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Abstract

Because most naturally occurring toxins taste bitter to humans, any mechanism that reduces the rate at which bitter substances are ingested and
digested should be adaptive. Based on the recent discovery of T2R bitter taste receptors in the gastrointestinal tract of rodents, we asked whether
intragastric (IG) infusion of denatonium (a ligand for T2R receptors) would condition a flavor aversion and/or delay gastric emptying. Four
experiments tested for post-oral responses to denatonium in rodents. First, Sprague—Dawley rats were trained to associate intake of a flavored
solution (the CS+) with IG denatonium infusions, and intake of a different-flavored solution (the CS—) with IG water infusions during 30 min/day
sessions. The rats acquired an aversion to the CS+ flavor when it was paired with IG infusions of 10 mM (but not 2.5 mM) denatonium.
Intragastric infusions of 10 mM denatonium also delayed gastric emptying of food in the same rats. Second, we asked how long it took for rats to
suppress their drinking while being infused IG with 10 mM denatonium. Rats drinking a palatable solution paired with IG infusions of 10 mM
denatonium suppressed their licking within 6 min, as compared to rats infused IG with water. Third, we trained C57BL/6J (B6) mice 24 h/day to
associate a CS+ flavor paired with IG infusions of 12 mM denatonium (diluted to 6 mM by orally consumed CS+). Like rats, the mice acquired a
robust aversion to the CS+ flavor when it was paired with IG infusions of denatonium. A final experiment assessed the potential toxicity of
denatonium. To this end, we gave B6 mice a 6 mM denatonium solution as their only source of water for 3 weeks. The mice grew normally and
did not display any clinical signs of denatonium toxicosis. This study provides the first evidence that rodents respond to the presence of “bitter”
substances in their gastrointestinal tract by generating both behavioral and physiological responses.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction elicited by many bitter compounds can be masked (partially or

completely) by the presence of sugars [27,31,51] or sodium

Many naturally occurring foods contain toxins [7,21,22].
The orosensory systems (taste, smell and somatosensation)
constitute an important mechanism for detecting these danger-
ous foods because most toxins elicit aversive oral sensations
(e.g., bitterness or astringency) in humans [2,6,7,14,35] and in
other animals [16]. This oral protective mechanism is not
foolproof, however. For example, the aversive oral sensations
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[4,5]. Further, once animals adapt to the taste of some harmless
bitter compounds [23,33,56,59], their tolerance to the taste of
other toxic bitter compounds would increase [28,34,37]. There
is evidence that leeches possess a “bitter taste” system in their
gastrointestinal tract, which might function in situations where
the oral mechanism failed [30]. We asked whether an analogous
system exists in rodents.

Several observations provide support for the notion that
mammals possess an extensive, but diffuse, network of
chemosensory cells in their gut (i.e., stomach, small intestine,
pancreatic duct and colon), which senses bitter substances. First,
some of the chemosensory cells in the gut express the same
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proteins that mediate bitter taste in the oral cavity, including
T2R bitter taste receptors [40,57,58] and three downstream
signaling proteins, «-gustducin, PLC B2 and Trpm5
[3,12,24,25,50,52]. Second, two T2R ligands (denatonium
and phenylthiocarbamide [38,43]) induce Ca*" signaling and
CCK release in enteroendocrine STC-1 cells [9]. Third, gastric
infusion of denatonium elicits a strong excitatory response in
the rat’s vagus nerve [53], which relays input from chemosen-
sory cells in the gut to the brainstem [45]. Fourth, bitter stimuli
elicit a concentration-dependent decrease in stomach contrac-
tions when infused intragastrically in dogs [8,36].

Because rodents lack the vomiting reflex, they cannot eject
poisons once they have been swallowed. For this reason, it has
been suggested that rodents should have evolved multiple
mechanisms for protecting them against toxic foods [10]. Here,
we tested the hypothesis that rodents respond to the presence of
“bitter” substances in their gastrointestinal tract by reducing the
rate at which foods are ingested and digested. To evaluate this
hypothesis, we conducted four experiments. First, we asked
whether intragastric (IG) infusion of a bitter taste stimulus
(denatonium) would generate negative feedback in rats, leading
to a conditioned flavor aversion or delayed gastric emptying.
Second, we determined how long it took for IG infusions of
denatonium to inhibit licking for a palatable substance. Third,
we ascertained whether IG infusions of denatonium would
condition a flavor aversion in mice. Fourth, we explored the
possibility that denatonium was conditioning an aversion in the
mice through a toxicity mechanism.

2. Do IG infusions of denatonium elicit behavioral or
physiological responses in rats? (Experiment 1)

Prior studies reported that denatonium and other T2R ligands
can both inhibit feeding [1,27] and delay gastric emptying [13]
in rats. However, because the T2R ligands were ingested, it is
impossible to determine the relative contribution of oral vs.
post-oral stimulation to the responses. In this experiment, we
asked whether IG stimulation by denatonium alone is sufficient
to condition a feeding aversion and delay gastric emptying in
rats.

2.1. Methods

2.1.1. Animals

We used 15 male Sprague—Dawley rats born in our
laboratory from stock purchased from Charles River Labora-
tories (Wilmington, MA). The rats were 100 days old at the start
of testing. We housed each rat individually in a standard wire-
mesh cage in a vivarium maintained at 21 °C with a 12:12 h
light/dark cycle (lights on 0800 h). We provided powdered
chow (No. 5001, PMI Nutrition International, Brentwood, MO)
and tap water ad libitum. We subjected the same 15 rats to
Experiments 1A-D.

2.1.2. Surgery
We anesthetized the rats with ketamine (63 mg/kg) and
xylazine (9.4 mg/kg) and then fitted them with an IG catheter

based on a technique adapted from Davis and Campbell [11]. In
brief, a silastic tube (i.d.: 1.02 mm; o.d.: 2.16 mm) was inserted
into the fundic region of the stomach. We routed the silastic tube
under the skin to the back of the neck, and then connected it to a
Luer-lock assembly, which was fixed to the skull with dental
cement and stainless-steel screws.

2.1.3. Apparatus

We trained and tested the rats in plastic infusion cages. For
the IG infusions, we ran plastic tubing from a syringe pump to
the input port of a swivel on a counter-balanced lever. We
connected the swivel’s output port to the rat’s IG catheter via
additional plastic tubing, which was protected by a stainless-
steel spring.

We offered the conditioning stimuli (i.e., two different fruit-
flavored solutions; see below) in two stainless-steel drinking
spouts. The spouts could be accessed through slots in the front
wall of the plastic infusion cage, centered and 32 mm apart. We
attached each drinking spout to a separate fluid reservoir, each
of which was mounted on a motorized holder. These holders
positioned the spouts in front of the slots (so that they could be
accessed by the rats) at the start of the 30-min test session, and
retracted them at the end of the session. Trays below the sipper
tubes collected spillage. We monitored licking with an
electronic lickometer (Med Electronics, St. Albans, VT) and a
microcomputer, which controlled the syringe pumps.

During each training or testing session, the computer
software accumulated licks and turned the infusion pumps on
or off, as required, every 3 s. The infusion pump delivered the
test solution directly into the stomach at a rate of 1.3 ml/min; the
oral intake/infusion ratio was maintained at ~1:1 by computer
software. With this system, the animal controlled the infusion
volume by its licking behavior, and the concentration of infused
denatonium was diluted by the orally consumed fluid; e.g., an
infusion of 2.5 mM denatonium was diluted to 1.25 mM
denatonium in the stomach. We recorded CS intakes to the
nearest 0.1 g and IG infusions to the nearest 0.5 ml.

2.1.4. Test solutions

Each conditioning stimulus (CS) contained a 0.05% Kool-
Aid flavor (General Foods, White Plains, NY) and 0.2% sodium
saccharin (Sigma-Aldrich, St. Louis, MO) dissolved in water.
We used three different flavor pairs: cherry and grape in
Experiment 1A; orange and lemon—lime in Experiment 1B; and
raspberry and arctic green apple in Experiment 1C. The
unconditioned stimulus (US) contained one of three concentra-
tions of denatonium benzoate (Sigma-Aldrich) dissolved in
water: 2.5 mM in Experiment 1A; 10 mM in Experiment 1B;
and 1.25 mM in Experiment 1C. In this and all subsequent
experiments, the CS and US solutions were presented at room
temperature.

Because 1.25 mM is the lowest concentration of denatonium
that rats avoid reliably in oral taste tests [49], we used
concentrations that were equal to or greater than 1.25 mM. To
this end, we infused the rats IG (in Experiment 1A—B) with 2.5
and 10 mM denatonium, which would be diluted in the stomach
to 1.25 and 5 mM denatonium, respectively, by the ingested CS
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solution. Further, we used an oral US that contained 1.25 mM
denatonium in Experiment 1C.

In each test, we offered the rats one flavor paired with
denatonium (the CS+) and another flavor paired with water (the
CS-). To control for potential flavor biases, we counter-
balanced the flavors in the CS+ and CS— (e.g., cherry and
grape) across subjects, separately for each experiment.

2.1.5. Adaptation to test solutions and IG infusions

Prior to surgery, we familiarized the rats with unflavored
0.2% saccharin solution by giving them ad libitum access to the
saccharin solution together with water and powdered chow in
their home cages for 2 days. Then, we adapted the rats to drink
saccharin in the test cages overnight with food ad libitum; the
saccharin bottle was automatically positioned to the front of the
cages for 30 min every hour. Following recovery from surgery
(~10 days), we placed the rats on a food-restriction schedule,
maintaining them at 85% of their ad libitum body weight. We
adapted them to drink the saccharin solution in the test cages
during daily 30-min sessions; intake of the saccharin solution
was paired with matched IG infusions of water.

2.1.6. Do IG infusions of 2.5 mM denatonium condition flavor
aversions? (Experiment 14)

Each rat was run through six one-bottle training sessions
(30 min/day). Half of the rats were given the CS+ flavor paired
with IG infusions of 2.5 mM denatonium during training days 1,
3, and 5, and the CS— flavor paired with IG infusions of water
during training days 2, 4, and 6. The remaining rats were trained
in the reverse order.

Two steps were implemented to minimize the possibility that
denatonium might spill onto the head connector and be tasted by
the rats during training. First, at the start of the session, the
infusion tubing connected to the head cap was filled with water
(~0.8 ml) before connecting it to the syringe containing
denatonium. Second, at the end of the session, the tubing was
flushed with 2.5 ml of water before it was disconnected from the
head cap.

After 6 days of training, a two-bottle preference test was
conducted, in which the rats had a choice between the CS+ and
CS— solutions across two 30 min sessions (each on separate
days); the left—right position of the CS solutions was alternated
from the first to the second session. The rats were not infused on
two-bottle test days.

Upon completion of the eight training and testing sessions,
we ran a second cycle of training and testing using the same
procedures. We performed this replicate because we failed to
obtain evidence for avoidance conditioning, and wanted to
ensure that this negative finding was repeatable.

2.1.7. Do IG infusions of 10 mM denatonium condition flavor
aversions? (Experiment 1B)

After one session with unflavored saccharin paired with IG
water, the rats were given another six one-bottle training
sessions as in Experiment 1A, except that we infused 10 mM
denatonium and used new flavors in the CS solutions (i.e.,
orange and lemon-lime). Following training, the rats were

given two-bottle preference tests with the CS+ vs. CS— for four
30 min/day sessions without IG infusions.

2.1.8. Does oral intake of 1.25 mM denatonium condition
flavor aversions? (Experiment 1C)

After one 30 min test session with unflavored saccharin,
the rats were given six one-bottle training sessions with no
IG infusions. During three of the training sessions, they
received the CS+ solution, which contained 1.25 mM
denatonium, a 0.05% Kool-Aid flavor, and 0.2% saccharin
in deionized water. During the other three training sessions,
the rats received the CS— solution, which contained a
different 0.05% Kool-Aid flavor, and 0.2% saccharin. The
CS flavors were raspberry and arctic apple. After training, a
two-bottle test was conducted (two 30 min/day sessions)
with the CS+ and CS— flavors presented in solutions
containing only saccharin.

2.1.9. Does IG infusion of 10 mM denatonium delay gastric
emptying? (Experiment 1D)

The food-restricted rats from Experiments 1A—C were
acclimated to eating 8 g of wet mash (4 g powdered chow,
4 g water) during two 30 min/day sessions; as they ate the mash
they were infused IG with 8 ml of water (1.3 ml/min). (Two rats
that developed problems with their gastric catheter were
excluded from this experiment.) During a third session, seven
rats were infused with 8 ml of 10 mM denatonium and six rats
were infused with 8 ml of water as they ate the mash. Because
the mash diet contained 4 g of water, the concentration of the
denatonium in the stomach was diluted to about ~6.6 mM,
which approximated the net 5 mM concentration experienced
by the rats in Experiment 1B.

Two hours after the end of the third 30-min test session, the
rats were sacrificed and their stomach contents were removed
and dried overnight. Although food spillage during the feeding
test was minimal (~0.06 g), we nevertheless corrected each
stomach content measure to accommodate this spillage.

2.1.10. Data analysis

We used the same analysis approach for results from
Experiments 1A—C. First, we calculated mean intake/session
across each of the three 30-min training sessions, separately for
the CS+ and CS— solutions. Then, we compared the mean
intakes from the CS+ and CS—, using paired #-tests. Second, we
calculated mean intake from the CS+ and CS— solutions across
two successive preference test sessions. Then, we compared
intake from both solutions, using the paired ¢-test. For
Experiment 1D, we compared stomach content weight between
rats infused with water and those infused with 10 mM
denatonium, using the unpaired #-test. We set the alpha level
at 0.05 in this and all subsequent experiments.

2.2. Results
In Experiment 1A, the rats were trained with the CS+ flavor

paired with IG infusions of 2.5 mM denatonium. Their intakes
of the CS+ and CS— solutions did not differ in the one-bottle
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training and two-bottle tests sessions over the two cycles
(Fig. 1A). This indicates that IG infusions of 2.5 mM
denatonium (1.25 mM net concentration when diluted with
orally consumed CS+ solution) is ineffective in producing a
conditioned flavor aversion.

In Experiment 1B, the rats were retrained with new CS
flavors paired with IG infusions of 10 mM denatonium and
water, respectively. As indicated in Fig. 1B, the rats consumed
significantly less CS+ than CS— during the one-bottle training
sessions and substantially less CS+ during the two-bottle
preference tests. The average denatonium dosage that the rats

A. Do IG infusions of 2.5 mM DB condition flavor aversions?
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Fig. 1. Intake of CS+ and CS— solutions (mean+ S.E.) during one-bottle training
and two-bottle preference tests with Sprague—Dawley rats. Numbers atop bars
represent mean percentage of CS+ consumed during the preference test,
calculated separately for each rat. (A) Rats were given two cycles of training (six
30-min sessions each) with the CS+ paired with IG infusions of 2.5 mM
denatonium and CS— paired with IG water. In the two-bottle tests (2 sessions
each) with CS+ vs. CS— there were no IG infusions (see Experiment 1A). (B)
Intake of the CS+ was paired with IG infusions of 10 mM denatonium during
one-bottle training. Following 6 training sessions, two-bottle tests (four 30-min
sessions) were conducted without infusions (see Experiment 1B). (C) Rats were
not infused, but were given a CS+ solution containing 1.25 mM denatonium
during one-bottle training. Following six training sessions, two-bottle CS+ vs.
CS— tests (four 30-min sessions) were conducted; the CS+ did not contain
denatonium (see Experiment 1C). The same 15 rats were used in all three panels.
*P<0.05 (paired #-test).
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Fig. 2. Weight of stomach contents (mean=+S.E.) following the mash-diet intake
test with Sprague—Dawley rats (see Experiment 1D). Seven rats were infused
with 10 mM denatonium during the 30-min mash-diet test and 6 rats were
infused IG with water. Two hours after the end of the feeding test, the rats were
sacrificed, stomach contents removed and dried. N=15 rats; *P<0.05 (unpaired
t-test).

experienced across each of the three 30-min training sessions
with the CS+ was 67 mg/kg. It is notable that the CS+ aversion
was expressed in the absence of reinforcement (i.e., associated
infusions of 10 mM denatonium) and remained stable at ~27%
over Tests 1 and 2 (each a mean of two sessions). This finding
shows that IG infusions of 10 mM denatonium conditioned a
robust flavor aversion.

Experiment 1C determined whether 1.25 mM denatonium
could condition a flavor aversion when consumed orally. This
concentration was selected because it is avoided in drinking
tests [49], but failed to condition an aversion in Experiment 1 A.
The rats consumed very little of the CS+ solution containing
1.25 mM denatonium during one-bottle training, and displayed
a significant aversion to the CS+ flavor (in the absence of
denatonium) over the four test sessions; percent CS+ intakes
ranged between 27 and 32% (Fig. 1C).

Experiment 1D revealed that the weight of stomach contents
in rats infused with 10 mM denatonium was significantly
greater than that of rats infused with water (Fig. 2). Because the
rats in the two groups consumed the same quantity of mash
during the session (~8 g), this result indicates that the gastric
emptying rate was slower in the denatonium-infused rats than
the water-infused rats.

3. How long does it take for IG denatonium infusions to
reduce intake by rats? (Experiment 2)

A 5 mM concentration of denatonium can completely
suppress licking in rats within 5 s when it is sampled orally [49].
Here, we asked how long it takes for denatonium to suppress
licking when infused IG. To this end, rats were infused IG with
10 mM denatonium or water as they ingested a familiar,
palatable solution; note that the infused denatonium solution
would be diluted to 5 mM by the orally consumed palatable
solution. To determine when the IG denatonium had an intake-
inhibiting post-oral action, we compared minute-by-minute lick
rates of the rats receiving IG denatonium or water. We inferred
that the unconditioned inhibitory action of the bitter tastant had
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begun when the denatonium-infused rats licked significantly
less vigorously than the water-infused rats.

3.1. Methods

3.1.1. Animals

We used 24 female Sprague—Dawley rats born in our
laboratory from stock purchased from Charles River Labora-
tories (Wilmington, MA). All husbandry and maintenance
details were as in Experiment 1. The rats had been used in prior
experiment comparing the IG preference conditioning and
satiating effects of different carbohydrate and fats (Ackroff and
Sclafani, unpublished experiment).

3.1.2. Experimental procedures

The procedural details for anesthesia, surgery, IG infusions
and food-restriction schedule were similar to those of Experi-
ment 1. As part of a prior study, the rats were adapted to drink a
palatable solution containing 2% maltodextrin (Maltrin QD
580, Grain Processing, Muscatine, IA) and 0.2% sodium
saccharin solution that was paired with matched IG infusions
of water during 30 min/day sessions. In the present experiment
we gave the rats an additional 30-min session with the
maltodextrin/saccharin solution paired with IG water infusions.
We then divided the rats into two groups (n=12 each) equated
for their 30-min maltodextrin/saccharin solution intake (19.0 g
each) and total licks (3802.7 vs. 3839.2 licks). We conducted a
single 30-min test in which the maltodextrin/saccharin solution
was paired with matched IG infusion of 10 mM denatonium in
one group and IG water infusion in the second group.

3.1.3. Data analysis

We compared 30-min intake of the maltodextrin/saccharin
solution across the denatonium- and water-infused groups with
an unpaired z-test. Further, we evaluated licking rates (expressed
as licks/min) over the 30-min test with a mixed-model 2-way
ANOVA. We treated time (30 successive 1-min time bins) as a
within factor, and infusion group (denatonium vs. water) as a
between factor. We determined the earliest time-bin during
which the denatonium-infused rats licked less than the water-
infused rats with the unpaired two-tailed #-test. Because we ran
only a single #-test, we did not require a Bonferroni correction.
We excluded one water-infused rat from the lick rate analysis
because of a problem with its lickometer circuit.

3.2. Results

The denatonium-infused rats consumed significantly less of
the maltodextrin/saccharin solution than did the water-infused
rats (mean=15.9 vs. 19.7 g) during the 30-min test session
(t50=3.4). The analysis of the lick rate data revealed
significant main effects of infusion group (F;, 600=9.0) and
time (F29, 600=19.0), and a significant interaction of infusion
group X time (Fo9, 00=1.7). This result reflects the fact that the
denatonium- and water-infused rats licked equally vigorously over
the initial 5 min of the test session, but at minute 6 the denatonium-
infused rats began to lick more slowly (Fig. 3). The suppressed
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Fig. 3. Impact of IG infusions of 10 mM denatonium (denatonium) vs. water on
licking (mean=+S.E. licks) for a palatable solution (2% maltodextrin+0.2%
saccharin) in rats (see Experiment 2). We present number of licks taken across
successive 1-min time bins from the palatable solution as the rats received
matched IG infusions of denatonium or water. Each rat was tested only once. We
indicate the first time-bin (i.e., 6 min) during which the denatonium rats took
significantly fewer licks than the water rats (see asterisk; *P<0.05, unpaired
t-test). N=11-12 rats per infusion treatment.

licking in the denatonium-infused rats persisted for about 11 min,
after which both groups of rats licked relatively infrequently.

4. Do IG denatonium infusions condition flavor aversions
in mice? (Experiment 3)

Like rats, mice learn preferences for flavors that are
associated with intragastric infusions of sugars [46,47]. Here,
we attempted to condition an aversion to a flavored solution by
associating its intake with IG infusions of denatonium. This
experiment was designed to complement Experiment 1, and
determine whether a similar phenomenon occurs in mice. In this
case, the mice were trained and tested 24 h/day with ad libitum
access of food and fluid.

4.1. Methods

4.1.1. Animals

We used 9 male C57BL/6J (B6) mice (Jackson Laboratory,
Bar Harbor ME), which were 10 weeks old at the time of
surgery. Prior to testing, we housed all mice individually in
standard tub cages (27.5x17x12.5 cm) in a vivarium
maintained at 23 °C with a 12h:12h light:dark cycle. Eight
days prior to surgery, we transferred the mice to the infusion
cages so that they could acclimate to them. Throughout the
study, we provided the mice with Purina Chow (5001, PMI
Nutrition International, Brentwood, MO) and tap water ad
libitum.

4.1.2. Surgery

The surgical details are provided in Sclafani and Glendin-
ning [47]. In brief, we anesthetized the mice with isoflurane (2—
4%) inhalation and fitted them with a gastric catheter
constructed of micro-renathane tubing. We passed the distal
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end of the catheter through an incision in the abdominal muscle,
routed it under the skin to the back of the neck, and then passed
it through a hole in the skin. We closed the tip of the catheter
with a stainless-steel stylet. The abdominal incision was closed
using Nexaband adhesive (Veterinary Products Laboratories,
Phoenix, AZ) and the skin incision was sutured closed (5-0 silk)
and treated with triple antibiotic ointment. In a second
procedure performed 3—7 days later, we anesthetized each
mouse for 5 min with 2% isoflurane inhalation and extended the
gastric catheter with a 27-cm length of micro-renathane tubing.
We passed the tubing through an infusion harness and spring
tether (CIH62, Instech Laboratories, Plymouth Meeting, PA);
we secured the infusion harness to the mouse with belly-bands.
Following each procedure, we allowed the mice to recover in
small, heated tub cages before returning them to the infusion
cages.

Prior to the surgery, we adapted the mice to consume 3 ml of
chocolate Ensure™, a palatable nutritive solution, for several
days. To facilitate post-operative recovery, the mice were given
Ensure (3 ml/day), in addition to their lab chow, for several days
after surgery.

4.1.3. Testing apparatus

We ran the conditioning procedure in custom-made
infusion cages (15x15x32 cm high), which were con-
structed of clear plastic with a stainless-steel perforated floor.
We offered fluid with one or two stainless-steel sipper
spouts, which were attached to 50-ml plastic centrifuge
tubes. The mice licked the spouts through two slots
(5%x20 mm, 32 mm apart) in a stainless-steel plate at the
front of the cages. Chow pellets were available continuously
from a stainless-steel wire-mesh food hopper that entered the
back wall of the cage.

After fitting a mouse with the infusion harness, we connected
the spring tether to a swivel on a counter-balanced lever (Instech
Laboratories) positioned at the top of the cage. Then, we
inserted the output port of the swivel into the mouse’s gastric
catheter tubing, and connected the input port of the swivel to a
30-ml plastic syringe, which was in turn secured in a syringe
pump (A-99, Razel Scientific, Stamford, CT). We monitored
licking with an electronic lickometer (Med Electronics, St.
Albans, VT) and a microcomputer, which controlled the syringe
pumps. The computer software accumulated licks and turned
the infusion pumps on or off, as required, every 3 s. We set the
pump rate to 0.5 ml/min, and maintained oral intake/infusion
ratio at approximately 1:1 by adjusting a lick/pump activation
parameter. In two-bottle tests, we attached two infusion pumps
via a 26 g Y-connector to the input port of the swivel. We
recorded intakes to the nearest 0.1 g and IG infusions to the
nearest 0.5 ml.

4.1.4. Training and testing

Each mouse was run through six training sessions, each of
which lasted 24 h. Intake of the CS+ solution was paired with
matched IG infusions of 12 mM denatonium on training days 1,
3, and 5, and intake of the CS— solution was paired with
matched IG infusions of water during training days 2, 4, and 6.

Following training, we subjected the mice to 4 consecutive two-
bottle preference sessions between the CS+ and CS—. During
the first 2 days, the mice received matched infusions of
denatonium or water when they drank the CS+ or CS—,
respectively (reinforced test). During the next 2 days, intake of
both CS+ and CS— solutions was paired with matched IG
infusions of water (non-reinforced test). The lef—right position
of the CS solutions was alternated daily.

4.1.5. Test solutions

The CS solutions contained 0.05% (w/w) cherry or grape
Kool-Aid Mix (General Foods, White Plains, NY) and 0.2%
saccharin. For half the mice, cherry was the CS+ flavor paired
with IG infusion of 12 mM denatonium, and grape was the CS—
flavor paired with IG infusion of water; for the other half of the
mice, the flavor-infusate pairs were reversed. Because the orally
consumed CS+ solution was mixed with equal volumes of
gastrically infused 12 mM denatonium solution, the final
denatonium concentration in the gut was 6 mM. Both of these
concentrations of denatonium are aversive to B6 mice in short-
term lick [18] and long-term preference [42] tests.

4.1.6. Data analysis

During training, we calculated mean intake per day (across
each of the 3 days), separately for the CS+ and CS— solutions.
Then, we compared mean training intake/day from the CS+ and
CS—, using the paired #-test. For each preference test, we
calculated mean intake/session from the CS+ and CS-—
solutions. Then, we compared intake from both solutions,
using the paired #-test.

4.2. Results

Gastric infusions of 12 mM denatonium conditioned a strong
aversion to the CS+ in the B6 mice (Fig. 4). The mice consumed
significantly less CS+ than CS— during one-bottle training, and
showed a significant aversion to the CS+ (i.e., <32%) in the
two-bottle tests. The average denatonium dosage that the mice
experienced across each of the three 24-h training sessions with

10+

W CS+

87 O cs-

Daily intake(g)

Test with Test without
reinforcement reinforcement

Training
Fig. 4. Intake of CS+ and CS— solutions (mean+S.E.) during one-bottle training
and two-bottle preference tests (24 h) with B6 mice (Experiment 3). Numbers
atop bars represent mean percentage of CS+ consumed during the preference
test, calculated separately for each mouse. During one-bottle training, intakes of
the CS+ and CS— were paired with IG infusions of 12 mM denatonium and
water, respectively (6 sessions total). In the first 2 days of two-bottle testing
intake of the CS+ was paired with IG infusions of 12 mM denatonium
(reinforced test) and in the last 2 days CS+ intake was paired with IG infusions
of water (non-reinforced test). N=9 mice; *P<0.05 (paired ¢-test).
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the CS+ was 977.0 mg/kg; this translates to a denatonium
dosage of 20.4 mg/kg per 30 min.

The aversion to the CS+ solution was expressed both when
its consumption was paired with IG denatonium (reinforced
test) and with IG water (non-reinforced test). The latter finding
confirms that the mice had acquired a specific aversion to the
CS+ flavor, and were not simply avoiding the IG denatonium
infusions.

5. Does prolonged intake of denatonium produce toxic
effects? (Experiment 4)

Oral toxicity studies indicate that denatonium has low acute
and chronic toxicity in adult rats [15,20,29], but little is known
about its toxicity to mice. For this reason, we assessed the
toxicity of chronic intake of 6 mM denatonium in B6 mice. We
selected the 6 mM concentration because it is orally aversive to
B6 mice [18] and because it is what the mice experienced in
Experiment 3 (i.e., the 12 mM infusate was diluted ~50% by the
matched intake of CS+ solution).

5.1. Methods

5.1.1. Procedure

We randomly assigned 24 male B6 mice (obtained from
Jackson Laboratories; Bar Harbor, ME) to one of two fluid
treatments: control or experimental. All mice were 7 weeks old
at the onset of the experiment. The control mice were offered
water ad libitum over the 3-week experiment, whereas the
experimental mice were offered 6 mM denatonium ad libitum.
Based on prior work with mice and guinea pigs [23,56], we
expected the mice would adapt to the aversive taste of the
denatonium solution, and thereby obtain sufficient water. The
mice were maintained in standard tub cages with laboratory
chow ad libitum.

We weighed mice on a daily basis during the initial week,
and on a weekly basis during the two subsequent weeks. We
focused on body weight because it has been found to be a
sensitive measure of toxicity in previous studies with rodents
[32,41]. We also observed each mouse daily for clinical signs
of denatonium toxicosis—i.e., decreased activity, ataxia,
ocular porphyrin discharge, diarrhea, corneal opacity, tre-
mors, hypothermia, hypersalivation, respiratory congestion
[15,20,29].

5.1.2. Data analysis

To test for toxic effects of the denatonium, we analyzed body
weight changes over the 3-week exposure period. To this end,
we ran a two-way ANOVA, with time (i.e., days 1, 7, 14 and 21)
as a within factor and fluid treatment (i.e., water or denatonium)
as a between factor.

5.2. Results
Despite having the 6 mM denatonium solution as their only

source of water for 3 weeks, the B6 mice showed no ill effects.
We did not observe any clinical signs of denatonium toxicosis in
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Fig. 5. Body weight of B6 mice (mean+S.E.) given 6 mM denatonium or water
as their only source of fluid across a three-week period (see Experiment 4).
N=12 mice/treatment group.

the denatonium-exposed mice. Further, there was a significant
effect of time on body weight (/5 =36.1; P<0.05), but no
significant effect of test solution (F;, 1,=0.3; P>0.05) or
interaction of time X test solution (F3, 66=1,3; P>0.05) (Fig. 5).
In fact, there was a trend for the denatonium-exposed mice to
gain more weight than the water-exposed mice. These results
indicate that 6 mM denatonium is not toxic to the mice when
ingested chronically.

6. Discussion

Because most naturally occurring toxins have a bitter
taste, free-ranging animals should benefit, on average, by
limiting intake of foods that elicit this taste quality
[2,6,7,14,35]. Although the oral bitter taste system can
perform this function [16], it is possible that the gastro-
intestinal bitter taste system contributes as well. The present
study provides evidence consistent with this hypothesis. We
found that mice and rats learn to avoid a flavor stimulus
when its intake is paired with IG infusions of denatonium.
This Pavlovian conditioning process would limit subsequent
intake of bitter (and potentially toxic) substances, assuming
the animal survived the initial ingestion event. In addition,
we found that rats delay gastric emptying in response to IG
infusions of denatonium. This physiological response would
slow the rate at which bitter (and potentially toxic)
substances enter the small intestine, thereby providing
detoxification enzymes in the gut and liver with more
time to break them down prior to entering the systemic
circulation.

Three lines of evidence suggest that the IG infusions of
denatonium produced their effects by stimulating a chemo-
sensory (i.e., “bitter taste”) rather than a toxicity mechanism.
First, as noted earlier, rodents express the chemosensory
“machinery” in their gastrointestinal tract for responding to
denatonium. Second, if a flavor aversion to 6 mM denato-
nium was produced in the mice through a toxicity
mechanism, then we would have expected 3 weeks of
exposure to this solution (without an alternative source of
water) to have produced toxicosis. Contrary to this
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expectation, the mice grew normally and failed to exhibit any
clinical signs of denatonium toxicosis. Third, we conditioned
a flavor aversion to the CS+ in rats by associating its intake
with IG infusions of 10 mM denatonium, during three
relatively short (i.e., 30-min) training sessions. The rats
received a mean IG dosage of only 67 mg/kg of denatonium
training session, which is a fraction of the acute oral LD50
dosage for denatonium in adult rats (i.e., 584—640 mg/kg)
[15,20,29].

Additional work is needed to answer two questions raised by
this study. First, why was there a 6-min delay before IG
denatonium suppressed licking? We suspect that the 6-min
delay is an underestimate because the rats were consuming a
familiar and highly palatable solution. Even with a novel, less
palatable solution, however, it is unlikely that the response
latency for IG denatonium would reach to that for oral
denatonium: 5s [49]. The second question is how did IG
denatonium produce its aversive chemosensory effects? We
have preliminary data indicating that the flavor-conditioning
process is not affected by genetic ablation of a-gustducin in
mice, or transection of the vagus nerve in rats [19]. Based on
this latter observation, and the fact that IG denatonium took 6-
min to suppress licking, it is more likely the post-oral response
to denatonium is mediated by a humoral than a neural
mechanism.

6.1. Is the aversive flavor-conditioning process more
responsive to oral or post-oral input?

In Experiment 1, we paired intake of the CS+ with IG
infusions of 2.5 or 10 mM denatonium, respectively, but
only the 10 mM concentration produced a flavor aversion.
Because these 1G-infused solutions were each diluted ~50%
by the associated CS+ intake, it follows that the presence of
5 mM, but not 1.25 mM, denatonium in the gastrointestinal
tract was sufficient to condition a flavor aversion to the
CS+. We also paired intake of the CS+ with the flavor of
1.25 mM denatonium, and successfully conditioned a flavor
aversion to the CS+. Taken together, these results show that
1.25 mM denatonium can condition a flavor aversion when
it is ingested, but not when it is infused IG. A key
distinction between these two routes of administration is that
when the denatonium is ingested, it would stimulate both
the oral and post-oral chemosensory systems. Accordingly,
the higher responsiveness of rats to ingested 1.25 mM
denatonium could reflect a greater impact of oral input and/
or the fact that oral and post-oral input were acting in an
additive manner.

6.2. Functional implications

The present study shows that IG infusions of denatonium can
condition a flavor aversion and delay gastric emptying in
rodents. Given that the IG infusions suppressed licking within
6 min, our results substantiate the existence of a secondary
“bitter taste” system in the gastrointestinal tract, which could
help rodents limit intake of potentially toxic foods.

Future studies should determine whether IG infusions of
other bitter taste stimuli produce similar effects. If so, then this
would indicate that many of the bitter compounds in foods [39]
could delay gastric emptying and condition flavor aversions.
While this would be adaptive for toxic bitter foods [14], it
would be maladaptive for bitter foods that are harmless [6,16] or
medicinally active [6,26,48,54,55]. At this point, however, we
do not have a clear sense about the relative abundance of toxic,
harmless and medicinally active foods in nature [17]. One study
assayed the entire plant fauna at four sites on the Caribbean
island of Aruba for the presence of poisons (i.e., phenolics,
saponins, alkaloids and cyanogenic compounds) [44]. Among
the plant species that were of a size and texture to be eaten by
the local herbivore (a whiptail lizard, Cnemidophorus aruben-
sis), 63% contained poisons. This observation illustrates that
bitter and potentially toxic plants can constitute a substantial
proportion of the available foods in a habitat.
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