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Interactions of temperature and taste in conditioned aversions

Patrick L. Smith a,1, James C. Smith a, Thomas A. Houpt b,⁎
a Department of Psychology, Program in Neuroscience, The Florida State University, Tallahassee, FL 32306, USA
b Department of Biological Science, The Florida State University, King Life Sciences Building, 319 Stadium Dr., Tallahassee, FL 32306-4295, USA

a b s t r a c ta r t i c l e i n f o

Article history:
Received 22 September 2009
Received in revised form 15 November 2009
Accepted 18 November 2009

Keywords:
Conditioned taste aversion
Conditioned temperature aversion
Lithium
Sucrose
Saccharin

The influence of temperature on taste cues and the ability to discriminate and learn about different
temperatures of foods are important factors regulating ingestion. The goal of this research was to
demonstrate that thermal orosensory input can serve as a salient stimulus to guide ingestive behavior in the
rat, and also that it interacts with gustatory input during choice and conditioned aversion experiments.
A novel apparatus with Peltier refrigerators was used to control the temperature of solutions in 10-min,
2-bottle tests. It was determined that naive rats preferred cold water (10 °C) to warm water (40°). When
cold water was paired with a toxic LiCl injection, rats avoided cold water and drank warm water, thus
demonstrating that cold water could serve as the conditioned stimulus in a conditioned temperature
aversion. Rats conditioned against cold water could discriminate 10 °C water from 16 °C water, but not from
13 °C water, thus showing an ability to discriminate orosensory thermal cues to within 3–6 °C. Rats also
generalized conditioned aversions from cold water to cold saccharin and cold sucrose solutions. However, if
rats were conditioned against a compound taste and thermal stimulus (10 °C, 0.125% saccharin), the rats
could distinguish and avoid each component individually, i.e., by avoiding cold water or warm saccharin.
Finally, daily 2-bottle extinction tests were used to assess the strength of aversions conditioned against a
taste cue (0.25 M sucrose), a thermal cue (10 °C water), or the combination. Aversions to taste or
temperature alone persisted for 7–14 days of extinction testing, but the combined taste–temperature
aversion was stronger and did not extinguish after 20 days of extinction testing. These results demonstrate
that temperature can serve as a salient cue in conditioned aversions that affect ingestion independent of
taste cues or by potentiating taste cues.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

The influence of temperature on taste cues and the ability to
discriminate and learn about different temperatures of foods are
important factors regulating ingestion. While there is electrophysio-
logical evidence that supports an interaction between taste and
temperature, there have been few behavioral studies exploring the
interaction. The goal of this research was to demonstrate that thermal
orosensory input can serve as a salient stimulus to guide ingestive
behavior, and also that it interacts with gustatory input during choice
and conditioned aversion experiments.

There is electrophysiological evidence supporting a gustatory–
temperature interaction at the peripheral level of the tongue in the
taste bud [1], in the chorda tympani [2,3], the geniculate ganglion [4,5],
and in the somatosensory lingual branch of the trigeminal nerve [6].

Human psychophysical work further supports an interaction of
taste and temperature, such that the detection threshold or perceived

intensity of tastants varies with the temperature of the taste solution
[7–9]. Conversely, warming or cooling discrete patches of the tongue
with a Peltier thermode can generate perceptions of taste qualities
[10].

Despite the rat electrophysiological data and human psychophys-
ical studies, there is little behavioral evidence of taste and temper-
ature interactions in the rat. Some studies have determined the rat's
preference and avoidance of water at different temperatures but with
little or no gustatory properties. For example, Gold and Prowse [11]
showed that rats in short-term 2-bottle tests initially drank more cold
water than warm water, but showed a shift in preference to warm
water after 6–8 min. Carlisle and Laudenslager [12] more broadly
manipulated water temperature during short-term 1-bottle tests, and
found that rats most prefer water at room temperature or slightly
higher (up to 30 °C) over water temperatures that fall above or below
this range. The shape of the preference curves was asymmetrical for
cold and warm water: intake gradually decreased as the temperature
of the water decreased from room temperature, but intake sharply
declined as the water temperature increased above room tempera-
ture. These studies demonstrated that rats can discriminate between
different temperatures of water, and that rats have a range of
preferences for water at different temperatures.
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1.1. Conditioned temperature aversion

In addition to expressing unconditioned preference for water at
different temperatures, rats can be given conditioned aversions to
orosensory cues. Conditioned taste aversion is a particularly robust
form of associative learning which is dependent on gustatory cues.
When an animal is given access to a novel tastant (the conditioned
stimulus, or CS) that is paired with a toxic agent (the unconditioned
stimulus, or US), the animal will subsequently avoid that tastant. A
similar avoidance response to a thermal orosensory cue can be
conditioned, e.g. by pairing warm or cold water with toxic LiCl
injection [13,14]. Rats can also acquire conditioned aversions to
capsaicin solutions [15]; because capsaicin is an agonist of the heat-
sensitive TRPV1 channel on trigeminalfibers, a conditioned aversion to
capsaicinmay be functionally equivalent to a conditioned temperature
aversion.

Conditioned aversions can also be used to establish other para-
meters of sensory detection. Discrimination can be more effectively
measured when a specific cue has been paired with toxic effects (e.g.,
a LiCl injection). When given a 2-bottle choice between the
conditioned thermal cue and a cue of a different temperature, rats
would be more motivated to avoid the conditioned cue and consume
the “safe” cue, thus demonstrating discrimination. A lack of avoidance
under these conditions would more precisely define an inability to
discriminate [16,17].

Conversely, generalization behavior can also be shown with a
conditioned aversion paradigm. When a taste stimulus is paired with
a LiCl injection, the rat demonstrates a generalized aversion to other
mixtures containing the conditioned taste stimulus [18]. If a
compound CS is used (e.g. a mixture of thermal and gustatory cues),
then relative saliency of the individual cues can be determined by
measuring generalization to solutions containing the components in
isolation [19].

Finally, the relative strength of a conditioned aversion can be
measured by quantifying the rate of extinction of the aversion. In
general, the stronger the conditioned aversion, the slower the rate of
extinction. Additive interactions between conditioned stimuli can be
assessed in this way. There is evidence that shows one form of
orosensory cue can enhance the expression of an aversion to another
sensory cue. This has been well studied with gustatory and olfactory
cues in the rat [20,21].

1.2. Thermal stimulus control

An important limitation of these earlier behavioral studies was the
method of stimulus control. In the electrophysiological literature, the
delivery of a thermal stimulus was brief in duration, and the control of
temperature was usually maintained by either a bath set to a certain
temperature or by Peltier units that electrically produce a desired
temperature. In a behavioral paradigm with ad libitum drinking, a
constant thermal stimulus is not so easily obtained within the
constraints of the test chamber. In earlier reports, water temperature
has been handled rather crudely, e.g. with water baths to heat or cool
the water more or less distal from the point of delivery to the rat. In
addition, earlier behavioral studies usually presented only one
temperature during a 1-bottle test, so that comparisons were made
across test sessions to determine preference (e.g., [11,12]). Simulta-
neous access to two bottles at different temperatures would be more
accurate for calculating short-term temperature preferences.

To address these issues, we have developed a novel apparatus that
allowed precise control of fluid temperature (see Methods, Fig. 1).
Peltier refrigerators were mounted directly to aluminum blocks that
enclosed the stainless steel lick spouts of the water bottles. The
temperature of the fluid could be adjusted to within 1 °C of a desired
set point immediately prior to access by the rat. When the level of
current was held constant, the temperature of a fluid was also held

constant without continual manipulations to a warm or cold bath.
Furthermore, the apparatus could independently warm or cool 2 lick
spouts simultaneously, thus allowing immediate comparison by the
rat.

The goal of the present study was to measure the rat's response to
water at different temperatures, and to measure the interaction of
gustatory and thermal orosensory stimuli in short-term intake tests.
In particular, we conducted 6 experiments to examine:

1) the unconditioned preference for cold vs. warm water;
2) acquisition and expression of a conditioned aversion to water

using a thermal cue as the conditioned stimulus paired with toxic
LiCl injection;

3) discrimination of water at different temperatures after acquisition
of a conditioned aversion to cold water;

4) generalization of a conditioned temperature aversion against cold
water to other cold solutions in the presence of normally-preferred
tastants;

5) the relative salience of thermal and gustatory cues when rats were
conditioned against a compound conditioned stimulus of a cold
solution of saccharin;

6) the relative strength of conditioned temperature aversions and
conditioned taste aversion, and the combination, as measured
during 2-bottle extinction tests.

2. Methods

2.1. Subjects

All subjects were naïve, male Sprague–Dawley rats (300–400 g)
that were maintained on a 12:12 light dark cycle, with the lights on at
0700 h. Rats were individually housed in Plexiglas shoebox cages and
were given ad libitum access to Purina standard rodent chow and
distilled water. Ambient temperature of the room was approximately
25 °C.

2.2. Apparatus

The apparatus that was used as the testing chamber for all of these
experiments was a Plexiglas chamber with dimensions of 60 cm
(length) by 60 cm (width) by 60 cm (height). The bottom of the
chamberwas awire-meshedfloor (1 cm2 grid). To one side of the cage,
therewere two small openingswhere twofluid bottles could be placed
onto the cage. Stainless steel shutters controlled access to the sipper

Fig. 1. Schematic of the temperature apparatus. Electrical current is sent from the
controller to Peltier refrigerators, which convert electrical energy to thermal energy. For
each bottle, a Peltier refrigerator chills or heats an aluminum block, which conducts
heat to or from a sipper tube which passes through the block.
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tubes of the bottles. In addition to passing into the Plexiglas cage, the
sipper tubes also passed snugly through aluminumblocks. Both blocks
were attached to individual Peltier units, which were controlled by a
connection to a central processor that determined the polarity
(making the temperature either hot or cold) and magnitude of the
current (changing the temperature by x degrees). The temperature of
the aluminum blocks, sipper tubes, and the fluid in the tubes could be
raised to a maximum 50 °C or lowered to a minimum 5 °C bymeans of
adjusting this controller, which could be set in increments of 0.1 °C.
The temperature ofwaterwas calibrated by using a temperature probe
that was placed approximately 5 cm from the opening of each sipper
tube. From such a calibration, the time required to go from room
temperature to either extreme required at least 1min, and a
temperature change from one extreme to the other required
approximately 2min. During these calibrations, the differences
between the temperature probe and the controller reading never
exceeded 0.1 °C. A schematic of this apparatus can be seen in Fig. 1.

2.3. Water training

Rats in each experimentwerewater deprived for 24 h that started at
approximately 0900 h (i.e., 2 h into the light cycle). After this initial
deprivation period, all subjects received six days of water training. Each
day of water training consisted of 10-min access to water in the testing
apparatus, during which the temperature of the water was maintained
at 25 °C by the Peltier units. During each session, water was made
available in one of the two tubes. The position of available water was
alternated on each consecutive training day. After each daily training
session, rats were returned to their home cages. Rats were then given a
1-h water supplement at approximately 1600 h. Thus, rats were
deprived of water for 23-h each day, with an additional 10-min access
to test stimuli. After this period of water training, rats were either used
as subjects in a preference testing experiment (Experiment 1) or in a
conditioned aversion experiment (Experiments 2–6). In conditioned
aversion experiments, rats were divided into groups with equivalent
mean water intakes on the last two days of the training period.

2.4. Conditioned aversion testing

Prior to conditioning, rats were divided into two groups with
equivalent mean water intake for the last two days of the training
period. Rats were given 10-min access to a conditioned stimulus (CS)
which varied with the experiment. Five minutes after the CS access,
rats were given an intraperitoneal injection (5 ml/kg) of either LiCl
(0.6 M), acting as the unconditioned stimulus (US), or saline (0.15 M)
as a control. This procedure was conducted in all conditioning
experiments except where noted.

2.5. Preference and extinction testing

The post-conditioning period of each experiment consisted of daily
10-min, two-choice intake tests between two fluid sources: the CS
and an alternative fluid for comparison. The positions of the two
bottles on the cage were alternated on subsequent testing days. To
measure the strength of aversions post-conditioning, rats were given
daily 10-min 2-bottle preference tests between the CS and an
alternative fluid source. Preference was calculated as the proportion
of CS intake out of total fluid intake. Total fluid intakes (from both
bottles) were also measured to show that LiCl-injected rats sup-
pressed only their CS intake rather than their total water intake.

2.6. Experiment 1: Short-termpreference forwater at different temperatures

Previous studies [11,12] have shown a change in water intake by
rats in a 1-bottle test when the water temperature varied from room
temperature. However, it is unknown as to whether rats can show a

preference between two water sources at different temperatures in a
2-bottle test. Thus, 2-choice tests between different temperatures
were studied in this experiment by giving pairwise combinations of
warmwater (40 °C), cold water (10 °C), and room temperature water
(25 °C). Since the discrimination of temperature in the oral cavity has
not been determined for the rat, the most conservative way to test for
short-term preference was to use thermal cues that were relatively far
apart from each other. By doing so, this experiment had two purposes.
First, it was important to show that rats show differences in water
intake in a 2-bottle test when the contents of the two bottles were
different in temperature. The second purpose of this experiment was
to determine a water temperature that was preferred in a 2-bottle test
for use as a novel and preferred thermal CS in subsequent conditioned
aversion experiments.

Twenty rats were trained with water as above. After the water
training period, rats were given 10-min access to two bottles
containing room temperature (25 °C) vs. warm (40 °C) water. After
this preference test, each rat was returned to its home cage. This
preference testwas repeated for two additional sessions, duringwhich
the positions of the two temperature-controlled water sources were
alternated on each day. This 3-day preference testing sequence was
repeated for twomore conditions: room temperature (25 °C)water vs.
cold (10 °C) water; and cold (10 °C) water vs. warm (40 °C) water.

2.7. Experiment 1 results

For each preference sequence, a one-way ANOVA revealed that
intakes did not vary across the three days of testing (psN0.05), so
intake for each of these temperatures was averaged (see Fig. 2). A
comparison by a matched t-test for dependent samples between the
mean intake of room temperature (25 °C) water vs. warm 40 °C water
showed that rats significantly preferred room temperature water over
warm water (see Fig. 2A; t=−22.57, df=12, pb0.001), showed no
significant preference for cold water over room temperature water
(Fig. 2B), and showed a significant preference for cold water over
warm water (see Fig. 2C), t=22.76, df=12, pb0.001. On the basis of
these preference sequences, the data show that rats can discriminate
warmwater from room temperature or coldwater, and that rats prefer
cold or room temperature water to warm water in two-choice tests.

2.8. Experiment 1 discussion

By comparing intake levels of water at different temperatures,
preference for water at different temperatures has been shown. This
experiment demonstrated that rats can discriminate between 25° and
40 °C water, but did not determine if rats can discriminate between
10 °C and 25 °C water, as the rats did not show a preference between
these two temperatures. This issue was addressed in a subsequent
experiment. Because rats clearly preferred water at 10 °C over water
at 40 °C, cold water may be used as a novel yet preferred thermal cue
in the acquisition of a conditioned temperature aversion.

2.9. Experiment 2: Expression of a conditioned temperature aversion

The goal of Experiment 2 was to determine whether rats could be
conditioned to avoid a thermal cue that is normally-preferred. Since
Experiment 1 showed that rats preferred cold water (10 °C) over
warm water (40 °C), cold water was used as the CS in a conditioned
aversion protocol. This experiment provided a replication of Nach-
man's work [14], but using a more effective cold stimulus than the hot
stimulus (45 °C) used by Nachman to illustrate conditioned temper-
ature aversions.

Sixteen rats underwent water training as above. Rats were divided
into two groups (a saline-injected group and a LiCl-injected group,
n=8 per group), then given 10-min access to water at 10 °C (CS)
followed by an intraperitoneal injection of either saline or LiCl (US).
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To measure the strength of the conditioned temperature aversion,
rats were given daily 10-min 2-bottle preference tests between cold
water (10 °C) and warm water (40 °C) for 11 days post-conditioning.

2.10. Experiment 2 results

A t-test for independent samples revealed that there was no
significant difference in the CS intake of coldwater between the saline-
and LiCl-injected rats (pN0.05) on conditioning day. To determine
whether there was a reduction of intake after conditioning, a 2×2
factorial ANOVA for repeated measures was conducted on condition-
ing day and the first day of post-conditioning (see Fig. 3A). Therewere
significant main effects for both injection group (F (1,14)=12.58,
pb0.01), and day, (F (1,14)=117.87, pb0.0001), and there was a
significant Group×Day interaction, F (1,14)=118.55, pb0.0001).
Tukey's Honest Significant Difference (HSD) revealed that saline-
injected controls did not significantly reduce their intake of the cold
water from conditioning day to the first day of post-conditioning
testing. However, the LiCl-injected rats significantly avoided the cold
water on the first day of post-conditioning testing (pb0.01).

Based on preference scores for the coldwater CS, saline-injected rats
showed a high preference for the cold water CS across all 11 post-
conditioning tests (seeFig. 3B)while LiCl-injected rats initially showeda
clear aversion to the cold water CS. The aversion shown by LiCl-injected
rats gradually extinguished across this post-conditioning period. A
2×11 (Group by Days) factorial ANOVA for repeated measures on the

preferences scores showed significant main effects for both injection
group (F (1,14)=11.98, pb0.01 ) and days (F (10,140)=6.91, pb0.01)
and a significant Group×Day interaction (F (10,140)=4.11, pb0.01).
Tukey's HSD test revealed that LiCl-injected rats demonstrated a
significantly lower preference for the cold water CS compared to
saline-injected controls for the first 8 days of post-conditioning
(psb0.05).

In order to show that the avoidance of cold water by LiCl-injected
rats was specific to the CS and not reflective of non-specific decrease
in water intake, total intakes were compared across the post-
conditioning period by using a 2×11 factorial ANOVA (Group by
Days) for repeated measures. There were neither significant main
effects nor a significant interaction (psN0.10; data not shown).

2.11. Experiment 2 discussion

This result showed that rats could avoid a thermal stimulus after it
was paired with a toxic injection of LiCl. Distilled, deionized water has
minimal gustatory and olfactory cues, and a change in temperature of
the water should not alter these cues. Thus, it is assumed that the
conditioned aversion was due to an association between LiCl and the
thermal properties of the CS. This experiment supports earlier work
by Nachman, who showed a similar aversion in rats conditioned to
avoid warm water paired with LiCl [14]. In Nachman's experiment,
however, it was not clear whether the 45 °C water was itself partially
aversive to these rats, even prior to conditioning. These results are
also similar to the work of Sako et al. [13], who produced conditioned
aversions to cold (5 °C) or warm (40°) water. In the present study,
LiCl-injected animals reduced intake of a preferred cold water CS.
Moreover, these animals showed a significant aversion to the cold
water that persisted across 8 days of post-conditioning extinction
tests, which suggests that this aversion to a thermal cue was relatively
strong. This strength of a thermal aversion relative to a taste aversion
was addressed in further experiments below.

Fig. 2. A. Mean (±SE) intake during 10-min 2-bottle test of (A) room temperature
(25 °C) water vs. warm (40 °C) water; (B) room temperature water vs. cold (10 °C)
water; and (C) cold water vs. warm water. ⁎pb0.05 vs. 40 °C water.

Fig. 3. A. Mean (±SE) intake of cold water during 10-min access prior to saline (white
bars) or LiCl (black bars) injection, and on the first day of post-conditioning access.
⁎pb0.05 vs. saline controls. B. Mean (±SE) preference scores for cold water vs. warm
water between saline-injected (white diamonds) and LiCl-injected (black squares) rats
across the post-conditioning period. Preference scores were calculated by dividing the
intake of cold water by the total water intake.
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2.12. Experiment 3: Discrimination between thermal stimuli

Experiment 2 showed that rats could discriminate cold (10 °C)
water from warm (40 °C) water when the former was paired with a
LiCl injection. To determine a least difference in temperature of
drinking water that rats could discriminate, Experiment 3 employed a
conditioned temperature aversion followed by preference testing
between the thermal CS and water at variable temperatures.
Preference for an alternative water temperature over the cold water
CS would imply the ability to discriminate between the two
temperatures; equal intake of the cold water CS and the alternative
water would show an inability to distinguish the two temperatures.

Forty rats underwent water training as above. Rats were assigned
to one of four groups (two saline-injected control groups and two
LiCl-injected groups, n=10 per group). Because the rats in this
experiment were to be tested for several days after conditioning,
conditioning was strengthened by giving two CS–US pairings. On the
two consecutive conditioning days, each rat was given 10 min access
to 10 °C water (CS), followed by either a saline injection or a LiCl
injection (US).

Post-conditioning testing consisted of daily 10-min, 2-bottle
preference tests between the 10 °Cwater CS andwater at five different
temperatures in either a descending or ascending sequence. One
saline- and LiCl-injected group (each n=10)were given a descending
temperature sequence, and the other saline and LiCl groupswere given
an ascending temperature sequence (see Table 1).

2.13. Experiment 3 results

A 2×2 (Group×Day) factorial ANOVA for repeated measures was
used to compare intakes of the 10 °C water CS consumed during the
two conditioning days (see Fig. 4). There was a significant Group by
Day interaction, (F (1,38)=60.36, pb0.001). Tukey's HSD test showed
that LiCl-injected rats consumed significantly less of the 10 °C water
CS on the second conditioning day (pb0.001; Fig. 4A).

CS preference scores and total intakes of all four groups were
compared across the post-conditioning days. Because a Group by
Sequence by Day factorial ANOVA showed no main effect between
ascending and descending sequences (and no interaction of sequence
and group or day), rats were combined into a saline-injected group
(n=20) and a LiCl-injected group (n=20). A 2×5 (Group by Day)
factorial ANOVA for repeated measures revealed a significant Group
by Day interaction, F (4,152)=2.76, pb0.04. Saline-injected rats
showed no preference between 10 °C water and warmer water (13 °C
to 25 °C). Tukey's HSD test showed that LiCl-injected controls had
significantly lower preference scores for the cold water CS than saline-
injected rats across all temperatures except for the comparison
between 10 °C water and 13 °C water (psb0.05; Fig. 4B).

Total water intakes during the 2-bottle tests were also compared
between saline- and LiCl-injected rats. A 2×5 (Group by Day) factorial
ANOVA for repeated measures showed a significant Group×Day
interaction, F(4,144)=15.70, pb0.0001. Post hoc assessment using
Tukey's HSD revealed that LiCl-injected rats consumed significantly

less overall water than the saline-injected rats when the alternative
water temperature was at either 16 °C or 13 °C (psb0.05; Fig. 4C).

2.14. Experiment 3 discussion

The results suggest that rats were able to discriminate between
different water temperatures in a 2-bottle choice test. LiCl-injected
rats were able to show a significant aversion (decreased preference)
to the 10 °C water CS vs. an alternative water temperature with a
difference in temperature as low as 6 °C. Because LiCl-injected rats did
not show a reduced preference for 10 °C water vs. 13 °C water, rats
may not be able to discriminate a 3 °C temperature difference.
Because the LiCl-injected rats reduced intake for 16 °Cwater and 13 °C
water, rats apparently generalize from the 10 °C water CS across a 3–
6 °C temperature difference. Thus the range of temperature discrim-
ination for an oral water stimulus appears to be between 3 and 6 °C.
Only 3 °C differences were tested in this experiment, and rats may be
able to discriminate smaller differences temperature (e.g., as with
their snout [22]).

Table 1
Order of presentation of water of different temperatures in Experiment 3. Rats were
conditioned against 10 °C water, and on all days the 10 °C water was presented in the
second bottle.

Day Ascending group Descending group

1 25 °C 13 °C
2 22 °C 16 °C
3 19 °C 19 °C
4 16 °C 22 °C
5 13 °C 25 °C

Fig. 4. A. Mean (±SE) intake of cold water (CS) of saline- (white bars) and LiCl-injected
(black bars) rats across the two days of conditioning. ⁎pb0.05 vs. saline controls.
B. Mean preference scores for cold (10 °C) vs warmer (25°–13 °C) water in 10-min
2-bottle tests of saline- and LiCl-injected rats, in which the alternative water temperature
differed from the CS at increments ranging from +15 °C to +3 °C. C. Mean total water
intakes of saline- and LiCl-injected rats across the post-conditioning period. ⁎pb0.05
vs. saline controls.
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2.15. Experiment 4: Generalization of a taste–temperature aversion to a
thermal stimulus

The first three experiments employed hot or cold water in the
absence of strong gustatory stimuli. Experiment 4 tested whether an
aversion to a thermal stimulus can be generalized to a solution having
distinctive taste properties as well. In particular, a normally-preferred
substance (e.g., sucrose or saccharin) was added to the water, which
would be predicted to increases the rat's preference for the solution,
and perhaps override a conditioned temperature aversion. Rats were
conditioned against cold water (10 °C) paired with LiCl, and then
subsequently tested in 2-bottle preference tests with the addition of
sucrose or saccharin to the original thermal CS, vs. a hot water
alternative (40 °C).

Sixteen rats underwent water training as above. Rats were divided
into two groups (one saline-injected group and one LiCl-injected
group, n=8 per group) and then given 10-min access to water at
10 °C, followed by either a saline or LiCl injection. Four daily, 10-min
post-conditioning tests were conducted, during which all rats
received access to one bottle with a particular solution at 10 °C
(water, 0.125% saccharin, or 0.25 M sucrose), and an alternative bottle
of 40 °C water (see Table 2).

2.16. Experiment 4 results

A t-test for independent samples showed that there were no
differences between saline- and LiCl-injected groups in intake of the
10 °Cwater on conditioning day. For each post-conditioning test day, a
separate t-test for independent samples was used to compare
preference scores for the cold solution vs. warm water between
saline- and LiCl-injected rats (see Fig. 5A). In all comparisons, saline-
injected rats showed a large preference for the cold solution to the
warmwater. LiCl-injected rats showeda significantly lowerpreference
for the cold solutions, even when saccharin or sucrose was present.

Independent t-tests were also used to compare total intakes
between saline- and LiCl-injected rats across the post-conditioning
tests. There were no significant differences in total intake, with the
exception of the third post-conditioning test (cold sucrose vs. warm
water) in which saline-injected rats consumed more total fluid
(Fig. 5B).

2.17. Experiment 4 discussion

The results demonstrate that the addition of normally-preferred
tastants was not sufficient to reverse a conditioned aversion to a cold
thermal cue. These data suggest that an aversive thermal cue, in some
cases, may override (or generalize to) a normally-preferred taste cue.
However, in the case of 0.25 M sucrose, LiCl-injected rats consumed
equal amounts of the cold sucrose as warmwater. This 50% preference
for the CS may be considered to be a weak generalized aversion. The
aversion to cold water may have only weakly generalized to cold
sucrose, either because the sucrose solution was more preferred than
the saccharin solution and water alone, or because the initial aversion
was partially extinguished after 3 post-conditioning test days. Sako
et al. [13] also found that aversions to warm or cold water did not
generalize to tastant solutions of the same temperature, so the degree

of generalization may depend on the exact concentrations and
conditioning protocol used.

Thus, at least in some cases, a temperature aversion can generalize
to taste mixtures. These results are similar to those of Smith and
Theodore [18], who showed generalized aversions to different
conditioned tastants when in mixture with unconditioned tastants.
In their experiment, it was shown that rats conditioned to avoid a
NaCl, HCl, or sucrose CS would also avoid any mixture containing the
CS. Moreover, the strength of the generalized aversion was propor-
tional to concentration of the CS in the mixture. Although the present
study did not look at the relative intensity of the thermal CS, it does
provide evidence that thermal cues can drive generalization behavior.

2.18. Experiment 5: Relative saliency of gustatory and temperature cues

Normal ingestion usually entails exposure to foods with multi-
modal sensory characteristics, e.g. providing gustatory and somato-
sensory stimulation. For example, previous work [19] has shown that
when a sucrose/corn oil emulsion was used as a multimodal CS, a
series of post-conditioning tests showed aversions specific to the
individual components of the emulsion (i.e., sucrose or corn oil). In
particular, a more profound aversion to corn oil and little aversion to
the sucrose was found after the rats were conditioned with a sucrose/
corn oil emulsion, which suggested that corn oil was a more salient
stimulus than the sucrose.

Although there are many possible reasons as to why the corn oil
was the more salient substance from the original multimodal mixture
(e.g., possible differences in gustatory, olfactory, or somatosensory
input between corn oil and sucrose components), this experiment
provides an excellent paradigm for comparing the relative saliencies
of mixture components using conditioned aversions. Therefore, the
present experiment used a cold saccharin solution as a multimodal CS
(having both gustatory and thermal cues) in a conditioned aversion
paradigm and assessed an animal's tendency to avoid either or both
sensory cues in subsequent post-conditioning tests.

Table 2
Solutions used in post-conditioning 2-bottle tests in Experiment 4. Rats were
conditioned against 10 °C water.

Day Bottle 1 Bottle 2

1 10 °C, water 40 °C, water
2 10 °C, 0.125% saccharin 40 °C, water
3 10 °C, 0.25 M sucrose 40 °C, water
4 10 °C, water 40 °C, water

Fig. 5. A. Mean (±SE) preference scores for cold (10°) water, cold saccharin (0.125%) or
cold sucrose (0.25 M) vs. warm (40°) water in 10-min, 2-bottle tests after pairing cold
water with saline- (white bars) or LiCl injection (black bars). B. Mean total intakes of
saline- and LiCl-injected rats across the post-conditioning period. ⁎pb0.05 vs saline
controls.
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Sixteen rats underwent water training as above. Before condition-
ing, rats were divided into two groups (one saline-injected group and
one LiCl-injected group, n=8 per group) and then given 10-min
access to 0.125% saccharin at 10 °C, followed by either a saline or LiCl
injection.

Rats then underwent daily, 10-min 2-bottle post-conditioning
tests for 5 days, during which the gustatory and thermal properties of
the original cold saccharin CS were present or absent (see Table 3). A
temperature aversion was tested in the absence of taste cues (cold vs.
warm water) or with taste cues constant in both bottles (cold
saccharin vs. warm saccharin). A taste aversion was tested in the
absence of a distinct temperature cue (room temperature saccharin
vs. room temperature water), or with the temperature cues held
constant in both bottles (cold saccharin vs. cold water; warm
saccharin vs. warm water.) Together, this series of 2-bottle tests
assessed the individual saliency of the gustatory and temperature
components after conditioning against the mixed CS. Also, to test the
relative saliency of each component of the original CS, the gustatory
and temperature components were pitted against each other (day 5).

2.19. Experiment 5 results

A t-test for independent samples showed that there were no
significant differences in intake of the cold saccharin on conditioning
day (pN0.05). Across the post-conditioning test days, independent
t-tests were used to compare preference scores between the saline-
and LiCl-injected rats. Preference was calculated as the intake of the
solution preferred by the saline-injected rats (bottle 1) over total
intake from both bottles 1 and 2 in the 2-bottle test (Fig. 6A).

Saline-injected rats (white bars in Fig. 6A) showed a strong
preference for cold solutions over warm solutions (days 1, 2, 3 and 5),
and a strong preference for saccharin solution over plain water (days
4, 6, and 7). Cold preference apparently predominated over saccharin
preference, as saline-injected rats preferred 10 °C water over 40 °C
saccharin (day 5).

LiCl-injected rats (black bars in Fig. 6A) showed a strong aversion
to cold saccharin vs. warm saccharin (day 3) and cold saccharin vs.
cold water (day 6). Thus, the mixed CS (cold saccharin) was more
salient than the individual components (cold alone or saccharin
alone). The conditioned rats also showed a strong aversion to cold
solutions vs. warm solutions (days 2 and 3), and an aversion to
saccharin solutions at any temperature (days 4, 6, and 7); thus,
aversion to the mixed CS generalized to the individual components of
the CS. Finally, when the rats were given the choice of cold water vs.
warm saccharin, the LiCl-injected rats showed equal preference for
each solution (day 5). This suggests that the temperature cue and the
gustatory cue were of relatively equal salience.

Across the 7 different post-conditioning tests days, the LiCl-
injected rats consumed significantly less total fluid than the saline-
injected rats on days when both bottles contained at least one
component of the original mixed CS of cold saccharin (Fig. 6B). In
other words, if both bottles were at 10 °C, or both contained saccharin,
or one bottle of each was presented, then LiCl-injected rats consumed

less total fluid. This is consistent with generalization from the mixed
CS to either temperature or taste qualities.

2.20. Experiment 5 discussion

These results demonstrated that the gustatory and thermal
components of a cold saccharin CS can be separated, and still serve
as stimuli for generalization of a mixed temperature–taste aversion.
Within the confines of individual 2-bottle tests, unconditioned rats
showed a preference for cold solutions that predominated over
saccharin solutions. Thus thermal cues may override gustatory cues
even without aversive conditioning. Conditioned rats showed a
greater aversion towards the original mixed CS vs. the individual
components. Both gustatory and thermal cues appeared to be of
relatively equal salience when tested individually, at least at the
specific concentration and intensity used in this experiment.

This study did not determine, however, whether one sensory cue
was more readily associated with the LiCl injection than the other
sensory cue. It is possible that both cues together in amixturemay act as
a relatively stronger CS than its individual components, but intakes from
a 10-min post-conditioning test using a single mixed CS is not an
effective way to measure such an interaction. The final experiment
attempted to assess the relative saliency of a thermal-gustatory
compound CS by comparing relative extinction rates across repeated
2-bottle tests.

2.21. Experiment 6: Relative strength of thermal and gustatory aversions

It has been demonstrated that both gustatory and thermal cues are
sufficient conditioned stimuli for aversive conditioning, but the
relative saliency of taste and temperature as conditioned stimuli has
not been determined. To address taste–temperature interactions, this
experiment compared the relative strength of aversions to a gustatory

Table 3
Solutions used in post-conditioning 2-bottle tests in Experiment 5. Rats were
conditioned against 0.125% saccharin at 10 °C.

Day Bottle 1 Bottle 2 Assessment

1 10 °C, saccharin 40 °C, water Verification of conditioned aversion
2 10 °C, water 40 °C, water Temperature aversion without taste cue
3 10 °C, saccharin 40 °C, saccharin Temperature aversion with taste constant
4 25 °C, saccharin 25 °C, water Taste aversion without temperature cue
5 10 °C, water 40 °C, saccharin Temperature cue vs. taste cue
6 10 °C, saccharin 10 °C, water Taste aversion with temperature constant
7 40 °C, saccharin 40 °C, saccharin Taste aversion with temperature constant

Fig. 6. A. Mean (±SE) preference scores for Bottle 1 vs. Bottle 2 in 10-min, 2-bottle tests
after pairing cold saccharin with saline (white bars) or LiCl injection (black bars). For
each post-conditioning day, the contents and temperature of the bottles is shown
below the x-axis. B. Mean total intakes of saline- and LiCl-injected rats across the post-
conditioning period. ⁎pb0.05 vs saline controls.
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cue alone, a thermal cue alone, or the combination. The strength of the
aversion was measured from the relative times of extinction for each
aversion across daily 10-min, 2-bottle preference tests.

Forty rats underwent water training as above. After the water
training period, rats were divided into four groups (a saline-injected
control group and 3 LiCl-injected experimental groups, n=10 per
group). On conditioning day, three groups were given 10-min access
to a different conditioned stimulus that contained either 1) a
distinctive thermal property (distilled water at 10 °C; group “T”); 2)
a distinctive gustatory property (0.25 M sucrose at room temperature;
group “G”); or 3) or both properties (0.25 M sucrose at 10 °C; group
“T+G”). The conditioned stimulus was followed by a LiCl injection.
The control group was given 10-min access to a 0.25 M sucrose at
10 °C followed by a saline injection. Sucrose was used as the gustatory
stimulus in this case in order to reduce the variability of intake
between rats as well as across the days of post-conditioning [19,23].

Beginning the day after conditioning, rats were tested in daily 10-
min 2-bottle preference tests for 20 consecutive days. In the 2-bottle
test, rats in each group were given 10-min access to their respective
CS vs. warm water at 40 °C. The positions of the two bottles were
alternated on each test day.

2.22. Experiment 6 results

A one-way ANOVA revealed that there were no significant
differences in the intake of the CS between any of the groups on
conditioning day.

A one-way ANOVA across the four groups on the preference scores
of the first post-conditioning day revealed a significant main effect
(F (3,36)=175.19, pb0.0001). All LiCl-injected groups showed a
profound aversion to their respective CS on the first post-conditioning
day (Fig. 7A). While the control group displayed a high preference for

the cold sucrose, the LiCl-injected groups displayed preferences scores
that barely exceeded 0.

Across the 20 days of post-conditioning tests, a 4×20 factorial
ANOVA (4 groups by 20 days) for repeated measures was conducted
on preferences scores for the respective CS's. Significant main effects
for both group and days were found (F (3,36)=23.75, pb0.0001 and
F (19,684)=41.01, pb0.0001, respectively). A significant drug×day
interaction was also found (F (57,684)=5.88, pb0.001). Tukey's HSD
was used for post hoc analysis. A group was considered to have
extinguished their aversion when their mean preference for the CS
was no longer statistically different from the preference of the saline-
injected controls. By this definition of extinction, the aversion of
group “T” rats for cold water extinguished on day 7; the aversion of
group “G” rats for room temperature sucrose extinguished on day 14.
The aversion of group “T+G” for cold sucrose did not extinguish by
day 20, the last day of testing, when their mean preference for cold
sucrose was still significantly lower than that of the saline-injected
controls.

All groups had similar total intakes from both bottles across the
entire post-conditioning period (Fig. 7B). The total intakes across the
post-conditioning periods were compared by using a 4×20 factorial
ANOVA (Group by Days) for repeated measures. There was no
significant main effect of Group (F (3,36)=0.73, pN0.50), but there
was a significant main effect across Days (F (57,684)=9.68, pb0.01)
such that total fluid intake increased gradually during the 20-day
post-conditioning period.

2.23. Experiment 6 discussion

Each LiCl-injected group showedprofoundaversions to its respective
CS on the first day of post-conditioning. However, there were
differences in the relative times of extinction between the LiCl-injected
groups in the post-conditioning period. The data suggest that a thermal
stimulus, although an effective stimulus in a conditioned aversion
paradigm, does not produce as long-lasting an association with LiCl as a
gustatory stimulus. However, the presence of both thermal and
gustatory cues simultaneously produced an even more persistent
aversion that took a longer time to extinguish. This enhanced aversion
provides evidence for an interaction of temperature and taste
observable at the behavioral level, resulting in apparent summation of
sensory cues in conditioned aversion acquisition and expression.

There is a similar literature on the potentiation of conditioned
aversions combining taste and smell as stimuli. In this literature, the
addition of taste in the conditioning procedure enhances the aversive
behavior to an odor that normally is not sufficient for acquiring a
conditioned aversion (e.g. [20]). And in some cases, the presence of a
pre-conditioned odor enhances the acquisition of a taste aversion (e.g.
[21]). With regards to taste and temperature, it is possible that a.) the
presence of a taste cue may potentiate a thermal aversion, or b.) the
presence of a thermal cuemaypotentiate a taste aversion. Future studies
using strong thermal cues with weak gustatory cues and vice versa will
be required to determine the quantitative values for such studies.

3. General discussion

Our findings provide evidence to support an influential role of
thermal orosensory stimulation in short-term feeding behavior. The
present series of experiments showed that the presence of distinct
thermal cues in drinking water or tastant solutions can elicit general
preferences and serve as the CS in conditioned aversions. Furthermore,
rats have the ability to discriminate and generalize across tempera-
tures with some precision, i.e. within 3–6 °C. After an aversion was
conditioned, rats were also able to avoid the temperature and taste
cues of a compound CS both together and in isolation, suggesting that
rats can respond distinctly to each sensory quality. Although both
qualities were salient, the combination of taste and temperature cues

Fig. 7. A. Mean (±SE) preference scores for CS vs. warm water in 10-min, 2-bottle tests
after 4 treatments: 10 °C sucrose paired with saline injection (white circles); 10 °C
water paired with LiCl injection (“T”, black circles); 25 °C sucrose paired with LiCl (“G”,
black triangles); and 10 °C sucrose paired with LiCl (“T+G”, black squares). B. Mean
total intake of all groups across the post-conditioning period.
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potentiated the acquisition of a conditioned aversion, leading to a
more persistent aversion than was acquired to either cue alone.

Previous work by others has demonstrated preferences by rats for
different temperatures of drinking water [11,12,14], and that rats can
acquire conditioned aversions to water of a specific temperature
[13,14]. The current results expand on this prior work by using an
apparatus with more accurate temperature control, so that limits of
thermal discrimination were established. Furthermore, by testing
compoundmixtures of water with thermal and taste cues, the relative
saliency of temperature and gustatory inputs was assessed.

The experiments in the current study demonstrate an interaction
of orosensory taste and temperature stimuli that is observable at the
behavioral level, and specifically in unconditioned preference and
conditioned aversion behavior during ingestion. Only a limited set of
temperatures and only water or sweet tastants were presented, so the
interactions of temperature and other taste qualities remain to be
explored. Because the stimuli were presented to the rats via sipper
tube, the sites and physiological mechanisms of gustatory and thermal
interaction could not be specified. However, there is significant
evidence that temperature and taste are integrated both in the
periphery and within central relays of orosensation.

3.1. Peripheral interactions

The effects of temperature on taste have been shown at the level of
gustatory nerve fibers that innervate the tongue (and presumably,
taste receptor cells) of the rat. The earliest work to show this was
conducted by Fishman [2], who showed in rats that low temperature
water alone (3–5 °C) evoked an initial response in the chorda tympani
similar to a 0.1 M salt solution at room temperature, but this response
gradually decreased as the temperature of water was raised. He also
demonstrated that chorda tympani responses to various concentra-
tions of cold salt solutions gradually increased as the temperature was
raised, with maximal sensitivity occurring around room temperature
(25 °C).

Similarmodulation by temperature changes of gustatory responses
from the chorda tympani have been shown in the rat [3] and cat
[24,25]. In these studies, it was shown that maximum responses to
different tastants were found at 30 °C, and that deviations from this
temperature resulted in decreased responses to the tastants, inde-
pendent of preadaptation to the thermal input. The substrate for these
temperature effects may bewithin the taste receptor cells themselves.
Taste buds express high levels of the temperature-sensitive cation
channel TRPM5which is required for temperature-dependent changes
in gustatory nerve responses to tastants [1].

There has also been evidence to support these temperature
effects on peripheral taste responses at the level of the geniculate
ganglion [4,5] which is broadly consistent with previous work using
single- and whole-nerve recordings of the chorda tympani (for
review, see [26]). Furthermore, it was shown that the only cell
type in the geniculate ganglion that that specifically responded to
discrete changes in temperature were those that also responded
maximally to HCl (sour, or “acid-best” cells). Decreasing the tem-
perature of a stimulus reduced sensitivity in all neuron types except
NaCl-specialist neurons, which maintained a constant response rate.
Thus, at the level of the chorda tympani or geniculate ganglion,
the primary consequence of temperature sensitivity is to modulate
responses to taste qualities, rather than to allow discrimination
among thermal stimuli per se.

Lundy and Contreras [6] also provided a unique perspective on the
relationship between taste and temperature input by examining
responses of the rat lingual nerve to thermal and gustatory stimuli.
Although the lingual nerve is a branch of the somatosensory trigeminal
nerve, they found individual nerve fibers that responded to a thermal
stimulus also had some sensitivity to certain tastants, such that dilute
solutions of quinine, citric acid, and NaCl inhibited responses to warm

thermal stimuli. Thus, in reversal of the chorda tympani, gustatory
stimulationmodulates the temperature responses of the lingual nerve.

3.2. Central integration

It is notable that thermal orosensory cues when acting as a CS in a
conditioned temperature aversion havemany of the same properties as
a gustatory CS in a conditioned taste aversion.Whethermediated by the
trigeminal or by gustatory nerves, temperature information from the
mouth can apparently be integrated with toxic chemical or visceral
information similar to the integration of taste information during
acquisition of conditioned aversions. It is possible that the same central
circuitry that mediates conditioned taste aversions can also mediate
conditioned temperature aversions. In fact, there is evidence for
convergence of taste and temperature information at multiple central
sites. The trigeminal nerve provides substantial innervation of the
rostral (gustatory) nucleus of the solitary tract [27]. Neurons that
respond to both gustatory and thermal stimulation can be found
throughout the central gustatory pathways, including the rostral
nucleus of the solitary tract [28], the thalamic taste area [29], the
amygdala [30], and the gustatory cortex [31]. There is also evidence that
conditioned temperature and taste aversions are mediated by distinct
pathways, however. In particular, rats with lesions of the medial
parabrachial nucleus cannot acquire conditioned taste aversions, but
can acquire conditioned aversions to capsaicin, an agonist of temper-
ature-sensitive afferents [15]. The critical areas of the brain required for
the acquisition of conditioned temperature aversions remain to be
identified.
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