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Abstract—The perceived utfractiveness
of stimuli to humans has been modulated
by changes in cephalic blood tempera-
ture. Can similar effects he produced in
animals by manipulation of hypotha-
lamic temperature? This study examined
the attractiveness and pleasure of food
to rats during hypothalamic cooling or
hypothalamic heating, by measuring
feeding and hedonic and aversive facial
reactions to taste. Hypothaiamic cooling
administered through a permanently im-
planted thermode elicited feeding. Hy-
pothalamic heating did not. Hedonic
and aversive reactions to taste were un-
altered by hypothalamic cooling or heat-
ing, even for rats that ate during cooling.
Hypothalamic cooling may thus potenti-
ate the attractive quality of food without
modulating basic taste pleasure.

Human evaluations of pleasure and
attractiveness can be manipulated by
minute changes in cephalic temperature
(Adelmann & Zajonc, 1989; Zajonc,
Murphy. & Inglehart. 1989). Small de-
creases in the temperature of cephalic
blood measured at the forehead, for ex-
ample, heighten the pleasantness ratings
given by persons to odors or speech
sounds (Zajonc, Murphy, & Inglehart,
1989). Such changes in cephalic temper-
ature may originate in ordinary life from
activation of facial musculature patterns
that restrict the flow of ascending blood
through the cavernous sinus (a large net-
work of channels beneath the brain that
mixes venous blood returning from the
brain and face), from alterations in the
temperature of air inhaled into the nasal
mucosa that cools the cavernous sinus,
or from changes in breathing patterns.
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These studies of human pleasantness
ratings were guided by a hypothesis pro-
posed by Zajonc, which relates subjec-
tive pleasure to the temperature of blood
within the venous cavernous sinus {Za-
jonc, 1985). The relationship between
pleasure and cephalic temperature is
suggested by an early theory of emotion
and facial efference originally put forth
by Waynbaum (1907). The hypothesis
proposes that pleasure may be controlled
in an inverse direction by transient ther-
mal fluctuations within the cavernous si-
nus. Increase of the blood temperature
within the cavernous sinus is posited to
induce an aversive state; decrease of
blood temperature within the sinus is
posited to induce a pleasurable state (Za-
jonc, 1985). Thermal fluctuations can be
caused naturally by sources ranging from
arterial constriction to facial expression
and breathing pattern. The mechanism
by which temperature fluctuations
within the cavernous sinus might cause
the modulation of pleasure that was re-
ported by subjects in the studies above
has remained unclear, but several candi-
dates are conceivable.

One especially promising candidate
arises from the anatomical position of
the cavernous sinus beneath the hypo-
thalamus. The temperature of the hypo-
thalamus is influenced by heat exchange
with the cavernous sinus (Kluger &
D'Alecy, 1975), and the flow of blood
through the cavernous sinus is actively
regulated during changes in deep body
temperature (Baker, 1982; Caputa, Per-
rin, & Cabanac, 1978). The hypothala-
mus itself is temperature-sensitive and
plays a major role in thermoregulation.
Local changes in hypothalamic tempera-
ture exert far-reaching effects on physi-
ology and behavior; Homeostatic adjust-
ments by autonomic reflexes, behavioral
adjustments to preserve body tempera-
ture, etc. (see Satinoff, 1983). Even
small, localized changes in the tempera-
ture of the hypothalamus can be detected
by animals (Cabanac & Dib, 1983; Cor-

bit, 1973; Satinoff, 1964). For example,
rats will learn to perform an instrumental
response in order to turn off a probe that
heats the hypothalamus by approxi-
mately 3° to 6X (Corbit & Emits, 1974;
Dib & Cabanac. 1984), a finding that is
consistent with the Zajonc-Waynbaum
hypothesis relating effect to brain tem-
perature as well as with the homeostatic
hypothesis that guided its original inter-
pretation.

Does cooling of the hypothalamus
enhance a pleasurable or appetitive
state? This proposition may be tested by
cooling the hypothalamus directly via a
hypothalamic thermode implanted per-
manently in the brain, and examining the
influence of temperature fluctuations on
reactions to natural elicitors of pleasure
and appetitive behavior, such as food.
Because this experiment is suitable only
for animal subjects, it requires reliable
animal measures of food attractiveness
and of food pleasure. A food's attrac-
tiveness may be reflected by the propen-
sity of an animal to approach and eat it.
Food pleasure and aversion can be as-
sessed in rats through an analysis of he-
donic and aversive patterns of affective
facial reactions, which are ehcited natu-
rally by palatable or noxious tastes re-
spectively (Fig. 1), and which can be as-
sessed using an ethologically based tech-
nique (see Grill & Berridge, 1985, for
review). A procedure for eliciting and
measuring these natural reactions was
developed by Grill and Norgen (1978a)
using direct infusion of taste solutions
into the mouth and a frame-by-frame vid-
eoanalysis of hedonic and aversive reac-
tion patterns.

In this study, thermodes for cooling
or heating the hypothalamus directly
were permanently implanted in the
brains of rats. After the rats had recov-
ered from surgery, we examined the ef-
fect of changes in hypothalamic temper-
ature on reactions to the sight of food
and to sweet, bittersweet, or neutral
tastes.
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Fig. 1. Affective reactions to taste. Hedonic reactions (top) are elicited by sweet
sucrose and other palatable tastes. Hedonic reactions include rhythmic midline
tongue protrusion, nonrhythmic lateral tongue protrusion, and paw lick. Aversive
reactions (bottom) are elicited by bitter quinine and other noxious tastes. Aversive
reactions include gape, head shake, face wash, and forelimb flail.

METHODS

Subjects and Surgery

Seventeen male rats (Sprague-
Dawley, 300 g) were anesthetized (100
mg/kg ketamine; 10 m&/kg xylazine) and
implanted with sterile hypothalamic
thermodes, each consisting of two
lengths of hypodermic steel tubing (33
gauge) that were connected together at
the tip. The tubing was encased in both a
steel inner sheath and a plastic outer
sheath for insulation (1.1 mm total out-
side diameter) except at the bare tip (0.67
mm diameter), which was exposed to the
brain. A thermistor recording wire at the
tip of the hypothalamic thermode de-
tected the hypothalamic temperature at
the outer steel skin of the thermode, and
relayed the signal to a digital thermome-
ter. Each hypothalamic thermode was
implanted so that its tip lay at the ante-
rior border of the medial hypothalamus
(on the midline 0.3 mm anterior to
bregma; 8.5 mm below skull surface).
Thermodes were anchored into place
with skull screws and acrylic cement.
Each rat was implanted with two chronic
oral cannulae in order to permit taste re-
activity testing (Grill & Norgen, 1978b).
These cannulae did not disturb normal
behavior or interfere with eating. The
oral cannulae entered the mouth just lat-
eral to the first maxillary molar. The can-
nulae tubing ascended beneath the zygo-
matic arch on each side to the top of the
head, and were anchored together next

to the external ends of the hypothalamic
thermode.

Behavioral testing began after a 10-
day recovery period. Rats were housed
individually with free access to food and
water. Anatomical placement of hypo-
thalamic thermodes was confirmed his-
tologically at the end of the experiment.

Temperature Control

Rats were housed and tested at an
ambient temperature of 20° to 22°C. To
cool or heat the hypothalamus, the ex-
ternal ends of a hypothalamic thermode
were connected to a length of tubing
filled with water, which flowed through
the thermode at a rate of 3 to 6 ml/min.
The normal hypothalamic temperature at
the tip of the thermode was 37.1 ± 0.6°C
(mean ± standard error). To cool the hy-
pothalamus, the temperature of the wa-
ter flow was reduced until the tempera-
ture at the tip of the probe fell 2.5°C be-
low the rat's baseline temperature. For
hypothalamic heating, the temperature
of the water was raised until the temper-
ature at the tip of the probe rose 2.5°C
above baseline.

EXPERIMENT 1

Initial Screening for Elicitation
of Feeding

A screening procedure, similar to the
type used in studies of electrical stimu-
lation of the lateral hypothalamus to

identify "positive" feeders, was carried
out in two phases, an initial habituation
phase that lasted 10 days and a test phase
that lasted 6 days. In both phases, a rat
was placed once per day in a transparent
chamber and its hypothalamic thermode
was connected to the water flow. Small
food pellets (75 mg each) were scattered
across the floor, and a water drinking
spout was available. For a 10-min pe-
riod, the hypothalamic thermode was
cooled by 2.5° in alternating On/Off bins
of 15 sec each.

During the test phase, behavior was
videotaped for subsequent analysis of
time spent eating and drinking. Cooling
was dehvered on days 1,3, and 5 of the
test phase. On days 2, 4, and 6, the be-
havioral test was run but the hypothala-
mus was not cooled. Several rats showed
enhanced feeding during hypothalamic
cooling, and this effect appeared to grow
with repetition. CooUng-bound drinking
was not observed. The criterion for a rat
to qualify as a "cooling-bound feeder"
during test phase was to eat at least twice
as much on trials when it received hypo-
thalamic cooling as when it did not.
Seven of the 17 rats met this criterion (a
proportion roughly similar to the propor-
tion of rats that feed during electrical
stimulation of the hypothalamus under
similar conditions: Berridge & Valen-
stein, 1991). These rats were considered
to be "cooling-bound feeders."

Confirmation of Hypothalamic
Cooling-elicited Feeding

In a separate confirmation of the abil-
ity of hypothalamic cooling to elicit feed-
ing, hypothalamic cooling was compared
to hypothalamic heating and to normal
hypothalamic temperature for the seven
cooling-bound feeders that had tested
positive in screening. After at least six
days of additional habituation to the new
procedure, elicited behavior was video-
taped. An A-B-B-A design for cooling
and heating was used on consecutive
days for this 8-min test: The hypotha-
lamic thermode was cooled or heated by
2.5°C in 15-sec On/Off alternating bins
during the middle 4 min (min 3-6) but not
during the first 2 min or the last 2 min
(min 1-2 and 7-8). Control trials were
administered on two other days inserted
at random in the series, in which the hy-
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pothalamus was left at its normal tem-
peralure. Videotapes were analyzed tor
the consumption of food pellets and Ihe
occurrence of food-related and other ac-
tions. Behavioral categories were: Lick
or eat food, lift food, carry food, lick ob-
ject (nonfood), groom, and walk or rear
up. Actions were recorded each time
they occurred; continuous actions were
counted in 5-sec bins.

RESULTS

Elicitation of Feeding by
Hypothalamic Cooling

More feeding was elicited during tri-
als when the hypothalamus was cooJed
than when it was either heated or left at
its normal temperature (Fig. 2). More
food pellets were consumed on trials
when cooling was delivered than on con-
trol days or trials when heating was de-
livered (ANOVA f(2, 12) = 23.6, p <
0.01). On trials when cooling was deliv-
ered, more food pellets were consumed
during the 4-min period when the hypo-
thalamus was actually cooled (7.7 ± 1.8
peJlets) than during the 4-min period
when cooling was not delivered (4,3 ±
1.5 pellets; /"(I. 6) = 13.5. p < 0.02). A
similar result was obtained when catego-
ries of behavior emitted by each rat.
rather than simply the number of food
pellets eaten, were considered (Fig. 2).
More feeding actions (lick. lift, carry, or
eat food) were shown during cooling tri-
als than during control or heating trials
(Fig. 2; ANOVA Fd, 12) = 21.3. p <
0.01) for rats that had tested positive dur-
ing screening. Trial type (cooled, heated,
or normal hypothalamus) and hypotha-
lamic thermode activation (thermal fluc-
tuation [cool/heat] versus thermode ofO
interacted to control feeding actions
(ANOVAR2, 12) = iL2,/7<0.01).On
cooling trials, there were more feeding
actions during the portion of the trial
when the hypothalamic thermode was
activated (min 3-6) than when it was not
activated (min 1-2 and 7-8; Fig. 2. F(l.
6) = 18.3. p < 0.01). Whether measured
in terms of consumption or related be-
havior, feeding during hypothaJamic
heating did not differ from eating during
normal trials, in which the hypothalamus
was neither cooled nor heated, ft should
be noted in this context that no category
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Fig. 2. Feeding actions (lick, lift, carry, and eat food) elicited by food during trials in
which the hypothalamus either remained at normal baseline temperature, was cooled
by the hypothalamic thermode, or was heated by the hypothalamic thermode. On
denotes the 4-min portion of the trial during which the hypothalamus was cooled or
heated. C>/r denotes the 4-min portion of the trial during which no thermal manipu-
lation occurred. Feeding was elevated during the On portion of cooling trials com-
pared to the Off portion, and compared to all other conditions (bars show mean ±
standard error of each mean). Feeding during the Off portion of cooling trials re-
mained slightly elevated over the Off portion of heating or control trials, perhaps
reflecting a "spillover" due to delay in heat dissipation.

of nonfeeding action (e.g., grooming, lo-
comotion, object licking) was changed
significantly by hypothalamic cooling or
heating.

EXPERIMENT 2

Hedonic and Aversive Reactions
to Taste

The hypothalamic thermode of each
of the 17 rats was connected to the water
flow as above, and its oral cannula was
connected to an infusion delivery tube.
A mirror suspended beneath the trans-

parent floor of the test chamber reflected
a view of the mouth and face into the
closeup lens of a videocamera. An infu-
sion into the mouth of either 0.03 M pure
sucrose solution, a sucrose/quinine mix-
ture (0.2 M sucrose/0.0003 M quinine
HCl), or distilled water was made in ran-
dom order through the oral cannula over
a 1-min period (I ml volume). Rats re-
ceived a single infusion per day.

For 50% of trials, the thermode was
Off from 0-20 sec, and was either cooled
or heated by 2.5°C from 20-60 sec. As a
counterbalance, the Off/On order was re-
versed for remaining trials: The probe
was activated and the desired tempera-
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Fig. 3. Overall hedonic and aversive reactions to oral infusions of sweet, bitter, or
neutral tastes during hypothalamic cooling, heating, or normal control trials. Re-
sponses to the sucrose, quinine, and water tastes have been collapsed together for
each hypothalamic temperature condition in order to provide an across-taste mean (+
standard error of each mean). On denotes the portion of the trial during which the
hypothalamus was actually cooled or heated. O/f denotes the 4-min portion of the trial
during which the hypothalamus was at normal temperature.

ture attained before the oral infusion be-
gan. The thermode remained cooled or
heated during sec 0-20, and was
switched off during sec 20-60. Each rat
was tested in each condition with every
taste. A transition period of several sec-
onds followed onset or termination of
cooling/heating before a new stable tem-
perature was reached at the tip of the
probe. The desired cooling or heating
stable state was always reached before
sec 40; this allowed comparison of a sta-
ble off state during sec 0-20 to a stable
on (cool or heat) state during sec 40-60,
and vice versa during reverse-order tri-
als.

RESULTS

Hypothalamic Cooling Fails to
Enhance Taste Hedonics

Hedonic reactions to sucrose, qui-
nine/sucrose, or water were not altered

by hypothalamic cooling or heating (Fig.
3; ANOVAF(1,6) = 1.71, p > .l)even
for those rats that ate during hypotha-
lamic cooling in Experiment 1 (hedonic
and aversive reactions from the seven
cooling-bound feeders were representa-
tive of all 17 rats; only data from cooling-
bound feeders are presented here). Acti-
vation of the thermode from off to on or
vice versa did not change hedonic reac-
tions (F(l, 6) = L92, p > .1), and there
was no interaction between thermode ac-
tivation and cooling versus heating (two-
way interaction F(l, 6) = 1.55, p > .1),
nor between thermode activation, tem-
perature direction, and taste (three-way
interaction F(2, 12) = 0.97, p > A) for
hedonic reactions. Similarly, aversive
reactions were not changed by hypotha-
lamic cooling or heating (Fig. 3; Fil, 6)
= 0.47, p > .1). Aversive reactions re-
mained unaltered by thermode activation
(Fi\, 6) = 1.86, p > .1), and no interac-
tion was found between thermode acti-

vation and temperature direction (two-
way interaction F(\, 6) = 1.09, p > .1),
or thermode activation, temperature di-
rection, and taste (three-way interaction
F(2, 12) = 0.55, p > .]) for aversive re-
actions. In short, manipulation of hypo-
thalamic temperature by 2.5°C failed to
change hedonic or aversive reactions to
sucrose, sucrose/quinine, or water, re-
gardless of whether feeding was elicited
by hypothalamic cooling.

DISCUSSION

Cooling of the hypothalamus by an
implanted thermode elicited feeding con-
sistently from "positive" rats. Only
cooling of the hypothalamus elicited
feeding; heating by the same hypotha-
lamic thermode had no effect. A reduc-
tion of hypothalamic temperature ap-
pears to be uniquely able to induce this
motivational state.

The induction of feeding by hypotha-
lamic cooling did not enhance hedonic
reactions to sweet or bittersweet tastes.
Unlike the induction of feeding by a 48-
hr fast, by depletion of body sodium, or
by the administration of benzodiaz-
epines, all of which enhance hedonic re-
actions to sweet, bittersweet, or salty
tastes (Berridge, in press; Berridge,
Flynn, Schulkin, & Grill, 1984; Berridge
&Treit, 1986; Breslin & Grill, 1988; Grill
& Norgen, 1978b), eating elicited by hy-
pothalamic cooling appears not to in-
volve an enhancement of basic taste
pleasure. Instead, hypothalamic cooling
appears to elicit eating through the acti-
vation of a psychological process that is
separable from basic pleasurable or aver-
sive reactions to food.

Feeding elicited by hypothalamic
cooling is similar in this respect to that
elicited by electrical stimulation of the
lateral hypothalamus (Berridge & Valen-
stein, in press). Both a hypothalamic
thermode, which cools the hypothala-
mus, and a depolarizing electrode, which
stimulates nearby cells and axons, elicit
feeding without inducing a hedonic en-
hancement of taste. An additional fea-
ture shared by hypothalamic cooling and
by electrical stimulation is that animals
will work to gain both, at least under
some conditions (although it is not yet
known whether brief hypothalamic cool-
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ing may be reinforcing to a nonhcaled
animal), yet usually will work to escape
from the prolonged experience of either
(Cahanac & Dib. 1983; Corbit, 1973;
Corbit & Emits, 1974; Satinoff, 1964;
Valenstein & Valenstein, 1%4).

The similarity between the behavioral
effects of hypothalamic cooling and elec-
trical stimulation is striking. At first
sight, the similarity may seem paradoxi-
cal. Electrical stimulation is known to in-
duce excitatory potentials (depolariza-
tion) and release of synaptic neurotrans-
mitters. Cooling of neural tissue,
conversely, suppresses synaptic trans-
mission between neurons (e.g.. Bullock,
1948). The suppression of synaptic trans-
mission is so effective that extreme local
cooling has been used as a technique to
temporarily deactivate brain regions.
More moderate cooling of brain tissue,
however, can facilitate some aspects of
neuronal activity, such as the summation
of graded and action potentials
(Andersen. Gjerstad, & Pasztor, 1972;
Ritchie & Straub, 1956). A hypothalamic
thermode that induces only moderate
cooling may in this way have both excit-
atory and inhibitory effects on different
neuronal functions—as may a stimulat-
ing electrode (Ranck, 1975). It is at least
conceivable that the behavioral similari-
ties of hypothalamic cooling and electri-
cal stimulation are mediated by shared
effects on neuronai function.

A major psychological question is:
How do hypothalamic cooling and elec-
trical stimulation ehcit feeding, if they do
not do so by enhancing the hedonic pal-
atability of food? Although further work
is necessary, an intriguing preliminary
answer is that these manipulations might
directly potentiate the attractiveness or
incentive salience of external stimuli and
their representations without activating
intermediary pleasure. In other words,
hypothalamic stimulation and cooling
might potentiate "wanting" for a food
without heightening "liking" for its taste
(see Berridge & Valenstein, 1991 for
discussion of this distinction). The sepa-
ration of wanting from liking finds sup-
port also from examples of converse dis-
sociations, such as the reduction of
wanting without change in liking after
avoidance training or brain dopamine de-
pletion (Parker, 1988; Pelchat, Grill,
Rozin, & Jacobs, 1983; Berridge,
Venier, & Robinson, 1989), and such as

differences in liking (hedonic/aversive
reactions) for stimuli that are equally
wanted or chosen (Grill & Berridge,
1985).

A related psychological question is:
Why do human subjects report that their
liking for odors and sounds is changed by
manipulations of cephalic temperature,
when the hedonic and aversive reactions
of rats to taste appear not to be influ-
enced by hypothalamic temperature? It
may be that temperature reductions
other than 2.5°C would enhance hedonic
reactions to taste. It may be that blood
temperature controls human pleasure via
thermal transducers that lie outside of
the hypothalamus. It may be that there
are important differences between rat
and human species in the relation of hy-
pothalamic systems to emotion. Finally,
it may be that a human subject who ex-
periences a change in the incentive sa-
lience of a stimulus mistakenly interprets
the changed attractiveness of the stimu-
lus to be a change in hedonic pleasure; in
other words, when made to want a stim-
ulus more, a person might infer and re-
port that the stimulus is also more l/ked,
regardless of any change in fundamental
processes of pleasure. The report of
change in basic hedonic experience in
such instances may be a confusion due to
limitations of access between cognitive
schemas of self-representation and the
basic psychological processes of emo-
tion, perception, memory, etc., that are
interpreted by introspection (Booth,
1987; Nisbett & Wilson. 1977; Schachter
& Singer, 1962).

In conclusion, cooling of the hypo-
thalamus (but not heating) elicits eating
in a relatively unique fashion. Elicited
eating does not involve the enhancement
of hedonic reactions to taste that accom-
panies many homeostatic appetites. This
effect may reflect the direct activation of
a motivational incentive component of
appetite—rather than a pleasure compo-
nent—by hypothalamic cooling.
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