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Abstract

The P2X ionotropic purinergic receptors, P2X2 and P2X3, are essential for transmission of taste information from taste buds to
the gustatory nerves. Mice lacking both P2X2 and P2X3 purinergic receptors (P2X2/P2X3Dbl�/�) exhibit no taste-evoked activity
in the chorda tympani and glossopharyngeal nerves when stimulated with taste stimuli from any of the 5 classical taste quality
groups (salt, sweet, sour, bitter, and umami) nor do the mice show taste preferences for sweet or umami, or avoidance of bitter
substances (Finger et al. 2005. ATP signaling is crucial for communication from taste buds to gustatory nerves. Science.
310[5753]:1495–1499). Here, we compare the ability of P2X2/P2X3Dbl�/� mice and P2X2/P2X3Dbl+/+ wild-type (WT) mice to
detect NaCl in brief-access tests and conditioned aversion paradigms. Brief-access testing with NaCl revealed that whereas WT
mice decrease licking at 300 mM and above, the P2X2/P2X3Dbl�/� mice do not show any change in lick rates. In conditioned
aversion tests, P2X2/P2X3Dbl�/� mice did not develop a learned aversion to NaCl or the artificial sweetener SC45647, both of
which are easily avoided by conditioned WT mice. The inability of P2X2/P2X3Dbl�/� mice to show avoidance of these taste
stimuli was not due to an inability to learn the task because both WT and P2X2/P2X3Dbl�/� mice learned to avoid
a combination of SC45647 and amyl acetate (an odor cue). These data suggest that P2X2/P2X3Dbl�/� mice are unable to
respond to NaCl or SC45647 as taste stimuli, mirroring the lack of gustatory nerve responses to these substances.
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Introduction

The last decade has seen exciting advancements in our un-

derstanding of how taste buds are able to initiate and trans-

mit neural signals to the gustatory nerves. One of the more

remarkable findings is the critical role of purinergic receptors

in this system (Finger et al. 2005). The nerves innervating

taste buds express 2 ionotropic purinergic receptor subunits,

P2X2 and P2X3 (Bo et al. 1999). Genetic elimination of these
receptors leaves mice with greatly diminished gustatory ca-

pabilities suggesting that ATP serves as a transmitter from

taste buds to taste nerves (Finger et al. 2005). Indeed, recent

studies (Huang et al. 2007; Romanov et al. 2007; Murata

et al. 2008) show that Type II (receptor) cells of taste buds

release ATP via a nonsynaptic mechanism.

The previous study on purinergic double knockout (KO)

mice, P2X2/P2X3Dbl–/–, showed no taste-evoked activity in
the glossopharyngeal or chorda tympani nerves during stim-

ulation of the oral cavity with bitter substances, monosodi-

um glutamate (MSG), sucrose, artificial sweeteners, or NaCl

(Finger et al. 2005). In 24-h 2-bottle preference tests, the

P2X2/P2X3Dbl–/– mice also showed no preference for sub-

stances normally preferred by wild-type (WT) mice (e.g.,

MSG, sucrose, and artificial sweeteners). However, these

tests also revealed limited behavioral responses by P2X2/

P2X3Dbl–/– mice to high concentrations of bitter substances,

including quinine and possibly denatonium benzoate, and
near-normal responses to sour substances such as citric acid.

P2X2/P2X3Dbl–/– mice show highly variable preferences

for NaCl in these 2-bottle tests that were not statistically

different from WT controls (M. Tatangelo, J. Barrows,

R. Hallock, T. Finger, unpublished data) even though there

is no apparent gustatory neural response to intraoral NaCl

by the KO animals (Finger et al. 2005). Thus, P2X2/

P2X3Dbl–/–mice appear to have at least some ability to detect
chemical stimuli, but the exact nature of that ability is

still unclear. It is possible that the P2X2/P2X3Dbl–/– mice

respond to these substances via postingestive effects,
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laryngeal or trigeminal chemoreceptors, or residual gusta-

tory capabilities.

In order to assess the nature of possible residual responses

to NaCl, animals in this study were tested with 2 complemen-

tary brief-access paradigms to assess hedonic qualities and to
enhance the motivational qualities of taste stimuli while mini-

mizing or eliminating postingestive effects. The first was

a brief-access test designed to systematically assess the he-

donic taste quality of NaCl over a wide range of concentra-

tions. It is also possible that the P2X2/P2X3Dbl–/– mice can

detect taste stimuli, but the genetic deletion alters the he-

donic value of the stimulus so that it is no longer preferred

or avoided. In order to test whether P2X2/P2X3Dbl–/– mice
can detect taste stimuli in any way, we used conditioned taste

aversion (CTA) methods to force the mice to assign a nega-

tive hedonic value to a taste stimulus and subsequently to

avoid the substance. This way, if the mouse is capable of de-

tecting and identifying NaCl through any form of chemosen-

sation, it will avoid NaCl subsequent to conditioning.

For similar reasons, CTA methods were also chosen to

evaluate potential residual taste for sweet stimuli. The arti-
ficial sweetener, SC45647, was chosen for these CTA experi-

ments to avoid potential confounding by side tastes

sometimes associated with other artificial sweeteners and/

or postingestive effects that might occur with carbohydrates

such as sucrose. Mice with a genetic deletion of the T1R3

receptor (important for detecting sweet substances) initially

show reduced or no preference for sucrose unless the concen-

tration is high (Damak et al. 2003; Zhao et al. 2003; Dotson
and Spector 2007; Zukerman et al. 2009). However,

Zukerman et al. (2009) found that if these KOmice are tested

a second time with an ascending series of concentrations of

sucrose, during the second series they will show preferences

for sucrose that are similar to WT mice. This emergent pref-

erence for sucrose may be a result of the KOmice associating

residual oral sensation elicited by sucrose with the postinges-

tive effects of its ingestion, and, subsequently, the mice may
be able to identify sucrose by these oral sensations. Conse-

quently, SC45647 was used for conditioning in this study to

further analyze the gustatory capacity of P2X2/P2X3Dbl–/–

mice. SC45647 is a nonnutritional artificial sweetener with

minimum postingestive effects but is preferred by WT mice

(Nofre et al. 1990; Finger et al. 2005). Finally, to test whether

the P2X2/P2X3Dbl–/– deletion generally impairs the KO mi-

ce’s ability to learn a CTA, we conditioned mice with a stim-
ulus combination of SC45647 and amyl acetate (an odorant).

Methods and materials

Subjects

The KOmice in these experiments were B6;129-P2rx2tm1Ckn/
P2rx3tm1Ckn (identified here as P2X2/P2X3Dbl–/–mice) devel-

oped by Debra Cockayne (Roche Pharmaceuticals;

Cockayne et al. 2000, 2005). The WT control mice

(B6;129, also identified as P2X2/P2X3Dbl+/+ mice) were on

a mixed 129Ola and C57BL/6 background. Thus, there is

genetic variation in the KO and the WT mouse populations.

The P2X2/P2X3Dbl–/–mice weighed between 28 and 35 g, and

the WT mice weighed between 26 and 33 g at the start of the
experiments. For the brief-access experiment, 5 P2X2/

P2X3Dbl–/– and 5WT adult malemice weremaintained in a vi-

varium at the University of ColoradoDenver School ofMedi-

cine. These mice were water deprived for 16–20 h when tested.

These mice had previous experience with NaCl in the licko-

meter 2 days prior to the NaCl testing reported here. In the

original test, the mice were deprived of water for more than

20 h and consequently failed to reject any stimulus, including
high concentrations of NaCl. The water deprivation was then

decreased, and the data reported below were collected.

For the conditioned aversion experiments, 31 adult P2X2/

P2X3Dbl–/– mice and 17 adult male WT mice were kept on

a 22-h water deprivation schedule at the University of Ver-

mont. Because the supply of WT and KO mice was limited,

most of the animals were tested in 2 conditioned aversion

experiments with a minimum of 3 weeks separating the 2 ex-
periments. Two of the KO mice were tested in the saline in-

jection condition in all 3 experiments. All mice were allowed

1 h of water access in the home cage during a 24-h period

beginning 30 min after the end of each 30-min session. All

animals in both colonies were housed individually, were

maintained on a 12-h light:dark schedule, and had food

available ad libitum throughout the course of all experi-

ments. The P2X2/P2X3Dbl–/– animals are maintained as dou-
ble KOs, and occasionally individuals are genotyped by

polymerase chain reaction to ensure quality control of the

colony. All experiments reported herein were approved by

the institutional animal care and use committees for the

University of Colorado Denver School of Medicine and

the University of Vermont.

Apparatus

Brief-access and conditioned aversion procedures were con-

ducted in lickometers (Davis MS160; DiLog Instruments).

EachMS160 lickometer consists of a Plexiglas chamber with

a shutter covering an opening on one end, behind which

a mobile tray of up to 16 bottles with stainless steel sipper

tubes can be mounted. For each trial, a computer positions
the assigned bottle, opens the shutter to give the mouse ac-

cess to the bottle’s sipper tube with a 2.5-mm diameter open-

ing, and counts each contact with the tube.

Brief-access experiment

Procedure

Brief-access testing procedures were similar to those de-

scribed in Glendinning et al. (2002). Briefly, water-deprived
mice were acclimated to the apparatus and trained to lick

water from the lickometer for 2 days. Following initial train-

ing, mice were tested with 7 concentrations of NaCl (0, 50,
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100, 175, 300, 600, and 1000 mM; Sigma-Aldrich) mixed in

deionized water (Millipore). Test sessions lasted 30 min, dur-

ing which time the mouse could initiate as many trials as pos-

sible. Each trial was 5 s in duration beginning when the

mouse licked the sipper tube the first time. Intertrial intervals
were 7.5 s. Concentrations were presented in randomized

blocks in which each stimulus was presented once before

beginning a new block. Because all animals completed either

6 or 7 blocks of trials in a single session; the data from the

first 6 blocks (42 trials) were used for analysis.

A nearly identical experiment was completed before this

experiment with 5 different WT and 5 different P2X2/

P2X3Dbl–/– mice tested with 0, 3, 10, 30, 100, 270, 450,
and 1000 mM NaCl. Because there were more low concen-

trations of NaCl tested in the earlier experiment, those mice

managed to sample each concentration only 4–5 times during

the session. Consequently, the present experiment used one

less concentration and fewer low concentrations of NaCl to

increase the number of trials of each test stimulus that the

mice sampled.

Data analysis

To normalize lick rates, a lick ratio was calculated by divid-
ing the mean number of licks for each taste solution by the

mean number of licks for water. Analysis of variance

(ANOVA) and t-tests with Bonferroni corrections were ap-

plied to assess differences betweenWT and P2X2/P2X3Dbl–/–

mice in lick ratio across the concentration range. The a# is
reported when the correction is applied.

Conditioned aversion experiments

General conditioned aversion method

All conditioned aversion training and testing took place in

a Davis MS160 lickometer, as described above. CTA proce-
dures were similar to those described previously (Stapleton

et al. 1999; Heyer et al. 2003; Eschle et al. 2008). For each

experiment, water-deprived mice were trained to lick water

for 4–5 days to ensure consistent licking in the test apparatus,

regardless of their experience with the CTA procedure.

When the mice were licking consistently in the test appara-

tus, the mice were given their first conditioning session in the

lickometer in which they were given a minimum of 15 pre-
sentations of the conditioned stimulus (CS). Immediately

following CS exposure, the mice were given an intraperito-

neal injection of either 225 mM LiCl (0.1 mL/10 g body

weight; 0.954 mg/10 g body weight) to induce gastric distress

or saline (control). Preliminary studies showed that this dose

was most effective for conditioning a CTA in both WT and

KOmice. The next day was a recovery day in which the mice

were presented only water in the apparatus. To further im-
prove the effectiveness of conditioning, 2 days after the first

conditioning session all mice were similarly exposed to the

CS a second time, and conditioning was repeated. During

the next 2 days, the mice were again presented with water

to extinguish contextual conditioning and to ensure the

animals’ motivational states were stable. During the next ses-

sion, each mouse was tested with an array of concentrations

of the CS. Each concentration was tested twice, once in
each of 2 blocks of trials. Licks during each of the 5-s trials

were counted by the computer. The order of stimulus con-

centrations within a block was randomized for each mouse

using a modified Latin square procedure. Each stimulus

was separated by 1–3 water rinse trials. Intertrial intervals

were 10 s. The mice were given one more recovery day

and then tested again. All training and conditioning proce-

dures were identical for each experiment. After conditioned
flavor aversion (CFA) conditioning, the mice were tested

with a stimulus mixture (taste plus smell) and with the indi-

vidual components of the mixture. All solutions were mixed

fresh in deionized water (Millipore) on conditioning and

test days. Mice tested in more than one experiment were

randomly assigned to either the saline or LiCl injection con-

dition for their first experiment and were assigned to the

same condition in the subsequent experiment in which they
participated.

Sodium chloride CTA

In this experiment, mice were conditioned with 300 mM

NaCl as the CS. This concentration was selected because

it was clearly salient and only slightly aversive to the WT

mice in the brief-access experiments. There were 17 P2X2/

P2X3Dbl–/– mice with 11 randomly assigned to the LiCl
injection condition and 6 to the saline injection condition.

Five of the LiCl-injected mice and 3 of the saline-injected

KO mice were naive to CTA procedures prior to this condi-

tioning, whereas the rest of the mice had received previous

conditioning with either SC45647 or the stimulus mixture of

SC45647 + amyl acetate. Of the 17 WT mice in this experi-

ment, 11 (5 naive) received LiCl injections and 6 (4 naive)

received saline injections. Group sizes were weighted more
heavily toward the LiCl condition in this and the other ex-

periments to ensure that the experimental condition (LiCl

injection) had sufficient animals to optimize the estimate

of the effects of LiCl conditioning for statistical compari-

sons. On test days, the lick rates of these animals were mea-

sured when presented with 0, 50, 100, 300, and 600mMNaCl

(Sigma–Aldrich).

SC45647 CTA

The results of the NaCl experiment indicated that the P2X2/

P2X3Dbl–/– mice did not respond to any of the stimulus con-

centrations. Consequently, we tested mice for their ability to

form a CTA to an artificial sweetener, 0.05 mM SC45647 (a

nonnutritional substance normally preferred by mice and

perceived as ‘‘sweet’’ by humans; Nofre et al. 1990). In pre-
vious 24-h 2-bottle testing, WT mice showed a strong pref-

erence for SC45647 at this concentration (Finger et al. 2005).

In this experiment, 8 P2X2/P2X3Dbl–/– mice (7 naive)
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received LiCl injections and 8 (8 naive) received saline injec-

tions. Of the WT mice, 5 WT (3 naive) mice received LiCl

injections and 3 (1 naive) received saline injections. During

the test sessions, all of these mice were tested with 0.0, 0.005,

0.01, 0.025, 0.05, and 0.1 mM SC45647.

SC45647 + amyl acetate CFA

The apparent inability of the LiCl-injected P2X2/P2X3Dbl–/–

mice to form an aversion to eitherNaCl or SC45647 raised ad-

ditional questions about the ability of the P2X2/P2X3Dbl–/–

mice to learn a conditioned aversion. To examine this issue,

mice were tested in a CFA experiment to determine whether

the P2X2/P2X3Dbl–/– mice can form a conditioned aversion

that included nontaste cues by conditioning with a mixture

of 0.1 mM SC45647 + 0.001% amyl acetate (an odor). In this

experiment, the concentration of SC45647 was increased to
see if the KOmice could respond to a higher concentration of

SC45647. The concentrations of amyl acetate selected for

conditioning and testing are well above absolute thresholds

in WT mice (Van Houten et al. 2008) and have little effect

on taste detection (Slotnick et al. 1997). Eleven P2X2/

P2X3Dbl–/–mice were randomly assigned to the LiCl injection

condition, and 6 P2X2/P2X3Dbl–/– mice were assigned to the

saline injection condition. Four KO mice in each injection
condition were naive to CTA conditioning. TenWT (3 naive)

mice were assigned to the LiCl injection condition, and 3WT

(1 naive) mice were assigned to the saline injection condition.

During each test session, the lick rates of these animals were

measured when presented with 1) water (0 mM), 2)

SC45647 (0.05 and 0.1 mM), 3) amyl acetate (0.0005% and

0.001%), and 4) the stimulus mixture (0.1 mM SC45647 +

0.001% amyl acetate).

Data analysis

Prior to analysis of the CTA or CFA data, the lick rates for
each subject were normalized. This was accomplished by di-

viding the mean lick rates for each taste stimulus, including

2 water trials (each preceded by at least one water rinse trial)

treated as taste stimuli, by the mean lick rate for the water

rinse trials of that subject. An initial set of ANOVA proce-

dures were completed for each CS condition to determine if

mice without prior CTA experience performed differently

than mice that had already been through the CTA experi-
ment with the CS. No significant differences between any

of these groups were detected, so the normalized data for na-

ive and nonnaı̈ve mice were combined for all subsequent anal-

yses. The normalized data were then subjected to a 3-factor

ANOVA procedure for mixed designs treating the injection

condition (LiCl or saline) and mouse type (WT or P2X2/

P2X3Dbl–/–) as between-subject variables and test solution/

concentration as a within-subject variable. For significant in-
teractions, simple effects tests and t-tests with Bonferroni

corrections were then used as needed to partition the data

to determine where differences existed between WT and

KO mice (Howell 2007). An unconditioned aversion is indi-

cated if the lick rates for a taste stimulus by control mice are

significantly lower than their lick rates for water. A condi-

tioned aversion is revealed when there is a suppression of

drinking by the LiCl-injected group compared with the sa-
line-injected group, showing that this aversion has been

learned and was not due to a naturally occurring (uncondi-

tioned) aversive quality.

Results

Brief-access test

Whereas the WTmice avoided licking for the higher concen-

trations of NaCl, the P2X2/P2X3Dbl–/–mice did not. A 2-way
ANOVA was conducted to compare the normalized prefer-

ence ratios of mouse type (2 levels) for each concentration of

NaCl (6 levels) in the brief-access tests. This analysis revealed

a significant genotype, F1,8 = 320.19, P < 0.001; concentra-

tion, F5,40 = 60.92,P< 0.001; and genotype-by-concentration

interaction, F5,40 = 65.89, P < 0.001 (Figure 1). Independent

samples t-tests with a Bonferroni correction to account for

multiple comparisons were then used to compare the prefer-
ence ratios ofWT and P2X2/P2X3Dbl–/–mice at each concen-

tration. WT mice licked significantly less than the P2X2/

P2X3Dbl–/– mice at the 3 highest concentrations of NaCl

(all P’s <0.001). Additionally, WT mice licked significantly

less to each of the 3 highest concentrations of NaCl than

water (all P’s <0.002). Conversely, P2X2/P2X3Dbl–/– mice

did not lick differently to any concentration of NaCl (all

P’s >0.1). Thus, even the highest concentration of NaCl
tested (1000 mM) was not avoided by the P2X2/P2X3Dbl–/–

mice, unlike their WT counterparts. The results of this ex-

periment are similar to the findings of the preliminary NaCl

brief-access test with a different group of mice. The results

Figure 1 Comparison of the mean (�SEM) normalized lick ratios for
various concentrations of NaCl in WT (dash line) and P2X2/P2X3Dbl�/� mice
(solid line) during brief-access testing. Lick ratios were normalized by
dividing the mean number of licks for each taste solution by the mean
number of licks for water. The normalized lick ratios (ordinate) are plotted
against the corresponding concentration of NaCl (abscissa). WT mice avoid
concentrations of 300 mM and higher whereas the P2X2/P2X3Dbl�/� mice
do not. ***P < 0.001.
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of the preliminary experiment are shown in the Supplemen-

tary Figure 1 for comparison.

Conditioned aversion experiments

Sodium chloride CTA

We performed a CTA test to determine whether P2X2/

P2X3Dbl–/– mice could learn to avoid NaCl when it was as-

sociated with postingestive illness. LiCl-injected WT mice

learned to avoid NaCl at 50 mM, well below concentrations

that normally drive aversion in water-deprived mice (>300

mM), but LiCl-injected P2X2/P2X3Dbl–/– mice did not. A
3-way ANOVA for mixed designs comparing mouse type

(2 levels) and injection (2 levels) as between-subject variables

and concentration (5 levels) as a repeated measures variable

indicated that all main effects and interactions were signifi-

cant, including the 3-way interaction between mouse type,

injection condition, and concentration, F4,116 = 4.72, P <

0.002 (Figure 2). Simple effects tests of the WT data showed

that WT saline-injected mice significantly decreased their
licking of 600 mM NaCl compared with their licking of 0,

50, 100, or 300 mM (P < 0.01), indicating that NaCl is aver-

sive (unconditioned) to the WT control mice at the highest

concentration tested. The LiCl-injected WT mice had signif-

icantly lower lick ratios than saline-injected WT mice at all

concentrations except 0 mM NaCl (all P’s <0.01). P2X2/

P2X3Dbl–/– mice, however, showed no significant avoidance

at any concentration regardless of conditioning (all F ’s <1.0).
The lick ratios of the WT control mice and the P2X2/

P2X3Dbl–/– mice were compared at each concentration using

a 1-way ANOVA followed by t-test comparisons. These

ANOVAs found group differences in lick rates at 50 mM

NaCl and higher, F3,30 ‡ 8.64, P’s <0.001. t-Tests with

Bonferroni corrections indicated that the lick ratios of the

LiCl-injected WT were significantly lower than all other

groups at all concentrations above 0.0 mM (P’s <0.006), in-
cluding the saline-injected WT (P < 0.05). In addition, the

lick ratios of the saline-injected WT mice were significantly

lower than either KO group at 600 mM (P’s <0.001). In sum-

mary, even though WT mice learned to avoid NaCl at con-

centrations of 50 mM and higher or showed an

unconditioned aversion for 600 mM, the P2X2/P2X3Dbl–/–

animals did not show any evidence of avoidance.

SC45647 CTA

Although WT mice learned a CTA for NaCl, the KO mice

did not. To test whether the apparent inability of P2X2/

P2X3Dbl–/– mice to learn to avoid NaCl was specific to that

quality, we tested whether these mice could form a CTA to

an artificial sweetener, SC45647. A 3-way ANOVA for

mixed designs comparing mouse type (2 levels) and injection

(2 levels) as between-subject variables and concentration

(6 levels) as a repeated-measures variable. This analysis in-
dicated that the main effects for mouse type, F1,20 = 6.15, P <

0.025; injection, F1,20 = 12.82, P < 0.005; and concentration,

F5,100 = 16.15, P < 0.001 were significant. In addition, the

2-way interactions between mouse type and injection,

F1,20 = 7.49, P < 0.015; concentration and mouse type,

F5,100 = 6.54,P< 0.001; concentration and injection condition,

F5,100 = 6.47, P < 0.001; and the 3-way interaction, F5,100 =

6.04, P< 0.001; reached significance (Figure 3). The data were
then partitioned to compare groups at each concentration.

Significant group differences were found at 0.025, 0.05, and

Figure 2 Comparison of water-deprived WTand P2X2/P2X3Dbl�/� mice on
a CTA test for NaCl. Lick rates for each taste solution were normalized as
a ratio of water intake by dividing the mean lick rate for each taste solution
by the mean lick rate for water. The mean (�SEM) normalized lick ratios
(ordinate) are plotted against the corresponding concentration of NaCl
(abscissa). Saline-injected (control) WT mice found 600 mM NaCl innately
(unconditioned) aversive. The 0 mM scores were derived from 2 water trials
selected from those preceded by at least one other rinse trial. The LiCl-
injected WT mice show a learned avoidance (lower lick ratios) for 50–600
mM when conditioned to avoid 300 mM NaCl. The P2X2/P2X3Dbl�/� mice
show no unconditioned or learned avoidance to NaCl at any concentration.
*P < 0.05, **P < 0.01, ***P < 0.001.

Figure 3 Comparison of water-deprived WTand P2X2/P2X3Dbl�/� mice on
a CTA test with the artificial sweetener SC45647. Lick rates for each taste
solution were normalized as a ratio by dividing the mean lick rate for each
taste solution by the mean lick rate for water. The mean (�SEM) normalized
lick ratios (ordinate) are plotted against the corresponding concentration of
SC45647 (abscissa). The 0 mM scores were derived from 2 water trials
selected from those preceded by at least one other rinse trial. LiCl-injected
WT mice learned to avoid concentrations of 0.025, 0.05, and 0.1 mM when
conditioned with a CS of 0.05 mM SC45647. P2X2/P2X3Dbl�/� mice did not.
*P < 0.025.
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0.1 mM, F3,20 ‡ 7.27, P’s <0.005. t-Tests revealed significantly

lower lick ratios for LiCl-injected WT mice compared with

saline-injected WT mice at 0.025 (P = 0.011), 0.05, and 0.1

mM (both P’s <0.005). The lick ratios of LiCl-injected

P2X2/P2X3Dbl–/– mice were not significantly different from
the saline-injected group or from saline-injected WT mice

at any concentration.

SC45647 + amyl acetate CFA

Because the P2X2/P2X3Dbl–/– mice did not appear to learn

either CTA, we conditioned and tested these mice on

a CFA to determine if they were capable of forming a con-
ditioned aversion to any chemosensory stimulus. Specifi-

cally, we tested the mice with a stimulus mixture of

the sweetener SC45647 and the odorant amyl acetate. The

P2X2/P2X3Dbl–/– mice exhibited normal acquisition of the

CFA task. However, their avoidance behavior was related

to the presence of the odor cue but not the taste cue. A

3-way ANOVA was calculated to examine the effects of

mouse type (2 levels), injection (2 levels), and test stimulus
(6 levels) on lick ratios. The main effects for injection con-

dition, F5,28 = 17.82, P < 0.001; and test stimulus, F5,140 =

12.55, P < 0.001; plus the interactions between test stimulus

and mouse type, F5,140 = 2.33, P < 0.05; and between test

stimulus and injection condition, F5,140 = 7.62, P < 0.001;

were significant (Figure 4), but the 3-way interaction was

not. Data were then partitioned to examine how the re-

sponses of WT and P2X2/P2X3Dbl–/– mice were affected

by the CFA conditioning for each specific stimulus and to

compare the responses of the WT mice with the KO mice.

The ANOVA examining the lick rates of the WT mice

found significant main effects due to injection, F1,11 =

9.12,P< 0.02; test stimulus, F5,65 = 4.08, P< 0.003; and a sig-

nificant interaction between the 2 variables, F5,65 = 2.96, P <

0.025 (Figure 4). Independent samples t-tests with Bonferro-

ni corrections were used to compare saline and LiCl injection

WT groups. The LiCl-injected WT mice licked significantly

less of all the stimuli (except water) than the saline-injected

WT mice (all P’s <0.01). Paired t-tests also showed that the

lick ratios for LiCl-injected WT mice for each concentration

of SC45647 and amyl acetate were significantly less than for

water (all P’s <0.01), but these ratios did not differ from each

other. Inaddition, the lickratiosofLiCl-injectedWTmicewere

significantly lower for the stimulus mixture than for 0.1 mM

SC45647 (P < 0.001) or 0.001% amyl acetate (P < 0.02).

The ANOVA of the lick ratios of the P2X2/P2X3Dbl–/–

mice indicated significant effects due to injection, F1,17 =

6.25, P < 0.025, test stimulus, F5,85 = 14.54, P < 0.001,

and the interaction between injection and stimuli, F5,85 =

7.27, P < 0.001 (Figure 4). LiCl-injected KO mice licked sig-

nificantly less of the stimulus mixture (P < 0.01), 0.0005%

(P < 0.05), and 0.001% amyl acetate (P < 0.01) than the sa-

line-injected KO mice. LiCl conditioning (vs. saline condi-

tioning) did not affect lick ratios of the KO mice for

either concentration of SC45647. Paired samples t-tests in-

dicated that the lick ratios of the LiCl-injected P2X2/

P2X3Dbl–/– mice for 0.0005% amyl acetate were significantly

Figure 4 Comparison of water-deprived WTand P2X2/P2X3Dbl�/� mice on a CTA test after conditioning with a stimulus mixture (CS compound) of 0.1 mM
SC45647 + 0.001% amyl acetate. Lick rates (ordinate) were normalized as a ratio in the same manner as described for Figures 2 and 3. Mean (�SEM)
normalized ratios (ordinate) are plotted for each test solution identified on the abscissa. The 0 mM scores were derived from water trials preceded by at least
one other rinse trial. Saline-injected (Control = Solid bars) WTand KO mice did not avoid any stimulus. The LiCl-injected (LiCl = striped bars) WT mice reduced
their lick ratios for the individual SC45647 and amyl acetate stimulus solutions compared with the water stimulus (P’s <0.05). They also had significantly lower
lick ratios (greater avoidance) for the mixture compared with the individual substances (P’s £0.015). The LiCl-injected P2X2/P2X3Dbl�/� mice avoided the
stimulus mixture (P < 0.01) and 0.001% amyl acetate (P < 0.01) to the same degree, relative to their lick ratios for the water stimulus. However, their lick
ratios for both concentrations of SC45647 were not affected by LiCl conditioning. This shows that the P2X2/P2X3Dbl�/� mice are capable of learning the
association between an odor cue and gastric distress but are not capable of identifying the taste components of the stimulus mixture.
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lower than their lick ratios for water (P < 0.006). Further-

more, these KO mice licked 0.001% amyl acetate and the

stimulus mixture less than they licked 0.0005% amyl acetate

(both P’s < .05). However, no differences between their lick

ratios for 0.001% amyl acetate and the stimulus mixture were
detected (P = 0.641).

To further characterize and compare the responses of WT

and P2X2/P2X3Dbl–/– mice, the number of trials initiated by

each mouse type in the 32-trial sessions was also examined

using ANOVA procedures to compare mouse type (2 levels)

and injection (2 levels) conditions for each CS. No significant

differences (all F ’s <2.00) for either variable or their inter-

action were detected for any CS. For all 3 conditioned aver-
sion experiments, the mean trials initiated were 25.94 (±1.56

standard error of the mean [SEM]) by WT mice and 27.81

(±1.51 SEM) by the P2X2/P2X3Dbl–/– mice. The lick ratios

during water trials were also compared using the same type

of ANOVA analysis, and again no significant differences were

revealed by the analysis. For the 3 experiments, the mean

number of licks per trial was 45.71 (±0.58 SEM) by WT mice

and 43.86 (±0.45 SEM) by the P2X2/P2X3Dbl–/– mice. These
results suggest that the WT mice and the P2X2/P2X3Dbl–/–

mice exhibited similar motivational states and sampled

comparable numbers of taste solutions during testing.

The results of the CFA experiment indicate that the LiCl-

injected WT mice exhibited a learned aversion to both the

taste and odor components of the conditioning stimulus,

but as anticipated these mice showed a greater aversion

for the mixture of the 2. Second, this experiment revealed
that the P2X2/P2X3Dbl–/– mice were capable of learning

a conditioned aversion task but responded only to the odor.

That is, the taste component of the mixture did not elicit any

avoidance behavior by the P2X2/P2X3Dbl–/– mice.

Discussion

Our results indicate that, unlike WT mice, the P2X2/

P2X3Dbl–/– mice do not exhibit a preference for or avoidance

of NaCl at a wide range of concentrations. In addition,

P2X2/P2X3Dbl–/– mice cannot identify NaCl or SC45647

as a taste stimulus in a CTA paradigm. These findings are

consonant with the previous findings of a lack of gustatory

neural response to NaCl or SC45647 in the P2X2/P2X3Dbl–/–

mice (Finger et al. 2005).
Previous experiments with P2X2/P2X3Dbl–/– mice have

suggested that these mice are apparently non or minimally

responsive to most taste substances, particularly sweet, uma-

mi, and bitter, that is, those qualities involving a G-protein-

coupled receptor transduction pathway associated with Type

II receptor cells (Finger et al. 2005). In those previous stud-

ies, behavioral effects of the KO were measured via 24-h

2-bottle preference testing in which the hedonic value of
a substance can motivate ingestive behavior. However, it

is possible that P2X2/P2X3Dbl–/– mice are still able to detect

some sort of taste signal, but this signal lacks the potency for

the P2X2/P2X3Dbl–/– mice to assign a particular hedonic

value that will motivate behavioral changes. To further test

the extent to which this KO decreases or even eliminates the

capability to taste, we utilized a combination of behavioral

methods to study both inherent (unconditioned) and condi-
tioned hedonic characteristics of taste stimuli.

P2X2/P2X3Dbl–/–mice do not avoid high concentrations of

NaCl as do WT mice in the brief-access tests. Brief-access

testing is able to assess the inherent hedonic value of a taste

stimulus, without the postingestive effects seen with 24-h

2-bottle preference tests (Spector 2003). WT mice exhibited

a clear decrease in the lick rates at NaCl concentrations

of 300 mM and above, especially for the 1000 mM solution
that was avoided almost completely. These data indicate that

the WT mice found the higher concentrations increasingly

aversive. If the P2X2/P2X3Dbl–/– mice were able to detect

and perceive NaCl in the samemanner asWTmice, then they

should alter their lick rates at high concentrations. However,

the KO mice continued to drink even the highest concen-

trations of NaCl (up to 1000 mM) as if they were drinking

water.
Brief-access tests can help determine the inherent hedonic

value of a taste stimulus to a mouse, but they often require

a mild state of deprivation to motivate the mouse to drink in

the test apparatus (Glendinning et al. 2002). This deprivation

also increases drinking for water, and because preferences

for a substance are assessed against water consumption,

a mild preference or aversion for a substance may go unde-

tected in this paradigm, as might be the case for theWTmice
at the lower concentrations of NaCl in the brief-access experi-

ment. On the other hand, CTA methods used in this study

exposed mice to a novel taste substance and then immedi-

ately afterward the animal was injected with LiCl to induce

internal malaise. This causes a lasting association of the taste

with the malaise leading to avoidance of solutions associated

with the taste (Spector 2003). CTA can be used behaviorally

to assess whether or not an animal is capable of detecting and
identifying a taste, even if the taste signal is weak, because it

forces the animal to assign an associated negative hedonic

value to the taste. In each of the CTA experiments, the ani-

mals were exposed to the paired CS injection conditions

twice to ensure conditioning. The CTA experiment with

300 mM NaCl used a CS that, for WT mice, is highly salient

and can be readily associated with the effects of the injection.

The WT mice injected with LiCl avoided NaCl at concentra-
tions as low as 50 mM. P2X2/P2X3Dbl–/– mice, on the other

hand, responded as if they either could not detect the stim-

ulus or could not make an association between the CS and

the effects of the injection.

In order to assess whether the lack of responsiveness to

NaCl was quality specific, we tested whether P2X2/

P2X3Dbl–/– mice could develop a CTA to a nonnutritional

sweetener, SC45647. Previously published work with 24-h
2-bottle preference testing with this substance has shown

that WT mice readily prefer the artificial sweetener
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SC45647 over water, whereas the P2X2/P2X3Dbl–/– mice ex-

hibit little or no preference for the sweetener (Finger et al.

2005). In the current study, WT mice in the CTA experiment

readily learned the aversion to SC45647, whereas the KO

mice did not. Thus, the results of both studies indicate that
P2X2/P2X3Dbl–/– mice are incapable of detecting the taste

qualities of SC45647.

P2X2 and P2X3 receptors have been reported in other sen-

sory systems, most notably peripheral nociceptors signaling

visceral function and gastric mechanoreceptors responsive to

stomach distension (Cockayne et al. 2005; McIlwrath et al.

2009; Mo et al. 2009). If these same receptors contribute to

the signal associated with gastric distress produced by LiCl
injections, it is conceivable that genetic deletion of the P2X2

and P2X3 subunits might have negatively affected the ability

of the P2X2/P2X3Dbl–/– mice to learn any conditioned aver-

sion. That is, the strength of the unconditioned stimulus

(LiCl) supporting CTA learning and subsequent effects on

behavior would be weakened (Bouton 2007), and the KO

mice might not be able form a conditioned aversion using

LiCl. We tested this in the CFA experiment in which mice
were exposed to a CS consisting of both a taste (SC45657)

and odor (amyl acetate) component. In this experiment

the P2X2/P2X3Dbl–/– mice exhibited the same amount of

aversion for the stimulus mixture as theWTmice, thus show-

ing that the genetic deletion did not have an adverse effect on

the ability of these mice to make the association between

a chemosensory stimulus and gastric distress. This suggests

that the KOmice were not only capable of sensing the effects
LiCl, but that LiCl at the concentration used in these experi-

ments was as effective at forming the aversion in KOmice as

in WT mice.

A closer examination of the CFA experiment is enlighten-

ing. When a stimulus mixture or rather, to correctly use

learning terminology, a stimulus compound (Bouton 2007)

combines an odor stimulus with a taste stimulus to serve

as the CS in the CFA, 1 of 3 outcomes are expected. In gen-
eral, if both stimuli are salient to the mouse, the strength of

the aversion to the compound is the combined strength of the

aversion to each of the 2 elements of the compound (Bouton

2007). Presented separately, each cue can elicit avoidance be-

havior, but the amount of avoidance is less than that elicited

by the compound. If one stimulus is more salient than the

other stimulus of the compound, then overshadowing or

compound potentiation may occur. In overshadowing, the
more salient of the 2 stimuli forming the compound is more

strongly associated with the aversion. To detect overshadow-

ing, the 2 stimuli are paired during the learning phase. Then

during the test session the stimuli are presented separately

and as a unit. When tested separately, the more salient of

the 2 stimuli elicits more avoidance than the less salient stim-

ulus. On the other hand, compound potentiation can occur

when a strongly salient odor stimulus is paired with a weak
taste as the CS during conditioning (Slotnick et al. 1997),

such as might occur with the KO mice in this experiment.

This possibility can be detected when one compares the

learned behavior of a mouse conditioned with just the taste

stimulus to the behavior of a mouse conditioned with the

odor and taste stimuli paired during conditioning. If aweakly

salient taste stimulus by itself is conditioned with LiCl in
a naive mouse, the taste stimulus might elicit little or no

learned avoidance during testing. However, if this same weak

(but detectable) taste stimulus is combined with a stronger

odor stimulus during conditioning in a naivemouse, the odor

stimulus may potentiate or enhance the avoidance elicited by

the taste stimulus compared with the level of avoidance eli-

cited when the taste stimulus is conditioned by itself. In the

present CFA experiment, WT mice showed similar reduc-
tions in licking for the odor and for the taste stimulus when

each was presented alone, and greater response suppression

when the 2 stimuli were presented together as a mixture.

These results would be anticipated if the 2 stimuli were sim-

ilarly salient to the mouse and are sharing the associative

value of the LiCl-induced aversion. In comparison, the

LiCl-injected P2X2/P2X3Dbl–/– mice showed a similar degree

of response suppression to the stimulus mixture as the WT
mice. However, they exhibited response suppression only to

the odorant and no evidence of avoiding the taste component

of the stimulus mixture, ruling out both overshadowing and

compound potentiation. This finding is consistent with the

interpretation that the P2X2/P2X3Dbl–/– mice are incapable

of detecting and identifying many classical taste stimuli.

Taken together, our results support the conclusion, ini-

tially based on gustatory nerve recordings and 2-bottle pref-
erence tests (Finger et al. 2005), that P2X2/P2X3Dbl–/– mice

are largely incapable of detecting and identifying NaCl and

the sweetener SC45647. Our use of brief-access tests mini-

mized the possibility that the mice could utilize postingestive

cues and therefore provide clear behavioral results entirely

consistent with the lack of gustatory nerve responses to these

substances in the previous study. The residual avoidance be-

haviors elicited by sour and some bitter substances seen in
24-h 2-bottle preference tests reported by Finger et al.

(2005) are likely attributable to nongustatory cues. In addi-

tion, the results of the conditioned aversion tests generally

rule out weak, ineffective hedonic properties of taste stimuli

or the lack of ability to associate a stimulus with an associ-

ated response consequence for the KO mice. Instead, the re-

sults of this study are consistent with hypothesis that the

P2X2/P2X3Dbl–/– mice lack the ability to identify the taste
of either NaCl or SC45647.
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