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The reactions which allow homeotherms to regulate internal temperature can

be divided into two components. One of the components, physiological thermo-
regulatory responses, is composed of activities which modify the rate at

which heat is produced and lost from the body (e.g., shivering, sweating,
panting). The other component, behavioral thermoregulatory responses, is made
up of the voluntary integrated actions of the entire animal which occur when
the organism is confronted with real or potential thermal stress (e.g., escape
into a more temperate microclimate). In the normal lives of homeotherms these
components interact and allow the animals to maintain body temperature within
narrow limits. In terms of the capacity to cancel thermal threat from the
environment, however, the two classes of response differ considerably.

While physiological responses maintain the fine control of body temperature

by counteracting relatively small changes in ambient temperature, behavioral
thermoregulatory responses can counteract thermal extremes and reduce the
threat to the range in which physiological thermoregulation is effective.

From this point of view the behavioral responses are more powerful in off-
setting thermal stress than the physiological resronses. The recognition of
the great power and modifiability of the regulatory behavior has made the
study of its determinants of importance to basic thermoregulation and behavior
theory.

Although alterations in thermoregulatory motivation produced by changes in the
thermal environment are commonplace, the basic physical, neurophysiological

and psychological determinants of these shifts are not well understood. Part
of this lack of understanding stems from the fact that the capability for
quantifying behavioral thermoregulatory motivation in animal preparationms,
where physiological variables could be freely manipulated, is relatively
recent. Unlike physiological thermoregulation in which quantification of
responses was made possible by early advances in thermometry, the development
of operant conditioning techniques for precise measurement of thermoregulatory
behavior is less than 20 years past its initiation. These behavior techniques
were used in the present series of experiments to delineate some of the central
and peripheral variables important to the control of thermoregulatory motivation.
The questions attacked represented a broad front of variables believed to be
important to thermoregulation: What is the role of thermosensitivity of the
brain in determining behavioral thermoregulation? 1Is the thermoresponsiveness
of the brain limited to the classic preoptic thermoregulatory region? 1Is the
temperature of the periphery a reliable basis for the prediction of behavioral
thermoregulatory responses? What do dietary alterations do to thermoregulatory
motivation? Does the level of particular neural transmitters in the brain
influence physiological and behavioral thermoregulation? What are the limits
of temperature discrimination, a variable which is clearly a necessary ante-
cedent to behavioral thermoregulatory responding? What role does the

posterior hypothalamus, the "heat conservation center', play in thermo-
regulatory behavior?

Recent Progress

In the last year we have been interested in the role of central and peripheral
factors in the determinants of behavioral thermoregulation. The principal
groups of experiments can be categorized as follows:
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1. In the search for additional influences upon thermoregulatory control
several parts of the brain have been stimulated with heat and cold
using rats to see if these stimulations have any influence upon
thermoregulatory motivation.

IENEIN B

2 Skin temperature of normal animals has been measured at the time a
behavioral thermoregulatory response is initiated and terminated to
determine whether there are specific skin temperature "limits'" which
control thermoregulatory behavior. 1In another experiment the in-
fluence of preoptic temperature upon the skin temperature thresholds
for responding has been examined.
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3. In view of current thinking about neural transmitter bases of
thermoregulation, several types of chemicals known to be important :
to neural transmissions were injected into the brains of rats to
see if these treatments altered physiological and bLehavioral
thermoregulation.

4, In another series of experiments interest was focused on the posterior
hypothalamus, the classic "heat production'" center, to learn how
thermoregulation changes when this particular region is damaged or
destroyed. These experiments are continuing.

5. Since temperature discrimination is obviously an important component
of behavioral thermoregulation, experiments involving this variable
are continuing.
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Brief summaries of these groups of experiments and implications of the
results obtained follow:

1. Thermal stimulation of the brain. In the search for a basis for =
thermoregulation within the central nervous system information has
accumulated which leaves little doubt that the preoptic-anterior
hypothalamic region is important. This part of the brain is known
to contain thermosensitive cells which, when locally stimulated with
heat or cold, evoke both physiological and behavioral thermoregulatory
responses. Because of these observations it has been suggested that
the preoptic-anterior hypothalamic region acts as a central 'thermostat"
governing body temperature. 1In the present series of experiments the
possibility that extra-hypothalamic thermosensitivity might contribute
to the behavioral component of thermoregulation was examined. Stainless
steel thermodes (concentric 18 and 21 gauge tubes, insulated with
polyethylene) fitted with small thermistors were stereotaxically
implanted in the brains of adult male rats. Some rats received
thermodes in the preoptic-anterior hypothalamic region (PO-AH) and
others were implanted with thermodes in either the medullar pontine i
region (M-P), the thalamus, the amygdala, the posterior hypothalamus, :
the dorsal hippocampus or the midbrain reticular formation. One
week after surgery the animals were placed in an upright glass
cylinder located in a 23°C. environment and trained to escape exogenous
heat (500 W) and obtain a draft of air by depressing a lever. When the
proportion of time spent escaping heat had stabilized over a series of
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daily sessions thermal stimulations of the brain were begun. The
routine in the stimulation sessions consisted of an initial 30
minute period in which the animal responded freely and no formal
measurements were made followed by 10 minute prestimulation,
stimulation and post-stimulation periods. During the thermal
stimulation periods the temperature of the thermodes was controlled
at 28-30°C. or 40-43°C. by regulating the temperature of the water
circulated through them. The effects of the thermal stimulations
were determined by comparing the time spent escaping heat iu the
three periods.

After the heat-escape data were obtained the investigation was
carried a step further by training some of the rats to depress a
lever in order to obtain heat (250 W) in a cold environment (0°C).
When the proportion of time spent working for heat had stabilized
thermal stimulations were carried out according to the procedures
used in the heat escape sessions.

Heating the PO-AH region produced an increase, and cooling produced a
decrease, in the amount of time spent escaping heat in six of the
seven animals tested. In the heat-reinforcement sessions the
behavioral response to thermal stimulation of the PO-AH was much the
same as in earlier experiments. During local cooling the animals
increased the rate of responding for heat while during local heating
the proportion of time spent responding for heat decreased.

Heating and cooling the M-P region produced alterations in behavior
similar to those seen when the temperature of the PO-AH region was
displaced. In the heat escape experiments the rats increased the
amount of time spent responding during local heating and decreased it
during local cooling, of the M-P region. Analysis of the chronology
of responding indicated that the stimulation-induced alterations in
the behavior of some animals were consistently present within 1-2
minutes after the stimulations were initiated. To explore the
possibility that the behavioral alterations were produced by secondary
changes in the PO-AH temperature, a small thermistor was implanted in
an animal already bearing a M-P thermode. No consistent changes in
the PO-AH temperature resulted from thermal stimulation of the M-P
region. Medullar-pontine thermosensitivity was examined further by
training some of the rats to work for heat in the cold and testing
their motivation during local thermal stimulation. All animals
showed repeatable increases in responding when the M-P region was
cooled and decreases when it was heated.

Three to twelve heating stimulations and a similar number of cooling
stimulations carried out on each animal implanted with a thermode in
either the posterior hypothalamus, thalamus, dorsal hippocampus or
the mesencephalic reticular substance failed to produce systematic
changes in heat escape behavior. Thermal stimulation of the basal
amygdalar region produced some positive results similar to those
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recorded during heating and cooling of the PO-AH and M-P regions.
These results appeared to be confounded by secondary changes in the
temperature of the PO-AH region, however.

These experiments demonstrate that behavioral thermoregulation is
influenced by the sensitivity of the M-P region to increased and
decreased temperature. The findings not only indicate that the
medulla is thermosensitive but also that the thermosensitivity is
important to at least one component of thermoregulation (behavioral
temperature responses). If physiological and behavioral thermo-
regulation depend upon the same or similar receptor pools, as is
generally believed, then the present results suggest that this
brain region should be examined in regard to its potential role

in the control cf panting, sweating, shivering, etc. responses.

The findings provoke a number nf questions about the relative role of
the preoptic and M-P thermosensitivities in thermoregulatory control.
Clearly, it is now of considerable interest to the understanding of
thermoregulation to learn whether the medullar thermosensitivity
merely contributes information to the preoptic controller, whether

the medulla is capable of mediating thermoregulatory responses without
the preoptic controller, etc. These questions are presently under
study.

Peripheral determinants of behavioral thermoregulation. ince deep
body temperature is protected against sudden variations by insulation,
counteracting physiological mechanisms, etc., it is unlikely that it
alone could function as a stimulus in the determination of moment to
moment behavioral responding. A more promising candidate for the
primary role in this determination is skin temperature change since
the skin is exposed more directly to thermal stimulation and it is
very sensitive to alterations in intensity and rate of heating. 1If

a stable skin temperature is the requirement what controls behavioral
regulation against thermal stimulation one would expect to find that
consistent levels are maintained when the rate of heat exchange
between the body and the environment are manipulated.

To clarify the role of peripheral factors controlling thermoregulatory
behavior two experiments were conducted using rats trained to escape
heat by holding down a lever. In both experiments the time spent
responding was found to increase in a monotonic fashion as thermal
intensity (heat exchange variable) was increased. Determination of
the behavioral response was explored in more detail by recording
dorsal skin temperature at the moment when a response was begun and
when it was terminated. In a neutral enviromment (23°C.) a relatively
stable level of skin temperature was maintained in the face of intensity
alterations as a result of Lhe changes in behavior. A qualitatively
similar result was seen when the animals were tested in a hot
environment (32°C). These findings are consistent with an explanation
of the determination of thermoregulatory behavior in terms of a
peripheral sensory basis. In a cold environment (5°C.), however,
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raising intensity brought about a linear increase in the skin
Ltemperature levels maintained, which suggests that the determination
of behavior in this experiment may be more complex. In further
experiments the effects of central temperature manipulations upon the
skin temperature ''thresholds'" for responding have been evaluated.
Although it is still too early to make concrete statements it appears
that holding the temperature of the central controller (PO-AH region)
at a stable level above and below normal results in shifts in the skin
temperature thresholds which are constant and closely correlated with
the degree of displacement of hypothalamic temperature.

Brain amines and thermoregulation. The level of particular monoamines
in the brain has been thought by some investigators to be the basis
for physiological thermoregulation. Experiments bearing upon this
theory and upon the central control of behavioral thermoregulation
have been completed recently. It is clear from the results that
micro-injections of a cholinomimetic agent, carbachol, into the
anterior hypothalamic-preoptic region induces hyperthermia. This
finding opens many questions about the generalizations from previous
research by other workers where intraverticular administration
techniques were used.

In the present experiments a double wall connula was implanted in the
preoptic-anterior hypothalamic region of the brain in 16 rats. Follow-
ing a recovery period periodic measurements of core temperature were
made under the following conditions: After the animals were injected
with 5mg of carbachol, saline or after sham injections hyperthermia
began to develop in both the high and low concentration group (5 and
3mg carbachol) during the first 30 minutes following injection. In
view of the dose dependan. hypothermia it seems quite possible that
there are fibers in the hypothalamus that are sensitive to cholinergic
transmitter - like substances and which are intimately involved in the
regulation of deep body temperature. The mechanism by which body
temperature was raised after these injections (whether by shivering,
chemical thermogenesis, etc.) is now under investigation.

In other experiments, not yet completed, the effects of adrenergic
drugs delivered into the hypothalamus is being examined. From the
early findings it appears that the drug produces hypothermia and a
decrease in heat-escape responding. Injections of carbachol on the
other hand produce both a rise in body temperature and an increase in
heat escape responding.

Role of the posterior hypothalamus in temperature regulation. The
posterior hypothalamus has been associated with the maintenance of
body temperature in the cold. In fact, this region is popularly
known as the "heat production" center and is normally described as
such in both lower and upper level physiology textbooks. We now
know :that this oversimplification will have to be modified because
the region, unlike the preoptic-anterior hypothalamic region, is
"temperature blind", a fact that makes its presumed autonomy in the
production of heat less likely.

The role of this region in physiological and behavioral thermoregu-
lation continues to be of interest in this laboratory. So far it is
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clear from our data that animals in which this part of the brain has
been disabled are not able to regulate against cold but retain the
ability to control body temperature in a hot environment. Behavioral =
thermoregulation seems to parallel these effects: The animals work
for more heat in the cold after posterior hypothalamic lesions are
made, but do not show any change in heat escape behavior. The results
here are in agreement with previous work which suggested that the
posterior hypothalamus is important to heat production. When the

data on thermal stimulation (Section 1) is taken into account, in
particular the fact that thermal stimulation of this region does not
result in alterations in physiological and behavioral thermoregulatory
responses, it seems likely that the posterior hypothalamus contains
tracts to heat-producing effectors. TIf this is true, the alterations
in behavioral thermoregulation can then be accounted for on the basis
of the resulting lower baseline body temperature. It is interesting
o note that while these lesicns disrupt heat production that the
sensorv, motivational and response aspects of behavioral thermoregu-
lation remain.
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5. Temperature discrimination. From our experiments on temperature
discrimination in the rat it is clear that these animals can accurately
differentiate (70% of the time) between environmental temperatures that
are 2°C. apart. This ability has been shown to hold for temperature
pairs between 25 and 42°C., the range of the discrimination apparatus.

In these experiments the animals'task was to press a pedal when the air
flowing through the chamber was at a particular temperature level in

order to obtain food. Pressing while the temperature was at ''control"
level delayed the opportunity for reinforcement. Under these conditions
some rats were able to discriminate differences in the reinforced and
control temperatures as small as 2°C. better than 92% of the time. These
baselines will now be used to examine the role of control thermosensitivity
in temperature discrimination by heating and cooling the preoptic-anterior
hypothalamic region, disrupting certain sensory tracts in the brain, etc.
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Previous Experiments
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The work cited above was carried out during the second year of NASA funding.
The following summaries are based on research -ompleted during the first year
and are discussed in more detail in the first progress report.

1. Effects of high fat diets on intake, body weight and behavioral
thermoregulation against heat. Normal rats were found to increase
caloric intake, body weight, and operant responding to escape heat when
fed diets with high lipid content. Animals made hyperphagic through
hypothalamic lesions showed characteristic changes in body weight and
alterations in heat-escape responding which were related to increases and
decreases in the body weight measures. The increased responding in both
normal and hyperphagic rats is interpreted to be behavioral compensation
for restricted body heat loss resulting from increments in depot fat
insulation.

wﬂmmi-’;wmumm el L

2 Effects of desalivation on behavioral thermoregulation against heat.
Male and female rats made subtotally desalivate by section of the major
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saliva ducts were tested in operant thermoregulation sessions., This
surgery, which impairs a major thermoregulatory response in the rat,
produced a rise in operant behavior to reduce heat exposure among the
male animals. Through this increased responding the reduction in
evaporative heat loss following desalivation was compensated somewhat,
allowing post-session temperatures to be maintained at the normal
pre-surgery levels, Female desalivates did not show an increase in
responding. Another effect beneficial in coping with heat stress, the
lowering of pre-session body temperature, emerged among both experimental
and control animals in the post-operative sessions. The earlier finding
of stable post-sessiol. body temperatures (38.0-39.0°C.) in normal animals
when this variable is under behavioral control was also noted in the
animals of this experiment.

Concluding Remarks

To summarize the entire program, the information collected has brought about a
better understanding of how physiological factors such as the local temperature
of particular brain structures, the level of body fat and the state of both
central and peripheral organs, influence thermoregulation. Perhaps the great-
est contributions are the inost recent, those involving the thermosensitivity

of the medulla and its cor :ribution to the sensory, motivational and effector
processes that make up behavioral thermoregulation. Other accomplishments

have provided operant baseline '"tools'" for probing into the workings of
temperature discrimination as well as basic information useful for comparing
the abilities of the rat with that of other species. From another viewpoint
the information collected in these experiments has added to the knowledge of
the control of physiological thermoregulation since this variable was studied
concomittantly in order to be able to accurately assess the effects of the
manipulations of brain temperature, body fat, etc. Finally, the research has
provided a wealth of techniques, expertise, equipment and procedures which will
be useful in carrying the research further.
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PRELIVIMNARY NOTE

HYPERTHERMIA INDUCED BY DIRECT
INJECTIONS OF CARBZCHOL IN THE ANTERIOR
HYPOTHALAMUS*

D. D. Avinyii
Division of Psychology, University of Texas, Southwestern Medical School at Dallas, Dalias, Texas

(Accepted § November 1969)

Summary—Micro-injections of carbachol in the antedior-preoptic hypothalamic arca of rats
induced hypertheimia. The magnitude of the effect was dose dependent and the results were
related to theoretical issves which arose from previous studies in which hyperthermia was
associated with intraventricular injections of acctylcholine,

Myexs and Yaksn (1968) have found that injections of various concentrations of acetyl-
choline into the ventricular system of rats produced marked rises in colonic temperature.
As pointed out by these authors, their results are difficult to interpret if one adheres to the
monoamine tiicory of temperature regulations postulated by Frrosera and Myirs (1964).

Recently, Myirs (1968) has suggested that the hyperthermia associated with intraventricular |

injections of acctyicholine is not a result of funciional cholinergic changes in the anterior
hypothalamic “heat loss™ center per se, but rather that the active substance difuses, via
the veatricular route, to cholinergic effector mechanisms for heat production, located
caudally to the hypothalamus. To test this hypothesis a cholinomimetic agent, carbachol,
was injected directly into the anterior-preoptic area of the hypothalamus,

METHODS

Sixteen male albino rats (360-500 g), under neinbutal and chloral hydraie anesthesia,
were implanted with double wall cannulac in the anterior-preoptic area of the hypothalamus,
The cannulag were similar to those describad by Dreiva and Grorae (1964) and consisted
of an outer component constructed from 22 gauge stainless steel tubing and an inner in-
jection cannula constructed from 30 gauge stainless stee! tubing., The injection cannula,
when in place, extended 1 mm beyond the bottom of the outer, guide cannula. The cannulae
were inserted 0-8-1-0 mm from the midline, 7-5 mm anterior to the interaural line, and 8-3
mm below the suiface of the dura. Detailed histologies will appear in forthcoming papers.
Throughout the experiment each animal was individually housed in a constantly illuminated,
temperature controlled room (23-5_10-5°C). Carbachol (carbamylcholine chloride) was
dissolved in pyrogen free normal saline in 6 mg/ml and 10 ing/ml concentrations. All injoc-
tions were 05 gl and therefore an animal received either 3 pg or § g of carbacho! or control
injecticns of 0-5 ! of norma! saline. There was ¢t least 72 hr between control and drug

*This investigation was supported by NASA Research Grant NGIL 44-012-079.

tPostdoctoral Fellow in the Department of Psychiatry at the University of Texas Southwestern Medical
School at Dallas,

$Present addiess: Department of Psychology, Colorado State University, Fort Collins, Colorado, 0321,

USA.
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176 D. D. Avinry

injections. Colonic temperature was measured with a YSI telethermoineter and the probe
was inserted 6 em heyond the anal orifice. Tempeiatures were recorded at - 24,0,0:5, 1, 2,
3,4, 5 and 24 hre with respect to injection,

RESULTS AND DISCUSSION
As shown in Fig. I, hyperthermia began to develop in both the high and low concenura-
tion groups during the first 30 min following injection. The increases in colonic temperature
became asymptotic in 2 hr for the low dosage group and in 3 hr for the high dosage
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group, The maximum increases in the 5 hr post injection time ranged from 0-4 to 1-8°C
in those animals receiving 3 p:g of carbachol and from 1-2 to 2-4°C in those animals receiving
5 peg. Both groups were within -1-0-35°C of baseline 24 hr after injection. Control applicetion
of salinc alone led to a rise in colonic temperature, as did sham stimulation. However,
the increases associated with control and sham injections were not nearly of the magnitude
of the hyperthermia associated with applications of carbachol, and probably reflected normal
temperature increases which were a result of handling the animals. Mean maximum changes
in colonic teniperature for experimental and control groups are expressed in Table 1.
Myers' hypothesis, that the site of the central necvous system cholinergic mechanism
instrumental in producing hyperthermia is not the anterior-przoptic hypothalamic area,
does not scem to be supported by these data. Tn view of the dose dependent hyperthermia

Tanie L. MEAN (LS.E) MAXIMUM CHANGES IN COLONIC TEMPERATURE
DURING THE TIRST § Iir AFILR INJECTION

Injection condition Mean increase S.E.
(§9)

Cartachol (3 jeg) 1-15 4:0:22

Salive 0-49 : 41.0-39

Shar 0-53 4.0-25
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Saline 0-49 1025
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Hyperthermia induced by divect injections of carbachol in the anterior hypothalamus 11

observed in the present investigation with local application of carbachol to the “heat loss™

- center, it scems quite probable that there are fibers in the hypothalamus, sensitive to cholin-

ergic substances, which are intimately involved in the regulation of deep body temperature.
The increases in core temperature associated with the intraventvicular injections of acetyl-
choline in Myers’ experiments were probably a result of diffusion of the solution through
the ventricular wall and into the preoptic-anterior hypothalamus.

However, any interpretation of these results must be viewed with some caution as the
hyperthermic effect of intrahypothalamic injections of carbacholis not in agreement with the
findings of Lomax and Jexpin (1966), who observed hypothermia under similar conditions.
There arc several possible explanations for the discrepancy between the preseut findings
and the earlier work. In the present study 3 pg and S pg of active substance, dissolved in 0-5
el volumes, were applied, whereas in the previous study 1 pg/l pl solutions were injected.
These differences in concentration might account for the opposite findings of the two experi-
ments. Another possibility is differences in injection sites. In view of Myirs' (1966) data
concerning the extent of the diffusion of various dyes injected in the rat hypothalamus and
the relationship between amount injected and spread of the substance, slight dificrences in
cannula. placements would not seem to be an important factor, but volumes injected would
scem to be critical. Myers found the extent of diffusion of four dyes ranging in molecular
weight from 22911 to 960-83 and injected in 1-0 ] volumes to be between 1+6 and 2-:2 mm
with a mican of 1-9 mm. These same dyes when injected in 0-5 gl volumes diffused over an arca
of 0-6-1-6 mm with a mean of 1-0 mm. Thus in both the present and previous experiments
the carbachol solutions could possibly have Leen diffused throughout the preoptic area.
Additionally, in the Lomax and Jenden experiment, diffusion with 1-0 el injections probably
encompassed not only the anterior-preoptic hypothalamic arca but also the medial forebrain
bundle and the lateral hypothalamus, and ultimately the solution probably spread into the
ventricular system.

Another important difference in the methodology of the two experiments which could
account for the different results is the fact that in the present study the animals were [ree-
moving in their :6ire cages throughout the experiment, whereas in the previous study the
animals were restricted in plastic restiaining cages. Graxt (1950) observed hypothermia in
rabbits following restraint. If pyrogen wa$ injected after recovery from restraint-induced
hypothermia, a large fall in colonic temperature, instcad of the usual hyperthermia asso-
ciated with pyrogens, occurred. Additionally, even after 7 daily restraining sessions the
animals did not show signs of adapting to the procedure. It is not unlikely that a similur
restraint cfiect on colonic temparature cecurs with central applications of various substances,
including carbachol.

The physiological mechanism by which the animal raised core temperature, in the
present investigation c.g. shivering, could not bc ascertained from visual observation.
Grossyan (1968) has recently reported increased activity in the rat with injsction of car-
bachol into the midbrain reticular formation, and MAcPHAIL (1968) has ebserved both EEG
and behavioral arousal with carbachol injections in the preoptic area of rats. We are currently
investigating whether or not activity increases as a function of cholinergic applications to
the anterior hypothalamus, and the possibility that this is the heat producing mecharism.
In-addition, investigations are under way in our laboratory in the hope of clucidating (1)
the hypothalamic role of adrenergic, as well as cholinergic substances, in body temperature
regulation, and (2) the interaction of these “transmitter” substances and ambient tempeaature,
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178 D. D. Avery
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LipTON, J. M. AND D. R. MAROTTO. Effects of desalivation on behavioral thermoregulation against heat. ®HYSIOL. BEHAV.
4 (5) 723-727, 1969.—Male and female rats made subtotally desalivate by section of the major saliva ducts were tested
in operant thermoregulation sessions. This surgery, which impairs a major thermoregulatory response in the rat,
produced a rise in operant behavior to reduce heat exposure among the male animals. Through this increased responding
the reduction in evaporative heat loss following desalivation was compensated somewhat, allowing post-session
temperatures to be maintained at the normal pre-surgery levels. Female desalivates did not show an increase in
responding. Another effect beneficial in coping with heat stress, the lowering of pre-session body temperature, emerged
among both experimental and control animals in the post-operative sessions. The earlier finding of stable post-session
body temperatures (38.0-39.0°C) in normal animals when this variable is under behavioral control was also noted in

the animals of this experiment.

Behavioral thermoregulation against heat
Body temperature

Role of saliva spreading in thermoregulation

Heat stress

THE QUALITATIVE observation that a number of small animals
show marked salivation in response to heat has been made
many times [8, 11, 13, 15]. Hainsworth [5], however, only
recently showed through controlled experiments that the
spreading of saliva cn vascularized and furred surfaces is of
critical importance to the rat in regulating body temperature
against heat stress. In his experiments desalivate rats were
found to show high rectal temperatures when exposed to
environments of 36.0°C and above while normal animals, by
augmenting evaporative cooling through increased saliva
spreading, held their body temperatures within lower limits.

Homeothermic organisms confronted with changes in body
heat loss or gain must counteract them if they are to regulate
body temperature and survive. The reactions available can
be divided into those that are primarily physiological (shiver-
ing, sweating, panting, etc.), those that are primarily behav-
ioral (e.g., escape into a more temperate microclimate) and
combinations with both physiological and behavioral com-
ponents (e.g., saliva spreading). While each reaction is import-
ant individually, the interactive nature of the physiological and
behavioral components allows for some interesting research.
For instance, physiological thermoregulation can be studied
by using a behavioral tool which is based on the fact that
animals can learn to contribute to their own thermal balance
by performing an arbitrary response. When the efficiency of
physiological thermoregulation is reduced experimentally,
this behavioral reaction often increases in a *“‘compensatory”
fashion [9, 10, 17]. The magnitude of the behavioral compen-
sation can then be used as an index of the importance of the

physiological manipulation to the animal’s overall thermo-
regulation.

The development of behavioral compensation in the earlier
experiments [9, 10, 17], combined with the importance of
saliva spreading to thermoregulation, leads to the prediction
that rats should show a compensatory increase in behavioral
thermoregulatory responding after desalivation. This expecta-
tion is strengthened by the fact that the desalivate preparation
rapidly develops other types of behavior to compensate for
the loss of saliva such as an increase in prandial drinking to
facilitate swallowing dry food [3]. Epstein and Milestone [2],
however, were unable to find differences between desalivate
and control rats in operant responding for cooling showers
when environmental temperatures were increased. These
authors concluded that their control animalschose to utilize the
option of pressing for showers rather than spread saliva, and
thus minimized any potential difference in cooling capacity
between the two groups. The present experiment compared
desalivate and operated control rats in an operant heat-stress
situation where exogenous water was not available and con-
vective cooling was used as reinforcement. Under these con-
ditions saliva spreading can be used as an effective cooling
response and potentially confounding prolonged reinforce-
ment factors inherent in shower rzinforcement can be avoided.

METHOD

Subjects and Operative Procedures
Five male and three female albino rats (Charles River
Breeding Laboratories) were made desalivate by double liga-

1This research was supported by N.A.S.A. research grant 44-012-079.
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tions and cutting the paratoid and submaxillary-major sub-
lingual ducts which supply saliva to the mouth. This was
accomplished by making, under ether anesthesia, a ventral
midline incision in the skin of the neck through which the
glands and their ducts could be located (see Greene [4) for
anatomy; Vance [10] for details of a similar operation). On
either side of the trachea a pair of glands in the same capsule
(one submaxillary and one major sublingual) were located,
along with their emerging ducts. After identification of these
structures, the parallel ducts from each side were double
ligated as though they were a single duct at a point near their
disappearance under the digastricus muscle, and then a
transection was made between the ligatures. Similar ligation
and cutting of the parotid ducts (Stenson’s ducts) as they
traverse the lateral aspect of the masseter muscle required the
sacrifice of the ramus mandibularis marginalis since it cannot
be readily separated from the duct without damage. This
nerve serves the lower lip as a sensory-motor branch of the
VII cranial nerve and no thermoregulatory function has been
attributed to it. The operative procedures stated above norm-
ally required 15-20 min after the animal was anesthetized.

The minor sublingual glands are so located (in contact with
the mucous membrane of the floor of the month) that anat-
omical structures serving mastication and deglutition would
be markedly disturbed in any attempt at ligation or removal.
These glands have been found to contribute very little to total
salivary flow [14] and thus would not be expected to play a
large part in the evaporative cooling response in the rat. For
these reasons the minor sublinguals were left intact.

Three males and two females similar in body weight and
history to the desalivated animals were used as controls. These
animals underwent ether anesthesia, incision, location of
glands and ducts to guard against inherent differences in the
ability to produce saliva, and suturing.

In the experimental rats, desalivation was assured by the
increased water utilization following surgery [3, 16] and post-
mortem examination of ligatures, ducts and glands. Mean
preoperative water intake in the desalivates was 26.1 ml. This
intake reached a peak of 63.9 and levelled-off at a mean of
46.0 ml in the postoperative period. Controls average 27.3
and 29.2 ml/day in the two periods.

Except for daily testing, the animals were housed in standard
cages at 23.0 + 1.0°C (dry bulb) and allowed tap water ad
libitum. Body weight was controlled (250 g) by restricting
the diet of Purina pellets. During the recovery period, wet
Purina mash was given in order to offset weight loss resulting
from surgery.

LIPTON AND MAROTTO

Apparatus

The operant apparatus has been described in detail previ-
ously [9]. The units were composed of Plexiglas cylinders
30.5cm high and 22.9 cm in dia. These cylinders were
mounted in manifold boxes fitted with exhaust fans
(60 cfm). A heat lamp (250 W) was centered above the operant
chamber and was programmed to be normally-on during 1-hr
sessions. A response on the bar equal to or greater than a
weight of 10.6 g turned off the heat lamp and turned on the
exhaust fan for a period of 10 sec, thus cooling the animal
by convection. Additional responses made during this 10-sec
period would not lengthen it. A matchea pair of chambers
located in an environment controlled at 23.0 4+ 1.0°C (range)
was U ed in this experiment. A rough index of the rate of
heating under the lamp is given in Table 1. This rate was
1ecorded frcm a #425 Yellow Springs thermistor probe placed
in the chamber as a substitute for the animal. The amount of
cooling with one reinforcement varied with the initial level of
heat, being greater at higher rather than lower initial temper-
atares (Table 1). Humidity was measured with an electro-
hygrometer immediately before each session. The humidity
varied between 33.0 and 64.0 per cent with 43.0 per cent being
the modal level during the experiment.

Procedure

All animals were shaped to press the bar in daily sessions.
Session length was initially 10 min and was then increased by
5-min increments per day until the rats were responding reli-
ably (normally less than 5 sessions) at which point it was
extended to 1 hr. Just before and immediately after a session
the animals were weighed and their colonic temperatures were
measured with a thermistor probe (6 cm insertion). Each
animal was run at the same time every day and in the same
operant chamber. The number of thermoregulatory responses
per session was recorded as the basic behavioral data.

Over a month of consecutive daily sessions individual differ-
ences in responding and pre-session temperatures emerged.
Some rats made more responses than others to attain the same
post-session vemperature. These characteristics were quite
reliable within individual animals during the baseline period.
Consistent differences in pre-session temperature were also
noted between males and females.

After surgery the animals were allowed a week of stress-free
recovery time. Following recovery the sessions were resumed
for 20 additional days.

TABLE 1
HEATING RATE OF THE LAMP AND COOLING EFFECT OF ONE REINFORCEMENT

Heating rate
Time (sec) 0 20 40 60 80 100 120
Temp. (°C) 23.0 29.0 35.0 40.0 43.8 46.8 494

Cooling with one 10-sec reinforcement

Initial level (°C) 30 35
Temp. at end of r.'nforcement (°C) 29.6 339
Difference (°C) —04 —1.1

40 45 50
38.3 41.7 47.1
—1.7 —3.3 —29
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RESULTS
Baseline Period

Saliva spreading. In similar operant thermoregulation
sessions rats have been consistently noted to spread saliva
throughout experiments of 120 days duration. During the
training and baseline periods the rats in this experiment norm-
ally began to groom saliva within the first 10 min of the session
on ears, scrotum, back, tail, etc. and continued to do so inter-
mittently throughout the session. After desalivation, “pseudo-
spreading” or grooming without saliva still occurred as noted
by Hainsworth [5]. When removed from the chamber after a
session the desalivate animals were warm and dry to the touch
while the head, neck and underbody of the controls were
usually wet. Upon return to the home cage the desalivates
typically began to groom immediately, using drinking water
from the Richter tubes as a substitute for saliva.
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Thermoregulatory responding and colonic temperature
Inthesessions beforesurgery individual differences in response
rate and body temperature appeared. Females tended to have
slightly higher mean response rates during this period, averag-
ing 230.8 responses/hr compared with a 216.7/hr average for
the males. The total number of responses theoretically pos-
sible in a session was 360 although few animals have exceeded
270/hr in this apparatus. Resting or pre-session temperatures
of the females was roughly 0.5°C higher than the males (Fig.
1). Post-session temperatures of both males and females
varied only slightly around 39.0°C. This stability in post-
session temperature, in spite of individual differences in resting
temperature and in responding, has been noted earlier [9, 10].
In the previous experiments the average post-session temper-
atures of normal rats, including a dark-coated hybrid variety,
ranged between 38.8-39.5°C with extremely small variability
within individual animals. It appears that each animal allows

TABLE 2
MEAN (4-S.E.) RESPONSE RATES OF THE INDIVIDUAL RATS FOR THE SESSIONS
BEFORE AND AFTER SURGERY
Responses
Animal Condition
Pre-op Post-op Change
SH-2 3 Desal 2048+ 1.3 226.8 + 2.8 4
SH-3 J Desal 217.2+ 19 218.1 + 3.1 e
SH4 3 Desal 21594 1.6 228.0 4+ 2.2 4
SH-5 & Desal 205.8+ 1.3 2158+ 1.5 4
SH-6 3 Desal 2304 + 1.7 239.0 4+ 1.7 4
PS-2 ? Desal 22844 3.8 22464+ 2.5 —_—
PS-6 Q Desal 236.5+ 1.5 2474+ 19 )
PS-7 Q Desal 216.2 4 4.11 22124+ 1.5 —_—
SH-7 d Con 2342+ 1.2 2226+ 1.7 v
SH-8 4 Con 2242428 2252425 —
SH-9 4 Con 201.4 + 3.2 198.3 + 1.8 —_—
PS-4 @ Con 218.6 + 3.1 210.3 + 2.7 y
PS-16 @ Con 2542+ 1.7 2389 +4.7 )
a characteristic level of hyperthermia whiqh h]e regtl:la.lt&s wl:th
precision by controlling response rate. It is also obvious t gt
i | TRVe the regulated level does not vary greatly among animals. This
9= oyl stability was used as a standard to compare the effects of
L ivati lation in the present experiment.
g 401 pogt-Session ‘_\\W desalivation upon thermoregu p
- 7. 3
391 o= ?\’>Qr’ R ..
5 > o i Postoperative Period
- 381" pre-Session e e Males. Maie dmllv‘gte r:ts ilr.ncre.ased r&;ponditpg :dbore
5 - baseline levels soon after desalivation and continu 0
3T
2 & 3" e respond at a higher level (3.0-6.8 per cent) for the rest of the
S = experiment (Fig. 2). This was the only group to show a sus-
é ) 11 BaTTg 50 ] L tained increase in responding after surgery, with 4 of the §
Doys 2 102 20 2 162 20 rats participating in the increase (Table 2). Operated control
[ § S —

Lp,...,] l_m'..,_J

FIG. 1. Average pre- and post-session colonic temperatures for
desalivate and control animals before and after surgery. Scores
are means for 2-day blocks.

males showed only a decrease followed by a modulation to-
ward baseline in the last 10 days of the post-operative period.

Response rate and body temperature measures of both
groups were intimately related. In the desalivate males post-
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FIG. 2. Changes in behavioral thermoregulatory responding after
desalivation.

session colonic temperatures immediately after surgery were
slightly elevated. This elevation disappeared, however, as
responding increased and pre-session temperature was reduced
over sessions (Figs. 1, 2). In the control males, post-session
temperature was more stable. The decrease and return toward
baseline responding in this group corresponded closely with
changes in pre-session temperature with the result being a
relatively stable post-session temperature. It appears that the
lowering of pre-session temperature can substitute, at least
in part, for a reduction of the heat load through responding
in determining post-session temperature.

Females. Other than a 1-day rise in responding immediately
after surgery, desalivate females showed no marked changes
in operant thermoregulatory behavior. The failure to increase
responding after evaporative cooling had been curiiled
resulted in a rise in post-session temperature to above-normal
levels. One animal showed an increase from a pre-operative
mean of 39.5 to a mean of 40.3°C during the first 10 days of the
post-operative period. In the last days of the experiment, even
though there was no change in responding, the original base-
line temperature was recovered. This recovery was associated
with a progressive decrement in pre-session temperature which
was lower in rate and magnitude but otherwise qualitatively
similar to that of the male desalivates.

For a week after sham operations, the female controls did
not adhere to their previous post-scssion temperature stan-
dard. They showed a decrease in responding immediately
after the recovery period similar to that of the male controls.
The consequence of this reduced responding was a greater
heat intake which was reflected in a rise in post-session colonic
temperature. When responding returned to near baseline
levels the post-session colonic temperature fell within the
limits of the previous standard.

LIPTON AND MAROTTO

DISCUSSION

Three points bearing on thermoregulation in normal and
desalivate rats are evident from the present data and from
comparisons with earlier findings. First, the reduction of total
evaporative cooling capacity by partial desalivation results in
a change in behavioral thermoregulation against heat in male
rats. The male rats in this experiment lessened their exposure
to an external heat source and thus were able to maintain
body temperature within preferred limits. In this compensat-
ory behavior their performance was similar to that of animals
whose heat-loss capacity has been attenuated by preoptic
lesions [9] or through feeding high-fat diets [10]. In other
respects such as the marked intake of water, the persistence
of *““dry grooming” and the use of drinking water as a substi-
tute for saliva in grooming, their behavior was characteristic
of desalivate rats. It appears that these animals were able to
use behavior as a complement to the thermoregulatory
capacity remaining to them after desalivation.

Unlike the males, female desalivates did not show a sus-
tained increase in bar-pressing. After the first 10-12 days
after surgery their responding was indistinguishable from that
of their pre-surgery sessions. The reasons for this sex differ-
ence in the behavioral response to desalivation are not clear.
Hainsworth [5] noted that female rats do not begin to spread
saliva until the environmental temperature is above the
threshold for this response in the males (32.0°C). It may be
that females use methods other than evaporation for coping
with relatively lower levels of heat stress. Further, desaliva-
tion may not interfere with these methods. If this is true,
there would be less need for behavioral compensation, and
less likelihood of a change in responding in the females. The
males, on the other hand, since they use this response at lower
levels of heat stress, are more affected by its debilitation and
thus more likely to benefit from a behavioral compensation.

The second point concerns the emergence of lower pre-
session body temperatures in both desalivate groups and in
the male controls. This effect may be viewed as an important
thermoregulatory strategy in itself since a greater heat expos-
ure is required to reach high levels when the body temperature
is initially below the normal range than it does when body
temperature is normal. This decrease was progressive over
time in the desalivates, yet 3 days after the experimental
sessions were discontinued their colonic temperatures had
returned to baseline levels. Two possible mechanisms of this
effect are: physiological acclimation and changes in activity.
Physiological acclimation could be responsible for the decrease
as a normal, progressive effect of the repeated exposures to
the heat stress upon hormonal, cardiovascular, and other
thermoregulatory mechanisms. However, the short exposure
time and the relatively small (behaviorally adjusted) heat load
would not appear to be conducive to such acclimation. In
addition, the decrease noted here is *“‘anticipatory’ rather than
occurring during actual heat exposure. That is, the decrease
is found in the baseline body temperature not in the rate of
rise upon heat exposure one would expect if physiological heat-
loss mechanisms had become more efficient through acclima-
tion. Another explanation is that the animals’ overall activity
pattern changed in som= way. Since marked drops in body
temperature are known to accompany sleep in the albino
rat [1], if the animals in this experiment had come to reduce
their activity levels before the sessions their body temperatures
would be expected to be reduced also. In an earlier heat-
escape experiment [9] reductions in pre-session temperature
appeared to be related to sleep just prior to the regularly
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scheduled sessions. The basis for such activity changes could
be solely automatic, simply as a part of the physiological
acclimation or the changes could be based on the animals’
learning to control voluntary activity before the sessions.
Whether either acclimation in the general sense, changes in
activity level, or both are responsible for the observed
decreases in presession body temperature will have to be
determined in future experiments.

Reduced initial body temperatures were clearly related to
behavioral responding in this experiment. Most of the varia-
tion in responding with this operant technique occurs early
in the session. As the session progresses, the animal’s heat
load increases and he is compelled to press steadily to main-
tain a stable body temperature. If the pre-session temperature
of a particular animal is lower than usual his first few responses
may be emitted somewhat later or further apart resulting in
a lower total response record. The reciprocal and additive
nature of responding and lowered pre-session temperature in
the maintenance of body temperature were obvious from the
comparisons of the two functions in both normal and
desalivate rats.

The third point concerns the observation of a level of hyper-
thermia which was behaviorally regulated within rather nar-
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row limits by all animals in this operant situation. As stated
earlier in this paper, the level may vary slightly from one
animal to another but the overall range is not great. In the
present experiment the persistence of post-session temper-
atures of 38.8-39.0°C over many sessions, when a higher
response rate covld reduce this level or a lower rate increase
it, is an illustration of the regulation. The durability of the
behavioral regulation is reflected in the fact that animals with
imposed restrictions in heat loss in the present and other [9,
10] experiments tend to increase compensatory responding to
maintain previous body temperature levels. A similar regu-
lated hyperthermia was aiso discovered by Epstein and Mile-
stone [2] using an entirely different methodology. They found
that normal and desalivate rats working for cooling showers
in a hot environment maintained post-session temperatures
around 39.0°C. It is tempting to assign the regulated level
of hyperthermia seen in these experiments a “‘setpoint” or
threshold function for the control of behavioral responses
similar to that proposed in a recent theoretical model of
thermoregulation [6]. The term is descriptive of the observa-
tions and provides many suggestions for further research
into the factors determining the setpoint and the individual
operant response.
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EFFECTS OF HIGH FAT DIETS ON CALORIC INTAKE, BODY
WEIGHT, AND HEAT-ESCAPE RESPONSES IN
NORMAL AND HYPERPHAGIC RATS'

JAMES M. LIPTON*

University of Texas Southwestern Medical School at Dallas

Normal rats were found to increase calorie intake, body weight, and operant
responding to eseape heat when fed diets with high lipid content. Animals
made hyperphagic through hypothalamic lesions showed characteristic
changes in body weight and alterations in heat-escape responding which
were related to increases and decreases in the body weight measures. The
increased responding in both normal and hyperphagic rats is interpreted
to be hehavioral compensation for restricted body heat loss resulting from

increments in depot fat insulation.

Increasing the fat constituent of the diet
has been shown to have salutary effects
upon temperature maintenance in humans
(Mitchell, Glickman, Lambert, Keeton, &
Fahnestock, 1946), and upon survival time
in rats exposed to cold environments
(Dugal, 1944; Dugal & Thérien, 1947,
Giaja & Gelineo, 1934). Hamilton (1963)
found that a high fat diet reduced the
amount of heat rats worked for when ex-
posed to cold. In rats, diets with a high
lipid content produce specific changes in
food intake and assimilation which con-
tribute to their capacity to maintain ther-
mal balance in low ambient tempeiatures.
One change of note is the increase in
caloric intake and subsequent rise in body
weight when high fat diets are substituted
for the regular regimen (Corbit & Stellar,
1964; Reed, Yamaguchi, Anderson, &
Mendel, 1930). Another related change
concerns the assimilation and storage of fat,
per se. The body composition of rats and
mice becomes disproportionately greater in
depot fat than in materials such as protein
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Health General Research Support Grant 5801FR-
5426-05. The author gratefully acknowledges the
technical assistance of Daniel R. Marotto.

* Requests for reprints should be sent to James
M. Lipton. Division of Psychology, University of
Texas Medical School at Dallas, 5323 Harry Hines
Boulevard, Dallas, Texas 75235.

when dietary fat concent is high (Fabry,
Braun, Petrasek, Horakova, & Konopasek,
1964; Fenton & Dowling, 1953; Larsson,
1967; Reed et al., 1930). These changes re-
sult in enlargement of body-fat stores, thus
increasing insulation and stored energy po-
tentially valuable in combatting cold stress.

This insulation, of undoubtable use in
animals exposed to cold, would seem to in-
terfere with thermal balance if the animals
were exposed to high temperatures. As
Schmidt-Nielsen (1964) has suggested, in
hot environments there is value in a thin,
well-vascularized skin through which heat
can be transferred to the surface and dis-
sipated. A layer of subcutaneous fat would
impede this heat flow. Since high fat diets
increase insulation, heat loss would be ex-
pected to be constrained in rats fed a fat
regimen. In an earlier experiment (Lipton,
1968), hehavioral responding to escape
heat was augmented when the physiologi-
cal heat-loss capacity of rats was reduced
through preoptic lesions. The following ex-
periments were designed to see if a similar
behavioral effeet would accompany the
feeding of high fat diets and, secondarily,
to note the effects of such diets on food
and water intake.

EXPERIMENT 1

In this experiment the effects of feeding
high fat diets upon intake and heat-es-
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-
TABLE 1 % 2
DaiLy Foop INTAKE, WATER INTAKE, AND URINE
Ouvreur oF EXPERIMENTAL AND CONTROL
RaT8 purING THE THrEe Digr PErIODS

(M + SE,,)
Diet periods
Group - —
Base line ‘ 30% fat diet | 50% fat diet
Food intake (Kcal.)
Experimental
n = 5) 105.4 & 3.4 | 119.9 £ 0.4 | 121.5 & 8.5
Control (n = 8) 100.0 £ 5.0 | 100.2 + 5.4 | 100.3 + 12.1
Water intake (ml.)
|
Experimental 43.4 £ 2.5 | 33.1 & 2.1 | 26.6 & 2.4
Control 36.6 & '.8 | 36.0 1.2 37.3 %+ 1.0
Urine volume (ml.)
kxperimental 18.9 %= 1.7 0.4+ 1.2 4.9 % 1.2
Control 177 £ 1.2 | 10.2 £ 1.3 | 20.1 &+ 1.4

cape measures were examinea using normal
albino rats as subjects.

Method

Subjects. Thirteen adult male Charles River
rats (CD strain) of about 400 gm. body weight at
the beginning of the experiment were nsed. They
were kept in metabolism cages in a constantly il-
luminated, temperature-controlled (220 *+ 20 C.
range) room on an ad-lib feeding schedule.

Diets. Three diets were used: regular ground
Purina laboratory chow (4.25 keal/gm®), a 30% fat
diet (5.68 keal/gm), and a 50% fat diet (6.34 keal/
gm). The fat diets were composed of 30% lard.
by weight, mixed with 70% ground Purina chow
and a similar 50% lard and 50% chow mixture.

Apparatus. The heat-escape apparatus has been
described in detail previously (Lipton, 1968). A
Plexiglas cylinder 305 em. high and 229 em. in
diameter formed the experimental space, This
eylinder was fitted into a manifold box constructed

*Gross energy value recently verified through
bomb calorimetry by Damon Shelton, Director,
Purina Animal Research Division. Previous values,
such as the 361 keal/gm used by Teitelbaum
(1955), Hamilton (1964), Corbit and Stellar (1964),
and other workers are presuined to be ealeulated
extimates based on approximate caloric values of
the individual protein, fat, and carbohydrate com-
ponents, The calorie density estimate for the fat
diets used in this experiment are based on a 902
keal/gm value for the lard (Armour Co.). Unfortu-
nately, the net or metabolizable productive energy
values for the chow and the fat when fed to small
laboratory animals are not available at this time,

of 19 em. plywood with 457 x 89 x 318 em.
outer dimensions.

At one end of the manifold box a fan (100 c¢fin)
was situated to exhaust air, thus drawing in room
air through the top of the chamber. Glass tubing
(10 em. diameter) arranged 1.0 em. apart formed
the floor. A 250-w. red bowl heat lamp mounted
above a wire grid was centered over the top of
the cylinder. The manipulandum was made of
1.0-em. glass tubing fused at one end and at-
tached to a microswitch bolted to the outside sur-
face of the chamber. This bar extended 5.1 em.
into the chamber and rested 38 ¢m. above the
floor. Approximately 106 gm. of force applied to
the end of the bar was required to operate the
switch, The heat lamp was normally on during
the session; a bar press turned the lamp off and,
simultaneously, the fan on for 10 sec. Additionsl
responses made during this 10-sec. “cool” period
would not lengthen the period. In this experiment
two of these chambers were situated in an ambient
temperature of 22.0 = 20°C. (range).

Procedure. All animals were trained to escape
heat in the first phase of the experiment while fed
regular laboratory chow. Daily measures were
taken of 23-hr. food intake, water intake, urine
volume output, pre- and postsession body weight
and colonic temperature, and the total number of
heat-escape responses made during the 1-hr. ses-
sion. Colonic temperature was measured by passing
a thermistor probe 50 em. beyond the anal orifice.
After the animals had been responding at a stable
level for at least 20 days, five controls were ran-
domly chosen to continue on the chow diet while
the remaining eight were put on the 30% fat diet
regimen. After 20 days on this diet, the experi-
mental animals were then given the 50% fat diet
for an additional 10 days. Controls continued on
the regular chow diet during this last phese cof the
experiment.

Results and Discussion

Table 1 shows the mean caloric intake
of the two groups over the three diet
periods. Caloric intake for the control
group, fed chow throughout the experiment,
did not vary significantly over the periods
(p > .10; Wilcoxon, 1945). Rats fed the
30% fat diet decreased their gram intake
of food (p < .02) but not enough to hold
caloric intake constant, The daily calorie
intake record for this group was very high
in the first 10 days followed by a stabiliza-
tion at a level slightly higher than base
line, Similar effects were found when the
50% fat diet was introduced.

Water intake and urine volume measures
did not vary significantly over the three

R
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periods for the control group (Table 1).
ixperimental animals, on the other hand,
showed a significant decrease (p < .05) in
water intake when fed the 30% fat diet and
another (p < .05) when the 50% fat diet
was offered. These depressions in water in-
take were paralleled by significant de-
creases in urine volume (p < .01).

Despite the decreases in total food and
water intake, the inereased intake of calo-
ries by the experimental group resulted in
meavked gams in body weight. Figure 1
shows that the control animals inereased in
weight over the three periods as a result
of normal growth. The experimental ani-
mals, although they weighed the same as
the controls initially, gained weight at a
greater rate than controls when fed diets
with a high fat content.

The mean heat-escape response level
(Figure 1) did not change significantly
(p > .10) in the control group over the
diet periods. The experimental animals,
however, showed a significant increase
when put on the 30% fat diet (p < .05)
and another increase when offered the 50%
fat regimen that did not reach the .05 level
of significance. These increases were not
accompanied by changes in either the pre-
or postsession body temperatures, The
mean presession colonic temperatures for
the experimental animals were 37.4, 37.6,
and 37.4°C. for the base line, 30%, and
50% fat diet periods, respectively, The
mean presession colonic temperature in the
controls averaged 37.0, 36.9, and 37.1°C.
for the three periods. Although the means
for the control rats were lower, there were
no significant differences between these
values and the presession temperatures of
the experimental animals (p > .10). Mean
postsession temperatures for both groups
were consistently 38.8-38.9°C. in all phases
of the experiment. These figures demon-
strate that, in the period when the fat diets
were fed, there was neither an inerease in
the resting nor a decrease in the postsession
temperatures which might account for the

! 210}

Mean (¢S.E.)

W c:airol
600 Experimente!

(gms.)

Mean (£ S.E.) Body Weight

Baseline 30% 50%
Fat Diet Fat Diet

Fia. 1. Effects of high fat diets on body weight
and heat-escape responding.

change in responding. The combination of
a stable presession temperature and an in-
crease in heat-escape responding which
docs not reduce the postsession colonic
temperature below previous levels suggests
that the fat diets compromise physiological
thermoregulation against heat stress in
some fashion.

Knowledge of the particular means
through which the compromise occurs is
not directly available from the data It
seems likely, however, that the increased
storage of fat brought about by the in-
take of high fat diets plays a substantial
part in curtailing temperature regulation
against heat stress, In the rat, storage of
fat takes place largely in subcutaneous
depots and the feeding of high fat diets
increases the amount of these stores (Reed
et al., 1930). In the subcutanecous depots
as well as in genital, intramuscular, peri-
renal, ete., stores, this poorly vascularized
material restricts heat flow to the surface
of the skin. To compensate for the reduc-
tion in heat-loss capacity the rat behavior-
ally lessens his exposure to heat.

A further suggestion that body composi-
tion is responsible for the response in-
creases comes from an additional compari-

e
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son of body weight. By the third diet
period the controls, through normal growth,
weizhed almost the same as did the ex-
perin:ental animals in  the second diet
period, yet they did not increase their
responding. This implies that something
more than normal growth is necessary to
produce a response inerement. Dispropor-
tionate body fat, or at least some factor
specific to the fat diets, appears to be re-
sponsible.

EXPERIMENT 2

From the results of the previous experi-
ment it appears that large amounts of fat
in the diet result in an elevation of hehav-
ioral thermoregulatory responding egainst
heat stress. The iicrease in responding is
interpreted to be n compensation for im-
paired heat loss as a result of the augmen-
tation in depot fat. The purpose of this
experiment was to see if these effects would
be repeated in a rat well known for its ele-
vated food intake and fat storage: the hy-
perphagic rat.

Method

Subjeets. The subjects were 11 female Charles
River rats weighing approximately 235 gm. when
the experiment was begun. All animals were in-
dividually housed in standard cages with food
available in spill-proof cups. Tap water was avail-
able from Richter tubes, The diets were the same
ns those used in Experiment 1 with the addition
of Purina laboratory chow pellets. The heat-escape
chambers were also the same as those used in the
previous experiment,

Surgery. Bilateral electrolytic lesions were
placed in the region of the ventromedial nuclei of
the hypothalamus in the experimental animals.
After pretreatment with atropine and chloral hy-
drate they were anesthetized with sodium pento-
harbital and placed in a Kopf stereotaxic instru-
ment, The coordinates were: 60 mm, anterior to
the teravral axis, 0.7-08 mm. lateral to the
conter of the sagittal sinus, and 86 mm. below the
surface of the cortex, A direct anodal current of
2 ma., passed through the uninsulated tip (5 mwm.)
of a nichrome-alloy electrode for 10 sec., was used
to produce the lesions. Control animals received
the same treatment except for the delivery of
current. Food was removed from the home ecages
for 12 hr. after the surgery.

Procedure. After the animals had been bar
pressing to escape heat at a stable level for 20 or

-
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more days during which plair chow was offered,
six of them received ventroriedial hypothalamic
lesions while five others served as operated con-
trols. Following a 10-day rocovery period these
animals were reintroduesd ir 1o a daily schedule of
heat-exscape sessions. The ground chow regimen
was continued through the recovery and the 20-
day postoperative periods. After the latter period
all animals were offered the 30% fat diet for 20
days, as in the first experiment. This period was
followed by: 10 days in which the 50% fat diet
was fed; 10 additional days of ground Purina
chow; 5 days of total fooa devrivation; and 5
days in which each animal received 5 gm. of pellets
per day.

Results and Discussion

Intake and bocy weight. Although the
control animals were eating slightly more
than the experimental group prior to sur-
gery, before the end of the postoperative
period this relation was reversed (Table 2).
When offered the high fat diets the control
group's intake was much like that of ani-
mals fed similar diets in the first experi-
ment. That is, the gram intake was re-
duced when the 30% diet was offered ard
reduced again during the 50% fat diet
period. In the first 5 days of each of these
periods gram food intake was higher than
in the latter part of the same periods, re-
sulting in “spikes” in the caloric intake
record (Tabie 2). This effect is similar to
that seen before “caloric adjustment” in
animals offered a 50% fat diet by
Strominger, Brobeck, and Cort (1953). The
failure of intake to increase to postopera-
tive levels when ground chow was provided
following the fat diet is compatible with
the findings of Strominger et al., (1953)
and of Corbit and Stellar (1964).

Food intake in the rats with lesions rose
steadily in the postoperative sessions and
reached a peak early in the 30% fat diet
period. After a short stabilization in this
period intake declined progressively
through the remainder of the fat diet ses-
sions, firally leveling off at a low level
when ground chow was reintroduced. As-
peets of the overall intake in these ani-
mals, such as the low preference for ground
chow and the early high preference for the

——




SS——

s sl

—— ]

-

DIET AND HEAT-ESCAPE RESPONSES 511

TABL

E 2

DirrereNTIAL EFFEcTs oF DiET MaNiPuLATIONS ON INTAKE AND Bopy WEleur

IN HYPERPHAGICR

AND NORMALS

Diet periods
Group =T ;‘_" o - - N “: 1 -1
Pr 'ostop "o s
(ch!:wp) (chow) fat d"ﬂ I fat dgel ! Chow (gm/day)
|
Food intake (Keal.)
Experimental | ‘ [
(n = §) 61.6 60.8 59.9 60.4 | 854 02.2 07.8% 101.2 [165.9 164.8 148.8 133.5 114.1 90.2 | 28,0 28,1 1 21.3
Control (n = §) 04.2 08.0 05.5 05.0 | 75.2 77.8 K1.2 76.0 | 01.3 75.0 75.5 75.0 | 90.3 82.3 . 9.7 5.0 21.3

Water intake (ml.)

Experimental 25.6 27.0 25.3 25.5|33.1 32.4 31.1 32.0
Control 25.5 28,5 25.6 25.4 | 34.0 35.0 32.4 31.7

102 98 4.5 81
20 21206 | 20.8

26,0 28,6 22.4 21,5125 102
17.4 18,1 168 16.7 | 13.8 14.6

Body weight (g/10)

Experimental 25.2 25.5 25.8 26.0 | 28.2 20.1 30.5 31.8
Control 25.9 26,3 27.0 27.0|27.2 27.4 27.8 27.

35.9 40.4 4.2 47.0 | 49.6 50.4 | 48.4 46,4 | 41,9 | 39.2
288 20.4 30.1 30.7 | 31.5 32.3 | 32,5 31.6 | 28.2 | 25.9

Note.—Secores ure means for 5-day blocks.

fat diet, are common to hyperphagics in
general. The only conspicuous difference
was in the reduetion in intake as the ani-
mals continued on the fat diets. The rate of
reduction appears to be steeper than in
similar rats fed diets with a lower fat con-
tent (see data of Brobeck, Tepperman, &
Long, 1943; Brooks & Lambert, 1946; Tei-
telbaum, 1961).

Water intake in the control group de-
creased as fat in the diet was increased,
much as in the first experiment (Table 2j.
When giound chow was presented again
water intake increased, but not to preop-
erative levels. In the hyperphagie animals
water intake began a general descent in the
first fat diet period, which roughly paral-
leled the deecrease in food intake for the
remainder of the experiment. As noted in
previous reports (Corbit & Stellar, 1964;
Stevenson, 1949), the water/food ratio of
the hyperphagics was lower than that of
the controls for all periods after surgery.
Ratios for the control group were 1.7, 1.8,
1.2, 1.1, anu 1.9 for the preoperative, post-
operative, 30% fat, 50% fat, and chow diet
periods, respectively. Ratios for the experi-

mental group for the same periods were 1.8,
1.4, 09, 0.7, and 1.5.

The hyperphagic animals showed an in-
creased weight gain which was accen-
tuated in the high fat diet periods (Table
2). The body weight curve contained
dynamic and static phase components
characteristic of the weight function of the
hypothalamic  hyperphagic  preparation.
Much weight was lost when the rats volun-
tarily deereased their intake of chow and
when intake restrictions were imposed.
Body weight in the control animals rose
more slowly, stabilized during the last chow
period, and decreased significantly only
when they were starved and when allowed
5 gm. of pellets per day.

The body weight increases seen in hypo-
thalamic hyperphagia are primarily the re-
sult of increases in stored fat (Bates, Nanss,
Hagman, & Mayer, 1955; Hetheringion &
Ranson, 1940; Montemuiro & Stevenson,
1960; Smith, 1927). Bates et al. (1955)
found that increased fat content accounts
for more than 90% of the inereases in
weight in animals made obese through
hypothalamie lesions, Montemurro and

.
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| E=d

Responser (Mean <5}

) | e s — — gy W m— G e e ey s—_ G &
Pre—op Poni—op 08 . SO% far Chow Starved g
(Cnow) (Chow) Diet Diet
Diet Periods

Fic. 2. Effects of hypothalamic lesions and diet
manipulations upon heat-escape responding.

Stevenson (1960) noted that female hypo-
thalamic obese rats contained approxi-
mately 240% more fat, 10% more protein,
and 18% more water than controls when
both groups were fed a high fat diet. It is
presumed that the hyperphagics of this ex-
periment are not different from those in the
earlier experiments in that the marked in-
creases in body weight are largely the con-
sequence of increments in fat. The weight
reduction in the later periods is also pri-
marily fat since extra fat spares other ma-
terials, such as protein, when weight is lost
(Montemurro & Stevenson, 1960).
Heat-escape responding. As indicated in
Figure 2 the two groups did not differ ini-
tially in the number of heat-escape re-
sponses made in a 1-hr. session. Halfway
through the postoperative period, however,
the hyperphagies began to make mo.. re-
sponses than controis and continued to re-
spond at a higher level for the remainder of
the experiment. The hyperphagic’s record
on this measure shows a progressive in-
crease, a period of relative stability, fol-
lowed by a decrease in the last two periods
of ti» experiment. Comparison with Table
2 shows that the increase, stabilization, and
decrease in heat-cscape responding roughly
correspond to changes in body weight.
Thermoregulatory responding in the con-
trol animals increased sharply during the
first 5 days after the recovery period and
then stabilized at a lower level for the re-

mainder of the postoperative period. This
cffeet has been noted previously (Lipton,
1968) and is presumed to refleet u physio-
logical readaptation to the heat stress. The
response record of the control group
showed a marked increase only during the
30% fat diet period that was reliably
(p < .05) higher than the postoperative
responding.

Comparison of the heat-escape response
curve of the controls (Figure 2) with their
body weight figures (Table 2) indicates
that the relationship between these varia-
bles is much less pronounced than that seen
in the hyperphagies. The greatest respond-
ing did occur during the 30% fat diet period
where weight gain was the greatest but re-
sponse measures did not parallel further
increases and decreases in body weight.
This relatively low correspondence com-
pared with thet shown by the hyperphagics
may be a consequence of the smaller
amount of weight gained and lost and the
much smaller fat component presumably
‘nvolved in the changes.

Colonic  temperature. Neither group
showed marked changes in presession co-
lonic temperature until late in the experi-
ment when the measures decreased. The
mean for the control group was 37.4°C. up
to the last two diet periods when it de-
creased to 36.8°C. In the hyperphagic
group the mean was 37.6°C. until the last
three diet periods. It dropped to 37.4, 37.1,
and finally, to 37.0°C. in the last chow,
total deprivation, and restricted intake
periods, respectively.

Postsession colonic temperature in the
controls was stable around a mean of 39.4
(£0.2°C.) throughout the experiment. This
average is somewhat higher than that seen
in the normal animals of Experiment 1
(38.8-38.9°C.). The long-term stability of
the group means results from the consist-
ency with which individual animals adhered
to characteristic levels of hyperthermia. For
instance, one of the control animals main-
tained his mean postsession temperatare at
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39.2°C. and another at 39.5°C. at all periods
of the experiment.

During most of the experiment the hyper-
phagics, like the controls, held their post-
session colonic temperatures around 39.4°C.
There were exceptions to this: In the first
days of the postoperative period the mean
temperature rose to 39.9°C.; and in the last
three diet periods it dropped to 39.2°C. (last
chow period) and then to 38.9°C. (starved
and restricted intake periods). These results
are closely related to the level of respond-
ing. As the responding increased in the
postoperative period, the mean postsession
colonic temperature returned to 39.4°C.
and remained at this value until the last
three diet periods. During these periods
heat-escape responding stabilized and then
decreased. The reduction in responding
was not large enough to allow the post-
session temperatures to be maintained at
the previous level. A closer adherence to
this “standard” temperature level would
have resulted in a closer compliance be-
tween the body weight function and the
behavioral response function.

Discussion

Increasing the lipid content of the diet
fed to rats produced changes in heat-escape
and intake measures in both experiments.
In normal adult male rats, diets high in
fat produced increases in heat-escape re-
sponding without changing pre- or post-
session colonic temperatures. This effect,
together with the fact that controls main-
tained consistent body temperatures over
the experiment without a change in re-
sponding, indicates that the fat diets com-
promised physiological temperature regu-
lation in some fashion.

The much younger and lighter females
(Experiment 2) fed similar diets showed an
increase in responding that was pronounced
oniy during the 30% fat diet period. This
diserepancy in effects betweer the experi-
mental group of the first experiment and
the controls of the second could he the

result of many factors. The data of Reed
et al. (1930) show that female rats fed a
high fat diet gained less weight and had a
lower proportional body fat content than
males. This finding reconciles the failure of
responding to increase in the females with
the fat component explanation of response
increases seen in the males of Experi-
ment 1. Other factors such as differences in
initial body weight (Experiment 2 females
initially 200 gm. lighter, 300 gm. lighter
than Experiment 1 males during respective
50% fat diet periods), differences in the
sequence of the experimental procedure, dif-
ferences in temperature regulation capacity
accompanying reproductive cycles, and in
other variables, undoubtedly contributed to
the diserepancy.

In the hyperphagic animals heat-escape
responding increased during the high fat
diet periods. However, it had already be-
gun to increase in the postoperative chow
period, before the inception of these diets.
This fact, in conjunction with the rise in
body weight at abeut the same time, the
further progressive increase in responding
as body weight increased, the decline in
responding when body weight decreased,
and the high probability that most of the
weight changes were primarily fat, suggests
a body fat explanation for the changes in
behavioral thermoregulation. When fat
stores are increased through hypothalamic
lesions, high fat diets, or both, physiological
heat-loss capacity appears to be restricted.
Heat production may also be increased
with enlarged subcutaneous adipose tissue
stores as a result of the extremely rapid
rate of triglyceride turnover, activation of
CoA, and esterification that are characteris-
tic of the metabolic activity of this tissue
(Cahill, 1962, p. 126), and the increased
energy required to move the heavier body.
To mitigate the resulting compromise in
physiological temperature regulation, rats
increase their heat-escape responding. Then,
as fat stores are reduced, heat is lost more
rapidly and responding would be expected
to decrease. A reduction in responding as
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weight was lost was found in the hyper-
phagic animals of the second experiment.
The normal females did not show large in-
creases in either weight or responding and
thus a reduction in responding could not be
expected.

The increased thermoregulatory respond-
ing as the hyperphagics gained weight is
conceptually consistent with previous find-
ings obtained using similar preparations in
a different context. Hamilton (1963) noted
that hypothalamic obese rats, when re-
quired to increase their operant responding
for food reinforcement, began to extinguish
at ratios above FR 32. Under the fixed ratio
contingencies used in his experiment the
animals were forced to exercise and conse-
quently developed a relative hyperthermia.
The progressive natare of the hyperthermia
as the FR requirements were increased, the
close relation between peak responding and
peak body temperature, the decline in body
temperature as responding began to ex-
tinguish, and the upward shift in the re-
sponse funetion when the experiment was
repeated in a 10.0°C. environment indicate
that body temperature rather than food in-
take was more important in the motivation
ot these obese animals. That is, rather than
maintain a constant food intake through
exercise the hyperphagics chose to control
body temperature.

Two points are available from the data
of this experiment on food intake which
are corroborative of Experiment 2 findings
and interpretations. First, the obes- rats
developed hyperthermia when tl  body
heat load was increased through exercise.
This result was noted earlier by Han and
Brobeck (1961) who found a positive con-
nection between rate of weight gain and
body temperature after exercise. Presum-
ably, the insulative qualities of the body
fat described above contributed to the
hyperthermia by restricting heat loss al-
though the heat produced in the exercising
of a body of greater weight probably inter-
acted with this insulation to compound the

JAMES M. LIPTON

overall thermal effect. Second, the hyper-
phagics used behavioral means to reduce
the threat of further hyperthermia much
like those in the present research. They de-
creased responding for food reinforceraent
to avoid endogenous hyperthermia while
the obese rats of Experiment 2 increased
responding on a low response-cost schedule
to avoid an external heat load.
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gt 2 R riants of behavioral thevinoregulotion against leat: Thermal
intensity and skin qu,'ml'uu'lcwlr Privsiow, Beaay, ‘(IO) 1053-1088, 19700 further elucidate the factors controlling -

thermorcgulatory buh.mor Lo experiments wers cpmlu:h.d u:mn rals trained to escape heat by holding down a lever,
In both experiments the tinw speat responding was found to incu.asc in a monotoniz fashion as thermal intensity was

. inereased. Determination of the behavieral response was explored in more datail by recording dorsal skin temperature
at the moment when a response was beeun and when it was terminated. In a \ neutral environment (23°C) a relatively
stable level of skin temparature was maintained in the face of inteasity @ lm.'.txc»m as a rosult of the changes in behavior,
A qml tatively similar result voas also seen when the animals were tested in @ hot eavironmient (32°C). Thase findings are
consistent with the results of previous heat reinforcement C\p‘mn‘nls which have indicated @ peripheral basis for the
control of thermorzgulatory bahavior. In the cold (5°C), however, raising intensity brought about a linzar increass in
responding and in the skin teaperature levels maintzined, \\Ian suggests that the determination of behavior in this
experiment may be more complax,

Behavioral thermoregutation  Skin temperature determinaats of thermoregulative behavior  Heat-escape

‘ 2 . I .

.

THERMORFGULATION can be reasona

] y dividad inte two cone-
i ponents: a physiclogical compone:

at made up of heat pro-

situatiosn. The results of the investization of intensity fac

and the question of immediate determinants of responding

+ duction and heat loss mechanismis and a behavieral com- led t0 a second experiment in which skin temperature was
- ponent which has sensory, motivational ard response aspects. measured at the time a response was initinted and terminiated.

Puysiologicel thermoregulation coatrols body temperature .
within narresw limits although its power to countaract thermal
stress is relatively small, Behavioral thermercgulation, on
the other hand, exerts a less precise control but is very power-
. fulin d:fmur‘" azainst great temperature extrenes through
the initiation and maintenance of various voluntary actions
(3]. While in the normal life of homeotherims both componeuis
interact to assure a viable thermal level, the great power and

EXPLRIMENT 1

Weiss and Laties [21], using rats working for heat ref nror 2-
ment, found that responss rate decre m‘d as the intansity o"
the heat was increased. Since that time similar findings ...1
been rgporkd by other investigators using rats (7, S}, m 0*\. s

maodifiability of the behavioral component make its in-
sestigation of particulur interest for theoretical and practical
reasons,

{71, pigs [2, 4] and mice [1]. Experiment 1 was desizned o
explore the intensity-behavior relation in the heat escape
situation for comparison with the results of these previous

Exploration of variables acting on the behavioral com- studies
ponent of thermorezulation in the cold has implicated hypo- Method .
thalamic temperature [3, 7, 16, 17], p:rlplzar\l tmr‘ roature Metno.

{8, 16, 21], reinforcement mcenitude [l, 2, ~., 8, 20] and
widespread recepters [2] in the dotermination of the response,
- The s'm.\l appearance of a relation between responding for
Ratin dhe cold and changes in i1t-:n<§ty or duration of
teerinal reinforcement in these earlier experiments prompied

the investization of similar relations in the heat-
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maintainad ot 300 g body weaight by restricting
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The operant apparatus has been describad in detail pie-
viously [13-15). "The animal chamber consisted of a Plexizlas
cylinder set into o manifolkl box. The manifold box was
cquipped with an exhuaust fan (100 ¢fin) which pulied aimbicnt
air through the eylinder., Both the fioor and the manipulan-
dum were constructed of glass tubing in order to reduce hicat

absorbtion, A 250 W red bowl heat luop was centered over the
top of the chamber, In these experiments the exhaust fan
operated continuously during a session and current to the
Jamp was controlled ihrough the response bar microswitch.
Rate of heating was controlled by manipulating voltage to
the heat lamp, Your levels of power dissipation were used:
100, 150, 200 and 250 \V, (‘omp:n'i'on of the four rates of
heating a Yellow qwin;:; No. 47 ..» thermistor probe epad to
the chamber floor is seen in Fig, 1. Note that the 75 W red-
coated light bulb used as a cunllol fo. photic aversion factors
produced little heating eficet. In the first experiment u pair of

operant chambers Im.md in an environment of 23.0 - 0.5°C.
(range) were used.
[ "
& v
200
uw
[
2 e
0
< o—" 150\
o
:J
= 0
b /o/ 100 W/
"/ - 75w
- S W »
b— P.AC. i
NSRRI e [

0 20 40 ©0O €0 100 120
TIME (sec)

FIG. 1. Heating rates as a function of time and intensity of the
infra-red bulb, P.A.C. = photic aversion control (luminous bulb).

Procediire

As in carlicr exparimients [13-15] the animals were troined
to press a bar in order to escape heat in daily sessions of pro-
gressively greater langth.  When reliable responding was
attaincd, the scssions were extended to one hour, During the
shaping period and for five days after the sessions were
fengthencd to onc hour, the heat lamp intensity was 250 W,
Thereaficr, one of the four intensity levels was presented each
day in a random sequence until all animals had experienced all
intensitics three times. The control for phf\tic aversion effects

was presented to five rats for cne session at the end of the
serics.
In the dauily presedure each animal was tun at the same

time each day in his accustomied chamber. Imunediaizly
before and after a session the animals were weished and their
colonic temiperatures were measurad with a thernistor proke
(6 cm insertion). The number of responses and the total
time that the lamp was held o during 2 session were recordad
automatically,

Resalts andd Discussio
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F1G. 2. Duration of bar halding to escape heat resulting fron:
manipulitions of intensity, MR plots represent scores of individus!
animals. P.A.C. == photic aversion contiol,

Two points are clear from these data:  first, behaviora!
responding increased with increments in intensity; second,
as the intensity of the lamp was incrcased both the inter-
and intra-individual - variability  of  behavioral  thenno-
regulatory responding decreased. The mean response duia-
ticns per session for cach lamp intensity from 160 to 230 W
were: 22,1, 46.2, 52.8 and 54.6 min. These scores indicate
that when a thermal stimulus is increased rats tend to mitivote
against the greater heat by increasing the rate of theimo-
regulatory responding. This finding is, appropriately, jlhl the
reverse of results seen in heat reinforcemcnt studias wher
general decreases in behavioral thermorezulatory respondin -
occurred when heat lamp intensity was increased [1, 2, 4, 7.
8, 21). It is clear that uuder both contingencias, bar pressin:
for heator to reduce it, thermorezulatory responding isaffvoied
by intensity in a manner which is generally salutary to the
animal's thermal homeostesis.

If the rats were responding to escap
stimulation one mizht expoct results n‘.'.::h '1"* thosz2 obtainal,
Hov.ever, when the brighter luminous bulb was subs
for the heat lamp the animals responded very
which indicates that thermal rather than photic aversion fas-
tors were responsible for the behavioral changas.

Another aspect of ths intensity-raspen :d.'.mo the preser:
experiment which has some counterparis amony the resu’'s
on aaimals workin3 for heat in the co!d is the lach 5
poriionality batween inc creases In rospo \..’i".g a
intensity. In ong of the previous heat reid 1:' Iy
ments [21] the response nicasures showed a !
proporuomhl) with lamp inteasity
intensity extremes, In a similac i lmc" 2ation [ it
that the docrease in working fo tharmal reinfore
not inversely propartioniie to .l.: h; ating g.‘f::: ) L.zt mor?
heat was obtainad at hizh intensitias than at low intensicls:
Baldwin [1], using a strain of hairless mice pressing for ho
found that the animals obtrined almost idznatical amounts &7

eat with 130 ¢ ~|J 230 W settings of ti2 heat lamp but ¢o -
s J»rul, less at 300 W when they were allowsd o conir.
duration of reinforesineat, In still anothzr exgeri
reducing the in: " the therma! st 3
the numter \.‘f’.‘.-.‘.‘( Lasps from 1208 w2
dis"ropo ctionataly low (1255 than Souble

ing in piz \.-] O~ o

tnereased p‘v'\" -
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DETERMINANTS O BEHAVIORAL THERMOREGULATION

The group datawere plotted using log-log coordinates, how-
ever, the function wis found (o be described by a stizicht line,
For purposes of comparison, an cquition was determined
for a thivd deare polynomial model using log transfonnations
of the intensities and of the response duration duta of the
present experiment. When the third degice term did not
contribute significantly (I << 1,0, of == 1, 69), a second ordai
cquation was determined and the sccond degree term tested
for its contribution, Jt was concluded that this cquation is
appropriate since the contribution of the second degree term
was significant (I°' > 4.2, df == 1, 70) at the 0.05 lavel. It
appears that the present data are best described by acurve
rather than a straight line even vwhen log transformations ave
made. This lack of lincarity either with or without transfor-
mation sugzeals caution when comparing the size of be-
havioral eflects noted under different intensity conditions,
These findings suggest that the relatively small increase or
decrcase in responding which results from some treatment
condition in an experiment using high intensitics may be as
meaningful as a large dificrence when lower intensities are
used. ;

The number of responses per session increased with in-
tensity, averaging 76.1, 95.7, 107.7 and 98.3 for the 102- 250 \V
intensitics, respectively. Average response durations showed
a monotenic increase as lamp intensity was increased. The
values for cach intensity from 109 to 230 W were 17.4, 28.8,
29.4 and 33.6 see. These data indicate that the general strategy
for coping with progressively higher intensitios was that of
increasing the length of the response rather than increasing
the number of shorter responses. This change in strategy
is similar to that found in previous information collected on
rats working for hieat in a cold environment [7).

Presession colonic temperature was very stable and showed
no large shifts over time (mean = 37.57 range == 36.6-38.0°C)
over all sessions. Postsession temperature, the end point
often used as a measure of thermoregulation, varied oaly
slightly around a mean of 35.1°C (range = 37.3-39.0°C).
,The persisteace of this postsession temperature in spite of the
changes in heat lamp intensity has prompted the sugzestion
that it may bte a determinant of behavioral thermoregulatory
responding [15].

EXPERIMENT 2

Since deep body temperature is protected against sudden -

variations by insulation, counteracting physiological mach-
anisius, ete., it is unlikely that it alone could function as a
stimulus in the determination of meoment to momeantbehavioral

o responding. A stronger candidate for the primary rofe in this

determination is skin teraperature change since the skin is
exposed more directly to thermal stimulation and is very
sensitive to alterations in intensity and rate of heating [12].
Empirical evidence supporting the importance of peripheral
tenperature in behavioral thermoregzulation has been found
previously by Weiss and Laties [21]. They noted that rats
altered response rate with changes in heat reinforcement
intensity, which resulted in a constunt subcutaneous empera-
ture being maintainad. By eliminating hy pothalamic teaipera-
ture changes on the basis of temporal asynchrony Carlisle
(7], too, has comz to stress the imporiance of peripheral
stimulation in behavioral thermoraguiation azainst cold.

I a stahle skin temperature is the requirement which ¢on-
trols behavioral resulation arvainst heat ons would expect

Nev t B A S &n (2 . {8 a Yen paeaitan 0u oy « s
to find ceasvaab! Seasisteintt tevels o oo ntnistned wihen
J “
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wits designed (o

intensity is manipulated.  Experiment 2
evaluate this possibility by measuring skin temparatures
associated with the initiation and termination of the thermo-
regulatory response, Ambicnt temperatuie was varied in order
to see how it aflects skin temperature-behavioral response
relations and (o add to the response strategy information
collected in the first experiment,

Metlod

Subjects, Five of the six rats vsed in the previous experi-
ment served as subjects, The missing animal, NR-3, would
not readily addpt to the skin probz and was deleted in the
training sessions, Maintenance of the animals was the same
as in the carlier experiment,

The operant chambicis were the ones used in Experiment 1,
In this case, however, they were situated in either a normal
environmental temperature of 23.0 -k 0.9°C (dry bulb, range)
or tempaeratures of 5.0 4 0.5 or 32.0 -- 0.5°C. The latter
temperatures were maintained in a Hotpack environmenial
chamber while the 23.0°C tests were run in a small laboratory
with a less precise thermostatic control, While in previous
investigations [21] skin temperature was inferied from sub-
cutianzous measuremients calibrated against recordings made
on the skin of anesthetized rats, direct measurement of skin
temparature in behaving animals was successfully attemipted,
Skin temperature was recorded from a YSI thermistor probe
with reflective bock (No. 425) held in contact over the shaven
scapulae by a rubber band harness. Owing to the flaxibility
of the lead wire connected to the probe, restraint was not great,
Temperature level at the time a response was initiated and
terminated was recorded on a Grass recorder and/or recorded
manuzlly by an obszrver from a YSI Telethermometer,
Responses of less than § sec duration were not used in the
analysis since these were generally assosiated with grooming
and saliva spreading rather than with more direct thermo-
regulatory behavior, | -

Reliable records of skin temperature are difiizult to obtain
even when conditions are constant [I1, 19]). In the present
experiment great care was taken to assure the repeatability
of placement and pressure of the probe in order to surinount
some of the problems. While the absolute values noted using
this technique would perhaps vary from those recorded
through the use of some other method of thermometry, the
general relations obtained were found to be reliable among
animals,

Procedure

Following Experiment I the animals were allowed 2-3 days
without operant sessions. During this time they became
adapted to the rubber band harnesses by wearing them
continuously in their home  cages. Peohavioral thermo-
regulatory sessions were then resumed in the 23.0°C environ-
ment with the skin probe connected. The four heat amp
intensities used in Experiment 1 were presented once to each
animal in random order over duily ssssions, Following tha
23 sequence, sessions were begun in the §° environment with
lamp intensity randomly varied as before. After two trials
the 100 W setting was deloted because the animals would not
respond to turn o the lamp at this intensity, To asvoid
potential effects of acclimatization to this cold exposurs
sessions were spaced oaz to two days apart. A procedural
sequetice simitae to the 57 environmental emperatur i

was tien conducted dn ke 32°C environment,




1 Result:

. Skin Tenperatuie

23°C enviromment. In the neutral  cenvironment  three
points are obvious from the skin temperature data (Fig. 3).
Virst, there is little variability ascociated with the mean
lcim‘».mlm at response initiation or termination except for
some disparate scores for pressing at 100 W. Second, skin
temperature measured at the time of response initiation was
not completely stable across intensities but tended to inciease
slightly as heating rate was increasad, Thivd, at all intensities
except 100 W the mean release temperatures were about the

SKIN TEMPEIRATURE (°C)

n 1 1 L L
30 150 200 250

INTENSITY (WATTS)

FIG. 3. Skin temperatures (mean -4 8.1 associated with response

initiation and termination.

same. The average release temperatures for the 150, 200 anJ
250 W settings were 38.9, 39.1 and 39.0°C, respectively. For
the 100 W/ setting the average skin temperature at release was
38.5°C._ Skin temperatures ware thus held within a fairly
parrow range as a result of changes in behavior, The upper
limit of this range was definzd by the temperatures recordad
at response initiation, valuss which were slightly affected by
intensity. The lower boundary was set by the release tempeara-
tures which did not vary greatly. At the widest extrenics
(hichest mean press temiperature and lowest mean release
temperatuie) the band was 2°C wide.

32°C environment. At this ambiznt temperature, decidedly
above thcrmoneutrality for the rat, the overall hoat load was
substantially increased. Under these conditions the skin
température associated  with  respoading  shoved some
parallels with results obtained in the 23°C environment.
For example, low variability in skin temperature at response
initiation and termination was characteristic at cach of the
intensity levels. Another similarity of note was the stability
in mean release temperatuee at 150, 200 and 250 W intensitiss,
The values for these intensities were 40,5, H0.5 and 40.6°C,
respectively, indicating that the levels at release were even
slightly more consistent in the 327 environment ln..:n in the
pormal tempecature saries (Figo 3). In this high ambiont
temperature one mi 2he suspest physical fustors to be responsi-
ble for the consistency by limiting the dezree of skin coc -"m-
Howeser, the skin temperature at refesss in the 100 W
was proce than 0.57 lowar, rullng out the pos:bill
ot constraining physical effests produced the

st. 'hl
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showing that temperatures lower than J40,5C could i :
been reaclicd in this environment,

A further similavity lies in the progressive increase in skin
temperature associated with response initiation as heat Ly,
intensity was incrcased, While this wos a trend in the 23°C
cnvironment, the eficet is quite clear in the warmer ambic:
temperature,  Skin temperatore at release daring the 100 Y,
intensity sessions was some 0.7-0.8°C less than the othzrwise
stuble level of 40.5-40.6°C and rccalls a similar effect ¢
this intensity in the ncutral ambient serics. This low mea.
release temperature and the highest mcan temporature o
response initiation (250 VY intensity) describe limits of 39,5
and 41.9°C between which skin temperature was generall.
held, This band is similar to the 2.0° band seen in the neotr,
environment althouah it is displaced upward 1-2°C. ltappears
that in this environment, also, skin temperature was mi:-
tained within a narrow preference band as a result of chang.«
in behavior,

5°C environment, At this temperature the effect of the heo:
lamp was reduced to the point that the two animals testod
at the lowest intensity sctting chose to accept the radini.:
heat for the duration of the session, When the intensit,
was increased to 150, 200 and 250 W, the skin temperatu: s
at both initintion and terinination increasad lincarly (Fig. 30
unlike the results obtained in the warmer environments,

Result: 2. Responses

The curvilinear relation Letween mean response duratio s
and heat Jamp iatensity found in Experiment I was repeatel
in the 23°C environment., However, while the:basic relative
positions were about the same, quantitatively the duratios
values werc lower. This depression was, presumably, ti:
result of the presence of the thermistor probz on the backs
of the animals. On the other hand, the numbzr of response:
made per sossion (Table 1) was increased. Thus, while the
finding of an-facreasing duration/response ratio with increz:-
ing intensity s2on in Exp‘rimmz 1 holds trus here as we!’
the absolute size of the ratio is lower.

Surprisingly, the duration data colizcted in the hot environ-
ment did not differ from that gathered at ambieat 3‘\.
(Table 1). Since ceiling effects can baodiscouned on the Ha
of the total response time possible and the higher respoi

TABLE 1

Mean (2 S.E.) Noumatgk oF RespoNsis ann Torar Resions:
DurAtioN Per StssioN. DURATION SCoaEs ARE IN MINUTES

Intensity
(O]
W 20 30
2¥C
Responses 48,3 2208 2426 + 45,1 149.0 2. 174 1720 = 33.2
Duration 4.1 13 323 = 18 450 = 3.1 99 20

32°C

Responses 6 S 224 M4 2 74 190 2 T4 1650 2 38
- ;

}.
Duration 6.6

TS

= e

31 MOE 09 472 08 4.
sC
p“.r nies — 1280 £ 523 20804 2. 438 2920 = 283
sration * - 80 60 2412 22 w7 2
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. .
durations sten in Experiment 10 appears that the hot ¢n-
vironnient cither did not increase motivation to escape heal
or the cooling reinforcement was not great enough to sustain
increased responding. In the cold enviromment, however,
response durations weie much lower than in cither of the other
temperatures. Responding to escape heat shewed a linear
increase with intensity in parallel with the skin temperature
function,

Result: 3. Body Terperature

Presession colonic temperatuics were quite stable around
a mean of 37.4°C during all conditions of the experiment
(range == 36.6--38,3"). Postsession temperatuics in the nautral
and hot environmnents were also quite consistent, generally
falling between 38.8 and 39.2°C. (range = 38.0-39.8%). This
behaviorally regulated slight hyperthermia has proven to Lz
characteristic of animals working in similar heat escape
[13-15]) and in water-spray reinforcement [9] experitients.
Body temperature_did not change much during the sessions
in the 5°C envitonment, The mean postsession temperature
in this scrics (37.5°, range == 36.2-38.7°) was only 0.1°C
greater than the presession level.

Discussion

It is clear that rats increase responding to mitizate a
potentially large heat imbalance as the threat of such an
imbalarce is increased. This was noted in both experiments
wheic raising the heat intensity brought about a compensatory
change in escape behavior. Much the same type of behavioral
change was recorded in carlicr experiments when the possi-
bility ol a thermal imbalance was altered by producing lesions
in the preoptic arca [13], by desalivation [15), and by increas-
ing body fat insulation [I4). Thus, with manipulatios of
both heat intensity and physiological thermoregulatory
capacity behavior changes in the direction dictated by the
drive to maintain thermal homeostasis—towards increased
responding to escape heat. In this respect the results are much
like the findings of previous heat reinforcenient experiments
[1,2,4,7,8,21]. The thermoregulatory tehavior investizated
with both opcrant contingencies appears to be generally
homeostatic in nature.

The precise sensory, motivational, and effector states
which determine the occurrence of a behavioral thermo-
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regulatory response al a particular point in time are not fully
known. In the sccond experiment dorsal skin temperatore
was measured at yesponse onsel and (ermination to see if
consistent values are associated with these events which
could act as peripheral determinants of the bzhavior, When
the animals weie tested in the 23°C envirenment skin tem-
perature was held within a preference range about 2°C wide.
In the 32°C environment a similar, although higher, pre-
feience band was found. The relutive consistency of skin
femperature levels in the face of variations in thermal in-
tensity is reminiscent of analagous information collected by
Veiss and Latics [21] using animals working for heat rein-
forcement. These authors concludad that “. . . rats adjust
reinforcenient rate in accordance with reinforcement intensity
to produce the end result of a constant peripheral tempera-
ture.,” The data gathered in the neutral and hot environments
can be interpreted as itlustiating dircct peripheral contiol
over behavior in a similar way. This interpretation is in
keeping with previous human rescarch which has revealed a
close relationship between a particular men skin temperature
level and thermal comfort [22], and with the suggestion that
discomfort provides an carly motivational influence for the
behavioral avoidance of thermal imbalances [10, 18). The
simple fact that the skin contains thermosensitive receptors
and that it is the first organ to change state when an animal
is exposed to radiant enargy of the type uscd hare obviously
recommends the skin determinant explanation also.

In the 5°C environment, however, the lincar rise in skin
temperature limits as intensity was increased is not compatible
with an explanation of response determination in terms of a
drive for peripheral thermal stability, While the data collected
in the neutral and hot environments scein to illustrate two
definite preference bands governing behavior, the impression
here is one of a moie complex datermination. Limitations of
scope do not allow conclusions about the identity of the
factors responsible for the response in this cese but one im-
portant possibility can be excluded: the influznce of deep
body temperature. Although it has been establishad that core
temperature can aficct the affective evaluation of peripheral
thermal stimulation [6], in the present experitacnt colonic
temperature did not vary with changas in intensity and
thercfore could not be responsible for thess results. Further
investization is required to unravel the scasory and'or
motivational variables contributing to responss deterimination
in this cold environment.
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