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Summary. 1. Unit activity has been recorded from the antero-medial hypo- 
thalamic area of sedated rabbits while ambient and hypothalamic temperatures 
were independently varied. 

2. Out of 202 neurones tested, 19 were found which responded in less than 
1 rain to rapid changes in ambient temperature of • 15 ~ C. Thirteen neurones 
responded only to cooling, two only to warming and four to both warming and 
cooling. 

3. For a given direction of temperature change, some units showed an accel- 
erated firing rate while others were slowed. 

4. I t  was possible to test 8 of these cells which responded to ambient temper- 
ature changes for their sensitivity to hypothalamic temperature. Six of them were 
found r have this additional temperature response. 

5. The results support recent hypotheses of temperature regulation in that  
they show there is a convergence of thermal information from peripheral and cen- 
tral receptors a t  the level of the anterior hypothalamus. 
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There  is now ample  evidence to  show t h a t  the  10re-optic a n d  an te r io r  
h y p o t h a l a m i o  regions  of  t h e  b r a i n  a re  specif ical ly sensi t ive  to  small  
changes  of  t e m p e r a t u r e .  Loca l  hea t ing  in  the  h y p o t h a l a m u s  of  un-  
anaes the t i z ed  an imals  ac t iva t e s  hea t  loss mechan i sms  which  resul t  in  
a fal l  in  b o d y  t empe ra tu r e ,  while  local  cooling has  the  reverse  ac t ion.  
This  t y p e  of  expe r imen t  has  now been car r ied  ou t  on dogs,  eats,  r a b b i t s  
goa t s  a n d  oxen.  S imi lar  reac t ions  can  also be p roduced  b y  select ive 
hea t ing  or cooling of  t he  spinal  cord.  

The  hea t - sens i t ive  neurones  which  a re  p r e s u m e d  to  be  responsible  
for  these  reac t ions  have  been  s tud ied  b y  the  t echn ique  of  un i t  r ecord ing  
in  t h e  h y p o t h a l a m u s  of  eats  ( N a k a y a m a ,  Hummel ,  H a r d y  a n d  Eisen-  
man ,  1963; E i s e n m a n  a n d  Jackson ,  1967), dogs (Hardy ,  t [ e l lon  a n d  
Suther ]and,  1964) a n d  r a b b i t s  (Cabanae,  S to lwi jk  a n d  H a r d y ,  1968; 
t [e l lon ,  1967). These  expe r imen t s  showed t h a t  a b o u t  10 ~ of  the  neurones  
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close to the midline in the preoptie and anterior hypothalamio regions 
had a marked sensitivity to local temperature, while the other 90~ 
failed to respond. The firing rate of these sensitive cells was either 
positively or negatively correlated with temperature. For many cells 
the correlation was linear, but in some cases above or below a certain 
temperature they ceased to be strongly thermosensitive. 

An outstanding problem in connection with these thermal sensors 
concerns their role in normal temperature regulation. As was first shown 
by Forster and Ferguson (1952) in eats and confirmed by Bligh (1959) 
in sheep, Findlay and Ingrain (1961) in calves and t tammel (1965) in 
dogs, there is generally no detectable change in hypothalamie temper- 
ature during the initiation and maintenance of vigorous regulatory 
responses to hot or cold environments. Recent hypotheses of temper- 
ature regulation (Hammel, 1965; Stolwijk and t tardy,  1966; Benzinger, 
1969) suggest that  afferent impulses from the skin are an important 
input to the hypothalamie temperature controller, but  there was no 
neurophysiologieal evidence for this until the recent work of Wit and 
Wang (1968). They described neurones in the cat's anterior hypothalamus 
which were excited first by heating the skin and then later by  the passive 
rise in deep body temperature. This secondary response was considered 
to be due to an increase in hypothalamie temperature. 

I n  the present experiments it was possible to raise or lower both 
ambient and hypothalamie temperatures independently and to record 
their separate effects on the firing rate of neurones in the rabbit hypo- 
thalamus. A brief account of some of the results has already been 
published (ttellon, 1969). 

Methods 
New Zealand white rabbits were used, mostly female and weighing between 

2.7 and 4.2 kg. 
Those techniques which have been described in detail previously (Hellon, 1967) 

need only be summarized here. About 5 days before an experiment an operation 
was performed under barbiturate anaesthesia. The animals were fitted with a skull 
plate which served as a base for a small hydraulic mierodriver and also carried 
two thermode tubes on each side of the mid]ine for changing brain ~emperature. 
A eraniotomy was made and temporarily sealed. 

At the start of an experiment a small dose of urethane (400 mg/kg i. p,) was 
given as a sedative, since it was found that the rabbits became restive when exposed 
to a cold environment. The animals were plaeed in a restrainer and positioned in 
a small open-circuit wind tunnel so as to face the air s~ream. Thus the head and 
ears were the main areas exposed to the air movement which had a velocity of 
50 era/see. The tunnel was equipped to enable air temperature to be changed to 
any point within the range I0~ to 40~ and it was possible to complete any 
temperature change in 30 sees. Before entering the tunnel, room air passed first 
through a car radiator (Morris 1100 model) through which alcohol at 0--2 ~ C was 
continuously circulated. This reduced the air temperature to 10 ~ C. Immediately 
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beyond the radiator was a wire grid heater energized from a variable auto~rans- 
former. This enabled-the pre-cooled air to be raised to the desired temperature, 
which was monitored by an exposed thermistor bead mounted in front of the 
rabbit 's nose. 

Extra-cellular action potentials in the anterior hypothalamus were recorded 
with glass micropipettes having a tip diameter of 1--2 i~m, a shank diameter of 
60 tzm and a shaft of 0.5 ram. The potentials were amplified by a transistor circuit 
(Narth, 1969) mounted close by the animal and then further amplified by an 
oscilloscope to be recorded and analysed as already described (Hellon, 1967). Brain 
temperature was recorded with a thermistor which was advanced symmetrically 
with the electrode in the opposite hemisphere. 

The electrodes were filled with dye solutions to mark the tip position at the 
end of a penetration. In  the early experiments methyl blue was used but the marks 
left by this dye, although seen on the tissue block, generally disappeared during 
sectioning and mounting. Much more consistent results were obtained when a 2 ~ 
solution of pontamine sky blue 6BX was used in 0.5 M sodium acetate. The solution 
has a pH of 7.7 and the electrodes had a resistance of about 2 M~. By passing 
currents of 10 ptA for 2 rain with the tip negative, dense blue marks were made 
which were about 30 t~m in diameter. These marks were easily seen on the micro- 
tome and also when the sections (30 ~m thick and stained with phloxin) were 
enlarged in a projector. 

Results 

The  wind  t unne l  t e m p e r a t u r e  was k e p t  a t  25 ~ C dur ing  the  search 
for  spon t aneous ly  ac t ive  neurones .  Once a neurone  h a d  been  loca ted ,  
i t s  a c t i v i t y  was recorded  a~ th is  t e m p e r a t u r e  for severa l  minutes .  The  
t unne l  t e m p e r a t u r e  was t hen  lowered  to  10 ~ C, ra i sed  to  40 ~ C a n d  re- 
t u r n e d  to  25 ~ C. Dur ing  th is  t ime  the re  were on ly  neglible changes in 
h y p o t h a l a m i c  t empe ra tu r e .  I f  con tac t  w i th  t he  cell was stil l  ma in ta ined ,  
b ra in  t e m p e r a t u r e  was t h e n  changed  cyc l ica l ly  b y  1 - - 2  ~ C. The  du ra t i on  
o f  record ing  f rom single neurones  in  th i s  s e da t e d  p r e p a r a t i o n  d id  no t  
u sua l l y  exceed 30 rain and  was of ten  shor ter .  F o r  th i s  reason  i t  was 
necessa ry  to  m a k e  r a p i d  changes in  ex t e rna l  t e m p e r a t u r e  a n d  comple te  
t he  observa t ions  quickly .  

Ambient Temperature Responses. A t o t a l  of  202 neurones  has  been 
t e s t e d  for responses  to  a m b i e n t  t e m p e r a t u r e  and  19 of  t h e m  showed 
t h a t  t h e y  were sensi t ive to  a l t e r a t i on  of  th is  t e mpe ra tu r e .  The  neurones  
showed  a v a r i e t y  of  responses  to  pe r iphe ra l  cooling a n d  w a rming  a n d  
the  resul ts  a re  summar i zed  in  Tab le  1. This  shows t h a t  four  cells re- 
sponded  to  b o t h  warming  a n d  cooling, b u t  mos t  of  t h e m  only  changecl 
the i r  firing r a t e  when  the  wind  tunne l  t e m p e r a t u r e  was ra ised  or  lowered  
a n d  in  th is  g roup  a response to  cooling a lone was the  mos t  common.  

The  resul ts  p l o t t e d  in  Fig .  1 a re  f rom a neurone  respond ing  to  b o t h  
cooling a n d  warming .  The  first  pe r iod  of  cooling r educed  the  firing r a t e  
a lmos t  to  zero. On hea t ing  the  wind  tunne l  to  40 ~ C the re  was an  increase  
in  r a t e  to  a b o u t  twice  t h a t  a t  25 ~ C. The  second pe r iod  of  cooling h a d  a 
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Table 1. The number of neurones responding to ambient cooling and warming 

Responding only to cooling Responding only to warming Responding to 
both cooling and 
warming 

Slowed Accelerated S l o w e d  Accelerated 
8 7 1 1 4 

40 ~ 40 ~ 
~5~ / \ / 

\,oo / \,.o~ / 

o t-."': , : '  , , ' '  ~'"":;" : ,  " , , """ - ,  . . . . . .  , ' ,  " ,  
0 2 4- 6 8 10 12 

Minutes 

:~ig. 1. Firing ra te  of a nettrone responding to ambient  fcmperature.  Ra te  counted 
over 8 sec intervals. Ambient temperature shown by top of frame 

more pronounced effect and prevented the ceU from firing for nearly 
2 rain. Further heating was attempted just before contact with the cell 
was lost. Each time the temperature was change4 there was a delay of 
30--60 see between the completion of the temperature change and the 
response of the neurone. 

Fig. 2 shows the behaviour of a unit responding specffieally to ambient 
warming. At 25 ~ C the firing rate showed occasional increases and when 
the temperature was Iowered to t0 ~ C there was no dear change in this 
rate. With return of the temperature to 25 ~ C there were two outbursts, 
but at  40 ~ C there was a marked increase in rate, interrupted by a brief 
return to the initial rate. The rate subsided abruptly at  the end of the 
heating period. Analysis of variance shows that  the firing rate during 
the period at 40 ~ was significantly higher than at 25 ~ or 10 ~ (P < 0.001). 
I t  appears that  the responses began during the 30 see period needed to 
change the wind tunnel temperature. 

The results from a neurone which was accelerated by external cooling 
are illustrated in Fig. 3. Each of the two periods at 10 ~ C was aeeompanied 
by a prompt increase of firing rate, while the rate at  40 ~ C was similar 
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:Fig.2. :Firing rate of a neurone excited by ambient heating. Rate counted over 
8 see intervals 
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Fig.3. Firing rate of a neurone excited by ambient cooling. Rate counted over 
8 see intervals 

to  t h a t  a t  25 ~ C. The  oppos i te  t y p e  of  response  to  cooling is shown in 
F ig .4 .  He re  t h e  firing r a t e  was  r educed  from a b o u t  2.5/sec before cooling 
to  1/see dur ing  cooling. As in Fig .  3, hea t ing  to  40 ~ C h a d  no a p p a r e n t  effect. 
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Fig.4. Firing rate of a neurone slowed by ambient cooling. Rate counted over 
8 see intervals 
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Fig.5. ~'iring rate (8 see intervals) of ~ neurone slowed by ambient cooling and also 
responding to hypothalamio temperature (solid line and right-hand ordinate) 

I f  contact with a neurone remained when testing for ambient sen- 
sitivity was finished, brain temperature was raised and lowered by 
changing the thermode water temperature; this was possible with eight 
cells. In  six of these firing rate was found to be a function of both ambient 
and local temperatures and of the other two, one was sensitive only to 
ambient temperature and the other only responded to brain temperature. 
The data in Fig. 5 are fl'om one unit which was slowed by peripheral 
cooling, unaffected by peripheral warming and then, when brain temper- 
ature was displaced, it responded to local heating and cooling. Results 
from a neurone with a more complex response are plotted in Fig. 6. When 
the tunnel temperature was reduced to 10 ~ C, there was a delay of about 
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Fig. 6. Firing rate (8 see intervals) of a neurone excited by ambient cooling, slowed 
by ambient heating and also responding to hypothMamic temperature (solid line 

and right-hand ordinate) 

Table 2. Summary o/the changes in firing rate to ambient and hypothalamic temper- 
ature changes. -- Denotes decrease; A- denotes increase; 0 denotes no response 

Un~ No. Ambier~t temperature HypothMamic temperature 

Cool Warm Cool Warm 

66/1 - -  O O q- 
68/11 O + O + 
68/15 (Fig. 6) q- -- -- O 
71/14 (Fig. 5) -- O -- q- 
81/il - o - o 

87/5 + o + o 

1 rain before the firing rate increased sharply, tteating caused a dramatic 
reduction in rate and on returning to 25 ~ C there was a slower acceleration 
to the initial rate. When brain temperature was raised and lowered, the 
activity followed the temperature although the response to heating was 
not marked. 

The responses of all six neurones showing this dual sensitivity are 
summarized in Table 2. Each of the units showed a different response 
pattern, ttowever, with the exception of unit 68/15 (Fig.6), all the cells 
were affected in the same general direction by ambient and brain temper- 
ature; that  is to say ff ambient cooling was excitatory, then brain cooling 
was also excitatory. I n  theft- responses to brain temperature five of the 
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Fig.7. Positions of temperature-sensitive neurones projected on a parasagittal 
section of rabbit brain. Scales in ram. Open symbols indicate neurones driven by 
ambient and hypothalamie temperatures; filled symbols indicate neurones driven 
by ambient temperature. CO, corpus eallosum; AC, anterior commissure; MI, 

massa intermedia; OCH, optic chiasma; MM, nucleus mammillaris medialis 

neurones responded to either warming or cooling and would be classified 
as type C (Hellon, 1967) while one of them responded to both warming 
and cooling and hence belongs to type A. 

The positions of all the neurones are given in Fig. 7, which shows tha t  
recordings were made from the level of the optic chiasma rostrally to just  
behind the mammit lary  bodies caudally. All the positions were 1.5 m m  
or less from the midline. Four of the neurones were in the massa inter- 
media of the thalamus, but  most of the others were more rostral and 
ventral  in the hypothalamus itseff. There seems to be no particular 
position for the units which were sensitive to local as well ambient  
temperatures.  

Discussion 

This paper  describes some preliminary experiments which were 
designed to elucidate the peripheral inputs  to the hypothalamic temper- 
ature controller. They show tha t  information concerning warming or 
cooling of the surroundings is relayed to the hypothalamus before there 
is any  change in hypothalamic temperature.  

There have been two previous a t tempts  to record signals in the 
anterior hypothalamus when skin temperature was changed. One was 
in anaesthetized dogs (Hardy, !tellon and Suthertand, 1964) and the 
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other was in the enedphalo isold preparation (~urakami, Stolwijk and 
I~ardy, 1967). In neither of these studies was it possible to demonstrate 
any change in hypothalamie firing rate to peripheral stimulation. The 
first positive evidence is provided by the experiments of Wit and Wang 
(1988) who recorded more laterally than Hardy et M. or Murakami et al. 
while heating the whole animM (cat) with infrared lamps. They fou~cl 
five units 3--5 mm from the midline which increased their activity 
within 3--6 rain after the lamps were turned on. The delay in the present 
experiments between the beginning of a temperature change in the wind 
tunnel and a change in firing rate of the units was shorter and varied 
from a few seconds to 1.5 mira The reason for this variation in the delay 
is uncertain at the moment but clearly it will depend on a number of 
factors including the sensitivity of the receptor, the thickness of overlying 
fur and the change or rate of change of temperature at the site. None of 
these factors is yet known nor is there any information about the path- 
ways or degree of neuronal processing between the periphery and the 
hypothMamus. However, since the face and ears were the main regions 
exposed to the air stream it is likely that the peripheral receptors were 
located on these areas. So far no temperature receptors have been 
reported in the rabbit ear (Brown, Iggo and Miller, 1967), but on the 
nose of the oat Hensel has recently described a high concentration of 
warm and cold receptors (Hensel and Huopaniemi, 1969; Hensel and 
KenshMo, 1969; Hensel and Wurster, 1969). I t  is not clear if the nose 
was heated by Wit and Wang. 

The unit responses showed that while most neurones responded only 
to external warming or cooling a few were found which were sensitive 
to both warming and cooling, lVIore recordings will be needed before 
conclusions c~n be made aboat the proportions of the various types of 
response. 

The faot that neurones have been located which are stimulated by 
ambient temperature does not necessarily in ,onto  that these neurones 
are concerned with temperature regttlation. For example in the ]~teral 
and posterior hypothalamns of rats Cross and Silver (1963) have found 
units which were accelerated or inhibited when the skin was cooled or 
]pinched. I t  is the observation that cells which responded to ambient 
t~mperature also responded to hypothMamie ~emperature which makes 
it more probable that these neurones are involved in temperature control. 
This convergence of peripheral and local temperature signals on the same 
neurone was first observed by Wit and Wang (1968). By heating their 
eats with lamps, they stimulated first the peripheral receptors and then 
after a delay of about 30 mir~, brain temperature began to rise. Five 
neurones (Type If) were found which responded in a additive fashion to 
these successive stimuli--firing rate increased within 3--6 min of turning 
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on the lamps and then rose again as brain temperature  increased. The 
presen~ experiments confirm tha t  similar cells exist in ~he rabbit ,  but,  
because there was independent control of ambient  and brain temper-  
atures, they  reveal a greater complexity of behaviour than  Wit  and 
Wang were able ~o show. 

Hammel  (1965) has suggested a neuronal model in which all the 
central thermoreeeptors receive inputs from warm and cold peripheral 
receptors and tha t  this input  results in a shift in "set-point" when the 
ambient  temperature  changes. The present results are consistent with 
this model although at  the moment  there is no way of establishing 
whether a particular central neurone is an actual thermoreceptor or is 
being synaptical ly driven by  such a receptor. However, in the eat  Wit  
and Wang (1968) found "pure"  central thermoreceptors which were not  
affected by  peripheral warm stimuli. 

I t  will now be important  to discover how peripheral and local temper- 
atures interact  on the same hypothalamic neurone; in the present ex- 
periments their effects have been only examined separately because the 
stabili ty of  recording did not allow longer observations. The control 
equations of Stolwijk and H a r d y  (1966) suggest tha t  altering ambient  
temperature  might  ohange the sensitivity of neurones to hy-pothalamio 
temperature.  On the other hand, Ha m m d ' s  model (1965) implies tha t  
there would be no change in sensitivity ~o local temperature  but  tha t  
the position of the firing ra te / temperature  curve might shift. 

Addendum. In this paper reference should have been made to the work of 
Nakayama and Hardy (1969). Using shaved rabbits immersed in a water bath, 
they were able to show that many neurones in the midbrain reticular formation 
were activated by skin cooling. Some of these cells were also sensitive to changes 
in local brain stem temperature. 
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