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I. Definition of Hibernation 

Landau and Dawe (1958) wri te: "The te rm 'hibernation' has been applied 
to many and varied conditions, including surgical hypothermia, the stu
porous sleep of bears, and the winter condition of poikilotherms, as well as 
the state of torpor which obtains in the t rue hibernators ." 

Wha t can be understood by "a t rue h ibernator" or by " t rue hibernat ion"? 
A good definition is given by Matson (1946), who compares the black 
bear 's dormancy to hibernation, which is a torpid state . He says: "Torpid 
is defined 'as having lost partially or wholly sensibility or the power of 
motion' (which is commonly understood as implying a state from which 
the animal can be aroused with difficulty). Dormant [state] is defined as 
'a s tate resembling sleep, t ha t is, not easily aroused to action al though 
capable of i t / " 

I t is not always an easy task to define clearly " t rue hibernat ion." There 
are states which, though very similar to it, appear to be different when 
closely examined. If hypothermal narcosis used in surgery has been taken 
for hibernation and if we can speak of the hibernation of the snail and of 
the groundhog, it is because all these states have one characteristic in 
common, t h a t is, " the loss of sensibility or the power of mot ion." 

Knowledge of t rue hibernation goes back to ant iqui ty : Aristotle (384-
327 B.C.) and Pliny (79 A.D.) knew t h a t the marmot and the dormouse 
were hibernators. 

Our knowledge about the hibernation of mammals is, for the t ime being, 
greater for the hibernators of the Nor thern Hemisphere, especially in the 
Palaearctic region, t han for hibernators of the Southern Hemisphere. 
This is a serious gap, since hibernation is characterized by the transit ion 
from the homoiothermic state to the poikilothermic s tate . In the Southern 
Hemisphere a great many very primitive homoiotherms can be found whose 
body temperature is unsteady and varies somewhat according to the 
fluctuations of the environmental tempera ture ; the question which arises 
a t once is whether all primitive homoiotherms are hibernators as well. 
This question is not easy to answer precisely, since there are still gaps in 
our knowledge about many of the incomplete homoiotherms. 

Figure 1, taken from Mart in (1901), shows the progressive evolution of 
environmental temperature independence from reptiles to the echidna, and 
from the echidna to Ornithorhynchus. The temperature of marsupials is 
already steady between environmental temperatures of 28 and 3°C. The 
insufficiency of their thermoregulation can be especially noticed above 
30°. There is some similarity between the behavior of marsupials and t h a t 
of the rabbit . We have drawn on Mar t in ' s figure (Fig. 1) the curve of a 
hibernator, the hamster (Cricetus cricetus); its temperature , like t ha t of 
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Environmental temperature 

FIG. 1. Rectal temperature of a poikilothermic animal (Cyclodus), three echidnas 
{Ε', Ε", Ε'"), and Ornithorhynchus (0), three marsupials (Τ, B, D), two homoiothermic 
mammals (R, C), and a hibernator (Cr). From Martin (1901, p. 2 5 ) as modified by 
Kayser (1939b, p. 1114). 

marsupials, is dependent on the thermal environment above 26°, bu t not 
below. 

Benedict (1938) had considered the groundhog to be "an animal inter
mediate between cold- and warm-blooded (animals)." He came to t ha t 
conclusion by comparing the heat production of a poikilotherm (rattlesnake 
at 37°C.) with t ha t of a homoiotherm of the same weight (rabbit) . He found 
for the first animal 19.25 kcal. per 24 hours, for the second one 112 kcal. 
per 24 hours, and for the groundhog the intermediate value of 72 kcal. per 
24 hours. 
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The intermediate s tate noticed by Benedict, like t h a t recorded in Fig. 1, 
makes the hibernator nearer to the t rue homoiotherm than to the poikilo-
therm. In fact, all hibernators, except bats, keep their internal temperature 
steady while staying for 2 or 3 hours in an environmental temperature below 
0°C. (Kayser, 1939b). They have far bet ter thermoregulation than the 
sloth (Bradypus griseus) (Morrison, 1945), which is not a hibernator. 
Though hibernation can be pointed out in animals t h a t do not display 
perfect thermoregulation, we cannot conclude t ha t all mammals displaying 
imperfect thermoregulation are hibernators. Besides, hibernators can be 
found in almost every category of mammals from the Monot remata to the 
Primates. Thus hibernation occurs in several mammalian orders. 

Among the higher mammals , the fissipeds are the only ones t ha t have no 
hibernating representatives. But the dormant s tate can be noticed among 
them. Dormancy has been the particular topic of s tudy in the brown and 
in the black bear. In ant iqui ty (Aristotle and Pliny) the bear (Ursus arctos) 
was considered to be a t rue hibernator. Schreber (1792), however, thought 
t ha t the bear in winter t ime was in a resting state different from hibernation. 
Barkow (1846) was the first to introduce the notion t ha t there cannot, a t 
the same time, be sexual activity and hibernation. As the period of gesta
tion for the female bear is concluded in winter and as she bears young at 
t ha t t ime of the year, she cannot be considered to be a hibernator. 

In any case, whether it be t ha t of Ursus arctos or t h a t of Ursus ameri-
canus, the state which characterizes the bear in winter is known rather 
precisely. Since the t ime of Howard 's observation (1935), the papers of 
Aldous (1937), Morse (1937), Matson (1946, 1954), Lobatchev (1951), 
Bromley (1956), and Hock (1957, 1960) have outlined the essential facts: 
the temperature of the female bear in the s tate of dormancy fluctuates 
between 29° and 3 4 ° C ; her respiratory ra te amounts to 12 a minute 
instead of the 30 in the normal s tate of activity. The female bear builds 
up a den by means of branches and leaves. I t is an exception when she 
builds it underground. She retires into her den a t times, depending on 
climatic conditions: in eastern Siberia, the bears withdraw as early as 
October; in the European par t of the Soviet Union, where bears can be 
found, the female disappears the second fortnight of November; and in the 
Caucasus and in Central Asia, in December. The bir th of young takes place 
early in January as observed by Matson (1954). The cubs leave the den 
before the end of March, when they can feed by their own means. The 
durat ion of pregnancy can be estimated to be 225 days. 

Hock (1960) has given curves of oxygen consumption of active, non-
active, and hibernating black bears. I t appears t ha t the oxygen consump
tion with a fall of the rectal temperature of 7° is about 50 to 6 0 % of normal. 
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Calculations made on weight loss show t h a t the energy expenditure during 
lethargy must fall about one half or two thirds of normal levels. 

These quant i ta t ive and semi-quanti tat ive measurements show tha t the 
peculiar s ta te of the bear in winter does not differ, from an energetic point 
of view, from true hibernation. Bu t as concerns behavior, the difference of 
20°C between the central temperature of dormant bear and the majority 
of hibernating hibernators confers to the bear certain peculiarities which 
distinguish its dormancy from the torpor of the other hibernators (Kayser, 
1963). 

In his observations of 1946, Matson stresses the fact t ha t the digestive 
t rac t is so much involuted during dormancy t ha t the animal is not able to 
digest in this s tate . 

There are other examples of dormancy: for instance, the raccoon (Pro-
cyon lotor) (Eisentraut, 1953b) and the badger (Eisentraut, 1931), bu t we 
do not know their oxygen consumption during dormancy. 

All species t h a t enter dormancy store fat in a u t u m n and fast for most of 
the winter. Hypothermia is far from being as deep as in t rue hibernation, 
and weight losses are much more important . The environmental temper
ature has obviously a greater effect upon the s tate of dormancy t h a n upon 
the s ta te of hibernation (Sharp and Sharp, 1956). The endocrines of the 
dormancy-type species show some features similar to the seasonal changes 
of the endocrines of t rue hibernators (Neseni, 1952). 

II. True Hibernation 

A. Nomenclature of the Most-Studied Hibernators 
Our knowledge of t rue hibernation is far more extensive t han t h a t of 

dormancy. Among hibernators, species t h a t have been widely studied have 
been listed by Lyman and Chatfield (1955) (Table I ) . 

B. The Poikilothermic State of Mammals during Hibernation 

The complete dependence of metabolic ra te on environmental t em
perature leads to the poikilothermic s tate . Figure 2, from Popovic (1952), 
shows t h a t the oxygen consumption of the sleeping ground squirrel is a 
dependent variable of the environmental temperature from + 5 ° to + 1 8 ° C . 

The range of tempera ture in which the poikilothermic s tate of sleeping 
hibernators can be found varies with the species: there is a upper temper
ature above which the hibernator no longer sleeps, bu t is active. This 
ul t imate critical temperature varies with various hibernators. Eisentraut 
(1953a), bringing together his da t a with those of other authors, has com
piled Table I I . 
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TABLE I 

LIST OF THE MOST-STUDIED TRUE HIBERNATORS* 

Common name Scientific name Synonym 

Hedgehog 

Insectivores 

Erinaceus europaeus 

Marmot 
Woodchuck 
European hamster 
Golden hamster 
Common dormouse 
Garden dormouse 
Hazel mouse 
European ground squirrel 
Thirteen-lined ground 

squirrel 
Arctic ground squirrel 

Serotine bat 
Long-eared bat 
Noctule bat 
Little brown bat 

Rodents 

Marmota marmota 
Marmota monax 
Cricetus cricetus 
Mesocricetus auratus 
Glis glis 
Eliomys quercinus 
Muscardinus avellanarius 
Citellus citellus 

Citellus tridecemlineatus 
Citellus undulatus parryi 

Bats 

Arctomys marmota 
Arctomys monax 
Cricetus frumentarius 
Cricetus auratus 
Myoxus glis 
t{Myoxus arbor" 
Myoxus avellanarius 
Spermophilus citellus 

Spermophilus tridecemlineatus 
Spermophilus undulatus parryi 

Eptesicus serotinus 
Plecotus auritus 
Pipistrellus [Nyctalus] noctula Vesperugo noctula 
Myotis lucifugus Vespertilio lucifugus 

Vespertilio serotinus 
Vespertilio auritus 

a Adapted from Lyman and Chatfield (1955, p. 404). 
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F I G . 2. Oxygen consumption during hibernation: Citellus citellus from + 5 ° to 18°C. 
From Popovic (1952, p. 4 8 ) . 
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TABLE II 

MAXIMAL ENVIRONMENTAL TEMPERATURE SUITED TO WINTER SLEEP" 

Species Critical temperature 
(°C.) 

Cricetus cricetus 9-10 
Marmota monax 10-11 
Erinaceus europaeus 15-17 
Muscardinus aveUanarius 15-16 
Glis glis 18 
Citellus citellus 20 
Citellus fulvus 22 
Tropical Chiroptera 24-25 
European Chiroptera 28 

α From Eisentraut (1953a, p. 417). 

Table I I can be interpreted as indicating the depth of the sleep, if it is 
admit ted t ha t the higher the tempera ture compatible with the sleeping 
state, the lower will be the oxygen consumption, the deeper will be the 
hibernation. Thus hamsters would have the lightest winter sleep whereas 
squirrels and ba ts would have the deepest: a temperature of 10°C. is 
sufficient to awaken a hamster, whereas to awaken a squirrel requires a 
temperature above 20°C. 

C. Dep th of the Winter Sleep 

The deep hibernation state can be estimated either by oxygen con
sumption or by heat production: the smaller the heat production during 
sleep, the deeper will be the sleep of the hibernator. In Table I I I are 
recapitulated oxygen consumptions already mentioned in our 1950 pub
lication (Kayser, 1950c), to which have been added da ta on the garden 
dormouse and the European hamster . 

All these species have nearly the same heat production per unit weight in 
spite of the great range of weights between the groundhog and the bat , 
which are in the ratio of 2670/7.4 = 361. 

For a long t ime we were unable to measure the oxygen consumption of 
the hamster in hibernation (Cricetus cricetus and Mesocricetus auratus) 
(Vendrely and Kayser, 1951; Kayser, 1952b) since every a t t empt induced a 
beginning of arousal. But Lyman (1948) was able to record a consumption 
of 20 ml . /kg . per hour in the sleeping golden hamster . As a rule, the values 
obtained amounted to 60-80 ml . /kg . /pe r hour. Adolph and Lawrow (1951) 
found an oxygen consumption of 50 ml . /kg . per hour in artificially cooled 
golden hamsters (colonic temperature 6 ° C ) . 
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Environ Heat pro
Body Number of mental Respira duction 

weight measure tempera tory (kcal./ 
Species (gm.) ments ture (°C.) quotient kg./hr.) 

Marmota marmota 2670 9 10 0.72 0.086 
M. marmota 2140 20 10 0.68 0.086 
M. marmota 

(6 months) 850 35 10 0.70 0.101 
M. marmota 

(6 months) 800 22 10 0.70 0.100 
Erinaceus europaeus 600 10 6 0.73 0.075 
E. europaeus 390 7 6 0.73 0.099 
E. europaeus 320 5 6 0.71 0.085 
Cricetus cricetus 305 5 6 0.75 0.144 
Citellus citellus 275 35 7.8 0.71 0.085 
C. citellus 165 19 6 0.71 0.079 
Glis glis 130 6 9.2 0.71 0.069 
G. glis 100 8 8.7 0.74 0.068 
Eliomys quercinus 89 5 5 0.71 0.134 
E. quercinus 72 8 6 0.70 0.146 
Nyctalus noctula 24 4 4.3 0.75 0.108 
Muscardinus aveUa-

narius 23 7 10.1 0.71 0.170 
Pipistrellus pipis-

trellus 7.4 2 4 .3 0.83 0.113 

° Data in part from Kayser (1950c, p. 373). 

New a t tempts to ascertain the oxygen consumption of hibernating 
European hamsters were successful for fifteen measurements made on 
three animals (mean weight 299 gm.) : the oxygen consumption was 32 
ml . /kg . per hour (standard deviation 6.3). This value is very similar to 
t h a t of the oxygen consumption of the garden dormouse (28.5 ± 5.1 and 
31.1 =1= 4.9) (Kayser et al., 1958). 

In both species, the oxygen consumption was 5 0 % higher in comparison 
with the mean value obtained for all other hibernators except the hazel 
mouse (oxygen consumption: 39.6 ml . /kg . per hour)(Kayser, 1940b). 
Kayser (1959b) indicated the oxygen consumption of the hibernating 
mammals , including European hamster and the garden dormouse to be 
independent of body weight. He stated t h a t the respiratory exchanges 
could be summarized by the general equat ion: cal. /24 hr. = 2.04 Ρ 0 · 9 2 . 
(Kayser, 1950c). 

TABLE I I I 

HEAT PRODUCTION OF VARIOUS TRUE HIBERNATORS DURING HIBERNATION0 
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If the exponent of the weight is near 1.0, t han wc must conclude t h a t the 
heat production in hibernation is identical per unit body weight in all 
species; the disappearance of the classical surface law in the hibernating 
state expresses a new organization of the energy metabolism. Kayser 
(1950c) has tentat ively explained this observation by the fact t h a t the 
weight increase by body fattening in au tumn is proportional to the body 
weight; he observed t ha t the dormouse weighing 127 gm. shows a fattening 
of 5 7 % body weight, a squirrel weighing 237 gm. a fattening of 4 5 % , and 
the marmot of 2 kg. [observed by Benedict and Lee (1938)] a fattening of 
5 0 % . Recently Morrison (1960) concluded also tha t the special energy 
metabolism in hibernation depends on the fattening which is proportional 
to the body weight. 

The depth of the winter sleep can be est imated also from the durat ion of 
uninterrupted sleeping periods. Figure 3 (Kayser, 1952a) is an actographic 
recording of two ground squirrels hibernating a t 10°C. 

Kayser had the opportuni ty to s tudy recently (1960) the oxygen consump
tion of two hibernators from the Southern Hemisphere, the tenrec (Centetes 
ecaudatus) and a small hedgehog (Setifer setosus). The minimal oxygen 
consumption recorded was 40 ml . /kg . per hour for the tenrec and (80 ml.) 
for the hedgehog. This minimum was obtained a t 1 5 ° C ; the oxygen 
consumption increased a t lower and higher temperatures . The value 
obtained for the tenrec corresponds to the value observed by Popovic 
(1952) on the European ground squirrel a t 15°C. also. The oxygen con
sumption of the small hedgehog, however higher, does not exclude a t rue 
hibernating state. 

These observations together with measurements of Hock on the black 
bear and the little brown ba t gave us (Kayser, 1963) the opportuni ty to 
compare oxygen consumption during hibernation for animals from 5 gm. 
up to 65,000 gm. and for temperatures from 2°C. up to 31°C. The weight 
exponent for the general equation expressing the relation between the total 
heat production per day (Ca l 2 4 hr) and the body weight ( T T k g ) : 

C a l 2 4 hr = / c - T F b 

found was 1.02 (16 different species and 46 measurements) . If all measure
ments are reduced to the same body temperature ( 1 0 ° C ) , then the formula 
becomes: 

C a l 2 4 hr = /b0-69 

There is therefore no difference between the weight exponent obtained 
for the basal metabolism in the active s tate in summer and during hiberna
tion. The weight exponent 1.0 is only the consequence of the comparison 
of heat productions obtained under different thermal conditions. 
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There is no "new organization" of the energy metabolism. The weight 
exponent during hibernation does not differ from the general weight expo
nent (0.75) established by Hemmingsen (1960) for body weights from 
IO" 1 2 up to 10 6 gm. 

During 3 years of captivity, the tenrec and Setifer have retained their 
southern annual cycle: they hibernate from M a y to September and are 
active from October to April. The environmental temperature was kept 
constant at 20°C. till the beginning of torpid states. At t h a t t ime the 
temperature was lowered to 15°C. 

In our 1940 investigation (Kayser, 1940b), the uninterrupted sleeping 
periods amounted to an average of 8 days for the groundhog and to 6 days 
for the dormouse; in our ground squirrel s tudy (1952a, Fig. 3) the duration 
of uninterrupted sleep was 10 days. I n 1957-1958, we studied the winter 
sleep of three hamsters for 4 months (November 1, 1957 to February 28, 
1958); the average durat ion of uninterrupted sleep was 3 days in November, 
6 days in December, 4 days in January , and in February periods of sleep 
were few. The animals were hibernating in darkness a t + 5 ° C . ( ± 2 ° C . ) . 
This kind of investigation leads to the same conclusion: the hamster does 
not sleep very deeply. Lyman (1948) and Eisentraut (1956) also mention 
the frequent awakenings of hamsters (Cricetus cricetus and Mesocricetus 
auratus), and Mayer (1957) reports similar observations for the arctic 
ground squirrel. 

Under natural conditions, the awakening may happen less frequently, as 
is suggested by our observations during the 1958-1959 hibernation period 
in which three species were involved: a t + 7 ° C . and a t 5 ° C , Cricetus 
cricetus (five animals), Citellus citellus (six animals), and Eliomys quercinus 
(five animals). At an environmental temperature of 7 ° C , the durat ion of 
uninterrupted sleep was 4 days for the hamster and 22.5 days for the 
ground squirrel. At 5 ° C , it was 21 days for the ground squirrel and 12 days 
for the garden dormouse. I n order to obtain such a long durat ion of uninter
rupted sleep, handling the animals was avoided, with the exception of a 
short manipulat ion necessary in order to weigh them once every week. 

Here again we found t h a t the hamster has the lightest sleep. 

D. The Relative Poikilothermia of Sleeping Hibernators 

Wyss (1932) has called hibernation a regulatory s tate toward a minimum; 
he came to t h a t conclusion by stat ing t h a t the poikilothermia of the 
common dormouse is only observed above 0°C.; below 0°C. environmental 
temperature the respiratory ra te becomes faster again. Mangili (1807), 
Prunelle (1811), and Valentin (1857c) had already stated t h a t temperatures 
below 0°C. awakened the sleeping hedgehog and the sleeping groundhog. 
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TABLE I V 

OXYGEN CONSUMPTION OF Citellus citellus DURING HIBERNATION AT THREE DIFFERENT 
TEMPERATURES 0 - 6 

Environmental Oxygen 
temperature Body weight Number of Respiratory consumption 

( °C. ) (gm.) trials quotient (ml./kg./hr.) 

2 160 10 0.703 38.9 
5 200 18 0.710 19.7 

10 185 10 0.719 19.6 

° From Kayser (1950d, p. 1697). 
6 All measurements are of 7 hours' duration. 

This is confirmed by the measurement of the oxygen consumption of the 
ground squirrel in the range between 0° and 10°C, which shows t ha t it is 
greater a t 2° than a t 5° and 10° (Table IV) (Kayser, 1950d). 

This same observation is also t rue for the hibernators from the Southern 
Hemisphere, the tenrec, and the small hedgehog from Madagascar (Kayser, 
1960). 

Thus , there is an optimal temperature range for the sleep with an upper 
and lower limit. 

The increase in oxygen consumption a t temperatures below the sleeping 
opt imum is a sign of t rue regulation: cold as well as heat awakens the 
hibernators. But , if the effect of heat can be explained merely by a chemical 
process—the metabolic ra te depending passively on the tempera ture— 
awakening by cold is a thermogenetic reflex initiated by stimulation of the 
cold receptors. 

The hibernator does not necessarily benefit from this increase of oxygen 
consumption by cold: I t may prevent the freezing of species t ha t do not 
hibernate in deep burrows and may bring about awakening and enable the 
hoarding hibernators to feed while awake. But , in nonhoarding species 
which cannot take food during hibernation, this increase in energy ex
penditure may be detr imental in a ra ther short term. 

The regulatory effect of the increase in the oxygen consumption a t 
temperatures below 0°C. was clearly shown (see Fig. 4) by Eisentraut 
(1956): in the environmental temperature range between + 4 and — 8 ° C , 
the temperature of the hazel mouse remained steady-addit ional evidence of 
regulatory ability during winter sleep. 
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FIG. 4. Environmental temperature and body temperature in Muscardinus avellan-
anus. From Eisentraut (1956, p. 121). 

Various animals of the same species do not have an identical pa t t e rn of 
response to a decrease of the environmental temperature , as was shown by 
Lyman (1948): (1) most animals increased their oxygen consumption; the 
cheek pouch temperature reached 3 ° C ; (2) four animals died; (3) some 
behaved almost like the first group a t a temperature around 0°C. and 
kept their own temperature to 1.7-3.4°C. above t h a t of the surrounding 
air. They increased their oxygen consumption by three or four t imes its 
minimal sleeping state value. 

Popovic (1952) and Johnson (1931) often observed hypothermal death 
in Citellus citellus and C. tridecemlineatus when the environmental temper
ature happened to drop below the sleep opt imum. 
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Ε. Course of the Dep th of Sleep within the Tota l Hibernation Period 

As a whole, hibernation seems now to be a regulated mechanism (Kayser, 
1952a). Figure 5 shows a progressive increase of uninterrupted durat ion of 
sleep a t the beginning of hibernation, followed by a steady state and finally 
by a decrease of the uninterrupted sleep periods a t the end of hibernation 
for animals kept continuously in a stable thermal surrounding. 

F i g . 5. General course of the hibernation of five ground squirrels. From Kayser 
(1952a, p. 196). 

F . Consequences of the Decreased Metabolic Ra te during Hibernation 

1. Circulatory System 

The decrease in the metabolic rate during hibernation has a considerable 
influence upon the hear t ra te . Figure 6 represents the electrocardiogram of a 

Colonic temperature 7°C. 
9 :30 A . M . 

iL • 
0 2 A 6 8 10 sec 
I I I I I I I I I I I 

Colonic t e m p e r a t u r e 34.5 C 

11 A . M . 

| 1 s e c t XSOOjtV 

FIG. 6. Electrogram of sleeping ground squirrel (November 5, 1955). 
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sleeping ground squirrel of 240 gm. (rectal tempera ture 7°C.) and the 
electrocardiogram 1 | hour later when the rectal temperature had risen to 
34.5°C. 

The hear t ra te of sleeping hibernators has often been measured (Valentin, 
1860; Dubois, 1896). The heart ra te of the groundhog has been found to be 
5 or 6 beats per minute (Lyman, 1958). We have recorded with Hiebel 
(Hiebel and Kayser, 1950) the average value of 4.4 beats per minute, with 
a minimum of 2 or 3 beats. 

The values obtained for the hedgehog vary considerably: 2 -3 beats per 
minute (Suomalainen, 1944; 21 beats per minute (Suomalainen and 
Sarajas, 1951); 3-5 beats per minute (Dawe and Morrison, 1955) for 
temperatures fluctuating from 3 to 1 2 ° C ; 5-15 beats per minute (Biorck 
and Johansson, 1955) for temperatures fluctuating from 5 to 17°C. 

Many values have been obtained for various squirrels (Citellus citellus, 
C. tridecemlineatusj C. undulatus, C. franklini). For the ground squirrel, 
Hiebel and Kayser (1950) obtained the average value of 4.7 beats per 
minute with a minimum of 2 and 3 beats (Kayser, 1957a); the average 
value published was 5 beats per minute ( ± 1 ) . In a new trial in 1958, we 
found for several hours (for a maximum of 9 continuous hours) an average 
rate of 3 per minute, the ra te never at taining 4 beats or dropping to 2. 
Landau and Dawe (1958) recorded 7-8 beats per minute for the thir teen-
lined ground squirrel, Lyman (1959) noted 3-16 beats per minute (heart 
temperature 3.5° to 10.0°C.) in the same species, the frequency being 
independent of the hear t temperature , Dawe and Morrison (1955) 2-4 per 
minute for C. franklini ( temperature 3.8-4°C.) and 2-7 per minute for 
C. undulatus ( temperature 0 .5-9 .0°C) . 

We could not obtain any value under 20 beats per minute for Eliomys 
quercinus, bu t the animals were never deeply asleep during the electro
cardiographic record. I t is necessary to supply the animals with permanent 
electrodes in order to get the value during sleep. 

The old experiments of Buchanan (1911) recorded 76-77 beats per 
minute in a ba t (Plecotus auritus) and 30 beats in Pipistrellus pipistrellus. 
These figures are doubtless too high. Buchanan likewise recorded 48 beats 
per minute in the hedgehog. 

Chatfield and Lyman (1950) have recorded an average value of 12 beats 
per minute in Mesocricetus auratus, the extreme figures being 4 and 21 beats. 

I n view of this last value and the da ta concerning oxygen consumption, 
we th ink t ha t the hear t ra te of t rue hibernators in deep hibernation is not 
likely to exceed 5 beats per minute and must be lower in optimal conditions 
during sleep. This is the very value recorded for the groundhog in deep 
hibernation by Dubois (1896) and by Benedict and Lee (1938). 
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I t has never been possible to estimate blood pressure during sleep: the 
procedure used awakened the animal (Valentin, 1860; Dubois, 1896; 
Chatfield and Lyman, 1950); the recorded value of 50 mm. Hg was too high 
according to all experimenters. I t is a value of awakening. 

Lyman (1959) recently was able to measure successfully in the thirteen-
lined ground squirrel the arterial pressure in hibernation: the systolic 
pressure varied from 40 to 90 mm. Hg and the diastolic from 40 to below 10. 

Looking a t a sleeping hibernator, one is struck by the pink color of the 
hairless par ts of the body, which would indicate a superficial vasodilatory 
s t a te : Lyman (1958) proved tha t there was vasodilatation when the animal 
fell asleep. 

2. Digestive System 

The digestive system and the exocrine pancreas are involuted during 
hibernation. Examination of the stomach (Valentin, 1857d; 1858; Lyman 
and Leduc, 1953; Mayer and Bernick, 1957a, 1958a) shows t h a t there is 
plenty of neutral or slightly acid mucus, which can be found even in the 
stomach of the golden hamster still containing food in its esophageal 
portion. After 3 weeks of hibernation of an arctic squirrel, Mayer and Ber
nick (1957b) noticed tha t the cells were accumulating mucin. After 3 months, 
the neck cells and the chief cells were completely filled with periodicacid-
Schiff (PAS)-positive material . When the animal awakens, th is accumulated 
material disappears rapidly; near normal activity can be noticed after 24 
hours. Mitoses in the Lieberktihn cells of the small intestine disappear 
gradually. Some material is always found in the caecum (Valentin, 1857d, 
1858; Lyman and Leduc, 1953). 

Atrophy of the exocrine pancreas has been known since the observations 
of Carlier (1893); this author noticed the noninvolution of the islets of 
Langerhans. Bierry and Kollmann (1928), as well as Vendrely and Kayser 
(1951), have been recording these facts again by the technique of Brachet 
t ha t reveals ribonucleic acid. 

8. Renal Excretion 

The s tudy of renal excretion is extremely difficult: if small quantit ies of 
urine are obtained during hibernation, it is likely t ha t some of this urine 
had previously accumulated while the animal was falling asleep. Animals 
prepared with chronic fistulas died (Dubois, 1896). Nagai (1909), Carpenter 
(1938), and Benedict and Lee (1938) studied this question. The volumes of 
urine obtained by Carpenter and Benedict were 5-10 ml . /kg . per 24 hours 
whereas those obtained by Nagai were under 2 ml . /kg . per 24 hours. The 
kidneys work normally (Carpenter; Benedict and Lee). During hibernation 
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the ratio Ν u r e a : Ν total is 8 0 % . I t is the same as t ha t in the human body 
a t the beginning of fasting. Ammonia nitrogen consti tutes 5 % of the to ta l 
nitrogen, as in man, a t the beginning of fasting. I t is the same for the ratio 
amino Ν : total Ν (0 .5-1 .0%). The creatinine coefficient id est total creati
nine: body weight of the groundhog a t the beginning of the fast drops from 
11-19 to 2-4 mg; it clearly shows a decrease in metabolic activity. All uri
nary values (volume per 24 hours, total Ν per 24 hours, creatinine coeffi
cient) noted during hibernation show a decrease of metabolic activity 
without any qualitative change. These da ta are closely connected with 
oxygen consumption. 

In 1962, Kristoffersson showed t h a t there is an increase in blood urea 
during the sleeping state in hibernation. The observation t ha t urea injected 
into the hibernating hedgehog leads to arousal gives some support to the 
theory t h a t the spontaneous periodic arousals, in hibernation, are condi
tioned by an increase of the blood urea above a certain critical level. 

The experiments of Klar (1938, 1941) show t h a t there is retention of Ν 
in blood. More recently Hong (1955) has observed t ha t there is dissociation 
of water diuresis and chlorine appears in urine. The secretion and absorp
tion functions of the tubuli are reduced in hypothermia and in hibernation. 

Recently, Clausen (1963) has under taken new researches on the urinary 
secretion in hibernating hedgehog (Erinaceus europaeus). H e concluded 
t h a t the regulation of urea excretion ceases in hibernation. The total Ν 
output is reduced to the same extent as diuresis, t ha t is a reduction to 
i πόθί the value of fasting animals. T h e dilute urine which is characteristic 
for hibernation is the consequence of a relatively more efficient reabsorption 
of osmotically active components t han of water. 

G. Nutr i t ion during Hibernation 

Roughly speaking, we can distinguish two different nutri t ional behaviors 
during hibernation: (1) Hamsters , which do not fat ten before hibernation 
or do so only very slightly, often awaken in the course of their hibernation 
and feed during their periods of awakening. (2) Most t rue hibernators, 
such as the groundhog, hedgehog, ground squirrel, and garden dormouse, 
become fat in au tumn. They have less frequent periods of awakening and 
as a rule refuse food during these periods. After a period of polyphagia, the 
beginning of sleep in au tumn is accompanied by anorexia, which is the 
direct premonitory sign tha t the animal is falling asleep. 

In spite of this different nutri t ional behavior between hamsters and 
ground squirrels, the weight loss during hibernation is very similar in both 
species, i.e., 3 0 % (Kayser, 1962b). The formal opposition of the two types of 
nutrit ional behavior during hibernation does not appear to be totally 
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TABLE V 

PERCENTAGE WEIGHT LOSS OF THE VARIOUS ORGANS OF THE GROUNDHOG DURING 1 6 3 
DAYS OF HIBERNATION 0» B 

Organs with % loss 
greater than that of 

whole animal 
Weight loss 

(%) 

Organs with % loss 
smaller than that of 

whole animal 
Weight loss 

(%) 

Stored fat 9 9 . 3 Striated muscles 30.30 
Brown fat 68.78 Heart 27.48 
Liver 58.74 Skeleton 11.64 
Stomach 47.05 Spleen 10.87 
Skin 35.31 Small intestine 7.65 

a Data from Valentin (1857b, p. 50). 
6 The total weight loss of the groundhog amounted to 35.1%. 

justified. Similarly, Wade (1930) observed t h a t a number of squirrels took 
food during their periods of awakening; Hess (1939) noticed t h a t the 
common dormouse (Glis glis) fed if the temperature in the hibernating 
environment was infraoptimal. 

In the hibernators of the second category the energy consumption is 
supplied by lipids. The measurement of the respiratory exchanges reveals a 
respiratory quotient (R.Q.) for lipids (Table I I I ) . Valentin (1857b) proved 
t ha t 9 9 . 3 % of the stored lipids were consumed during 5 months ' hiber
nation (Table V). Valentin divided the organs into two categories: those 
whose weight loss during hibernation was proportionally greater and those 
whose weight loss was proportionately smaller t han the weight loss of the 
whole animal (35.1%). He thus clearly showed t h a t the main function of 
certain organs was storage of energy whereas other organs were to a 
greater extent depleted during fasting. 

Kayser needed long researches to ascertain t h a t the R.Q. of hibernating 
hibernators corresponded to fat combustion. To explain the erroneous 
R . Q / s published since Regnault and Reiset (1849) by many authors, it was 
necessary to make an extensive s tudy of the R.Q. of poikilotherms, the 
results of which were summarized in 1940 (Kayser, 1940a). 

The weight increases observed by Valentin (1857a) and a t t r ibuted by 
him to the transformation of fat into sugar are in fact due to the water 
condensation on the hairs of the hibernating animals (Benedict and Lee, 
1938). 

This lat ter observation together with the absence of any anomalous R.Q. 
(lower t han 0.7) show t h a t there is no apparent metabolic peculiarity 
during hibernation. 
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The R.Q. of 0.71 expresses well the combustion of lipids. The reduction 
of the urinary nitrogen ou tpu t to one-tenth of its fasting value in euthermia 
expresses as a whole the breakdown of tissues. 

Determinat ion of the R.Q. in the European hamster and in the golden 
hamster during hibernation gave the values, respectively, of 0.83 (Vendrely 
and Kayser, 1951) and 0.719 (Kayser, 1952b). These R.Q.'s are not s teady 
sleep values, the oxygen consumption being too high. In the new measure
ments with low oxygen consumptions, the R.Q. was 0.70 or a little less. 

I n order bet ter to understand the da t a for the respiratory exchange 
measurements, a chemical investigation of the metabolites used during 
hibernation was under taken by Musacchia and Wilber (1952). 

These authors found t h a t the percentage of to ta l lipids in the liver of a 
ground squirrel during hibernation was reduced by half as compared with 
t ha t of the same species in summer. In the prehibernation period the 
percentage of lipids in the liver was still smaller and the amount of phospho
lipids varied in the same proport ion: maximal in summer, intermediate in 
hibernation, and minimal in the period of prehibernation. The phospholipids 
content gave evidence of lipid turnover during prehibernation; this turn
over is therefore minimal during prehibernation. 

Musacchia and Wilber relate the relatively high content of phospho
lipids to a high glycemia (147.5 mg.%) they observed during hibernation; 
it was the same in the case of active animals in summer (153.2) in contrast 
to the hypoglycemia (44.4 mg.) recorded after a prolonged period of fasting. 

Bu t Musacchia and Wilber were nearly the only authors who recorded a 
high glycemia during hibernation in squirrels belonging to the species of 
hibernators tha t , like the groundhog, hedgehog, etc., do not feed during 
hibernation and become fat before the winter sleep: Feinschmidt and Ferd-
m a n n (1932), Stuckey and Coco (1942), R. A. Lyman (1943), Suomalainen 
(1938c, 1944), McBirnie et al (1953), Biorck et al. (1956b) have all ob
served a more or less deep hypoglycemia in hibernators, such as the ground
hog, the hedgehog, and the squirrel, whose blood sugar level during their 
winter sleep can be estimated at 70 m g . % instead of the 100 m g . % of the 
active state . Figure 7 shows the results obtained by Trusler et al. (1953) 
in the groundhog. 

Glycemia does not decrease in the golden hamster during hibernation 
(Lyman and Leduc, 1953). The golden hamster feeds normally during its 
periods of awakening. When it does not feed, food can still be found in the 
upper pa r t of its digestive t rac t (Lyman and Leduc). 

If it is made diabetic by means of alloxan it no longer enters hibernation 
(Helle, 1953). A seasonal cycle of glycemia independent of the temperature 
can be noted in the chipmunk (Woodward and Condrin, 1945). A glycemia 
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FIG. 7. Blood sugar and physiological state (groundhog). From Trusler et al. (1953, 
p. 73). 

below 100 m g . % produced torpor even for animals in summer in a cold 
environment. Therefore, hypoglycemia seems to be connected with hiber
nation. 

I t appears from the researches of Mogler (1958) and of Monneron (1963) 
t ha t the golden hamster (Mesocricetus auratus) occupies a very special 
position among hibernators. Mogler supposes t ha t the Syrian origin of 
the golden hamster confers upon it certain peculiarities of estivating ani
mals. On the other hand, Monneron showed tha t the golden hamster is 
abnormally resistant to insulin. This observation would perhaps explain 
the abnormally high values of the glycemia observed by Lyman and Leduc 
(1953) in hibernating golden hamsters. 

During its periods of awakening the hibernator consumes sugar: we 
found with our co-workers (Kayser et al., (1954) t ha t the R.Q. of the 
European hamster during awakening amounted to 0.846, t ha t of the golden 
hamster to 0.83, and t ha t of the ground squirrel to 0.767. The R.Q. during 
awakening is much higher t han t h a t during sleep. 

Lyman and Leduc (1953) saw the liver and muscle glycogen dropping to 
nearly one-third of its value during the awakening process. The animal 
increases its glycogen storages if it feeds during awakening as well as if it is 
prevented from doing so. The ligature of the hepatic vessels prevents the 
storing of the hepatic glycogen. Do other metabolites, fat for instance, 
produce accumulation of hepatic glycogen? Or does this result from the 
nutr ients t h a t can still be found in the upper pa r t of the digestive t rac t? 
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Dodgen and Blood (1956) have also under taken a s tudy on the energy 
sources in awakening bats . They have been able to demonstrate clearly 
t h a t the glycogen disappearance during awakening does not account 
quanti tat ively for the energy expenditure. The par t of the fat in the heat 
production during arousal is prevalent. 

I n the experiments of Rebel, Weill, Mandel , and Kayser (1960), no 
difference was observed between the active state in summer and in the 
hibernation period in the extent of C 1 4-labeled acetate transformed in 
liver or muscular glycogen. In both states some amount of C 1 4 from acetate 
is incorporated into glycogen. 

If the myocardial glycogen of the hear t during sleep is about twice t h a t 
during awakening and activity (4.6 m g . % to 2.0 mg .%, respectively), it is 
still higher when the hamster fasts after sleep (8.7 mg.%) (Lyman and 
Leduc, 1953). 

Weill and Kayser measured (1957) the hepatic glycogen of the groundhog 
awake in summer and during its winter sleep: while it slept we found 722 
mg./ΙΟΟ gm. and in summer, 452 mg./ΙΟΟ gm.; the mean weight of the 
animals was the same in summer in the active state and in winter during 
sleep. The 1.6 ratio between the two values is not statistically significant. 
The lipid content of the liver varied, as did t h a t of the glycogen, so t ha t the 
ratio glycogen (mg.%):l ipid (gm.%) remained constant in both states and 
in the course of the two seasons. The fasting period during hibernation has, 
therefore, been relatively short in our experiments. 

Lyman and Leduc (1953) and Mayer and Bernick (1956, 1957a) have 
also called upon histochemical techniques to solve the problem of glycogen 
storage in hibernation: Lyman and Leduc realized t h a t glycogen part i t ion 
in the hepatic lobules during hibernation was unvarying whereas in the 
awake animal the localization is essentially centrolobular. In the hiber
nat ing squirrel, Mayer and Bernick found less glycogen in the liver and the 
muscle t h a n in the awake animal; bu t Mayer and Bernick, too, were struck 
by the large amount of myocardial glycogen in the arctic squirrel they had 
studied. 

The problem of glycogen synthesis during hibernation was first raised in 
1849 by Regnault and Reiset. They concluded from their observations on 
the R.Q. t ha t there is an important formation of glycogen from fats during 
the hibernating state . This question was studied later with radioactive car
bon, bu t with C 1 4-labeled acetate and not with C 1 4-labeled glucose as in the 
experiments of Forssberg and Sarajas (1955). The only difference observed 
by Rebel et al. (1960) with this technique concerned the brown fat, the 
kidney, and the hear t : in all three tissues, a considerable amount of C 1 4 -
labeled acetate was transformed into glycogen during hibernation. 

Although it has been proved t h a t the increases in weight (Sacc, 1849) 
recorded by various authors during short intervals of hibernation are due to 
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experimental errors, e.g., condensation of water on the fur of the groundhog 
(Benedict and Lee, 1938) and although it has been also demonstrated t ha t 
R.Q. 's below 0.7 cannot be considered as a retention of oxygen caused by a 
transformation of lipids into carbohydrates (Kayser, 1940b), it seems t h a t 
hibernators store glycogen by fat metabolism. 

A cold environment may qualitatively alter lipid metabolism in hiber
nators : Fawcet t and Lyman (1954) proved t ha t in a waking hamster kept 
at + 5 ° C . the iodine content of the stored fat is higher t han in t ha t of the 
animal kept a t 23° (87.4 and 83.7, and 77.7 and 71.5, according to the 
nature of the alimentary fat) . The ra t does not behave in the same way; if 
it stays in a cold environment the iodine index of its stored fat does not 
change. 

H . Effect of Periodic Awakening on the Energy Consumption of 
Hibernators 

All the hibernators observed in laboratories by the various authors 
awakened a t irregular t imes t ha t broke their hibernation into intervals. 

5 L I I I 1 1 1 1 — ι 1 1 1 1 

ο 2θ 4θ βο βο ioo min. 
FIG. 8. Body temperature rise during arousal at an environmental temperature of 

18-20°C (European hamster, European ground squirrel). From Kayser et al. (1954, 
p. 168). Esophageal temperature: Citellus citellus, φ—#; Cricetus cricetus, A — A * 
Colonic temperature: Citellus citellus, Ο—Ο; Cricetus cricetus, Δ — Δ . 
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The frequency of the awakenings varied with the different sleep periods, 
with the species, and with the experimental conditions. Observing a 
hibernator awaken, one is struck by the fact t h a t the animal uses all i ts 
powers in order to get out of its lethargy; when observed a t 2 0 ° C , the 
process appears to be really explosive. Dubois (1896) saw the temperature 
of the groundhog rise within 2\ to 3 hours from 10-12° to 34-35°C. Pembrey 
and P i t t s (1899) noticed t ha t the temperature of the hazel mouse rose 
from 11° to 33.5° within 105 minutes. Figure 8 represents thermal increase 
in a European hamster and of a European ground squirrel; in the hamster 
the temperature rose from 9° to 32°C. within 100 minutes and in the ground 
squirrel from 6° to 17°C. within 70 minutes ; arousal occurred in a thermal 
environment of 18-20°C. (Kayser et al, 1954). 

Oxygen consumption increased in the same proportion, as shown in 
Fig. 9. 

FIG. 9. Oxygen consumption during arousal at an environmental temperature of 
18-20°C. From Kayser et al. (1954, p. 166). · — · , Cricetus cricetus) Ο Ο, 
Mesocricetus auratus) © €), Citellus citellus. 

Under natural conditions, the above-mentioned process is believed to 
occur less suddenly: a ground squirrel, in an artificial nest, a t a temperature 
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I 

Tota l durat ion of 
h ibernat ion | 
4 4 5 6 hours I 

T o t a l heat production 
dur ing hibernation 

6 4 9 k c a l 

Duration of a c t u a l s leep 
I 4126 hours 

Duration of wak ing s t a t e s 
• 330 hours 

I 70 kca l . dur ing 
4126 sleeping hours 

I 

579 k c a l dur ing 
3 3 0 w a k i n g h o u r s 

FIG. 10 . Time and heat production relations: sleep versus waking hours. From 
Kayser ( 1 9 5 3 , p. 1 1 8 ) . 

of 7 ° C , awakened 175 minutes after the first shivering wave, which occurred 
a t a heart rate of only 11 beats per minute . During arousal, the metabolic 
rate of the animal may increase to a high level (Fig. 9). In continuous 
recordings of oxygen consumption during arousals a t 2 8 ° C , it has been 
noted tha t oxygen consumption may rise considerably up to 3500 ml. O 2 

per kilogram per hour, or even more; t ha t is to say, a value 4.5 t imes higher 
than tha t in the awake animal a t 22°C. Awakening appears to be a real 
stress. 

Actographic recordings (Fig. 3) show tha t a ground squirrel which 
spontaneously awakened a t 5°C. remained in motion for nearly 24 hours. 
As we knew the oxygen consumption and the R.Q. during sleep, as well as 
the duration of hibernation (6 months) , we were able to compute the tota l 
energy consumption. As we knew the weight loss also, we could test this 
mode of estimation. Thus we saw (1952a) t ha t in 4456 hours of hiber
nation there were 330 hours of being awake (Fig. 10). These periods of 
awakening, which make up 7 . 5 % of the total durat ion of hibernation, 
alone represent 9 0 % of the energy consumption. 
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I . Resistance of Sleeping Hibernators to Toxic and Infectious Diseases 

1. Extemporaneous Experiments 

Temperature effects on rates of chemical reactions (Berthelot, 1862; 
Van ' t Hoff, 1884; Arrhenius, 1889) are very important . In almost all 
biological processes, the result of the temperature effect expressed by the 
Arrhenius heat increment (μ) amounts to 8000-20,000 cal. For every 
tempera ture increase of 10°C, the reaction tha t occurs is two or three t imes 
faster (Q 1 0 = 2-3) . 

The internal temperature of hibernators awake in summer is close to 
3 5 ° C ; during sleep it is down to 5°C. Owing only to the effect of temper
ature, the metabolic rate a t 5°C. as compared with the euthermic s tate 
should be roughly reduced by fifteen times. In Table VI, we determined 
the ratio of the minimal metabolic rate (basal metabolism) of the hiber
nator awake in summer to the metabolic rate during hibernation. 

The ratio of the two values is more t han 15, the figure t h a t was predicted 
from the calculation of the Qi 0 (Qio = 2.5). 

In these conditions, a very great resistance to anoxia is obvious (Spal-
lanzani, 1803; Saissy, 1808; Hall, 1832; Barkow, 1846; Valentin, 1865b; 
Koeninck, 1899; Pirlot, 1946). 

Valentin (1865b, 1870b) and Koeninck (1899) established t h a t sleeping 
hibernators were not very susceptible to strychnine, curare, veratrine, 
pilocarpine, caffeine, and tetanic toxin. On the whole, these researches have 
been confirmed by Arbusov (1951): convulsive poisons and sympathicomi-
metic poisons are not very toxic for animals such as bats and squirrels during 

TABLE V I 

RATIO OF METABOLIC RATES DURING WAKEFULNESS (SUMMER BASAL METABOLISM) 
AND DURING D E E P WLNTER SLEEP 0 

Mean body 
weight Basal metabolic rate: 

Species (gm.) metabolic rate during hibernation 

Marmota marmota 2007 21.5 
Erinaceus europaeus 642 46.6 
Citellus citellus 227 53.0 
Glis glis 129 72.6 
Eliomys quercinusb 63 56.5 
Muscardinus avellanarius 19 76.6 

a Data from Kayser, (1950c, p. 374). 
b The values for Eliomys quercinus are new and unpublished data. 
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winter sleep. Pfeiffer et al. (1939), on the contrary, recorded an increased 
receptivity to the effects of convulsing agents, such as strychnine, with 
spinal point of a t tack. I t is ra ther difficult to settle this question: all 
hibernators awaken easily when they get a subcutaneous or intraperitoneal 
injection either of NaCl (9%) or of any pharmacological agent. Only the 
bats , with a poikilothermal behavior, allow easy experimentation. For all 
other hibernators, it is necessary to establish control series for every 
substance tested (Zondek, 1924). 

This unfavorable condition has been recently modified by the new 
techniques of permanent canulation of certain blood vessels. These tech
niques were introduced by Popovic et al. (1963) and by Lyman and O'Brien 
(1963). 

2. Long-Term Experiments 

For long-term experiments (resistance to X-rays and to infectious 
diseases) we can no longer take into account the values tabulated on 
Table VI in order to compare hibernators in winter sleep to active ones. 
Periodic awakenings happen in the course of hibernation. The mean 
metabolic rate is much higher during hibernation t han during sleep. Noe* 
(1901) took the survival t ime out of the complete fasting period (hedgehog) 
in order to establish the average energy consumption in a hibernating 
animal and in an active animal. I n each case the animal died when it had 
lost 3 5 % of its initial weight within the four seasons of the year. In summer, 
this weight loss takes place within a shorter t ime; the daily weight loss for 
the first season amounts to 3 .7% (January-March) , to 10.45% for the 
second, to 1 7 % for the third, and to 8 .5% for the last season (October-
December). Instead of 46.6 (Table VI) , the ratio of the two extreme values 
is 4.6. 

I n our experiments on the winter sleep of the European ground squirrel 
(Kayser, 1952a, 1953), the average energy consumption in hibernation is 
16 kcal . /kg. per 24 hours instead of 110 in the awake animal in summer 
t ime (Kayser, 1939b). In chronic experiments (resistance to X-rays, resis
tance to infectious diseases), the metabolic rate is supposed to increase the 
survival t ime not by fifty times, but only by seven times. 

D . E . Smith presented in 1960 an extensive paper concerning the effect 
of ionizing radiation in hibernation. The paper summarized his experiments 
with many co-workers since 1949. The mortal i ty of X-irradiated mammals 
differs considerably in the following species: ground squirrel, marmot , 
dormouse, pallid bat , Yuma bat , and little brown bat . The first three species 
are much more protected during hibernation than are the bats . The s tudy 
of mortal i ty of dormice and squirrels irradiated during hibernating s tate 
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and placed after some t ime in a warm environment shows t h a t the survival 
t ime is much longer in dormice t han in squirrels. Comparing irradiated 
squirrels maintained a t 20°C. with squirrels irradiated during the hiber
nat ing s tate and than placed a t 20°C. also, shows t ha t the survival t ime a t 
20°C. is shortened in this la t ter group. This point will be explained only by 
the fact t h a t the damage by irradiation had already begun during hiber
nation. 

Smith, in this same paper, gives also his results concerning the protective 
action of cysteine. I t is well known t h a t the protective action against 
irradiation is only observed when cysteine has been given before irradiation. 
Ktinkel et al. (1957; Ktinkel and Schubert, 1959), however, published results 
on the protective action of cysteine in dormice injected after irradiation. 
Smith undertook the same researches on ground squirrels bu t did not 
observe protection by cysteine injected after irradiation. 

If the results obtained by Ktinkel are confirmed, t han the differences 
between these results and those of Smith can only be explained by a species 
difference: the biochemical basis of cell energetics and defense mechanisms 
must be fundamentally different in these two species. 

The results obtained by Smith et al. (1949), by Smith and Grenan (1951), 
and by Brace (1953) relative to protection against irradiation, as well as the 
results of Krahl et al. (1957) on the protective power of cysteamine, can be 
explained by a plain thermal and metabolic effect. The same holds t rue in 
respect to the effect registered by Lyman and Fawcet t (1954) and Pat terson 
et al. (1957) for the growth of a sarcoma grafted to a golden hamster . 

Sarnat and Hook (1942) made a corollary experiment regarding the 
growth of teeth, and Mayer and Bernick (1958b) reported on the effects of 
hibernation on tooth structure and the submaxillary gland (1958c). Lyman 
and Dempsey (1951) investigated the effect of testosterone on the enlarge
ment of seminal vesicles, and Ra th s (1953) and Lyman et al. (1957) ex
amined the reticulocyte reaction after hemorrhage. 

The thermal and metabolic explanation cannot account for the resultant 
recovery from trypanosomiasis (Blanchard and Blatin, 1907; Brumpt , 
1908; Kalabukhov and Levinson, 1936). Brumpt formulated the hypothesis 
t ha t recovery from diseases observed in sleeping hibernators was due to 
the fact t ha t the proliferation of the parasite was hampered ra ther by the 
low temperature t han by the defensive action of the host. Kalabukhov 
and Levinson (1936) infected ba ts with Trypanosoma equipedum. The ba ts 
in euthermia died 9-12 days later (35-37°C) . Bu t the animals placed after 
inoculation a t a temperature of 6-13 °C. (internal temperature of the bats , 
11-13°C.) recovered 7 or 11 days later, and infected animals pu t in an 
environmental temperature of 3-4°C. recovered within 5 days. 
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The agents of three diseases (plague, brucellosis, and tularemia) are 
resistant to very low temperatures. Bu t in these diseases too, healing may 
occur: Makarov et al. (1955) noticed t ha t captive Citellus pygmaeus resist 
tuleremia far better in August than in May . In August the resistance 
appears in the awake animal about to hibernate. Tinker and Kalabukhov 
(1934) studied the resistance of the same species to plague (Table VI I ) . 

These experiments proved t h a t the dea th ra te of females (5:8) is higher 
t han t h a t of males (2:8) . The males begin to hibernate sooner t han the 
females. Thus, in awake and active animals, resistance to infection increases 
when the animals are about to hibernate (Makarov et al.; Tinker and 
Kalabukhov) , and this independently of the temperature . Are the seasonal 
changes of the body fluids of the bearer also concerned with the increased 
resistance of hibernators to infectious diseases? 

Neither JahnePs experiments (1935) on the spirochetes of syphilis, nor 
those of Bessemans et al. (1938, 1956) could identify a seasonal effect 
independent of temperature . The function of host resistance have been 

TABLE V I I 

RESISTANCE TO PLAGUE OF SEXUALLY MATURE Citellus pygmaeus AT THE BEGINNING 
OF ESTIVATION 0 

Result of bac
terial culture 

Body weight Number of Days of at end of 
Subjects (gm.) microbes X10 3 survival experiment 

Males 137 50 18, sacrificed 
107 150 3 + 
166 450 18, sacrificed — 
122 1,350 7 + 
189 4,050 3 + 
101 12,150 5 + 
149 36,450 18, sacrificed — 
104 109,050 4 + 

Females 133 50 18, sacrificed 
120 150 18, sacrificed — 
172 450 18, sacrificed — 
175 1,350 16 + 
122 4,050 18, sacrificed — 
182 12,150 5 + 
184 36,450 18, sacrificed — 
175 109,050 18, sacrificed — 

° Data from Tinker and Kalabukhov (1934). 
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studied by Petr ik (1922), who determined the agglutinins in the groundhog 
with Proteus vulgaris strain X19 and found t h a t the agglutinins appeared 
only a t awakening. 

Biorck et al. (1956b) measured the gamma globulins and saw t h a t they 
amounted to 0 .52% in the plasma of hibernating hedgehogs in January , 
to 0 .48% in the hibernating animals in March, and to 0 .96% in active 
animals during summer t ime. Vendrely and Kayser (1951) saw t h a t some 
representatives of the reticuloendothelial system (macrophages and poly-
blasts of the spleen and of the conjunctive tissue) contained as much 
ribonucleic acid during hibernation as during the active state in summer 
(European hamster) . 

J. Blood Composition in Hibernators 

I n discussing the nutr i t ion of hibernators (Section I I , G), we have 
already mentioned t ha t hypoglycemia can be considered to be a steady 
phenomenon in hibernators t h a t do not feed during their periodic awaken
ings. Besides the da ta of the authors already mentioned, the results of 
earlier authors (Dubois, 1896; Bierry and Kollmann, 1928; Endres, 1931; 
Dische et al., 1931) corroborate this fact. The glycemia of 153 and 140 m g . % 
recorded by Musacchia and Wilber (1952) seems to be abnormally high. 

The researches on blood are concerned with blood cells, clotting time, 
blood volume, electrolyte composition, and blood gases. Comparat ive s tudy 
of a sleeping hibernator and of a homoiotherm made artificially hypo
thermic showed many similarities. 

1. Blood Cells 

In anesthetized dogs and cats, experimental hypothermia induces an 
increase in hemoglobin content with leucopenia, eosinopenia, and throm
bocytopenia (Helmsworth et al., 1955; Terzioglu and user , 1956; Villalobos 
et al., 1958). The increase of the hematocri t value is connected with the 
spleen and the liver (Villalobos et al., 1958; Klussmann and Lutke, 1958). 
According to Terzioglu and user there is also a lengthening of the clotting 
t ime t ha t Ross (1954) could not notice and t ha t cannot be recorded in less 
pronounced hypothermia similar to t h a t in man (Bunker and Goldstein, 
1958). 

All authors, except Woodward and Condrin (1945) in their experiments 
on a chipmunk and Stuckey and Coco (1942) in their experiments on a 
thirteen-lined ground squirrel, could record leucopenia during hibernation 
(Valentin, 1865a; Quincke, 1882; Dubois, 1896; Rasmussen, 1916; Fleisch-
mann, 1934; Suomalainen, 1953; Suomalainen and Granstrom, 1953; 
Raths , 1953; Svihla et al., 1953; Biorck et al., 1956b; Suomalainen and 
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Differential count 

Physiological WBC Neutro Eosino Baso Lympho Mono
state (mm.3) phils phils phils cytes cytes 

(%) (%) (%) (%) (%) 

Active state 
(summer) 14,900 46 4 2 47 1 

Active state 
(autumn) 13,900 59 1 2 37 1 

Hibernation 4,300 68 — — 30 2 
Active state 

(spring) 14,200 55 3 2 39 2 

α Data from Suomalainen and Karppanen (1956, p. 74). 

Karppanen, 1956; Lyman et al., 1957). We reproduce here the values of 
Suomalainen and Karppanen for the hedgehog (Table V I I I ) . 

Stuckey and Coco (1942) found 3900 leucocytes for the active and 
sleeping ground squirrel. For the active state, the figure 3900 seems to be 
rather small. Two reasons can account for this small value: an emotive 
stress state (Kampfreaktion of Raths , 1953) or diurnal r hy thm (Raths, 
1953). 

The eosinopenia and leucopenia observed by all authors except Stuckey 
and Coco are symptoms of stress. As Suomalainen and Karppanen also 
recorded lymphopenia and an increase in the ratio of plasma albumins: 
plasma globulins, they consider winter sleep as the appearance of a Selye 
syndrome of adaptat ion. By computing the ratio a lbumins: globulins from 
the figures of Biorck et al. in the hamster (1956b) the same values reported by 
Suomalainen for the hamster (0.67 in the active state and 1.18 in hiberna
tion) are obtained. But Ra ths (1957) did not notice any increase of this 
ratio in the hibernating European hamster. To modify this ratio in the 
hamster, it takes a very strong stress, such as rewarming after an experi
mental hypothermia. 

The relative lymphopenia of the hamster (Suomalainen and Granstron, 
1953) has been reported neither by Lyman et al. (1957) nor by Ra ths (1957). 

The results for the red blood corpuscle count appears to be less homo
geneous. The classic concept (Quincke, 1882; Dubois, 1896; Rasmussen, 
1916) according to which hibernation does not alter the percentage of red 

TABLE V I I I 

WHITE BLOOD CORPUSCLES AND DIFFERENTIAL LEUCOCYTE COUNT (HEDGEHOG) 0 
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blood cells—except when it is usually extended (May) , in which case a 
considerable drop in the amount of erythrocytes can be noted—is based on 
the s tudy of the groundhog. 

M a n y recent researches have revealed an increase in the amount of 
erythrocytes and of hemoglobin content : e.g., Svihla and Bowman (1952) 
for the groundhog; McBirnie et al. (1953) for the groundhog; Riedesel and 
Folk (1956) for the ba t ; Biorck et al. (1956b) for the hedgehog; Bibikov and 
Zhirnova (1956) for the groundhog; Lyman et al. (1957) for the golden 
hamster ; and Ra ths (1953, 1957) for the European hamster. 

Conflicting results were obtained by Stuckey and Coco (1942) and 
Woodward and Condrin (1945) for the thirteen-lined ground squirrel and by 
Suomalainen (1953, 1956) for the hedgehog. 

Some contradictions can be explained by the pa r t played by the spleen 
as a reservoir of blood for the body. This role is not the same a t the beginning 
of hibernation and 6 weeks later. Valentin (1857b) observed a groundhog in 
hibernation for 44 days ; it lost 8 .35% of its weight. Within the same t ime 
the weight loss of the spleen amounted to 9.78%. After a 163-day period of 
hibernation the groundhog lost 3 5 . 1 % of i ts total weight, the spleen lost 
only 10.87%. On the whole, the mass of the spleen did not vary after 40 
days of hibernation. 

M a n n and Drips (1917) reported considerable congestion in the spleen as 
soon as the thirteen-lined ground squirrel entered hibernation; the symp
toms of congestion disappeared after 75 days of hibernation. Lidicker and 
Davis (1955) studied the ratio spleen weight :body weight X 100 in the 
ba t : the ratio is very high (1.456%) in animals t aken from the refrigerator 
and immediately sacrificed; 5 minutes later, i t drops to 1.094%; in active 
animals i t amounts to 0.247%. The erythrocyte count rises likewise from 
9,340,000 per cubic millimeter in hibernation to 13,150,000 in the active 
s ta te . The conflicting results recorded by Wor th (1932) cannot be com
pared : the temperature of the ba ts in summer is unknown. 

The blood platelet count gives contradictory results, as is demonstrated 
by the work of Svihla et al. (1953) with Citellus undulatus and of Biorck et al. 
(1956b) with Erinaeeus europaeus (Table I X ) . 

2. Clotting Time 

Clotting t ime is lengthened during hibernation (Sulzer, 1774; Saissy, 
1815; Barkow, 1846; Valentin, 1865a; Horva th , 1876). Among those who 
studied this subject more recently are Suomalainen and H a r m a (1951), 
Suomalainen and Lehto (1952), Svihla et al. (1953), Ra th s and Perlick 
(1953). 
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BLOOD PLATELET COUNT IN DIFFERENT PHYSIOLOGICAL STATES IN HIBERNATORS 

Citellus parryia Erinaceus europaeusb 

Physiological state Platelets/mm. 3 Physiological state Platelets /mm. 3 

Dormant state 47,000 Hibernating 875,000 
(14,000-70,000) (January) (402,000-1,170,000) 

Active state 93,000 Hibernating 796,000 
(4 hours after (48,000-154,000) (March) (one animal) 

arousal) 
Active state 122,000 Nonhibernating 432,000 

(6 hours after (84,000-250,000) (June) (241,000-880,000) 
arousal) 

° Data from Svihla et al (1953, p. 682). 
b Data from Biorck et al. (1956b, p. 284). 

Suomalainen pointed out t ha t the heparinocytes (mast cells of Ehrlich) 
increased (intestine and bronchia). He imputed the slow clotting to these 
cells. Ra ths (1957) studied clotting times of the European hamster under 
various physiological states (Table X ) . The doubling of clotting t ime can be 
accounted for by the low percentage of prothrombin and by the reduction 
of factor V of Roller. During arousal the clotting t ime drops to one-tenth 
in hibernation.* 

3. Blood volume 

In experimental hypothermia, the blood volume is reduced by 1 2 % 
(D'Amato and Hegnauer, 1953). The extreme variat ion from 1 to 2 of the 
ratio blood volume:blood weight (from 4.4 to 8.3%) for the groundhog 
over the year (Rasmussen and Rasmussen, 1917) is essentially due to stor
age of fat in au tumn and to loss of fat in spring after awakening. Lyman 
et al. (1957) noticed t ha t this ratio increased in the golden hamster in 
hibernation. An increase can also be recorded in active animals a t 5°C. In 
au tumn and in a cold environment, the golden hamster loses little weight. 

Svihla et al. (1951) reported t ha t the blood volume was reduced by half in 
an early-hibernating arctic squirrel. I t might be t ha t this reduction, with 
its a t tendant doubling of the number of erythrocytes, is connected with a 
dehydration propitious to the estivation and to the hibernation of the 
squirrels. 

* New data concerning the blood clotting in hibernation show no differences in factors 
V, VII, Χ, XI, XII; but partial thromboplastin times, plasma prothrombin, serum 
residual prothrombin, factors VIII and IX, and blood platelets are considerably reduced 
in hibernation. (Lechler and Penick, Am. J. Physiol. 205, 985, 1963.) 

TABLE I X 



TABLE Χ 

BLOOD CLOTTING TIME (SECONDS) OF Cricetus cricetus IN DIFFERENT PHYSIOLOGICAL STATES'1 

Experimental 
Arousal from Active animals, hypothermia, 

Hibernation15 hibernation winter winter 

Ν Μ σ Ν Μ σ Ν Μ σ Ν Μ σ 

Clotting time at 35°C. 12 225 95 10 21 6. .6 22 65 44 18 107 78 
Quick activity 10 54.3 8.3 13 7.1 25 .6 18 104.5 23 4 77.5 6.2 
Prothrombin 10 134.3 53.9 13 234 94 .7 18 213.8 87.3 4 274.5 60 
Factor V 8 53.7 15.4 13 167.6 113 .3 18 198.2 77.3 4 175.5 59.7 
Factor VII 10 135.3 37.7 13 155.7 51. .4 16 136.2 21.1 4 14.1 12.4 
Heparin activity 10 88.6 21.5 13 67.8 23 .2 18 64.7 30.2 4 79.0 37.6 

α Data from Raths, P. (1957, p. 147). 
b Ν — Number of animals; Μ = mean; σ = standard deviation. 
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4. Blood ions 

The magnesium ion has a narcotic effect which has been known since 
1905. Calcium has been known, for its antagonistic effects toward mag
nesium (cf. Salter, 1952; Sollmann, 1953). Suomalainen (1939), Trusler 
et al. (1953), and Riedesel and Folk (1956) pointed out t ha t magnesium 
increases in the plasma of sleeping hibernators. Bu t the variations recorded 
by Biorck et al. (1956b) are not statistically very significant. 

The results concerning the magnesium content of the serum in experi
mental and pathological hypothermia are not consonant. According to 
Steadman et al. (1943), Sunderman and Haymaker (1947), Platner and 
Hosko (1953), it increases, but neither Fleming (1954) nor Melrose (1956), 
who carefully checked the pulmonary ventilation pointed out this increase. 
The increase in the serum magnesium may be ascribable to a respiratory 
modification. 

An extensive s tudy on serum magnesium level was published in 1957 by 
Riedesel: three orders of mammals were studied: Insectivora (hedgehog), 
Chiroptera (bats), and Rodentia (woodchuck). In all these orders the serum 
magnesium rises during hibernation, and Riedesel considers this fact to be 
as constant and important as the reduced metabolism and body temper
ature during hibernation. The hypothermic state and the rise of serum 
magnesium are closely related because the rise in serum magnesium occurs 
only when the body temperature falls below 18°C. Like Suomalainen (1939), 
Riedesel believes t h a t the rise of serum magnesium in hibernation has an 
important role. He thinks t ha t the exit of magnesium from the cells into 
the serum will consequently act on the heat loss center in the hypothalamus 
and so hasten the drop of body temperature to the critical level for hiber
nation. 

Concerning the calcium content of the blood, Adler (1926) and Nitschke 
(1932) favored a hypocalcemia. On the contrary, Ferdmann and Fein
schmidt (1932) concluded t ha t there is hypercalcemia during hibernation 
(groundhog). But they gave only a few contradictory data . Neither Suo
malainen (1939) nor Biorck et al. (1956b) were able to contribute any 
important modification. In experimental hypothermia also, the results are 
contradictory; some authors, e.g., Elliott and Crismon (1947), Bigelow et al. 
(1950), Stefanovic (1954), have noted important increases of blood calcium 
tha t were not found by Juvenelle et al. (1953) or by Cier et al. (1956). An 
explanation for these discrepancies can be sought in the experiments of 
Melrose (1956), which indicate a discrepancy between ionized and bound 
calcium during hypothermia. 

The recent experiments of Ra ths (1962) show tha t there is no seasonal 
variation of serum calcium ions. However, the decreasing body temperature 
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induces a linear increase of calcium ions. In the experiments of Riedesel 
(1957) on bats, the calcium decreased from 30.5 to 13°C. and increased 
from 13° to 9°-7°C: the final concentration a t 9°C. being the same as the 
concentration a t 30.5°C. esophageal temperature (9.5 mg./ΙΟΟ ml.). 

The observation of Kayser and Frank (1963) shows t ha t there is an 
annual cycle of calcium metabolism: during the winter season, they ob
served a very impor tant osteoclasic activity in the bones of the European 
hamster. I n spring, there is a new calcium deposit in the bones. The annual 
cycle of parathyroid activity observed before (Skowron and Zajaczek, 
1947; Kayser, Petrovic and Porte, 1961) with a maximal activity from 
October to February and a minimal activity in June induced Kayser and 
Frank to a t t r ibute the winter osteoporosis to the hyperactive parathyroid 
glands during winter. 

For the potassium content, too, results are not in agreement. Ferdmann 
and Feinschmidt (1932) pointed out a decrease of the plasma potassium 
(24 m g . % to 36 m g . % ) ; no modifications could be noted in the experiments 
of Biorck et al (1956b) (hedgehog), whereas Trusler et al. (1953) had seen 
an increase in comparison with the after-period of hibernation (17.5 m g . % 
to 10 m g . % ) . A double discrepancy appears in the da ta : first, the values of 
Ferdmann and Feinschmidt are twice as large as those of Trusler et al; 
secondly, the recorded changes occurred in opposite directions, in spite of 
the fact t h a t both groups investigated the same species. 

Ra ths (1962) also studied serum potassium: he shows an increase in 
potassium from normal body temperature down to 20°-18°C, and then a 
decrease; the final serum potassium value observed a t 5°-3°C. body tem
perature is the same or subnormal in comparison to the normal value a t 
37°C. 

Stresses with or without hypothermia bring about hyperpotassemia 
(Sudak et al., 1955) in the golden hamster as in the homoiotherm (Elliott 
and Crismon, 1947; Bigelow et al., 1950; Stefanovic, 1954; Kuhl et al., 1955; 
Quinn et al., 1953). Bu t experimental hypothermia is not necessarily 
characterized by hyperpotassemia. Hypopotassemia was also noted by 
Juvenelle et al., (1953), Nielsen (1954), Fabian et al., (1955), Segard et al. 
(1956), Melrose (1956), Niazi and Lewis (1958). 

Ra th s (1962) shows t h a t hypothermia with or without stress increases 
always the serum potassium concentration. Bu t with hypothermia induced 
by barbi turate narcosis, potassium and calcium were decreased from 37° to 
15°C. body temperature and increased a t body temperatures under 15°C. 

The only conclusion possible is t h a t the available experimental evidence 
does not show any clear-cut difference between the effects of hibernation 
and of experimental hypothermia in regard to the blood levels of potassium, 



214 Ch. Kayser 

magnesium, or calcium ions. Knowing the actions of these electrolytes on 
nervous excitability, this lack of difference is ra ther puzzling, since hiber
nation is a reversible s ta te without lack of excitability, whereas experimen
tal hypothermia is a s tate of narcosis, which is not immediately reversible. 
This conclusion is very nearly t ha t of Bigelow (1954) from the parallel 
drawn between the blood composition in the hibernating groundhog and 
the blood changes noticed in the hypothermal dog. 

The conclusion of Ra th s (1962) differs partially and m a y lead to new 
methods of investigation. Since no artificially induced hypothermia pro
duces serum ion changes to the same extent as the changes observed during 
winter sleep and since all observed variations during hibernation are similar 
to those observed in hypothermia, Ra ths concludes t h a t during hibernation 
there is a new regulation probably at t r ibutable to the zona glomerulosa of 
the suprarenale. 

5. Blood Gases 

I t is obvious from the experiments of Fleming and Melrose t ha t many 
ionic modifications observed in experimental hypothermia are consequences 
of insufficient pulmonary ventilation. The question arises whether pul
monary ventilation of sleeping hibernators is complete or whether it is 
merely adequate in this s tate without being complete. 

As a rule, acidosis can be recorded in a homoiotherm anesthetized by 
external cooling: variations of p H occur symmetrically bu t in an opposite 
way in vitro and in vivo: in vitro, the p H rises; in vivo it drops (Fleming, 
1954). The variations of potassium, sodium, chlorine, and plasma mag
nesium are conditioned by p H . Variations of calcium are the only ones t h a t 
depend only in par t on p H (Melrose, 1956). 

We have known, since the experiments of Dubois (1896), t ha t the CO2 
of the arterial blood in the hibernating groundhog increases very much. 
The same is t rue for the O2 rate, bu t to a lesser degree. Rasmussen (1915-
1916), McBirnie et al. (1953), and Trusler et al. (1953) corroborated Dubois ' 
da ta (Table X I ) . 

The increase in C 0 2 has been observed in other species studied: European 
hamster (Endres, 1924); thirteen-lined ground squirrel (Stormont et al., 
1939; Lyman and Hastings, 1951); arctic ground squirrel (Svihla and 
Bowman, 1952); suslik ground squirrel (Person, 1950); golden hamster 
(Lyman and Hastings, 1951). 

Does the p H alter when the CO2 ra te rises? Endres (1924) and Stormont 
et al. (1939) conclude tha t there is acidosis. But Lyman and Hast ings 
determined the p C 0 2 and the p H in their own experiments and in those of 
their predecessors: only the ground squirrels, of the animals studied, gave 
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evidence of a small drop of the p H in hibernation (7.29 to 7.44 in t he 
active s tate) . As a rule, a smaller value for the p C 0 2 is obtained in hiber
nation. The authors came to the following conclusion: "The da ta give little 
evidence for profound loss of sensibility in the respiratory center which has 
been claimed to be typical of animals in the hibernating condi t ions/ ' 

Person's results (1950, 1952) partially agree with the conclusions of 
Lyman and Hast ings: when squirrels are storing fat in au tumn, the p H 
rises a little from 7.3 to 7.4. But if the temperature of the animal drops to 
5 - 6 ° C , alkalosis disappears again (Fig. 11). 

K. Nervous Excitability during Hibernation 

1. Respiration 

Is the pulmonary respiration really "normal" during hibernation? In 
others words, is CO2 the real "respiratory hormone"? The accumulation of 
C 0 2 seems to prove the contrary, but if we determine the p C 0 2 we cannot 

FIG. 11. C O 2 fixation in the blood of Citellus souslica at various temperatures. From 
R. S. Person (in Kalabukhov, 1956, p. 155). 
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record any obvious failure of the regulatory centers of respiration (Lyman 
and Hastings, 1951). 

Endres and Taylor (1930) measured ventilation in terms of the CO2 
concentrations in the inspired air: the sleeping groundhog has a normal 
venti lat ion with a rate of 8.99 cm. 3 per minute a t a temperature of 5 - 6 ° C ; 
if the inspired air contains 2 % CO 2 the ventilation rate is not appreciably 
different, being 8.72 cm. 3 per minute . In the inspired air 4 % CO2 is necessary 
for a rise of the ventilation from 8.99 to 11.25 cm. 3 per minute . 

Lyman (1951) points out t ha t the hear t beats faster and t h a t the respi
ra tory rhy thm increases in the thirteen-lined ground squirrel and in the 
golden hamster if the inspired air contains 2 % CO 2. He concludes " t h a t 
these rodents [hamsters and ground squirrels] in the hibernating state 
retain the homoiostatic mechanism of respiration, in spite of their low body 
temperature and apparent ly insensitive condition."' 

The conclusion of Biorck et al. (1956a), after their researches on the 
hedgehog, is opposed to t h a t of Lyman : the response of the hibernating 
hedgehog to an increase of the concentration of CO 2 in the inspired air is 
markedly reduced (Fig. 12). 

We tackled the problem in a different way by studying the respiratory 
quotient. Since 1849 (Regnault and Reiset) it had been taken for granted 
t ha t sleeping hibernators usually have an abnormally low R.Q. These 

150 
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FIG. 12. Respiratory rate in guinea pigs and in hedgehogs exposed to various concen
trations of carbon dioxide in oxygen. The middle curve refers to nonhibernating hedge
hogs, and the lower curve to hibernating ones. Biorck et al. (1956a, p. 78). 
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abnormally low R.Q.'s are interpreted as indicating a transformation of 
lipids into carbohydrates during hibernation (cf. Ferdmann and Fein
schmidt, 1932; Kayser, 1940b). 

We could establish tha t the abnormally low R.Q.'s recorded in poikilo-
therms or in sleeping hibernators by the confinement method were ex
perimental artifacts due to insufficient ventilation, which produces retention 
of C 0 2 if this gas amounts to 1 % in the exchange bell glass during the 
measurement (Dontcheff and Kayser, 1935; Kayser, 1938). Variations 
of the R.Q. can be obtained a t will, either by increasing or by reducing the 
partial pressure of this gas. If two measurements are made successively and 
if CO2 gathers in the course of the first one, but a t the end of the second 
measurement does not reach the final concentration of the first, two differ
ent R.Q.'s are determined, a lower and a higher one; a R.Q. of 0.70 is 
obtained by averaging both results (Table X I I ) . 

These experiments prove tha t the excitability by the central regulatory 
system of respiration is reduced in sleeping hibernators; the same results 
are found for poikilotherms, especially in the s tudy of their exchanges a t a 
temperature below 20°C. 

We have known for a long time the respiratory irregularities of sleeping 
hibernators. The typical Cheyne-Stokes respiration has been described by 
Mosso (1878) for the hazel mouse, by Pembrey and White (1895-1896) 

TABLE X I I 

RESPIRATORY QUOTIENTS IN HIBERNATION (COMMON DORMOUSE) 0 

Respira Initial C 0 2 Final C 0 2 Oxygen CO 2 pro Mean respiratory 
Duration tory concen concen consump duction quotient of both 
(minutes) quotient tration tration tion (ml.) (ml.) measurements 

95 0.674 0.03 0.70 9.31 6.25 7.30 
= 0.699 

60 0.924 0.70 0.34 1.14 1.05 10.45 

175 0.622 0.03 0.50 4.74 3.09 4.33 
= 0.703 

63 0.915 0.50 0.23 1.42 1.24 6.16 

360 0.667 0.03 0.82 10.26 6.65 10.56 
= 0.716 

122 0.852 0.82 0.31 4.49 3.91 14.75 

a Data from Kayser (1938, p. 87; 1940b, p. 177). 
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TABLE X I I I 

OXYGEN CONSUMPTION, RESPIRATORY QUOTIENT, RECTAL TEMPERATURE, AND 
RESPIRATORY RATE IN THE HIBERNATING GROUNDHOG 0 

Rectal Respira
Number of Body temper tory rate Duration 
measure weight 0 2 (ml./ Respiratory ature (per of each 

ments (gm.) kg./hr.) quotient ( °C . ) minute) observation 

20 2146 18.22 0.677 10.5 21 6 hr. 10 min. 
9 2670 18.23 0.719 — 43 4 hr. 30 min. 

22 800 21.16 0.703 10.7 27 6 hr. 20 min. 
17 881 18.94 0.709 10.5 41 5 hr. 25 min. 
18 818 23.77 0.695 10.2 45 6 hr. 40 min. 

a Data from Kayser (1940b, pp. 147, 151, 153, 154, 155). 

and, Pembrey and P i t t s (1899) for the dormouse; by Patrizi (1897) for the 
groundhog; by Kayser (1940b) for the common dormouse; and by Pirlot 
(1946) for bats . Bu t the Cheyne-Stokes r h y t h m cannot be found in all 
hibernators; we did not record it in the groundhog, in the hedgehog, in the 
European ground squirrel, and in the European hamster . In all species, 
breathing is very irregular and very long respiratory pauses occur (Landau 
and Dawe, 1958). Saalfeld (1939) came to the conclusion t h a t the pulmon
ary ventilation in ba ts can be supplied during the respiratory intervals by 
hear tbeats . Table X I I I . Kayser, (1940b) clearly shows for the groundhog 
the independence of oxygen consumption and respiratory frequency. 

The independence of oxygen consumption and of respiratory frequency 
appears also in the measurements of Landau and Dawe (1958) on the 
thirteen-lined ground squirrel. 

When observing heart and respiratory frequencies in the hibernating 
ground squirrel (Kayser, 1957a), a very significant and negative correlation 
appeared: when the heart frequency rises from 3.8 to 6.9 per minute, the 
respiratory frequency drops from 3.2 to 1.2 per minute . 

In hibernation, the heart and the respiratory frequencies are no longer 
related with energy requirements. The respiratory centers are very excit
able, but we do not know the laws t ha t govern their activity. 

I t is worth noting tha t Chatfield and Lyman (1954b) found a special 
nervous formation in the floor of the fourth ventricle of the hamster, the 
locus incertus. This formation has also been discovered in Ondatra zibethicus 
(Cricetidae), but not in other hibernators. We do not know its significance. 
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2. Posture 

Most hibernators curl up typically in hibernation. Ba t s have an Anhaf-
tungsreflex, or fixation reflex (Merzbacher, 1903). The center of this reflex is 
si tuated in the myelencephalon. Quincke (1882) observed the disappearance 
of this posture after a medullary section. Dubois (1896) proved t h a t the 
groundhog remains curled up after the removal of its hemispheres. This 
mechanism is not affected either by the quadrigeminal bodies or by the 
thalamus. I t localized the centers inducing torpor and awaking in the 
rostral pa r t of the mesencephalon. The sleeping hibernator is a hypo-
thalamomesencephalic animal according to Dubois whereas Merzbacher 
(1903) considers i t to be a bulbospinal one. 

8. Hypothalamus and Thermoregulation 

The experiments of Dubois seem to indicate t h a t the center t h a t governs 
the characteristic posture during winter sleep and the arousal from sleep 
must be connected with the hypothalamomesencephalic centers of thermo
regulation (cf. Thauer, 1939; cf. Ranson and Magoun, 1939). B u t up to 
now, the thermoregulatory centers of hibernators have not been studied. 

Ra ths (1953-1954) set up a topographic table of the hypothalamic centers 
of the hamster (Cricetus cricetus). 

Ottaviani and Azzali (1954) and Azzali (1954, 1955) studied the neuro
secretion of the anterior hypothalamic centers. They noted a gathering of 
Gomori-positive substance in the supraoptic and paraventricular nuclei of 
various bats and of the hedgehog. They did not see it in the hamster and in 
the common dormouse. They compared their observations with the char
acteristics of hydromineral metabolism during hibernation. Barry (1954) 
studied the numerous excretory pa thways of the Gomori-positive substance. 
Legait and Legait (1958) pointed out the antidiuretic effect of the secretion 
product. Suomalainen and Nyholm (1956) found the same results in the 
hedgehog as those obtained by Azzali, and they correlated also the gathering 
of positive Gomori substance with the retention of water. 

4. Excitability of the Peripheral Nerves 

Saissy (1808) knew tha t the sleeping groundhog (rectal temperature 
3.75°C.) reacted to excitation of the sciatic nerve (environmental temper
ature — 1.25°C.). Valentin (1870a) calculated the conduction speed of the 
peripheral nerves and established t h a t the lower the conduction speed, the 
lower the temperature of the groundhog, the deeper the sleep. Dubois 
(1896) succeeded in stopping the hear t of a hibernating groundhog by 
pneumogastric excitations. 
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All the nerves of all hibernators do not react in the same way. Kahana 
et al. (1950) showed t ha t the auditory nerve of the golden hamster has no 
more action potential a t 18°C. when there are still nonreduced micro
phonic responses. 

Biewald and Ra ths (1959) studied again the effect of the vagus nerve on 
the hear t during three different states of the European hamster : in deep 
hibernation they did not obtain any hear t effect. By the beginning of 
arousal ( temperature of the hamster 9° -10°C) , they obtained a vagus 
effect on the heart . The last experiment on artificially cooled hamsters 
( temperatures of the hamsters from 2° to 5°C.) showed also a chronotropic 
negative effect on the heart . 

Chatfield et al. (1948) showed t h a t the tibial nerve of the golden hamster 
still conducts, in vitro, a t 3.4°C. whereas the same nerve of the r a t loses i ts 
conduction power a t a temperature below 9°C. 

δ. Higher Nervous Activity 

a. Electroencephalography. A careful s tudy of the brain waves allows us to 
s tate the following fact: deep hibernation is characterized by the absence of 
any electroencephalographic activity during many consecutive hours 
(Kayser, 1950a,b; Rohmer et al, 1951; Chatfield et al, 1951; Chatfield and 
Lyman, 1954a; Lyman and Chatfield, 1953). Bu t apparently deep hiberna
tion, without any signs of arousal, may be also accompanied by a minimal 
electroencephalographic activity, appearing from t ime to t ime. 

Electroencephalograms of a ground squirrel (Fig. 13) show portions of a 
continuous 9-hour-long record. The hear t frequency never rose above 
3 per minute . A slight spontaneous act ivi ty was recorded a t the beginning 
of the experiment. The temperature of the refrigerator in which the experi
men t took place was 7.5°C.; the animal hibernates usually a t 5°C. At t h a t 
t ime a noise like a handclap produced the appearance of evoked potentials, 
bu t an equivalent electrical potential could occur without any evident 
stimulus. 

After 2\ hours, such a noise could no longer produce evoked potentials. 
The temperature of the refrigerator was then 6°C. The weak and discon
tinuous cortical act ivi ty disappeared 4J hours after the beginning of the 
measurement. F rom t h a t t ime on, the electroencephalogram remained 
horizontal unti l the end of the recording; the temperature of the cage 
dropped gradually to 4 ° C ; E E G became silent a t 5°C. 

These observations are in opposition to the results of Strumwasser (1960) 
who studied the brain waves from another ground squirrel, Citellus beecheyi. 
According to Strumwasser, brain waves are almost always continuously 
present in the major par t of the brain. I n his graphs only the geniculate 
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FIG. 1 3 . Electroencephalogram (EEG) (corticogram) of a ground squirrel in deep 
hibernation (arrows pointing downward show the moment of handclap; arrows pointing 
upward show the cortical repercussion of EEG). 1. Discontinuous spontaneous cortical 
activity. 2 . Spontaneous activity. 3 , 4 . Evoked potentials produced by noise of a hand
clap. 5 . Spontaneous activity; see text. 6 . Evoked potentials, very reduced, produced by 
noise of a handclap. 7. Handclap without evoked potential. 8 . Spontaneous activity. 
9 . EEG completely silent. 10 . Handclap without evoked potential. 

bodies are silent. Strumwasser thinks t ha t the brain activity is necessary to 
ensure a normal hibernation, i.e., a reversible hypothermia. The brain ac
t ivity is a sign of a nervous regulation of hibernation. Our own experiments 
show tha t the brain activity is discontinuous and appears only a t certain 
moments. If it is possible to ascribe the appearance of brain waves in many 
cases to changes in environmental conditions, brain activity occurs also 
without any change in external conditions and must be ascribed to internal 
factors. Our point of view agrees with t ha t of Strumwasser insofar as we also 
are convinced t ha t maintained central nervous activity during hibernation 
is a necessity. However, in our experiments this activity appears only a t long 
intervals. 

The results obtained on the birchmouse by Andersen, Johansen, and 
Krog (1960) are very similar to those obtained by Kayser : the brain waves 
do not appear continuously bu t in bursts during hibernation. 
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Chatfield et al. (1951) stated t h a t the electroencephalographic silence 
appears in the golden hamster a t 16°C. (cheek pouch temperature) . In 
the groundhog there is already evidence of activity a t 11 ° C ; in the ground 
squirrel a cortical activity appears a t 6°C. (Kayser et al., 1951). Evoked 
potentials can still be recorded a t 5°C. in the ground squirrel ( temperature 
of the cortex), a t 7°C. ( temperature of the cortex) in the groundhog (Lyman 
and Chatfield, 1953), and at 18°C. in the golden hamster . 

These results show t h a t hamsters are very different in hibernation from 
ground squirrels and groundhogs; the conclusion is supported by values 
obtained for length of uninterrupted sleep, for the maximum temperature 
compatible with hibernation, and for oxygen consumption. 

b. Conditioned reflexes. We have reported tha t the manifestations of 
diurnal rhy thms had to be considered as signs of conditioned activity 
(Kayser, 1952c). 

As far back as 1837, Berthold was struck by the fact t h a t the hazel 
mouse, an animal with nocturnal activity, usually awakes in the evening 
during hibernation. One hundred twenty years later, Folk (1957) studied 
the arousal of the thirteen-lined ground squirrel, an animal with dayt ime 
activity, and t ha t of the golden hamster whose activity is essentially noc
turnal . Folk pu t the hibernators in a refrigerator lighted from 9 A.M. to 
5 P.M. The animals awakened according to a determinate rhy thm: For 63 
determinations concerning 10 ground squirrels, 44 awakenings took place 
between 9 A.M. and 9 P.M. and 17 between 9 P.M. and 9 A.M . ; t hus the 
awakenings occured more frequently during dayt ime. There is a preser
vation of the astronomic t ime "memory ." The same experiment with the 
hamster revealed more awakenings during darkness. The hamster has 
nocturnal habits. Menaker (1961) obtained very similar results on the 
little brown bat . 

Similar results appear also in our experiments with the garden dormouse 
(a nocturnal animal, Grass6 and Dekeyser, 1955): the animals pu t in 
complete darkness in a refrigerator a t 5°C. become torpid and deeply 
hypothermic only during the morning (at 9 A.M .) , whereas they were 
par t ly awake a t noon and were active and euthermic in the evening (6 P.M.) . 
For 5 animals observed for 75 days, sleep was recorded thirteen times in 
the morning; it was never recorded a t 6 P.M. 

But these results could be observed only in these special experiments of 
hypothermia in summer. The measurements of oxygen consumption in 
deep hibernation (December, January) failed to show any significative 
difference in the oxygen consumption between the morning and the evening. 
These negative results were obtained in ground squirrels and in dormice 
(Kayser and Malan, 1963). New experiments under taken in the continuous 
recording of oxygen consumption during days and weeks failed to show any 
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"memory" of a circadian rhy thm of oxygen consumption in hibernation. 
Pohl (1961) was also unable to show the conservation of a circadian rhy thm 
in hibernating Myotis myotis or Glis glis. 

Marx and Kayser (1949) showed t ha t the diurnal rhy thm of the lizard's 
activity remained constant and did not depend on the environmental 
temperature from 18 to 29°C. and tha t the memory of t ime did not depend 
upon the metabolic rate . Malmejac et al. (1956) showed also the high resis
tance of conditioned reflexes after deep hypothermia in the dog and in the 
monkey. 

L. Endocrines and Hibernation 

In 1906, Peiser and Gemelli observed, independently, t ha t two endocrines, 
the thyroid and the hypophysis, were involuted during hibernation (bats 
and groundhogs). Since the work of Cushing and Goetsch (1915), Schenk 
(1922), and Adler (1920, 1926), a large number of physiologists consider 
hibernation to be an endocrine polyglandular involution. 

1. Gonads 

The autumnal involution of the gonads in hibernators is a consistent and 
unquestioned fact. Mann (1916) pointed out a seasonal cycle of the gonads 
in the groundhog. Figure 14, from Foster et al. (1939), shows clearly the 
opposite evolution of hibernation and of the ovarian cycle in the thirteen-
lined ground squirrel. 
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FIG. 1 4 Seasonal variations in the tendency to hibernate as related to the reproduc
tive cycle. Curve Η represents percentages of days of actual hibernation for groups of 
ten to twenty animals exposed to the cold for 1 0 - 1 6 days at monthly intervals. The 
reproductive cycle is represented by the broken line: A, anestrus; Pro., proestrus; E, 
estrus; P, pregnancy; L, lactation. The reproductive cycle in the male and the tendency 
to hibernate closely parallel the results for the female. From Foster et al. ( 1 9 3 9 , p. 6 0 5 ) . 
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Kaudern (1914) in his investigation of the mammals of Madagascar used 
the involution of the genital t ract as a sign of hibernation; Barkow (1846) 
denied the existence of t rue hibernation in the bear because the animal 
delivers in January . 

Figure 15 shows the marked changes of the testicles of the hamster in 
winter: the interstitial tissue as well as the seminal tubes are completely 
involuted in September. 

If the involution of the gonads is the general rule, it appears from the 
studies of Mogler (1958) on the golden hamster t ha t the involution of 
gonads during winter is not absolutely necessary. We have ourself observed 
pregnancy and delivery in late December and mid-January in golden 
hamsters kept a t 20°C. 

2. The Thyroid 

As far back as 1906, the da ta of Peiser proved t ha t there was an inactive 
thyroid with a flat epithelium and great vesicles, distended by colloid, in 
the bat in winter. Hoffman and Zarrow (1958) measured the height of the 
epithelium and calculated the percentage of colloid in the thyroid of the 
thirteen-lined ground squirrel (Fig. 16). These measurements show also 
the involution of the thyroid in winter. 

Adler (1920), Coninx-Girardet (1927), Skowron and Zajaczek (1947), 
Kayser and Aron (1938, 1950) confirmed the results of Peiser. In capt ive 

FIG. 16. Seasonal changes in the thyroid gland of the ground squirrel. From Hoffmann 
and Zarrow (1958, p. 79). 
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hibernators few active thyroids can be recorded in summer t ime (Mann, 
1916; Deane and Lyman, 1954). In order to observe active thyroids in the 
ground squirrel in summer, one must deal with newly caught animals, or 
with captive animals living in optimal conditions. For wild hamsters 
recently caught we could only record a very active thyroid in March and a t 
the beginning of April just after arousal from hibernation. The thyroid is 
already involuted early in M a y and to a greater degree in June . 

Researches, conducted with more up-to-date techniques (Lachiver, 
1952a,b; Vidovic and Popovic, 1954; Lachiver et al.y 1957) using I 1 3 1 , show 
also the seasonal cycle of the thyroid (Fig. 17). 
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FIG. 17a. Seasonal cycle of blood iodine in the garden dormouse. From Lachiver 
(1952b, p. 247). 

FIG. 17b. Seasonal cycle of the thyroid iodine in the groundhog. From Lachiver 
(1952a, p. 136). PH, Prehibernation; H, hibernation; EH, end of hibernation; W, 
waking; SA, summer activity. 
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The glands become part ly active again as early as January (Lachiver 
et aL, 1957); the dormice hibernate for another two-month period, but in 
January and February arousals may occur. Kayser and Aron (1952), 
using the European ground squirrel, have shown t h a t the thyroid a t the 
spring arousal is more involuted when the weight loss of the animal is 
larger (40%) and t ha t it is more active when the weight loss is less (20%). 

8. Endocrine Pancreas 

The endocrine pancreas contrasts with the exocrine pancreas: the lat ter 
involutes in winter whereas the former does not (Carlier, 1896; Bierry and 
Kollmann, 1928). In winter the Β cells prevail in a large proportion (Skow-
ron and Zajaczek, 1947; Suomalainen, 1948; Kayser and Aron, 1950; 
Aron and Kayser, 1956). Whether the animals are awake or torpid the 
ratio Β cells:A cells increases from 6.83 (mid-July) to 10.13 and 10.30 in 
winter (Table X I V ) . Port ius and Ra ths (1957) also established t ha t the 
increase of this ratio in the golden hamster is seasonal and not connected 
with the torpid state and hypothermia. The same holds t rue for all the 
endocrines. 

A similar cycle can also be recorded in the raccoon (Procyon lotor) 
(Neseni, 1952). We did not record it for the ground squirrel, but our captive 
ground squirrels may enter hibernation in June as well in August or in 
October, if they are placed in the refrigerator a t 5°C. 

TABLE X I V 

SEASONAL VARIATIONS OF THE RATIO Β CELLS: A CELLS 
OF THE EUROPEAN HAMSTER AND THE GROUND SQUIRREL 0 

Body 
Number of weight Β cells: 

Species animals Conditions Month (gm.) A cells 

Citellus citellus 6 Hibernating Oct.-Dec. 147 3.39 
4 Active June-July 156 3.74 

Cricetus cricetus 8 Awake Oct.-Dec. 301 10.30 
7 Hibernating Oct.-Dec. 260 7.79 
4 Hibernating Feb-March 235 10.13 
2 Awake Feb-March 274 8.49 
9 Active May-July 257 6.83 

° Data from Aron and Kayser (1956, p. 410). 
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4. Parathyroid 

Whereas Adler (1926) thought t h a t there was an involution of the 
parathyroid in winter, M a n n (1916) noticed bu t small differences in the 
parathyroid in winter and in summer. Skowron and Zajaczek (1947) came 
to the conclusion t h a t there was hyperact ivi ty during winter. Kayser and 
Aron (1950) insisted on the normal and active aspect of the parathyroid in 
all seasons. Figure 18 shows no involution. 

New researches under taken on the parathyroid glands from European 
hamsters and studied with the electron microscope (Kayser, Petrovic, and 
Porte , 1961) show with great evidence t ha t the parathyroid glands are 
much more active in a u t u m n and winter t han in June . We obtained the 
same degree of au tumnal hyperact ivi ty in June by castration of male 
hamsters. I t seems then t h a t the hyperact ivi ty seen a t the entrance into 
hibernation and during hibernation is the consequence of the involution of 
the gonads (Kayser, 1962aJ. 

5. Adrenals 

a. Cortex. As a rule, an involution of the adrenal cortex has been demon
strated during winter and hibernation (Mann, 1916; Coninx-Girardet, 
1927; Bri t ton, 1928; Skowron and Zajaczek, 1947; Kayser and Aron, 1950) 
According to Mann, there is a connection between the adrenal cortical 
variations, which are very conspicuous, and the gonadal cycle. We, too, 
reported the existence of an X-zone probably in relation to the reproductive 
cycle. Figure 19 represents the adrenal cortex of the hamster in March and 
October. 

In March the cortex grows thicker and the cells become more voluminous 
with numerous lipid inclusions in the inner pa r t of the zona fasciculata. 
The reticulated zone is thin, whereas there is a highly developed X-zone. 
I n October, the cortex becomes thinner, the cells become smaller, lipid 
inclusions are hardly visible, and the X-zone is involuted. 

Deane and Lyman (1954) determined the effect of the thermal environ
ment on the adrenal cortex in the golden hamster . They noticed a thinning 
of the cortex with a thickening of the glomerulosa when the animal was 
taken from a thermal environment of 23°C. and pu t in one a t 5°C. 

Ra ths and Schulze (1957) noticed t h a t the cortical involution during 
hibernation was confined to the fasciculated and reticulated zones. The 
glomerulosa becomes thicker. The awakening stress and the hypothermia 
stress produce, like hibernation, the same thinning effect on the fasciculata. 
According to Ra ths , the glomerulosa gradually becomes thicker during 
hibernation. 



230 Ch. Kayser 

FI
G

. 
18

. 
Pa

ra
th

yr
oi

d 
gl

an
ds

 o
f E

ur
op

ea
n 

ha
m

st
er

: 
a,

 D
ec

em
be

r 
19

46
; 

b,
 A

pr
il 

19
48

. M
ag

ni
fic

at
io

n 
X

 1
50

. 
Fr

om
 K

ay
se

r 
(1

95
7a

, 
p.

 3
73

). 



Hibernation 231 

FI
G

. 
19

. 
A

dr
en

al
 c

or
te

x 
of

 E
ur

op
ea

n 
ha

m
st

er
: 

a,
 M

ar
ch

; 
b,

 O
ct

ob
er

, 
g,

 G
lo

m
er

ul
os

a;
 /,

 f
as

ci
cu

la
ta

; 
r,

 r
et

ic
ul

at
a;

 X
z,

 X
 z

on
a;

 r
a,

 
m

ed
ul

la
. 

M
ag

ni
fic

at
io

n 
X

 1
90

. 
Fr

om
 C

h.
 K

ay
se

r 
an

d 
M

. 
A

ro
n 

A
rc

h.
 A

na
t. 

H
is

t. 
E

m
br

yo
l. 

33
. 

(1
95

0,
 p

. 
34

, 3
5)

. 



232 Ch. Kayser 

Kayser and Petrovic observed (1958) morphological signs (a great amount 
of ribonucleic acid, finely dispersed lipid inclusions) of an overactivity of 
the glomerulosa and of the fasciculata for a short t ime (2 or 3 weeks) in 
the au tumn when the animal enters hibernation. Signs of involution 
appear as early as November, when hibernation has just begun. 

Jus t before hibernation begins, the concentration of ascorbic acid in the 
adrenals (Suomalainen 1938a, 1940) and all other organs storing it (Krat-
inov et al, 1947) is maximal. According to Suomalainen (1940), the ratio 
reduced ascorbic ac id : to ta l ascorbic acid decreases in proportion to the 
drop of the metabolic ra te during hibernation. 

b.' The medulla. Suomalainen (1938b) measured the concentration of 
epinephrine in the adrenal according to the sodium acetate technique of 
von Euler (1933): he found the highest percentage in August (0.112% of 
adrenal), the minimum during hibernation in April (0.060%), and the 
average (0.070%) during hibernation in December, very similar to t ha t of 
the active s ta te in June (0.075%). 

In our studies, we used only the histological method and showed t ha t the 
medullary gland did not involute during sleep: next to uncolored areas we 
found areas colored with bichromate. The chromatophil areas increased 
considerably in animals staying in thermal neutral i ty in summer. In 1940 
(Kayser, 1940c) we came to the conclusion t ha t the percentage of epineph
rine varied during hibernation. The animal uses epinephrine during arousal 
and cannot always elaborate i t again as fast as i t eliminates it. Allara 
(1957), who used the method of Hillarp and Hokfelt (1954) in order to 
differentiate epinephrine from norepinephrine, came to similar conclusions, 
t ha t during hibernation norepinephrine increases whereas epinephrine 
decreases. The methylat ion of norepinephrine takes more t ime than the 
excretion of epinephrine. 

Ra ths and Schulze (1957), who also used the technique of Hillarp and 
Hokfelt, s ta ted t h a t the awakening of the hibernator entails considerable 
utilization of epinephrine. 

Therefore it seems t h a t the medullary gland is not involuted and t h a t it 
plays a great par t in the awakening process. Suomalainen and Uuspaa 
(1958) have reinvestigated this question. Their general conclusion is t ha t 
the medulla does not involute in hibernation. Their conclusion differs from 
ours concerning the relative amount of norepinephrine and epinephrine. 

6. Hypophysis 

Gemelli established in 1906 t ha t the anterior pi tui tary gland of the 
groundhog is involuted during winter by comparing the pi tui tary gland 
taken from hibernating animals in winter with those taken from animals in 
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summer. Cushing and Goetseh (1915) concluded, as did Kayser and Aron 
(1938), t h a t the hypophysis involutes during winter. Our s ta tement was 
based on the decrease of the acidophil cells and on the reduction of the 
cytoplasmic body. 

M a n n (1916) did not uncover a seasonal involution; he recorded only 
exceptional results similar to those of Cushing and Goetseh (1915). 
Coninx-Girardet (1927) found no variat ion of the acidophil cells, bu t an 
increase of the basophil ones in spring. In 1950, Kayser and Aron corrobo
rated their conclusions of 1938. 

On account of the reported contradictions, Azzali undertook again to 
carry out this s tudy (1953); he concluded t h a t there is a seasonal cycle; 
during hibernation, the amount of acidophil cells decreases whereas t h a t of 
basophil cells increases. The cytological characteristics of the eosinophil 
cells led him to conclude t h a t functional act ivi ty is reduced in winter. The 
eosinophil cells increase a t arousal in spring. They reach their maximal 
development in summer. 

Petrovic and Kayser (1956) showed tha t , considered from a morpholog
ical point of view, the pi tui tary body of a hamster in January and February 
does not differ from t h a t of a hamster in June . The results obtained by 
Lachiver et al. (1957) for the garden dormouse agree with t h a t s ta tement . 
We tested the gonadotropic and thyrotropic activity by the means of the 
testicular homografting technique: no testicular activity could be reported 
in October (Petrovic and Kayser, 1957), bu t as early as January a gonad-
stimulating activity could be shown. A thyrost imulat ing action can be 
reported whereas no gonad-stimulating activi ty can be reported in October 
(Petrovic and Kayser, 1958). The reactional level of the involuted thyroid 
in a u t u m n is so low t h a t testicular grafting or the injection of t iny quanti t ies 
of hypophyseal extracts of a bullock produces a thyroid reaction. Stimula
tion is more difficult when the thyroid is more active (in June) . 

7. The Hibernating Gland 

The hibernating gland was mistaken for a long t ime for the thymus . I t 
seems t h a t Barkow (1846) was the first to consider the brown fat as the 
"glandulae hibernales." Valentin (1857b) proved t h a t the loss of brown fat 
after 44 days of hibernation was greater t han t h a t of white fat (27.15% and 
19.15%), bu t t h a t after 163 days of hibernation, the loss of white fat 
amounted to 99 .31%, whereas t ha t of brown fat amounted to 68.78%. 

Morphological studies and biochemical researches proved t ha t brown 
fat differs from stored white fat (Hausmann, 1906; Rasmussen, 1923-1924; 
Coninx-Girardet, 1927; Dalquest and Werner, 1951; Boerner-Patzelt , 
1957) (Fig. 20). 



FIG. 2 0 . Brown fat of European hamster: a, October 1958 , fine dispersed lipids; 
b, May 1 9 5 8 , enormous fat droplets. Magnification X 5 0 0 . 
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The study of the respiration of the brown fat in vitro by means of redox 
potentials show tha t this tissue has a stronger metabolism in winter t han in 
summer (Fleischmann, 1929; Felix and Eger, 1938; Hook and Barron, 1941). 
Weill et al. (1957) undertook a biochemical s tudy of the hibernating gland 
of the groundhog in winter and in summer (Fig. 21). I t appears from the 
concentration of ribonucleic acid (RNA) t h a t the gland is more active in 
winter than in summer. The constancy of deoxyribonucleic acid (DNA) 
in both seasons, and the increase of the ratio R N A : D N A in winter, prove 
t ha t the increase of the glandular mass in winter is caused not by a mult i
plication of the cells, bu t by an increase of the protoplasmic mass. 

Wendt (1937, 1943) was the first to obtain an extract from a hibernating 
gland t h a t lowered the temperature of homoiothermic mammals . Zirm 
(1956, 1957) undertook this s tudy again: he obtained a very active extract . 
The effect of lowering the temperature has been noted only in extracts 
obtained from glands in winter. Bu t more recently, Morrison and Allen 
(1962) failed to induce hypothermia with brown fat implants. 

Recently, Trusler et al. (1953) pointed out the parallelism between the 
tolerance for experimental hypothermia of the groundhog (determined by 
the temperature at which the animal stops breathing) and the extent of the 
hibernation fat (Fig. 22). 
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FIG. 21. Chemical composition of hibernating gland during hibernation and during 
the summer active state {Marmota marmota). Weill et al. (1957, p. 403). 
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axillary brown fat weight 
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FIG. 22a. Graph comparing seasonal variations in cold tolerance and brown fat in the 
groundhog. During the mating season, when the brown fat is considerably reduced, there 
is a coincident reduction in cold tolerance. From Trusler et al. (1953, p. 76). 

tolerance to artificial cooling 

FIG. 22b. Temperature at which spontaneous respiration ceases during cooling. 
During the mating season deglanded groundhogs show a greater decrease in cold tolerance 
than normal groundhogs. From Trusler et al. (1953, p. 76). 

Recent experiments also performed a t Toronto in the laboratory of 
Bigelow (1962) confirm these results: brown fat implants confer an in
creased tolerance to deep hypothermia. 
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The results obtained by Haberey and co-workers (1960) are different: 
they worked on adrenalectomized ra ts exposed a t low temperatures and 
showed t h a t brown fat extracts made with the Zirm technique confer to the 
adrenalectomized ra ts a greater resistance to cooling. They conclude tha t 
brown fat acts like adrenal cortex and must have some importance in the 
rewarming mechanism during periodic arousals from hibernation. 

The results of Smith and Hock (1963) show clearly t ha t the brown fat-
plays an important par t in the mechanism of the rising of the body tempera
ture during arousal from hibernation. They show tha t the blood rewarms 
notably by flowing through the axillary brown fat during the early period 
of arousal. 

M. Summary of Studies on Mammals in Hibernation 

The energy consumption of mammals in hibernation drops to a minimum; 
this decrease of energy consumption is proportionally more important in 
smaller animals t han in heavy-weight animals. The decrease in the meta
bolic rate produces a reduction in cell divisions (growth of teeth, growth of 
the grafted tumors, decrease of sensitivity to X-rays) , an a t rophy of the 
digestive t ract , and a temperature t ha t does not enable the development of 
some parasites. The functions directly connected with the metabolic rate 
are reduced in the same proportion. 

As a rule, nervous functions are reduced, bu t they are not suppressed: a 
hibernator in hibernation differs from the artificially cooled homoiotherm 
in t ha t it keeps its nervous sensitiveness; it is not anesthetized; it sleeps at 
very low temperatures ; this nervous excitability remains even in vitro. 

The ionic modifications of the blood t h a t appear during hibernation are 
not very extensive and do not differ very much from those t ha t can be 
recorded for the homoiotherm in deep hypothermia. They do not enable us 
today to explain the persistence of excitability in hibernation hypothermia. 

S tudy of the endocrines reveals extensive modifications t h a t are not 
connected with the state of hibernation; they take place before the beginning 
of hibernation and before arousal. Some glands, such as the thyroid and 
the genital glands, whose secretion products increase the metabolic rate, 
are involuted. Others, having their pa r t in the emergency functions (medul
lary suprarenal gland), are not involuted. The insulin-secreting cells are rel
atively more numerous, and insulin induces hypothermia and torpor. The 
hibernating gland hypertrophies considerably a t the beginning of au tumn. 

All those observations indicate t h a t an impor tant pa r t is played by the 
endocrines in the hibernating mechanism. 

Awake hibernators in summer cannot be taken for homoiotherms: they 
have their own characteristics even during their estival activity s tate . 
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III. Awake Hibernators during Summer 

A. Incomplete Homoiothermia of Awake and Active Hibernators in 
Summer 

From the s tudy of the thermoregulation of awake hibernators in summer, 
some characteristics can be pointed out. 

Bats , which are no homoiotherms, must be first distinguished from all 
other hibernators: their temperature depends mostly upon the environ
mental temperature , as appears in Fig. 23 (Eisentraut, 1934). 

Hall (1832), Merzbacher (1903, 1904), Burbank and Young (1934), and 
Kayser (1939b) spoke of poikilothermia when they mentioned the bats . 
When studying the oxygen consumption of ba ts a t various temperatures in 
summer, we notice t ha t this consumption decreases when the environmen-
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FIG. 23. Environmental temperature and body temperature in bats (Plecotus auritus). 
From Eisentraut (1956, p. 120). 
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O.I I—2 1 1 L_ 
3 6 35 34 33 

1/T * 1 0 4 

FIG. 24. Environmental temperature and heat production by two bats (winter: 
Nyctalus noctula; summer: Plecotus auritus). Body weight: 20 gm. From Kayser (1950a, 
p. 107). 

tal temperature decreases. Figure 24 shows t ha t the heat production varies 
in the same proportion in winter as in summer; only the general metabolic 
rate is higher in summer. 

But if a period of 24 hours or more a t a low environmental tempera ture 
(10°C.) in summer induces a poikilothermic s ta te in the bats , it is possible 
to show tha t the bats are able, in short- term experiments, to develop an 
important heat production a t a low tempera ture : in our experiments of 
1939, the same bat showed an oxygen consumption of 3.320 ml . /kg . per 
hour a t 5°C. or 381 ml. only the next day a t t he same temperature . Ba t s are 

TABLE X V 

RECTAL TEMPERATURE OF VARIOUS HIBERNATORS AND HOMOIOTHERMIC MAMMALS 0 

Rectal Rectal 
temperature Homoiothermic temperature 

Hibernators (°C.) mammals (°C) 

Erinaceus europaeus 35 Talpa europaea 39.4 
Marmota marmota 36 Rattus norvegicus 37.65 
Citellus citellus 36.5 Microtus agrestis 38.5 
Cricetus cricetus 34.75 Cavia porcellus 38.6 
Glis glis 35.5 Capra hircus 39.8 
Muscardinus Canis familiaris 39.2 

avellanarius 35.75 

α Data from Eisentraut (1956, p. 4). 
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homoiothermic or poikilothermic in summer. The diurnal r h y t h m plays an 
important role: in the evening the bats show a greater tendency to the 
homoiothermic state t han in the morning. There is great similarity between 
the thermoregulatory behavior of ba ts and bees as discussed in the recent 
researches of Heusner. 

1. Rectal Temperature 

The central temperature of all hibernators during the active s ta te in 
summer is subjected to greater variations than t h a t of homoiothermic 
mammals . Table X V shows t h a t the mean central temperature of hiber
nators is lower in summer t han t h a t of the t rue homoiotherms. 

2. Thermoregulation 

If we s tudy the reaction of the hibernators to the thermal environmental 
variations—short-time and long-time reactions—we can first roughly 
consider these animals as homoiotherms. They increase their metabolic 
rate in a cold environment, their thermogenic energy, calculated from the 
metabolic ratio of Giaja (1924), summit metabol ism:basal metabolism is 
normal and amounts to about 3-4 (Table X V I ) . 

The s tudy of the long-time reaction—acclimatization—also indicates 
t ha t hibernators behave like smaller-sized homoiotherms: they increase 
their basal metabolism by 3 0 % (Table X V I I ) . 

However, a thorough investigation reveals some particulari t ies: as 
shown in Fig. 1, in the European hamster , marked hyper thermia could 

TABLE X V I I 

BASAL METABOLISM OF THREE HIBERNATORS AND OF THE WHITE RAT, 
EACH ADAPTED TO Two DIFFERENT TEMPERATURES 0 

Species 

Temperature of 
acclimatization 

(°C.) Kcal./kg./hr. Kcal./m. 2 /24 hr. 

Golden hamster 25 4.869 560 
8 6.646 743 

Common dormouse 28 4.468 612 
8 6.897 826 

Garden dormouse 20 8.193 696 
8 11.869 908 

White rat 28 4.613 727 
8 5.781 850 

° Data from Kayser (1939b, p. 1189). 
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T A B L E ^ X V I I I 

CHEMICAL AND PHYSICAL HEAT REGULATION BY HOMOIOTHERMIC ANIMALS 
AND ACTIVE HIBERNATORS 0 

Evaporative heat loss X 100: 
total heat production 

Body at 3 different temperatures 
weight 

Species (gm.) 30°C. 20°C. 18°C. 

Homoiotherms 
Rabbit 3000 28 18 17 
Pigeon 300 23 18 14 
White mouse 20 24 14 11 
Shorn rabbit 17 11 8.3 

Hibernators 
Groundhog 2000 20 — 8 
Hedgehog 600 21 13 — 
European ground squirrel 330 15 11 — 
European hamster 240 — 8 — 

a Data from Kayser (1939b, pp. 1166, 1167). 

already be detected a t temperature of 3 7 ° C ; i ts minimal production 
takes place a t 22° (657 kca l . /m. 2 /24 hr . ) ; it produces 683.5 kcal. a t 28°, 
913 a t 33°, and 1224 kca l . /m. 2 /24 hr. a t 36° (Kayser, 1939b). I t behaves 
like the marsupials. 

If we s tudy the short-time reaction to cold, we notice t h a t the increase of 
heat production for a temperature decrease of one degree amounts to an 
average of 6 .3%. This value is extremely high since we found 4 . 6 % (Kayser, 
1939b) for a pigeon of 300 gm.; Chevillard (1935) found for a white mouse 
of 20 gm. a value similar to t ha t for a groundhog of 2000 gm. 

If we s tudy the par t played by the loss of latent heat, we notice t ha t 
hibernators behave like shaved rabbits (Mayer and Nichita, 1929) or like 
the 20-gm. white mouse (Chevillard, 1935). At all temperatures below 30°, 
the amount of latent heat in the total heat loss is extremely low (Table 
X V I I I ) . 

In summer, awake hibernators have a very considerable chemical 
thermoregulation (heat production), bu t their physical thermoregulation 
(heat loss regulation) is insufficient. They behave like certain very young 
homoiotherms (Pembrey, 1895; Ginglinger and Kayser, 1929), like shaved 
homoiotherms (Mayer and Nichita, 1929), or like homoiotherms with a 
cut dorsal medulla (Freund and Grafe, 1912). 
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3. Resistance to Hypoxia 

Awake hibernators have two other characteristics in common with 
newborn homoiothermic mammals : ability to withstand hypothermia 
(Adolph, 1951) and anoxia (Edwards, 1824; Bri t ton and Kline, 1945; 
Hiestand et al., 1950). Table X I X sums up the s ta tement of Hiestand et al. 

This resistance to anoxia suggested to Hiestand and associates a cor
relation between "abili ty to hibernate and ability to withstand hypoxia 
conditions." The relatively short period of survival of the hamster can be 
considered as expressing its smaller ability to hibernate. 

TABLE X I X 

SURVIVAL TIME OF FIVE SPECIES OF NONHIBERNATING AND OF THREE SPECIES OF 
HIBERNATING MAMMALS AT 1 0 6 MM. H G ATMOSPHERIC PRESSURE ( P 0 2 = 2 1 MM. HG) 

PRODUCED BY SUDDEN DECOMPRESSION AT AMBIENT TEMPERATURE OF 2 4 ° C . ( 1 ° C . ) ° 

Number of Average survival time 

Animal animals Hours Minutes Seconds 

Nonhibernating 
Sparrow 1 7 — — 2 1 
Pigeon 3 — — 4 8 
Mouse 1 6 — — 2 8 
Rat 1 2 — 1 1 4 
Guinea pig 9 — 2 5 4 

Hibernating 
Hamster 1 8 — 8 5 4 
Ground squirrel 1 2 — 1 8 1 4 
Bat 1 1 1 0 1 6 

° Data from Hiestand et al ( 1 9 5 0 , p. 2 6 6 ) . 

IV. The Behavior of Hibernators in Autumn 

A. Thermoregulation 

The homoiothermia of awake hibernators varies in summer. Gelineo 
(1938), Kayser (1939a, 1950c), and Popovic (1951) showed t h a t the basal 
metabolism of hibernators decreases in au tumn, while the chemical thermo
regulation intensity is decreasing. Table X X shows the basal metabolism 
variations during summer. 

Gelineo determined the peak metabolic rate of the European ground 
squirrel: in September the average peak consumption of three animals 
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Number of Body Basal metabolic 
measure- Number of weight rate 

Month ments animals Species (gm.) (kcal./m. 2/24hr.) 

June 5 2 Citellus citellus 237 660 
August 6 2 C. citellus 313 642 
September 5 2 C. citellus 342 570 
July 3 2 Marmota marmota 1868 616 
Sept.-Oct. 4 4 M. marmota 2135 392 
May 6 3 Cricetus cricetus 309 753 
Aug.-Sept. 3 2 C. cricetus 321 657 

° Data from Kayser (1950c, p. 369). 

amounted to 4.663 ml. per kilogram per hour; in October it dropped to 
3.750, and in November to 3.056. 

Haberey (1960) has under taken researches on special hibernators, the 
Gerbillinae from the Sahara desert. These animals constitute a very special 
case: they behave a t cold environmental temperatures like other hiber
nators and show a great increase in heat production per degree of lowering 
of environmental temperature . Bu t their minimal heat production— 
their metabolic rate—appears a t a relatively high environmental tem
perature. This special behavior allows them to avoid water losses; the 
dryness of the desertic climate would be incompatible with great water loss. 

In 1939 Kayser (Kayser, 1939a) concluded thus : "The seasonal sleep 
occurs only for animals whose physical thermoregulation is deficient and 
whose chemical thermoregulation is gradually reduced. The par t played by 
the endocrines in the induction of sleep seems to be very important since 
the drop of the chemical thermoregulation coincides with the involution of 
these glands, and especially the hypophysis and the thyroid ." 

The acclimatization of hibernators which appears in so conspicuous a 
way (Mayer, 1953c) takes place without the thyroid modifications generally 
described in homoiothermic mammals (Adler, 1920; Cramer, 1920; Deane 
and Lyman, 1954). We did not find any morphological changes in the 
thyroid (Kayser, 1939b; Kayser and Aron, 1950) in acclimatized hiber
nators ; neither did Deane and Lyman (1954). However the use of I 1 3 1 

enabled Knigge (1957) and Knigge et al. (1957, 1958) to detect increased 
iodine fixation in the thyroid. There are some discrepancies between the 
results of the morphological s tudy of the gland and those of the s tudy of its 
power to fix I 1 3 1 . 

TABLE X X 

BASAL METABOLIC RATE OF VARIOUS HIBERNATORS IN SUMMER ACTIVE STATE 0 
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Β. Respiratory Changes 

Trusler et al. (1953) noticed in Bigelow's laboratory t h a t the critical 
tempera ture in experimental hypothermia a t which the spontaneous 
breathing of the groundhog stops, decreases in au tumn when the hiber
nat ing gland mass increases. 

Popovic (1953) determined the reaction of the active ground squirrel in 
summer and t ha t of the hibernating animal to the drop of oxygen partial 
pressure. In summer, the ground squirrel behaves like a homoiotherm 
rodent (the rat , for instance): when the oxygen pressure has fallen below 
100 mm. Hg, the oxygen consumption of the ground squirrej decreases in 
proportion to the drop of the oxygen pressure. For the hibernating ground 
squirrel, Popovic finds t ha t the animal does not react when the pressure 
drops below 100. The pressure must drop to 40 mm. Hg to modify the 
respiratory exchanges; but then the oxygen consumption of the squirrel 
increases: an oxygen part ial pressure of 40 mm. Hg stimulates awakening; 
in summer a part ial pressure of 40 mm. Hg brings the consumption down t o 
a value hardly consistent with life. 

C. Nutr i t ional Changes 

Most hibernators become fat in a u t u m n before they fall asleep. There is a 
storage of visceral and subcutaneous fat (Mayer, 1954), the lat ter es
pecially being stored in certain par t s of the body; in Scirtopoda telum, for 
instance, fat is very obviously stored in the tail. Figure 25 shows fat dis
tr ibut ion in a groundhog (Marmota baibacina) studied by Bibikov and 
Zhirnova (1956). 

All hibernators do not become fat in a u t u m n : hamsters which do not 
become fat have a hoarding behavior (Lyman, 1954; Eisentraut , 1956). If 
the hamsters are prevented from hoarding but get enough food to enable 
them to feed, their entering into hibernation is delayed (Lyman, 1954). 

Hibernators have a very peculiar instinctive al imentary behavior in 
a u t u m n : a real hyperphagia or excessive hoarding constitute obvious 
premonitory marks of hibernation. 

D . Choice of Dens 

Some hibernators make real au tumnal migrations; the best-known 
example is the ba t (Eisentraut, 1936; Anciaux, 1948; Hooper et al., 1951; 
Sealander and Young, 1955). Great movings are exceptionally reported 
(750 km.) for European species (Nyctalus noctula) (Eisentraut, 1936). The 
distances traveled are as a rule not longer t han 50-100 km. (Myotis 
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March April I May I June I July August 

FIG. 2 5 . Seasonal variations in nutritional state (Marmota baibacina). Curve 1. Per
centage of subcutaneous fat. Curve 2 . Percentage of visceral fat. Curve 3 . Nutritional 
index: length to body weight. From Bibikov and Zhirnova ( 1 9 5 6 , p. 1 5 6 7 ) . 

myotis). Some Nor th American species (Lasiurus borealis, Lasiurus cinereus, 
Lasionycteris noctivagans) usually under take seasonal travels comparable 
with those of migrating birds (Eisentraut, 1956) (Fig. 26). 

Bu t even if we cannot speak of a t rue migration of bats , the winter 
quarters of these animals differ from the summer ones (Eisentraut, 1956). 
In summer, most ba ts do not retire into caves during the day, bu t into 
towers, attics, trees, etc. 

The alpine marmot goes down from 2000 meters (summer dens) to 1500 
meters (winter dens). When there is no vertical migration the choice of the 
winter resting places is such tha t their situation is sheltered from winds and 
exposed to the sun (Hesse, 1924; Grizzell, 1955; Eisentraut , 1956). 

Some hibernators keep on living in the same den during winter and 
summer, but they improve the den for winter, generally making it deeper 
(European hamster, Eisentraut , 1928). These dens contain "storage rooms" 
in which the animal pu ts the food it has been hoarding before falling asleep 
(the maximum amount of food recorded for hamsters amounted to 6 kg. 
oats) . The extent of the dens depends on the age of animals (Fig. 27). 

One of the improvements consists in closing the entrance of the den. 
This process was already known to Gesner (1551). Rjabov (1948), too, 
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FIG. 26. a. Seasonal migrations of two sets (A and B) of Myotis myotis. b. Seasonal 
migrations of two individual Nyctalus noctula. From Eisentraut (1936, p. 21). 



248 Ch. Kayser 

FIG. 27. Hamster dens: # nest; Ο storage room; / / / / partial obstruction by fallen 
earth; X air-shaft. The cross-hatched part is an obstructed gallery. Exits are repre
sented by the elliptic terminals of the galleries. From Eisentraut (1928), cited by Krum-
biegel (1955). 

insists upon the importance of the "s topper" t ha t closes the den entrance 
of the groundhog in hibernation. This closing keeps off air currents and 
secures a very steady temperature in the den (Table X X I ) . Mayer (1955) 
points out the ability of a hibernating arctic ground squirrel to mainta in 
adequate survival temperatures within the hibernaculum dispite the low 
environmental temperatures of the arctic winter. 

TABLE X X I 

AIR TEMPERATURE AND " N E S T " TEMPERATURE IN THE DEN OF Marmota sibiricaa 

Date 
Air temperature 

(°C.) 
"Nest" temperature 

(°C.) 

Jan. 9 - 1 1 + 7 
Jan. 11 - 3 6 + 6 
Feb. 26 - 1 8 + 4 
Feb. 28 - 1 1 + 8 
March 2 - 1 2 + 8 
March 10 - 6 + 6 
March 15 - 6 + 8 
March 18 - 7 + 7 
March 21 - 4 + 6 
Oct. 2 - 5 + 6 
April 6 - 9 + 5 

a Data from Rjabov (1948, p. 249). 
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V. Analytical Study of Climatic Factors That Induce Hibernation 

Hibernators are very active when awakening in spring. Their thyroid 
reveals a very great activity (Mayer and Bernick, 1959). When the animal 
awakens, its genital glands are almost ready for mat ing (Mitchell, 1959). 
The mat ing season takes place a short t ime after the awakening, bu t there 
are species, hamsters for instance, whose mat ing period occurs later—in 
June or even in July . The growth of the young is very rapid (Fig. 28) as 
was shown also for the arctic ground squirrel by Mayer (1952) and Mayer 
and Roche (1954). 

At the onset of the cold season the hibernator has a tendency to let 
itself be overcome by cold: it becomes easily hypothermic. I t accumulates 
food. Endocrine studies a t t ha t t ime show an involution of the gonads, of 
the thyroid, and probably, too, of the pi tui tary body. 

There is doubtless an internal cycle which conditions the special instinc
tive behavior in au tumn. Bu t this internal cycle usually varies with climatic 
changes. 

Figure 29 shows the monthly variations in certain climatic factors re
corded in Strasbourg (48°35' Ν , 7°45' Ε, 134 meters) . These values represent 
the monthly means recorded for three years (1955, 1956, and 1957). 

If we compare the average values of the seven months (March to Septem
ber) during which they are active, wi th those of the five months (October 
to February) during which the hibernators of this region (bats, hedgehogs, 

2 
• • » • • 1 1 1 1 * 

Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. 

FIG. 28. Weights of groundhogs in three age classes. Numerals indicate number of 
observations. From Grizzell (1955, p. 271). 
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relative humidity 

precipitations (mm. water) 
hours of sunshine 

cloudiness 
temperatures °C. 
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Jan. Feb. Man Apr. May Jan. Jul. Aug. Sep. Oct. Nov. Dec. 

FIG. 29. Seasonal variations of some climatic factors at Strasbourg (48°35' Ν; 7°45' Ε; 
134 meters altitude). Monthly means recorded for three years: 1955-1957. 

hamsters) hibernate, we see t h a t the ratio of these values is highest for 
temperature 14.9:3.8 then comes, in decreasing order, the ratio for insol
ation, 161.2:56.2; the ratio is 65.2:38.7 for precipitation; and the ratio 
approaches uni ty (83:74) for relative humidi ty. 

A. Temperature Effect 

The immediate reactions and long-time reactions to the decrease of the 
environmental temperature in summer tha t indicate chemical thermoregu
lation and acclimatization in hibernators are summarized in Tables X V I 
and X V I I . In contrast, Fig. 24 shows poikilothermia in bats . 

Table X X I I shows t h a t in the garden dormouse the long-time reaction 
(acclimatization) does not necessarily take place. 

In the garden dormouse we find a t the same time manifestations of 
acclimatization [increase of the oxygen consumption, identical to t ha t of 
adapted animals (Kayser, 1939b)] and hypothermia with torpor. 

The prolonged period a t a low temperature (7°C) in summer regularly 
induces hibernation as shown in the results published by Kayser (1961). 
Garden dormice, European ground squirrels, and European hamsters, three 
species of very different hibernating capacities, behave all in the same 
manner ; after some t ime they fall asleep and under constant conditions 
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TABLE X X I I 

REACTIONS OF THE GARDEN DORMOUSE TO COLD DURING AUGUST AND SEPTEMBER 1 9 5 8 A 

A. Oxygen consumption 

Date Colonic temperature O 2 

in 1 9 5 8 Number of animals ( °C . ) (ml./kg./hr.) 

Aug. 2 9 5 4 5 . 8 5 9 . 5 
Sept. 6 5 0 7 . 0 8 2 . 6 
Sept. 6 5 3 6 . 0 5 0 . 3 
Aug. 2 6 5 1 3 7 . 5 5 3 9 8 . 0 
Aug. 2 6 5 4 3 7 . 0 5 5 2 9 . 0 
Aug. 2 6 5 0 3 9 . 0 5 5 5 1 . 0 
Aug. 2 6 5 3 3 9 . 0 5 7 6 8 . 0 

B. Heart frequency 

Colonic temperature 
Date Number of animals Beats per minute (°C.) 

Aug. 6 5 1 3 3 8 . 0 
Aug. 6 5 2 2 1 5 . 6 
Aug. 6 5 3 7 0 9 . 5 
Aug. 7 5 0 3 5 6 . 0 
Aug. 7 5 1 2 7 5 . 0 
Aug. 7 5 3 3 0 6 . 0 

Aug. 7 5 4 6 3 8 . 0 

β The animals were kept at 5°C. from August 1, 1 9 5 8 . 

hibernation evolves regularly: the sleep periods first increase, then are 
maintained a t a fairly constant level during 3 or 4 months ; then the sleep 
deepness decreases and after 6 months from the beginning of hibernation 
the hibernator awakes. 

Hibernation is possible for the European ground squirrel a t temperatures 
up to 30°C. (Mayer, 1953a; Popovic and Popovic, 1956). Bu t temperatures 
as high as these compatible with hibernation are exceptional (Table I I ) . 

Johnson (1930) effected precooling experiences: during 2 weeks the ani
mals were pu t for 8-15 hours per 24 hours in a temperature environment of 
7-8°C. For the thirteen-lined ground squirrel, he noticed t h a t 41 .7% of 
the animals undergoing this procedure entered hibernation as against 
only 2 6 % of the animals t h a t had not undergone precooling. This method 
reduced the period required to induce hibernation in the refrigerator to 
60 .5%. 
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One may say t ha t temperatures of 5-10°C. are extremely propitious for 
inducing hibernation. If animals are to be kept awake in winter, they have 
to be pu t in a 20°C. temperature environment. Some ground squirrels and 
garden dormice may enter hibernation in these conditions, but these are 
exceptions among hibernators and this fact cannot always be recorded. 

Pengelley and Fisher (1963) have studied for two years the effect of 
temperature on the hibernation of captive golden mantled ground squirrels 
(Citellus lateralis tescorum). They show tha t hibernation takes place in this 
species only if the body weight has reached a critical point. This degree of 
fattening can be accelerated if the animals are placed a t a high tempera
ture. By an orderly arrangement of environmental temperature modifica
tions, it is then possible to reverse the normal seasonal hibernating cycle 
and to realize hibernation in summer and active s tate in winter. 

B. Effect of Light 

Johnson (1930) tackled the problem of light experimentally in the case of 
the thirteen-lined ground squirrel: animals in a lighted refrigerator (50-
100 watts) slept nearly as much as animals in the dark. Folk (1957) showed 
tha t illuminating the animals for 8 hours per 24 hours does not hamper 
hibernation. Hock (1955) changed the diurnal illumination period of an 
arctic ground squirrel: on the first of August, he submitted the animals to 
a diurnal illumination period equal to t h a t of September. This shortening 
of the light period speeds up fattening, but not hibernation. Mayer (1953a,b) 
noted tha t the arctic ground squirrel, Spermophilus undulatus, behaves as a 
diurnal animal of the Temperate Zone despite the 24 hours of daylight 
during the arctic summer. 

Konig (1960) has undertaken a new s tudy on the effect of light on the 
weight cycle of Glis glis, the annual act ivi ty-rhythm and hibernation. If he 
reduces the durat ion of illumination (18 hours) after June 21 more than 
the normal reduction, then the appearance of fattening, reduced activity, 
and hibernation is anticipated. 

If, on the contrary, he keeps the duration of illumination constant (18 
hours) then there is no fattening and no reduction of activity. 

Studying the effect of U.V. rays he shows t ha t in opposition to the former 
assumption of Nitschke (1932), there is no effect of one hour daily exposure 
to U.V. rays on the entrance into hibernation. 

C. Air Composition 

The ventilation of the burrows of the hibernators must be bad. This is 
why as far back as 1782, Daubenton, and in 1798, Geoffroy Saint Hilaire 
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tried to induce winter sleep by combining the effect of cold with t ha t of 
air with a relatively high CO2 content . Saissy (1808), and Barkow (1846) 
thought t h a t such air was favorable to hibernation. Johnson (1930) tackled 
this problem experimentally in a half-quantitative way. He pu t thir teen-
lined ground squirrels into a refrigerator. The animals were divided into 
two groups: one group lived in very well-aired containers and the others in 
containers with part ial obturat ion which were, however, sufficiently well 
ventilated to prevent asphyxia of the animals; he noticed t h a t the animals 
in incompletely aired containers slept for 6 8 % of the t ime they stayed in 
cold; the other animals slept only for 4 1 % of the t ime. The animals staying 
in the s tagnant air entered hibernation after a shorter la tency; th is latency 
was reduced by more than half compared with t h a t of the control animals. 

Is this to be accounted for by the anesthetizing effect of the CO2 or by 
the drop of the part ial pressure of oxygen? I t has been established in narcosis 
tests with CO2 (Benedict and Lee, 1938; Kayser, 1940c) t h a t the effect 
disappears as soon as the concentration of CO2 drops from 2 0 % (narcotizing 
concentration) to the normal atmospheric concentration. On the other hand, 
Br i t ton and Kline (1945) and Hiestand et al. (1950) established a correlation 
between ability to hibernate and tolerance for anoxia. 

Their researches have been subjected to a new investigation of Bullard 
et al. (1960): if ground squirrels are exposed for 5-6 hours to 7°C. and a 
barometric pressure of 150 mm. Hg only, then their temperature falls to 
about 2°C. over the room temperature . When atmospheric pressure is 
returned to normal, their temperature remains low. If after 4 hours the 
room temperature is raised to 15°C, rewarming of the animals takes place. 
Bullard speaks of "neural h iberna t ion/ ' t h a t is, a partial hibernating 
behavior. 

D. Effect of the Relative Humidi ty of the Air 

The clearest observations revealing the par t played by the humidi ty of 
the air are those of Gottl ieb (1950). She studied a very small hibernator 
(Sicista betulina) and established t h a t this animal was looking for a dry 
den in summer. If only t h a t dry burrow is available to hibernate in, the 
animal becomes dehydrated. If the birch mouse can choose between a dry 
and a wet burrow (moss), it chooses the dry den for summer and the moss 
for a u t u m n and winter. Gottl ieb could thus prevent accidents during hiber
nat ion. We undertook a similar experiment with the garden dormouse, but 
moss shelters a t a constant tempera ture (+5°C . ) prevented only par t of 
the accidents. 

Ba t s look mostly for the wet test places in caves. During hibernation 
they do not fear condensation of water on their fur (Eisentraut, 1934). 
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Pirlot (1946) and Anciaux (1948) saw them drinking and they interrupted 
their sleep not in order to feed, but to drink. For hibernating bats , it seems— 
at least, for certain species—that condensed water plays an impor tant role. 

E . Dependence of Hibernation on Climatic Factors (Estival Sleep) 

Shaw first (1921), and after him various Russian authors (cf. Kalabukhov, 
1956), could prove t ha t the length of hibernation as well as the t ime of 
entering into hibernation are often directly conditioned by climatic factors. 
Shaw could establish t h a t California ground squirrels appear on February 8 
if their den is si tuated a t an alt i tude of 300-500 meters, and not unti l 
March 21 if their den is situated a t 850 meters. Ismagilow observed Citellus 
major. In 1941, with an early spring, the animals appeared on February 
5; in 1943, with a late spring, the animals appeared on March 5. The interval 
between the first and the last appearance is on the other hand very con
stant—it lasts 46 days ; the greatest deviation is no more than 8 days (51 
and 43 days). 

The vanishing of the animals into the steppes is also conditioned by 
climatic conditions, but in an indirect way; Shaw (1925), and Kashkarov 
and Lein (1927) noticed t ha t entering estivation-hibernation was induced 
by a lack of water ; bu t the lack of water acts indirectly by its repercussions 
on the vegetal feeding. The disappearance of animals is the more delayed 
as their herbaceous food remains the greener and has a higher proportion 
of water. Wade (1930) was not able to point out this direct connection 
between alimentary water absorption and the appearance of summer 
dormancy; bu t Foster et al. (1939) proved in the case of the thirteen-lined 
ground squirrel tha t , of 18 animals abundant ly fed, 7 4 % entered into torpid 
s tate whereas of 14 control animals, limitlessly supplied with drinking 
water, only 1 2 % entered the torpid s tate . 

Alimentary water is an essential factor; the faster the grass of the steppe 
dries, the sooner summer dormancy occurs. Kalabukhov (1956) accounted 
for Wade 's failure to confirm Shaw's results by the fact t ha t it requires a 
temperature below + 2 2 ° C . in addition to the dryness of food to induce 
estivation-hibernation in the squirrels of the steppe. Even on the hot test 
summer days the temperature of the burrow of pygmy squirrels never rises 
above 22°C. 

The special hibernating behavior of the Syrian hamster (Mesocricetus 
auratus) is tentatively a t t r ibuted by Mogler (1958) to the dryness of its 
original country. 

Therefore climatic factors ( temperature and humidity) have an imme
diate effect on hibernation. 
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The decrease in tempera ture in au tumn m a y bring about a part ial or 
even a complete disappearance of food for hibernators (bats for instance). 
This problem has been extensively investigated not for hibernators, bu t 
for some birds: swallows, swifts, and hummingbirds (Lorenz, 1932; Dupond, 
1937; Huxley et al., 1939; Koskimies, 1948; Pearson, 1950; Bartholomew 
et al, 1957). 

Of hibernators, M a n n wrote in 1916: "Usually when it was desired to 
make an animal hibernate, food was withdrawn, the animal was placed in a 
dark room and the temperature was gradually decreased. This approximates 
normal conditions and as a rule the method proved to be very satisfactory." 
Johnson (1930) stated for the thirteen-lined ground squirrel t h a t s tarvation 
reduces by 5 0 % the durat ion of the s tay a t a low temperature required to 
induce hibernation. In fact, s tarvat ion increases threefold the length of 
hibernation. This is t rue for the groundhog, the ground squirrel, and the 
common dormouse; bu t the impossibility of satisfying the hoarding be
havior hampers entering hibernation for the golden hamster (Lyman, 1954). 
As for the garden dormouse, Lachiver and Kayser (1958) discovered for 
five animals observed in August for 30 days t h a t 24 hours1 s tarvat ion in a 
cold room a t + 5 ° C . (±2 .0 ) caused hypothermia and torpor in 9 0 % 72 
hours ' s tarvat ion in 100%. When animals were supplied with food, dor
mancy in August was recorded only 6 t imes out of 62 (9.7%). For animals 
a t + 7 ° , in September, light hypothermia was reported in 5 animals out of 
84, (about 6 % ) ; their temperature did not drop below 20°. These exper
iments corroborate the importance of both tempera ture and feeding in 
inducing hibernation. 

VI. Entering into Hibernation and Awakening of Hibernators 

As a rule, two sorts of entering into hibernation and awakening must be 
distinguished: (1) entering into hibernation in au tumn and the spring 
awakening, i.e., the entering and coming out of complete hibernat ion; 
(2) the periodic arousals during hibernation. 

Enter ing into hibernation seems to be, first, an exaggeration of the 
diurnal rhy thm. The case of the alpine marmot (Dubois, 1896) and of the 
ba t seems to be the most characteristic. Eisentraut (1934) said t h a t the 
ba t passes from Tagesschlaflethargie to Winter schlaflethargie (from diurnal 
sleep torpor to winter sleep torpor) . In an experiment on the garden dor
mouse in July and August, deep hypothermia and slow hear t rhy thms could 
be detected only between 9 and 11 A.M. If the animals can feed they awaken 
and are active a t 6 P.M. (Lachiver and Kayser, 1958). 
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FIG. 30. Continuous record (experiment 327) of heart rate and body temperature 
(TR = rear skin temperature), showing hedgehog going into, in, and coming out of deep 
hibernation three times in 5 days. Times of events as indicated numerically on the 
graph are as follows: 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 

14:00 
03:00 
12:00 
01:00-13:00 
17:00 
18:00 
06:00 
12:00 

3/29/53 
3/30/53 to 03:00 
3/31/53 
4/1/53 
4/1/53 
4/2/53 
4/2/53 to 10:00 
4/3/53 

3/31/53 

4/3/53 

From Dawe and Morrison (1955, p. 371). 

At the beginning of hibernation, the uninterrupted sleep periods are a t 
first short and then are increased very quickly (Fig. 5). They reach a 
maximum [this maximum is observed for nearly 4 months (Fig. 5)], decrease 
again, and lead to spring arousal. 

For a long time, the mechanism of entrance into torpor has been studied 
only during hibernation. Dawe and Morrison (1955) studied continuously a 
hedgehog in March and April and could record three successive arousals 
within 5 days : the rectal temperature and the hear t ra te were continually 
measured during these periods of awakening and of entering dormancy 
(Fig. 30). 

The duration of entrance into torpor is longer t han t h a t of awakening. 
Lyman (1958) studied the entering into sleep of the groundhog (Fig. 31). 
This process lasts 8 hours. The phenomenon takes place gradually; sudden 
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FIG. 3 1 . Typical record of groundhog entering hibernation, showing chilling and 
re warming in the first 2 hours, then steady decline into hibernation. Heart rate drops 
first, followed by oxygen consumption and then body temperature. Heart rate and 
oxygen consumption increase before body temperature does when animal rewarms. 
From Lyman ( 1 9 5 8 , p. 8 6 ) . 

increases of the hear t ra te and of oxygen consumption can be recorded: 
from t ime to t ime the hear t rate, which amounts a t the beginning to 90 
beats per minute, drops to 8 or 10 beats per minute, bu t about 2 hours 
after the beginning of entering into torpor, there are peaks t h a t can exceed 
even 100 beats per minute . 

This curve (Fig. 31) shows t ha t cooling, entering into torpor, and hypo
thermia do not occur without the groundhog reacting to them. 

The most detailed s tudy of the entrance into hibernation has been under
taken by Strumwasser (1959a,b, 1960). By measuring the brain temperature 
of a Californian squirrel (Citellus beecheyi), he showed t ha t it dropped 
every evening (circadian r h y t h m ) . Every second day, this drop is more 
pronounced (e.g., 1st day, 3 5 ° C ; 2nd day, 3 0 ° C ; 3rd day, 3 5 ° C ; 4th day, 
2 8 ° C ; 5th day, 3 4 ° C ; 6th day, 2 3 ° C ) , tending progressively toward the 
critical value of t rue hibernation. The Citellus beechyi studied by Strum
wasser behaves like the European citellus: the period a t low tempera
ture induces hypothermia and hibernation in summer and in winter, 
but the critical hibernating temperature is at tained after a much shorter 
t ime in winter t han in summer. The t ime curve of the decreasing brain 
temperature a t the t ime of the entrance into hibernation descends more and 
more abrupt ly as the animal goes into hibernation for the first, second, third, 
fourth, or fifth t ime. The thorough s tudy by Strumwasser of the curve of 
brain temperature during the entrance into hibernation shows tha t there 
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FIG . 32. Rise of the colonic and pharyngeal temperatures during arousal at two 
different environmental temperatures (European ground squirrel). Kayser et al. ( 1 9 5 4 , 

are steps and plateaus in the declining brain temperature . The typical 
hypothermia in hibernation is therefore not the consequence of a constant 
and regular process of cooling bu t ra ther results from alternate variations 
in heat production and heat loss. 

In contrast to this progressive and interrupted cooling by the entrance 
into hibernation, the awakening is much more abrupt t h a n the entering 
into torpor (Valentin, 1857c; Dubois, 1896; Pembrey and White, 1895-
1896). 

Figure 32 illustrates the rise in tempera ture of the pharynx and of the 
rectum during the arousal of European ground squirrel a t environmental 
temperatures of 18-20° and 8-10°C. This figure emphasizes the importance 
of the environmental temperature in rapidity of warming and the difference 
noticed between pharyngeal and rectal temperatures . All authors since 
Valentin (1857c), who measured a t the same t ime the temperature of the 
fore- and hindquarters , have noticed the same fact: the temperature rises 
in the mouth and in the esophagus much earlier t h a n in the rectum. Mares 
(1892) and Dubois (1896), using dyes, had already concluded t ha t the 
blood stopped circulating in the hindquarter during arousal. Lyman and 
Chatfield (1950) used Thorotras t and established t h a t the blood circulation 
was really short-circuited during arousal: during arousal, the Thorotras t 
can no longer be seen behind the renal arteries. This circulatory short-
circuit occurs only during arousals; it is reported neither in the sleeping 
animal nor in the awake animal; in fact, toward the end of arousal, the 
rectal temperature and the pharyngeal temperature become similar (Fig. 

p. 170). 
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32). This vascular spasm is extremely propitious to awakening: the con
siderable amount of work supplied by the heart warms up the forequarters 
of the animal, this work being done by a plentiful coronary circulation. In 
the resuscitation experiments of And jus and Smith (1955) the heating 
appara tus must supply a preferential warming up of the heart . 

Menaker (1962) has under taken a s tudy of the ability of a vespertilionid 
ba t to raise its body temperature from the hypothermic to the normother-
mia state in winter and in summer: he has seen tha t animals collected and 
tested in September or October raise their temperature in 40 to 80 minutes 
from 3° to 36°C. In order to test their re warming ability, the animals are 
cooled down by a s tay in a refrigerator and are mechanically st imulated to 
awake. Animals collected and tested in June were unable to raise their 
body temperature under the same conditions. Bats collected and tested 
in August show all stages from rewarming like animals studied in Sep
tember to animals unable to rewarming. This difference we think is not 
to be a t t r ibuted to a bet ter thermoregulation in winter t h a n in summer bu t 
to the lack of vasoconstriction in the hindquarters of the animals in summer. 
This hypothesis is also formulated by Menaker. An alternative explanation 
would be based upon a difference in nervous excitability in summer and 
winter. 

The essential source of heat for the warming up is provided by the 
shivering of striated muscles (Lyman and Chatfield, 1950). The muscular 
potentials recorded a t the same t ime as the electrocardiogram (ECG) 
(Lyman and Chatfield, 1950; Kayser, 1957a) show t h a t if the striated 
muscle contraction is the essential source of heat , it is not the only one: the 
curarized animal warms up again, too (Lyman and Chatfield, 1950). 

Lyman and Leduc (1953) established t h a t during arousal the muscles 
lost a good deal of their glycogen (3.5 mg. per gram a t the beginning and 
2.1 mg. per gram a t the end of arousal) and t h a t the hepatic glycogen 
decreased considerably (37.6 mg. per gram and 13.5 mg. per gram). We saw 
t h a t the respiratory quotient in the golden hamster , in the ground squirrel, 
and in the European hamster was higher during awakening t han during 
sleep (Kayser et al., 1954). However, the measurement of the respiratory 
quotient shows tha t , a t the beginning of arousal, a noticeable par t of the 
C 0 2 production has no metabolic origin. 

Figure 33 shows a continuous recording of oxygen consumption, CO2 
production, R.Q., rectal temperature , and E C G during an arousal. 

The electroencephalogram of arousal has been the subject of many 
studies (Kayser, 1950a; Chatfield et al., 1951, 1954a; Rohmer et al, 1951; 
Lyman and Chatfield, 1953; Raths , 1958). 

We report here an arousal recording of the hamster and the ground 
squirrel. Figure 34 shows the electroencephalogram (EEG) , the electro-
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FIG. 3 3 . Oxygen consumption, C O 2 production, respiratory quotient, rectal tem
perature, and heart frequency during arousal (European ground squirrel, 2 1 5 gm.). 
Environmental temperature: 2 3 ° C . 

cardiogram, and the brain tempera ture : the first EEG-manifestat ions can 
be noted in the hamster when its brain temperature reaches 17.5°C. and in 
the ground squirrel when its brain temperature reaches 7°C. 

In Fig. 35 we report an electroencephalogram of a ground squirrel whose 
"physiological" arousal occurred a t 7°C. The awakening lasted nearly 3 
hours. We report here the phase which seems particularly worth studying. 

During the awakening of the hibernator, we recorded an E E G similar to 
t ha t of man during sleep: bu t the waves characterizing man ' s sleep appeared 
when the hibernator was almost awake (delta waves 2 hours and 40 minutes 
after the beginning of arousal, and spindles 3 hours after the beginning, 
when the eyes of the animal are open and when it moves if touched). 

Chatfield and Lyman (1954a) established t h a t the first manifestations of 
electrical activity during arousal are found in the amygdala. Ra ths (1958) 
took as an "arousal t e s t " the continuous electrical activity and noticed 
activity first in the mesencephalon, then in the rhinencephalon, then in the 
lateral hypothalamic area, and finally in the corpora mamillaria and the 
neocortex. 
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FIG. 3 5 . Electroencephalogram during arousal at 7 ° C . environmental temperature 
(European ground squirrel, 2 5 5 gm.). 1, Shivering; 2 , silence; 3 - 5 , minimal spontaneous 
activity; 6, shivering and spontaneous activity; 7, continuous activity; 8, shivering and 
spontaneous activity; 9, delta waves; 10, spindles; 11, spindles. 

VII. The Physiological Mechanism of Hibernation. Artificial Hibernation 

The preceding sections can be summed up in the following s ta tements : 
(1) An awake hibernator in summer differs from a t rue homoiothermic 
mammal . (2) An awake hibernator in summer does not present the same 
characteristics as in winter. 

In summer, the active hibernator has certain features in common with 
very young homoiotherms. Both resist abnormally well anoxia and hypo
thermia. They have a well-developed chemical thermoregulation and an 
insufficient physical thermoregulation. 
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The special behavior of hibernators to hypothermia has interested 
physiologists since a long t ime. Walther (1865) and Horva th (1876) knew 
their peculiar resistance to artificially induced hypothermia. Today, this 
problem interests a great number of physiologists. The peculiar adaptat ion 
to cold was observed a t the cellular level in the researches of Chatfield 
et al. (1948). They noted t h a t the critical temperature for nerve conduction 
in vitro was much lower in a hibernator (the golden hamster) t han in a 
homoiothermic mammal (the ra t ) . Kayser (1954) showed first t ha t the 
critical heat increment for the tissue respiration of kidney slices was lower 
for kidneys from European hamsters t han from ra t s : the less marked de
crease of oxygen consumption in hamsters , by a lowering of the environ
mental temperature was interpreted as a special adapta t ion to cold of 
tissue respiration of hibernators. Bu t the more extensive researches under
taken on other tissues (brain, liver, muscle, spleen, lungs) showed t ha t the 
kidney was an exception (Kayser, 1959c). The results obtained by South 
(1960) differ part ial ly; he observed a t temperatures below 10°C. a less 
pronounced temperature effect on the oxygen consumption of brain slices 
from bats t h a n from homoiothermic animals. Studying the oxygen con
sumption of heart mitochondria, he also observed a lower effect of tem
perature on hear t mitochondria from hibernators (hamster) t han on ra t 
hear t mitochondria. The results published by Meyer and Morrison (1960) 
showed no evidence of adapta t ion of the respiration rate of kidney, spleen, 
lung, and brain slices from hibernators. 

Since the results obtained by the use of the temperature effect on tissue 
respiration were not clear-cut, Kayser and Lucot (1959; Kayser, 1961) 
used different cellular poisons to solve the problem of the special adaptat ion 
of the tissues of hibernators to cold. They showed t h a t malonate depresses 
the oxygen consumption of brain slices from hibernators less than tha t of 
homoiothermic animals. Dinitrophenol increases the oxygen consumption 
of brain slices from hibernators more t han t h a t of homoiothermic rats . The 
results obtained with dinitrophenol on hear t muscle slices show also a 
greater increase in oxygen consumption in hibernator hear t slices. These 
results indicate t h a t the relative importance of glycolysis to the oxygen 
consumption and the oxidative resynthesis of A T P (adenyltriphosphoric 
acid) is not identical in hibernators and homoiotherms. New researches 
undertaken to give a more direct proof of these differences showed t ha t the 
oxygen consumption and the A T P production are more intense in hiber
nator brain homogenates t han in homoiothermic brain homogenates. The 
P : 0 ratio is not different. This observation was obtained with a succinate 
substra tum. The same s tudy under taken on myocardium homogenates 
showed t h a t oxygen consumption and A T P production are lower in hiber
nators t han in homoiotherms; the P : 0 ratio is lower in hibernators also. 
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The results obtained on isolated brain mitochondria are identical with the 
results obtained with homogenates: brain mitochondria from hibernators 
produce more A T P than mitochondria from homoiotherms; the P : 0 ratio 
is 2.1 for hamsters and 1.6 for ra ts or guinea pigs (Kayser, Vincendon, 
Frank, and Porte , 1962). 

Kayser et al. observed also t h a t the P : 0 ratio, the importance of oxygen 
consumption, and the A T P production of brain mitochondria in homoio
therms are constant during the year while in hibernators they show a 
seasonal cycle. But despite these seasonal fluctuations the A T P production 
by brain mitochondria is always more pronounced in hibernators. I t seems 
permissible to conclude t ha t there exists an adapta t ion a t the subcellular 
level of brain tissue of hibernators to ensure a central nervous activity in 
spite of a very low temperature , this temperature being realized artificially 
in summer by cooling, or in winter during the winter sleep. 

Differences between adult homoiotherms appear inter alia in the way of 
storing fat during a prolonged stay at a low tempera ture ; different reactions 
can also be noticed in vitro upon nerve conduction. 

Bu t the differences between an active hibernator in summer and a 
homoiotherm cannot be noticed a t first sight: quant i ta t ive experiments 
have to be undertaken in order to ascertain them. On the other hand, all 
naturalists have been struck by the difference between the active hibernator 
in summer and the sleeping hibernator in winter. Vincent de Beauvais 
said: " . . . immobiles quasi mortui jacent (in hieme) sed estivo tempore 
reviviscunt." 

The changes in the endocrines in au tumn being one of the most con
spicuous manifestations t ha t make the active hibernator in summer differ
ent from the sleeping hibernator in winter, nearly all a t t empts to induce 
hibernation experimentally are based on artificial changes in the endocrines. 

Aron and Kayser (1939) succeeded in keeping a common dormouse in 
winter sleep from October to the end of July by maintaining it a t an 
environmental temperature of + 5 ° C . When we killed the animal, the 
endocrines showed all the characteristics of "winter" glands. From 1950 
onward, we published a t intervals (Kayser, 1950a,b, 1953, 1957a) results 
concerning the appearance of hibernation in the European ground squirrel 
in June , July, or August. In all these experiments hibernation occurred in 
animals placed at + 5 ° C . and the histological analysis of the endocrines 
showed involution. 

We came to the conclusion tha t hibernation may occur a t any t ime of 
the year, a t least in the ground squirrel, so long as the endocrines have the 
characteristics of the winter glands. 

Our observations were confined to the histologic s tudy of the thyroid, of 
the gonads, and of the pi tui tary body. Bigelow (1954) and McBirnie et al. 
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(1953) were especially interested in the hibernating gland, and Trusler 
et al. (1953) could state t ha t the groundhog resisted hypothermia bet ter 
when its brown fat was more developed. Bigelow (1954) tried to obtain 
extracts from this gland to prove its efficiency, bu t he failed. On the other 
hand, Zirm (1956, 1957) undertook again Wendt ' s experiments (1937, 
1943) and could obtain an extract from the hibernating gland of the 
hedgehog t ha t produced hypothermia in mice; the only gland extracts t h a t 
proved effective were those obtained in winter. 

Our knowledge about brown fat has been improved by the s ta tements of 
Selye and Timiras (1949) and those of Suomalainen and Herlevi (1951): 
these authors could prove t h a t the reaction of the brown fat to stress was 
like t h a t of the adrenal cortex. 

We have already mentioned the results obtained by Haberey et al. (1960), 
which are in accordance with the experiments of Selye and Suomalainen 
and show t h a t brown fat increases the resistance of adrenalectomized ra t s 
to cold environment, bu t appears to be without any hypothermizing effect. 

The experiments of Popovic and Vidovic (1951), Popovic et al. (1956), 
Vidovic and Popovic (1954), and Kayser (1957b), like those of Petrovic and 
Kayser (1958), proved t h a t the adrenal is necessary to hibernation. 

From Fig. 36 it can be seen t h a t adrenalectomized animals no longer 
enter hibernation and t h a t therapy with deoxycorticosterone acetate 
(DOCA) can bring back the ability to hibernate to 5 0 % of the value in 
the control animals. Cortisone proved inefficient. We could corroborate the 
s ta tements of Popovic and Vidovic except for the effects of the substi tution 
therapy; in the experiments of Popovic and Vidovic the cortisone proved 
more efficient. These results are interesting from different points of view: 
whereas the thermoregulation of the homoiothermic animals can be brought 
down by adrenalectomy, the adrenalectomized hibernator remains euther-
mic by a s tay a t + 5 ° C . and does not enter hibernation. Injections, in 
general, awaken hibernators ra ther t h a n favor sleep even if the injected 
substance consists of isotonic NaCl 9 % at the same temperature as the 
hibernator (Zondek, 1924). I n these experiments, sleep is brought about 
again only if the animal gets injections every 48 hours. 

One of the most conspicuous manifestations of hibernation is the in
volution of the gonads (Fig. 14 and 15). Johnson (1930) castrated male and 
female thirteen-lined ground squirrels: 55 .6% of the castrated males 
entered hibernation against 33 .6% of the control animals; 4 5 % of the 
castrated females against 3 0 % of the control animals. Foster et al. (1939) 
noticed for the same species t h a t twelve castrated animals had slept for 
9 days within a 12-day period (75%), whereas within 12 days the control 
animals had slept for 6 days (50%). Thus , castration makes sleep easier. 
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FIG. 36. Hibernation by European hamster (control animals, adrenalectomy + 
DOCA, adrenalectomy + cortisone, adrenalectomy + NaCl). From Kayser and Petrovic 
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Lyman and Dempsey (1951) injected testosterone into the golden hamster : 
the experiment lasted 10 days : six animals remained awake, ten presented 
various periods of hibernation (9, 8, 6, 4, 3, and 2 days) . These experiments 
enable us to s ta te t h a t testosterone propionate can prevent the coming of 
sleep. This corroborates our s ta tement : as early as January the gonads 
are becoming active again though sleep less deep may still occur. 

Involution of the gonads plays an unquestionable par t in the inducement 
of hibernation, bu t this pa r t does not seem to be an outstanding one. 

I t is roughly the same for the thyroid and the endocrine pancreas as 
regards hypoglycemia: M a n n (1916) thyroidectomized thirteen-lined 
ground squirrels and saw tha t the hibernation of operated animals did not 
differ from tha t of control animals. This is one of the reasons why he came to 
the following conclusion: "The results of this s tudy do not justify the as
sumption of any theory ascribing the phenomenon to a lack of function of 
all or any one of the ductless glands." Bu t according to the opinion of M a n n 
himself, the thyroids of ground squirrels always show very little activity. 
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Therefore we see why the ablation of an involuted gland has not a very 
deep effect. Foster et al. (1939) removed the thyroid of thirteen-lined 
ground squirrels in the mat ing season; these animals placed in a cold 
environment did not enter hibernation, their testicles did not involute. 

We proceeded in the same way with the garden dormouse in September, 
1938. Signs of acclimatization could be noticed in animals placed a t an 
environmental tempera ture of + 8 ° C . I n spite of the thyroidectomy 
(Kayser, 1939b), their metabolic ra te increased in a cold environment. 

Corollary experiments were under taken by Schenk (1922), Adler (1926), 
Foster et al. (1939), and Popovic (1955); it follows from these experiments 
t ha t the addition of thyroid powder to the food (Foster) reduces the sleep 
period to 2 4 % compared with t h a t of control animals (75%). Thyroxine, 
too, reduces sleep and brings about heavy weight losses. When Popovic 
supplied the European ground squirrel wi th methylthiouracil , he did not 
increase the sleep of the animal compared wi th t h a t of the control animals, 
bu t when he supplied it with thyroid powder he no longer recorded sleep 
between November 9 and Janua ry 31 . 

Hyperthyroidism prevents sleep, bu t thyroidectomy or thiouracil (which 
brings down exchanges below their normal value) do not make sleep easier. 

When studying the various forms of active iodine circulating in the 
blood there can be found very active forms as early as January (Lachiver 
et al., 1957). Petrovic and Kayser (1957, 1958) established t h a t thyroid 
stimulation caused by intratesticular grafting of anterior pi tu i tary gland 
could be compatible with the sleeping s ta te . But when the thyroid shows 
signs of a slightly increased activi ty (in January) the periods of uninter
rupted sleep become shorter. 

The experiments carried out with insulin are very similar: hypoglycemia 
nearly always can be noticed during sleep. This is not the case in the golden 
hamster , bu t hyperglycemia caused by alloxan diabetes prevents the 
animal from sleeping; a torpid state in cold environment can be noticed in 
the active chipmunk (Woodward and Condrin, 1945) when glycemia drops 
below 100 m g . % . 

Suomalainen (1948, 1956), and Suomalainen and Sarajas (1951) repeated 
the experiments of Laufberger (1924) and of Dworkin and Finney (1927). 
Suomalainen laid stress upon the great similarity to hibernation of the 
s tate he obtained in the hedgehog in summer by injecting magnesium and 
insulin. He speaks of "artificial hibernat ion." He did not measure the 
exchanges, bu t measured the temperature and the heart ra te . I n artificial 
hibernation, he recorded 22 beats per minute (7°C.); in t rue hibernation 22 
beats per minute also (6.9°C.) against 188 beats per minute in the euthermic 
animal (35°C) . The value of 22 beats per minute seems too high for "deep 
hibernation." I t is also to be noted t h a t Suomalainen did not mention the 
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durat ion (in days or weeks) of the artificial hibernation. However, it seems 
to us certain t ha t the state observed by Suomalainen is very like t ha t of 
deep hibernation. 

The experiments of Konig (1960) show t h a t captive hedgehogs have a 
behavior very similar to t ha t of dormice: it is very easy, by a s tay in a cold 
room, to induce "cold narcosis." I t is perhaps the same s ta te t ha t was ob
tained by Suomalainen. 

Kayser and Hiebel (1952) carried out experiments on inducing sleep in 
summer by injecting insulin and magnesium in the European hamster and 
in the European ground squirrel. In the case of the hamster, the dose was 
either insufficient to bring about hypothermia (central temperature below 
10°C.) in animals staying a t + 5 ° C . or so strong t ha t death occurred after 
48 hours of hypothermia. As for the ground squirrel, the control animals 
entered hibernation nearly as easily as the injected ones: one control animal 
t ha t had not been hibernating after having stayed for 10 days in the cold 
room at + 5 ° C . entered t rue hibernation after an insulin injection. This 
hibernation lasted "normal ly" 6 months (from August to January) . 

Hypophysectomy effected by Foster et al. (1939) on the thirteen-lined 
ground squirrel during the period of its sexual activity yielded the following 
results: operated males and females placed in the refrigerator remained in an 
euthermic state for 7-10 days ; after t ha t period the animals became hypo
thermic and fell asleep; bu t "hibernation lasted only 3 days and unless the 
animals were removed from the cold, dea th ensued. . . ." After promising 
a t t empts (Kayser, 1940c), the problem was tackled again by Kayser and 
Hiebel (1952) in the European hamster . Hypophysectomized animals in 
May, June, and December were first maintained for 10-15 days a t 20°C. 
Then they were placed in the refrigerator a t + 5 ° C ; a few days later, they 
became hypothermic bu t died within 2 days if their temperature dropped 
below 10°C. Hypophysectomy in summer or in December caused fatal 
hypothermia for the animals staying a t + 5 ° C . ; the animals could no longer 
awaken from hypothermia. 

Our results are the same as those of Foster: hypophysectomy provokes a 
deep hypothermia tha t is compatible with life for only 2 or 3 days. In order 
to survive, the animals must be warmed up and placed a t 23°C. 

The thyrotropic hormone (Foster et al., 1939) and another total p i tu i tary 
extract injected in November-December make the animals active, quarrel
some, and euthermic whereas the control animals sleep. 

In 1940 Kayser (1940c) concluded as follows: "Hibernat ion can be 
considered as a manifestation of the seasonal adaptat ion, in which the 
endocrines and the nervous vegetative system play a par t . In the inducing 
of hibernation one distinguishes the interaction of external and internal 
factors. On one hand, hibernation occurs only if certain external conditions 
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are fulfilled; and yet, on the other hand, these conditions being fulfilled, 
hibernation occurs only if a t the same t ime a whole set of internal conditions 
are real ized/ ' 

This conclusion is still apparently valid. 
Bu t the results of Suomalainen (1946) (insulin), those of Foster et al., 

our own for hypophysectomized or castrated, thyroidectomized, and 
partially adrenalectomized animals (Kayser and Hiebel, 1952), and our 
latest experiments on garden dormice (Kayser et al., 1958) showed tha t in 
spite of a fundamental difference between experimental hypothermia and 
hibernation—the first being irreversible and the second reversible, the 
first being the disappearance of a regulated homeostasis, whereas the 
second is a regulation a t minimum level—intermediate states can be 
observed. 

I t is not easy to see a difference between a ba t a t + 5 ° C . in summer and 
one tha t is hibernating a t the same temperature in winter. In 1939, Kayser 
(1939b) wrote "even in summer the ba t behaves as a t rue poikilothermic 
animal ." 

Our investigations with Lachiver regarding the garden dormouse in 
1958 proved to us t h a t the ba t is not the only hibernator t h a t presents deep 
hypothermia when placed in a cold thermal environment (+5°C . ) in 
summer. As can be seen in Table X X I I , the garden dormouse m a y show, 
a t + 5 ° C , oxygen consumption varying in a ratio of 1:100. The garden 
dormouse may either show signs of acclimatization or enter a s tate of 
hypothermia and torpor. 

Animals must be kept fasting in order to induce a torpid state . If the 
animals live in isolated cages and if they are supplied with material to 
build a nest, hypothermia and torpor can be noted in 90 cases out of 100 
after about 18-24 hours of starvation. After 48 hours of starvation, we 
recorded sleep in 100% of the animals. 

As a rule the 72 hours of s tarvat ion have been well endured in our 
investigations. Only one animal out of five died after the second starvat ion 
test of 48 hours. After having fasted for 72 hours 5 0 % of the animals no 
longer curl up . This is why we stopped the experiments after a fasting 
period of 72 hours. 

Thyroid ablation on August 29 showed an active gland (Fig. 37). 
The weight losses reported in our investigations were considerable: 

2 .4% of the body weight per 24 hours between the second and the third 
fasting day against 0 .56% in t rue hibernation in November. Besides, we 
could never obtain consumption below 50 ml. O 2 per kilogram per hour in 
August against 29.5 ml. O 2 per kilogram per hour obtained in November 
(average values for thir teen measurements) . 
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FIG. 37. Thyroid glands of garden dormouse: a, August 1958. b, January 1959. 
Magnification X 320. 



3. Hibernation 271 

The high weight losses can be accounted for by the fact t h a t animals, as a 
rule, awaken especially in the evening during the first 24 hours of fasting; 
for this first period of 24 hours, the mean weight losses amounted to 9 . 5 % 
of the body weight; it amounted to 5 % between the first and the second day 
of fasting. The reaction of the hibernator against hypothermia weakens. 

The effect of cold on starvat ion was again studied during summer 
(Kayser, 1961): from a period a t 5°C with s tarvat ion it was noted t h a t 
the weight loss in these new experiments was not very different from the 
weight loss in t rue hibernation in November (0.64 gm. % per day in June 
and 0.53 gm. % in November) . Nor was the mortal i ty a t 5°C. different: it 
was high (30%) in both series, despite giving moss to reduce water loss. 

This mortal i ty will rise in June to 5 0 % if no nest-building material is a t 
the disposal of dormice. 

The most marked difference between hypothermia induced in summer 
and hypothermia of t rue hibernation in November was the negative corre
lation found in June between body weight and the frequency of hypo
thermic and torpid s tates; during the winter period such a negative corre
lation between body weight and torpid s tate was not observed. Another 
difference lies in the value of the minimal oxygen consumption observed in 
J u n e : 50 ml. instead of 30 ml. in t rue hibernation. 

The peculiarities of torpid states induced in June by a period in a cold 
room combined with s tarvat ion do not appear to be very pronounced. 
Additional similarities between summer hypothermia and spontaneous 
hypothermia in hibernation appear when we compare what happens if 
the period of hamsters or dormice in a cold room is sufficiently prolonged 
in summer; if these hibernators are exposed to cold with nest-building 
material and food, hypothermia and torpor appear only after an impor tant 
latency, bu t once obtained, this hypothermia becomes undistinguishable 
from hibernation, and evolves like i t : the animals hibernate for 5 to 6 
months, after which they spontaneously awake and this all the earlier 
since they were placed in the refrigerator earlier in summer. 

The entrance into induced hibernation is very similar to the entrance into 
t rue hibernation; the daily temperature and sleep rhy thms appear a t first 
more and more pronounced and finally the animals enter into t rue hiberna
tion. 

The first histological controls indicate t h a t the first reaction is an ac
climatization with active adrenals and thyroid; 6 weeks later, the adrenals 
show a histological appearance of exhausted glands; finally, after 3 months, 
the histological appearance of endocrines is identical to t ha t of animals 
normally hibernating in winter (Kayser, 1961). 
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VIII. Hibernating Mammals 

Up to now we have dealt only with hibernators of the Nor thern Hemis
phere, especially with those of the Palaearctic regions—the most studied 
ones. But hibernators can be found nearly everywhere, in all lat i tudes of 
the Northern and Southern Hemispheres. Except in the Nor thern Hemis
phere the s tudy of hibernators has not been carried very far; we know 
nearly nothing about the metabolic ra te of mammals of the Southern 
Hemisphere, about the activity of their nervous system, or about their 
endocrines. The greater pa r t of our knowledge is based upon nonsystematic 
thermometric measures, on the frequency of t rapping, and on some obser
vations formulated during the captivity of these mammals . 

We were pre t ty well informed about the tenrec of Madagascar (Centetes 
ecaudatus,) (Rand, 1935; Koch-Isenburg, 1955; Eisentraut , 1955, 1956). I t 
disappears from the beginning of M a y to the end of October. When con
veyed to the Nor thern Hemisphere, the tenrec keeps up its seasonal r h y t h m : 
in June it is in torpor and in hypothermia (Lachiver, 1958). The animal 
refuses food and its body loses daily 0 .20% of its whole weight. This is the 
loss we recorded in the hibernating European ground squirrel, whereas the 
European hedgehog placed fasting a t 7°C. in September loses daily 1.2% 
of its body weight. 

The experiments of Kayser (1960), related above, show tha t the tenrec 
and the small hedgehog of Madagascar (Ericulus) are t rue hibernators, 
their optimal hibernating temperature being 15°C. 

Phases of 17.6° hypothermia and of torpidi ty in a thermal environment 
of 17° could be recorded in April by Eisentraut (1952) in the Ethiopian 
hedgehog (Paraechinus aethiopicus) captive in Europe. In May, the same 
animal remained awake in a thermal environment of 14°. 

Our knowledge about hibernation of the Lemuridae is very slight and is 
contradictory: Kaudern (1914) took it for granted t ha t Cheirogaleus milii 
and Microcebus hibernate. For Microcebus he did not go so far as to assert 
t h a t hibernation is a regular phenomenon. H e thinks t h a t in wet regions 
there can be two periods of gestation every year and t h a t the animal does 
not, therefore, hibernate. Weidholz (1932) happened to record a s tate of 
deep hypothermia a t Easter in Microcebus observed in captivity in Europe 
for nine years ; whereas Krumbiegel (1955) and Bourli£re et al. (1956) 
mention the hibernation of Cheirogaleus medius and major (observation 
made in Madagascar by Paul ian) . Eisentraut (1956) th inks t h a t only by 
new studies may the question be settled whether or not these very prim
itive primates hibernate. 

At the other end of the mammalian scale we find the Monot remata 
(Tachyglossus aculeatus, Zaglossus, Ornithorhynchus). The thermometric 
studies of Wardlaw (1915) in echidnas indicate hypothermia in June 



3. Hibernation 273 

(15-20°C.) for an environmental temperature of the same degree, whereas 
in M a y a central temperature of 30-35° can be noted in a thermal environ
ment of 15-25°. Wardlaw reported in termit tent hibernation during the bad 
season, whereas Semon (1894) thought t h a t no hibernation could be re
ported for these species. 

The authors differ also in their opinion about Ornithorhynchus: Mar t in 
(1901) thinks t h a t Ornithorhynchus h ibernate ; this assertion is based on 
animals studied in the laboratory. Heck (1912) wonders whether the fact 
t ha t Ornithorhynchus is less numerous in the Australian streams during the 
bad season does not show t h a t some of them withdraw to hibernate. 
Bourliere (1951) admits the hibernation of Ornithorhynchus in the Sta te of 
Victoria, whereas Eisentraut (1956) does not classify Ornithorhynchus 
with the hibernators. 

Coleman (1938) had opportuni ty to s tudy Echidna in captivi ty during 
a period of 4 years from 1935 to 1938. She observed the disappearance of 
the 8-month-old animal for 6 days during the first year, and for 117 days 
during the second year. Then the disappearances decreased and amounted 
only to 44 days in the third year, and to 29 days the last year. The uninter
rupted disappearances lasting from 5 to 12 days correspond to hibernation 
periods like the periods observed in hamsters . Coleman concluded t h a t 
Echidna is a t rue hibernator. 

Fleay (1944) described the behavior of the Pla typus , also in captivity. 
The disappearance of the Pla typus rarely exceeds 24 hours. I t results from 
these observations t ha t if we judge hibernation from retiring time, the 
P la typus must also be numbered among the hibernators. The observations 
of Fleay, made in the State of Victoria entirely confirm those of Bennet t 
(quoted by Fleay). Bu t the retiring t ime is a bad control for the definition 
of hibernation. I t would be very desirable to dispose of measurements of 
oxygen consumption like those of Hock on the black bear. A better control 
for the assertion of hibernation would be the value of oxygen consumption 
in torpid states. 

Among the small-sized marsupials, there are apparently species which 
show either dormancy or hibernation. Fleay (1937) reported in the koala a 
loss of appeti te and a "sluggish and inactive s ta te . " In their book published 
in 1926 about animal life in Australia, Le Souef, et al. considered the nat ive 
cat to be a hibernator. Findayson (1933) notices in Sminthopsis crassicau-
data " a sluggish condition very different from its normal v ivaci ty" ; this 
makes him say tha t " a part ial hibernation may par t ly explain the mystery 
though a t t empts to induce hibernation in this and allied species in captivity, 
have met with no success." For Bourliere (1951) Cercaertus nanus, the 
Australian pygmy opossum, behaves like the opossum of the New World 
(Didelphis marsupialis) (Johnson, 1931; Bourliere, 1955) and shows a 
torpid s ta te a t very low external temperatures . 
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Bartholomew and Hudson (1962) studied recently Cercaertus nanus: it 
appears t ha t this marsupial enters into a torpid s ta te between 5° and 25°C. 
environmental tempera ture ; the animal is able to go out of this torpid s tate 
if the temperature does not drop below 5°C. The entrance in the torpid 
state happens in all seasons. The central temperature of the Cercaertus 
nanus in the torpid state is approximately two degrees higher t han the 
environmental temperature. Bu t the value of oxygen consumption ob
tained by Bartholomew and Hudson (0.20 ml . /gm. per hour) is too high 
to number this marsupial among t rue hibernators. I t seems more reasonable 
to classify Cercaertus nanus among the estivating mammals . 

Morrison and M c N a b (1962) have recently published their researches on 
a Brazilian murine opossum (Marmosa). They observed a drop of metabo
lism between 33° and 11°C. environmental t empera ture ; the minimal 
oxygen consumption observed a t 16°C. was 0.25 ml . /gm. per hour. This 
value corresponds to a Q i 0 of 2.6 in comparison to basal oxygen consump
tion. The value is much greater t h a n the value we have observed in a t rue 
hibernator, the tenrec (0.04 ml . /gm. per hour) or the little hedgehog from 
Madagascar (0.08 ml . /gm. per hour) . Morrison and M c N a b speak of esti
vation. This te rm corresponds to a special thermoregulatory behavior; 
this appears a t environmental temperatures below 15°C. at which tem
perature Morrison and M c N a b observed a new increase of oxygen con
sumption. 

Bri t ton and Atkinson (1938) compared the reactions of the three-toed 
sloth and of the two-toed sloth to the variations of the environmental 
temperature with those of the opossum and groundhog and found a bet ter 
thermoregulation for the lat ter two. Thus, if torpid states in a cold environ
ment can be noticed for the opossum as well as for Marmosa cinerea (Krieg, 
1925) these states are not conditioned only by insufficient thermoregulation. 

A captive opossum observed in S tu t tgar t by Eisentraut did not hiber
nate either in January or in February. This negative result does not enable 
us to deny dormancy or hibernation in an animal living under normal 
conditions. 

All these results lead us to assume tha t the opossum is more likely to 
show dormancy states t han t rue hibernation. 

Eisentraut (1940) studied also tropical Chiroptera. He compared their 
behavior with t ha t of Central European Chiroptera and could clearly 
point out distinctive characteristics (Table X X I I I ) . This s tudy has been 
continued by Brosset (1962); studying a t Bombay different species of 
Chiroptera, he was able to show tha t despite constant and high environ
mental temperature during the whole year (25°-32°C.) there are some 
genera which enter into a torpid s ta te (Rhinolophus, Pipistrellus, Hesperop-
tenus(-Eptescius), Scotc-philus, Miniopterus) and others (Taphozous, Rhino-
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TABLE X X I I I 

COMPARATIVE BEHAVIOR OF TROPICAL AND EUROPEAN BATS° 

Tropical bats European bats 

1. Arousal from diurnal sleep at relatively 1. Arousal from diurnal sleep at relatively 
low environmental temperature high environmental temperature 
(32°C.) (35°C.) 

2. Going into diurnal sleep at 24-25°C. 2. Going into diurnal sleep at 28°C. 

3. Going into prolonged torpid state at 3. Going into prolonged torpid state at 
20°C. and below 10°C. 

4. Death in hypothermia at prolonged 4. Death in hypothermia at prolonged 
environmental temperature of environmental temperature of 
+8°C. - 5 ° C . 

a Eisentraut, M. (1940, p. 209). 

poma, Megaderma, Tadarida, Hipposideros, Pteropus, Roussetus, Cynopterus) 
which do not hibernate. 

If many hibernators can be found among the rodents of the Nor thern 
Hemisphere, there are also species for which the problem has no t yet been 
completely settled. The most famous example, respecting the discussions 
it aroused, was t h a t of the prairie dog Cynomys ludovicianus. Kalabukhov 
(1956) did not hesitate to identify the seasonal changes observed by 
Anthony (1953) of the gonads of the prairie dog with those recorded for 
hibernators. Bu t what we stated (Kayser and Petrovic, 1958) for the adrenal 
glands of the hamster (a t rue hibernator) cannot be considered as identical 
with what Anthony established. Anthony thinks like M a n n (1916) t h a t 
the seasonal cycle of the adrenal cortex is a consequence of the seasonal 
cycle of the gonads. Johnson (1931) kept prairie dogs in a refrigerator 
without noticing sleep: the temperature of the animals dropped to 14.5-
21.5°C. in an environmental temperature of 9.5°C. 

Eisentraut (1956) classified prairie dogs with the mammals t h a t enter 
dormancy, bu t not hibernation. In this case also, measurements of oxygen 
consumption would be very useful. 

For the Carnivora, typical examples of dormancy can be found in the 
brown bear and in the black bear. There are still two other representatives, 
the skunks and the raccoon. Eisentraut (1953b) does not consider the 
raccoon to be a hibernator whereas Neseni (1952), who considers the s ta te of 
the endocrine pancreas in winter in which Β cells prevail, a t t empts to con
nect dormancy with hibernation instead of contrasting these two states. 
Sharp and Sharp (1956) studied the raccoon in the field: Procyon lotor 
feeds a t temperatures near and above 0°C; bu t when the environmental 
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temperature drops to — 5 ° C , 9 0 % of the animals disappeared. As for the 
raccoon, it is evident t ha t its behavior is closely connected with temper
ature, still more so than in t rue hibernators. The dormancy state seems 
to be obvious here; however, the possibility of hibernation is not excluded. 

The skunk (Mephitis mephitis) has been studied by Cuyler (1924), 
Hamil ton (1937), and Seiko (1938). For this species, the number of males 
captured in winter differed from the number of females; ten males were 
captured for one female. Thus the female "hibernates" more, in her burrow, 
than the male. Withdrawal into dens is closely related to environmental 
temperature (Seiko, 1938); during the months of December, January , and 
February, the average winter tempera ture of 1936-1937 was nearly 4.5°C. 
lower than t ha t of the 1937-1938 winter; bu t in 1936-1937 the number of 
animals t ha t had withdrawn into their burrows was twice t h a t in 1937-1938. 
The general conclusions of Seiko and Hamil ton were very similar: dor
mancy can be noticed in the skunk, whose behavior is very like t h a t of 
the bear. Bu t the oxygen consumption of the black bear scarcely differs 
from the oxygen consumption of t rue hibernators despite a difference of 
more than 20°C. in the central temperature. 

IX. General Conclusions 

The hibernation of mammals appears to be primarily a regulation 
toward a minimum level. This fundamental characteristic makes it differ
ent from accidental or experimental hypothermia. The difference between 
hibernation of mammals and hibernation of poikilothermic animals appears 
less marked since the observations of Tester (1962) on the toad, which 
shows also a thermoregulatory behavior during cold torpor in winter. On 
the hand, the measurements of Hock (1960) on oxygen consumption of 
the black bear show t h a t from the energetic point of view of hibernation 
there is no difference between the dormancy of the bear and the hiberna
tion of the ground hog or tenrec. 

The limits between these different states are not always clearly set. 
We could report quant i ta t ive values for the garden dormouse studied in 
summer and in au tumn (Fig. 37): this very typical hibernator m a y show 
states of hypothermia, by fasting for 3 days a t 5 ° C , t h a t differ from t rue 
hibernation by the lack of endocrine involution, as in winter, and by a 
higher energy consumption. Bu t the same animal staying and hibernating 
for weeks in winter in a steady temperature environment of + 5 ° may die if 
it does not succeed in awakening and feeding. I t seems t h a t uninterrupted 
hibernation does not enable hibernators to survive in winter. This makes 
hibernators distinguishable from poikilothermic animals and makes hiber
nat ion nearer to dormancy and hypothermia. 
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A certain number of marsupials, especially the Brazilian murine opossum 
(Marmosa), occupy also a peculiar position intermediary between homoio
therms and poikilotherms, bu t different from t rue hibernators. The simi
larity between Marmosa and tenrec appears insofar as both show a minimal 
oxygen consumption a t 15°C. external temperature and both, as does 
EriculuSy increase their oxygen consumption a t 12°C. external temperature . 
Bu t the oxygen consumption per gram of body weight per hour is 0.25 ml. 
(Morrison and M c N a b , 1962) while the oxygen consumption of the hedge
hogs from Madagascar is only 0.039 (tenrec) and 0.079 (Ericulus) per 
gram per hour. Now the Brazilian opossum weighs 13 gm. only, and on 
the other hand, our tenrec weighs 350 gm. If we refer the oxygen con
sumption to the body surface (S = 10 · P 2 / 3 ) , then we obtain for the little 
opossum 0.059 ml. O 2 per square centimeter per hour, for the tenrec 0.028 
ml., and for the little hedgehog from Madagascar 0.053 ml., a value identical 
to t ha t obtained by Morrison and M c N a b for an animal of a twentyfold 
lower weight. Morrison and M c N a b speak of ecological hibernator. This 
name expresses well the relationship to t rue hibernators and also allows 
one to distinguish the Marmosa from t rue hibernators. 

All species of hibernating mammals do not hibernate in the same way: it 
s tands to reason t h a t there are considerable differences between the hiber
nat ion of the hamster and t h a t of the ground squirrel. 

All hibernators are able to endure deep hypothermia and anoxia. This 
characteristic, as well as poor physical thermoregulation, is a feature of 
similarity between hibernators and very young homoiothermic mammals . 
Hibernat ing mammals regulate their temperature ra ther poorly bu t much 
bet ter t h a n many other species (the three-toed sloth, for instance); this is 
why we cannot consider hibernation to be a mere deficiency of thermoregu
lation. Thus , hibernation seems to be a ra ther "different" solution of the 
homeostatic problem with a steady central temperature . Hibernat ion can 
be noted in nearly all orders of mammals ; it can be noted even in birds 
(Jaeger, 1948; Thorburg, 1953; Bartholomew et al, 1957). 

The physiological mechanism of hibernation is intr icate: there are 
enzymatic and cellular features t ha t differentiate the hibernator from the 
homoiothermic mammal (Chatfield et al., 1948; Kayser, 1959a; Fawcet t 
and Lyman, 1954). Hibernat ion superimposes itself on these distinctive 
features by a seasonal evolution of certain regulations. The steady con
nection of hibernation with the seasonal endocrine cycle and the instinctive 
characteristic of the prehibernal behavior in au tumn lead us to acknowledge 
the fundamental importance of the endocrines—in which the hibernating 
gland is included. Internal factors are eminently impor tan t : it is none the 
less t rue t h a t climatic and nutr i t ive factors or external factors also play a 
considerable p a r t in the induction of hibernation. 
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