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Nummary. Newborn guinea pigs were divided into three groups and kept for 
several weeks at one of the following environmental conditions: 1.28~ WA-ani- 
reals; 2.3 ~ C, CA-animals; 3.12 hrs daily at 3~ 12 hrs at 28 ~ C, CWA-animals. At the 
age of 4--7 weeks threshold temperatures were determined for shivering (electrical 
muscle activity) and heat polypnea, and the maximum amount of nonshivering 
thermogenesis was measured using the noradi'enaline test. In the CA-animals both 
shivering and heat polypnea threshold were found to be decreased in comparison 
with WA-animMs by about I~ for these studies the animals were placed and 
immobilized in a elimatized respiratory chamber. In another series of studies, in 
which the animals were unrestrained, the mean colon temperature of CA-animals 
was about 0.5~176 lower than in WA-animals when exposed to ambient tem- 
peratures of 22.5 and 30~ for 24 and 2 hrs, respectively. At 15~ ambient tem- 
perature there was a similar but smaller temperature difference. Hence, both types 
of studies would indicate that tke "set point" of the temperature control system 
was set to a lower level in CA-animals. In CWA-animals the shivering threshold 
was decreased as in CA-animals; the heat polypnea thr'eshold, however, remained 
as high as in the WA-animals. This "widening of the interthreshold zone" in 
CWA-animals is shown to provide a more economical temperature regulation 
when the animals are subjected to fluctuating environmental conditions, as they 
are enabled to tolerate body temperature changes to some extent before they 
actuate their cold or heat defense mechanisms. With regard to the ability of NST 
(i. e. metabolic cold-adaptation) CWA-animals were not different from CA-animMs. 
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There  is no doub t  t h a t  warm-blooded animals  and m a n  are able to  

adap t  to stressful c l imatic  conditions.  Our knowledge is qui te  incomplete ,  
however ,  as for the  principles and basic mechanisms of  the  numerous  
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modif ica t ions  occurr ing in  the  course of  long- te rm a d a p t a t i o n .  This  is 
p a r t i c u l a r l y  t rue  wi th  r ega rd  to  c o l d - a d a p t a t i o n  and  here wi th  special  
r ega rd  to  man .  A decis ive s tep  fo rward  appea r s  to  have  occurred when 
i t  was shown in ra ts ,  more  t h a n  one decade  ago, t h a t  shiver ing is rep laced  
b y  the  more  economical  non-sh iver ing  thermogenes is  (NST) in  the  
course of  co ld - adap t a t i on  [9,13]. I n  ex t end ing  the  s tudies  to  o ther  
species and  particq~larly to  m a n  i t  was soon recognized,  however ,  t h a t  th is  
t y p e  of  c o l d - a d a p t a t i o n  does n o t  p l a y  the  d o m i n a n t  role  or ig ina l ly  
ascr ibed  to  i t  (for references see [7]). La te r ,  i t  was even shown t h a t  the re  
exis t  m a m m a l i a n  species which are  enth-ely incapab le  of  N S T  [7,14]. 
These  species m a y  d i sp l ay  ins t ead  an  increased  shivering a b i l i t y  a f te r  
p ro longed  co ld-exposure  as  we have  r ecen t ly  shown in the  min ia tu re  

p ig  [7]. 
Some yea r s  ago, ano the r  h i the r to  unknow n  t y p e  of  co ld -adap t ive  

modi f ica t ion  was descr ibed,  vie. a shif t  of  t he  th resho ld  t e m p e r a t u r e  
for sh iver ing in the  guinea  p ig  [5]. To eva lua t e  the  biological  significance 
of  such a shif t  i t  a p p e a r e d  necessary  to  s tudy ,  besides the  sh iver ing  
threshold ,  the  th resho ld  condi t ions  for a h e a t  d i ss ipa t ing  mechan i sm.  
I n  the  course of  these  s tudies  bas ic  differences have  been found  in th resh-  
old  behavio~r ,  depending  on whe the r  the  an imals  were exposed  constantly 
or intermittently to  a cool env i ronment .  A p re l im ina ry  pa r t i a l  account  
of  these  s tudies  has  been given elsewhere [8]. 

Methods 
In our studies we used guinea pigs which had been raised in the Physiological 

Institute at marburg. They were fed on a standard guinea pig diet (Altromin| 
tap water was supplied ad libidum. The birth weight of the experimental animals 
ranged from 75--120 g. 

In  the first series of studies, 26 animals were subdivided into three groups and 
these were raised under three different environmental conditions: Group 1 (cold- 
adapted = CA-animals) was maintained in a climatized animal chamber at + 3~ 
(~=0.5~ throughout the period of study; group 2 was kept in a warm chamber 
with temperatures ranging between 28 and 30~ (warm-adapted = WA-animals). 
A third group was maintained at 28--30~ during the day (12 hrs) and at + 3~ 
during the night (CWA-animals). The animals of group 1 and 2 had been born in 
the respective environment in which they were later kept. Group-3 animals (CWA- 
animals) were born in a room with the common temperature of our animal house 
(about 23~ All newborn animals were left with their mothers until weaning 
(18 days after birth). This procedure alleviated the cold stress for the neonates 
of groups 1 and 3 in that, during the first few days after birth, the neonates were 
able to protect themselves partially from the cold by gathering around and below 
the mothers body; after that  time, however, they were observed to move freely 
around most of the day, thus being fully exposed to the cold environment. 

The test studies were carried out at an average age of 6.5--7.5 weeks; the 
average body weight amounted to between 252 and 322 g at the time of test study 
(Table 1 a). 
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Table 1. Body weight and age o/the guinea pigs studied 
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Group N Adaptation Mean body weight Mean age 
temp. 
(o C) at time of test study 

(g) (weeks) 

a) series 1 

1 (cA) s 

2 (wA) 8 

3 (CWA) 10 

b) series 2 

4 (CA) 10 

5 (WA) 10 

6 (cA) 5 

7 (CWA) 5 

8 (wA) 3 

(studied ha a 
perspex chamber): 
+ 3 252 6.2 

(42.2) (1.85) 
28--30 322 6.9 

(75.4) (i.58) 
-]- 3 (12 hrs) 307 7.3 
28--30 (12 hrs) (37.7) (0.64) 

(freely-moving 
animals) : 

+ 3 299.3 5.65 
(13.8) (0.34) 

28--30 290.8 5.95 
(16.5) (0.24) 

-4- 3 281.8 5.7 
(13.8) (0.12) 

+ 3 (12 h) 351 5.9 
28--30 (12 h) (11.3) (0.46) 
28--30 335.3 7.8 

(3.2) (0.16) 

(Figures inbraekets=S.D.)  

The series--1 test studies were carried out in animals which were placed for 
the examination in a climatized perspex chamber, as in previous studies [2]. Here, 
the unanaesthetized animals were fixed on a plate with strings bound around the 
distal parts of the four extremities in order to prevent them from nibbling the 
leads of the thermocouples and probes. The temperature could be maintained in 
the chamber within 0.5 ~ C and it could also be quickly changed by water circulation 
through its jacket. 

For determination of gaseous metabolism, the open system method was used. 
Oxygen uptake, chamber temperature, colon temperature, cervical spinal cord and 
two subcutaneous temperatures (one in the area of the back, the other in the 
region of the interscapular adipose tissue) were continuously recorded. The electrical 
activity of the back and thigh musculature was picked up by needle electrodes in 
those experiments which required She determination of shivering threshold; the 
discharges were continuously integrated and the summed voltage was recorded as 
previously described [3]. Respiratory frequency was determined by means of 
a fine thermocouple which was stitched to the nose so that it remained within the 
airstream of one of the nostrils throughout the experiment. The respiratory tem- 
perature fluctuations were recorded, after preamplification, for periods of 10--30 see 
on a fast responding recorder at intervals ranging between 1 and 3 rain. The direct 
recording of these temperature oscillations made it easy to notice artefacts which 
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might have been caused by displacement of t~he thermojunction or by abrupt 
movements of the animals. 

In  the experiments in which the hypothalamus temperature was recorded, 
the thermocouples were stereotaxically implanted under general anaesthesia (Nem- 
butal 40 mg/kg), one day before the test study. 

On the day of the test study, the animals were kept under light ether anaesthesia 
while the electrodes and probes were being inserted. The test study was not com- 
menced, however, until the effect of this short anaesthesia had vanished. 

Y0r the second series of studies a total of 35 animals were subdivide4 into 
thi'ee groups and adapted in the same way as in series 1. The test studies were 
performed, however, in a large olimatized chamber where the animals could freely 
move; only a temperature probe had been inserted into the colon and this did not 
interfere with normal behaviour, i .e .-- in contrast to series 1--these animals were 
able to curl up in a cold environment and to stretch out their extremities in a warm 
environment. The weight and age data for these animals are given in Table 1 b 
(groups 4--8). 

Results 

Shivering Threshold in Animals Exposed Intermittently to Cold (4-3~ 
As p rev ious ly  shown, shiver ing is cont ro l led  in  the  gu inea  p ig  b y  

a t  leas t  two sets of  t h e r m a l  receptors ,  t he  one being loca ted  in  t he  b o d y  
surface, t he  o ther  in  the  cervical  spinal  cord  [3,4, 6,17]. ( I{ypo tha lamus  
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Yig. 1. The two hyperbolas, which both follow the general equation 
(Yo--Y) (%--x) = 0.49, represent shivering threshold as previously determined [5] in 
cold-adapted (index c) and warm-adapted (index w) guinea pigs. The two hyperbolas 
are distinguished by different values of Y0 and x o, which may be thought of as 
symbolizing two "reference temperatures" of the control system. The circles 
represent the corresponding threshold temperatures in 10 guinea pigs which had 

been exposed inte~'mittently to cold (CWA-group) 
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l~ig. 2. Stu4y in  a guinea pig. Response of respiratory rate to local heating of the 
cervical spinal cord. Ambient temperature 28 ~ C 

temperature, in contrast, proved to be of little influence on shivering, 
at least in the newborn and young guinea pig; [3,11].) By changing the 
two temperatures independently of each other shivering threshold curves 
were obtained which had the shape of rectangular hyperbolas, (Fig. 1), 
indicating a multiplicative transformation of the input signals. In cold- 
adapted animals (CA-groups, see methods) the asymptotes of the hyper- 
bolas were found to be shifted, by about 1~ to a lower temperature 
level in comparison with the warm-adapted animals (WA-group). In the 
group of animals which had been intermittently exposed to +3~ 
(CWA-animals; see methods) the pairs of temperature values which 
corresponded to shivering threshold conditions (electrical activity 
~ 5  mV/sec; cf. [4]) fell closely in the range of the hyperbola of the 
CA-group (see circles in Fig. 1). I t  could thus be concluded that a daily 
12-hrs exposure to cold is as effective as constant exposure to cold with 
regard to producing a deviation in the shivering threshold. 

Heat Polypnea Threshold 
According to our preliminary studies heat polypnea in the guinea 

pig is controlled by at least three sets of thermoreceptive structures, 
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Fig. 3. Respiratory frequency and various body temperatures in a cold-adapted and 
a warm-adapted guinea pig after elevation of ambient temperature (at time 0) from 

28--40 ~ C 

namely, 1. body surface thermal receptors, 2. thermoreceptive structures 
in the cervical spinal cord (Fig. 2) and, 3. the thermoreceptive structures 
of the preoptic region of the hypothalamus. The quantitative relation- 
ship between heat polypnea and the respective local inner body tem- 
peratures has still to be revealed, but  for our purpose such studies are 
not prerequisite since, as may  be seen from Fig.3, the v~rions body 
temperatures increase parallel and are rat~aer close together when the 
animal is heated up, quite in contrast to the behaviour observed in cold 
exposure (eL [4,5]). There are also no significant differences in the 
temperature fields in the animals of the three groups. Thus, for the 
purpose of comparing the three groups of animals, the respiratory rate 
might be related to any one of the three measured temperatures (see 
~ig. 3) ; in fact, we related it  to the arithmetic mean of the subcutaneous 
temperature in the back area and bhe colon temperature;  this tempera- 
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Fig.4. Bespiratory frequency in relation to "mean body temperature" (= arith- 
metic mean of subcutaneous temperature over the os sacrum and colon temperature) 
in cold-adapted, warm-adapted, and intermittently cold-adapted guinea pigs. 
Temperature at respiratory frequency of 200/rain is taken as "heat polypnea 

threshold" (el. Table 2) 

ture is subsequently referred to as "mean body temperature" .  Fig.3 
compares the change in temperature  and respiratory rate following the 
elevation of the ambient  temperature from 28~176 in a cold- and 
a warm-adapted animal. There is a striking difference between the two 
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animals: In  the CA-animal respiratory frequency increases much sooner 
and after a much slighter increase in body temperature than in the 
WA-animal. The cold-adapted animal stabilizes its body temperature 
at  about 41~ obviously by  means of the considerably increased poly- 
pnea; in contrast, the warm-adapted animal's body temperature keeps 
rising and it is only with body temperature above 41~ that  the respira- 
tory  rate begins to rise. 

In  Fig.4 the results of the whole set of experiments are summarized 
by  a plot of respiratory rate against mean body temperature. These 

Table 2. Threshold temperature for heat 2olypnea in three groups o/animals 

CA WA CWA 

Mean 39.36 41.22 41.16 
n 9 8 10 
a 0.49 0,49 0.53 
a~ 0.16 0.17 0.17 
~o I_.. < o.001 --J I 

I < 0.001 I 

CA = cold-adapted animals; WA-~ warm-adapted animals; CWA ~ animals 
exposed to -~ 3 ~ C for 12 hrs daily (for details see Methods). 

diagrams show that  in the animals which had always been maintained 
in the cold (CA-animals), the curves are all shifted to the left in com. 
parison with the WA-animals. In  the animals which had only been 
intermittently cold-exposed (CWA-animals), however, no such shift 
was found. 

For a more quantitative evaluation of these results the mean body 
temperatures were taken at  which the respiratory rate attained a value 
of 200/rain ; in most cases, this respiratory rate fell in the part  of the 
curve with the steepest slope. Operatively, these temperatures were 
denoted "polypnea threshold temperatures".  According to Table 2 poly. 
pnea threshold temperatures are almost 2~ apar~ in the WA-and 
CA-animals, and this difference is highly significant statistically. Quite 
in contrast to the CA-animals, in the CWA-animals there was no sig- 
nificant deviation in the polypnea threshold when compared with 
WA-animals. (Table 2). 

Non-Shiverlng Thermogenesis 

According to the foregoing experiments a daily 12-hr exposure to 
cold was sufficient to produce a shift in the shivering threshold as well 
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as perpetual cold-exposure, whereas the heat polypnea threshold re- 
mained uninfluenced in the CWA-animals when compared with the 
WA-animals. Here, the question arose whether the CWA-anlmals would 
display non-shivering thermogenesis as CA-animals have already been 
shown to do [2]. Thus, in eight CWA-animals the maximum extent  of 
NST was determined, using the noradrenaline-injection method [18]. 
Intramuscular  injection of noradrenaline (200--600 ~tg/kg) produced, on 
the average, an increase in oxygen consumption of 600/0 (Table 3), 

Table 3. Non-shivering thermogenesis in the group o/ animals exposed to -~ 3 ~ C /or 
12 hrs daily (GWA-animals) 

Mr. of Age i.m. NA 
animal 

weeks ~g/kg 

Oxygen consumption ml/kg-min 

minimum 
resting 
level 

afterl~A percentage 
rise 

319 8 200 20 37 85 
312 8.5 200 17 24.2 43 
315 7 200 12.6 17.6 39 
316 7.5 200 16.1 33.4 107 
314 10 300 17.0 24.0 41 
320 9 400 18.6 23.0 24 

600 18.6 29.0 56 
315 7.5 600 18.6 31.6 88 
318 9 600 18.7 30.1 62 

Mean 60.6 

NA ~ noradrenaline. 

a value which has also been found in a group of CA-animals studied 
previously [18]. The electromyographic records showed tha t  this in- 
crease in oxygen consumption was not due to muscular activity. 

Colon Temperature in Unrestrained Animals  

Assuming tha t  the threshold temperatures in CA- and WA-anlmals 
are different not only for heat  polypnea and heat production, but  also 
for vasomotoric and behavioural temperature-control mechanisms, one 
may  infer tha t  the former stabilize their body temperatures a t  a lower 
level than  the latter when they are exposed, in an unrestrained state, 
to various environmental temperatures.  Our second series of studies 
(cf. Methods) supports this assumption. Thus, Fig.5 shows tha t  the 
CA-animals colon temperature  is lower than  tha t  of the WA-animals 
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Fig. 6. Comparison of colon temperature in cold-adapted and warm-adapted guinea 
pigs exposed to three different ambient temperatures. For 22.5~ C: 24-hr mean; for 
15 and 30 ~ C: 2-hr means. Bars indicate S.E. Differences at 22.5 and 20 ~ C ambient 
temperature are statistically significant (10 < 0:001 and P < 0.01, respectively). 

For age and weight data of the animals see Table 1, groups 4 and 5 

b y  0 .5 - -1~  t h r o u g h o u t  the  d a y  a t  an  env i ronmen ta l  t e m p e r a t u r e  of  
22.5~ Fig.  6 shows t h a t  the re  are  s imi lar  differences, when  the  an imals  
are  k e p t  in  a m o d e r a t e l y  cool or  w a r m  env i ronment .  

U n d e r  t r ans i en t  t e m p e r a t u r e  condi t ions  (Fig. 7) CA- and  WA-an imMs 
show ano the r  charac te r i s t i c  difference in  behav iou r :  W i t h  increas ing 
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and intermittently co](t-adapter (CW.A) guinea pigs. Note steeper increase of colon 
tempeature in WA and (]W_A_ animals with increasing ambient temperature; 
similarity of CA and (]WA-animals at decreasing ambient temperature. Bars 
indicate S.E. For weight and age data of the animals see Table 1, groups 6--8. For 

further explanation see tex-b 

environmental temperature WA-animals show a steeper rise than CA- 
animals in body temperature,  which is eventually stabilized a t  a higher 
level than in CA-animals. With decreasing environmental temperature,  
the colon temperature of CA-animals shows a steeper drop and reaches 
a lower level than in WA-animals. This difference in body temperature 
vanishes, however, within 1 - -2h r s  in the cold; this is to be expected, 
since the WA-animals do not have such high summit  metabolism as 
the CA-animals, who are capable of non-shivering thermogenesis in 
addition to shivering. 

The CWA-anlmals behave similarly to the WA-animals with regard 
to the steeper temperature  increase occurring with rising environmentaI 
temperature;  with falling environmental temperature,  however, the 
course of colon temperature is almos~ identical with tha t  of the CA- 
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animals, as one would expect from the fact that,  in CWA-animals 
threshold temperatures for heat dissipation and heat production plus 
preservation shift in opposite directions (cf. Figs. 1 and 4). 

Discussion 

The shift of threshold for both a heating and a heat-dissipating 
mechanism in CA-animals, together with the fact that  they maintain 
colon temperature at  a lower level than WA-animals, can be interpreted 
as a set-point deviation in the temperature control system. Here, it  
must be considered, however, that,  as shown by Fig. l, there is no 
single temperature which could be called the "controlled temperature" 
or the "controlled variable" (see also [4,6]); the controlled variable of 
the temperature control system must rather be thought of as a/unction 
of the temperature in the various parts of the body, where thermal 
receptors are located, such as the cervical spinal cord, the hypothalamus, 
and the skin. Further, the "set-point temperature" must be considered 
as a function of the various reference temperatures which are given e.g. 
by the asymptotes of the respective hyperbolas in Fig.1. As has been 
previously shown [4,6] the product of at  least two temperature devia- 
tions from their respective reference values determines a heat defense 
reaction (e.g. shivering; see Fig.l) and thus the controlled variable. 
On this basis the cold-adaptive modifications described in the CA- 
animals could be ascribed to a change in some elements which produce 
temperature reference signals. There is some evidence that  such signals 
arc produced by certain thcrmo-insensitive neurons in the hypothal- 
amus [10,15,20]. In  recent studies it  was possible to produce threshold 
changes for non-shivering thermogenesis and shivering in the guinea 
pig by mieroinjeetions of noradrcnaline into a non-thermosensitive 
region located between the area hypothalamica ant. and post., i.e. 
caudally to the thermoseusitive preoptie region [19]. I t  has been sug- 
gested that  the former area may contain the postulated reference units. 
I t  is not clear, however, ff set point changes as observed during long- 
term adaptation are mediated by catechoiamines, though this possibility 
must be considered (eL [20]). 

As regards the tendency to maintain a somewhat~decreased ~tem- 
perature level, the CA-anlmals resemble the behaviour Of the Australian 
aborigines studied by Hammel et al. [12]. The biological significance of 
such behaviour could be seen in a certain reduction of the metabolic 
expenditure for temperature regulation, but in the guinea pig this would 
not make up more than 10~ of BMR, even under severe cold expo- 
sure [4]. In  a warm environment, this modification would, however, be 
disadvantageous, since the animals would have to actuate and maintain 
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respiratory heat  dissipation at  a lower body temperature  than  the 
WA-animals. 

According to the present studies, the CWA-anlmals do not encounter 
this disadvantage in a warm environment, since the threshold for 
respiratory heat  dissipation does not shift down along with the shivering 
threshold during intermittent adaptation to a cool environment (l~ig.4). 
In  other words, there exists in this group of animals a mode of adapta- 
tion which is characterized by  a "widening" of tha t  body temperature  
range a t  which neither thermoregulatory heat  production nor respiratory 
heat  dissipation is elicitable. Hence, when these animals are exposed 
to an environment with fluctuating temperatures (such as day-~ight 
alterations in temperature) they can make use, to a much greater 
extent  than  WA-animals, of the heat  storing capacity of their bodies, 
i.e. use it  as a heat  buffer. Thus, the "widening of the interthreshold 
zone" provides the basis for a more economical temperature regulation. 
I t  has been known for some t ime tha t  the camel's tremendous heat  
tolerance is due par t ly  to the wide fluctuations in body temperature [16]. 
Our studies in the guinea pig show tha t  such behaviour can be evoked 
in other species by  long-term adaptat ion to a fluctuating thermal 
environment.  I t  remains to be shown whether man is able to develop 
this type of thermal  adaptation. This would appear to help him to 
withstand abrupt  environmental temperature changes with a lesser degree 
of unpleasant feelings. This might be more important  than extreme stabil- 
i ty  of body temperature.  
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