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In  prem ature and full-term  infants 
hypotherm ia does not a lter the ther­
m oneutral zone, which is identical 
with th a t of normothermic prem ature 
infants. This has convincingly been 
demonstrated by the observation th a t 
subnormal deep body tem perature in 
infants kept at 34 36 °C is not accom­
panied by an increased 0 2 consump­
tion, which points to  the im portant 
role of cutaneous therm oreceptors in 
regulation of heat production [3, 1), 
10]. In the light of this observation 
the question arises whether the same 
relationship between 0 2 consumption 
and body tem perature exists a t neu­
tra l tem perature in newborn animals 
whose body tem perature falls consid­
erably on exposure to  cold. The 
“ im m ature” newborn rabbit appears 
to  be a suitable model for studying 
the question. In earlier investigations 
[2] it  was observed th a t  in therm o­
neutral environment hypotherm ia was 
associated with an 0 2 consumption 
higher than the minimal metabolic 
rate. Thus, in contrast to  prem ature 
infants, in the newborn rabbit the 
therm al state of the core of the body 
seems to play some role in the control 
of heat production.

In  addition to  the relationship of 
body tem perature and the metabolic 
response to  cold, the relationship be­
tween minimal 0 2 consumption and 
body tem perature has been studied in 
newborn rabbits with severely im­
paired chemical therm oregulation. 
Anaesthesia, the adm inistration of 
various drugs (hexaméthonium, neu­
romuscular blocking agents) and vari­
ous experimental procedures some­
times abolished the m etabolic response 
to  cold, which rendered the  animal 
suitable for studying a possible direct 
relationship between body tem pera­
ture and energy metabolism. The ob­
servations to  be reported have un­
doubtedly confirmed the conclusion 
drawn from investigations performed 
on adult animals and prem ature and 
full-term infants th a t a fall in body 
tem perature is not accompanied bv a 
decrease in minimal m etabolic rate 
as one would expect if the metabolic 
rate conformed with van’t  H off’s law.

M e t h o d s

O b serv a tio n s were m ad e  o n  unanaes- 
thesized  an d  anaesthesized  n ew b o rn  ra b ­
b its . T h e  de ta ils  o f  th e  m e th o d  an d  its
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m o d if ic a tio n s  according to  th e  v a rio n s 
e x p e r im e n ta l  procedures h a v e  b e e n  d e ­
s c r ib e d  p rev io u sly  [16].

T h e  ad v a n ta g e  of th e  a p p a r a tu s  used 
w as t h a t  sm all m odifications a n d , by a t t a c h ­
ing  a  t r a c h e a l  cannula o f sm a ll d e a d  space 
to  a n  e x te rn a l closed c irc u it o f  a b o u t  130 
m l v o lu m e , tid a l a ir an d  r e s p ira to ry  ra te  
co u ld  a lso  be recorded. I n  so m e  cases 
r e s p ira t io n  w as para lyzed  b y  m e a n s  of 
d - tu b o c u ra r in e  or g a llam ine . I n  these  
e x p e r im e n ts  th e  p a rtia l ly  im m ob ilized  
a n im a l w a s  placed in  a  c y lin d r ic a l t r a n s ­
p a r e n t  p e rs p e x  cham ber, a n d  n e g a tiv e  p re s ­
su re  v e n ti la t io n  was app lied  b y  m e a n s  of 
a  S ta r l in g  pum p. The p e rsp e x  c h a m b e r 
c o n ta in in g  th e  anim al w as su s p e n d e d  in a  
w a te r - b a th .  W hen  th e  te m p e ra tu re  o f  th e  
w a te r - b a th  w as a b ru p tly  a lte re d  th e  a ir 
te m p e r a tu r e  w ith in  th e  re s p ira t io n  c h a m ­
b e r  r e a c h e d  its  new e q u ilib r iu m  in  a b o u t 
10  m in .

M e a n  b lood  pressure w as re c o rd e d  from  
a  c a ro t id  a r te ry  by  m eans o f  a  c a p a c ita n c e  
m a n o m e te r .  F o r  general a n a e s th e s ia  u re ­
th a n e  w a s  injected in tra p e r ito n e a l ly  or 
so m e tim e s  in travenously  in  a  d o se  o f  0.5 
to  1 .5  g /k g . H ex am éth o n iu m  w a s  g iven 
su b c u ta n e o u s ly  or in tra p e r ito n e a l ly  in a 
d o se  o f  10  — 20 mg/kg, a n d  in  so m e  cases 
in tra v e n o u s ly  in  a  dose o f  10  m g /k g .

R esu lts  and D is c u s s io n

Body temperature and 0 2 consumption 
of unanaesthesized newborn rabbits 

during recovery f  rom hypothermia 
in  a thermoneutral environment

A t th e  beginning of the  exam ina­
tions concerning the regulation of 
resp ira to ry  metabolism of newborn 
rab b its , О 2 consumption a t  neutral 
tem peratu res was found to  be consid­
erab ly  greater than the  expected 
m inim al metabolic rate. Continuous

recording of rectal or colonic tem pera­
ture revealed th a t the unusually high 
minimal 0 2 consumption was always 
accompanied by a low core tem pera­
ture. W ith rising body tem perature 
0 2 consumption fell gradually to  the 
minimal level. Fig. 1 shows 0 2 con- 
sumption of a  2-day-old rabbit, in a 
neutral environment, a t 2 minute 
intervals. Recording was sta rted  10 — 
15 m inutes after the anim al had 
been placed in the perspex chamber, 
when the  new equilibrium was 
reached.

During a period of 15 m inutes after 
the m easurem ents had begun 0 2 con­
sumption was high and did not change 
appreciably, then it fell rapidly but 
further 20 m inutes were necessary to  
reach the  basal level.

Simultaneous recording of 0 2 con­
sumption, and rectal and colonic 
tem perature undoubtedly showed th a t 
hypotherm ia was responsible for the 
increased energy metabolism a t the 
neutral am bient tem perature. The re­
lation of changes in body tem perature 
and 0 2 consumption in 2 hypothermic 
newborn rabbits during rewarming at 
an environm ental tem perature of 
35 °C is shown in Fig. 2. The close 
correlation of changes in the two pa­
ram eters is quite obvious. During the 
first 15 m inutes, respiratory m etabo­
lism was considerably above the m ini­
mal level (an increase of 100 to  150 
per cent), while the low rectal tem per­
ature rose rapidly to  36 — 37 °C. The 
raised 0 2 consumption approxim ately 
corresponded to  the level obtainable 
on exposure to  25 —27 °C of a newborn 
rabbit.
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During the further course of recov­
ery from cold exposure, when the 
rise in body tem perature proceeded 
a t a slower rate than  before, it  took 
30 m inutes for 0 2 consumption to

the  cold environment to  an am bient 
tem perature of 35—37 °C. All rabbits 
showed a metabolic response to  cold 
accompanied by a fall in rec ta l tem ­
perature. I t  is obvious from the  dia-

F ig . 1. 0 2 consum ption  in  a  2-day-old ra b b it w eig h in g  85 g a t  2 m inu te  in te rv a ls  d u rin g  
reco v ery  from  h y p o th e rm ia  in  a  th e rm o n e u tra l en v ironm en t

F ig . 2. 1) 0 2 co n su m p tio n  ( • )  and  b o d y  te m p e ra tu re  (O ) o f  a  2-day-old ra b b i t  w eigh ing  
65 g. 2) 0 2 co n su m p tio n  ( • )  an d  body  te m p e ra tu re  ( o )  o f  a  1-day-old ra b b it w e ig h in g  55 g 

d u rin g  rew arm ing  a t  a n  a m b ie n t te m p e ra tu re  o f 35°C

reach the minimal value. In fact, m et­
abolic rate a t a rectal tem perature of 
37.3 °C in animal No. 2 and of 38 °C 
in anim al No. 1 was still higher than 
the basal metabolism.

In  Fig. 3, 0 2 consumption of 10 
rabbits less than  6-day-old is plotted 
against rectal tem perature, showing 
the relationship of these two parame­
ters after returning the animals from

gram  th a t  the reduced body tem pera­
tu re  exerted a metabolic effect in the 
warm  environment. All anim als m ain­
tained  a raised 0 2 consumption for 
periods of half an hour or more 
when returned in the neutral environ­
m ent.

0 2 consumption did not even s ta r t 
to  decline before rectal tem peratu re  
had reached 36 °.C or more.
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There are two conclusions to be 
draw n from  these observations. First, 
considerable care m ust be taken  when 
determ ining minimal 0 2 consumption 
in new born animals, to  ensure tha t 
th ey  have really a tta ined  their tem ­
pera tu re  equilibrium in the  neutral 
therm al environment; there is a dan­
ger th a t  the metabolic ra te  may be 
overestim ated. Second, it would seem 
th a t  even the tem perature gradient 
across the skin is reversed on placing 
a newborn rabbit w ith a rectal tem ­
pera tu re  of 32 — 34 °C in a chamber 
a t 35 °C, the low body tem perature 
constitu tes an adequate stimulus to 
increase 0 2 consumption. This is in 
con trast with the observations on pre- 
m atu re  and full term  babies, in whom 
a reduced body tem perature  within 
the  therm oneutral zone is not accom­

panied by an increased m etabolic 
rate.

M inim al О 2 consumption and body 
temperature of newborn rabbits with 
severely impaired thermoregulation in  

a thermoneutral environment

Various experimental procedures 
(anaesthesia, artificial ventilation, he­
xam éthonium  treatm ent, im m obiliza­
tion) carried out in newborn rabbits 
often abolished the m etabolic re­
sponse to  cold which resulted in a con­
siderable fall of body tem perature. The 
profound hypothermia unaccom pa­
nied by  an increase in heat production 
allowed to  study the relationship be­
tween body tem perature and m inim al 
О 2 consumption within wide body 
tem peratu re  ranges after exposure to
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F ig . 3. 0 2 consum ption  in  te n  ra b b its  aged 1 to  6 d a y s , in  re la tion  to  rec ta l te m p e ra tu re , 
d u ring  reco v e ry  fro m  h y p o th e rm ia  a t  a  n e u tra l tem p e ra tu re
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cold and  during recovery from  h y p o ­
th erm ia  in  a therm oneu tra l en v iro n ­
m ent.

Fig. 4 dem onstrates resu lts o b ta in ­
ed in new born rabbits which d id  n o t 
show a  m etabolic response to  cold. I t

can be seen th a t  over a tem p era tu re  
range from  32 to  38 °C a t  an y  given 
rectal tem p era tu re  th e  ra te  o f 0 2 con­
sum ption was p ractically  th e  sam e, 
and no significant changes occurred 
during cooling or rew arm ing. F rom

F ig . 4. 0 2 co nsum ption  in  11 ra b b its  aged  1 to  11 days, in  re la tio n  to  re c ta l te m p e ra tu re  
in  th e  course o f  rew arm ing  in  a  th e rm o n e u tra l env ironm en t. N one o f  ra b b its  show ed  a  
m e tab o lic  response on  exposure  to  co ld . О =  p a rtia l im m obiliza tion  -f- tu b o c u ra rin e , 
X =  p a r t ia l  im m obilization  -)- h e x a m é th o n iu m , •  =  p a r t ia l im m obiliza tion  -)- u re th a n e

F ig . 6 . 0 2 consum ption  in 4 new b o rn  ra b b its  w ith  severely  im p aired  chem ical th e rm o re g u ­
la tio n , as a  fu n c tio n  o f  body  te m p e ra tu re . ▲ =  age: 10 d ay s; bo d y  w eigh t: 130 g. A n aes­
th e tiz ed  w ith  u re th an e  and  p a ra ly zed  b y  tu b o cu ra rin e , © =  age: 4 d ay s; b o d y  w e ig h t: 
76 g. Im m obilized , and  a n aes th e tiz ed  w ith  u re th an e , •  =  age: 1 days; bo d y  w eig h t: 
66  g. Im m obilized , and  an aes th e tized  w ith  u re th an e , О  =  age: 5 d ays; bo d y  w e ig h t: 63 g.

Im m obilized , an d  an aesth e tized  w ith  u re th a n e
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these  observations i t  follows th a t in 
th e  absence of chem ical therm oregu­
la tion  a  change in body  tem peratu re

does n o t affect m inim al m etabolism . 
I t  should  be no ted  th a t  th e  various 
experim en tal procedures and  condi-

3 0 -

c

F i g . 6 . 0 2 consum ption  in  3 to  10-day-old ra b b its  in  re la tio n  to  th e ir  b o d y  te m p e ra tu re  
d u r in g  recovery  fro m  h y p o th e rm ia  a t  an  am b ie n t te m p e ra tu re  o f 35°C . N o increase in  
0 2 co nsum ption  occu rred  o n  exposure  to  cold. О  =  u re th a n e  -(- tu b o cu ra rin e  -(- im m obi­
liz a tio n , X =  u re th a n e  -f- h e x am é th o n iu m  +  im m ob iliza tion , •  =  u re th a n e  +  im m obi­

liza tion

m i n

F i g . 7. R ecovery  fro m  h y p o th e rm ia  in  a  10-day-old r a b b i t  w eighing 115 g, an aesth e tized  
w ith  1 g /kg  u re th an e  a n d  im m obilized . A m b ien t te m p e ra tu re , 35 °C. 1 . =  0 2 consum p­
tio n  m l/kg /m in , 2. =  b o d y  te m p e ra tu re , 3. =  re s p ira to ry  freq u en cy  m in , 4. =  resp i­
r a to ry  volum e m l/kg , 5. =  re sp ira to ry  m in u te  v o lum e/kg , 6 . =  m e a n  blood pressu re

m m H g
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tions may substantially decrease m ini­
mal 0 2 consumption, but cooling or 
rewarming, despite the considerable 
changes in the therm al state of the 
body, does not a lter the new level of 
the basal metabolic rate. These obser­
vations are consistent with those m ade 
in adult rats in which the metabolic 
response to cold had been abolished 
by bilateral hypothalamic lesion [12, 
13, 14]. These animals were able to  
m aintain a norm al or subnormal basal 
metabolic rate over a wide range of 
body tem perature, and thus no Q10 
effect could be observed.

A body tem perature lower than
32 °C was sometimes found to be asso­
ciated with a low minimal metabolic 
rate (Fig. 6), and  a t the beginning of 
recovery at 35 °C ambient tem pera­
ture, О 2 consumption increased g rad­
ually until a body tem perature of 
31.5 to  32 °C had been reached. D ur­
ing the further course of rewarming, 
О 2 consumption remained unchanged 
a t th a t higher level. In such animals, 
as has previously been found in dam ­
aged prem ature infants, rewarming 
sometimes caused an abrupt rise in 
minimal metabolism a t about the 
same body tem perature (31 to  32 °C). 
The findings in such a newborn rabb it 
are shown in Fig. 7. In this experi­
ment, in addition to  0 2 consumption 
and body tem perature, respiratory 
rate and volume and mean blood pres­
sure were recorded. I t  can be seen th a t  
below a body tem perature of 32 to
33 °C not only О 2 consumption bu t the 
other param eters were also reduced. 
While, on rewarming, metabolic rate, 
respiratory volume and blood pressure

soon rose to  a higher level, respiratory 
frequency and to  a certain ex ten t 
respiratory m inute volume increased 
steadily throughout the recovery pe-

F ig . 8 . 0 2 co n su m p tio n , colonic te m p e ra tu re  
an d  m e a n  b lood  p ressu re  d u ring  re w a rm in g  
in a  th e rm o n e u tra l env ironm en t. T h e  a n i­
m als w ere  an aes th e tiz ed  w ith  u re th a n e  
( lg /k g ) a n d  im m obilized , ф =  4 -d ay -o ld  
ra b b it w eighing  75 g, О =  5-day-old  r a b b i t  
w eighing 80 g. 1) 0 2 consum ption  m l/k g / 
m in . 2) M ean  blood pressure m m H g  3) 

R e c ta l te m p e ra tu re  °C

riod. The close relationship and p a r­
allel changes of these physiological 
param eters occurred regularly under 
various experim ental condition.

In Fig. 8 two experiments are 
illustrated in which neither 0 2 con­
sumption nor mean blood pressure was 
reduced a t a body tem perature lower 
than 32 °C. On the contrary, in one 
animal rewarm ing caused a fall in 
mean blood pressure from 45 mm Hg 
to 37 mm Hg.

The rule of van’t  Hoff refers to 
the relationship between the change
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in 0 2 consumption rate and the  change 
in  tem perature, which is expressed

k { t  +  10)
by  th e  formula Q10 =  ----- ------- •

kt
A 10 °C rise in tem perature has been 
found to  cause a 2 — 3 fold increase in 
th e  reaction  velocity. The form ula has 
been used in describing the effect of 
tem pera tu re  upon functions or pro­
cesses of biological systems, and the 
sam e quantitative relationship has 
been found. The incorrect application 
of v a n ’t  Hoff’s prediction in living 
hom oiotherm  organisms led to  the 
wide acceptance of a direct linear rela­
tion  between body tem perature and 
h ea t production. This concept does 
n o t tak e  into consideration th a t  even 
th e  Q 10 of quite a num ber of simple 
biochem ical processes does not con­
form  w ith  van’t  Hoff’s rule, and its 
value m ay change substantially  over 
wide tem perature ranges. An even 
m ore complicated situation arises 
when one is attem pting to  a ttribu te  to  
v a n ’t  H off phenomenon the  changes 
in  m etabolism  of a living organism 
recorded a t different body tem pera­
tu res.

I t  became apparent from a series 
of stud ies performed on adu lt rats by 
D o n h o f f e r  et al. [6, 7, 8] th a t  pre­
cau tion  should be taken  in applying 
the  Q10 effect to  describe the  parallel 
changes in body tem perature and 0 2 
consum ption as a cause and effect rela­
tionship  in the homoiothermic animal. 
I t  has been shown, among others, th a t 
th e  increase in heat production asso­
c ia ted  with hypotherm ia is not a 
d irec t consequence of the rise in body 
tem pera tu re . Essentially the  same

conclusion has been reached concern­
ing th e  relation of body tem perature 
to  2 consumption in hypotherm ia 
caused by exposure to  cold afte r chem­
ical therm oregulation had been abol­
ished by bilateral hypothalamic le­
sions and local heating of the hypo­
thalam us [11]. I t  follows th a t un­
der certain conditions considerable 
changes in body tem perature may oc­
cur w ithout a notable change in mini­
m al 0 2 consumption. The rule of van’t 
H off has in addition been applied to  
explain the changes in energy m etab­
olism observed in newborns exposed 
to  various tem peratures. Thus the 
postnata l rise in minimal 0 2 consump­
tion has been partially or totally a ttr ib ­
u ted  to  the simultaneous rise in body 
tem perature [1, 4, 16, 17, 18]. Our own 
studies in prem ature infants revealed 
no correlation between colonic tem ­
perature  and minimal 0 2 consumption. 
This has been confirmed in full term 
infants by A d a m s o n s  et al. [2]. R e­
cently, S c o p e s  [19] has reported on 
the occurrence of a Q10 effect in new­
born infants aged less th an  6 hours, 
b u t in babies older than  6 hours no 
such correlation was found. However, 
even the best correlation conforming 
w ith yan ’t  Hoff’s prediction does not 
justify  to  infer th a t  the  observed 
changes in heat production are direct­
ly related  to  the changes in body tem ­
perature.

Observations in damaged newborn 
infants with severely im paired chemi­
cal therm oregulation have shown th a t 
no t only a fall in body tem perature of 
2 to  3 °C but also one of 4 to  7 °C does 
not affect minimal 0 2 consumption
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[15]. In hypothermic damaged infants 
exhibiting a very low basal metabolic 
rate, rewarming to  32 to  32.5 °C occa­
sionally caused an abrupt increase in 
0 2 consumption which thereafter per­
sisted a t this new level.

All these observations already sug­
gested th a t the absence of the m eta­
bolic response to  cold does not neces­
sarily render the adult animal or the 
newborn infant poikilothermic in the 
sense th a t the metabolic rate  would 
be dependent solely upon body tem ­
perature. The existence of additional 
control mechanisms by which minimal 
metabolism, either normal or subnor­
mal, is maintained in spite of consid­
erable changes in body tem perature, 
has strongly been supported by the 
present observations in newborn rab ­
bits whose metabolic response to  cold 
has been abolished. Ju s t as in the adult 
animal or the prem ature infant, in 
newborn rabbits with im paired ther­
moregulation, a change in body tem ­
perature of 8 to  10 °C, either during 
cooling or rewarming, has failed to 
exert a Q10 effect upon 0 2 consump­
tion. The maintenance of normal or 
subnormal basal metabolic ra te  within 
a surprisingly wide range of body 
tem perature also points to  a mecha­
nism involved in the control of mi­
nimal metabolic rate whose nature 
and function remains to  be eluci­
dated.

S u m m a r y

The relationship of 0 2 consumption 
and body tem perature in unanaesthe- 
sized and anaesthesized newborn rab ­
bits during recovery from hypother­
mia in a  therm oneutral environm ent 
has been investigated.

(i) О2 consumption of normal ra b ­
bits depended upon the therm al sta te  
of the body; a core tem perature lower 
than 38 °C was accompanied by an 
increase in 0 2 consumption. I t  appears 
th a t a reduced body tem perature 
has some im portance in eliciting an 
increase in  heat production.

(ii) In  rabb its with severely im pair­
ed chemical thermoregulation no Q10 
effect upon 0 2 consumption could be 
observed in  the  tem perature range 
from 32 to  38 °C.

(iii) In  addition to  the severely im ­
paired chemical thermoregulation, v a ­
rious experim ental procedures and 
conditions m ay lower the level of m ini­
mal О2 consumption, but neither a 
considerable rise nor a fall in body 
tem perature caused such a change in 
the new level of metabolism as one 
would have expected on the basis of 
van’t  H off’s law. The existence of a 
control m echanism  is suggested by 
which m inim al 0 2 consumption, either 
normal or subnormal, is m aintained 
in spite of considerable changes in the 
therm al s ta te  of the body.
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