  p o i n t  o f  t h i s  r e 

s e a r c h  h a s  b e e n  t h e  o b s e r v a t i o n  [ 3 ]  t h a t  v o l u n t a r y  e x e r c i s e  i n  a d - l i b i t u m  

f e d  a d u l t  h a m s t e r s  a c c e l e r a t e d  p o n d e r a l  g r o w t h  ( r a t e  o f  w e i g h t  g a i n  p e r  d a y ) .  

O u r  r e s e a r c h  s i n c e  t h e n  h a s  c e n t e r e d  a r o u n d  t h e  f o l l o w i n g  f o u r  q u e s t i o n s :

( 1 )  D o e s  e x e r c i s e - i n d u c e d  i n c r e a s e  i n  w e i g h t  g a i n  r e p r e s e n t  t r u e  s o m a 
t i c  g r o w t h ?

( 2 )  H o w  d o e s  n u t r i t i o n  a f f e c t  e x e r c i s e - i n d u c e d  g r o w t h ?
( 3 )  W h a t  c h a r a c t e r i z e s  g r o w t h - i n d u c i n g  e x e r c i s e ?
( 4 )  W h a t  a r e  t h e  n e u r o e n d o c r i n e  i m p l i c a t i o n s  o f  a c c e l e r a t i o n  o f  g r o w t h  

b y  e x e r c i s e ?  A  s u m m a r y  o f  t h e s e  r e s e a r c h  i s s u e s ,  m e t h o d o l o g i e s  i n v o l v e d , a n d  

r e s u l t s  o b t a i n e d ,  f o l l o w s .

( 1 )  D O E S  E X E R C I S E - I N D U C E D  I N C R E A S E  I N  W E I G H T  G A I N  R E P R E S E N T  T R U E
S O M A T I C  G R O W T H  ?

T h e  p r e v a i l i n g  n o t i o n ,  b a s e d  o n  h u m a n  a n d  g e n e r a l  m a m m a l i a n  

c o n d i t i o n ,  i s  t h a t  s k e l e t a l  g r o w t h  s t o p s  w i t h i n  a  f i n i t e  p e r i o d  o f  t i m e  u p o n  

a t t a i n m e n t  o f  s e x u a l  m a t u r i t y . A  s e l d o m  a c k n o w l e d g e d  f a c t  i s  t h a t  g r o w t h  i n  

w e l l - n o u r i s h e d  r o d e n t s  p r o c e e d s  t h r o u g h o u t  m o s t  o f  t h e i r  l i f e t i m e  [ 4 , 5 ] .  I t  

w a s ,  t h e r e f o r e ,  o f  i m p o r t a n c e  t o  c l a r i f y  t h e  f o l l o w i n g  p o i n t s  c o n c e r n i n g  t h e  

i n c r e a s e d  w e i g h t  g a i n  i n  e x e r c i s i n g  h a m s t e r s :

( a )  D o e s  t h i s  w e i g h t  g a i n  r e p r e s e n t  a c c u m u l a t i o n  o f  e x c e s s  f a t  r a t h e r  

t h a n  p r o p o r t i o n a l  s o m a t i c  g r o w t h ?

( b )  I s  i n c r e a s e d  w e i g h t  g a i n  a s s o c i a t e d  w i t h  i n c r e a s e d  s k e l e t a l  g r o w t h ?
( c )  I s  t h e r e  n u c l e a r  o r  c e l l u l a r  p r o l i f e r a t i o n  i n  t h e  m u s c u l o s k e l e t a l  

s y s t e m  d u r i n g  e x e r c i s e - i n d u c e d  w e i g h t  g a i n ?

( a )  E x e r c i s e - i n d u c e d  w e i g h t  g a i n  i s  n o t  a  c o n s e q u e n c e  o f  e x c e s s  f a t .

I n  t w o  s t u d i e s  w e  m e a s u r e d  b o d y  f a t  c o n t e n t  w i t h  a n  i n d i r e c t  m e t h o d :  

c a r c a s s e s  w e r e  d r i e d  t o  c o n s t a n t  w e i g h t  t o  d e t e r m i n e  b o d y  w a t e r  c o n t e n t ,  

w h i c h  c o n s t i t u t e s  7 3 %  o f  l e a n  b o d y  m a s s  i n  a  v a r i e t y  o f  m a m m a l s  [ 6 ] .  I n  t w o  

o t h e r  s t u d i e s  b o d y  f a t  w a s  d e t e r m i n e d  b y  d i r e c t  m e t h o d :  b y  p e t r o l e u m - e t h e r  

e x t r a c t i o n  o f  l i p i d s  f r o m  a  d e h y d r a t e d  s a m p l e  o f  h o m o g e n i z e d  c a r c a s s . B o d y  

f a t  w a s  d e t e r m i n e d  d u r i n g  e x e r c i s e ,  w h e n  a n i m a l s  e x p e n d  e n e r g y  a n d  g a i n  

w e i g h t  r a p i d l y ,  d u r i n g  t h e  f i r s t  f e w  d a y s  o f  r e t i r e m e n t ,  w h e n  t h e  r a p i d
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w e i g h t  g a i n  c o n t i n u e s  i n  t h e  a b s e n c e  o f  e x e r c i s e ,  a n d  s e v e r a l  w e e k s  a f t e r  

t h e  t e r m i n a t i o n  o f  e x e r c i s e ,  w h e n  t h e  r a t e  o f  w e i g h t  g a i n  h a s  r e t u r n e d  t o  

t h e  s l o w  s e d e n t a r y  l e v e l .  T a b l e  1  s u m m a r i z e s  t h e  r e s u l t s  o f  t h e s e  s t u d i e s

T A B L E  1
B o d y  f a t n e s s  o f  e x e r c i s i n g  h a m s t e r s  e x p r e s s e d  a s  p e r c e n t  o f  s e d e n t a r y

h a m s t e r  b o d y f a t n e s s .
C o n d i t i o n M e t h o d N o . o f  a n i m a l s % R e f e r e n c e
d a y  4 2  o f e x e r c i s e d i r e c t 6 4 1 [ 7 ]
d a y  1 2  o f r e t i r e m e n t d i r e c t 6 7 0 [ 7 ]
d a y  2 8 II i n d i r e c t 6 7 7 [ 4 ]
d a y  4 2 II d i r e c t 6 8 3 [ 7 ]
d a y  4 5 II d i r e c t 6 9 4 [ 9 ]
d a y  9 3 II i n d i r e c t 6 1 0 3 Г 81

T a b l e  1  s h o w s  t h a t  v o l u n t a r y  e x e r c i s e  i n  h a m s t e r s  l e a d s  t o  a  s e v e r e  

d e p l e t i o n  o f  b o d y  f a t  a f t e r  6  w e e k s  o f  e x e r c i s e .  D u r i n g  t h e  r e t i r e m e n t  f r o m  

e x e r c i s e  b o d y  l i p i d s  a r e  r e p l e n i s h e d . A t  n o  t i m e  i s  b o d y  f a t  o f  e x e r c i s i n g  

h a m s t e r s  s i g n i f i c a n t l y  h i g h e r  t h a n  t h a t  o f  s e d e n t a r y  h a m s t e r s .  T h e r e f o r e ,  

i n c r e a s e s  i n  p o n d e r a l  g r o w t h  o b s e r v e d  d u r i n g ,  a n d  i m m e d i a t e l y  f o l l o w i n g ,  

v o l u n t a r y  e x e r c i s e  a r e  n o t  d u e  t o  a c c u m u l a t i o n  o f  b o d y  f a t  b u t  d u e  t o  p r o 
p o r t i o n a l  i n c r e a s e  i n  t h e  m a j o r  b o d y  c o n s t i t u e n t s .

( b )  E x e r c i s e  i n d u c e s  i n c r e a s e d  s k e l e t a l  g r o w t h .

D i r e c t  a s s e s s m e n t s  o f  s k e l e t a l  g r o w t h  w e r e  d o n e  f r o m  t h e  w h o l e - b o d y  

r a d i o g r a p h s  [ 1 0 ]  o f  e x e r c i s e d  a n d  s e d e n t a r y  h a m s t e r s  a t  t h e  s t a r t  o f  t h e  

e x p e r i m e n t , o n  d a y  3 4  o f  e x e r c i s e ,  a n d  o n  d a y  2 9  o f  r e t i r e m e n t .  R e s u l t s  a r e  

s h o w n  i n  T a b l e  2 .

A l l  o f  t h e  c h a n g e s
T A B L E  2

B o n e  l e n g t h s  o f  e x e r c i s i n g  h a m s t e r s  

a s  p e r c e n t  o f  s e d e n t a r y  b o n e  l e n g t h s

e x p r e s s e d
p r e s e n t e d  i n  T a b l e  2  w e r e  

s t a t i s t i c a l l y  s i g n i f i c a n t .  

I t  f o l l o w s , t h e r e f o r e ,  t h a t  

v o l u n t a r y  e x e r c i s e  i n  a d -C o n d i t i o n B o n e P e r c e n t

d a y  3 4 o f e x e r c i s e s k u l l 1 0 2 l i b i t u m  f e d  h a m s t e r s  s t i -
и v e r t . c o l u m n 1 0 6 m u l a t e s  b o n e  e l o n g a t i o n .
и t a i l 1 0 3 T h i s  p r o c e s s  e x t e n d s  i n t o
и h u m e r u s 1 0 2 t h e  p e r i o d  o f  r e t i r e m e n t .
и f e m u r 1 0 2

d a y  2 9 o f r e t i r e m e n t s k u l l 1 0 2

v e r t . c o l u m n 1 0 7

t a i l 1 0 4
h u m e r u s 1 0 4
f e m u r 1 0 3

( c )  E x e r c i s e  i n d u c e s  i n c r e a s e d  c e l l u l a r  p r o l i f e r a t i o n  i n  b o n e  

a n d  n u c l e a r  p r o l i f e r a t i o n  i n  m u s c l e .

W e  l o o k e d  f o r  i n c i d e n c e  o f  c e l l u l a r  p r o l i f e r a t i o n  i n  t h e  d i s t a l  

f e m o r a l  e p i p h y s e a l  g r o w t h  z o n e  a n d  o f  n u c l e a r  p r o l i f e r a t i o n  i n  q u a d r i c e p s  

o f  e x e r c i s i n g  a d - l i b i t u m  f e d  h a m s t e r s  a n d  o f  t h e i r  s e d e n t a r y  c o n t r o l s .  O n  

t h e  3 0 t h  d a y  o f  e x e r c i s e  h a m s t e r s  w e r e  i n j e c t e d  i n t r a p e r i t o n e a l l y  w i t h  

2  ^ u C i / g  o f  ^ H - t h y m i d i n e  ( N e w  E n g l a n d  N u c l e a r , B o s t o n , M a s , 4 0 - 6 0  m C i / m M )  t h r e e  

h o u r s  p r i o r  t o  t i s s u e  r e m o v a l .  I n c o r p o r a t i o n  o f  l a b e l  i n t o  t h e  D N A  o f  p r o 
l i f e r a t i n g  c e l l  n u c l e i  w a s  d e t e r m i n e d  f r o m  a u t o r a d i o g r a p h s  o f  1 0  s e c t i o n s
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o f  f e m u r  a n d  f r o m  t h e  r a d i o a c t i v i t y  i n  t h e  D N A  f r a c t i o n  o f  m u s c l e  h o m o g e n a 
t e s  ( d p m / g  t i s s u e  o r  m g  p r o t e i n ) .  T h e r e  w a s  a  5 5 %  i n c r e a s e  i n  t h e  p r o p o r t i o n  

o f  l a b e l l e d  n u c l e i  i n  t h e  f e m o r a l  e p i p h y s e a l  g r o w t h  p l a t e ,  a n d  a  t h r e e - f o l d  

i n c r e a s e  i n  t h e  l a b e l l e d  D N A  i n  t h e  q u a d r i c e p s  o f  e x e r c i s i n g  r e l a t i v e  t o  

s e d e n t a r y  h a m s t e r s .  T h u s ,  e x e r c i s e  a n d  a d e q u a t e  f o o d  i n t a k e  p r o m o t e  c e l 
l u l a r  p r o l i f e r a t i o n  i n  t h e  b o n e  a n d  n u c l e a r  p r o l i f e r a t i o n  i n  t h e  m u s c l e  i n  

t h e  a d u l t  h a m s t e r  [ 1 1 ] .

( 2 )  H O W  D O E S  N U T R I T I O N  A F F E C T  E X E R C I S E - I N D U C E D  G R O W T H  ?

E x e r c i s i n g  h a m s t e r s  g i v e n  u n l i m i t e d  a c c e s s  t o  f o o d  i n c r e a s e  t h e i r  

f o o d  i n t a k e  [ 3 ]  i n  p r o p o r t i o n  t o  t h e i r  i n c r e a s i n g  b o d y  s i z e  [ 9 ] .  I f  t h e y  

a r e  p r e v e n t e d  f r o m  i n c r e a s i n g  t h e i r  f o o d  i n t a k e  d u r i n g  e x e r c i s e ,  t h e y  l o s e  

w e i g h t  a n d  s h o w  n o  e v i d e n c e  o f  l i n e a r  g r o w t h  [ 1 2 ]  o r  c e l l u l a r  p r o l i f e r a t i o n  

i n  t h e  b o n e  [ 1 1 ]  u n t i l  s u c h  t i m e  w h e n  u n l i m i t e d  a c c e s s  t o  f o o d  i s  a g a i n  

a l l o w e d .  W h e n  t h e y  a r e  r e i n t r o d u c e d  t o  a d  l i b i t u m  f o o d ,  s u c h  r e t i r e d  u n d e r 
n o u r i s h e d  h a m s t e r s  d i s p l a y  i n t e n s e  p o n d e r a l  a n d  l i n e a r  c a t c h - u p  g r o w t h  [ 1 2 ] ,  

i n d i c a t i n g  t h a t  e x e r c i s e  e x e r t e d  i t s  s t i m u l a t o r y  e f f e c t  o n  g r o w t h  b u t  t h a t  

i n a d e q u a t e  n u t r i t i o n  b l o c k e d  i t .
W e  i n v e s t i g a t e d  t h e  m e c h a n i s m  b y  w h i c h  n u t r i t i o n  m o d u l a t e s  e x e r c i s e  

i n d u c e d  g r o w t h  b y  s t u d y i n g  t h e  e f f e c t s  o f  a c u t e  f a s t ,  o f  r e f e e d i n g  f o l l o w i n g  

a n  a c u t e  f a s t ,  o f  c h r o n i c  u n d e r n u t r i t i o n ,  a n d  o f  a d  l i b i t u m  r e a l i m e n t a t i o n  

o f  u n d e r n o u r i s h e d  a n i m a l s , i n  e x e r c i s i n g  a n d  s e d e n t a r y  h a m s t e r s  o n  s e r u m  

c o n c e n t r a t i o n s  o f  t h e  t w o  a n a b o l i c  h o r m o n e s  w h i c h  a r e  l i k e l y  t o  p l a y  a  

c e n t r a l  r o l e  i n  t h e  c o n t r o l  o f  g r o w t h  a n d  c a t c h - u p  g r o w t h :  g r o w t h  h o r m o n e  

( G H )  a n d  i n s u l i n .  T h r e e  e x p e r i m e n t s  w e r e  p e r f o r m e d .  A l l  b l o o d  c o l l e c t i o n s  

w e r e  d o n e  a t  t h e  s a m e  t i m e  o f  d a y .  I n  t h e  f i r s t  e x p e r i m e n t ,  s e r u m  c o n c e n 
t r a t i o n s  o f  G H  a n d  i n s u l i n  w e r e  d e t e r m i n e d  a f t e r  0 ,  4 ,  8 ,  1 2 ,  1 6 ,  2 0 ,  a n d  

2 4  h r  o f  f a s t  i n  e x e r c i s i n g  a n d  s e d e n t a r y  h a m s t e r s  m a i n t a i n e d  u p  t o  t h a t  

p o i n t  o n  a d  l i b i t u m  f o o d .  I n  t h e  s e c o n d  e x p e r i m e n t ,  a d - l i b i t u m  f e d  a n d  f o o d  

r e s t r i c t e d  e x e r c i s i n g  a n d  s e d e n t a r y  h a m s t e r s  w e r e  s u b j e c t e d  t o  a n  a c u t e  

f a s t  o f  2 4  o r  1 2  h r ,  r e s p e c t i v e l y ,  a n d  t h e n  a l l o w e d  t o  r e f e e d  f o r  1 ,  2 ,  4 ,

8 ,  o r  1 2  h r .  I n  t h e  t h i r d  e x p e r i m e n t ,  u n d e r n o u r i s h e d  e x e r c i s e d  a n d  s e d e n 
t a r y  h a m s t e r s  w e r e  r e t i r e d  a n d  g i v e n  1 ,  3 ,  5 ,  o r  7  d a y s  o f  a d  l i b i t u m  r e a l i 
m e n t a t i o n  b e f o r e  d e t e r m i n i n g  t h e  e f f e c t s  o f  e i t h e r  a d  l i b i t u m  f e e d i n g ,  1 2  

h r  o f  f a s t , ‘ o r  4  h r  o f  r e f e e d i n g  a f t e r  1 2  h r  o f  f a s t ,  o n  t h e i r  s e r u m  G H  a n d  

i n s u l i n  c o n c e n t r a t i o n s .

T h e  r e s u l t s  w e r e  a s  f o l l o w s  ( 1 3 , 1 4 ) .  C o n c e n t r a t i o n s  o f  b o t h  G H  a n d  

i n s u l i n  w e r e  i n c r e a s e d  i n  r a p i d l y - g r o w i n g  w e l l - n o u r i s h e d  h a m s t e r s  w i t h  

u n i n t e r r u p t e d  a c c e s s  t o  f o o d .  T h e  h i g h  c o n c e n t r a t i o n s  o f  b o t h  t h e s e  a n a b o 
l i c  h o r m o n e s  i n  r a p i d l y  g r o w i n g  h a m s t e r s  w e r e  s u p p r e s s e d  b y  s e v e r a l  h o u r s  

o f  f a s t , 1 6  h r  f o r  G H  a n d  4  h r  f o r  i n s u l i n .  H i g h  c o n c e n t r a t i o n s  o f  G H  w e r e  

f u l l y  r e i n s t a t e d  b y  4  h r  o f  r e f e e d i n g  i n  w e l l - n o u r i s h e d  a s  w e l l  a s  i n  u n d e r 

n o u r i s h e d  e x e r c i s i n g  h a m s t e r s .  H i g h  c o n c e n t r a t i o n s  o f  i n s u l i n  w e r e  p a r 
t i a l l y  r e s t o r e d  b y  1  t o  2  h r  o f  r e f e e d i n g  i n  w e l l - n o u r i s h e d  h a m s t e r s  a n d  

w e r e  m a r g i n a l l y  i n c r e a s e d  b y  1  h r  o f  r e f e e d i n g  i n  u n d e r n o u r i s h e d  e x e r c i s i n g  

h a m s t e r s . T h e s e  e x p e r i m e n t s  i n d i c a t e  t h a t  i n t a k e  a n d  d e p r i v a t i o n  o f  f o o d  

r a p i d l y  i n f l u e n c e  c h a n g e s  i n  s e r u m  G H  a n d  i n s u l i n  c o n c e n t r a t i o n s  i n  h a m s t e r s  

s t i m u l a t e d  b y  e x e r c i s e  t o  g r o w .  U n l i k e  t h e  G H  r e s p o n s e ,  t h e  s e c r e t i o n  o f  

i n s u l i n  i n  r e s p o n s e  t o  f e e d i n g  i s  g r e a t l y  a t t e n u a t e d  i n  p r o p o r t i o n  t o  t h e  

s e v e r i t y  o f  f o o d  d e p r i v a t i o n .

W e  h a v e  a l s o  i n v e s t i g a t e d  t h e  d e p e n d e n c e  o f  e x e r c i s e - i n d u c e d  g r o w t h  

o n  t h e  a v a i l a b i l i t y  o f  d i e t a r y  p r o t e i n .  I n  t h i s  s t u d y  [ 9 ] ,  w e  w a n t e d  t o  d e 
t e r m i n e  w h e t h e r  t h e  i n c r e a s e  i n  s o m a t i c  g r o w t h  o f  e x e r c i s i n g  h a m s t e r s  r e 
s u l t s  f r o m  i n c i d e n t a l  i n c r e a s e s  i n  p r o t e i n  c o n s u m p t i o n  w h i c h  a c c o m p a n y  i n -
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c r e a s e s  i n  f o o d  c o n s u m p t i o n .  T o  r e s o l v e  t h i s  q u e s t i o n ,  w e  g a v e  s e d e n t a r y  

a n d  e x e r c i s i n g  h a m s t e r s  i d e n t i c a l  q u a n t i t y  o f  d i e t a r y  p r o t e i n  a n d  s u p p l e 
m e n t e d  t h e  d i e t  o f  e x e r c i s i n g  h a m s t e r s  w i t h  c a r b o h y d r a t e  t o  a c c o m o d a t e  t h e  

e n e r g y  c o s t  o f  t h e i r  p h y s i c a l  a c t i v i t y  a n d  g r o w t h .  I n  a d d i t i o n  w e  h a v e  

d o n e  t h i s  s t u d y  a t  t w o  l e v e l s  o f  d i e t a r y  p r o t e i n , 1 8 %  a n d ' 3 9 %  w h i c h  b r a c k e t  

t h e  p r o t e i n  c o n t e n t  ( 2 5 % )  o f  t h e  s t a n d a r d  l a b o r a t o r y  d i e t .  R e s u l t s  [ 9 ]  a r e  

s u m m a r i z e d  i n  T a b l e  3 .

T A B L E  3

D e p e n d e n t  v a r i a b l e  D i e t _ _ _ _ _ _ _ _ _ _ _ _
W e i g h t  i n c r e m e n t s  H i g h  p r o t e i n  

( g )  L o w  p r o t e i n

L e n g t h  i n c r e m e n t s  H i g h  p r o t e i n  

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ L o w  p r o t e i n

E x e r c i s i n g  h a m s t e r s
6 9 . 4  +  5 . 9  

6 0 . 1  +  3 . 5

1 8 . 4  +  1 . 1  

1 8 . 0  +  0 . 7

S e d e n t a r y  h a m s t e r s
4 3 . 4  +  4 . 3  

4 2 . 6  +  7 . 9

1 2 . 4  +  1 . 2  

1 3 . 1  + 1 . 2

I t  i s  e v i d e n t  f r o m  T a b l e  3  t h a t  d i e t a r y  p r o t e i n  i s  n o t  a  l i m i t i n g  

f a c t o r  i n  t h e  g r o w t h  o f  s e d e n t a r y  h a m s t e r s  w h i c h  d i s p l a y e d  e q u i v a l e n t  

p o n d e r a l  a n d  l i n e a r  g r o w t h  o n  1 8 %  a n d  3 9 %  p r o t e i n  d i e t s .  I t  i s  a l s o  e v i d e n t  

t h a t  e x e r c i s e - i n d u c e d  g r o w t h  d o e s  n o t  r e s u l t  f r o m  t h e  i n c i d e n t a l  i n c r e a s e  

i n  p r o t e i n  c o n s u m p t i o n  b y  e x e r c i s i n g  h a m s t e r s  a s  a  c o n s e q u e n c e  o f  t h e i r  

i n c r e a s e d  c o n s u m p t i o n  o f  f o o d .  E x e r c i s i n g  h a m s t e r s  g r e w  s i g n i f i c a n t l y  l o n 
g e r  a n d  h e a v i e r  o n  i d e n t i c a l  q u a n t i t i e s  o f  d i e t a r y  p r o t e i n  c o n s u m e d  b y  

s e d e n t a r y  h a m s t e r s .

( 3 )  W H A T  C H A R A C T E R I Z E S  G R O W T H - I N D U C I N G  E X E R C I S E  ?

,  W e  h a v e  t r i e d  t o  i d e n t i f y  t h o s e  c h a r a c t e r i s t i c s  o f  e x e r c i s e  t h a t  

a r e  r e s p o n s i b l e  f o r  a c c e l e r a t i o n  o f  g r o w t h  i n  h a m s t e r s .  W e  h a v e  a p p r o a c h e d  

t h i s  q u e s t i o n  i n  t w o  w a y s .  I n  o n e  e x p e r i m e n t  [ 1 5 ] ,  w e  s t u d i e d  t h e  c h a n g e s  

i n  t o t a l  r u n n i n g  a c t i v i t y  a n d  i n  t h e  n e t  s o m a t i c  g r o w t h  a s  a  f u n c t i o n  o f  

a g e  a n d  b o d y  w e i g h t  t o  d e t e r m i n e  t h e  a g e  s p a n  o f  m a x i m a l  a c t i v i t y  a n d  

o f  m a x i m a l  e x e r c i s e - i n d u c e d  a c c e l e r a t i o n  o f  g r o w t h .  I n  t h e  s e c o n d  s t u d y  

[ 1 6 ] ,  w e  h a v e  a s k e d  w h e t h e r  a c c e l e r a t i o n  o f  g r o w t h  b y  e x e r c i s e  i s  s p e c i f i c  

t o  g o l d e n  h a m s t e r  a n d  t h e  h o r i z o n t a l  a c t i v i t y  d i s c  u s e d  i n  o u r  s t u d i e s  [ 3 ] ,  

b y  m e a s u r i n g  t h e  e f f e c t s  o f  v o l u n t a r y  e x e r c i s e  i n  r o t a t i n g  w h e e l s  a n d  o n  

h o r i z o n t a l  d i s c s  i n  r a t s ,  g e r b i l s  a n d  g r o u n d - s q u i r r e l s .  I n  t h e  s a m e  s t u d y ,  

w e  h a v e  a l s o  l o o k e d  a t  t h e  e f f e c t s  o f  a g e  a n d  b o d y  w e i g h t  o n  t h e  s e v e r a l  

p a r a m e t e r s  o f  r u n n i n g  a c t i v i t y :  s p e e d ,  d u r a t i o n  o f  i n d i v i d u a l  r u n s ,  n u m b e r  

a n d  d u r a t i o n  o f  p a u s e s ,  t o t a l  t i m e  s p e n t  r u n n i n g ,  a n d  t o t a l  d i s t a n c e  r u n .

T h e  r e s u l t s  w e r e  a s  f o l l o w s .  H a m s t e r s  s t a r t e d  f r e e l y  r u n n i n g  a r o u n d  

t h e  1 5 t h  d a y  o f  l i f e , i n c r e a s e d  t h e i r  a c t i v i t y  l e v e l s  t o  3 0  0 0 0  R P D  b y  d a y  

3 5 ,  a n d  r a n  p r o g r e s s i v e l y  l e s s  a s  t h e i r  w e i g h t  i n c r e a s e d  a b o v e  6 5  g .  E x e r 

c i s e  a c c e l e r a t e d  g r o w t h  o n l y  i n  h a m s t e r s  w h i c h  h a v e  e n t e r e d  t h e  s l o w  p h a s e  

o f  g r o w t h  a n d  w h i c h  w e i g h e d  b e t w e e n  6 0  a n d  1 8 0  g  a n d  g e n e r a t e d  o v e r  1 5  0 0 0  

R P D .  E x e r c i s e - i n d u c e d  g r o w t h  w a s  f o u n d  n o t  t o  b e  s p e c i e s - s p e c i f i c ,  s i n c e  

w h e e l  e x e r c i s e  s t i m u l a t e d  i n c r e a s e d  w e i g h t  g a i n  i n  g e r b i l s ,  n o r  d e v i c e 
s p e c i f i c ,  s i n c e  e x e r c i s e  a c c e l e r a t e d  g r o w t h  i n  h a m s t e r s  r u n n i n g  o n  e i t h e r  

t h e  h o r i z o n t a l  d i s c s  o r  i n  r o t a t i n g  w h e e l s  [ 1 5 , 1 6 ] .
F i n a l l y ,  g r e a t e s t  a c c e l e r a t i o n  o f  g r o w t h  i s  s e e n  i n  e x e r c i s i n g  

h a m s t e r s  w i t h i n  t h e  5 0  t o  1 5 0  g  w e i g h t  r a n g e ,  a n d  t h e i r  r u n n i n g  p a t t e r n  

h a s  t h e  f o l l o w i n g  a d d i t i o n a l  c h a r a c t e r i s t i c s :  t h e y  r u n  a t  m o d e r a t e  s p e e d s  

o f  b e t w e e n  3 5  a n d  5 1  c m / s e c  f o r  u p  t o  o n e  h o u r  w i t h o u t  a  p a u s e ;  t h e y  b r e a k  

t h e i r  r u n n i n g  f o r  a n  a v e r a g e  o f  2  t o  3  m i n u t e s ;  t h e y  r u n  a  t o t a l  o f  o v e r  

1 5  0 0 0  R P D  ( 5 . 9  t o  8 . 5  k m / d a y )  a n d  s p e n d  b e t w e e n  5  a n d  1 0  h o u r s  a c t u a l l y  

r u n n i n g  [ 1 6 ] .  T h e s e  t w o  s t u d i e s  s u g g e s t  t h a t  t h e  l o n g  t i m e  s p e n t  r u n n i n g  

a t  r e l a t i v e l y  l o w  s p e e d s  , a  c o m b i n a t i o n  o f  f a c t o r s  c h a r a c t e r i z i n g  h a m s t e r s
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d u r i n g  t h e i r  o p t i m a l  p a r t  o f  l i f e  s p a n , a n d  g e r b i l s ,  m a y  c o n s t i t u t e  a  s t i m u 
l u s  f o r  a c c e l e r a t i o n  o f  g r o w t h  b y  e x e r c i s e .

( 4 )  W H A T  A R E  T H E  N E U R O E N D O C R I N E  I M P L I C A T I O N S  O F  A C C E L E R A T I O N  

O F  G R O W T H  B Y  E X E R C I S E  ?

S o m a t i c  g r o w t h  d e p e n d s  o n  a n  I n t a c t  p i t u i t a r y  s o u r c e  o f  G H  [ 1 7 ] ,  

a n d  G H  s e c r e t i o n  i s  u n d e r  n e u r o e n d o c r i n e  c o n t r o l  [ 1 8 ] .  I n  a n i m a l s  l i k e  

r o d e n t s ,  w h i c h  r e t a i n  t h e  c a p a c i t y  f o r  r a p i d  s o m a t i c  g r o w t h  t h r o u g h o u t  t h e i r  

a d u l t  l i f e s p a n ,  s u c h  g r o w t h  c a n  b e  r e i n s t a t e d  t h r o u g h  d a m a g e  t o  t h e  G H -  

i n h i b i t o r y  c i r c u i t .  I n  a  s e r i e s  o f  e x p e r i m e n t s  i n v o l v i n g  b r a i n  l e s i o n s  [ 1 9 ]  

o r  k n i f e  c u t s  [ 2 0 , 2 1 ] ,  w e  h a v e  d e t e r m i n e d  t h a t  i n  t h e  a d u l t  h a m s t e r  l i m b i c  

f o r e b r a i n  i n h i b i t s  G H  s e c r e t i o n  a n d  s o m a t i c  g r o w t h . L e s i o n s  o f  r o s t r o m e d i a l  

s e p t u m  [ 1 9 ] ,  k n i f e - c u t s  a c r o s s  f i b e r s  i n t e r c o n n e c t i n g  b r a i n s t e m  a n d  s e p t u m  

v i a  h y p o t h a l a m u s  [ 2 1 J  o r  a c r o s s  f i b e r s  i n t e r c o n n e c t i n g  s e p t u m  a n d  h i p p o c a m 

p u s  [ 2 0 ] ,  a l l  b r i n g  a b o u t  d r a m a t i c  a c c e l e r a t i o n  o f  p o n d e r a l  a n d  s k e l e t a l  

g r o w t h  i n  a d u l t  h a m s t e r s  a n d  s h o w  e v i d e n c e  o f  d a m a g e  t o  s e r o t o n e r g i c  a n d  

n o r a d r e n e r g i c  i n n e r v a t i o n  t o  h i p p o c a m p u s  a n d  f o r e b r a i n .
I t  i s  p o s s i b l e  t h a t  v o l u n t a r y  e x e r c i s e  i n  h a m s t e r s  b l o c k s  t h e  n o r 

m a l  o p e r a t i o n  o f  t h e  G H - i n h i b i t o r y  c i r c u i t  i n  a d u l t h o o d ,  a l t h o u g h  w e  h a v e  

b e e n  u n a b l e  t o  s e c u r e  d i r e c t  e v i d e n c e  f o r  t h a t  t o  d a t e .  I n ' a d d i t i o n ,  i f  

i n h i b i t i o n  o f  g r o w t h  i s  v i e w e d  a s  a  m a t u r a t i o n a l  p h a s e  i n  t h e  s e q u e n t i a l  

n e u r o e n d o c r i n e  c h a n g e s  d u r i n g  a g i n g ,  t h e n  e x e r c i s e  i n  h a m s t e r s  m a y  r e p r e 
s e n t  a  m e a n s  o f  i n t e r f e r i n g  w i t h  t h i s  n e u r o e n d o c r i n e  c l o c k . T h e  f u l l  i m p l i 
c a t i o n s  o f  t h e  n e u r o e n d o c r i n e  e f f e c t s  o f  e x e r c i s e  o n  g r o w t h  a n d  a g i n g ,  

r e m a i n  t o  b e  e x p l o r e d .
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g o l d e n  h a m s t e r .  N e u r o e n d o c r i n o l o g y  2 3 : 1 3 3 - 1 5 0 .
2 0 .  B o r e r , K . T . , K e l c h , R . P . , P e u g h , J .  a n d  H u s e m a n . C . ( 1 9 7 9 )  I n c r e a s e d  s e r u m

g r o w t h  h o r m o n e  a n d  s o m a t i c  g r o w t h  i n  a d u l t  h a m s t e r s  w i t h  h i p p o c a m 

p a l  t r a n s e c t i o n s . N e u r o e n d o c r i n o l o g y  2 9 : 2 2 - 3 3 .
2 1 .  B o r e r , K . T . , P e t e r s , N . L . , K e l c h , R . P .  a n d  T s a i , A . C . ( 1 9 7 9 )  C o n t r i b u t i o n  o f

g r o w t h ,  f a t n e s s ,  a n d  a c t i v i t y  t o  w e i g h t  d i s t u r b a n c e  a f t e r  s e p t o -  

h y p o t h a l a m i c  c u t s  i n  a d u l t  h a m s t e r s . J . C o m p . P h y s i o l . P s y c h o l . 9 3 : 9 0 7 -  

9 1 8 .
2 2 .  B o r e r , K . T . , T r u l s o n , M . E .  a n d  K u h n s , L . R .  ( 1 9 7 9 )  R o l e  o f  l i m b i c  s y s t e m  i n

t h e  c o n t r o l  o f  h a m s t e r  g r o w t h . B r a i n  R e s . B u l l . 4 : 2 3 9 - 2 4 7 .
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With the increasing interest in the anabolic action of 
endogenous sexual hormone testosterone in sport's medical 
research also increased investigations of luteinizing 
hormone (LH), which participates in the regulation of 
testosterone production. In the past we found only a few 
reports in the .period between 1969 and 1974 (Sutton et al. 
1969/74 and Alford et al. 1973). But since 1976 the num
ber of papers, concerning the regulation of LH is in
creasing (Lig;nieres et al. 1976; Dessypris et al. 1976; 
Kuoppasalmi et al. 1976; Bonén et al. 1979; Brisson et al. 
1979; Dole et al. 1979 and others). The results of these 
papers show, that it is found an increase of serum LH 
after long works and no variation or a decrease of LH 
concentration after short loads.There is no information 
on the influence cf duration or intensity of work on the 
regulation of LH after distance races. The aim of our work 
was therefore, to investigate the dependence of serum LH 
concentration after load on duration of work.

Experimental conditions, materials and methods
Measurement of serum LH-concentration was performed with 
RIA-kits of Sächsisches Serumwerk Dresden (GDR). The 
coefficient of variation was 9,6% over all values. 
Volunteers were athletes, aged 18 to 42 years, in a good 
health without endocrine disease, who were not taking 
drugs. All athlets were training three to five times a 
week in the last years.
We investigated long distance races of following kinds:
- running until individual breakoff at a velocity around 

5 m/s (medium distance: about 10 km)
- running until individual breakoff at a velocity around 

3 m/s (medium distance: about 34 km)
- classical marathon race
- a race over a distance of 100 km
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Sampling of blood was done before the start and after 
the end of the load and during recovery each hour until 
6  hours after the end of the work. Investigating the 
marathon race we took the blood after a recovery of 3 520 
and 43 hours. After the 100 km race, blood was taken after 
5 and 43 hours of recovery. Samples were taken in all cases 
from the v. cubitalis.

Results
Regulation of LH concentrations was found in the indivi
dual volunteers at very different hormone levels, but 
mostly regulation pattern was similar.
We found LH variations after load depending on duration 
of work. It might be, that intensity (training or race) 
has also a certain influence on LH regulation, but our 
investigations don't allow to answer this question 
exactly (Rig. 1)

lU/l]

Imin]

Fig.1 LH-concentration of serum before and after long 
distance races
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After the 10 km run we only found a little peak at the 
end of load, followed by a decrease of LH concentration 
on serum for several hours of recovery.
The run over a medium distance of 34 km practically did 
not cause variations of serum LH concentration. We found 
clearly increased LH concentrations of serum during 
athletes recovery after marathon or 100 km races. Three 
hours after finishing a classical marathon race LH con
centration reached the maximum, afterwards falling down 
nearly to hormal values. After the 100 km race the maximum 
hormone concentration was reached not before 48 hours 
after the end of the work. LH concentration absolutly 
increases with duration of race.

Discussion
We couldn't find an exact explaination of the regulation 
of LH level after work by other scientists. It seems to 
be clear, that there exists a difference between increases 
of hormone concentration shortly after load and variations 
of LH levels some hours or- days after finishing work.
The letter case of increasing hormone concentration we 
only found after races of a very long distance, linked 
with exhaustions of substrates and an increase of cata
bolic processes. Pore these reasons it seems, that both 
cases of increasing hormone concentration are of princi
pally different origin. Considering variations of LH level 
after long distance races and their dependence on duration 
of race, it may be, that theo'rigin of increasing LH concen
tration under these conditions is connected with an in
creased turnover rate of protein in the body. Lignieres 
et al. (1976) stated in an investigation of cyclists and 
Aakvaag et al. (1978) in an examination of soldiers, that 
hard work for some days decreases the serum concentration 
of endogenous anabolic hormones (for example testosterone 
and DHTj. During the same investigation Lignieres et al. 
observed increasing LH levels after some cycling series.
It is supposed, that' the increase of LH in serum is a 
counteraction of the body to prevent a further decrease 
of testosterone levels to still lower values. It is kown, 
that testosterone produced by testes is inhibiting the 
system of hypothalamis and hypophysis with a negative 
feedback control. In the same manner, we believe, that 
the rising LH concentration in our investigation, depen
ding on the duration of work, is probably a negative feed 
back of testosterone. Feedback mechanisms will be induced 
by increasingprotein metabolism as a consequence of load. 
Loss of proteins firstly will be realized at the transport- 
proteins as globulins. It is known from patients with 
excessive protein loss (for example with a nephrosis, 
liieschlag 1979) to have a decreased capacity of binding 
globulins for testosterone. In the consequence testosterone 
has increased metabolism, what counteractscatabolism of
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proteins. Increased metabolism of testosterone will lead 
to low values of this hormone, and consequently the pro
ductions of hormone must be increased. High levels of LH 
are the signal for this.
An other explaination of the observed regulation xneore- 
tically would be an exhaustion of steroid hormones in the 
suprarenal glandula (especially glucocorticoids ), which 
also could diminish precursor pool of testosterone. Such 
an action also would make necessary an increased LH signal 
for producing the same or an increased quantity of testo
sterone. But we must say, that we never found an exhaustion 
of glucocorticoids in our research. What of both mecha
nisms will regulate LH concentration after long distance 
race must show the investigation of future.
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T h e  a i m  o f  t h e  p r e s e n t  s t u d y  w a s  t o  d e t e r m i n e  t h e  i n f l u e n c e  
o f  o x y t o c i n  o n  t h e  c e n t r a l  n e r v o u s  s y s t e m  ( C N S )  o f  m a l e  s t u 
d e n t s .  O u r  p r e v i o u s  r e s u l t s  ( S c h ä k e r  e t  a l . 1 9 6 6 )  s u g g e s t e d  
a  d o s e - d e p e n d e n t  e f f e c t  o f  t h i s  n e u r o h o r m o n e  o n  t h e  E E G ,  t h e  
s t a r t l e  r e a c t i o n  a n d  t h e  m o t o r i c  a c t i v i t y  i n  b o t h  r a t s  a n d  
c a t s .

P e r i p h e r a l  a d m i n i s t r a t i o n  o f  o x y t o c i n  ( 6 0  I U , p a r e n t e r a l l y ) 
i n  y o u n g  m e n  c a u s e d  a n  i n c r e a s e  o f  t h e  C N S  a c t i v i t y .  T h i s  
e f f e c t  i s  i l l u s t r a t e d  i n  F i g . l .  T h e  l i n e s  r e p r e s e n t  t h e  m e a n  
v a l u e s  o f  o c c i p i t a l l y  r e c o r d e d  a l p h a - p o t e n t i a l s  o f  1 5  s t u 
d e n t s .  A f t e r  o x y t o c i n  a d m i n i s t r a t i o n  t h e  f o l l o w i n g  c h a n g e s  
o c c u r :
F i r s t l y ,  t h e  p r e s e n c e  o f  a l p h a - r h y t h m  d u r i n g  r e c o r d i n g  t i m e  
i s  p r o l o n g e d ,  i . e . t h e  t i m e  i n  w h i c h  a l p h a - w a v e s  m a y  b e  r e 
c o r d e d  w a s  l o n g e r  t h a n  a f t e r  p l a c e b o .
S e c o n d l y ,  i t  i s  e v i d e n t l y  t h a t  t h e  f r e q u e n c y  o f  a l p h a - w a v e s  
i s  a l s o  i n c r e a s e d  i n  r e s p o n s e  t o  n e u r o h o r m o n e  a d m i n i s t r a t i o n .  
F i g . 2  t h a t  i l l u s t r a t e s  t h e  e f f e c t s  i n  o n e  r e p r e s e n t a t i v e  m a n ,  
c o n f i r m s  t h i s  r e s u l t  : T h e  f r e q u e n c y  o f  o c c i p i t a l l y  r e c o r d e d  
p o t e n t i a l s  i s  i n c r e a s e d  w h e r e a s  t h e  f r e q u e n c y  o f  p r e c e n t r a l -  
l y  r e c o r d e d  p o t e n t i a l s  i s  d e c r e a s e d  f o l l o w i n g  o x y t o c i n  a d m i 
n i s t r a t i o n  .
T h e s e  b o t h  e f f e c t s  t o g e t h e r  w i t h  t h e  p r o l o n g e d  p r e s e n c e  o f  
a l p h a - r h y t h m  a r e  i n t e r p r e t e d  a s  e x p r e s s i o n  o f  a n  i n c r e a s e d  
f u n c t i o n a l  a c t i v i t y  o f  t h e  C N S ,  s i n c e  t h e  s a m e  a l t e r a t i o n s  
m a y  b e  d e m o n s t r a t e d  u n d e r  d e f i n e d  p h y s i o l o g i c a l  c o n d i t i o n s .
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a s  f o r  i n s t a n c e  d u r i n g  e f f o r t . S o  w e  d r a w  t h e  c o n c l u s i o n  t h a t  
o x y t o c i n  p r o v o k e s  a n  e n h a n c e d  a c t i v i t y  o f  t h e  C N S .

F u r t h e r m o r e ,  t h e  o x y t o c i n  a d m i n i s t r a t i o n  i n f l u e n c e d  t h e  f u n c 
t i o n a l  l a b i l i t y  o f  t h e  v i s u a l  a n d  t h e  s e n s o m o t o r i c  s y s t e m .  A s  
c o m p a r e d  t o  p l a c e b o ,  t h e  f u s i o n  f r e q u e n c y  o f  l i g h t  s i g n a l s  w a s  
i n c r e a s e d  a n d  t h e  r e a c t i o n  t i m e s  w e r e  i m p r o v e d  b y  t h e  n e u r o h o r 
m o n e .  T h e  r e s u l t s  o f  t h e s e  s t u d i e s  c o r r e s p o n d  t o  t h e  p r e s e n t e d  
e l e c t r o p h y s i o l o g i c a l  d a t a .

F i g . l .  I n f l u e n c e  o f  o x y t o c i n  ( a d m i n i s t e r e d  p a r e n t e r a l l y  b y  
t a b l e t s ;  a r r o w s  i n d i c a t e  a d m i n i s t r a t i o n  o f  4 0  I I I  a n d  
t w i c e  2 0  I U )  o n  t h e  f u n c t i o n a l  a c t i v i t y  o f  t h e  C N S  
o f  1 5  m a l e  s t u d e n t s .  T h e  p r e s e n c e  o f  a l p h a - r h y t h m  
( m s e c  л )  d u r i n g  r e c o r d i n g  t i m e  i s  p r o l o n g e d  a n d  t h e  f r e q u e n c y  o f  a l p h a - w a v e s  ( n o .  o c c i p i t a l l y )  i s  i n c r e a s e d .
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I n  t h e  m o s t  c a s e s ,  t h e  f i r s t  e f f e c t s  c o u l d  b e  d e m o n s t r a t e d  8  
t o  1 2  m i n  a f t e r  p a r e n t e r a l  a d m i n i s t r a t i o n , *  m a x i m a l  c h a n g e s  o f  
a b o u t  1 5  % o c c u r e d  f r o m  1 5  t o  3 5  m i n .  H o w e v e r ,  c o n t r a r y  t o  r a t s  
a n d  c a t s ,  i n  s o m e  m e n  r e v e r s e  e f f e c t s  ( e . g p r o l o n g e d  r e a c t i o n  
t i m e )  w e r e  o b s e r v e d .  T h e s e  s t r i k i n g  d i f f e r e n c e s  b e t w e e n  i n d i 
v i d u a l s  a f t e r  o x y t o c i n  a d m i n i s t r a t i o n  m a y  b e  c a u s e d  b y  s e v e r a l  
r e a s o n s .  S o  w e  c a n n o t  e x c l u d e , t h a t  a m o n g  o t h e r  t h i n g s  d i f f e r e n 
c e s  i n  r e s o r p t i o n ,  i n  d i s t r i b u t i o n  o f  h o r m o n e  m o l e c u l e s  f o l l o 
w i n g  a d m i n i s t r a t i o n  a n d / o r  i n  t h e  p s y c h o l o g i c a l  s t a t e  o f  t h e  
t e s t  p e r s o n s  c o n t r i b u t e  t o  t h i s  p h e n o m e n o n .

' 20 IE 20 IE

F i g  . 2 .  E f f e c t  o f  o x y t o c i n  a p p l i c a t i o n  ( 4 0  I U  a n d  t w i c e  2 0  I U  
a s  i n d i c a t e d  b y  t h e  a r r o w s )  o n  t h e  f r e q u e n c y  ( % c h a n g e )  
o f  b o t h  a l p h a - p o t e n t i a l s  ( n o t  )  a n d  t h e t a - p o t e n t i a l s  ( n V  )  i n  o n e  r e p r e s e n t a t i v e  m a n .
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S u m m a r i z i n g ,  t h e  e f f e c t s  a f t e r  s y s t e m i c  a d m i n i s t r a t i o n  o f  o x y 
t o c i n  s u g g e s t  t h a t  t h i s  n e u r o h o r m o n e  i s  a b l e  t o  i n c r e a s e  t h e  
a c t i v i t y  o f  t h e  C N S  u n d e r  t h e  c o n d i t i o n s  d e s c r i b e d .

T h e  q u e s t i o n  a r o s e  w h e t h e r  o r  n o t  t h i s  a c t i o n  o f  o x y t o c i n  o n  
t h e  C N S  m i g h t  b e  o f  p h y s i o l o g i c a l  s i g n i f i c a n c e .  F o r  t h a t  r e a 
s o n  w e  a r e  i n t e r e s t e d  i n  p r o v i n g  a  r e l a t i o n s h i p  b e t w e e n  p l a s 
m a  c o n c e n t r a t i o n  o f  e n d o g e n o u s  n e u r o h o r m o n e s  a n d  e f f o r t , i . e . ,  
a r e  t h e  l e v e l s  o f  b o t h  o x y t o c i n  a n d  a r g i n i n e - v a s o p r e s s i n  c h a n 
g e d  i n  d e p e n d e n c e  o n  e . g .  a  r u n n i n g  e x e r c i s e .

T o  r e a l i z e  o u r  i n t e n t i o n ,  r a d i o i m m u n o a s s a y s  ( R I A s )  f o r  o x y t o 
c i n  a n d  a r g i n i n e - v a s o p r e s s i n  w e r e  u s e d  ( L a n d g r a f , s u b m i t t e d ) .  
T h e  m e a n  c h a r a c t e r i s t i c s  o f  b o t h  R I A s  a r e  a s  f o l l o w s : c r o s s 
r e a c t i v i t y  a g a i n s t  v a s o p r e s s i n  a n d  o x y t o c i n ,  r e s p e c t i v e l y ,  a s  
w e l l  a s  a g a i n s t  v a r i o u s  r e l a t e d  p e p t i d e s  l o w e r  t h a n  1 % ;  s e n s i 
t i v i t y  1  t o  2  p g / m l  p l a s m a .

T h e  e x p e r i m e n t a l  p r o c e d u r e  w a s  a s  f o l l o w s :  H e a l t h y  y o u n g  m e n  
r a n  a t  a  d e f i n e d  v e l o c i t y  t o  t h e  p o i n t  o f  e x h a u s t i o n .  B l o o d  
w a s  c o l l e c t e d  e v e r y  1 5  m i n .  i n  c o o l e d  h e p a r i n i z e d  t u b e s  a n d  
c e n t r i f u g e d  s u b s e q u e n t l y  a t  2 ° C . A f t e r  e x t r a c t i o n  o f  2  m l  p l a s  
m a  u s i n g  V y c o r  g l a s s  p o w d e r ,  t h e  s i m u l t a n e o u s  m e a s u r e m e n t  o f  
b o t h  o x y t o c i n  a n d  v a s o p r e s s i n  b y  m e a n s  o f  s p e c i f i c  R I A s  w a s  
p e r f o r m e d .
A s  c o m p a r e d  t o  b a s a l  l e v e l s  t h a t  a r e  i n  t h e  r a n g e  o f  1  t o  3  
p g / m l  p l a s m a ,  ' t h e  r u n n i n g  e x e r c i s e  p r o v o k e d  a  s i g n i f i c a n t  i n 
c r e a s e  e s p e c i a l l y  o f  t h e  v a s o p r e s s i n  c o n c e n t r a t i o n  i n  o n e  r e 
p r e s e n t a t i v e  m a n .  I m m e d i a t e l y  a f t e r  t e r m i n a t i o n  o f  t h e  e f f o r t ,  
p e a k  v a l u e s  o f  v a s o p r e s s i n  ( 5 8  p g / m l  p l a s m a )  a n d  o x y t o c i n  
( 4 , 8  p g / m l  p - l a s m a )  c o u l d  b e  m e a s u r e d .  R e s t  a f t e r  r u n n i n g  e x e r 
c i s e  c a u s e d  a  s t r i k i n g  d r o p  o f  p l a s m a  l e v e l s  o f  b o t h  n e u r o h o r 
m o n e s  t o  b a s a l  c o n c e n t r a t i o n s  w i t h i n  1  h o u r .
T o  i l l u s t r a t e  t h e  s i g n i f i c a n c e  o f  c h a n g e s  i n  p l a s m a  l e v e l s  d u 
r i n g  e f f o r t ,  t h e  d i u r n a l  v a r i a t i o n  o f  b o t h  p l a s m a  o x y t o c i n  a n d  
v a s o p r e s s i n  w a s  i n v e s t i g a t e d  i n  t h e  s a m e  p e r s o n .  B e s i d e s  a  n o c  
i u r n a l  i n c r e a s e  o f  v a s o p r e s s i n  c o n c e n t r a t i o n  i t  s h o u l d  b e  e m 
p h a s i z e d  t h a t  p e a k  v a l u e s  o f  o n l y  4  p g / m l  p l a s m a  c o u l d  b e  d e -
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t  e r m i n e d .
W h a t  a b o u t  t h e  r o l e  o f  t h e  e n h a n c e d  p l a s m a  l e v e l  o f  t h e s e  e n 
d o g e n o u s  n e u r o h o r m o n e s  d u r i n g  e f f o r t ?  P e r i p h e r a l  e f f e c t s  m u s t  
b e  t a k e n  i n t o  c o n s i d e r a t i o n ,  b u t  i n  r e l a t i o n  t o  t h e  f o r m e r  
m e n t i o n e d  a c t i o n s  o f  e x o g e n o u s  o x y t o c i n  a n d  t o  d a t a  p r e s e n t e d  
i n  t h e  l i t e r a t u r e  ( D e  W i e d  1 9 7 9 ,  L a n d g r a f  e t  a l . 1 9 7 9 ,  L e g r o s  
a n d  G i l o t  1 9 7 9 )  a l s o  a n  i n f l u e n c e  o f  b o t h  e n d o g e n o u s  o x y t o c i n  
a n d  v a s o p r e s s i n  o n  t h e  f u n c t i o n  o f  t h e  C N S  m i g h t  b e  s u g g e s t e d .  
F u r t h e r  s t u d i e s  i n  t h i s  d i r e c t i o n  w i l l  b e  p e r f o r m e d .
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Investigations with animals demonstrated that aldosterone 
increases sodium transport by enhancing activities of several 
cytoplasmic and mitochondrial enzymes (4,6). Furthermore, it 
has been demonstrated that application of aldosterone induces 
increased levels of oxygen consumption in the toad bladder (2). 
In the present study on human subjects it was investigated 
whether an increased level of aldosterone would elevate the 
aerobic metabolism during muscular work.

MATERIALS and METHODS

Ten male subjects were assigned to two sets of treatment.
The control experiments (CE) employed a placebo, whilst the 
aldosterone experiments (AE) involved injection of aldosterone 
twice with a two hour interval in betweeg. Aldosterone 
injection consisted of 0.5 mg Aldocorten , a synthetic steroid, 
which was given subcutaneously; for the placebo, isotonic 
solution of NaCl was given in the same way.
Three hours after the second injection, exercise commenced on 
a bicycle ergometer. Work load was increased stepwise by 40 W 
every 3 min until the level of exhaustion was reached. Venti-, 
latory parameters were determined by a computerized breath by 
breath analysis (10). Half of the subjects received treatment 
CE first and the others AE. After seven days the subjects were 
switched to the other treatment condition. *

*Supported by the Minister für Wissenschaft und Forschung des 
Landes Nordrhein-Westfalen, Grant No. Az.: II B5-FA 6899.
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RESULTS and DISCUSSION

In ventilation and respiratory frequency no significant 
differences between AE and CE existed. At the beginning of 
the work load oxygen uptake (Fig. 1A) increased significantly 
more in the experiments with aldosterone injections (P<0.05). 
Differences were in the order of 100 ml/min on commencement 
of work load and increased during the final steps. Maximal 
oxygen uptake was increased significantly in the AE by about 
400 ml/min or 10 + 12 % (P«<0.02).

In addition to the increase in oxygen uptake, the level of 
carbon dioxide output (Fig. 1B) is also shown to exhibit a 
similar trend. It can be seen from Fig. 1A and В that the 
difference between the two treatments are not as marked

Vbjd min-1) Vbojl I min')

Fig. 1: Behavior of oxygen uptake (A) and carbon dioxide
output (B) during bicycle ergometer work load after 
aldosterone application (AE) and during control 
experiments (CE). Work load of 280 W was the level 
which could be performed by all subjects.
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during the lower levels of work load in the case of carbon 
dioxide output. Due to the small discrepancy of oxygen uptake 
and carbon dioxide output a more marked decrease of respira
tory quotient (Fig. 2) in AE was found in the range below 
endurance capacity.

RQ

Fig. 2: Respiratory quotient during bicycle ergometer work
load in aldosterone (AE) and control experiments (CE).

HR (n m in"1)

Fig. 3: Heart rate of different steps of work load in rela
tion to oxygen uptake. AE: aldosterone experiments; 
CE: control experiments

Increase of heart rate did not differ significantly between 
the experimental conditions. In figure 3 heart rates of 
different steps of work load are shown as a function of 
oxygen uptake. The especially augmented oxygen uptake 
induced by aldosterone during submaximal and maximal work 
loads led to a significant increase of oxygen pulse in 
this range. This indicates that during heavy work load
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Fig. 4: End-tidal oxygen pressure during bicycle ergometer
work load in aldosterone (AE) and control experiments 
(CE).

aldosterone increased the oxygen consumption at the same level 
of heart rate. Consequently an augmented oxygen extraction of 
blood would be expected. Indications for such an increase are 
presented for the range below endurance capacity (Fig. 4). The 
end-tidal oxygen pressure was reduced significantly more in 
AE than in CE. But no differences existed in the upper range, 
in which an especially enhanced oxygen uptake by aldosterone 
was to be seen. Perhaps this can be explained by results of 
other authors (9,11) indicating an inotropic action of 
aldosterone on the heart.

Activities of enzymes of the tricarboxylic acid cycle as 
well as the respiratory chain was found to be enhanced by 
aldosterone (4,5,6,8). Dalton and Snart (2) stated an in
creased respiration through aldosterone. It is open to 
question whether these findings all obtained in toad bladder 
and rat kidney are transferable to the muscular system (1).
In the event of such findings being applicable to the muscular 
system this would explain the increase in oxygen uptake during 
application of aldosterone.

There are indications that part of the augmented oxygen uptake 
is due to increased lipid metabolism. During work load in 
the submaximal range, the respiratory quotient was reduced 
significantly in AE compared to CE (see Fig. 2). In other 
investigations where aldosterone had been used on the toad 
bladder this had facilitated the conversion of pyruvate into 
fatty acids and increased the content of unsaturated fatty 
acids (3), whilst in rats, plasma level of free fatty acids 
has also been shown to increase (7).
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Relations between muscular work and the ACTH - cortisol 
system have already been the subject of many studies. In 
these the main objective has been to clarify the nature of 
physiological changes, but attempts were made from the very 
beginnings to use hormonal response also as a means for 
checking physical fitness or condition. To keep this point 
on the agenda also such efforts have helped that tried to 
increase physical performance by steroid administration. 
Nevertheless, even some of the fundamental problems have all 
the while escaped a definitive answer, and the reported 
results continued to be discordant /1, 2/. In addition to the 
methodological differences in hormone estimation a large part 
of the discord has arisen we believe by using a diversity of 
test exercises in subjects of unidentified, but variable 
levels of fitness.

In this paper we wish to summarize the results of a 
multifaceted series of experiments. The purpose in it was to 

. get ahead systematically concerning the effects of submaximum 
and maximum intensity laboratory and event specific exercise 
in competitors of different age, level of fitness and favour
ite sport as well as in comparable control subjects. In all 
experiments cortisol level was estimated by using a modifica
tion of Mattingly's method /3/. *

Two diagrams of our former rat experiments are first 
recalled /4, 5/* In Fig. 1 plasma corticosterone concentra
tions of trained and control rats are shown after an exhaus
tive bout of swimming. Though significantly higher after than 
before the exercise, the steroid level of the animals subjec
ted to previous regular training was much lower than that of 
the controls. Figure 2 illustrates the effects of a single 
ACTH injection. The response to ACTH of both groups is a 
maximum, ruling out suggestions that would explain the differ
ence seen in Fig.1. by attributing it to an exhaustion of the 
adrenal glands in the trained animals. Quite on the contrary, 
the reduced response can be fully accounted for by the devel
opment of an adaptation process in the exercise-trained rats.

All the other figures to be shown refer to human sub
jects. In the first series submaximum ergometric exercise was 
studied in awimmers, handball players and nonathletic
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i = Reference level 

i= Non-exercized

•I- Exercized

Fig. 1. Th.e effect 
swimming on plasma cor
ticosterone level in 
previously exercised 
and non-exercised rats 
/x + sd/.

i = Reference level 

«= Non-exercized 

iii= Exercized

Fig. 2. ACTH effect on 
plasma corticosterone 
in previously exercised 
and non-exercised rats 
/x + sd/.
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/jg/lO Cm: se- i pg/100 m l serum рд/ЮО m ! serum

Swimmers Handball players Nonathletes

Fig- 3* The effect of a submaximum laboratory exercise on 
serum hydrocortisone level. B: pre—exercise values. 
A: post-exercise values /x + sd/.

p g /'O O m l serum рд/Ю О  m l serum  jg /W O  m ! s e r jm

Swimmers Handball players Noncthletes

Fig* 4 . Submaximum sport specific activity and serum 
hydrocortisone level /5 + sd/.
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ид/100ml serum /ид/100 тI serum  и д /100 m l serum ид/ЮО ml serum

Decathlomsts Rjnners Wrestlers

Fig. 5* Serum hydrocortisone level in all-out exercise /x + sd/•

jjg/'.OO ml serum /ug/IOOrl serum pg/100 ml serum

Basketball pi Marathon runners Nonathletes
(Soccer)

Pig. 6. Serum hydrocortisone level 
and event-specific sport 
competition /x + sd/.

technology students 
aged 18 to 25* This 
work load failed to 
affect serum cortisol 
in all of the subject 
groups /Fig. 3/.

When the same groups underwent a 
submaximum intensity 
exercise conforming to their favourite 
branch of sport, post
exercise serum corti
sol level again agreed 
with the initial one in all groups /Fig.4-/.

In the next 
series cortisol con
centration was studied 
before and after an 
all-out treadmill run. 
The subjects were de- 
cathlonists, medium 
and long-distance 
runners, wrestlers and 
nonathletic adults. 
Decathlonists and 
runners displayed a 
significant rise while
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Fig. 7

Fig.

Track and field Ball games Monathletes

The effect of an all-out exercise_on serum 
hydrocortisone level in juniors /x + sd/.

in the wrestlers no 
appreciable change was 
found. The slight rise 
seen in the nonathletic 
subjects was not sig
nificant statistically 
/Fig.IV. Competitive 
activity, on the other 
hand, could double the 
serum concentration of 
cortisol in both first 
class basketball play
ers and marathon run
ners , as shown in Fig.
6, whereas a friendly 
no-risk match of soccer 
did not produce any 
change in the nonath
letes .

The role of age 
was studied in junior 
athletes of 15 to 18, 
in players of some ball 
games and in nonathletic 
subjects. The all-out

. All-out exercise and serum hydrocortisone in child- 
age swimmers grouped according to pre-exercise 
serum hormone level /x + sd/.
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exercise brought about a significant rise of cortisol level 
in all the three groups /Fig. 7/*

All-out laboratory exercise was studied also in child 
swimmers aged between 11 and Г5 years. Of this group two sub
groups were formed by using initial cortisol level as a 
classification criterion. Group 1 consisted of children whh low 
initial levels and Group 2 of those having a relatively high 
initial serum concentration. Both subgroups were subjected to 
the same exercise regime, yet neither responded by a rise. It 
is interesting to note that higher initial levels even tended 
to decrease under the effect of exhaustive work /Fig. 8/.

Analysing and summing up these results we have stated 
that the exercise response of the pituitary-adrenal system 
in healthy humans is markedly different from that found in 
the animal experiments.

Submaximum work loads had no appreciable effect on 
serum cortisol under either laboratory or field conditions. 
High preexercise levels have usually decreased to normal 
after the exercise. This finding is consistent at all ages 
studied and does not depend on the event of sport used as the test exercise in the case of the competitive athletes. Divergent results were, however, obtained with all-out exercises on the treadmill. Factors such as age, level of fitness and 
event of sport may all have contributed to the differences.

In well-trained adults being engaged in dynamic events 
of sport and having high aerobic power all-out running 
elicited a slight,but consistent rise of serum cortisol. The 
same response was present also when the preexercise level had 
been relatively higher. This type of response was character
istic of the extraordinary fitness of decathlonists and distance runners, for instance.

Despite of the maximum intensity treadmill exercise 
subjects, such as wrestlers, who were engaged in a more 
static kind of regular physical activity, developed no change 
in the concentration of secum cortisol. Physical activity and 
cortisol response are thus related in more than one way. The 
higher the subject’s work capacity, the more marked the 
pituitary-adrenal response, though in that one has to notice 
a dependence on the event pursued too. When laboratory tests 
of ergometric exercise are used to study hormonal reactions, 
it is advisable to take also the dissimilarities of sport 
events into account. Recreative physical activity does not 
change the level of serum cortisol, but after high-risk 
matches or competitions, as e.g. the decisive match between 
Class I basketball teams or a marathon race, the rule has 
been a marked adrenal response. Competitive conditions and 
maximum intensity performance are therefore potent activators 
of the pituitary-adrenal system. These conditions seem to 
mobilize such additional mechanisms and reserves that are 
inaccessible for even maximum intensity laboratory workloads. 
Accordingly, emotional factors and motivation may play a 
prime part in man in the development of a marked adrenal re
sponse. Naturally, the respective effects of emotion and 
severity of physical effort cannot be sharply discerned, if 
for nothing else then for the high level of motivation 
required by really exhaustive activity. The importance of
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the emotional factors has been evidenced also by the values 
obtained in the juniors and children, such as the higher 
levels of cortisol found before the all-out exercise. The 
intensity of the adrenocortical response is therefore a function of work capacity under laboratory conditions and 
one of the level of motivation and exercise intensity under 
competitive conditions.
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A n  i m p o r t a n t  g r o u p  o f  a n a b o l i c  s t e r o i d s  c o m p r i s e s  1 7  O C -  
- m e t h y l - t e s t o s t e r o n e  a n d  r e l a t e d  c o m p o u n d s ,  a m o n g  t h e m  m e t h a n -  
d r o s t e n o l o n e  ( 1 7  $ C - m e t h y l a n d r o s t a - l , 4 - d i e n e - l 7  A - o l - 3 - o n e ;  
o t h e r  t r i v i a l  n a m e  i s  m e t h a n d i e n o n e ,  H u n g a r i a n * t r a d e  n a m e :  
N e r o b o l j .  O u r  l a b o r a t o r y  h a s  b e e n  i n v o l v e d  i n  a n a l y t i c a l  
w o r k  c o n c e r n i n g  m e t h a n d i e n o n e  m e a s u r e m e n t s  f o r  s p o t  c o n t r o l  
s i n c e  1 9 7 5 .  S i n c e  t h a t  t i m e  u r i n e  s a m p l e s  w e r e  m e a s u r e d  b y  
r a d i o i m m u n o a s s a y  i n  m o r e  t h a n  8 , 0 0 0  c a s e s  a n d  i n  o r d e r  t o  i m p r o v e  t h e  e f f i c i e n c y  o f  t h e  d r u g  d e t e c t i o n ,  t e c h n i c a l  a n d  
t h e o r e t i c a l  d e v e l o p m e n t s  w e r e  n e c e s s a r y .  T h e  m a i n  t e c h n i c a l  a c h i e v e m e n t s  d u r i n g  t h i s  t i m e  i n v o l v e d  a  t w e n t y - f i v e  f o l d  
s e n s i t i v i t y  i n c r e a s e  o f  t h e  m e t h a n d i e n o n e  R I A  o v e r  o u r  o r i g i 
n a l  m e t h o d  ( 1 ) ,  a n t i s e r a  a n d  p a r t i a l l y  a l s o  t r a c e r  p r o d u c t i o n  
f o r  R I A  o f  t e s t o s t e r o n e ,  1 9 - n o r - t e s t o s t e r o n e  a n d  e p i - m e t h y l -  
- t e s t o s t e r o n e  ( 2 )  a s  w e l l  a s  c o m b i n e d  a p p l i c a t i o n  o f  h i g h  
p r e s s u r e  l i q u i d  c h r o m a t o g r a p h y  ( H P L C )  a n d  R I A  ( 3 ) .  T h e o r e t i 
c a l  w o r k  c o n c e r n e d  o n  o n e  h a n d  c o l l e c t i o n  o f  e x p e r i m e n t a l  d a t a  o n  t h e  m e t h a n d i e n o n e  m e t a b o l i s m ,  o n  t h e  o t h e r  h a n d  s e v e r a l  p r o b l e m s  c o m p e l l e d  u s  t o  i n v e s t i g a t e  a l s o  r a d i o i m m u n o a s s a y  m e t h o d  i t s e l f .  T h i s  p a p e r  p r e s e n t s  a n  o u t l i n e  o f  o u r  d a t a  o b t a i n e d  o n  t h e  m e t a b o l i s m  o f  m e t h a n d r o s t e n o l o n e ;  o u r  
t h e o r e t i c a l  c o n s i d e r a t i o n s  w h i c h  a i m  t h e  u s e  o f  c r o s s - r e a c 
t i o n s  i n  R I A  d e t e r m i n a t i o n s ,  w i l l  b e  d i s c u s s e d  i n  t h e  n e x t  
o n e  ( 4 ) .

R a d i o i m m u n o a s s a y  d e t e r m i n a t i o n  w a s  m a d e  b y  t w o  p r o c e d u r e s ,  
o n e  d e s c r i b e d  b e f o r e  ( 1 , 3 ) ,  t h e  m o d i f i e d  p r o c e d u r e  i s  a s  
d e s c r i b e d  b y  B r o o k s  e t  a l .  ( 5 )  w i t h  m i n o r  a l t e r a t i o n s ;  t h e  
r a n g e  o f  t h e  m e a s u r e m e n t  e x t e n d s  t o  6  p g  -  1  n g .  H i g h  p r e s s u r e  l i q u i d  c h r o m a t o g r a p h y  w a s  p e r f o r m e d  a s  i t  i s  s h o w n  o n  
F i g .  1 .  T h e  c h r o m a t o g r a m s  o f  t h e  i n j e c t e d  u r i n e  e x t r a c t s  s h o w e d  s e v e r a l  p e a k s  b u t ,  w i t h o u t  a d d e d  s t a n d a r d ,  p e a k s  c o r r e s p o n d i n g  t o  m e t h a n d i e n o n e ,  t e s t o s t e r o n e  o r  m e t a b o l i t e s  
c o u l d  n o t  b e  d e t e c t e d  b y  U V  l i g h t ,  s o  f r a c t i o n s  w e r e  c o l l e c t 
e d  a c c o r d i n g  t o  t h e  r e t e n t i o n  d a t a  o b t a i n e d  w i t h  s t a n d a r d  
m i x t u r e s -  F r a c t i o n s  w e r e  l a t e r  m e a s u r e d  b y  R I A .  S i n c e  f o r  
c h r o m a t o g r a p h y  u r i n e  e x t r a c t s  w e r e  n e e d e d  w h i l e  i n  R I A  m e a 
s u r e m e n t s  u s u a l l y  u n p r e t r e a t e d  s a m p l e s  a r e  a p p l i e d  i n  o u r  p r a c t i c e ,  i t  w a s  n e c e s s a r y  f i r s t  t o  c o n t r o l ,  w h e t h e r  t h e  i m m u n o r e a c t i v i t y  c o n t a i n e d  i n  t h e  u r i n e  s a m p l e s ,  c a n  b e  e x -
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t r a c t e d  q u a n t i t a t i v e l y  a s  a u t h o r s  i n  t h e  l i t e r a t u r e  g e n e r a l l y  s u p p o s e  t h o u g h  d o  n o t  s t a t e .  I t  w a s  f o u n d  t h a t  e t h y l  e t h e r  e x t r a c t s  c o n t a i n  a b o u t  o n e  t h i r d  o f  t h e  i m m u n o r e a c t i v i t y  o f  
t h e  o r i g i n a l  s a m p l e s  a n d  t h e  m o r e  p o l a r  d i c h l o r m e t h a n e - e t h a -  
n o l  ( 9 : 1 )  m i x t u r e  e x t r a c t s  a l s o  n o t  m o r e  t h a n  6 0 % .  F o r  p r a c 
t i c a l  r e a s o n s ,  h o w e v e r ,  e t h e r  e x t r a c t s  w e r e  u s e d  t h r o u g h o u t  
t h e  c h r o m a t o g r a p h i c  e x p e r i m e n t s .  A n o t h e r  p r o b l e m  w a s  e n c o u n t e r e d  w h e n  r a t  u r i n e  s p e c i m e n s  w e r e  s u b j e c t e d  t o  R I A  m e a s u r e m e n t s .  A  - s t i l l  u n i d e n t i f i e d -  s u b s t a n c e  c o n t a i n e d  i n  t h e  u r i n e  o f  r a t s  s u p p r e s s e d  R I A  r e s p o n s e  t o  s u c h  a n  e x t e n t  t h a t  
i n  m o s t  c a s e s  n o n s e n s e  n e g a t i v  n u m e r i c a l  v a l u e s  w e r e  o b t a i n e d  
f o r  m e t h a n d i e n o n e  c o n c e n t r a t i o n s .  A  s u b s t i t u t i o n  o f  t h e  
d i l u t i n g  b u f f e r  w i t h  c o n t r o l  r a t  u r i n e  i n  s t a n d a r d  s o l u t i o n s  
h e l p e d  t o  o v e r c o m e  t h i s  p r o b l e m .  H u m a n  u r i n e  u s u a l l y  d o e s  
n o t  a l t e r  s i g n i f i c a n t l y  t h e  b i n d i n g  o f  t h e  s t e r o i d  t o  t h e  
a n t i b o d i e s  e x c e p t  s e v e r a l  o b s e r v e d  c a s e s .  T h e  e x p l a n a t i o n  o f  t h i s  p h e n o m e n o n  i s  u n c e r t a i n  a t  p r e s e n t .

Chroaatogroa of • alitura containing 6 ug twatoatwroow and 8 ug aathandroatanolona 
Conditional 25 oa Mikro-Рак CH-10 оо1шш elüt ad with 40% ethanol in water.

Detector wavelengths 240 na Recorder preaentationi 1.000 AUFS

Chroaatograa of 5 ug teatoaterone in ethanol aolution 
Conditional aa above

Chrooatogram of 10 ug nethandroatenolone in ethanol aolution 
Conditiones aa above

F i g . l  H P L C  c h r o m a t o g r a m s  o f  t e s t o s t e r o n e ,  m e t h a n d r o s t e n o l o n e  
a n d  t h e i r  m i x t u r e

E x p e r i m e n t s  o n  r a t s  w e r e  c o n d u c t e d  i n  o r d e r  t o  o b t a i n  
m e t a b o l i s m  d a t a  w i t h  r a d i o a c t i v e l y  l a b e l l e d  s u b s t a n c e ;  t o  
c o n t r o l ,  w h e t h e r  t h e s e  d a t a  c a n  b e  c o m p a r e d  t o  r e s u l t s  i n  
h u m a n s ,  a n d  t o  i n v e s t i g a t e ,  i f  o u r  e x p e r i e n c e  o n  h u m a n  m a t e 
r i a l  c a n  b e  t r a n s f e r r e d  t o  m a m m a l s .  L a t t e r  a s p e c t  h a s  b e c o m e  
r a t h e r  i m p o r t a n t  a s  a n a b o l i c  s t e r o i d  c o n t r o l  i s  e x p e c t e d  t o  
b e  o b l i g a t o r y  n o t  o n l y  f o r  r a c e - h o r s e s  b u t  i n  c o m m e r c i a l  m e a t  
p r o d u c t s ,  a s  w e l l .E x p e r i m e n t a l  c o n d i t i o n s  a r e  t a b u l a t e d  i n  T a b l e  1 .F i g u r e  2  s h o w s  e x c r e t i o n  p r o f i l e  o f  m e t h a n d i e n o n e  e q u i v a l e n t  
i m m u n o r e a c t i v i t y  i n  t h e  h u m a n  s u b j e c t  d u r i n g  a n d  a f t e r  t h e  a d m i n i s t r a t i o n ,  n g / m l  c o n c e n t r a t i o n  v a l u e s  a s  w e l l  a s  n g / m g  
c r e a t i n i n e  r a t i o s  a r e  p l o t t e d .  H e r e  R I A  w a s  m a d e  a p p l y i n g  
u n e x t r a c t e d  s a m p l e s .  F i g u r e  3  s h o w s  t h e  r e s u l t s  o f  R I A  m e a 
s u r e m e n t s  f r o m  e x t r a c t e d  a n d  f r a c t i o n a t e d  s a m p l e s .  I t  c a n  b e  s e e n ,  t h a t  t h e  h i g h e s t  p o r t i o n  o f  t h e  e x t r a c t a b l e  i m m u n o r e a c t i v i t y  i s  c o n t a i n e d  i n  t h e  f r a c t i o n  e l u t i n g  b e f o r e  m e t h a n -
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d i e n o n e  ( f r a c t i o n  1 )  a n d  t e s t o s t e r o n e  ( f r a c t i o n  2 )  t h u s  s h o w i n g  i t s  m o r e  p o l a r  n a t u r e .  B e i n g  e x t r a c t a b l e  i n  e t h e r ,  t h i s  m a t e r i a l  ( f r a c t i o n  0 )  c a n n o t  c o m p r i s e  p o s s i b l e  c o n j u g a t e s  o f  t h e  s t e r o i d s ,  b u t  6 / S - O H - m e t h a n d i e n o n e ,  o n e  o f  t h e  
m a i n  m e t a b o l i t e s  ( 6 )  i s  c e r t a i n l y  i n c l u d e d .  ( L a t e r  w e  a l s o  
c o u l d  d e t e c t  t h i s  c o m p o u n d  i n  u r i n e  e x t r a c t s  b y  g a s - c h r o m a 
t o g r a p h y ) .  I t  h a s  t o  b e  n o t e d  t h a t  t h e  o t h e r  c l a s s  o f  m a i n  m e t a b o l i t e s ,  1 7 - e p i - c o n f i g u r a t e d  p r o d u c t s  ( 7 , 8 )  a r e  n o t  i n c l u d e d  i n  o u r  p r e s e n t  m e a s u r e m e n t s  a s  t h i s  s u b s t a n c e  w i l l  n o t  b e  m e a s u r e d  b y  t h e  R I Y  f o r  m e t h a n d i e n o n e .  A n  a p p r o p r i a t e  
R I A  m e t h o d  f o r  m e a s u r i n g  e p i - c o n f i g u r a t e d  p r o d u c t s  h a s  b e e n  
d e v e l o p e d  i n  o u r  l a b o r a t o r y  r e c e n t l y  ( 2 ) .  I t  c a n  a l s o  b e  o b 
s e r v e d  t h a t  a  s m a l l  b u t  m e a s u r a b l e  f r a c t i o n  o f  t h e  i m m u n o -  r e a c t i v i t y  c o i n c i d e s  a l s o  w i t h  t h e  m e t h a n d i e n o n e  a n d  t e s t o s t e 
r o n e  f r a c t i o n s .
T a b l e  1 .  E x p e r i m e n t a l  c o n d i t i o n s

MAN RAT

stenolone” H a z e l e d 0.2 m q A a  вег dav o.o. 0.2 mq/kq per dav i.p.uLLiiuiuiiL tritiated
amount
given

925 kBq/aay
0.2 mg/kg per day i.p.

Period of admin
istrat ion 6 days 5 days

Collection of urine 
samp les

first daily excretes 
content related to 
c reatinine cone.

24-hr collection 
in metabolic cages

Determination 
procedure used

RIA+
HPLC RIA

RIA
scintillation counting

F i g . 2  T o t a l  i m m u n r e a c t i v e  c o n t e n t  i n  u n e x t r a c t e d  u r i n es a m p l e s .  A r r o w s  i n d i c a t e  p e r i o d  o f  a d m i n i s t r a t i o n .
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úaaunreactlTe copteat in fraction 
total lmmunreactiTitj of urine aaaple

F i g . 4 .  I m m u n r e a c t i v e  c o n t e n t  o f  t h e  f r a c t i o n s  1  a n d  2
r e l a t e d  t o  t h e  t o t a l  i m m u n o r e a c t i v i t y  o f  t h e  s a m p l e s .

F i g . 5 .  R e s u l t s  o f  r a d i o a c t i v i t y  m e a s u r e m e n t s  f r o m  t o t a l  u r i n e  s a m p l e s ,  a n d  t h e i r  e x t r a c t s  ( a v e r a g e  o f  3  r a t s ) .  T h e  a r r o w s  o n  t h e  a b s c i s s a  i n d i c a t e  t h e  p e r i o d  o f  t h e  
a d m i n i s t r a t i o n .

T h e  d i f f e r e n c e  b e t w e e n  t h e  e x c r e t e d  r a d i o a c t i v i t y  a n d  i m 
m u n o r e a c t i v i t y  c a n  w e l l  b e  o b s e r v e d  o n  t h e  g r a p h s  o f  F i g . 6 .  
I t  h a s  t o  b e  n o t e d  t h a t  i m m u n o r e a c t i v i t y  m e a s u r e m e n t s  w e r e  d o n e  o n  s a m p l e s  c o l l e c t e d  f r o m  a n o t h e r  t h r e e  a n i m a l s  t h u s  
s o m e  o b s e r v e d  d i f f e r e n c e s  c a n  b e  e x p l a i n e d  b y  t h e  i n d i v i d u a l
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F u r t h e r  i n  t h e  m e t h a n d i e n o n e  f r a c t i o n  a  n o n - e n d o g e n o u s  p r o d u c t  r e a c t s ,  w h i c h  f a c t  i s  p r o v e n  b y  t h e  v e r y  l o w  r e a c t i v i t y  o f  t h i s  f r a c t i o n  i n  t h e  s a m p l e  t a k e n  b e f o r e  t h e  a d 
m i n i s t r a t i o n .  T h e  m u l t i p l e  e x c r e t i o n  p e a k s  o f  m e t h a n d i e n o n e  
a n d  m e t a b o l i t e s  a r e  k n o w n  i n  t h e  l i t e r a t u r e  a n d  t h e y  w e r e  
o b s e r v e d  a l s o ,  w h e n  m e a s u r e m e n t s  w e r e  p e r f o r m e d  b y  g a s  c h r o 
m a t o g r a p h y - m a s s - s p e c t r o m e t r y  t h u s  f o l l o w i n g  o n l y  a m o u n t s  o f  i n d i v i d u a l ,  i d e n t i f i e d  s u b s t a n c e s  ( 9 , l o ) .  T h i s  a l t e r n a t i o n  i n  e x c r e t e d  a m o u n t s  s u g g e s t s  t h a t  t h e  r a t i o n  o f  t h e  d i f f e r e n t  e x c r e t e d  m e t a b o l i t e s  v a r i e s  d u r i n g  t h e  a d m i n i s t r a t i o n .  A  p r o o f  o f  t h i s  t h e o r y  c a n  b e  s e e n  i n  F i g . 4  w h e r e  i m m u n o r e a c -  
t i v i t y  m e a s u r e d  i n  f r a c t i o n s  1  a n d  2  d i v i d e d  b y  t h e  t o t a l  i m -  
m u n r e a c t i v e  c o n t e n t  o f  t h e  e x t r a c t e d  s a m p l e  i s  p r e s e n t e d .  I t  
i s  a p p a r e n t  f r o m  t h e  c u r v e s  t h a t  d u r i n g  t h e  a d m i n i s t r a t i o n  
t h e  r a t i o  o f  t h e  m o r e  p o l a r  m e t a b o l i t e s  i s  m u c h  h i g h e r  t h a n  
t h a t  a f t e r  t h e  e n d  o f  t h e  a d m i n i s t r a t i o n  w h e n  t h e  e x t r a c t a b l e  
m a t e r i a l  e l u t i n g  w i t h  m e t h a n d i e n o n e  r e p r e s e n t s  a b o u t  t h e  h a l f  o f  t h e  t o t a l  i m m u n o r e a c t i v i t y  e x t r a c t e d .

laeuarectiTe content of collected fraction* related 
ng/mg creatinine to c«atlnine content of urine aaaplee

F i g . 3  E x c r e t e d  i m m u n o r e a c t i v i t y  d u r i n g  a n d  a f t e r  m e t a n d i e -
n o n e  a d m i n i s t r a t i o n  ( 0 . f r a c t i o n  e l u t i n g  b e f o r e  m e t h a n 
d i e n o n e  i n  H P L C ) .

T h e  s a m e  p h e n o m e n o n  c a n  b e  o b s e r v e d  i n  r a t s  . F i g u r e  5  
p r e s e n t s  r e s u l t s  o f  e x p e r i m e n t s  p e r f o r m e d  w i t h  t r i t i a t e d  
m e t h a n d i e n o n e .  M e a s u r e m e n t s  i n  t h e s e  c a s e s  w e r e  d o n e  s o l e l y  b y  c o u n t i n g  r a d i o a c t i v i t y  a s  R I A  w o u l d  h a v e  b e e n  i n t e r f e r e d  b y  t h e  t r i t i u m  c o n t e n t  o f  t h e  s a m p l e s .  T h e  c u r v e s  s h o w  t h e  a v e r a g e  o f  t h e  e x t r a c t a b l e  r a d i o a c t i v i t y  a n d  t h e  r a t i o  o f  
t h e  e x t r a c t e d  a n d  t h e  t o t a l  e x c r e t e d  r a d i o a c t i v i t y .  T h e  
e x t r a c t a b i l i t y  o f  t h e  m e t a b o l i t e s  s i g n i f i c a n t l y  i n c r e a s e s  
a f t e r  t h e  a d m i n i s t r a t i o n .  F l e r e ,  o f  c o u r s e ,  o n e  c a n n o t  b e  c e r t a i n  i f  t h e  s t e r o i d - l i k e  m e t a b o l i t e s  r e a l l y  d o  c o n t a i n  t h e  
l a b e l  e x c r e t e d  o r  n o t .  T h e  e x t r a c t a b l e  r a d i o a c t i v i t y ,  h o w e v e r ,  i s  m o s t  p r o b a b l y  e x c r e t e d  i n  f o r m  o f  s o m e  s t e r o i d - t y p e  m o l e c u l e .
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v a r i a t i o n s .  T h e  m a i n  d i f f e r e n c e s ,  h o w e v e r ,  a r e  t o o  c h a r a c t e r i s t i c  t o  d i s r e g a r d  t h e m .  I t  i s  e v i d e n t  t h a t  t h e  p r e d o m i 
n a n t  p r o d u c t s  o f  t h e  f i r s t  a n d  s e c o n d  d a y s  a r e  e i t h e r  m e t a 
b o l i t e s  w i t h  a  v e r y  l o w  r e a c t i v i t y  i n  o u r  a s s a y  o r  t h e  m e a 
s u r e d  r a d i o a c t i v i t y  c a n  b e  a s s i g n e d  t o  s o m e  v e r y  s i m p l e  
p r o d u c t / s /  o f  a  p r i m a r y  m e t a b o l i c  a t t a c k  o n  t h e  c a r b o n  a t o m s  
h o l d i n g  t h e  t r i t i u m  l a b e l s  ( p o s i t i o n s  1 , 2  a n d  4 ) .  A s  a t  t h e  
e n d  o f  t h e  e x a m i n e d  p e r i o d  a  s u b s t a n t i a l  a m o u n t  o f  i m m u n o -  
r e a c t i v i t y  w a s  e x c r e t e d  w i t h o u t  s i g n i f i c a n t  r a d i o a c t i v i t y ,  
i t  i s  m o r e  p r o b a b l e  t h a t  t h e  m e t a b o l i s m  o f  a t  l e a s t  a  p a r t  o f  
t h e  e x o g e n e o u s  s t e r o i d  c o m m e n c e s  w i t h  s u b s t i t u t i o n  r e a c t i o n s  a t  t h e  m e n t i o n e d  p o s i t i o n s  i n  t h e  r a t .  A n  i m p o r t a n t  c h a r a c t e r i s t i c  i n  m e t h a n d i e n o n e  m e t a b o l i s m  c o m m o n  t o  r a t  a n d  m a n  i s  
t h a t  a c c o r d i n g  t o  l i t e r a t u r e  d a t a  ( 7 )  a n d  o u r  e x p e r i e n c e  n o  
s i g n i f i c a n t  a m o u n t s  o f  s u l p h a t a s e  a n d / o r  g l u c u r o n i d a s e  s e n 
s i t i v e  m e t a b o l i t e s  c o u l d  b e  d e t e c t e d .  T h i s  f a c t  s u p p o r t s  t h e  
i d e a  t h a t  t h e  m e n t i o n e d  n o n - e x t r a c t a b l e  f r a c t i o n  o f  m e t a b o l i 
t e s  a r e  n o t  e a s i l y  h y d r o l y s a b l e  c o n j u g a t e s .  F i g u r e  7  s h o w s  t h e  c o m p a r i s o n  o f  t h e  i m m u n o r e a c t i v i t y  e x c r e t i o n  p r o f i l e s  i n  r a t  a n d  m a n .  T h e  t w o  p a i r s  o f  c u r v e s  d i f f e r  f r o m  e a c h  o t h e r  o n l y  i n  t h e i r  s y n c h r o n i s a t i o n :  t h e  l e f t  h a n d  s i d e  c u r v e s  h a v e  t h e i r  c o m m o n  z e r o  p o i n t  a t  t h e  b e g i n n i n g  o f  t h e  a d m i n i s t r a 
t i o n  .

URINARY EXCRETION PROFILES

administration

F i g . 6  E x c r e t e d  i m m u n o r e a c t i v i t y  a n d  r a d i o a c t i v i t y  i n  u r i n e  
s a m p l e s  o f  r a t s  a d m i n i s t e r e d  u n l a b e l l e d  a n d  t r i t i a t e d  
m e t h a n d r o s t e n o l o n e .
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COMPARISON OF EXCRETION PROFILES

F i g . 7  C o m p a r i s o n  o f  i m m u n o r e a c t i v i t y  e x c r e t i o n  p r o f i l e s  i n  
m a n  a n d  r a t .  L e f t :  c u r v e s  a r e  s y n c h r o n i s e d  a t  d a y  0 ,  
r i g h t :  p a i r  o f  c u r v e s  h a v e  t h e i r  c o m m o n  d a y  a t  t h e  
e n d  o f  t h e  d r u g  a d m i n i s t r a t i o n .

H e r e  t h e  r e s e m b l a n c e  o f  t h e  p e a k s  i n  t h e  e x c r e t i o n  d u 
r i n g  t h e  a d m i n i s t r a t i o n  c a n  b e  o b s e r v e d .  T h e  o t h e r  p a i r  i s ,  i n  t u r n ,  s y n c h r o n i s e d  a t  t h e  e n d  o f  t h e  t r e a t m e n t .  F o r  s p o r t s  
c o n t r o l  p u r p o s e s ,  t h a t  l a t t e r  i s  t h e  m o r e  s i g n i f i c a n t  c o m p a r i s o n  a s  w e  h a v e  t o  k e e p  i n  m i n d  t h e  p r o b l e m  o f  d r u g  d e t e c t i o n  a f t e r  t h e  c e s s a t i o n  o f  t h e  i n t a k e .  T h e  p e a k  a t  t h e  5 t h - 6 t h  p o s t  a d m i n i s t r a t i o n  d a y s  i s  c o m m o n  t o  r a t  a n d  m a n ,  
s h o w i n g  a  g e n e r a l  p h e n o m e n o n  o b s e r v e d  i n  m a n y  o t h e r  c a s e s ,  
t o o .  T h i s  c a n  p r o b a b l y  b e  t h e  r e s u l t  o f  t h e  m o b i l i s a t i o n  o f  
t h e  a m o u n t s  o f  t h e  s t e r o i d ,  s t o r e d  d u r i n g  t h e  t r e a t m e n t .  O u r  
p r e l i m i n a r y  i n v e s t i g a t i o n s  o n  d i s t r i b u t i o n  o f  m e t h a n d i e n o n e  i n j e c t e d  t o  r a t s  s h o w e d  h i g h  c o n c e n t r a t i o n s  i n  t h e  k i d n e y s  a n d  t h e  f a t .  L a t t e r  c a n  w e l l  s e r v e  a s  a  d e p o  o f  t h e  s u b s t a n c e .  I n  o u r  e a r l i e r  e x p e r i e n c e ,  s i m i l a r  p o s t - a d m i n i s t r a t i o n  
e x c r e t i o n  p e a k s  w e r e  o b s e r v e d  e v e n  a f t e r  a  l o n g e r  p e r i o d  
w h e n  h i g h e r  a m o u n t s  o f  t h e  s t e r o i d s  w e r e  a p p l i e d .
S u m m a r i s i n g  t h e  p r e s e n t e d  r e s u l t s  w e  c a n  s t a t e ,  t h a t :
1 .  t h e  e x t r a c t a b i l i t y  o f  t h e  i m m u n o r e a c t i v e  p r o d u c t s  i s  q u i t e  
p o o r ,  a n d  i t  c h a n g e s  d u r i n g  a n d  a f t e r  t h e  a d m i n i s t r a t i o n ;2 .  t h e  m e t a b o l i s m  o f  t h e  m e t h a n d i e n o n e  i s  o n l y  p a r t i a l l y  s i 
m i l a r  i n  r a t  a n d  m a n ,  b u t  t h e  s i m i l a r i t y  i n v o l v e s  a  v e r y  
i m p o r t a n t  p o s t - t r e a t m e n t  e x c r e t i o n  o f  i m m u n o r e a c t i v e  m a t e r i a l ;
3 .  t h e  e x c r e t i o n  c u r v e s  o f  t h e  t r i t i u m  l a b e l  a n d  t h e  i m m u n o -  
r e a c t i v i t y  a r e  n o t  p a r a l l e l  a n d
4 .  m e t h a n d i e n o n e  i s  b e i n g  e x c r e t e d  i n  f o r m s  o f  u n c o n j u g a t e d  
m e t a b o l i t e s  i n  b o t h  s p e c i e s  e x a m i n e d .
S u p p o r t e d  b y  t h e  S c i e n t i f i c  R e s e a r c h  C o u n c i l ,  M i n i s t r y  o f  
H e a l t h ,  H u n g a r y ,  a n d  t h e  N a t i o n a l  S p o r t s  a n d  P h y s i c a l  E d u c a t i o n  B o a r d ,  H u n g a r y .
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A d v .  P h y s i o l .  S c i .  V o l .  1 8 .  E n v i r o n m e n t a l  P h y s i o l o g y  

F. O b á l .  G .  B e n e d e k  ( e d s )

MULTIDIMENSIONAL CALIBRATION 
OF ANABOLIC STEROID 

RADIOIMMUNOASSAYS: 
POSSIBILITY FOR THE IDENTIFICATION 

OF THE REACTING SPECIES
Veronika Mann and A. B. Benkő

N a t i o n a l  " F r é d é r ic  J o l i o t - C u r i e "  R e s e a r c h  I n s t i t u t e  f o r  R a d i o b i o l o g y  a n d  R a d i o h y g i e n e ,  B u d a p e s t ,
FI- 1 7 7 5 ,  H u n g a r y

I n v e s t i g a t i o n s  o n  s i m i l a r i t i e s  a n d  d i s s i m i l a r i t i e s  i n  
m e t  h a n d  i e n o n e  ( I 7 0 f - m e t h y l - a n d  r o s t a -  l , 4 - d i e n e - l 7 ^ - o l - 3 - o n e )  
m e t a b o l i s m  o f  m a n  a n d  r a t  w e r e  d i s c u s s e d  i n  p r e v i o u s  p a p e r  
( 1 ) .  A n o t h e r  i m p o r t a n t  a n d  i n t e r e s t i n g  c o n c l u s i o n  w h i c h  c o u l d  b e  d r a w n  f r o m  o u r  e x p e r i e n c e s  w i t h  h u m a n  s a m p l e s  w a s ,  t h a t  i n  g e n e r a l ,  r a d i o i m m u n o a s s a y  ( R I A )  c a n  b e  r e g a r d e d  t o  h a v e  a  
h i g h e r  e f f e c t i v e  s e n s i t i v i t y  i n  d e t e c t i n g  e x c r e t e d  a n a b o l i c  
s t e r o i d s  o r  t h e i r  m e t a b o l i t e s  t h a n  g a s  c h r o m a t o g r a p h y - m a s s  
s p e c t r o s c o p y  h a s -  T h e  p r o b l e m  w i t h  R I A  h a s  a l w a y s  b e e n  t h e  
c o m p a r a t i v e l y  h i g h  p o s s i b i l i t y  o f  f a l s e  p o s i t i v e  r e s u l t s ,  d u e  
t o  c r o s s - r e a c t i o n s  f r o m  e i t h e r  e n d o g e n o u s  s u b s t a n c e s  o r  o t h e r  
" p e r m i s s i b l e ”  s t e r o i d s  a s  f o r  e x a m p l e  c o n t r a c e p t i v e s .  C o m 
p a r i s o n  o f  s a m p l e s  o b t a i n e d  a f t e r  a n  e x p e r i m e n t a l  a d m i n i s t r a t i o n  o f  a n a b o l i c s ,  h o w e v e r ,  c l e a r l y  s h o w e d  t h a t  t h e  o f t e n  
o b s e r v e d  d i s c r e p a n c y  b e t w e e n  R I A  a n d  G C - M S  r e s u l t s  c a n  s o m e t i m e s  a l s o  b e  d u e  t o  f a l s e  n e g a t i v e  d e c i s i o n s  m a d e  b y  G C - M S ,  t h e  c a u s e  o f  w h i c h  c a n  b e  f o u n d  i n  t h e  i n s u f f i c i e n t  k n o w l e d g e  o f  s t e r o i d  m e t a b o l i s m  a n d  t h e  t o o  h i g h  s p e c i f i c i t y  o f  t h e  
G C - M S  m e t h o d -  T h e  m e n t i o n e d  f a c t s  g a v e  u s  a n  i m p u l s e  f o r  & t  
f i r s t  t h e o r e t i c a l ,  l a t e r  e x p e r i m e n t a l  i n v e s t i g a t i o n s  t o  m a k e  
u s e  c r o s s - r e a c t i v i t y  o f  R I A s  i n  d e t e c t i n g  a n d  p o s s i b l y  i d e n 
t i f y i n g  l o w  a m o u n t s  o f  s t e r o i d s  a n d  t h e i r  m e t a b o l i c  p r o d u c t s .

I t  h a s  b e e n  l o n g  k n o w n  t h a t  a c c o r d i n g  t o  t h e i r  s i m i l a r i t y  
i n  s t e r i c a l  a n d  c h e m i c a l  c h a r a c t e r i s t i c s ,  c l o s e l y  r e l a t e d  c o m p o u n d s  c a n  c r o s s - r e a c t  i n  e a c h  o t h e r ' s  a s s a y .  T h i s  o b s e r v a t i o n  w a s  e s p e c i a l l y  s i g n i f i c a n t  i n  c a s e  o f  h a p t e n  a n t i 
g e n s ,  a m o n g  o t h e r s  s t e r o i d s .  C r o s s - r e a c t i v i t y  h a s  b e e n  u s u 
a l l y  r e g a r d e d  a s  a  d i s a d v a n t a g e  s i n c e  a r t i f i c i a l  o r  m e t a b o 
l i c  p r o d u c t s ,  i m p u r i t i e s  c a n  a n d  d o  i n t e r f e r e  w i t h  t h e  
d e t e r m i n a t i o n  o f  t h e  s u b s t a n c e  i n  q u e s t i o n .  N e v e r t h e l e s s ,  c r o s s - r e a c t i o n s  c a n  b e  u s e f u l ,  t o o ,  e . g .  i n  m e a s u r i n g  a  s u b s t a n c e  w i t h  a  h i g h  c r o s s - r e a c t i o n  i n  a n o t h e r  a s s a y  o r  i n  d e t e r m i n i n g  a n  u n k n o w n  m e t a b o l i t e  o f  v e r y  s i m i l a r  s t r u c t u r e  
t o  t h e  o r i g i n a l  a n t i g e n ,  e t c . ,  a s  i t  i s  i n  t h e  c a s e  w i t h  
s o m e  a n a b o l i c  s t e r o i d .

T o  i l l u s t r a t e  t h e  c r o s s - r e a c t i o n s  o f  d i f f e r e n t  e x t e n t ,  
F i g .  1  a n d  2  s h o w  s t a n d a r d  c u r v e s  a n d  s e v e r a l  c r o s s - r e a c t i o n  c u r v e s  i n  t h e  a s s a y s  f o r  m e t h a n d i e n o n e  ( m e t h a n d r o s -  t e n o l o n e )  a n d  t e s t o s t e r o n e  r e s p . .

295



I

T h e  m a i n  o b j e c t i v e  o f  o u r  i n v e s t i g a t i o n s  a t  f i r s t  w a s  t o  o b t a i n  a  s i m p l e  m e t h o d  t o  s e p a r a t e  r e a c t i o n  o f  t e s t o s t e r o n e  
( T )  a n d  i t s  m e t a b o l i t e s  f r o m  t h a t  o f  m e t h a n d i o n e  ( M )  a n d  
m e t a b o l i t e s  w h i c h  m u t u a l l y * t h o u g h  n o t  e q u a l l y - c r o s s - r e a c t  i n  
e a c h  o t h e r ' s  a s s a y s .

I t  i s  e v i d e n t  t h a t  t o  s o l v e  t h i s  p r o b l e m ,  s a m p l e s  h a v e  
t o  b e  m e a s u r e d  b y  t w o  a s s a y s ,  o n e  f o r  T  a n d  t h e  o t h e r  f o r  M .  T h e  e v a l u a t i o n  o f  t h e s e  " t w i n " - r e s u l t s ,  h o w e v e r ,  i s  f a r  f r o m  b e i n g  s i m p l e  a s  n e i t h e r  o f  t h e  p r e s e n t e d  r e a c t i o n  c u r v e s  i s  
l i n e a r ;  a d d i t i v i t y  t h e r e f o r e  c a n n o t  b e  s u p p o s e d .  A n o t h e r  p a p e r  d e a l i n g  w i t h  c r o s s - r e a c t i v i t y  o f  T  a n d  S ^ D H T  l e d  t o

F i g .  1  S t a n d a r d  c u r v e  f o r  m e t h a n d r o s t e n o l o n e  ( u n m a r k e d )  a n d  
s e v e r a l  c r o s s - r e a c t i o n  c u r v e s  i n  m e t h a n d r o s t e n o l o n e  
r a d i o i m m u n o a s s a y

1 androsterone
2 progesterone
3 epi-methandrostenolone

F i g .  2  S t a n d a r d  c u r v e  f o r  t e s t o s t e r o n e  ( u n m a r k e d )  a n d  s e v e r a l  c r o s s - r e a c t i o n  c u r v e s  m e a s u r e d  i n  t h e  R I A  f o r  t e s t o s t e r o n e
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c o n c l u s i o n s  s o m e w h a t  r e s e m b l i n g  t o  o u r s  ( 2 ) .L e t  u s  i n t r o d u c e  s o m e  - t o  a  c e r t a i n  e x t e n t  u n o r t h o d o x -  s y m b o l s .  B e  A  a n d  В  t h e  t w o  c r o s s - r e a c t i v e  s u b s t a n c e s  ( h e r e  
A  w i l l  s t a n d  f o r  m e t h a n d i e n o n e ,  В  f o r  t e s t o s t e r o n e ) .  B e  f u r t h e r  t h e  c o n c e n t r a t i o n  o f  A  r e p r e s e n t e d  b y  x ,  t h a t  o f  В  
b y  y .  L e t  R  s t a n d  f o r  t h e  r e s p o n s e  m e a s u r e d ,  t h u s  b e i n g  t h e  
r e s p o n s e  d e p e n d e n t  o n  t h e  a s s a y  u s e d ,  w e  s h a l l  h a v e  R A  a n d
R ß , i . e .  t h e  r e s p o n s e s  m e a s u r e d  i n  t h e  A  a n d  В  a s s a y s ,  r e s p . .
F i n a l l y ,  a  m i x t u r e  w h i c h  c o n t a i n  x ^  p g  o f  A  a n d  y ^  p g  o f  В  
w i l l  b e  r e p r e s e n t e d  b y  a  p a i r  o f  n u m e r s  i n  b r a c k e t s  ( х ^ , у ^ ) ,
t h e  c o r r e s p o n d i n g  r e s p o n s e s  m e a s u r e d  c a n  t h u s  b e  e x p r e s s e d  a s  
R a  ( Х ] , у , )  a n d  R g C x j i y - ^ ) .  N a t u r a l l y ,  t h e  f u n c t i o n  Ra ( x , 0 )  
w i l l  t h e n  m e a n  a l l  t h e  r e s p o n s e  v a l u e s  w h i c h  c a n  b e  o b t a i n  
b y  v a r y i n g  t h e  a m o u n t  o f  A  i n  t h e  A  a s s a y ,  w i t h  o t h e r  w o r d s  
t h i s  s y m b o l  i s  t h a t  o f  t h e  s t a n d a r d  o f  A .  R  ( 0 , y ) ,  R g ( x , 0 )
a n d  R g ( 0 , y )  w i l l  b e  s i m i l a r l y  i n t e r p r e t e d  a s  c r o s s - r e a c t i o n  
c u r v e  o f  В  i n  t h e  A  a s s a y ,  c r o s s - r e a c t i o n  c u r v e  o f  A  i n  t h e  
В  a s s a y  a n d  t h e  s t a n d a r d  c u r v e  o f  B ,  r e s p e c t i v e l y .  I t  c a n  
b e  s e e n  f r o m  t h e  c r o s s - r e a c t i o n  c u r v e s ,  t h a t  - w i t h i n  a  
r e a s o n a b l e  r a n g e -  t o  e a c h  a m o u n t  o f  A  o r  В  a  q u a n t i t y  o f  t h e  
o t h e r  s u b s t a n c e  c a n  b e  f o u n d ,  w h i c h  g i v e s  t h e  i d e n t i c a l  r e s 
p o n s e ,  a n d  t h e s e  " e q u i r e a c t a n t " a m o u n t s  d e p e n d  o n  t h e  a s s a y  c o n c e r n e d .  L e t  u s  d e n o t e  t h e  e q u i r e a c t a n t  a m o u n t s  i n  t h e  
f o l l o w i n g  w a y :  у ' ^  д  i s  e q u i r e a c t a n t  t o  x ^  i n  t h e  A  a s s a y ,  i f
r a ( * i , ° )  =  V ° ' V ' i , A ) '  y ' l , B '  X ' l , A  a n d  X  1 , в  c a n  b e  i n -  t e r p r e t e d  s i m i l a r l y .  I f  f o r  t h e  g r a p h i c  p r e s e n t a t i o n ,  i n h i 
b i t i o n  %  v e r s u s  c o n c e n t r a t i o n  i s  c h o s e n ,  t h e  t w o  p a i r s  o f  
s t a n d a r d  a n d  c r o s s - r e a c t i o n  c u r v e s  l o o k  l i k e  i n  F i g . 3 .

F i g . 3  S t a n d a r d  a n d  c r o s s - r e a c t i o n  c u r v e s  o f  m e t h a n d i o n e  
a n d  t e s t o s t e r o n e  m e a s u r e ^  i n  R I A  f o r  m e t h a n d i e n o n e  
( l e f t )  a n d  f o r  t e s t o s t e r o n e  ( r i g h t ) ,  p r e s e n t a t i o n :  i n h i b i t i o n  v s  c o n c e n t r a t i o n
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I t  c a n  b e  o b s e r v e d ,  t h a t  m e t h a n d i e n o n e  c r o s s - r e a c t i v i t y  
i n  t h e  t e s t o s t e r o n e  a s s a y  i s  m u c h  l e s s  t h a n  v i c e  v e r s a .

W h e n ,  a s  u s u a l ,  a  s i n g l e  s u b s t a n c e  i s  m e a s u r e d  i n  o n e  
R I A ,  t h e  c a l i b r a t i o n  c u r v e  i s  v i s u a l i s e d  i n  a  p l a n e ,  t h e  t w o  
a x e s  o f  w h i c h  a r e  t h e  c o n c e n t r a t i o n  o f  t h e  s u b s t a n c e  a n d  t h e  
r e s p o n s e  m e a s u r e d .  W o r k i n g  w i t h  m i x t u r e s ,  h o w e v e r ,  c a l i b r a 
t i o n  h a s  t o  b e  m a d e  i n  a  t h r e e - d i m e n s i o n a l  s p a c e ,  i n  w h i c h  
t w o  a x e s  - t h e y  d e t e r m i n e  t h e  c o n c e n t r a t i o n  p l a n e -  r e p r e s e n t  
t h e  c o n c e n t r a t i o n s  o f  t h e  t w o  s u b s t a n c e s ,  t h e  t h i r d  a g a i n  t h e  
r e s p o n s e  m e a s u r e d  i n  o n e  o f  t h e  a s s a y s .

L e t  u s  r e g a r d  a t  f i r s t  t h e  R I A  f o r  A .  T h e  c o n v e n t i o n a l  
s t a n d a r d  c u r v e  f o r  A ,  w h i c h  w a s  d e n o t e d  i n  o u r  s y m b o l s  
Ra ( x , 0 ) ,  w i l l  b e  o b t a i n e d  o n  t h e  p l a n e  d e t e r m i n e d  b y  t h e
a x e s  x - R a  l i k e  i n  t h e  s i m p l e  c a l i b r a t i o n  p r o c e d u r e .  C r o s s -  - r e a c t i o n  c u r v e  o f  B ,  i n  t u r n ,  w i l l  h a v e  t o  a p p e a r  o n  t h e  
p l a n e  у - К д /  s i n c e  t h e  у  a x i s  r e p r e s e n t s  a l l  t h e  " m i x t u r e s "  i n
w h i c h  t h e  c o n c e n t r a t i o n  o f  A ,  t h a t  i s  x  e q u a l s  t o  z e r o .  A s  
e v e r y  p o i n t  o n  t h e  p l a n e  c o n c e n t r a t i o n s  c o r r e s p o n d s  t o  a  m i x t u r e ,  t h e o r e t i c a l l y  t o  e a c h  o f  t h e s e  p o i n t s  a  r e s p o n s e ,R a  c a n  b e  m e a s u r e d ,  a n d  t h e  p o i n t s  d e t e r m i n e d  b y  b o t h  c o n 
c e n t r a t i o n s  a n d  t h e  r e s p e c t i v e  r e s p o n s e  w i l l  f o r m  a  s u r f a c e  i n  t h e  t h r e e - d i m e n s i o n a l  s p a c e .

T h i s  s u r f a c e  i s  s h o w n  i n  F i g .  4 .  S i m i l a r  p r o b l e m s  w e r e  
d i s c u s s e d  b y  F e l d m a n  e t  a l .  ( 3 )  w h o  r e g a r d e d  c r o s s - r e a é t i -  
v i t y  i n  f a c t  t o  b e  a v o i d e d  o r  e l i m i n a t e d .

F i g . 4  S u r f a c e  f o r m e d  f r o m  p o i n t s  r e p r e s e n t i n g  m i x t u r e s  a n d  
t h e i r  r e s p o n s e  ( c a l c u l a t e d  o n  d a t a  o f  R I A  f o r  m e t h a n 
d i e n o n e )  i n  t h e  t h r e e  d i m e n s i o n a l  s p a c e  d e t e r m i n e d  b y  
c o n c e n t r a t i o n  o f  m e t h a n d i e n o n e ,  t e s t o s t e r o n e  a n d  t h e  
m e a s u r e d  r e s p o n s e .
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F i g . 5  C a l c u l a t e d  i s o - r e s p o n s e  c u r v e s  o n  t h e  c o n c e n t r a t i o n  
p l a n e  i . e .  c u r v e s  j o i n i n g  p o i n t s  o f  m i x t u r e s  w i t h  
i d e n t i c a l  r e s p o n s e s  i n  o n e  o f  t h e  a s s a y s .  S o l i d  
l i n e :  i s o - r e s p o n s e  c u r v e s  i n  m e t h a n d i e n o n e  a s s a y ,  d a s h e d  l i n e :  t h o s e  i n  t e s t o s t e r o n e  a s s a y .

T h e  g r a p h i c  i l l u s t r a t i o n  o f  t h e  a b o v e  f o r m u l a e  w i l l  m a k e  t h e  c o n c e p t  m o r e  c l e a r  ( F i g . 3 ) .  R e s p o n s e  o f  m i x t u r e s  i s  
c a l c u l a t e d  t a k i n g  f i r s t  t h e  r e s p o n s e  o f  t h e  m o r e  r e a c t i v e  c o m 
p o n e n t ,  b y  p r o j e c t i o n  o f  t h e  r e s p o n s e  o b t a i n e d ,  t h e  c o r r e s 
p o n d i n g  e q u i r e a c t a n t  a m o u n t  o f  t h e  l e s s  r e a c t i v e  s u b s t a n c e  
c a n  b e  f o u n d ,  a d d i n g  t o  t h i s  a m o u n t  t h e  a m o u n t  o f  t h e  l e s s  
r e a c t i v e  s u b s t a n c e  i n  t h e  m i x t u r e ,  t h e  c a l c u l a t e d  r e s p o n s e  o f  t h e  m i x t u r e  c a n  b e  r e a d  f r o m  t h e  g r a p h .  T h i s  m e t h o d  a l l o w e d  t h e  e s t i m a t i o n  o f  r e s p o n s e s  o f  d i f f e r e n t  m i x t u r e s  w i t h i n  t h e  w o r k i n g  r a n g e  o f  t h e  t w o  R I A s  w i t h  a n  a c c e p t a b l e  d e v i a 
t i o n ,  a s  t h e  p o i n t s  i n  F i g .  5  s h o w .  T h e  p o i n t s  h e r e  w i t h  
a s s i g n e d  d a t a  p a i r s  a r e  m e a s u r e d  m i x t u r e s ,  t h e  c o n s t i t u t i o n  
o f  w h i c h  c a n  b e  r e a d  f r o m  t h e  t w o  c o o r d i n a t e  a x e s .  T h e  f i r s t  
n u m b e r s  i n  t h e  b r a c k e t s  r e p r e s e n t  r e s p o n s e  i n  t h e  A  a s s a y ,  t h e  s e c o n d  o n e s  t h o s e  i n  t h e  В  a s s a y .

I t  c a n  b e  s e e n ,  t h a t  t h e  r a n g e  o f  t h e  m e t h o d  i s  l i m i t e d  b y  t h e  r e s p o n s e  o b t a i n a b l e  w i t h  t h e  l e s s  r e a c t i v e  s u b s t a n c e .  
T h a t  i s ,  f o r  t h e  t o o  h i g h  s p e c i f i c i t y  o f  o u r  t e s t o s t e r o n e  
a n t i s e r u m  h a s  b e c o m e  a  d i s a d v a n t a g e .  F a r  b e t t e r  r e s u l t s  c o u l d  
h a v e  b e e n  o b t a i n e d  w i t h  a  l e s s - s p e c i f i c  s e r u m .  T h e  p r o o f  o f  
t h i s  w a s  o b t a i n e d  a p p l y i n g  t h e  d e s c r i b e d  c a l c u l a t i o n  m e t h o d  
t o  l i t e r a t u r e  d a t a  o b t a i n e d  w i t h  s u b s t a n c e s  a n d  a n t i s e r a  o f
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h i g h e r  m u t u a l  c r o s s - r e a c t i v i t y  ( 3 ) .  R e s u l t s  o f  t h e s e  c a l c u l a t i o n s  w i l l  b e  p u b l i s h e d  e l s e w h e r e  ( 4 ) .T h e  m e t h o d  t h e o r e t i c a l l y  c a n  b e  e x t e n d e d  t o  m a n y  d i m e n 
s i o n s  u n t i l  e v e r y  g r o u p  o f  a n a b o l i c  s t e r o i d s ,  t h e i r  m e t a b o l i t e s  ( i f  n e c e s s a r y )  a n d  e n d o g e n o u s  a s  w e l l  a s  p e r m i s s i b l e  c o m p o u n d s  c a n  b e  m e a s u r e d  w i t h  a n  a c c e i p t a b l e  e f f i c i e n c y .  
S u c h  a  v e r y  c o m p l e x  s y s t e m  h a s  t o  b e  h a n d l e d ,  n a t u r a l l y ,  b y  
c o m p u t e r ,  b u t  t h e  t h e o r y  d o e s  n o t  b e c o m e  m u c h  m o r e  c o m p l i 
c a t e d .  I f  t h e  t a s k  i s  t o  d e t e c t  o n l y  a n d  n o t  t o  q u a n t i t a t e  
c e r t a i n  s u b s t a n c e s ,  t h e  r e s p o n s e  a x i s  c a n  e v e n  b e  o m i t t e d .
A  t h r e e - d i m e n s i o n a l  e x a m p l e  f o r  t h i s  c a n  b e  s e e n  o n  t h e  F i g .  6 .

F i g . 6 .  P o i n t s  r e p r e s e n t i n g  t r i p l e  c o n c e n t r a t i o n s  o f  h u m a n  
u r i n e  s a m p l e s  c o l l e c t e d  d u r i n g  a n d  a f t e r  m e t h a n d i -  
e n o n e  a d m i n i s t r a t i o n .  C o n c e n t r a t i o n  a x e s  a r e :  M -  
- m e t h a n d i e n o n e ,  Е М - 1 7 - e p i - m e t h a n d i e n o n e ,  T - t e s t o s t e -  
r o n e .  N u m b e r s  r e p r e s e n t  d a y s  o f  t h e  e x p e r i m e n t .
S o l i d  t h i c k  l i n e :  c u r v e  j o i n i n g  t h e  p o i n t s  i n  t h e  
s p a c e ,  t h i n  l i n e s  a n d  d a s h e d  l i n e s :  p r o j e c t o r  l i n e s  
a n d  p r o j e c t e d  i m a g e s .

H e r e  t h e  h u m a n  s a m p l e s  o f  t h e  e x p e r i m e n t  d i s c u s s e d  i n  t h e  p r e v i o u s  p a p e r  ( 1 )  w e r e  m e a s u r e d  b y  t h e  a s s a y s  f o r  t e s t o s t e r o n e ,  m e t h a n d i e n o n e  a n d  1 7 - e p i - m e t h a n d i e n o n e .  T h e  
l a t t e r  a s s a y  w a s  d e v e l o p e d  i n  o u r  l a b o r a t o r y  t h i s  y e a r  ( 5 ) .

T h e  s o l i d ,  t h r e e - d i m e n s i o n a l  l i n e  j o i n s  t h e  p o i n t s  c o r 
r e s p o n d i n g  t h e  u r i n e  s a m p l e s  c o l l e c t e d  o n  c o n s e c u t i v e  d a y s  
d u r i n g  a n d  a f t e r  t h e  a d m i n i s t r a t i o n .  T h i n n e r  a n d  d a s h e d  l i 
n e s  a r e  p r o j e c t o r  l i n e s  a n d  p r o j e c t e d  i m a g e s  w h i c h  a r e  
s h o w n  o n l y  t o  h e l p  s p e c t a t o r s  t o  i m a g i n e  t h e  l i n e  i n  t h e
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s p a c e .  W h a t  i s  t o  b e  o b s e r v e d  h e r e  i s ,  t h a t  o n  t h e  c o n t r o l  d a y  ( d a y  O )  t h e  p o i n t  d e t e r m i n e d  b y  t h e  m e a s u r e d  t r i p l e  
c o n c e n t r a t i o n s  i s  q u i t e  n e a r  t o  t h e  T  a x i s  w h i c h  r e p r e s e n t s  
h e r e  t h e  e n d o g e n e o u s  c o m p o u n d s .  A s  t h e  e x c r e t i o n  o f  m e t h a n -  
d i e n o n e  m e t a b o l i t e s  s t a r t s  o n  t h e  f i r s t  d a y ,  t h e  p o i n t  l e a v e s  
t h e  v i c i n i t y  o f  t h i s  a x i s  a n d  w a n d e r s  i n  t h e  d i r e c t i o n  o f  
e p i - m e t h a n d i e n o n e ,  l a t e r  a l s o  i n  t h e  d i r e c t i o n  o f  m e t h a n -  
d i e n o n e ,  t h u s  s h o w i n g  t h e  c h a n g e s  i n  t h e  r a t i o  o f  t h e  d i f f e 
r e n t  t y p e s  o f  m e t a b o l i t e s .  S o m e  d a y s  a f t e r  t h e  a d m i n i s t r a t i o n  t h e  r e s p e c t i v e  p o i n t  w i l l  r e t u r n  a g a i n  t o  t h e  t e s t o s t e r o n e  a x i s .B y  t h e  u s e  o f  t h i s  m e t h o d  n o t  o n l y  s p o r t s  c o n t r o l  m a y  
b e c o m e  m o r e  s t r o n g  b u t  j u s t ,  e n d o c r i n o l o g i s t s  c a n  a l s o  g a i n  
i n f o r m a t i o n  o n  t h e  c h a n g i n g  m e t a b o l i c  p r o c e s s e s  a f f e c t i n g  
s t e r o i d  h o r m o n e s  ( a n d  p r o b a b l y  o t h e r  s u b s t a n c e s  t o o ) .  T h e  
t h e o r y ,  w h i c h  w i l l  b e  p u b l i s h e d  t h i s  y e a r  ( 6 ) ,  s u p p o s i n g l y  
c a n  f i n d  i t s  u s e  i n  o t h e r  r a d i o i m m u n o a s s a y s  a s  w e l l .
S u p p o r t e d  b y  t h e  S c i e n t i f i c  R e s e a r c h  C o u n c i l ,  M i n i s t r y  o f  
H e a l t h ,  a n d  t h e  N a t i o n a l  S p o r t s  a n d  P h y s i c a l  E d u c a t i o n  B o a r d ,  
H u n g a r y .
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d i n g  s y s t e m  a t  e q u i l i b r i u m .  A n a  1 . B i o c h e m . 4 5 , 5 3 0 - 5 5 6  
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4  M a n n , V .  a n d  A . B . B e n k ő . :  I s o - r e s p o n s e  c u r v e s  c a l i b r a t e  c o m b i n e d  r a d i o i m m u n o a s s a y s  o f  t e s t o s t e r o n e  a n d  5  - i ( d i -  h y d r o t e s t o s t e r o n e .  S t e r o i d s  s u b m i t t e d  f o r  p u b l i c a 
t i o n  .

5  M a n n , V . ,  A . B . B e n k ő  a n d  L . T . K o c s á r . :  T h e  u s e  o f  1 7 - e p i - m e t h y l -
- t e s t o s t e r o n e  r a d i o i m m u n o a s s a y  i n  f o l l o w i n g  m e t h a n -  
d i e n o n e  m e t a b o l i t e s  i n  u r i n e .  S t e r o i d s  s u b m i t t e d  
f o r  p u b l i c a t i o n .

6  M a n n , V .  a n d  A . B . B e n k ő . :  C o m b i n a t i o n  a n d  m u l t i d i m e n s i o n a lc a l i b r a t i o n  o f  c r o s s - r e a c t i n g  r a d i o i m m u n o a s s a y s .  
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EFFECT OF BETA-BLOCKING DRUGS 
ON CORONARY BLOOD FLOW DURING 
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J. L. Pannier and G. R. Heyndrickx

D e p a r t m e n t s  o f  C a r d i o l o g y ,  P h y s i o l o g y ,  a n d  P h y s i c a l  E d u c a t i o n ,  S t a t e  U n i v e r s i t y  o f  G h e n t ,  G h e n t ,
В - 9 0 0 0 ,  B e l g i u m

R e c e n t  e x p e r i m e n t s  h a v e  s h o w n  t h a t  c o r o n a r y  b l o o d  f l o w  
is u n d e r  a u t o n o m i c  n e r v o u s  as w e l l  a s  m e t a b o l i c  c o n t r o l  ( R o s s ,  
1 9 7 6 ) .

T h e  p u r p o s e  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  w a s  t o  e v a l u a t e  
t h e  e f f e c t  o f  l o s s  o f  b e t a - a d r e n e r g i c  a c t i v i t y  u p o n  m y o c a r d i a l  
b l o o d  f l o w  a n d  u p o n  t h e  o x y g e n  b a l a n c e  o f  t h e  h e a r t  d u r i n g  
e x e r c i s e  in c o n s c i o u s  d o g s .
M E T H O D S

E x p e r i m e n t s  w e r e  p e r f o r m e d  o n  8 m o n g r e l  d o g s ,  c h r o n i c a l 
l y  i n s t r u m e n t e d  w i t h  a D o p p l e r  u l t r a s o n i c  f l o w  p r o b e  a r o u n d  
t h e  l e f t  c i r c u m f l e x  c o r o n a r y  a r t e r y  t o  m e a s u r e  c o r o n a r y  b l o o d  
f l o w ,  w i t h  a p r e s s u r e  g a u g e  i n  t h e  l e f t  v e n t r i c l e  t o  m e a s u r e  
l e f t  v e n t r i c u l a r  p r e s s u r e s ,  a n d  w i t h  c a t h e t e r s  in  t h e  a o r t a  
a n d  in  t h e  c o r o n a r y  s i n u s  f o r  m e a s u r i n g  o f  a r t e r i a l  a n d  c o r o n a 
r y  s i n u s  o x y g e n  c o n t e n t .  T h r e e  w e e k s  a f t e r  s u r g e r y ,  h e m o d y n a 
m i c  m e a s u r e m e n t s  w e r e  m a d e  a t  r e s t  a n d  a t  t h e  t h i r d  m i n u t e  o f  
a s t a n d a r d  s u b m a x i m a l  e x e r c i s e  o n  t h e  t r e a d m i l l .  E a c h  d o g  w a s  
s u b j e c t e d  t o  s e v e r a l  e x p e r i m e n t s  o n  s e p a r a t e  d a y s ,  e i t h e r  in  
" c o n t r o l "  c o n d i t i o n s  o r  15  m i n u t e s  a f t e r  t h e  a d m i n i s t r a t i o n  o f  
p r o p r a n o l o l  ( 1 - 1 . 5  m g / k g  i . v . ) .
R E S U L T S

A c o n t r o l  e x e r c i s e  r u n . e l i c i t e d  a n  i n c r e a s e  i n  h e a r t  r a t e  
( f r o m  1 0 8  + 7 t o  2 0 6  + 11  b e a t s / m i n ) ,  p e a k  l e f t  v e n t r i c u l a r  
d P / d t  ( f r o m  3 2 2 2  + 1 0 1  t o  7 0 6 2  + 3 6 6  m m H g / s ) ,  L V  d P / d t / P  
( f r o m  61  + 3 t o  1 1 4  + 8 s e c - 1 ), L V E D P  ( f r o m  4 . 5  + 0 . 5  t o  
7 . 9  + 0 . 6  m m H g ) ,  ajid m e a n  a o r t i c  b l o o d  p r e s s u r e  Х ^ г о т  9 4  + 3 
t o  1 1 8  + 6 m m H g ) .  M e a n  c o r o n a r y  b l o o d  f l o w  r o s e  f r o m  3 9 + 5  
t o  77  + 9 m l / m i n ,  m y o c a r d i a l  o x y g e n  c o n s u m p t i o n  s h i f t e d  ? r o m  
4 . 3 2  + 0 . 3 8  t o  1 0 . 5 1  + 1 . 2 2  m l / m i n ,  w h i l e  c o r o n a r y  s i n u s  o x y 
g e n  c o n t e n t  d e c r e a s e d  f r o m  4 . 9 7  + 0 . 3 5  t o  3 . 9 5  +  0 . 2 4  v o l  I .
T h e  o x y g e n  d e l i v e r y  - t o  - o x y g e n  c o n s u m p t i o n  r a t i o  d e c r e a s e d  
f r o m  1 . 4 2  + 0 . 0 5  t o  1 . 2 9  + 0 . 0 3 .

D u r i n g  an  i d e n t i c a l  e x e r c i s e  a f t e r  p r o p r a n o l o l ,  h e a r t  
r a t e  ( 1 6 0  + 8 b e a t s / m i n ) ,  p e a k  L V  d P / d t  ( 3 1 0 7  + 1 8 8  m m H g / s ,
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a n d  L V  d P / d t / P  ( 7 3  + 6 s e c  ) w e r e  m a r k e d l y  l o w e r  t h a n  d u r i n g  
t h e  c o n t r o l  r u n .  L V E D P  ( 1 3 . 2  + 1 . 2  m m H g )  w a s  h i g h e r ,  a n d  m e a n  
a o r t i c  b l o o d  p r e s s u r e  w a s  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  M e a n  
c o r o n a r y  b l o o d  f l o w  ( 5 1  + 5 m l / m i n )  a n d  m y o c a r d i a l  o x y g e n  c o n 
s u m p t i o n  ( 7 . 9 4  + 0 . 8 9  m l / m i n )  w e r e  s i g n i f i c a n t l y  l o w e r .  T h e  
c o r o n a r y  s i n u s  o x y g e n  c o n t e n t  ( 2 . 5 8  + 0 . 3 3  v o l  %) a n d  t h e  
o x y g e n  d e l i v e r y  - t o  - o x y g e n  c o n s u m p t i o n  r a t i o  ( 1 . 1 6  +  0 . 0 2 )  
w e r e  a l s o  s i g n i f i c a n t l y  l o w e r  t h a n  d u r i n g  t h e  c o n t r o l  e x e r c i s e
D I S C U S S I O N

P r o p r a n o l o l  h a s  a d e p r e s s a n t  e f f e c t  o n  m y o c a r d i a l  f u n c 
t i o n  a n d  c o r o n a r y  b l o o d  f l o w  d u r i n g  e x e r c i s e  in c o n s c i o u s  d o g s  
a s  h a s  b e e n  s h o w n  b y  o t h e r s  a s  w e l l  ( B a s s e n g e  e t  al . 1 9 7 2  ; 
H o r w i t z  e t  a l . 1 9 7 4 ) .  T h e  l o w e r  m y o c a r d i a l  o x y g e n  c o n s u m p t i o n  
m a y  b e  c a u s e d  b y  t h e  r e d u c t i o n  in  h e a r t  r a t e  a n d  i n  m y o c a r d i a l  
c o n t r a c t i l e  f o r c e ,  t w o  i m p o r t a n t  d e t e r m i n a n t s  o f  m y o c a r d i a l  
o x y g e n  c o n s u m p t i o n .

T h e  l o w e r  c o r o n a r y  b l o o d  f l o w  d u r i n g  e x e r c i s e  a f t e r  p r o 
p r a n o l o l  d o e s  n o t  n e c e s s a r i l y  i m p l y  t h a t  t h e  o x y g e n  d e m a n d  w a s  
n o t  a d e q u a t e l y  c o v e r e d  s i n c e  m y o c a r d i a l  o x y g e n  c o n s u m p t i o n  w a s  
a l s o  d e c r e a s e d .  In o r d e r  to  e v a l u a t e  t h e  a d e q u a c y  o f  c o r o n a r y  
b l o o d  f l o w ,  m y o c a r d i a l  o x y g e n  s u p p l y  s h o u l d  b e  r e l a t e d  t o  i t s  
d e m a n d .  T h e r e f o r e  c h a n g e s  in t h e  m y o c a r d i a l  o x y g e n  b a l a n c e  e x 
p r e s s e d  a s  t h e  r a t i o  b e t w e e n  o x y g e n  d e l i v e r y  a n d  o x y g e n  c o n 
s u m p t i o n  w e r e  a n a l y s e d  a n d  r e l a t e d  to  t h e  c h a n g e s  in t h e  c o r o 
n a r y  s i n u s  o x y g e n  c o n t e n t .

D u r i n g  e x e r c i s e  a f t e r  p r o p r a n o l o l ,  t h e  o x y g e n  d e l i v e r y  
t o  o x y g e n  c o n s u m p t i o n  r a t i o  a s  w e l l  a s  t h e  c o r o n a r y  s i n u s  
o x y g e n  c o n t e n t  w e r e  s i g n i f i c a n t l y  l o w e r  t h a n  d u r i n g  t h e  c o n 
t r o l  r u n .  T h e s e  r e s u l t s  i n d i c a t e  t h a t  p r o p r a n o l o l  a l t e r s  t h e  
b a l a n c e  b e t w e e n  m y o c a r d i a l  o x y g e n  s u p p l y  a n d  d e m a n d  d u r i n g  
e x e r c i s e ,  s o  t h a t  a g i v e n  l e v e l  o f  my oc ar di al  o x y g e n  c o n s u m p 
t i o n  is a c h i e v e d  w i t h  a p r o p o r t i o n a l l y  l o w e r  m y o c a r d i a l  b l o o d  
f l o w  a n d  a h i g h e r  o x y g e n  e x t r a c t i o n .
R E F E R E N C E S
- B a s s e n g e ,  E .', M. K u r c h a r c z y k ,  J. H o l t z  a n d  D. S t o t a n  : T r e a d  

m i l l  e x e r c i s e  in d o g s  u n d e r  b e t a  a d r e n e r g i c  b l o c k a d e  : a d a p 
t a t i o n s  o f  c o r o n a r y  a n d  s y s t e m i c  h e m o d y n a m i c s .  P f l ü g e r s  A r c h  
3 3 2 : 4 0 - 5 5 ,  1 9 7 2 .

- H o r w i t z ,  L . D . ,  J . M .  A t k i n s  a n d  S . J .  L e s h i n  : E f f e c t  o f  b e t a  
a d r e n e r g i c  b l o c k a d e  o n  l e f t  v e n t r i c u l a r  f u n c t i o n  in  e x e r c i 
s e .  A m .  J. P h y s i o l .  2 2 7 : 8 3 9 - 8 4 2 ,  1 9 7 4 .

- R o s s ,  G. : A d r e n e r g i c  r e s p o n s e s  o f  t h e  c o r o n a r y  v e s s e l s .  
C i r c u l a t .  R e s .  3 9 : 4 6 1 - 4 6 5 ,  1 9 7 6 .
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D e p a r t m e n t  o f  P h y s i o l o g y .  I n s t i t u t e  o f  P h y s i o l o g y  a n d  P a t h o l o g y ,  M e d i c a l  S c h o o l ,  B i a l y s t o k ,  1 5 - 2 3 0 ,
P o l a n d

T h e  a v a i l a b l e  d a t a  o n  t h e  r o l e  o f  t h e  a d r e n e r g i c  s y s t e m  
i n  a c t i v a t i o n  o f  g l y c o g e n o  l y s i s  i n  s k e l e t a l  m u s c l e s  d u r i n g  
e x e r c i s e  a r e  c o n t r o v e r s i a l .  I n  t h e  r a t ,  a d r e n o m e d u l l e c t o m y  a s  w e l l  a d r e n o m e d u l l e c t o m y  c o m b i n e d  w i t h  6 - h y d r o x y d o p a m i n e  
t r e a t m e n t  w e r e  f o u n d  t o  p r e v e n t  f u l l y  ( 4 , 1 1 )  a n d  t o  h a v e  n o  
e f f e c t  ( 1 2 , 1 4 )  o n  t h e  e x e r c i s e - i n d u c e d  i n t r a m u s c u l a r  g l y c o g e n  
b r e a k d o w n .  A l s o  t h e  b e t a - a d r e n e r g i c  r e c e p t o r  b l o c k a d e  g a v e  
c o n t r a d i c t o r y  r e s u l t s  b o t h  i n  t h e  d o g  ( 7 , 9 )  a n d  i n  t h e  r a t  
( 5 , 8 ) .  A  r e a s o n  o f  t h e s e  d i s c r e p a n c i e s  c o u l d  b e  d i f f e r e n t  
w o r k  l o a d s  a p p l i e d  b y  t h e  a u t h o r s .  I n  t h e  p r e s e n t  w o r k ,  t h e  
p o s s i b i l i t y  t h a t  t h e  i n v o l v e m e n t  o f  t h e  a d r e n e r g i c  s y s t e m  
i n  s k e l e t a l  m u s c l e  g l y c o g e n o  l y s i s  d u r i n g  e x e r c i s e  c o u l d  
d e p e n d  o n  a  w o r k  l o a d  w a s  e x a m i n e d  i n  r a t s  p e r f o r m i n g  
d i f f e r e n t  m u s c u l a r  e f f o r t s .
M e t h o d s

T h e  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  o n  m a l e  W i s t a r  r a t s ,  
2 3 0 - 2 5 0  g r a m s  o f  t h e  b o d y  w e i g h t ,  f e d  o n  c o m m e r c i a l  p e l l e t  
d i e t  f o r  r o d e n t s .  T h e y  w e r e  s u b j e c t e d  e i t h e r  t o  r u n n i n g  o r  
t o  s w i m m i n g  e x e r c i s e .  T h e  l e v e l  o f  g l y c o g e n  w a s  d e t e r m i n e d  b y  t h e  m e t h o d  o f  C a r r o l l  e t  a l .  ( 1 9 5 6 )  i n  s a m p l e s  o f  t h e  
f o l l o w i n g  m u s c l e s :  1 - t h e  m o s t  s u p e r f i c i a l  l a y e r  o f  t h e  l e f t  
v a s t u s  l a t e r a l i s  ( F G m u s c l e ) ,  2 - f c h e  d e e p e s t  l a y e r  o f  t h e  s a m e  m u s c l e  ( F O G  m u s c l e ) ,  a n d  3 - t h e  s o l e u s  ( S O  m u s c l e ) .  B l o o d  g l u c o s e  
l e v e l  w a s  d e t e r m i n e d  b y  t h e  m e t h o d  o f  F l u l t m a n  ( 1 9 5 9 ) .  T h e  
o b t a i n e d  r e s u l t s  w e r e  e v a l u a t e d  s t a t i s t i c a l l y  u s i n g  t h e  
S t u d e n t - t  t e s t  f o r  u n p a i r e d  d a t a .  M e a n  v a l u e s  w e r e  c a l c u l a t e d  
f r o m  t h e  d a t a  o b t a i n e d  f r o m  t e n  r a t s .
R e s u I t s
M u s c l e  g l y c o g e n  ( t a b l e  1 ) .

R u n n i n g  3 0 m i n ,  1 2 m / m i n ,  0 ° i n c l i n e .  I n  t h e  c o n t r o l  
r a t s ,  t h e  e x e r c i s e  r e s u l t e d  i n  s i g n i f i c a n t  r e d u c t i o n  o f  t h e  g l y c o g e n  l e v e l  i n  t h e  e x a m i n e d  m u s c l e  ( P < 0 . 0 0 1  f o r  e a c h  m u s c l e ) .  T r e a t m e n t  w i t h  p r o p r a n o l o l  f u l l y  p r e v e n t e d  t h e  r e d u c t i o n  o f  t h e  g l y c o g e n  l e v e l  i n  F G  a n d  F O G  m u s c l e s .  T h e  g l y c o g e n  l e v e l  
i n  S O  m u s c l e  o f  t h e  p r o p r a n o l o l - t r e a t e d  r a t s  w a s  a l s o  r e d u c e d
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(  P < 0 . 0 0 1  v s .  t h e  r e s t i n g  l e v e l )  b u t  i t  r e m a i n e d  h i g h e r  
(  P < 0 . 0 0 1 )  t h a n  t h e  r e s p e c t i v e  l e v e l  i n  t h e  c o n t r o l  r a t s .

R u n n i n g  t i l l  e x h a u s t i o n ,  1 2 m / m i n ,  0 °  i n c l i n e .  T h e  t i m e  
o f  r u n n i n g  t i l l  e x h a u s t i o n  i n  t h e  c o n t r o l  g r o u p  w a s  2 3 9  -  3 2  
m i n  a n d  i n  t h e  p r o p r a n o l o l - t r e a t e d  g r o u p  1 8 6 *  4 4  m i n  
( P < 0 . 0 1  v s .  t h e  c o n t r o l ) .  T h e  e x e r c i s e  i n d u c e d  s i g n i f i c a n t  
r e d u c t i o n  o f  t h e  g l y c o g e n  l e v e l  i n  t h e  m u s c l e s  o f  t h e  c o n t r o l  g r o u p  ( P <  0 . 0 0 1  f o r  e a c h  m u s c l e )  a n d  t r e a t m e n t  w i t h  
p r o p r a n o l o l  h a d  n o  e f f e c t  o n  t h e  p r o c e s s .

R u n n i n g  t i l l  e x h a u s t i o n ,  3 0 m / m i n ,  5 °  i n c l i n e .  T h e  t i m e  
o f  r u n n i n g  t i l l  e x h a u s t i o n  w a s  1 9 .  1 * .  8 . 1  m i n  i n  t h e  c o n t r o l  g r o u p  a n d  1 4 . 5 *  4 . 9  m i n  i n  t h e  p r o p r a n o l o l - t r e a t e d  g r o u p  ( t h e  d i f f e r e n c e  w a s  i n s i g n i f i c a n t ) .  T h e  p o s t - e x e r c i s e  g l y c o g e n  l e v e l s  i n  t h e  m u s c l e s  w e r e  s i g n i f i c a n t l y  l o w e r  t h a n  t h e  r  r e s t i n g  l e v e l s  b o t h  i n  t h e  c o n t r o l  a n d  i n  t h e  p r o p r a n o l o l -  
- t r e a t e d  r a t s  ( P  0 . 0 0 1  a t  e a c h  c a s e ) .  H o w e v e r ,  t h e  g l y c o g e n  
l e v e l s  i n  F O G  a n d  S O  m u s c l e s  o f  t h e  p r o p r a n o l o l - t r e a t e d  
r a t s  w e r e  h i g h e r  t h a n  i n  t h e  c o n t r o l  r a t s  ( P 4 0 . 0 0 1  f o r  e a c h  
m u s c l e ) .
T a b l e  1 .  T h e  e f f e c t  o f  p r o p r a n o l o l  ( 6 m g / k g ,  i n t r a p e r i t o n e a l l y ,  
2 0 m i n  b e f o r e  t h e  e x e r c i s e )  o n  t h e  e x e r c i s e - i n d u c e d  i n t r a 
m u s c u l a r  g l y c o g e n  l e v e l  Q u m o l  o f  g l u c o s e / g  o f  t i s s u e ) .
C - c o n t r o l  g r o u p ;  P - p r o p r a n o l o l - t r e a t e d  g r o u p .

V a s t u s  V a s t u s  S o l e u s
G r o u p  s u p e r f i c i a l  d e e p e s t  ( S O  m u s c l e )( F G  m u s c l e )  ( F O G  m u s c l e )

R e s t i n g  c o n t r o l 3 1 . 7  + 2 . 9 2 7 . 8 * 3 .  3 2 9 .  1 - 5 . 6
R u n n i n g  3 o  m i n  
1 2 m / m i n C 2 7 . 3 Í 2 . 5 1 9 . 7- 3 . 2 1 2 . 5 ± 2 . 9
0 °  i n c l i n e P 3 4 . 2 * 4 .  1 2 5 .  5 - 3 . 5 2 2 . 6 ^ 2 . 2

R u n n i n g  t i l l  e x h a u s t i o n C 2 3 . 6 + 5 . 3 1 6 . 4~ 3 . 7 1 4 .  o i 2 . 5
l £ m / m i n P 2 6 . 8 * 5 . 0 1 4 .  1 ± 6 . 4 1 4 . 3 Í 3 .  1
0  i n c l i n e
R u n n i n g  t i l l C 1 2 . 8- 7 .  6 6 . 1- 1 . 5 7 . 3 - 1 . 7e x h a u s t i o n
3 $ m / m i n P 1 4 . 5 Í 6 . 9 10.2- 1 . 9 1 6 . 2 Í 2 . 4
5  i n c l i n e
S w i m m i n g C 3 1 . 6 Í 4 . 5 1 6 . o i 2 . 3 1 6 . о ! 3 . 87 5 m i n P 3 5 .  1 ± 6 . 3 2 9 . 6 Í 4 . 8 2 7 . 7 Í 4 . 5

S w i m m i n g  7 5 m i n .  T h e  s w i m m i n g  r e d u c e d  g l y c o g e n  l e v e l  i n  F O G  a n d  S O  m u s c l e s  ( P <  0 . 0 0 1 )  i n  t h e  c o n t r o l  g r o u p  a n d  i t  
w a s  f u l l y  p r e v e n t e d  i n  t h e  p r o p r a n o l o l - t r e a t e d  g r o u p .
B l o o d  g l u c o s e  l e v e l .
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T h e  b l o o d  g l u c o s e  l e v e l  w a s  s i f n i f i c a n t l y  r e d u c e d  o n l y  i n  t h e  r a t s  r u n n i n g  t i l l  e x h a u s t i o n  w i t h  t h e  s p e e d  1 2 m / m i n  ( t h e  r e s t i n g  l e v e l - 6 . 2 4 ^  0 . 8 9 ,  t h e  c o n t r o l  g r o u p  - 3 . 7 9 - 0 . 8 6 ,  t h e  p r o p r a n o l o l - t r e a t e d  g r o u p - 4 . 2 1 - 0 . 4 3  m m o l / 1 ;  f o r  t h e  
b o t h  g r o u p s  P < 0 . 0 0 1  v s .  t h e  r e s t i n g  l e v e l ) .
D i s c u s s i o n

T h e  o b t a i n e d  r e s u l t s  c l e a r l y  s h o w  t h a t  t h e  r e q u i r e m e n t  
f o r  t h e  a d r e n e r g i c  s y s t e m  t o  a c t i v a t e  t h e  s k e l e t a l  m u s c l e  g l y c o g e n o l y s i s  d u r i n g  e x e r c i s e  d e p e n d s  b o t h  o n  i n t e n s i t y  a n d  d u r a t i o n  o f  e x e r c i s e  a n d  o n  t h e  t y p e  o f  e x a m i n e d  m u s c l e  a s  w e l l .  T h u s  t h i s  f i n d i n g  s e e m s  t o  e l u c i d a t e  t h e  r e a s o n  o f  
t h e  d i s c r e p a n c i e s  i n  r e s u l t s  o b t a i n e d  b y  t h e  o t h e r  a u t h o r s .

A  f a c t o r  r e g u l a t i n g  o f  t h e  a d r e n e r g i c  i n v o l v e m e n t  i n  t h e  
m o b i l i z a t i o n  o f  t h e  m u s c l e  g l y c o g e n  d u r i n g  e x e r c i s e  r e m a i n s  
u n c l e a r .  O n l y  t h e  r a t s  r u n n i n g  t i l l  e x h a u s t i o n  w i t h  t h e  l o w  s p e e d  d e v e l o p e d  h y p o g l y c e m i a .  I n  c o n s e q u e n c e ,  t h e  w o r k i n g  
m u s c l e s  w e r e  i n a d e q u a t e l y  s u p p l i e d  w i t h  t h e  b l o o d  g l u c o s e .I t  i s  v e r y  l i k e l y  t h a t  t h e  m a r k e d  s h o r t a g e  o f  g l u c o s e  c o u l d  a c t i v a t e  t h e  n o n a d r e n e r g i c  m e c h a n i s m  s t i m u l a t i n g  g l y c o g e n o -  l y s i s  ( i . e .  m a i n l y  t h a t  m e d i a t e d  b y  i o n i z e d  c a l c i u m - r e f . 3 )  
s o  s t r o n g l y  t h a t  i t  c o u l d  o v e r c o m e  t h e  i n h i b i t o r y  e f f e c t  o f  
t h e  b e t a - r e c e p t o r  b l o c k a d e .  T h e  s a m e  m e c h a n i s m  c o u l d  a c t i 
v a t e  s t r o n g l y  t h e  n o n a d r e n e r g i c  m e c h a n i s m  a l s o  i n  F G  m u s c l e  
o f  r a t s  r u n n i n g  t i l l  e x h a u s t i o n  w i t h  t h e  s p e e d  3 0 m / m i n .
T h i s  m u s c l e  i s  k n o w n  t o  b e  p a r t i c u l a r l y  i n v o l v e d  d u r i n g  
v i g o r o u s  e x e r c i s e  ( 1 )  a n d  b e c a u s e  o f  t h e  l o w  a c t i v i t y  o f  
h e x o k i n a s e  ( 1 0 , 1 3 )  t h e  s u p p l y  o f  t h e  m u s c l e  w i t h  g l u c o s e  w a s  
p r o b a b l y  f a r  b e l o w  t h e  r e q u i r e m e n t ,  d e s p i t e  n o r m o g l y c e m i a .  B a s i n g  o n  t h i s  h y p o t h e s i s  o n e  m i g h t  s p e c u l a t e  t h a t  d u r i n g  t h e  s h o r t  l a s t i n g  e f f o r t s  o f  l o w  i n t e n s i t i e s  i n  w h i c h  t h e  g l u c o s e  s u p p l y  w a s  s u f f i c i e n t ,  t h e  f a c t o r  a c t i v a t i n g  t h e  n o n a d r e n e r g i c  s y s t e m  d i d  n o t  a p p e a r .  O n  t h e  o t h e r  h a n d ,  i n  
t h o s e  c a s e s  i n  w h i c h  t h e  b e t a - r e c e p t o r  b l o c k a d e  p r e v e n t e d  
p a r t l y  t h e  g l y c o g e n  m o b i l i z a t i o n ,  t h e  s u p p l y  o f  t h e  m u s c l e s  
w i t h  g l u c o s e  w a s  p r o b a b l y  o n l y  s l i g h t l y  l o w e r  t h a n  t h e  
r e q u i r e m e n t  o f  t h e  p a r t i c u l a r  m u s c l e .  I t  t r i g g e r e d  t h e  n o n 
a d r e n e r g i c  m e c h a n i s m  b u t  i t s  a c t i v a t i o n  w a s  t o  l o w  t o  o v e r c o m e  f u l l y  t h e  b e t a - r e c e p t o r  b l o c k a d e .
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A STUDY OF AUTONOMOUS INFLUENCES 
ON ADRENERGIC RESPONSIVITY 

OF PHYSICALLY TRAINED HUMANS 
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Several reports have shown that regular physical training 
modifies the cardiovascular responsivity to exogenous cate
cholamines, but as regards the direction of this shift, the 
data are rather contradictory /1,2,3,4,10,11,12,13,14,15/. Previously we have made several studies in this respect /6,8/ 
according to which in physically trained humans and albino 
rats the elevation produced by alpha adrenergic stimulation 
was smaller, while reduction in blood pressure level after 
alpha blockade was larger. In regard of the heart rate res
ponse, beta stimulation was more effective, and beta block
ade decreased cardiac frequency only moderately.
These results indicate that an altered sensitivity of the 
adrenergic receptors is not the most important cause of this 
modified responses. It seems to be a more likely assumption 
that it is a shift in the resting autonomous equilibrium,
i.e. the modified level of some resting cardiovascular para
meters, such as bradycardia or reduced cardiac output of the 
physically trained subjects, which would bring about these 
altered responses /5,7,9/.
The purpose of the present work was a further study of this 
assumption. To this end top-athletes of various branches of 
sports, swim-trained albino rats and the respective controls 
were subjected to artificial or pathological condit ions.In 
these cases there was no longer any difference between the trained and non-trained groups in the resting heart rate and 
blood pressure. It was examined further whether the inter—  group differences in the catecholamine-induced responses 
still existed or not. As such models, bilateral vagotomy 
and the ulcer-provoking restraint stress were used in albino 
rats, and duodenal acidification was made in humans.
Animal experiments were made in Wistar female albino rats. 
Physical training was a regular daily swimming of 60 to 120 
minutes with a ballast of 4 g/100 g body weight. The training program lasted 10 to 12 weeks. Non-trained animals of 
the same age were the control group. In humans the physic-
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ally trained group consited of top-athletes of endurance 
sports. Hon-athletic university students were the controls.
In the first experiments the effect of bilateral vago.tomy 
was examined in albino rats, under i.p. urethane or chloral- 
ose anaesthesia. The right common carotid and the left jug
ular vein were cannulated to record blood pressure and to 
administer the test substances. ECG, heart rate and blood 
pressure were recorded continuously by a four-channel Heilige hot-pen recorder.
After vagotomy there was no difference between the trained 
and non-trained groups either in resting blood pressure or 
in resting heart rate, and there was no intergroup differ
ence in the norepinephrine-induced pressor responses, which had been established before vagotomy /Pig.1/.

BEFORE AFTER
VAGOTOMY

A P  
H g m m

30

I I CONTROL
RATS * p < 0 05

SWIM-TRAINED

Pig,1.Blood pressure responses to
0.5 /ug/kg of nor
epinephrine

f x  ± S- /

The 2nd Figure indicates the heart rate responses to iso
proterenol before and after bilateral vagotomy. Both before 
and after it tachycardia responses of the swim-trained 
animals were more marked.
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Fig.3. Effect of phenoxybenzamine on the blood 
pressure after bilateral vagotomy

/ X + S5 /



1л respect of the vasodepressor effect of the alpha antagonistic phenoxybenzamine only a small difference is observed 
between the swim-trained and the non-trained animals: the 
decrease of blood pressure is slightly steeper in the trained rats /Pig. З Л
The 4th Figure demonstrates the bradycardia effect of the 
beta blocking agent propranolol in vagotomized rats. With 500 /Ug/kg of propranolol cardiac frequency of the swim-trained rfets was significantly lower than that of non-trained ones. 
This difference indicates that beta blockade proved to be more effective in the trained group.

во-

0 - - - 0  CONTROL 

• — •  SWIM TRAINED 

* p<005

4
\  у = 136.69 -  19 69 log x

ug, kg PQC,P'<A

Fig, 4. Effect of propranolol on the heart rate 
after bilateral vagotomy

In the next two figures blood pressure and heart rate res
ponses are demonstrated during restraint. In these experi
ments the vessel preparation and cannulation was carried out 
under superficial ether anaesthesia. Immediately after the 
intervention the animals were restrained by applying plaster 
casts. Catecholamine-induced responses were studied during a 
four hour period of immobilization.
During the immobilization period an increase of the norepi
nephrine-induced pressor responses was observed,but there 
was no difference between the response amplitudes of the 
trained and control animals /Fig. 5/.
As there was no time-related change in the tachycardia res
ponse, the 6th Figure indicated only the average values of 
the isoproterenol-induced heart rate responses. With every 
dose the swim-trained rats showed a more marked elevation,
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with 2 /ug/kg of isoproterenol the difference was significant

Fig. 5. Blood pressure responses to norepinephrine 
during immobilisation
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The 7th Figure demonstrates the norepinephrine—induced pressor responses before and after duodenal acidification in physica
lly trained and in non-trained humans. In these examinations 
norepinephrine was administered in the right cubital vein, 
blood pressure was measured on the left arm by auscultation. 
Duodenal acidification was performed by an intraduodenal ad
ministration of 50 ml of 0.1 N hydrochloric acid at body tern» perature.
Before duodenal acidification the athletes displayed significantly smaller preseor responses, while 30 or 60 minutes 
after it this difference did not prove to be significant.

*  4 I I N O N  Т1А1МЕГ 
Е 2 Э  TRAINFI

*  p  < 0 ,0 5

Fig. 7. Effect of duodenal acidification on blood 
pressure responses to norepinephrine of 
5 /ug / i i s . /

In the 8th Figure a summary is shown of our previous and 
present results. In intact humans or in anaesthetized animals 
alpha stimulants and beta blocking agents elicited smaller 
responses in the trained groups, while reactions to alpha 
blockade or beta stimulation are larger. After duodenal aci
dification or bilateral vagotomy or else immobilisation the 
trained groups did not give a smaller response to any of the studied substances. In all the cases in which the trained 
groups of intact regulation produced smaller reactions, 
these differences were abolished or they developed in the 
opposite direction. In cases, where the trained groups had 
shown the greater responses earlier, differences were main
tained also after immobilisation or vagotomy.
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Fig. 8. Cardiovascular responses to exogenous 
catecholamines in physically trained 
/black arrows/ and in non-trained 
/white arrows/ subjects.

According to these data the assumption is untenable that reg
ular physical training would decrease the sensitivity of the 
adrenergic receptors. If it does have any direct modifying effect upon receptor sensitivity, that might be rather an up
graded responsivity, in particular with the beta receptors. 
Naturally, in an in vivo experiment responses given to different adrenergic stimulants or blocking agents depend on 
several other factors as well, so the responses may be even 
smaller in the trained group. Among these other factors the 
autonomous equilibrium of the physically trained subjects 
seems to have a special importance.
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INTRODUCTION
Dopamine beta hydroxylase /DBH/ is the enzyme cata

lyzing the last step in the biosynthesis of norepinephrine.
The presence of DBH has been established in the organs undei 
sympathetic nervous control, so for instance in the vessels, 
heart, spleen, adrenal medulla and also in the brain. DBH 
liberation in the sympathetic nerve endings, in the neurons 
of the CNS and in the adrenal medulla was reported to take 
place under nervous stimulation together with that of norepi
nephrine and in amounts proportionate to the latter. Later 
DBH was found also in the serum of a number of species each 
species having a particular serum concentration of it.

The existence of a parallelism between adrenergic nerv
ous activity and the level of DBH in the adrenergic neurons 
and in the adrenal medulla has been supported by many data. 
Effects, such as psychological stress, cold or immobilization 
stress, which enhance sympathetic activity, have been found 
to increase also DBH activity in the heart the sympathetic 
ganglia the adrenal gland and the brain as well as in the 
serum of animals. It is reasonable to suggest that on the 
basis of these observations DBH activity is an acceptably 
good indicator of sympathetic activity in animal tissues and 
serum.

Observations in humans are, however, more controversial 
in that the serum level shows large interindividual variation. 
This makes the evaluation of DBH activity in human sera more 
difficult.

The point in the present study was the question whether 
DBH activity may be used to assess or specify the level of 
physical fitness in rats and in human subjects /1, 2, 3/.
METHODS

DBH level was weekly estimated in the serum and adrenal 
gland of albino Wistar rats, both at rest and after an all-out 
bout of swimming, in the course of a swim training of 12 weeks 
and for four weeks after cessation of the exercise regime.
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Fig. 1. Hi-stamin-in
duced decrease in 
rectal temperature 
in relation to regu
lar swimming exer
cise in the rat- Lag 
time in minutes.

Fig. 2. Heart rate at rest in_relation to duration of regular 
swimming in the rat /x + sd/.
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The level of fitness achieved by the animals was assessed by 
measuring the decrease in rectal temperature under the effect 
of histamine as well as by recording heart rate.

In the human studies serum DBH level was estimated in 
samples obtained before and after bouts of bicycle or tread
mill exercise. The subjects were Class I athletes and non- 
athletic university students.

In the several methods reported for the estimation of 
DBH activity in tissues and body fluids the basic principle 
is the nonspecific nature of DBH in that it can catalyze also 
the hydrolysis of thyramine into octopamine in the presence 
of suitable cofactors. The amount of octopamine produced was 
used in the present study too to estimate DBH activity, octo
pamine being determined chemically as para-hydroxy-benzalde- 
hyde following oxidation by sodium periodate /4, 5» 6/.
RESULTS

Histamine had a significantly reduced effect on the 
rectal temperature of swim-trained rats, the difference from 
controls being the most marked by the tenth week of regular 
exercise /Pig. 1/.

The rats subjected to regular exercise developed pro
gressive bradycardia so after the seventh week a significant 
intergroup difference arose /Pig. 2/.

Both of these experiments served actually the verifica
tion of the training effect. This decrease in histamine sensi
tivity was described first by Frenkl and associates /7/ while 
the development of training bradycardia is a fundamental 
phenomenon in exercise physiology.

Figure 3 refers to the change in DBH level in the 
course of an exercise regime. The curves of the respective 
groups run actually in parallel during the 12 weeks of train
ing, but they fail to demonstrate such changes that would 
correspond to those found in the two other parameters 
observed.

Figure 4 presents the DBH levels obtained before and 
after an ergometric exercise on the bicycle in P.E. majors 
and in nonathletic technology students. While DBH activity 
was significantly higher in the technology students after the 
exercise, P.E. majors showed no appreciable change.

Postexercise means of wrestlers and runners are shown 
in Fig. 5* The treadmill exercise elicited a significant rise 
in the DBH activity of both groups, but it has to be noted 
that there had been a considerable difference between the 
levels of rest too.
DISCUSSION

These experiments studied the effect of physical exer
cise on DBH activity in the serum of rats and human subjects. 
Progressive improvement of physical fitness in the animal 
experiments was ascertained by assessing the development of 
histamine resistance and exercise bradycardia. In the evolu
tion of DBH activity a trend similar to the signs of in
creasing fitness could not be observed.
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I S W I M M I N G  E X E R C I S E  1

Fig. 3. Serum DBH activity before and after exhaustive 
swimming in the rat.

NONATHLETES R E . STUDENTS

Fig. 4. Serum DBH before and after exhaustive ergometric work 
in groups of different activity /x + sd,asterisk 
denotes significant difference/.
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RUNNERS WRESTLERS

Fig. 5* Serum DBH before and after exhaustive ergometric work 
in top level athletes /symbols as in Fig. 4/.

The human studies were not of a prospective nature, 
that is, it was not the improving fitness that was monitored. 
Here the postexercise response was observed in human subjects 
which were grouped according to their athletic history. The 
obtained findings resemble the ones observed in the course of 
previous cortisol studies in which the extent of the response 
depended on the intensity and volume of the work load imposed 
under laboratory conditions, and on the emotional factors 
under competitive circumstances.

The role of emotions cannot, naturally, be ruled out 
under laboratory conditions either. The response or its 
absence seen in the present studies may also be related to 
the mentioned two factors. As a conclusion, it may be sugges
ted that the estimation of DBH activity in human serum can be 
used to complement exercise studies involving nervous stress, 
but at least in view of the present results, without the 
promise of more specific issues.
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INTRODUCTION
Regular muscular activity has been shown hy our pre

vious experiments to influence the hiotransformation rate of 
certain drugs in the same manner as the administration of 
such substances that induce the microsomal enzyme system of 
the liver. To mention some of these results, hexobarbital 
effect was shorter in rats subjected to regular swimming or 
running, the activity of hepatic monooxygenase enzymes of the 
microsomal system was higher, and the content of cytochrome 
Рдс. of the liver rose /1, 2/.
т-ро This enzyme-indueing effect of muscular exercise could 

be established in man as well. Active athletes showed a 
faster excretion rate of spironolactone and also the half 
life of intravenous Aldactone was shorter /3/.

The present paper reports on our observations made in 
three respects in athletic and nonathletic university students.

1. In clinical practice the question of whether or not 
the system of drug metabolising enzymes in the hepatic micro- 
somes has been induced can be settled also by estimating the 
biological half life of antipyrine. So first antipyrine 
elimination was studied in the further course of our experi
ments .

2. In the subsequent experiments the disappearance rate 
of intravenously administered bromophenolphtalein /BSP/, 
another substance widely used in clinical practice, was 
examined.

3. Substances which induce the microsomal monooxygenase 
system enhance the urinary excretion of D-glucaric acid /DGA/ 
as well. The amount of excreted DGA is an accepted though 
indirect indicator of enzyme induction. This third approach 
also warranted closer examination. /4/
MATERIAL AND METHODS

All experimental groups consisted of male healthy 
nonsmoker students of the same age /2o to 22 yrs/.

Antipyrine half life was calculated in 2o physical
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education majors /8 females and 12 males/ engaged in regu
lar competitive sportactivity as well as in 12 athletic 
students without regular competitive engagement. The results 
were compared to a nonathletic group of 12 students. Plasma 
antipyrine was estimated by Brodie’s method /5/ in samples 
taken 4-, 8, 12 and 24 hours after oral administration of 18 
mg per kg body weight.

BSP was determined inR8 athletic and 8 nonathletic sub
jects by using BromthaleineK /Merck, Darmstadt/ and the 
photometric method suggested by the producer.

The method of Marsh /6/ was used to estimate DGA in 
samples of urine pooled for 24 hours. Both athletic and non
athletic groups consisted of 30 subjects each.
RESULTS

Antipyrine halving times are shown in Fig. 1. Noncom
petitive students had a faster elimination than nonathletic 
controls, and the half life of antipyrine was the shortest 
in the P.E. majors who were engaged in regular competitive 
activity and involved in the most intense training work, 
being top athletes.

Figure 2 illustrates antipyrine elimination in the fe
male handball players of the Hungarian University of Physical 
Education. They were studied four times in a year, in dif
ferent periods of preparation. Mean half lives were rather 
similar at all points of time, revealing that elimination 
rate is fundamentally related to the level of general physi
cal fitness. Of the 32 studies performed, there were three 
cases in which elimination rate was markedly slower for a 
time, both in comparison with the group mean and the sub
ject’s usual individual level. In all the three cases an in
tercurrent health impairment was disclosed to have occurred 
preceding the study.

BSP elimination rate was significantly faster in the 
physical education students than in the nonathletic ones 
/Fig. 3/*

The amount of excreted DGA did not differ between the 
examined groups. When, however, RGH-3332, an enzyme inducing 
agent manufactured by Richter Ltd., Budapest, was administered 
to the same subjects in a daily dose of 300 mg over a week, 
the excreted amount of DGA was larger in the athletic group 
/Fig. 4/.
DISCUSSION

Regular exercise acts as an inducer of the hepatic 
microsomal entyme system also in man. Antipyrine half life 
time becomes shorter in proportion to the intensity of habit
ual muscular exercise. The serial examination of the female 
handball players has shown that, in addition to general fit
ness, the rate of drug elimination is also related to the 
actual sports form or health status.

The mechanism by which endogenous induction develops 
has not yet been cleared. It is reasonable to assume that 
besides a changing activity of the microsomal system of en-
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Fig. 1. Elimination rate 
of antipyrine in three 
groups of different 
habitual activity.
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Fig. 2. Antipyrine half life in female_handball players at 
different times of the training year /x + range/.
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zymes also hepatic cir
culation and biliary 
secretion may have some 
role in it. The results 
obtained with BSP ex
cretion speak for this 
assumption.

There may be some 
difference between exo
genous and endogenous 
induction too, as evi
denced by the verdict 
of no difference in the 
DGA excretion study. 
Actual relationships 
are, however, even more 
complicated than that 
since administering an 
enzyme inducing agent 
could accelerate the 
excretion rate of DGA 
significantly in the 
athletic group.

Pig. 3* Bromthalein elimination rate in male students 
/x + sd/.

pTiol/24 hrs

Fig. A. Urinary DGA excretion before and after pharmaco
logical enzyme induction /x + sd/.
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The clarification of the possible mechanisms and the
probable changes in the drug sensitivity of athletic subjects
is the objective of our further studies.
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The microsomal enzyme system has been previously shown 
to be more active In rats exercized by regular swimming or 
running than In untrained ones. This phenomenon seemed to be 
very similar to pharmacological enzyme induction: It could be 
demonstrated by a reduction In hexobarbital sleeping time, by 
an Increase of the cytochrome P450 content and NADPH-cyto- 
chrome reductase activity of the liver as well as by a rise 
in canrenone elimination rate / \ ,  2/,

The phenomenon has been observed also in human subjects. 
In athletes antipyrine half life was markedly shorter than in 
nonathletic subjects /3/. Execise induced changes have been 
reported concerning the kinetics of tetracyclines, sulfon
amides and also of diazepam / 4 /. The obvious inference was 
that among the factors influencing the pharmacokinetics and 
metabolism of drugs the level of general physical fitness 
might be one of greater importance.

The aim of our present work was to study the pharmaco
kinetics and metabolism of metronidazol in athletic and nonathletic groups of young adults and to gain more accurate knowledge about the mechanism of the exercise induced changes. This chemotherapeutic agent is metabolized mainly by the 
microsomal' enzyme system and is excreted via the kidney / 5 /.
MATERIAL AND METHODS

Our observations were carried out on volunteers, seven 
of whom were physical education students involved in regular 
physical training while other seven were technology students 
who did not report of any regular physical activity or exer
cise. The volunteers underwent a series of laboratory studies 
and endurance fitness tests /Table 1/. The two groups had a 
different mean body weight, but no difference could be de
monstrated between them in regard of aerobic power.

After an overnight fasting 500 mg of metronidazol 
/Klion / was administered orally. Blood was sampled at 0, 50, 
90 minutes and 2, 3, 4, 8, and 24 hours after ingestion of the drug. Urine samples were pooled in three fractions /one 
for between 0 and 8, 8 and 16, respectively 16 and 24 hours 
each/. Estimation of plasma metronidazol was performed by
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Table 1. CHARACTERISTICS OF THE G RO U PS UNDER STUDY

»  p -c .0 ,0 5

A G E W EIGH T
k g

VO? m a x  
m l [ k g m in

CREATININE 
m g%

TRAINED 2 1 3 ± 1 9 74 .0  ± 6 . 0 5 3 .0  ± 6 .0 0 .9 9  ± 0 .1
UNTRAINED 2 2 .2  ± 2 .1 * 6 8 0  ± 7 .0 47 .0  ± 4 .0 0 .9 2  ± 0 /

CLEARANCE 
m l Im in

ALBUMINE
0 %

GLOBULINE HAEMATOCRfT 
9 %  %

TRAINED 132.6 ±  10.6 4.1 ± 0 .2 3 .3  ±  0 .5 5 0 .2  ± 4 .0

UNTRAINED 126.2 ±  13.7 4 .2 ± 0 ,2 3 .3  ± 0 .4 4 9 .6 ±  6.0

Pig. 1. Metronidazol concentration curves in the plasma of 
athletic and nonathletic subject groups /n» 7 each/.
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Table 2. C H A R A C T E R I S T I C  P H A R M A C O K I N E T I C  P A R A M E T E R S

* p-^0.05

С т а х
p g lm l

Tmax
m i n

T/2
h

K e l
h

vd  ^C L EAR AN C E  
1 l/h

TRAINED 6 7  * 07 180 8 .5 1 3 9 0.10*007 *81.0*27 8.1 * 2.4
UNTRAINED 8.6 ± 0 .5 120 6 7 * 3 .0 0.12*009 5075*13 \ 6 0 * 1 .9

□  TRAINS D

Pig. 2. Urinary excretion of metronidazol and metronidazol 
metabolites in the various fractions of pooled urine in 

athletic and nonathletic subjects.

photometry /6 /. In the urine samples the concentrations of 
metronidazol, of l-/hydroxyethyl/-2-hydroxymethyl-5-nitro- 
imidazol and total excreted metabolites were determined by a 
photometric method newly developed for this purpose / 7 /.

In order to correct for the differences existing in 
the body weight of the subjects the obtained plasma concen
trations were multiplied by the individual’s body weight. 
Elimination rate constants were estimated after logarithmic 
transformation by regression analysis. The calculated pharma
cokinetic parameters were V^, beta weights, half life, plasma 
clearance and maximum concentration Стах. Statistical analysis was performed by using the ;t test.
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RESULTS AND DISCUSSION
The plasma concentration curves are represented In Pig. 

1. The values at 90, 120 and 180 minutes, respectively at 8 
hours after ingestion were significantly lower in the ath
letic group. The most important kinetic parameters are sum
marized in Table 2. The volume of distribution was signific
antly larger in the athletic group.

The obtained data on the urinary excretion of metronid- 
azol and its metabolites are demonstrated in Pig. 2. Neither 
the successive fractions, nor the total amount of excreted 
metronidazol, nor its main metabolite did show any signific
ant intergroup difference.

On the basis of previously reported results concerning 
the metabolism of metronidazol a significant difference was 
expected between the trained and untrained groups. This ex
pectation was founded on former human observations and animal 
studies in which the biological half life of a number of drugs 
was shorter in physically more active subjects. Considering 
that the kinetics of these test substances depends on the ac
tivity of the microsomal enzyme system, this kind of adapta
tion may reasonably be called a state of "trained liver" so 
termed by the analogy to cardiac adaptation.

There was a significant intergroup difference in peak 
metronidazol concentration as well as in its volume of dis
tribution. Since these parameters are independent from the 
microsomal enzyme system, the kinetic changes may be attrib
uted to the exercise induced differences in body composition: 
to an increase in lean body mass and an increased ratio of 
muscle mass to adipose tissue in the trained group.

In the metabolism of metronidazol an intergroup differ
ence could not be demonstrated. One reason for this might be 
that the volunteers could not be categorized in two distinct
ly separate groups by the standard endurance fitness test. 
Another factor might be that metronidazol behaved differently 
from the substances studied before, especially from antipyrin.

Our results can be summarized by concluding that the 
reported changes in the kinetics found in the athletes are 
due, in addition to an increased metabolization rate, to 
the differences in body composition.
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In 1974 Barclay and Stainsby demonstrated that the degree 
of blood flow is the main limiting factor of muscle work. In 
the literature there are very few data about the alteration 
of the blood viscosity as a consequence of physical loading.
In 1936 Sato found that muscle work lasting for one minute in
creased the serum viscosity by 1 %, whereas Pavey /cited by 
Harkness/ could not observe an unidirectional and characteris
tic change in the plasma viscosities of two swimmers after 
swimming for 1 hour. The reason for these unsatisfactory and 
contradictory data lays on the well-known difficulties of me
asuring blood and plasma viscosity.
Our investigations were carried out with an earlier-developed 
capillary viscometer /Matrai et al, 1977/, which is suitable 
for serial measurements. The aim of our work was to study the 
different effects of training upon sportsmen of different 
kinds and untrained volunteers, with special regards to the 
blood viscosity. Searching for correlation between the sports- 
results and the measured parameters, blood viscosity was chec
ked in the competitiv periods.
Methods

Thirteen 11-16 year old swimmers, nine 18-24 year old we- 
ightlifters and six 20 years old medical students were inves
tigated, the sportsmen during the different periods of an one 
year training program. The medical students and weight-lif
ters were males, while the swimmers were represented by both 
sexes though the tendencies in the alterations observed were 
independent of sex differences. The tested sports, athletic 
weight-lifting and endurance demanding swimming, represent 
two of the utmost points of sport activity. There is also a 
difference in the training record, since the swimmers begin 
to learn and train at an early age /5-6 years old/, whereas 
the weight-lifters are loaded with a serious physical exerti
on after a relatively untrained childhood, at the e n d  o f  p u 
berty. Furthermore, the swimmers train twice a day in the 
morning and in the evening, while the weight-lifters train 
only once daily the afternoon.
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The blood samples from the medical students were obtained 
before and after a 2-hour running period in the afternoon, 
and from the weight-lifters and swimmers before and after 
the afternoon or evening training session. The following pa
rameters were determined: blood viscosity, plasma viscosity, 
blood fibrinogen concentration, fibrinogen degradation pro
ducts D and E, microhaematocrit, prothrombin concentration, 
platelet count, erythrocyte count, haemoglobin concentration, 
peripheral blood smear and acid-base parameters /Astrup/.
The present paper discusses only the alterations in the 
blood viscosity and blood fibrinogen level.

Por viscosity measurements the blood was collected in 4 ml 
plastic tubes, closed until assay, which was carried out 
within one hour at 38 °C. 12.5 IU/ml heparin was used to 
prevent blood coagulation /for further details see Matrai 
et al. 1977/.
Results

Figure 1. shows the changes in the blood viscosities of 
swimmers and medical students after training. Por some swim
mers more than one training result is included. Horizontal 
axis is a logarithmic presentation of the sports success at
tained during the testing period and that estimated on the 
basis of the national championship table. Regression analy
sis of the data proves that a strong correlation exists bet
ween the two variables /p^-0.001/. The blood viscosity va
lues were converted to values relating to a standard haema- 
tocrit level /45 %/: this is possible since the logarithm of 
the viscosity is proportional to the haematocrit level.

TRAINING EFFECT ON BLOOD VISCOSITY 
AND PERFORMANCE
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The data obtained from the weight-lifters did not show a 
similar correlation with the blood viscosity values. However, 
as compared to the medical students, the increase in the 
blood viscosity after training was of a smaller degree, see 
Table I.
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As previously reported /Pendler et al. 1977/, the blood 
fibrinogen level is generally increased by severe physical 
exertion, and this increase is inversely proportional to the 
degree of the performance. However, in juvenile swimmers, 
even if they begin their training with a higher fibrinogen 
level as a result of the previous training, a strongly decre
ased fibrinogen concentration can be observed at the end of 
the training, see second column of Table II. The characteris
tic changes in the fibrinogen levels are presented in Table
II.

Table I.

The changes of blood viscosity by the effect of training 
means and SE in centiloise

control group
before after 
3,6*o,l 4,ol*o,o6

swimmers
before after
3,6±o,l 3,8±o,2

weight-lifters
before alter

A ,2-0,? A,4*o,Я

converted on 456 haematociit level
3,7*o,l 4,o-o,l 4 12-o,l 4,3*о,1 4,2*o,l 4,4*o,2

P <°,o5

Table II.

The changes of blood fibrinog* n level in g/1

control group 
before after 

3,4*0,1 5,o*o,l
< - - - - - >

swimmers
before after 

3,l*o,3 3,0*o,?
<- - - - - >

wei:jht-li£ terr 
before after

3,8io,2 3,9*o,l

Discussion

The experiments show that the regulation of the blood vis
cosity may possible play a role in the physical fitness and 
the performance of the active sportsmen. This ability is
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apparently very strong in childhood and is able to survive 
as a consequence of constant training. If a person has not 
followed such a way of life in early childhood this ability 
is lost /i.e. weight-lifters and volunteers/. A possible 
mechanism of this phenomenon operates via the fibrinogenoly- 
sis. It is well known from the literature /Ferguson et al. 
1979/ and from our earlier experiments on the effect of stre
nuous exercise the fibrinolytic activity markedly accelera
ted. In these experiments this phenomenon was very strong in 
swimmers group II. /euglobulin lysis time markedly decrea
sed/. The increased fibrinogenolysis after strenuous exerci
se is a widely discussed question in the literature /see Fer
guson et al. 1979/. There are a possibility that the occuren
ce of this depends from the type of exercise, the performan
ce, the frequency of training, the starting level of fibrino
gen and so on. Since the report Marder et al. /1969/, and la
ter Rampling and Gaffney /1969/, it is known that fibrinogen 
degradation products y,E and D act against platelet aggrega
tion, preventing blood clotting. This phenomenon may play a 
role in the changes of the blood viscosity.
To draw nearer to understanding of the problem, we subsequ
ently initiated a method of measuring the fibrinogen degrada
tion products.

Besides the above mentioned facts, some additional fac
tors may affect the viscosity changes observed after trai
ning. The alterations in the haemotocrit level are elimina
ted in our study by conversion of the values to a standard 
reference basis, but the flexibility changes in the red 
cells should also be taken into account.
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A d v .  P h y s i o l .  S c i .  V o l .  1 8 .  E n v i r o n m e n t a l  P h y s i o l o g y  

F. O b á l ,  G .  B e n e d e k  ( e d s )

THE NATURE OF THE REDOX SYSTEM 
OF ARTERIALIZED

CAPILLARY BLOOD AFTER PHYSICAL 
EXERCISE

V .  Nemeskéri, J. Malomsoki and E. Ékes
N a t i o n a l  M e d i c a l  I n s t i t u t e  o f  P h y s i c a l  E d u c a t i o n  a n d  S p o r t s ,  B u d a p e s t  H u n g a r y

A s  i t  i s  w e l l  k n o w n ,  h u m a n  p h y s i c a l  w o r k  c a p a c i t y  a n d  p h y s i c a l  
f i t n e s s  d e p e n d  o n  n u m e r o u s  p h y s i o l o g i c a l  b i o c h e m i c a l  c o m p o 
n e n t s .  T h e i r  m e a s u r i n g  i s  a  v e r y  d i f f i c u l t  p r o b l e m .  N o w a d a y s  
i t  i s  p o s s i b l e  t o  m e a s u r e  m a n y  p h y s i o l o g i c a l  f a c t o r s .  T h e i r  
c o l l e c t i v e  a n a l y s i s  m a k e s  p o s s i b l e  t h e  b e t t e r  e v a l u a t i o n  o f  
p h y s i c a l  f i t n e s s .  B u t ,  t o  r e v e a l  t h e  p r o c e s s e s  t a k i n g  p l a c e  
o n  a  m o l e c u l a r  l e v e l  i s  n o t  y e t  p o s s i b l e .  C o n s e q u e n t l y ,  w e  
h a d  t o  l o o k  f o r  s u c h  a  s u b s t a n c e ,  w h i c h  i s  e a s i l y  a c c e s s i b l e  
a n d  p r o v i d e s  a  l o t  o f  i n f o r m a t i o n .  T h i s  s u b s t a n c e  i s  t h e  b l o o d .  
N u m e r o u s  e s s e n t i a l  a n d  m e a s u r a b l e  c h a n g e s  t a k e  p l a c e  i n  t h e  
b l o o d  d u r i n g  p h y s i c a l  e x e r c i s e .  I t s  c a p a c i t y  f o r  t r a n s p o r t  o f  
i n o r g a n i c  a n d  o r g a n i c  s u b s t a n c e s  i s  n e a r l y  i n e x h a u s t i b l e .  T h e  
t r a n s p o r t  o f  o r g a n i c  s u b s t a n c e s  i s  r e a l i s e d  b y  t h e  h i g h e r  o r -  
d r e d  s t r u c t u r e s  o f  p r o t e i n s .

A s  a  m e t h o d  w e  h a v e  c h o s e n  t h e  p o l a r o g r a p h i c  a n a l y s i s  o f  t h e  
s e r u m  a c c o r d i n g  t o  B r i d i c k a .  T h e  b l o o d  w a s  d r o w n  f r o m  t h e  c u 
b i t a l  v e i n  b e f o r e  a n d  a f t e r  e x e r c i s e .  W e  h a v e  f o u n d ,  t h a t  t h e  
d o u b l e  w a v e s  o f  t h e  B r i d i c k a  f i l t r a t e  b e c a m e  h i g h e r  a f t e r  i n 
t e n s e  p h y s i c a l  e x e r t i o n .  T h e  r e s u l t s  w e r e  r e p o r t e d  s e v e r a l  
t i m e s  i n  p r e v i o u s  p a p e r s .  T h e  n e x t  q u e s t i o n  w a s ,  w h a t  s u b 
s t a n c e  c a s e s  t h e  i n c r e a s e  o f  t h e  s e c o n d  w a v e .  B a s e d  o n  l i t e r a 
r y  d a t a  w e  a s s u m e d ,  t h e  s u l f u r  c o n t a i n i n g  s u b s t a n c e s  a r e  r e s -  
p o n s i b l e ' f o r  t h e  i n c r e a s e .  I n  t h e  n e x t  e x p e r i m e n t s  a t t e m p t s  
w e r e  m a d e  t o  r e p r o d u c e  e x e r c i s e  e f f e c t s  i n  v i t r o  b y  c h e m i c a l  
m e a n s .  S u c h  c o m p o u n d s  w e r e  c h o s e n ,  t h a t  n o r m a l l y  o c c u r
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i n  h u m a n  s e r u m .

No. of mmole 1st wave 2nd wave 1st wave 2nd wavesample added Filtr. +  methion. Filtr. +  gluthath. Filtr. +  cysteine
1. 0.0 Absolute height of 1st wave: 48: of 2nd wave: 710.2 -12 -16 + 4 + 6 -12 + 410.4 -12 -18 + 2 + 6 -10 + 850.6 -12 -17 + 2 + 7 -11 +129
2. 0.0 Absolute height of 1st wave: 26, of 2nd wave: 32

0.2 0 + 1 -10 -  9 -  2 + 820.4 + 2 +1 -  5 -  2 + 2 + 960.6 + 1 + 3 -  2 + 2 + 5 +123
3. 0.0 Absolute height of 1st wave: 29, of 2nd wave: 43

0.2 -11 -16 -11 -  6 -  9 + 260.4 -11 -16 -  8 +11 -  9 + 420.6 -10 -16 -  8 +18 -  9 + 63

T a b l e  1 .  -  P o l a r o g r a p h y  o f  t h e  s u l f o s a l i c y l i e  s e r u m  f i l t r a t e  
w i t h  t h e  i n  v i t r o  a d d i t i o n  o f  m e t h i o n i n e ,  g l u t a t h i o n e  a n d  
c y s t e i n e ;  i n t r a w a v e  d i f f e r e n c e s ,  i n  m m .

T h e s e  s u b s t a n c e s  w e r e  m e t h i o n i n e ,  g l u t h a t h i o n e  a n d  c y s t e i n e .  
A f t e r  a  p o l a r o g r a p h i c  r e c o r d  o f  t h e  f i l t r a t e  s a m p l e  w a s  r e p e 
a t e d  i n  t h e  s a m e  s a m p l e  w i t h  t h e  a d d i t i o n  o f  0 . 2  t h e n  0 . 4  a n d  
0 . 6  m m o l - s  o f  a l l  t h r e e  a m i n o a c i d s .  T h e  c h a n g e s  i n  d o u b l e  
w a v e s  a r e  t a b u l a t e d  a s  a  f u n c t i o n  o f  a d d e d  c o n c e n t r a t i o n  i n  
t h e  1 . t a b l e .
C y s t e i n e  m a y  b e  s t a t e d  t o  h a v e  h a d  t h e  m u s t  a c t i v e  i n f l u e n c e  
o f  t h e  s u b s t a n c e s  i n v e s t i g a t e d  b y  p o l a r o g r a p h y .  T h e  r e p r o d u c 
t i o n ,  h o w e v e r ,  o f  t h e  c h a n g e s  s e e n  a f t e r  p h y s i c a l  e x e r t i o n  
c o u l d  b e  a c h i e v e d  o n l y  p a r t i a l l y  s i n c e  c y s t e i n e  a d d i t i o n  g a v e  
r i s e  o n l y  t o  a n  e l e v a t i o n  o f  t h e  s e c o n d  w a v e .  I n  v i e w  o f  t h e 
s e  r e s u l t s  t h e  o b s e r v e d  p h e n o m e n a  c o n n e c t e d  w i t h  p h y s i c a l  
e x e r c i s e  m a y  b e  r e g a r d e d  a s  b e i n g  b r o u g h t  a b o u t  b y  s e v e r a l  
p o l a r o g r a p h i c a 1 l y  a c t i v e  c o m p o u n d s ,  f o r  e x a m p l e  b y  v a r i o u s  
s u l f h y d r y l  g r o u p  c a r r i e r s .
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B a s e d  o n  t h e s e  o b s e r v a t i o n s  w e  t h o u g h t ,  t h a t  t h e  c o n c e n t r a t i o n  
o f  r e d u c e d  p r o t e i n s  i n c r e a s e d  d u r i n g  i n t e n c e  m u s c u l a r  w o r k .  I t  
w a s  f u r t h e r  s u p p o s e d ,  t h a t  t h e  i n c r e a s e  o f  p o s t e x e r c i s e  s u l f -  
h y d r i l  c o n t e n t  i n  b l o o d  i s  c o n n e c t e d  w i t h  a e r o b i c  c a p a c i t y .

M a t e r i a l s  a n d  m e t h o d

T h e  s u b j e c t s ,  t h e  a t h l e t e s  a n d  t h e  n o n t r a i n e d  m e d i c a l  s t u 
d e n t s ,  a c c o m p l i s h e d  t h e  s a m e  w o r k  i n  e v e r y  c a s e .  T h e  a c u t e  
p h y s i c a l  e x e r c i s e  w a s  p e r f o r m e d  o n  a  m o t o r - d r i v e n  t r e a d m i l l ,  
a c c o r d i n g  t o  t h e  p r i n c i p l e s  o f  t h e  s o  c o l l e d  " a l l  o u t "  e x e r 
c i s e .  A f t e r  a  w a r m i n g  u p  p e r i o d  t h e  s u b j e c t s  r a n  t o  e x h a u s t i o n  
u p h i l l  o n  t h e  t r e a d m i l l  a t  s p e e d s  o f  8 ,  1 0  a n d  1 2  k m / h o u r .  T h e  
f i r s t  s l o p e  w a s  5 % ,  a n d  e v e r y  t h i r d  m i n u t e  i t  w a s  i n c r e a s e d  b y  
3 % .  T h e  c a r d i o r e s p i r a t o r i c  f u n c t i o n s  w e r e  m e a s u r e d  d u r i n g  e x e r 
c i s e s .  T h e  c a p i l l a r y  b l o o d  w a s  d r o w n  f r o m  t h e  h y p e r e m i s e d  e a r  
l o b e ,  b e f o r e  a n d  3  m i n u t e s  a f t e r  p h y s i c a l  e x e r c i s e .

T h e  a d o p t e d  m e t h o d  f o r  m e a s u r i n g
t h e  s u l f h y d r y l  c o n t e n t  w a s  p o t e n -

- 4t i o m e t r i c  t i t r a t i o n  w i t h  1 0  m o l  
s i l v e r n i t r a t e .  T h e  b l o o d  w a s  h e m o -  
l i s e d  a n d  d i l u t e d  t o  t w e n t y  f o l d  
v o l u m e .  T h e  t i t r a t i o n  m i x t u r e  w a s  
t h e  s a m e  b y  a m p e r o m e t r i c  t i t r a t i o n  
a c c o r d i n g  t o  3 . R .  C a r t e r  / 1 9 5 9 / .
T h e  o x i g é n  w a s  d r i v e n  o u t  o f  t h e  
m i x t u r e  u s i n g  n i t r o g e n .  T h e  i n c r e 
a s e  o f  v o l t a g e  w a s  r e g i s t e r e d  b y  
a n  u n i v e r s a l  p H - m e t e r .  T h e  i o n s e -  
l e c t i v e  e l e c t r o d e  w a s  m a d e  b y  t h e  
A n a l i t i c a l  D e p a r t m e n t  o f  t h e  
T e c h n i c a l  U n i v e r s i t y  o f  B u d a p e s t .

r a t i o n  o f  s u l f h y d r y l  g r o u p s_ 4w i t h  1 0  m o l  s i l v e r n i t r a t e ;
I  r e a c t i o n  l i n e  I I  e x c e s s  
r e a g e n t  l i n e .

Potentiometrie reaction line and excess reagent line
+mV

F i g . 1 . - P o t e n t i o m e t r i e  t i t -
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R e s u l t s  a n d  d i s c u s s i o n

Boxers W restlers Footballers Orienteerers Swimmers
(females)

Medical students 
(untrained)

at rest after
exercise at rest after

exercise at rest after
exercise at rest after

exercise at rest after
exercise at rest after

exercise
n 6 9 7 4 8 6
X 1.02 1.29 0.95 1.33 0.90 1.16 1.27 1.64 1.20 1.36 1.13 1.31

±SD. 0.13 0.U 0,57 0.28 0.20 028 0.18 0.13 0.26 0.27 0.26 0.12
0.05 0.06 0,19 0.09 0.08 0.11 0.08 0.06 0.09 0.09 0.11 0.05

p< 0,001 0,001 0.05 OjOOl 0,001 0.001

T a b l e  2 .  -  S u l f h y d r y l  c o n c e n t r a t i o n  c a l c u l a t e d  f o r  1 0 0  m l  
o f  b l o o d ,  a t  r e s t  a n d  a f t e r  a c u t e  p h y s i c a l  e x e r c i s e .

T h e  i n c r e a s e  o f  p o s t - e x e r c i s e  s u l f h y d r y l  l e v e l  i s  s i g n i f i c a n t  
o n  a  f i v e  p e r  c e n t  s i g n i f i c a n t  l e v e l .  T h e  i n c r e a s e d  s u l f h y d r y l  
l e v e l  i s  c o n n e c t e d  w i t h  a e r o b i c  c a p a c i t y .

ASHmfyraOml Blood

Q4.

0.3-

0.2

0.1

X orient eerers n ■ 5
О boxers n *11
D foot balers n * 7
Д wrestlers n *4
•  swimmers n * 8
■ medical students(untramed)n*6

60 70 VQmax mt/BWkg

F i g . 2 .  -  T h e  m e a n s  o f  t h e  d i f f e r e n c e s  o f  s u l f h y d r y l  g r o u p s ,  
b e f o r e  a n d  a f t e r  e x e r c i s e ,  a g a i n s t  t h e  a e r o b i c  c a p a c i t y .
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I t  w a s  s u p p o s e d ,  t h a t  t h e  d i f f e r e n c e s  o f  s u l f h y d r y l  g r o u p s ,  
b e f o r e  a n d  a f t e r  e x e r c i s e ,  d e c r e a s e  l i n e a r l y  w i t h  i n c r e a s i n g  
a e r o b i c  c a p a c i t y ,  o r  t h e  i n s p i r e d  o x i g é n  d u r i n g  p h y s i c a l  w o r k  
i s  s u f f i c i e n t  t o  o x i d i z e  t h e  r e d u c e d  c o m p o n e n t s  o f  t h e  r e s p i 
r a t o r y  c h a i n .  T h e  d a t a  w a s  a n a l i z e d  s t a t i s t i c a l l y  b y  m e a n s  o f  
e x p o n e n t i a l  r e g r e s s i o n ,  b e c a u s e  t h e  c o n n e c t i o n  d i d  n o t  s e e m  
t o  b e  l i n e a r .

F i g . 3 .  -  E x p o n e n t i a l  r e g r e s s i o n  l i n e  o f  s u l f h y d r y l  d i f f e r e n 
c e s ,  b e f o r e  a n d  a f t e r  e x e r c i s e ,  a g a i n s t  a e r o b i c  c a p a c i t y .

T h e  c o r r e l a t i o n  c o e f f i c i e n t  w a s  0 . 9 2 ,  t h e  a s s u m e d  e x p o n e n t i a l  
c o n n e c t i o n  p r o v e d  t o  b e  c l o s e d .

W e  a s s u m e ,  t h a t  t h e  o x i g é n  i n t a k e  o f  t h e  a t h l e t e s  w i t h  l o w  
a e r o b i c  c a p a c i t y  i s  n o t  s u f f i c i e n t  t o  o x i d i z e  t h e  h y d r o g e n  
i o n s  c o m i n g  o u t  f r o m  t h e  r e s p i r a t o r y  c h a i n .  T h e  s u l f h y d r y l  
c h a n g e s  o f  a t h l e t e s  w i t h  h i g h  a e r o b i c  c a p a c i t y  i s  p r o b a b l y  
d u e  t o  t h e  i n h i b i t i o n  o f  t h e  o x i d a t i v e  e n z i m a t i c  s y s t e m .

R e f e r e n c e s

B o e r i ,  E .  e t  a l .  1 9 5 3 :  T h e  o x i d a t i o n  o f  c y s t e i n e  b y  c y t o c h r o 
m e  o x i d a s e  a n d  c y t o c h r o m e  c .  A c t a  C h e m i c a  S c a n d i n a v i c a  7 ,  
8 3 1  -  8 4 4
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C a r t e r .  3 .  R .  1 9 6 9 :  A m p e r o m e t r i c  t i t r a t i o n  o f  d i s u l f i d e  a n d  
s u l f h y d r y l  i n  p r o t e i n s  i n  8  m o l  u r e a .  3 .  o f  B i o l .  C h e m .
2 3 4 .  N o .  7 . ,  1 7 0 5  -  1 7 1 0

E a r l e .  S . R .  e t  a l  1 9 7 8 :  C h e m i c a l  m o d i f i c a t i o n  o f  m i t o c h o n d r i a l  
t r a n s h y d r o g e n a s e : e v i d e n c e  f o r  t w o  c l a s s e s  o f  s u l f h y d r y l  
g r o u p s .  3 .  o f  B i o c h e m i s t r y  1 7 ,  4 6 8 3 - 4 6 9 0 .

E l l m a n ,  G . L . , a n d  H .  L y s k a  1 9 6 7 :  D i s u l f i d e  a n d  s u l f h y d r y l  
c o m p o u n d s  i n  T C A  e x t r a c t s  o f  h u m a n  b l o o d  a n d  p l a s m a .  3 .  o f  
L a b o r ,  a n d  C l i n .  M e d .  7 0 . ,  N o .  3 . ,  5 1 8 - 5 2 7 .

M a l o m s o k i ,  3 .  1 9 6 9 :  T h e  s i g n i f i c a n c e  o f  p o l a r o g r a p h i c  p a t t e r n  
c h a n g e s  i n  t h e  p r o t e i n  d o u b l e  w a v e s  o f  s p o r t s m e n .  M e d i c i n e  
a n d  s p o r t ,  3 ,  3 4 3 - 3 4 6 .
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A d v .  P h y s i o l .  S c i .  V o i .  1 8 .  E n v i r o n m e n t a l  P h y s i o l o g y  

F. O b á l ,  C .  B e n e d e k  ( e  s )

ESTIMATION OF PLASMA LIPIDS 
IN HUMAN SUBJECTS AFTER 

PHYSICAL EXERCISE
J .  P u c s o k ,  E .  É k e s ,  I. J u h á s z  a n d  F .  K u n o s

N a t i o n a l  M e d i c a l  I n s t i t u t e  o f  P h y s i c a l  E d u c a t i o n  a n d  S p o r t s ,  B u d a p e s t ,  H u n g a r y

S e d e n t a r y  a n d  i n t e l l e c t u a l  w o r k e r s  a r e  m o s t l y  e f f e c t e d  b y  t h e  
n o x i o u s  c o n s e q u e n c e s  o f  t h e  l a c k  o f  m o v e m e n t .  A m o n g  t h e  s e v e 
r a l  r i s k  f a c t o r s  o f  a t h e r o s c l e r o s i s  t h e  m o s t  i m p o r t a n t  a r e  t h e  
r i s e  o f  t h e  l e v e l  o f  c h o l e s t e r o l  a n d  t r i g l y c e r i d e  i n  t h e  b l o o d  
l a c k  o f  m o v e m e n t ,  t h e  c a l o r i f i c  o v e r f e e d  a n d  o b e s i t y .  B e t w e e n  
1 9 7 3  a n d  1 9 7 9  p r e v e n t i v e  m e a s u r e s  w e r e  t a k e n  a l l  o v e r  t h e  
w o r l d  i n  o r d e r  t o  d i m i n i s h  t h e  f r e q u e n t  o c c u r r e n c e  o f  m y o c a r 
d i a l  i n f a r c t i o n .  T h e  m o r t a l i t y  o f  t h e  i s c h e m i c  h e a r t  d i s e a s e s  
d e c r e a s e d  b y  1 3 , 5 %  i n  t h e  U n i t e d  S t a t e s ,  i n  A u s t r a l i a  a n d  i n  
t h e  S c a n d i n a v i a n  c o u n t r i e s ,  b u t  t h e  n u m b e r  o f  r e - i n f a r c t i o n  
c o n t i n u e d  t o  i n c r e a s e .  I n  t h e  o t h e r  c o u n t r i e s  o f  t h e  w o r l d  -  
-  a s  a  c o n s e q u e n c e  o f  l e s s  e f f i c a c i o u s  p r e v e n t i o n  -  t h e  n u m 
b e r  o f  i s c h e m i c  h e a r t  d i s e a s e s  f u r t h e r  i n c r e a s e d .  T h e  r e d u c 
t i o n  o f  r i s k  f a c t o r s  n e e d s  f u r t h e r  s i g n i f i c a n t  m o d i f i c a t i o n s  
i n  t h e  l i f e  s t y l e .
T h e  i m p o r t a n c e  o f  t h e  s o  c a l l e d  b e t a - l i p o p r o t e i n  i n  t h e  s c l e 
r o s i s  o f  c o r o n a r i e s  i s  w e l l  k n o w n .  T h e  f i r s t  t r a n s v e r s a l  e p i 
d e m i o l o g i c a l  s t u d i e s  w e r e  p u b l i s h e d  b e t w e e n  1 9 7 5 - 7 7  o n  t h e  
l o w e r  l e v e l  o f  h i g h  d e n s i t y  l i p o p r o t e i n  / H D L /  a n d  H D L - C  c h o l e s 
t e r o l  o f  p a t i e n t s  w h o  s u f f e r e d  i s c h e m i c  d i s e a s e s  a s  c o m p a r e d  
t o  t h e  h e a l t h y  p o p u l a t i o n .  A t  p r e s e n t  t h e  c o r r e l a t i o n  b e t w e e n  
t h e s e  f a c t o r s  a n d  m y o c a r d i a l  i n f a r c t i o n  s e e m s  m o r e  s i g n i f i c a n t  
t h a n  t h e  i n c r e a s e d  l e v e l  o f  c h o l e s t e r o l  a n d  t r i g l y c e r i d e  i n  
t h e  s e r u m .
T h e  c h a n g e s  o f  H D L  c h o l e s t e r o l  o f  a  h e a l t h y  p o p u l a t i o n  a n d  
t h o s e  o f  p a t i e n t s  r e c o v e r e d  f r o m  m y o c a r d i a l  i n f a r c t i o n  w a s
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s t u d i e d  i n  H u n g a r y  f o r  t w o  y e a r s .  C o l l e a g u e s  L á s z l ó  R o m i c s  
a n d  G y u l a  P a d o s  c o m p a r e d  t h e  H D L  c h o l e s t e r o l  l e v e l s  o f  p a t i 
e n t s '  s e r a  t o  t h o s e  o f  t h e  s a m e  a g e d  n o r m a l  p o p u l a t i o n .  C o l 
l e a g u e  R o m i c s  f o u n d  s i g n i f i c a n t  c h a n g e s  i n  t h e  l e v e l  o f  H D L  
c h o l e s t e r o l  i n  s o m e  h e r e d i t a r y  f a m i l i a l ,  h y p e r l i p e m i a s  w h i c h  
m i g h t  e x p l a i n  t h e  f r e q u e n t  c o m l i c a t i o n  o f  t h e  d i s e a s e  -  t h e  
s c l e r o s i s  o f  c o r o n a r i e s ,
A m e r i c a n  a u t h o r s  h a d  s t u d i e d  t h e  e f f e c t  o f  r e g u l a r  t r a i n i n g  
o n  t h e  l e v e l  o f  H D L  c h o l e s t e r o l  i n  c r o s s  c o u n t r y  s k i e r s  a n d  
l o n g  d i s t a n c e  r u n n e r s .  I t  h a d  b e e n  s h o w n ,  t h a t  r e g u l a r  t r a i 
n i n g  i n c r e a s e s  t h e  c o n c e n t r a t i o n  o f  H D L  c h o l e s t e r o l  i n  t h e  
b l o o d .
T h i s  p a p e r  i s  p a r t  o f  l o n g i t u d i n a l  s e r i e s  o n  t h e  l i p i d  f r a c 
t i o n s  o f  t h e  b l o o d  s e r u m ,  n a m e l y  o n  t h e  l e v e l s  o f  c h o l e s t e r o l  
t r i g l y c e r i d e  F F A  a n d  H D L  c h o l e s t e r o l .  T h e  a b o v e  m e n t i o n e d  
p a r a m e t e r s  w i l l  b e  s t u d i e d  o n  a  l a r g e  n u m b e r  o f  a t h l e t e s  o f  
v a r y i n g  a g e ,  f r o m  s p o r t  s c h o o l  s t u d e n t s  t o  r e t i r e d  f o r m e r  
a t h l e t e s .

S u b j e c t s

H e a l t h y ,  n o n - t r a i n e d  f e m a l e  a n d  m a l e  m e d i c a l  s t u d e n t s  s e r v e d  
a s  c o n t r o l s  i n  t h i s  s t u d y .  B o x e r s  -  t r a i n e d  f o r  s h o r t ,  e x h a 
u s t i v e  w o r k  -  a n d  c y c l i s t s  a n d  r o w e r s  -  t r a i n e d  f o r  e n d u r a n 
c e  w o r k  -  w e r e  c h o s e n  f o r  w e l l - t r a i n e d  g r o u p s .  I n  e a c h  g r o u p  
1 0  p e r s o n s '  l i p i d  p a r a m e t e r s  w e r e  s t u d i e d .

S t a n d a r d i z a t i o n  o f  t h e  a c u t e  p h y s i c a l  e x e r c i s e

T h e  s u b j e c t s  a c c o m p l i s h e d  t h e  s a m e  w o r k ;  s o  t h e  c h a n g e s  o f  
t h e  m e t a b o l i c  p a r a m e t e r s  c o u l d  b e  c o m p a r e d .  T h e  a c u t e  p h y s i 
c a l  e x e r c i s e  w a s  p e r f o r m e d  o n  a  m o t o r - d r i v e n  t r e a d m i l l ,  a c c o r  
d i n g  t o  t h e  p r i n c i p l e s  o f  t h e  s o  c a l l e d  " a l l  o u t "  e x e r c i s e .  
A f t e r  a  w a r m i n g  u p  p e r i o d  t h e  s u b j e c t s  r a n  t o  e x h a u s t i o n  u p 
h i l l  o n  t h e  t r e a d m i l l  a t  s p e e d s  o f  8 ,  1 0  a n d  1 2  k m / h o u r .  T h e  
f i r s t  s l o p e  w a s  5  %, a n d  e v e r y  t h i r d  m i n u t e  i t  w a s  i n c r e a s e d  
b y  3  %.
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T h e  p r i n c i p l e s  o f  t h e  “ a l l  o u t ’  e x e r c i s e  a r e  t h e  f o l l o w i n g :
1 ,  T h e  o x y g e n  i n t a k e  a f t e r  r e a c h i n g  a  p e a k  v a l u e  l e v e l s  o f f ;
2 ,  T h e  R Q  v a l u e  o f  t h e  e x p i r e d  a i r  r i s e s  a b o v e  1 , 0
3 ,  T h e  b a s e  e x c e s s  e x c e e d s  - 1 2  m m o l / 1
4 ,  T h e  H +  v a l u e  i s  l e s s  t h a n  4 0 , 7  n m o l / 1
5 ,  T h e  p u l s e  r a t e  r e a c h e s  t h e  m a x i m a l  v a l u e  w h a t  s u i t s  t o  t h e

a g e ;
6 ,  T h e  t i m e  o f  e x e r c i s e  i s  a t  l e a s t  4  m i n u t e s  a n d  d o e s  n o t  

e x c e e d  8  m i n u t e s ;
7 ,  T h e r e  i s  a  g e n e r a l  e x h a u s t i o n ,  t h e  e f f i c a c y  o f  t h e  r e s p i 

r a t i o n  d e c r e a s e s .

M e t h o d s

M o d e r n  l i p i d  a n a l y t i c a l  m e t h o d s  w e r e  a p p l i e d .  T h e  t o t a l  l i 
p i d s  w e r e  a n a l y s e d  b y  F o l c h ,  t h e  t r i g l y c e r i d e  a n d  c h o l e s t e 
r o l  w e r e  m e a s u r e d  b y  m e a n s  o f  B o e h r i n g e r  t e s t .  T h e  f r a c t i o n s  
w e r e  s e p a r a t e d  b y  t h i n  l a y e r  c h r o m a t o g r a p h y .  T h e  H D L  c h o l e s 
t e r o l  w a s  m e a s u r e d  b y  O a n e t ' s  e n z y m a t i c  p r e c i p i t a t i o n  m e t h o d ,  
b y  m e a n s  o f  B o e h r i n g e r  c h o l e s t e r o l  s t a n d a r d s .

R e s u l t s

T h e  1 .  t a b l e  s h o w s  t h e  c o n c e n t r a t i o n  o f  c h o l e s t e r o l ,  t r i g l y 
c e r i d e  a n d  t o t a l  l i p i d s  i n  t h e  p l a s m a .  A t  r e s t ,  i n  t h e  c y c 
l i s t  g r o u p  -  w e l l  t r a i n e d  f o r  e n d u r a n c e  w o r k  -  t h e  c o n c e n t r a 
t i o n  o f  t r i g l y c e r i d e  w a s  s i g n i f i c a n t l y  l o w e r  t h a n  i n  t h e  c o n t 
r o l  g r o u p .  I n  t h e  r o w e r  g r o u p  -  v e r y  s i m i l a r  t o  t h e  c y c l i s t  
f r o m  t h e  p o i n t  o f  v i e w  o f  e n d u r a n c e  w o r k  c a p a c i t y  -  t h e  t r i 
g l y c e r i d e  l e v e l  w a s  l o w e r  b y  3 8 %  a s  c o m p a r e d  t o  t h e  n o n - t r a i -  
n e d  g r o u p .  T h e  c o n c e n t r a t i o n  o f  c h o l e s t e r o l  i n  t h e  s e r u m  w a s  
w i t h i n  t h e  p h y s i o l o g i c a l  r a n g e  i n  a l l  t h e  f i v e  g r o u p s .  T h e r e  
w a s  n o  s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t h e  
g r o u p s .  T h e  v a l u e s  o f  t h e  f e m a l e  g r o u p  w e r e  s l i g h t l y  h i g h e r .  
T h e  h i g h e r  c o n c e n t r a t i o n  o f  b o x e r s  w a s  p r o b a b l y  d u e  t o  t h e  
n e g l e c t i o n  o f  t h e  1 2  h o u r s  s t a r v a t i o n  b e f o r e  t h e  e x e r c i s e .
T h e  c o n c e n t r a t i o n  o f  t o t a l  l i p i d s  h a d  n o t  d i f f e r e d  s i g n i f i -
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c a n t l y .  T h e  e f f e c t  o f  h e m o c o n c e n t r a t i o n  o n  t h e  l i p i d  p a r a m e 
t e r s  w a s  s t u d i e d  a n d  f o u n d  s t a t i s t i c a l l y  n o n  s i g n i f i c a n t ,  s o  
f u r t h e r  i t  w a s  n e g l e c t e d .  A f t e r  e x e r c i s e  t h e  c o n c e n t r a t i o n  o f  
c h o l e s t e r o l  i n  s e r u m  i n c r e a s e d  s i g n i f i c a n t l y  i n  t h e  b o x e r ,  
c y c l i s t ,  m a l e  a n d  f e m a l e  c o n t r o l  g r o u p s .  T h e  r o w e r s *  c h o l e s 
t e r o l  l e v e l  d e c r e a s e d .

Cholesterol
B.E. A.E.

C. men 185 i  9.3 1971 8.9

C.women 197*11,9 206*11.5

Boxers 211 ± 15,5 228±18,2

C yclings 195*10.9 206*13.6

Rowings 188 * 5,3 188* 5t1

Triglyeride
BE A.E.

65111/ 76*12.9

3719.0 45* 9.1

70*18,5 127*270

36*4,6 38* 3.7

AO* 72 35*12.0

T a b l e  1 .  -  E f f e c t  o f  a c u t e  p h y s i c a l  e x e r c i s e  o n  t h e  s e r u m  l i 
p i d s  f r a c t i o n s  i n  M a n  / m g / 1 0 0 m l /  _ +  S . D , ,  n = 1 0  i n  a l l  g r o u p s ,  
B . E ;  b e f o r e  e x e r c i s e ,  A . E :  a f t e r  e x e r c i s e .

C o m p a r i n g  t h e  v a l u e s  b e f o r e  a n d  a f t e r  e x e r c i s e  a  s i g n i f i c a n t  
d i f f e r e n c e  w a s  s h o w n  i n  t h e  l e v e l  o f  t r i g l y c e r i d e  b e t w e e n  t h e  
c y c l i s t s  a n d  c o n t r o l  g r o u p  b e f o r e  e x e r c i s e ;  a l t h o u g h  t h e  l e 
v e l  o f  t r i g l y c e r i d e  o f  r o w e r s  w a s  a l s o  l o w e r  t h a n  t h a t  o f  t h e  
c o n t r o l  g r o u p .
A f t e r  e x e r c i s e  s i m i l a r  c h a n g e s  w e r e  o b s e r v e d ,  n a m e l y  s i g n i f i 
c a n t l y  l o w e r  c o n c e n t r a t i o n  o f  t r i g l y c e r i d e  i n  c y c l i s t s  a n d  a  
l o w e r  -  b u t  n o t  s i g n i f i c a n t l y  l o w e r  -  l e v e l  o f  t r i g l y c e r i d e  
i n  t h e  r o w e r  g r o u p .  M o r e o v e r ,  a f t e r  e x e r c i s e  t h e  c o n c e n t r a t i 
o n  o f  c h o l e s t e r o l  o f  r o w e r s  p r o v e d  t o  b e  s i g n i f i c a n t l y  l o w e r  
a s  c o m p a r e d  t o  t h e  n o r m a l  g r o u p .  T h e  v a l u e  o f  H D L  c h o l e s t e r o l  
w a s  s t u d i e d  i n  a n  i n a c t i v e  c o n t r o l  g r o u p  a s  w e l l  a s  i n  b o x e r s ,  
w r e s t l e r s ,  r o w e r s  a n d  c y c l i s t s  b e f o r e  a n d  a f t e r  e x e r c i s e .  
B e f o r e  e x e r c i s e  H D L  c h o l e s t e r o l  l e v e l  o f  b o x e r s  a n d  n o n - t r a i -  
n e d  d i d  n o t  d i f f e r ;  t h e  r e s t i n g  v a l u e s  o f  t h e  o t h e r  g r o u p s  
w e r e  s i g n i f i c a n t l y  h i g h e r  / a t  a  5  p e r c e n t  l e v e l / .
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A f t e r  e x e r c i s e  H D L  c h o l e s t e r o l  l e v e l  i n c r e a s e d  i n  a l l  g r o u p s  
/ F i g . l . / ,  T h e  v a l u e s  o f  b o x e r s  a n d  i n a c t i v e  s u b j e c t s  d i f f e r  

s i g n i f i c a n t l y  f r o m  t h o s e  o f  w r e s t l e r s ,  r o w e r s  a n d  c y c l i s t s .  
A f t e r  e x e r c i s e  H D L  c h o l e s t e r o l  l e v e l  o f  c y c l i s t s  w a s  a s  h i g h  
a s  1 . 8 6  m m o l / 1 .  T h e  v a l u e s  o f  H D L  c h o l e s t e r o l  o f  o t h e r  a t h l e 
t i c  g r o u p s  i s  s t i l l  b e i n g  s t u d i e d .

HDL-cholesterol

F i g . l .  -  E f f e c t  o f  a c u t e  p h y s i c a l  e x e r c i s e  o n  t h e  H D L  -  c h o 
l e s t e r o l  c o n c e n t r a t i o n  i n  B l o o d  s e r u m . B . E . : b e f o r e  e x e r c i s e ,  
A . E . : a f t e r  e x e r c i s e .

S u m m a r y

A c c o r d i n g  t o  s t a t i s t i c a l  d a t a  t h e  n u m b e r  o f  m y o c a r d i a l  i n f a r c 
t i o n s  d e c r e a s e s  a m o n g  p h y s i c a l  w o r k e r s  a n d  a c t i v e  a t h l e t e s .  
W h e n  r e g u l a r  t r a i n i n g  i s  d i s c o n t i n u e d ,  h o w e v e r ,  t h e  n u m b e r  o f  
m y o c a r d i a l  i n f a r c t i o n  e x c e e d s  e v e n  t h a t  o f  t h e  n o n - t r a i n e d .  
P r e s e n t l y  p h y s i c a l  e x e r c i s e  i s  n o t  o n l y  a  p r e v e n t i v e  m e a s u r e  
b u t  a l s o  o n e  o f  t h e  m o s t  i m p o r t a n t  c u r a t i v e  f a c t o r s  i n  t h e  
t h e r a p y  o f  m y o c a r d i a l  i n f a r c t i o n .
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X

T h e  e f f e c t  o f  a c u t e  p h y s i c a l  e x e r c i s e  o n  t h e  m e t a b o l i s m  o f  
c h o l e s t e r o l  a n d  t r i g l y c e r i d e  w a s  s t u d i e d .  T h e  c o n c e n t r a t i o n  
o f  t r i g l y c e r i d e  a n d  c h o l e s t e r o l  o f  a t h l e t e s ,  w e l l  t r a i n e d  f o r  
e n d u r a n c e  w o r k  / c y c l i s t s ,  r o w e r s /  w a s  l o w e r  c o m p a r e d  t o  n o n -  
t r a i n e d .  T h e  l i p i d  c o n c e n t r a t i o n  o f  a t h l e t e s ,  w e l l  t r a i n e d  f o r  
s h o r t ,  e x h a u s t i v e  w o r k  / b o x e r s /  d i d  n o t  c h a n g e .  T h e  c o n c e n t r a 
t i o n  o f  H D L  c h o l e s t e r o l  o f  e n d u r a n c e - t r a i n e d  a t h l e t e s  w e r e  
h i g h e r  t h a n  t h a t  o f  t h e  c o n t r o l ,  n o n - t r a i n e d  g r o u p .
R e g u l a r  t r a i n i n g  p r o d u c e s  " i n s u l i n - l i k e "  e f f e c t s  i n  t h e  o r g a 
n i s m ,  w h i c h  e n a b l e  i t  t o  s t o r e  g r a t  q u a n t i t i e s  o f  e n e r g y ;  b u t  
a f t e r  d i s c o n t i n u i n g  r e g u l a r  p h y s i c a l  a c t i v i t y ,  t h i s  a d a p t a t i o n  
q u i c k l y  d i m i n i s h e s .
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AEROBIC METABOLISM 
AND PHYSICAL EFFORT 

IN YOUNG ATHLETIC CHILDREN
C. T. M . Davies

M R C  E x t e r n a l  S t a f f .  D e p a r t m e n t  o f  P h y s i o l o g y  a n d  P h a r m a c o l o g y ,  M e d i c a l  S c h o o l .  
Q u e e n ' s  M e d i c a l  C e n t r e ,  C l i f t o n  B o u l e v a r d ,  N o t t i n g h a m ,  N G 7  2 U H ,  U K

T h e  m e t a b o l i c  c o s t  o f  r u n n i n g  i n  h e a t h y  s c h o o l  c h i l d r e n  h a s  b e e n  s t u d i e d  

i n  d e t a i l  b y  A s t r a n d  (1952). H e  f o u n d  t h a t  t h e y  h a v e  h i g h  v a l u e s  o f  

m a x i m a l  a e r o b i ^  p o w e ^  o u t p u t  (Vo ^ ^) w h e n  e x p r e s s e d  i n  r e l a t i o n  t o  b o d y -  

w e i g h t  ( m l  k g  M i n  )  b u t  r e l a t i v e l y  l o w  l e v e l s  o f  e f f i c i e n c y  d u r i n g  

r u n n i n g ,  u n d e r  s t a n d a r d i s e d  c o n d i t i o n s  o n  a  m o t o r - d r i v e n  t r e a d m i l l .

This latter result is of interest, particularly in the light of our finding 
(Godfrey et al 1971) that children can pedal a stationary bicycle ergometer 
with the same "intrinsic" muscle efficiency as adults. Of course, in 
cycling body weight is supported and not carried as in running and one 
possible solution to the problem may be in the relationship between applied 
forces and velocity of (leg) movement in the two activities. In man it has 
been shown (Wilkie, 1950) that the force a muscle develops is inversely 
proportional to its speed of shortening and for the optimal conversion of 
energy into mechanical work these two factors must be kinetically balanced. 
In lightweight athletic children with highly developed aerobic power out
puts this condition may not be fulfilled and, during running as opposed to 
cycling,economy of effort is possibly sacrificed for speed. In the 
present investigation observations were made of the aerobic cost of running 
on a treadmill and outdoor performance times on 23 children. In 15 of the 
children the treadmill experiments were repeated with the addition of 
external loading corresponding to 5% and 10% of their body weight.

The 23 children were subdivided into 9 active and 9 athletic boys and 
•5 athletic girls. The athletic children regularly competed in club and 
county 800m - 3000m athletic events and the active boys in normal school 
athletics. The mean age, weight, height and V o 2 for the athletic» 
active boys and athletic girls respectively, were as folldws:-

12.6 yr., 36.43 kg., 147.3 cm., 2.54 L Min 1 (70.0 ml kg 1 Min *) 12.2 yr., 
37.84 kg., 148.4 cm., 2.36 Lmm 1 (62.0 ml kg * Min S  and 13.8 yr 38.62 kg.,

152.0 2.45 L Min 1 (64.0 ml kg 1 Min 1) .
Oxygen intake (V o w a s  measured at various speeds (8-16 km h ) on the 
treadmill using an open circuit technique. External loading was applied 
using sand which was evenly distributed over the upper body in small 
pockets of a specially designed weight jacket. Maximal aerobic power out
put (Vo2 ) was measured (Davies 1968) in separate experiments and p e r 
formance times on the track were obtained by questionnaire and from official
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records.

The results are summarised in Fig.l. The V o 2 data for given speeds 
(V) were not significantly different in three groups studied and therefore
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V -  k m  h ^
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Fig. 1. The effect of external loading on the metabolic cost of 
running in children. External loading equivalent to 5% (•) and 10% (O) 
of body weight. Regression lines for the childrens’ control data 
and from the study of 8strand (1952) are shown. The regression line 
for adults is taken from Davies and Thompson (1979).

could be combined; Vo^ (ijl kg Min ) = 5.714 + 3.541 V (km h )r-+0.95. 
At a set speed of 15 km h , tyo2 was not closely related to neither stride 
length (r = -0.39) nor stride frequency (r = +0.27) but external loading 
equivalent to 5% body weight significantly (P<0.05) decreased the slope 
and increased the intercept of the i/o /V relationship. However, 
additional loading (E 10% body weight) did not change the fo>2/V relation
ship further (fig.- 1) .

The highest recorded values of the Vo m^x wi^h athletic boys and
girls were 73.7 ml kg Min and 73.5 ml kg Min respectively.
The best guideto Vo 2max -̂n tlie boys was given by their 1500m track time:
Vo. (ml kg Mih~l > = 113.33 - 8.894 (1.5km-Min) r =-0.748.2 max
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It would seem that in young active and athletic children their light 
body weights and resultant forces are not optimally matched to the 
required frequency of leg movement to produce the most economic conversion 
of aerobic energy into mechanical work, particularly higher speeds of 
running. Thus, though their performance times are associated with V o ^ ^  
they are nevertheless inferior to those one might have expected from 
previous aerobic power weight data collected on adult male and female 
athletes (Davies and Thompson, 1979).
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SPIROTONOMETRY 
AND FLACK TEST

V. Grubich
R e s e a r c h  D e p a r t m e n t ,  N a t i o n a l  M e d i c a l  I n s t i t u t e  f o r  P h y s i c a l  E d u c a t i o n  a n d  S p o r t s ,  B u d a p e s t  1 1 2 3 ,

H u n g a r y

3 0  r e g u l a r y  t r a i n e d  u n i v e r s i t y  s t u d e n t s  w e r e  s u b j e c t s  o f  
d i f f e r e n t  s t e p  a n d  p o s i t i v e - p r e s s u r e  b r e a t h  h o l d i n g  / a p n e a /  
t e s t s .  S p i r o t o n o m e t r y  a n d  F l a c k  t e s t  b e l o n g  t o  t h e  p o s i t i v e -  
p r e s s u r e  b r e a t h  h o l d i n g  t e s t s .  I n  a n a l i z i n g  t h e  c o r r e l a t i o n s ,  
S p e a r m a n / s  r a n k  c o r r e l a t i o n  c o e f f i c i e n t  w a s  u s e d .  1 7 %  o f  t h e  
e x a m i n e d  p e r s o n s  b e l o n g  t o  t h e  e x c e l l e n t  / 1 /  2 0 %  t o  t h e  g o o d  
/ 2 /  3 3 %  t o  t h e  m e d i u m  / 3 /  1 0 %  t o  t h e  s u f f i c i e n t  / 4 /  a n d  2 0 %  
t o  t h e  u n f a v o u r a b l e  c o n d i t i o n  c a t e g o r y  / 5 /  b y  s p i r o t o n o m e t r y .  
I f  F l a c k  t e s t  w a s  u s e d  6 6 %  o f  t h e  a t h l e t e s  b e l o n g  t o  t h e  g o o d  
/ I .  t y p e /  2 7 %  t o  t h e  m e d i u m  / I I ,  t y p e /  a n d  7 %  t o  t h e  u n f a v o u r 
a b l e  c o n d i t i o n  t y p e  / I I I .  t y p e / .  S p e a r m a n ' s  r a n k  c o r r e l a t i o n  
c o e f f i c i e n t  o f  t h e  t w o  t e s t s  i s  q u i t e  h i g h  / r  a  0 , 9 0 6 / ;  o n l y  
M a r t i n e t  / г  a  0 . 9 7 4 /  a n d  K e r e s z t y  t e s t  / г а  0 . 9 6 7 /  h a v e  m o r e  
c l o s e  c o r r e l a t i o n s  w i t h  s p i r o t o n o m e t r y .  T h e  c o r r e l a t i o n  c o 
e f f i c i e n t  o f  C u r e t o n  / s h o r t e n e d  S c h n e i d e r /  t e s t  a n d  s p i r o t o n o 
m e t r y  i s  a l m o s t  e q u a l  / r e  0 , 9 0 5 /  w h i l e  t h a t  o f  H a r v a r d  t e s t
i s  a l s o  h i g h  / г а  0 . 8 4 3 / .  T h e  c o r r e l a t i o n  c o e f f i c i e n t s  o f  

s

M a s t e r ,  S c h n e i d e r  a n d  s h o r t e n e d  H a r v a r d  t e s t  a r e  l o w e r  / r  =  
0 , 6 5 4 ;  r g =  0 . 6 4 6  r e s p e c t i v e l y  r g =  0 . 4 3 4 / .  5  s e c o n d ' s  h e a r t  
r a t e  g r a p h s  a r e  u s e d  i n  F l a c k  t e s t .  O n  t h e  f i g u r e  1  t h e  t h r e e  
t y p e s  o f  h e a r t  r a t e  g r a p h s  o f  F l a c k  t e s t  a r e  s e e n  / t h e  a r r o w  
s h o w s  t h e  m e a n  a p n e a  t i m e / .  9 0 %  o f  t h e  a t h l e t e s ,  w h o  b e l o n g  
t o  F l a c k  I .  t y p e  p u l s e  c a t e g o r y  h a v e  e x c e l l e n t ,  g o o d  a n d  
s u f f i c i e n t  f o r m  b y  s p i r o t o n o m e t r y ,  1 0 %  o f  t h i s  g r o u p  i n  t h e  
u n f a v o u r a b l e  c a t e g o r y  b y  s p i r o t o n o m e t r y .  T h e  a t h l e t e s  o f  
F l a c k ' s  I I .  t y p e  h a v e  w o r s e  c o n d i t i o n  s p i r o t o n o m e t r i c a l l y .



F i g .  1  T h e  t h r e e  t y p e s  o f  5  s e c o n d ' s  h e a r t  r a t e  g r a p h s  
o f  F l a c k  t e s t  / m e a n  v a l u e s / .  T h e  a r r o w s  s h o w  t h e  m e a n  
a p n e a  t i m e s ,  t h e  c o l u m n - d i a g r a m s  t h e  s p i r o t o n o m e t r i c  
c a t e g o r y - d i s t r i b u t i o n s  o f  t h e  c a s e s  i n  t h e s e  t h r e e  
t y p e s  / n =  n u m b e r  o f  c a s e s / .

n e v e r t h e l e s s  e x c e l l e n t  f o r m  a l s o  o c c u r e d  a m o n g  t h e m .  O n e  o f  
t h e  a t h l e t e s  o f  F l a c k ' s  I I I ,  t y p e  h a s  a  g o o d  f o r m  w h i l e  t h e  
o t h e r  h a s  a n  u n f a v o u r a b l e  c o n d i t i o n  b y  s p i r o t o n o m e t r y .  C o m p a 
r i n g  t h e  m e a n  a p n e a  t i m e  o f  a t h l e t e s  o f  I I .  a n d  I .  t y p e s  i t  
i s  i n t e r e s t i n g  t o  o b s e r v e  t h a t  t h e  v a l u e  o f  t h e  f o r m e r  g r o u p  
e x c e e d s  t h a t  o f  t h e  l a t e r .  T h i s  i n d i c a t e s  t h e  i m p o r t a n t  r o l e  
o f  s u b j e c t i v e  f a c t o r s  i n  t h e  d u r a t i o n  o f  a p n e a  t i m e .  T h e r e  
i s  a  c l o s e  c o r r e l a t i o n  b e t w e e n  s p i r o t o n o m e t r y  a n d  t h e  a p n e a  
t i m e  o f  F l a c k  t e s t ,  / r  =  0 . 9 2 8 /  i . e .  t h e  l o n g e r  i s  t h e  a p n e a  
t i m e  t h e  b e t t e r  c o n d i t i o n  i s  t o  b e  e x p e c t e d .  I f  t h e  a t h l e t e  
i s  i n t e r e s t e d  i n  s o m e  f o r m  i n  a  b e t t e r  r e s u l t  h e  s h o u l d  p r o 
d u c e  s u c h  a n  a p n e a  t i m e  w h a t  f a r  e x c e e d s  h i s  c a p a c i t y .  I n  
s u c h  c a s e s  h i s  c a r d i o v a s c u l a r  p a r a m e t e r s  a n d  o t h e r  c o n n e c t e d  
f u n c t i o n s  b e c a m e  w o r s e .  V e r y  t y p i c a l l y  t h e  l o n g e r  i s  t h e  
a p n e a  t i m e  o f  F l a c k  t e s t  t h e  w o r s e  a r e  t h e  c a r d i o v a s c u l a r  
f u n c t i o n s .  N a m e l y ,  t h e  i m p r o v e m e n t  o f  o n e  f a c t o r  / i . e .  a p n e a  
t i m e /  s h o u l d  a u t o m a t i c a l l y  p r o d u c e  t h e  w o r s e n i n g  o f  t h e  o t h e r
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/ h e a r t  r a t e  r e a c t i o n / .  I f  t h e  t e s t  w a s  f o r  s o m e  r e a s o n  o f  n o  
i m p o r t a n c e  f o r  t h e  a t h l e t e  t h e  a p n e a  t i m e  s h o u l d  b e c a m e  
s h o r t e r ,  n e v e r t h e l e s s  i t  w o u l d  n o t  i n d i c a t e  a n  i n s u f f i c i e n t  
c o n d i t i o n .  T h e r e  s h o u l d  b e  n o  u n i f o r m i t y  e v e n  i n  h e a r t  r a t e  
r e a c t i o n s  o f  F l a c k  t e s t  i f  t h e  a p n e a  t i m e  w a s  f a v o u r a b l e  
l o n g .  O n  t h e  f i g u r e  2  h e a r t  r a t e  g r a p h s  o f  t h r e e  a t h l e t e s  
a r e  s e e n .  E a c h  o f  t h e m  h a d  a n  e i g h t y  s e c o n d ' s  a p n e a  t i m e

5 10 ' 20 ' 30 ' 4Ö ' 50 ' 60 7Ö ' 8Ö 90 100 110 tíO GO sec

F i g .  2  5  s e c o n d ' s  h e a r t  r a t e  g r a p h s  o f  t h r e e  s p o r t s 
m e n  w i t h  8 0  s e c o n d ' s  a p n e a  t i m e .  T h i c k  l i n e =  F l a c k  
t e s t  / F 1 . / ,  t h i n  l i n e =  s p i r o t o n o m e t r y  / S p . / ,  T h e  a r r o w  
u p w a r d s  s h o w s  t h e  s t a r t ,  t h e  d o w n w a r d s  t h e  e n d  o f  
a p n e a .  O n  t h e  r i g h t  s i d e  a r e  s e e n  t h e  c o n d i t i o n - e v a l u a 
t i o n s  a f t e r  s p i r o t o n o m e t r y  a n d  F l a c k  t e s t .
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/ t h e  a r r o w  d o w n w a r d s  s h o w s  t h e  e n d  o f  a p n e a  t i m e / .  T h e  h e a r t  
r a t e  g r a p h  o f  a t h l e t e  B . A .  i s  q u i t e  u n i f o r m ;  a c c o r d i n g  t o  
F l a c k  t e s t  i t  i s  b e t w e e n  1 .  a n d  2 .  t y p e s  a n d  s h o u l d  a l s o  b e  
r a n g e d  i n  1 .  a n d  2 .  c a t e g o r y  b y  s p i r o t o n o m e t r y .  T h e  h e a r t  
r a t e  g r a p h  o f  a t h l e t e  D.L .  s h o u l d  b e  r a n g e d  t o  F l a c k ' s  t h i r d  
t y p e  a l t h o u g h  t h e  r e t u r n  o f  h i s  p u l s e  g r a p h  t o  n o r m a l  a t  t h e  
e n d  o f  t h e  p r e s s u r e  m a y  i n d i c a t e  a n  e m o t i o n a l  t a c h y c a r d i a  
/ F l a c k ' s  V .  t y p e / ;  c o n s e q u e n t l y  h e  s h o u l d  b e  c l a s s i f i e d  b e t 
w e e n  I I .  a n d  I I I .  t y p e .  F l a c k ' s  h e a r t  r a t e  g r a p h  o f  a t h l e t e  
B . O .  i n d i c a t e s  a  m e d i u m  / I I , /  F l a c k ' s  c o n d i t i o n  w h i l e  s p i r o 
t o n o m e t r y  s h o w s  a  f o r m  b e t w e e n  u n f a v o u r a b l e  / 5 /  a n d  i n s u f f i 
c i e n t  / 6 / .  T h e  h e a r t  r a t e  g r a p h  o f  s p i r o t o n o m e t r y  o n  t h i s  
f i g u r e  d o e s  n o t  s h o w  a n y  c h a r a c t e r i s t i c  f e a t u r e .

D u r i n g  p r e s s u r e  t h e  h e a r t  r a t e  g r o w s  u p  t h e n  a  p o s t -  
p r e s s o r  b r a d y c a r d i a  d e v e l o p s  t h e r e f o r e  t h e  p u l s e  i s  h a r d l y  
v a l u a b l e .  T h e  m e a s u r e m e n t  o f  t h e  b l o o d  p r e s s u r e  i s  a  b e t t e r  
m e t h o d  t o  i n d i c a t e  t h e  d e v e l o p i n g  h e m o d y n a m i c a l  c h a n g e s .  A t  
t h e  b e g i n n i n g  o f  t h e  p r e s s u r e  t h e  s t r o k e  v o l u m e  g r o w s  u p  a s  
a  c o n s e q u e n c e  o f  t h e  i n f l u x  o f  a b d o m i n a l ,  c a r d i e  a n d  p u l m o n a l  
b l o o d  s u p p l y  t o  t h e  h e a r t  / t h e  b l o o d  p r e s s u r e  r i s e s /  t h e n  t h e  
s t r o k e  v o l u m e  d e c r e a s e s  a n d  t h e  i n c r e a s i n g  b l o o d  p r e s s u r e  i s  
p r o v i d e d  b y  t h e  i n c r e a s i n g  p e r i p h e r a l  r e s i s t a n c e .  A t  t h e  e n d  
o f  t h e  p r e s s u r e  t h e  i n c r e a s i n g  p a r t i a l  p r e s s u r e  o f  c a r b o n  
d i o x i d e  a s  w e l l  a s  t h e  o x y g e n  d e f i c i t  s t i m u l a t e  t h e  r e s p i r a t o 
r y  c e n t e r ,  t h e n  t h e  s t i m u l a t i o n  i s  l e d  t o  t h e  v a s o m o t o r  c e n 
t e r  m a k i n g  t h e  b l o o d  p r e s s u r e  g r a p h  w a v y .  A f t e r  p r e s s u r e  t h e  
b l o o d  i n f l u x  t o  t h e  h e a r t  i n c r e a s e s  p r o d u c i n g  a n  i n c r e a s e d  
s t r o k e  v o l u m e  a n d  a  v o l u m e  h y p e r t e n s i o n .  A f t e r  p r e s s u r e  t h e  
c a r d i o v a s c u l a r  c h a n g e s  a r e  b a s e d  o n  r e f l e x  m e c h a n i s m e s  o f  
p r e s s o r e c e p t o r s .  A t  t h e  b e g i n n i n g  o f  t h e  p r e s s u r e  h e m o d y n a 
m i c s  l e a d  t h e  c h a n g e s  t h e n  r e g u l a t i n g  f u n c t i o n s  b e c a m e  m o r e  
a n d  m o r e  p r o n o u n c e d .  O n  b a s i s  o f  b l o o d  p r e s s u r e  m e a s u r e m e n t s  
t h i s  r e g u l a t i n g  m e c h a n i s m  i s  b e t t e r  o b s e r v a b l e .  T h e  b l o o d  
p r e s s u r e  g r a p h s  o f  t h e  p r e v i o u s l y  m e n t i o n e d  t h r e e  a t h l e t e s  
a l s o  i n d i c a t e  i t  / f i g u r e  3 / .  S p i r o t o n o m e t r i c  g r a p h  o f  a t h l e t e  
B . A .  s h o u l d  b e  r a n g e d  t o  t h e  b e s t  c a t e g o r y  b u t  h i s  s y s t o l i c  
b l o o d  p r e s s u r e  o f  1 4 0  m m  H g  a t  r e s t  a n d  t h e  d i a s t o l i c  b l o o d
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О 1 2 3min 0 1 2 3 m i n  0 1 2 3 4  5 6 7  min

F i g ,  3  B l o o d  p r e s s u r e  d u r i n g  s p i r o t o n o m e t r y  a n d  
F l a c k  t e s t .  T h e  a r r o w s  s h o w  t h e  s t a r t  a n d  e n d  o f  a p n e a .

p r e s s u r e  o f  1 1 0  m m  m e r c u r y  a t  t h e  e n d  o f  p r e s s u r e  w o r s e n  i t  
b e t w e e n  1 .  a n d  2 .  c a t e g o r y .  A  l o n g e r  a p n e a  t i m e  / F l a c k /  
i n c r e a s e s  e i t h e r  t h e  s y s t o l i c  o r  t h e  d i a s t o l i c  v a l u e s .  
A l t h o u g h  t h e  h e a r t  r a t e  g r a p h  ö f  a t h l e t e  0 . L .  i s  t h e  w o r s t  
b y  F l a c k  t e s t ,  s p i r o t o n o m e t r y  i n d i c a t e s  a  g o o d  f o r m  / 2 / ;  t h i s  
m a k e s  p r o b a b l e  a n  e m o t i o n a l  t a c h y c a r d i a  / V .  t y p e / .  F l a c k  5  
s e c o n d ' s  h e a r t  r a t e  g r a p h  i s  h a r d l y  s u i t a b l e  t o  m a k e  i t  c e r 
t a i n .  A s  f o r  a t h l e t e  B . 3 ,  F l a c k ' s  h e a r t  r a t e  g r a p h  c o u l d  n o t  
f i n d  o u t  h i s  p h y s i c a l  f i t n e s s .  A  b l o o d  p r e s s u r e  o f  1 5 0 / 1 2 0  
m m  H g  a t  r e s t  s h o u l d  i n d i c a t e  a  s e r i o u s  o v e r l o a d  s o  F l a c k ' s  
m e d i u m  c o n d i t o n  s h o u l d  b e  r e f u s e d .  T h e  r e s t i t u t i o n  o f  h i s
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b l o o d  p r e s s u r e  t o  t h e  n o r m a l  i s  a l s o  v e r y  s l o w .  S i n c e  b l o o d  
p r e s s u r e  c h a n g e s  s h o w  b e t t e r  t h e  p h y s i c a l  f i t n e s s  o f  a t h l e t e s ,  
F l a c k  t e s t  i s  c o n s i d e r e d  t o  b e  l e s s  s e n s i t i v e  t h a n  s p i r o t o n o -  
m e t r y .  T h e  u n c e r t a i n i t y  f a c t o r  o f  t h e  a p n e a  t i m e  o f  F l a c k  
t e s t  i s  e l i m i n a t e d  a s  t h e  p o s i t i v e - p r e s s u r e  b r e a t h  h o l d i n g  
t i m e  o f  s p i r o t o n o m e t r y  i s  s t a n d a r d i z e d  i n  2 0  s e c o n d s .  / I t  
m a k e s  p o s s i b l e  a  b e t t e r  c h a r a c t e r i z a t i o n  o n  b a s i s  o f  b l o o d  
p r e s s u r e  c h a n g e s . /  T h e  i n d i v i d u a l i z a t i o n  o f  t h e  t e s t  i s  a l s o  
p o s s i b l e  f o r  t h e  s u b j e c t  s h o u l d  b e  l o a d e d  o n  6 0 %  o f  h i s  m a x i 
m a l  e x s p i r a t o r y  p o w e r .  T h e  a b o v e  m e n t i o n e d  f a c t s  s h o u l d  c a u s e  
a  c e r t a i n  d i s c r e p a n c y  b e t w e e n  t h e  t w o  t e s t s ;  n a m e l y  i n  o u r  
s t u d y  i n  F l a c k ' s  g o o d  t y p e  4  a t h l e t e s  w e r e  i n  u n f a v o u r a b l e  
f o r m  b y  s p i r o t o n o m e t r y ;  i n  t h e  m e d i u m  g r o u p  4  p e r s o n s  w e r e  
f o u n d  i n  u n f a v o u r a b l e  f o r m ,  a n d ,  o n  t h e  o t h e r  h a n d ,  o n e  o f  
F l a c k ' s  u n f a v o u r a b l e  t y p e  w a s  i n  a  g o o d  f o r m  b y  s p i r o t o n o 
m e t r y .

S p i r o t o n o m e t r y  -  o n  b a s i s  o f  t h e  a b o v e  d i s c u s s e d  
f a c t s  -  m a k e s  p o s s i b l e  t o  s e p a r a t e  t h e  a t h l e t e s  o f  g o o d  
p h y s i c a l  f i t n e s s  f r o m  p o o r l y  t r a i n e d ,  o v e r t r a i n e d  p e r s o n s ,  
f u r t h e r m o r e  t o  r e v e a l  f a t i g u e ,  a n d  e x h a u s t i o n .

R e f e r e n c e s
C h a i l l e y - B e r t ,  P .  1 9 5 6 :  U n i f i c a t i o n  d e s  t e s t s  c a r d i o f o n c t i o -  

n e l l e s  d a n s  l e  s p o r t .  X I - е  C o n q r e s  I n t e r n a t i o n a l  d e  M é d e -  
c i n e  S p o r t i v e  a  L u x e m b o u r g  1 2 9 - 1 5 7  

G r u b i c h ,  V .  1 9 5 9 :  S p i r o t o n o m e t r i e .  K a r d i o f u n k z i o n e l l e  B e 
l a s t u n g s p r o b e  m i t  b e s o n d e r e r  R ü c k s i c h t  a u f  d i e  A n s p r ü c h e  
d e s  S p o r t a r z t e s .  M ü n c h . m e d . W s c h r .  1 0 1 ,  7 4 4 - 7 4 8  

G r u b i c h ,  V .  e t  a l ,  1 9 6 9 :  C a r d i o r e s p i r a t o r y  r e s p o n s e s  t o  
g r a d e d  p o s i t i v e - p r e s s u r e  b r e a t h  h o l d i n g .  A c t a  p h y s i o l .
A c a d . S c i . H u n g .  3 5 ,  1 1 7 - 1 3 2
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LEVEL AND INCLINE RUNNING 
ON THE TREADMILL;

SOME THOUGHTS ON THE RELATIONS 
OF ITS METABOLIC COSTS IN YOUNG BOYS

I. Szmodis, J. Mészáros and T. Szabó
C e n t r a l  S c h o o l  o f  S p o r t s .  B u d a p e s t  1 1 4 6 ,  a n d  D e p a r t m e n t  o f  M e d i c i n e ,  F lu n g a r ia n  U n i v e r s i t y  o f  

P h y s i c a l  E d u c a t i o n ,  B u d a p e s t  1 1 2 3 ,  H u n g a r y

Exercise teats using a treadmill have recently been intro
duced for trainees aged between 10 and 18 years and attending 
programmed training in the Central School of Sports. Former 
experience with bicycle ergometry had to be updated, because 
of treadmill power output only vertical work can be directly 
expressed in physical units while horizontal work cannot be 
neglected either.

Table 1. Correlations of and body parameters
Parameter Stature Weight Body surface Op uptake

area
Age .70 .75 .75 .58
Stature .91 .96 .79Weight .99 .89BSA .87

MEAN STEAD/ STATE 0 2 UPTAKE RELATED TO BODY WEIGHT 
IN ATHLETIC BOYS OF 12 TO 18 YRS DURING TREADMILL 
EXERCISE AT Ю KM.HR1 AND ZERO INCLINE (X iS .D . )

íö j  t.mrn’ SPTO

15

30

2.5

2.0

15 577» tu eo
^  ВООГ W004T

* 45 50 56 60 65 70 75 80 * 7 ,

Pig. 1. ^02 vs body weight in level running
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experimental designMEAN EXCESS *>2 SUMMED OVER 4TH A NO 
5Th MINUTE OF ME ADY STATE TREADMILL 
EXERCISE (4 x 4 x 4  LATIN SQUARE)

P ig .  2 .  E x p e r im e n ta l  d e s ig n  and p lo t  o f  th e  o b ta in e d  means

MEAN SUMMED EXCESS V02 PREDICTION BY 
BOCY WEIGHT. SPEED AND INCLINE ON TV€
TREADMLL M BOYS AGED 11-12 AND 

WEIGHING 30-45 KG

P ig .  3 .  R e g re s s io n  and p a r t i a l  c o r r e l a t i o n  c o e f f i c i e n t s  
o f  e x c e s s  o xyg e n  u p ta k e  on s p e e d , i n c l i n e  and  b o d y  w e ig h t
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Relation between $02 and work rate, the latter containing belt speed and incline as independent variables, was taken to 
be linear. In trying to disclose potential covariates age, 
weight, height and body surface area were correlated with C>2 
uptake averaged over the four last minutes of a six min run 
at 10 km h~ on the level in 33 males. These subjects were 
aged between 12 and 18 years and had a training history in 
track and field, modern pentathlon, paddling or water polo.
The obtained correlations ranged from .58 to .89 with V02, 
body weight having the highest coefficient /table 1/.

Since the other paraméteré were rather closely related to 
weight, this was taken as the main covariate. Gross oxygen up
take in level running at this speed was rather high and line
arly related to body weight, the cost for every kg being 37 
ml per min. /Pig» 1/

Though,this finding seemed to cover 8 0 %  o f  total varia
bility in V0„ in this experiment, we still could not account 
for the shares of incline and other belt speeds. Energy con
sumption in level running on the treadmill has been reported 
to be a linear function of speed since nonlinearities intro
duced by outdoor air resistance and acceleration Eire absent 
/Margaria et al. 1963, Lloyd 1967/. Pour young subjects, four 
speeds /7, 8, 9, 10 km h ~ /  and four treadmill inclines were 
arranged /0, 2, 4, 6%/ according to a Latin square design 
/Pig. 2, right/ to establish quantitative effects. The sub
jects were males, age 11 to 12 years, and were engaged in 
programmed training in track and field since one year. They 
ran another schedule every day in order to compensate for in
teractions of environmental and sequential factors.These speeds and inclines were chosen to ensure steady 
rate submaximum workloads and represented 45 to 85# of the 
subjects VO£ max. Oxygen uptake was determined by am Ergo- 
analyser /Mljnhardt, Holland/ every minute before, during and 
after the runs. Of every 5 min bout gross and baseline cor
rected oxygen uptakes of the fourth and fifth minutes were 
treated as dependent variables. Differences in speed and in— 
cline effects were separated by a two-way anova with repeated 
measures. F tests evidenced excess V02 to be preferable to 
uncorrectel uptake, because P ratios became higher when mean 
preexeroise uptake was subtracted from gross 02 consumption. 
The respective means for the speeds and inclines used are 
shown in Pig. 2, left.

Despite that the subjects were carefully familiarized 
with the protocol, we first thought of a continued learning 
effect when the plot of the means was found to be slightly 
deviating from linearity. In this respect the influence of successive days on preexercise and exercise oxygen uptakes 
as well as on body weights were also analyzed, but the ob
tained P ratios favoured a "no difference" verdict. The se
quence “f inclines as another factor possibly not sufficient
ly controlled , because whereever it began it always followed 
the same order, could also be ruled out from among the potential causes of nonlinearity.

Then under the hypothesis of additive relations body 
weight was introduced as another independent variable in the 
VC>2 prediction. The analysis of the trivariate formula:
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Y = 0.15 хг + 0.06 x2 + 0.25 - 0.92 + 0.16; R = 0.95,
where Y = excess V02 STPDlitres min ,

X, = belt speea km h“ ,
Xg = treadmill incline %,
X3 = body weight kg,

evidenced variable independence and additivity with non-sig
nificant interactions and gave an estimate also for the re
lative share of each predictor variable /speed being dominant 
was taken as unity and related to it incline and body weight 
had an equal contribution of .75, Pig. 3/.

Even the trivariate model is but an estimate, and we were 
of course interested if it represented a special case because 
of the relatively low case number and the restricted varia
bility associated with that or else it was also workable with 
an independent sample. To this end estimates were made by it 
for the subjects of the first zero incline study of broader 
age and weight range. It turned out that this formula would 
underestimate oxygen uptake the more the older the subjects 
were.

When, however, weight was not entered as an independent 
variable, instead it was used to obtain relative VOp, this 
predictive formula yielded much closer estimates /i.e, all 
estimates lying within sg, the square root of the residual 
mean square/. This formula is:

Y = 3.85 + 1.49 X2 + 0.75 + 3.23; R = 0.86,
where Y • = excess fcu STPD ml min’"1 kg“1, 

x^ = belt speed km h" ,
x2 = treadmill incline %.

The summary conclusions are:
1. Oxygen consumption in steady rate treadmill exercise is 

linearly related to belt speed and treadmill incline in 
young subjects too so these parameters may be used to pre
dict it.

2. Body weight must be taken into account as well. While it 
may be used as an additional independent predictor, this 
appears to underestimate real oxygen demands. It is pre
ferable to use it instead to calculate relative oxygen 
uptake estimates which give sufficiently close values to 
real demands. Por both approaches formulae are given, they 
refer to excess uptake elicited by the workload above base
line /resting/ level.

3. Appropriate formulae need be evolved also for females and 
if warranted, also for endurance and non-endurance events 
of sports in which young subjects are engaged.
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CLOSING REMARKS ON HORMONALAND 
PHARMACOLOGICAL ASPECTS 

IN PRESENT-DAY EXERCISE PHYSIOLOGY
R. Frenkl
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Hopefully I am not alone with the conviction that this 
one and a half day we have spent together has been rewarding 
to all of us. I am greatly Indebted, and I am speaking also 
on behalf of the Organizing Committee, to all the speakers and to every active participant if our hopes concerning this 
Satellite have come true. Any effort of the organizers is in 
vain if the ultimate goal is not attained, if scientific con
tent fails to get the upper hand. And this latter depends on 
the participants in the first place. I believe you agree that 
the presentations were up to the mark, also when compared to 
international standards. The vigour of the Symposium could be 
felt everywhere, in and out of doors; thoughts were exchanged in lively discussion both in this hall and outside it, in the 
corridors and during the receptions too. We may take it for 
certain that the end of this meeting is also a beginning for 
a number of connexions between scientists that will last long. 
And that is what really counts.

Without any attempt to recite them in full I reckon 
there are some points worth being mentioned here, in partic
ular as regards the main theme. We have got nice evidence 
that the relationships between hormonal regulation and sports, 
respectively exercise, deserve a treatment of their own. No 
matter from which direction we may approach these relations, 
be it the aspect of physiological research or sport medicine 
or sport practice, every way seems promising. The unprece
dented rate of methodological development of the past decade 
has immensely contributed to it. The series of experiments 
conducted by Dr. Borer - which commanded respect by its im
pressive volume too - established among other factors that 
physical activity has an impact on the growth of the body as 
a whole and is indispensable for the development of muscle tissue. Beyond developmental physiology this is a point worth 
considering for the physiology of nutrition and sports alike. 
In a broader sense it is a challenge for further studies in 
human biology, to people interested in the research of sec
ular trends and developmental acceleration as well.

The participation of the Leipzig group, the papers pre
sented by Doctors Langer and Landgraf have been regarded as 
important contributions to the session. In addition to the
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valuable and concrete results reported by them, they helped 
us recognize the vistas of research by launching studies on hormones hitherto regarded by exercise physiology as lying outside of immediate interest. We are looking forward to 
hearing of their results again.

Unknown regions of the hormonal system were opened up 
through the studies of Dr. Skipka in respect of the role of 
aldosterone in promoting performing capacity. The question of 
whether we have to do here with a physiological action of aldosterone or probably with a pharmacological influence upon some point along the chain of mitochondrial oxidation is a 
rather exciting one.We were glad to have here the team of radiobiologists 
from the Frédéric Joliot Curie Institute, Their work points 
much beyond the problem of doping, considering both the prac
tical and the theoretical implications of their methodology.

When we stood up after listening to the papers of Drs. Pannier, Górski and Pavlik dealing with the part of beta blocking agents and adrenergic receptors in physical activity, we regretted not being told more about this field awaiting further discoveries.While looking at the diversity of data and methodical 
approaches we had to realize the fact that hormonal balance 
developed by regular training would be different both in re
spect of exercise responses and conditions at rest. We must 
take care not to lose sight of the integrated whole as a sys
tem when we are trying to find our way through the necessarily 
isolated studies.

The interactions between the hormonal system and the biologically active endogenous or exogenous substances have 
not got as much direct coverage as they deserved. Hopefully 
nobody feels hurt by this critical remark.

The sessions devoted to the free papers had a merit of 
their own. They conveyed a lot of information of which I wish 
to illuminate one facet only; that of young age being as well 
important for its human aspects as for its implications for 
animal experiments. Several of the papers alluded to this 
point today and yesterday too, demonstrating the sensitivity 
of research people to practical questions as well.

Hormonal regulation recognized as an integrated system 
in connexion with physical exercise, the problem of inter
actions, and the age-related questions getting nearer to the 
focus of attention were the three lines of thought that ap
peared important to me in recollecting my impressions of 
our work.

I want to thank you once more for the keen spirit of 
this Symposium. Thanks are due also to those who have helped me to get along: to my colleagues, the members of the Organ
izing Committee, and to the ladies of the Conference Bureau.I wish you good luck, further successful work, and a 
really pleasant stay during the World Congress in Budapest.
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