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Brai n Sensors of Temperature 

James D. Hardy 

Brody Memorial lecture* 

Ladies and gentlemen, it was with an unusual sense of pleasure that I 
accepted Professor Johnson's invitation to present the 1968 Brody Memorial 
Lecture. Dr. Brody was a valued colleague who strongly supported my 
efforts following World War II to establish a Temperature Regulation Group 
in the American Physiological Society. His talks before our small gathering 
were always spiced with his delightful humor, but were models of clarity and 
rich in scientific content. I recall a talk he made on the "Efficiency of (1) 
Horses, Men and Nbtors," which actually had appeared in print in 1937. 
Dr. Brody was quite aware that physiologists are usually about 10 years 
behind in their reading and that the material would appear new to us, even 
in 1948. In my case, he was entirely correct! I think it might be instructive 
to look at Figure I, which Dr. Brody used to describe the experiemental 
arrangement he used to measure the efficiency of the horse as functions of 
speed, draw bar tension, and duration of work. His conclusions were clear 
and to the point. With characteristic vigor and humor he said, II During 
work, the maximum efficiency of work is the same for horses and men, and 
nearly twice as great as for the 12-horsepower electric-ignition farm tractor. 
However, the all-day efficiency is nearly the same in horse and tractor 
because the horse uses fuel when resting whi Ie the tractor does not.· 

*Lecture presented April 30, 1968, University of Missouri - Columbia. 

1 Brody, S. and E. A. Trowbridge. Efficiency of Horses, Men and Metors, 
Bulletin 383, College of Agriculture, University of Missouri - Columbia, Me. 1937. 
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Fig. 1. Method used for measuring work performed (W = weight; W in pounds x distance 
pu lled in feet) and energy expended for performing work (found by measuring 
rate of oxygen consumption during work). (After Brody , 1937). 

He also noted the wisdom of the saying, "The horse raises what the farmer 
eats, and he eats what the farmer raises ••••• you can ' t plow in the ground 
and get gasoline. " 

It is, thus, with a feeling of sadness, but also with sense of deep pleasure, 
that I commemorate the contributions of a great physiologist and humanist by 
presenting material to you which would have been of great interest to Dr. 
Samuel Brody, and I hope would have met his exacting standards. 

Historically, energy and temperature problems have been studied by two 
separate groups. The physiologists in one group have had little to say to 
those in the other group, except to take pot-shots at the others' theories. 
The study of what would now be termed bioenergetics was begun in the latter 
half of the 18th century by Lavoissier I who I shortly after Priestley's discovery 
of oxygen, showed that human metabo I ism i nvo Ived oxygen consumption. 
Lavoissier proposed the theory that the foodstuffs in the body were burned by 
low temperature oxidation in the lungs, and that the source of body heat 
was in the lungs. Another great French physiologist, Claude Bernard was the 
leader of the second group with his interest in regulatory processes in phys
iology and his discovery of the vasomotor nerves. Claude Bernard was the 
first to use thermocouples in physiology and by measuring the temperatures 
in the pulmonary artery and vein, he demonstrated that the blood was cooled 
in its passage through the lungs. As a consequence, he concluded that 
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Lavoissier's theory of the source of body heat "i~~ incorrect, and that the 
foodstuffs were actually burned in the tissues. ~ 

The school of Lavoissier had its lineal descendants through Bertholet, Gay
Lussac, Liebig, Rubner, Lusk, Atwater, Benedict, DuBois and Samuel Brody. 
It was at the Agricultural Experimental Station at Storrs, Connecticut, that 
the first calorimeter, large enough for man and farm animals, was constructed 
by Atwater and Rosa in 1897. Thus, the agricultural scientists were ahead of 
the medical scientists in this important area of bioenergetics. 

The school of Claude Bernard (3) had, naturally, its interest in the study of 
the process of temperature regulation. Thus, it was this group, following the 
discovery in 1884 of the importance of the brainstem to the regulation of 
body temperature by Richet in Paris and Ott in Philadelphia, that consisted 
mainly of neurophysiologists: Barbar, Bazett, Keller, Thauer, Margoun, 
Bard ••••• 

In the 1950's an attempt was made by a third group to combine the methods of 
the thermal physiologist and the neurophysiologist to study the system as a 
whole, while at the same time, exploring the properties of the individual 
components. After 15 years, one can see progress from this approach, and it 
is from this viewpoint that I would like to present the results of our studies. 
The data and the analyses are the products of many of my colleagues and 
graduate students as we worked together to understand more clearly the 
operation of the physiological thermoregulator. Principal among these have 
been H. T. Hammel, a previous Brody Lecturer, T. Nakayama and J. A. J. 
Stolwijk, without whose efforts the present level of our understanding could 
not have been achieved. 

We begin by examining the characteristics of a regulating system in engineering 
terms as shown in Figure 2. (4) The block diagram indicates the essential 
elements of a regulatory system in the simplest configuration for the automatic 

2 Hardy, James D. Central and Peripheral Factors in Physiological Temperature 
Regulation, pp. 247 - 283 in -Les Concepts de Claude Bernard sur Ie Milieu Interieur" I 
Masson and Co. Paris 1965. 

3Bernard C. Lec#ons sur la chaleur animale, sur les effets de la chaleur et sur la 
fievre. Libairie J. - B. Bailliere et fils, 1876, pp. 32 - 107 et 332 - 345. 

4 Stalwijk, J. A. J. and J. D. Hardy. Temperature Regulation in Man - A 
Theoretical Study. Pflugers Arch. ges. Physiol., 291; 129 - 162, 1966. 
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Fig. 2. Block diagram of on automatic regulator showing major subsystems: 0) the con
trolled or passive system under influence of environmental disturbance; b) the 
controlling system. All subsystems are subject to modification by adoptive pro
cesses. 

control of some variable Vc within the controlled or passive system. The 
controlled system is shown as being subject to environmental changes, AD, 
which tend to change the value of Vc from its desired level. Physiologically, 
there may be many such variables in the passive system, such as electrolyte 
and other concentrations, tensions, and mass and temperature. All of these 
may be interdependent and actually utilize many elements of both passive 
and control I ing systems in common. The value of V c, at any time, is 
converted into appropriate signals by the transducer or sensory elements K2. 
This information is passed into the controlling system as feedback signals, 52, 
and into a comparator or differential system which also received the signals 
from reference elements, 51 (representing the setpoint or command information), 
An important property of the setpoint signal is its insensitivity to the level of 
Vc. For example, in the regulation of temperature this signal is temperature 
insensitive and defines the desired value of temperature to be maintained in 
the controlled system. The actuating signal, 5 , contains the information 
concerning any departure of Vc from Vseb (i ,e~ the error signal 51 - 52) 
and is the information which the controlling elements, K1, utilize in gen
erating controller action, Ac , to oppose the effects of the environmental 
disturbance, and thus, restore V c to its desired level. The energy necessary 
for the controlling elements must be provided either from an external source 
or by the passive system itself. From the point of view of temperature reg
ulation, it is assumed that the energy flow into the cardio-respiratory systems, 
the somatic musculature, endocrine, and other systems, is available within 
physiological limits. This is a major assumption---it can be argued that no 
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study of a physiological subsystem, such as temperature regulation, can be 
accepted by itself and that the inclusion of all other systems is essential to a 
complete understanding. Our knowledge of the other regulatory systems and 
their interactions with temperature regulation is inadequate. Thus, 
physiologists must analyze as best they can each subsystem separately with 
the view of interrelating them as new data and analytical methods become 
available. For the present, our theories and analyses apply only within 
ranges explored by physiological experiment. Their predictive values are 
useful mainly as challenges to the theories themselves. 

The Passive System 
For temperature regulation, the controlled system is the body itself, complete 
with fully functional cardio-vascular and respiratory systems, metabolic and 
reproductive activities, and the nervous and endocrine systems controll ing 
these functions. The problem of the passive system of temperature regulation 
is to determine when and where in the body heat is produced, how it is 
transferred from one part to another, and how heat and energy is exchanged 
with the env ironment. Since the early work of Lavo issier, many generations 
of physiologists have contributed essential bioenergetic information by means 
of special calorimeters and other biophysical, biochemical, and anatomical 
methods. These data include the animals' mass, density, specific heat, 
geometrical dimensions, surface reflectance and emittance, thermal con
ductivity of tissues, and environmental gases or other medium, etc. So many 
data are requ ired that a reasonably accurate representation of the thermal 
problem has been attempted only for the 71 Kg human male represented by 3 
cylinders as shown in Figure 3. The surface-area-volume ratioes have been 
arranged to agree with those of the head, trunk, and a combined extremity 
with all the compartments perfused by blood from a central arterial system, 
(C. B. Transfer of heat from the core volumes by passive conduction through 
muscle and skin and into the environment complete the concept, with the 
addition of evaporative heat losses from the skin and head core). A complete 
anatomical model of man has not been developed, but the problem is not 
simple. Indeed, the req.uired data are so numerous that no analysis of the 
passive system for any other animal has been even attempted so far as I am 
aware. Electrical methods, using either analog or digital computers, 
can be adapted to the solution of the equations for simple models. 
But our interest at this time is in the controlling rather than the complete 
thermoregulatory system, thus, we can refer to the papers on the subject to 
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HEAD TRUN K EXTREMITIES 

t ! 1 
ENVIRONMENTAL HEAT EXCHANGE 

Fig. 3. Schematic representation of the three cylinder model of the passive system showing 
heat e xchanges within the body by convection due to the blood flow to and from 
the central blood compartment (CB) and by conduction between layers of body 
tissues. 

substantiate the statement that a modestly satisfactory passive system for the 
human male has been devised. (4) The importance of the passive system 
deserves more attention because without a passive system which characterizes 
the physiological system with accuracy, no acceptable approach can be made 
to the analysis of the action of the controlling system. 

The Controlling System 

In devising the concept of the controlling system as shown in Figure 4, the 
experiments on nude men exposed to heat and cold and to thermal transients 
were used. In this situation all of the feedback loops for regulation are 
closed and the physiological data characterize the performance of the intact 
system, i.e. passive system plus controll ing system. Measurements were 
made of the effects of steady state and transient exposures to hot and cold 
environments on metabolic rate, evaporative heat loss, tympanic, mean 

4 
Stolwijk, J. A. J. and J. D. Hardy. Temperature Regulation in Man - A 

Theoretical Study. Pflugers Arch. ges. Physiol., 291; 129 -162, 1966. 
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skin, and rectal temperatures. The system in Figure 4 has the following 
characteristics: 
1) Evaporative heat loss= ke (TH - TH ) (1's - \ ) +k:(T

H 
- TH ) (T

M 
- T

M
) 

o . 0 0 0 

2) Shivering Metabolic rate= kM t (T
H 

- T
H

) (f - T), product must be 
. . e s s 

posItIve. 0 0 

3) Muscle blood flow controlled by skin temperature and anoxia accumulated 
from resting and work metabol ic processes· 
Muscle blood flow == k 1 bf (f - T ) + k~ S (O'.6.M - MBF) dt; 

m s s 
o 

4) Skin blood flow controlled by skin temperature directly and by a central 
action releasing vasoconstrictor tone: 

Skin Blood Flow= ksbf(TH - TH ) (Ts - Is ) + k'sbf (TH - TH ) (TM - TM ) 
o 0 0 0 

+ k .... 
bf 

Cf -T ), products involving temperature differences must be 
s s s 

positive. 
o 

The above assumptions were the fewest that cou Id be made and yet regu late 
our passive model according to available physiological data. As can be seen, 
the interactions between central and peripheral temperatures are complex, 
but the essential point is the gain control provided by the product of the 
central and peripheral error signals. It is useful to challenge the concepts 
of the regulating system using experiments performed by others. 
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An experiment which has caused much discussion is the "ice-cream" ex
periment of Benzinger. ill This experiment was repeated in our laboratory 
as follows: A young man was exposed in shorts at 42 C for several hours 
during which time his tympanic and mean skin temperatures, metabolic and 
evaporative heat loss rates were measured. During the second hour, when a 
steady state had been attained, the subject ingested about 400 grams of ice
cream in a ten minute period. As shown in Figure 5, and as observed by 
Benzi nger, the evaporative heat loss falls rapidly as does the tympanic 
temperature. The mean skin temperature rises; there was no change in 

36 

80 

40 

o 

Fig. 5. 

Analogue Simulation of the "Ice Cream" Experiment 

421 Grams 
Ice Cream .. Room Temperature 

42°C 

Temperature 

Temperature 

Evaporative Hea t Loss 

I 
I 
I 
I 
t 

3 HOURS 

o Experimental 

6 Data 

~ Subject M.H. 

Comparison of experimental data, with the closed loop combined systems pre
dictions of the effect of ingestion of ice cream (in a hot environment) on evapo
rotive heat loss, mean skin, and tympanic temperature. 

5 Benzinger, T. H. On Physical heat regulation and the sense of temperature in 
man. Proc. Nat. Acad. Sci. (Washington). 45;645, 1959. 
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metabolic rate. Sometime later the tympanic temperature rises as does the 
evaporative heat loss. From the parallel ism between tympanic temperature 
and evaporative heat loss, Benzinger concluded that the sweat rate was 
under complete control of the brain receptors with the skin having no part. 
Using the regulating system as indicated above, the same experiment was 
carried out on the computer with the results shown by the continuous solid 
lines, and it is seen that the experimental data are explained well within 
the experimental error of the physiological measurements. In this connection, 
it might be pointed out that Benzinger's conclusions, although apparently 
correct for explaining his "ice-cream" experiment, are incompatible with a 
large body of data on the physiological responses to thermal transients. The 
above example seems to indicate that the interplay between central and 
peripheral temperatures is for too complex to permit desirable insight into 
physiological thermoregulation with simple intuition alone. One can only 
hope that aids to intuition such as computer solutions of network problems 
will be adequate. 

The Brain Sensors of Temperature 

What are the implications of the controlling systems depicted in Figure 4 in 
terms of the central and peripheral nervous systems? The problem is out-
lined in Figure 6, which shows the four effector actions in blocks with their 
schematic nervous connections indicated to the setpoint, sensor, and inte
grating (or multiplying) networks. It is here that the methods of neurophysiology 
must be used to study the temperature information exchanges that control 
the physiological effector systems in their temperature regulatory actions. 
The first question is, naturally, are there temperature sensitive neurons in 
the brain stem which have positive temperature coefficients of activity (warm 
sensitive un its), negative coefficients (cold sensitive un its), and units wh ich 
have activity that is invariant with temperature (setpoint units)? Data are @ 
available as to the presence of cold and warm neural units in the periphery, 
but the problem remains as to how they are related to the control units. There 
is a further problem of how the nervous system does a multiplication and at 

6 Hensel, H. Electrophysiology of cutaneous thermoreceptors. Chapt. 18, pp. 
384 - 399 in Skin Senses, Dan Kenshalo, Editor, Charles C. Thomas, Springfield, III. 
1968. 
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SKIN 

Fig. 6. Schematic diagram of some of the neuronal interconnections required by the model 
of the regulating system shown in Figure 4. *Refer to experimentally confi rmed 
elements. 

what level. Thus, Figure 6 gives an initial outline to the problem, but it 
does little else because new data will likely cause modification or even 
abandonment of the concepts as shown . 

We began our search for hypothalamic temperature sensitive neurons in 1959, 

and, with the collaboration of Drs. Nakayama and Eisenman, 0 we could 
make the first announcement of the presence of these neurons in the preoptic 
region of the cat in 1961. There was, of course, good evidence from many 
laboratories that the preoptic region was the place to look for these neurons. 
A modification of the original method in which we used radio frequency 
heating to elevate the local tissue temperature is shown in Figure 7. This 
modification consisted of four thermodes implanted on one side, 1.5 mm from 
the midline and 3 mms apart. The skull was opened on the other side and 
micro electrodes introduced in the preoptic region as indicated. A thermistor 
midway between the center two thermodes and 4.5 mms from the midi ine is 
placed in such a way that, due to symmetry, the temperature of the thermistor 

7 Nakayama, T., J. S. Eisenman, and J. D. Hardy. Single unit activ ity of 
anterior hypothalamus during local heating. Science, 134, 560 - 561, 1961. 
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Fig. 7. Diagram of experimental arrangement for studying single unit activity in the 
brainstem during alterations in local temperature in anesthetized animals. 

could be assumed to be roughly at the same temperature as the tissue being 
explored for sensitive neurons. The use of thermodes had the advantage of 
permitting the temperature to be lowered as well as elevated, and also pro
vided an accurate control of the local tissue temperature. The opening of 
the skull on one side for introducing the microelectrodes enabled us to open 
the dura without danger of massive hemorrhage from the medial sagittal sinus. 
The animals were under urethane-chloralose anesthesia. Figure 8 illustrates 
the results of our first experiments of heating the preoptic region. To the left 
of this figure is shown the discharge rate of a neuron beginning at 8.8 
impulses/sec. at 3SOC. The neurons of the preoptic region appeared to dis
charge spontaneously, and, as we raised the tissue temperature the discharge 
rate increased to 15.7 impulses/sec. at 39.50 C. When the temperature was 
allowed to decrease to 38.40 , the discharge rate slowed to 8.3 impulses/sec. 
The right side of this figure shows the changes in hypothalamic temperature 
during the two minute period of radio frequency heating, the associated 
increase in discharge rate of the neurons, and the increase in respiration rate 
(which was somewhat delayed). We were encouraged by these initial results 
and believe that they are a beginning in our understanding of the nature of 
the neuron response in the brain stem which is associated with temperature 
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Fig. 8. At left: Firing rate of neuron in the hypothalamus at various temperatures. 
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local tissue temperature during a 2 1/2 minute period of radio frequency heating. 

regulation. A natural question was whether or not these neurons showed 
adaptation with time. The neuron discharges are not exactly regular, but, 
as shown in Figure 9, the discharge was closely related to tissue temperature, 
and had little or no adaptation as long as the temperature maintained was 
constant. This figure shows an experiment in which the tissue temperature was 
raised to 4QOC, then lowered to 370C, then to 33.SoC, and finally allowed 
to return to 3f'C. The response shown in Figure 9 is the type one might hope 
for from a physiological transducer of temperature. 

Iv'Pst of the neurons that were encountered were temperature insensitive.@) 
Of course, such neurons may have nothing to do with temperature regulation, 

8 Nakayama, T., H. T. Hommel, J. D. Hardy, and J . S. Eisenman. Thermal 
stimulation of electrical activity of single units of the preoptic region. Am. J. Physiol . 
204, 1122 - 1126, 1963. 
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but it was remarkable that the discharge rates for some of the neurons could 
remain so constant when the local temperature was varied between 32 and 
420e. About 80 per cent of the neurons encountered were temperature 
insensitive and the response of some of them are shown in Figure 10. Some 
of the neurons had a slight increase in activity with temperature, others were 
somewhat irregular, and still others were quite insensitive to a temperature 
change of 8-1 ace. These responses were somewhat surprising to us because 
we had anticipated that all neurons would have some sensitivity to tem-
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to temperature levels of 32-42oC. 



17 

perature, more or less, in accordance with Arrhenius' Law, with a 010 some
where between 2 - 3. Some of the neurons shown in the figure have OW's 
very near unity. In speculating about the function of these neurons, it was 
my feeling that they might provide setpoint information. 

The characteristics of the temperature sensitive neurons with positive temp
erature were somewhat variable, as shown in Figure 11. Some of the neurons 
responded over wide ranges of brain temperature, others had no response to 
low temperature but began responding at temperatures between 36 - 3SOC 
and increased their activity linearly with higher temperatures. If the tissue 
temperature was elevated above 42OC, the response of all the neurons tended 
to decrease. Thus, temperature response curve has a "bell shape", and, in 
one sense, whether or not the unit is a "warm sensitive neuron" depends 
upon its response in the 'normal' range of tissue temperature. In considering 
the responses of the neurons in Figure 11 with those in Figure 10, it could be 
assumed that at least part of our required neuronal network (depicted in 
figure 6) had been established experimentally. 
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Fig. 11. Temperature sensitive unit responses with positive temperature coefficients {warm 
units}. The two units which respond to heating only above the normal range of 
body temperature may be generating -error" signals. 
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As shown in Figure 12, the error signals on the high temperature side should 
disappear at some temperature near the central body temperature. Of course, 
there should also be the temperature invariant neurons giving setpoint signals 
and the thermal sensors giving temperature information over a rather wide 
range of temperatures. A hypothetical neuron network, as indicated at the 
bottom of Figure 12, might consist of groups of warm sensitive neurons which 
would synapse with secondary neurons facilitating their response. The in
sensitive neurons, on the other hand, would synapse with the same neurons 
with inhibition. Thus, the secondary neurons would indicate the difference 
in activity between the warm sensitive neurons and the temperature insensitive 
neurons, and therefore, produce the temperature' error si gnal' for elevated 
body temperature. The secondary neurons would, of course, be warm sensitive 
neurons. The only way they could be recognized would be their failure to 
respond when the brain temperature was lowered below some value (as shown 
for the two neurons in the lower part of Figure 11). 
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Fig. 12. Hypothesis of the relationship of the central ·warm" thermostat to observed 
characteristics of the warm sensitive and the temperature insensitive neurons of 
the brainstem. At top: Analog diagram of central and peripheral warm thermo
stats interacting to control evaporative heat loss. At bottom: Hypothesis of 
neuronal interconnections to generate an error signal. 



19 

A major question still remained concerning the presence of "cold sensitive" 
neurons. In our first search for such neurons we failed to find units which 
gave responses as clear-cut as did the warm sensitive neurons. In collaboration 
with Dr. Richard Hellon, we continued our search and found a group of 
neurons which had negative coefficients (Figure 13). These neurons were 
slower firing and many of them did not discharge at all when the brain temp
erature was raised beyond 38 - 390(. However, on cooling the brain, these 
neurons could be made to discharge and the 010 was relatively high. On 
the other hand, as can be seen in the figure, the neurons had a tendency to 
cease firing at elevated brain temperatures, and, in accordance with our 
previous reasoning, one might suppose that these were secondary neurons 
rather than the primary source. The presence of these neurons has been 
confirmed many times,mostly in the septal region. 

Temperature Response 

o f 

Hypothalamic Neurons 
Impulses per second 

9 (Cold) 

8 

7 
6 

5 

4 
3 

2 
I 

°36 37 
Hypothalamic Temperature °C 

Fig. 13. Single unit responses with negative temperature coefficients (cold neurons). 
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By changing our technique of heating and cooling, we were able to establish, 
in many cases, that we were truly dealing with secondary neurons. We 
heated and cooled through a temperature cycle as rapidly as we could, com
pleting such a cycle in a matter of 2 to 4 minutes. Using this dynamic 
response, we observed that the activity of the neuron during the heating 
cycle was often different from that during the cooling portion of the cycle. 
When we plotted the data in terms of indicated temperature against discharge 
rate, the result was a "hysteresis· curve as shown at the top in Figure 14.0.Q) 
In this experiment, the neuron discharge increased its firing rate before the 
thermistor temperature changed, indicating possibly that the neuron was 
closer to the thermode than the thermistor. We realized, of course, that the 
thermistor temperature might not represent the neuron temperature, and there
fore we performed a set of experiments to determine whether or not we could 
calculate the temperature of the neuron after we knew its position relative to 
the thermode array and to the thermistor. By taking into account the thermal 
lags due to heat conduction, it was found possible to make a calculation of 
the temperature changes at various distances from the thermode array which 
agreed with actual measurement at the location. At the bottom of Figure 14, 
I have plotted the estimated tissue temperature, rather than the thermistor 
temperature. When this is done, the hysteresis curve (shown at the top of 
the figure) reduces to, more or less, a straight line with a much larger tem
perature range than that indicated by the thermistor. 

In this experiment, we concluded that the hysteresis curve was due to thermal 
lag, and thus, we could make correction for this asymmetry. In other in
stances, correction for lag was not possible (such an experiment is shown in 
Figure 15). On the top of the figure, indicated by the black dots, are the 
original data, discharge rate versus thermistor temperature. After locatil1g 
the neuron's position and determining its distance from the thermode array on 
autopsy, corrections were applied to el iminate the obvious asymmetry since 
the neuron was much further away from the thermode array than was the 
thermistor. However, the correction resulted in an alteration in the hysteresis 
curve (indicated by the open circles), but did not eliminate the hysteresis 
itself. However, if the assumption is made that the neuron, which was 

10 Cunningham, D. J., J. A. J. Stolwijk, N. Murakami, and J. D. Hardy. 
Responses of neurons in the preoptic area to temperature, serotonin and epinephrine. Am. 
J. Physiol. 213,1570 - 1581, 1967. 
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roughly 6 mms from the thermodes, was responding to a temperature much 
nearer, that is, about 2 mms from the thermo des, the activity again became 
linear with temperature. We inferred that this particular neuron was either 
being stimulated by connection with another neuron some millimeters away, 
or by dendrites which extended several millimeters from the neurons' location. 
With the first assumption, the neuron would be a secondary neuron, although 
the possibility of elongated dendrites could not be ruled out. 

If we refer back to Figure 6, we can possibly say that we had, at this point, 
confirmed experimentally several assumptions in regard to parts of our 
neuronal network. We had found the secondary warm and cold neurons, the 
insensitive neurons, and possibly the temperature sensors for the high 
temperature side. We probably have not located the cold sensors and we 
had not located the neurons which effected a multiplication of signals from 
the periphery and from the central temperature elements. We then began a 
search for neurons which would respond to the peripheral receptor elements 
and after a two year search, we gave up. Many neurons in the preoptic 
region would respond to noxious thermal stimulation, but our best efforts 
failed to reveal any interaction between peripheral temperature signals and 
preoptic neurons. It should be mentioned however, that Wit and Wang, (11) 
have found such response in a few experiments in which they have heated the 
entire animal. It may well be that this method is superior to that which we 
used, that is, locally heating and cooling the skin, the tongue, nose and 
areas of the buccal cavity. In fact, reference to Figure 6 would indicate 
that the multiplying neuron would not respond to peripheral heating unless 
the central temperature was also raised. Our experiments may have over
looked this possibility. 

I shall leave this interesting problem for a moment and consider briefly the 
effects of pyrogens upon the activity of the preoptic neurons. The available 
data indicate that pyrogens evoke fever when introduced systemically into 
the ventricles or into the tissues of the preoptic region. Determining what 
the action of pyrogens might be on unit activity has been studied recently 
in my laboratory by Dr. M. Cabanac.(12) Rabbits under urethane anesthesia 
were used in these experiments and thermodes were implanted as indicated 
in Figure 16. 

11 Wit, A. and S. C. Wong. Effects of increasing ambient temperature on unit 
activity in the preoptic-anterior hypothalamus (POl AH) region. Fed. Prac. 26; 555, 1967. 

12 Cabanac, M., J. A. J. Stolwijk and J. D. Hardy. Effect of pyrogens on 
single unit activity in the brain stem. Am. J. Physial. (In press), 1968. 
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Fig. 16. Placement of thermodes and microelectrodes for studying single unit responses in 
the rabbit. At right: distribution of neurons having some degree of response to 
temperature. 

A rectangular craniotomy was performed on the opposite side for introducing 
the micro-electrodes and a thermistor was placed 4.5 mm from the midline 
as shown at the bottom of the figure so that it and the electrode would be 
symmetrically placed with respect to the micro-electrode and the thermode
array. On the right side of the figure the distribution of the warm and cold 
units is shown extending from the septal region to the rostral border of the 
reticular formation. This is a much wider distribution than previously re
ported, and involved both slow and fast firing neurons, and units with large 
and small temperature sensitivities. In this connection, it is easy to under
stand how the preferences of the investigator enter to influence the results, 
depending, for example, on the acceptance for study of only high QlO units, 
or only steadily discharging units, or perhaps only slow firing units. For 
the study of pyrogens, only slow units with regular discharge were selected 
because they can be held under observation for longer periods of time. The 
pyrogens were administered intravenously in the form of immune typhoid 
vaccine. After determining the neuron response to temperature, the vaccine 
was given and the neuron's spontaneous activity and temperature sensitivity 
followed for periods up to one hour. The response of a warm sensitive neuron 
is shown in Figure 17. This neuron had a good temperature response and ap
peared to be a secondary warm neuron. One ml of vaccine was injected and 
after about 10 minutes the spontaneous discharge began to decrease. A 
further test of sensitivity indicated that the unit had lost its response to 
temperature. Not all neurons behaved in this manner. Some of the warm 
neurons decreased but did not lose their temperature sensitivity as shown in 
Figure 18. 
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Fig. 17. Effect of pyrogen (immune typhoid vaccine) administered by vl>in on the activity 
of a warm sensiti ve neuron. 
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The effect of these actions on the temperature regulator would be to reduce 
its response to elevated body temperature, but would not necessarily evoke a 
cold response which would cause the body temperature to rise. This response 
might be expected to come from the cold sensitive units or possibly the in
sensitive units. I should say that we have not studied the insensitive units 
sufficiently well to know what their responses might be to the vaccine. 
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Figure 19 shows results of an experiment on a cold sensitive unit. This unit 
was a slow firing neuron with a negative response to heating, but little re
sponse to cooling. Thus, we conclude that it was a secondary neuron. The 
neuron was steady in its firing rate and an injection of vaccine was given. 
About eight minutes later the discharge rate apparently began to decrease 
and also changed somewhat in amplitude. This kind of change often occurs 
during an experiment, and, if the pulse height selector is changed, the 
neuron can be brought back on to the recorder. If the nueron is actually 
being inhibited, no adjustment will return the neuron for observation. In 
th is case, however, we were abl e to recover the neuron. Further tests for 
cold sensitivity indicated that its comparison to heating and cooling was 
greatly enhanced. So much so, that comparison of the discharge rates before 
and after vaccine (as shown in Figure 20) indicated that the neuron had 
changed its slope and also the temperature at which its response begins 
(setpoint) • 

Such response by the cold neurons would tend to make the regulator respond 
by increasing the control actions elevating body temperature. Taken to
gether, the response of the warm and cold sensitive neurons to pyrogens 
give a reasonabl e answer to the question of how the pyrogens evoke a fever, 
and prove that systemically administered pyrogens act to alter the activity 
of the preoptic neurons. 

In closing, I should say that Dr. Brody was not one who was terribly fond of 
theories, and much of what I have presented to you about the hypothalamic 
neurons is theory. However, using the physiological data together with the 
analytical machinery available to us through the use of electronic computers, 
and by exploring the various actions of the neurons of the brain stem, I 
believe that Dr. Brody, were he here, would agree that some progress in 
understanding is being achieved. 
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Fig. 19. Response of a cold sensitive neuron to intravenous injection of a pyrogen. 
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