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Abstract

Mice lacking the purinergic receptors, P2X2 and P2X3 (P2X2/P2X3Dbl�/�), exhibit essentially no tastant-evoked activity in the
chorda tympani and glossopharyngeal nerves and substantial loss of tastant-evoked behavior as measured in long-term intake
experiments. To assess whether the residual chemically driven behaviors in these P2X2/P2X3Dbl�/� mice were attributable to
postingestive detection or oropharyngeal detection of the compounds, we used brief access lickometer tests to assess the
behavioral capabilities of the P2X2/P2X3Dbl�/� animals. The P2X2/P2X3Dbl�/� mice showed avoidance to high levels (10 mM
quinine and 10–30 mM denatonium benzoate) of classical ‘‘bitter’’-tasting stimuli in 24-h, 2-bottle preference tests but minimal
avoidance of these substances in the lickometer tests, suggesting that the strong avoidance in the intake tests was largely
mediated by post-oral chemosensors. Similarly, increases in consumption of 1 M sucrose by P2X2/P2X3Dbl�/� mice in long-term
intake tests were not mirrored by increases in consumption of sucrose in lickometer tests, suggesting that sucrose detection in
these mice is mediated by postingestive consequences. In contrast, in brief access tests, P2X2/P2X3Dbl�/� mice avoided citric
acid and hydrochloric acid at the same concentrations as their wild-type counterparts, indicating that these weak acids activate
oropharyngeal chemoreceptors.
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Introduction

The gustatory sense is used to assess the chemical composi-

tion of potential foods before they are ingested. Yet, it is not

the only means by which the chemical composition of foods
is evaluated. The oral cavity and pharynx are replete with

free nerve endings that mediate the ‘‘common chemical

sense,’’ now called chemesthesis (Parker 1912; Keele 1962;

Green et al. 1990). Moreover, the trigeminal nerve typically

responds to high concentrations of salts, acids, and many

other irritant substances such as capsaicin or menthol

(e.g., Wang et al. 1993). Once food passes into the esophagus,

it can activate a variety of gut chemosensors (Stellar et al.
1954) including epithelial enterochromaffin cells (Sternini

et al. 2008) and free nerve endings. Information from each

of these chemosensors may be used by the animal to adjust

consummatory behavior.

Gustatory-mediated behavior can be divided into 2 broad

classes: ingestive (triggered in mammals by the qualities of

sweet, umami, and low concentrations of salt) or aversive

(including bitter and sour). Taste cells possess receptors or

channels appropriate to detect different classes of substances

but regardless of transduction mechanism require intact

purinergic signaling to transmit taste information to the gus-
tatory nerves (Finger et al. 2005). Mice lacking those puri-

nergic receptors expressed by the gustatory nerves, P2X2

and P2X3, lack essentially all gustatory neural responses

in the chorda tympani and glossopharyngeal nerves to stim-

uli of any taste quality. The similarity in purinergic innerva-

tion and presence of ATPases in all taste fields suggests that

all gustatory transmission is dependent on purinergic signals,

although this has not been tested formally for either the
palatal or the laryngeal taste fields. Nonetheless, gusta-

tory-driven behaviors of these P2X2/P2X3Dbl–/– animals

are essentially absent except aversion to certain stimuli at

moderate concentration, for example, citric acid and

caffeine, or to high levels of others, for example, quinine

hydrochloride (quinine). Because these substances stimulate

non-gustatory nerves as well as taste buds (Pittman and

Contreras 1998), we suggested that this residual behavior
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might be mediated either by postingestive factors or by ac-

tivation of non-gustatory oral or pharyngeal nerve endings

or solitary chemosensory cells. These residual behaviors

might also be driven by remnant gustatory function, that

is, small responses in populations of gustatory nerve fibers
that would not have been revealed in the whole nerve record-

ings used in the previous study (Finger et al. 2005).

The behavioral assessment in this previous study relied

on long-term intake methods (24-h, 2-bottle preference)

and so it was impossible to distinguish behaviors evoked

by postingestive effects from those attributable to oropharyn-

geal stimulation. Accordingly, while 24-h, 2-bottle preference

tests are useful to demonstrate a lack of taste function, they
are not easily interpretable when residual behaviors remain.

Indeed, de Araujo et al. (2008) recently showed that mice

lacking taste responses to sucrose can learn a 24-h, 2-bottle

discrimination on the basis of blood glucose levels within

20 min following ingestion.

In contrast, brief-access taste tests, for example, with a lick-

ometer, permit the animal to sample a stimulus for only a

relatively short time. The brief availability precludes sub-
stantial postingestive detection on initial stimulus presenta-

tions (Breslin et al. 1993). Thus, lickometer tests can be used

to distinguish between postingestive detection and oropha-

ryngeal detection of proffered stimuli. Accordingly, we

used a brief-access test to test whether the residual chemical

responses we observe in P2X2/P2X3Dbl–/– mice were due to

oropharyngeal or postingestive detection. If naive P2X2/

P2X3Dbl–/– mice still respond to a stimulus in the brief-access
test, despite total lack of gustatory nerve responses of these

P2X2/P2X3Dbl–/– animals, then they must be using a non-

gustatory oropharyngeal modality or a non-purinergic taste

function that was undetected in recordings from the chorda

tympani and glossopharyngeal nerves. Although it is possi-

ble that residual taste abilities are due to remaining gustatory

function of palatal or laryngeal taste systems, the taste buds

in these areas show similar purinergic traits as do the lingual
taste buds (Finger et al. 2005). Nonetheless, a lack of re-

sponse in the lickometer coupled with a response in 24-h,

2-bottle preference tests likely indicates postingestive detec-

tion of the ingested substance.

Materials and methods

Brief-access tests (lickometer)

Subjects

Experiments in this study used B6;129-P2rx2tm1Ckn/

P2rx3tm1Ckn, hereafter referred to as P2X2/P2X3Dbl–/– (n =

22) and wild-type (WT) control mice (B6;129 also known

as P2X2/P2X3Dbl+/+, n = 22) of both sexes. These mice are
on a mixed C57BL/6 and 129Ola background, so there is

genetic variability within both P2X2/P2X3Dbl–/–and WT pop-

ulations. Details about generation of these mice can be found

in Cockayne et al. (2005). The animals were individually

housed in a vivarium with a 12-h light/dark cycle. Food and

water were available ad libitum throughout the course of

the experiment except where noted. Mice were placed on a

water deprivation schedule 3 days before the training began.
During water deprivation, mice were allowed 1 h of water

access during a 24-h period. Due to limited supply of

P2X2/P2X3Dbl–/–mice, naive mice were not available for every

experiment. Mice were never tested with similar tastes (e.g., 2

bitter substances or 2 sweet substances), but some mice were

tested with dissimilar tastes (e.g., a sour substance and then a

bitter substance). A detailed listing of prior testing experience

for the test animals is provided in the Supplementary Table.

Reagents

All taste stimuli except sucrose were obtained from the

Sigma Chemical Co.; sucrose was from Fisher Scientific.

Solutions were prepared in distilled water.

Apparatus

A Davis Rig (MS-160; Dilog Instruments and Systems) lictk-

ometer was used for training and brief-access testing of mice.

A small fan (8 cm) was placed next to the space between the

rack and the chamber to push air past the nose of the mouse

to reduce olfactory clues (Glendinning et al. 2002; Taylor-

Burds et al. 2004). Black construction paper was placed

on the sides of the chamber to reduce possible visual cues.

Procedure

Mice were placed on a water deprivation schedule 3 days be-

fore the training began during which mice were allowed 1 h

of water access per 24-h period. On the first day of training,

water-deprived animals were placed into the lickometer for

a 30-min period in which 1 water bottle was available. The

shutter remained open for the full 30 min and the rack did
not change bottle positions. On the second day of training,

3 bottles containing water were placed into the rack. A pre-

sentation sequence was created that randomly presented the

3 bottles at the same frequency. From the initiation of the

first lick of a bottle, the shutter would remain open for

5 s to allow licking and then close. Finally, the rack would

slide to allow presentation of the next bottle. To allow

enough time for the rack to change bottle positions, there
was a 7.5-s delay between the end of one presentation and

the beginning of the next. All training and testing days lasted

30 min unless a mouse finished 7 complete blocks before the

end of the 30-min testing session. After these 2 training days,

the mice were water deprived for at least 20 h for all substan-

ces except sucrose. On the day immediately before sucrose

testing, mice were deprived 16–20 h. A lower state of moti-

vation was necessary for mice to differentially respond to su-
crose and water. For the experimental sessions, bottles

containing different concentrations of tastant and a water

bottle were randomized into blocks. The same presentation
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timings were used as on the second day of training. If an an-

imal did not complete 3 testing blocks in the 30-min period,

the animal was tested on the following day and both days’

data combined, as long as at least 2 blocks were completed

on each day. The computer recorded the number of licks per
presentation and latency until first contact with the spout.

Data analysis

For aversive compounds, only the initial blocks were ana-

lyzed to minimize the chance of behavioral changes re-

flected from learning about the stimuli with repeated

trials (see Results). This change in learned behavior was re-

flected in the data by changes in variances of latencies (see
following). Thus, only 1 block was used for each of dena-

tonium benzoate and quinine hydrochloride, whereas 2

blocks of data were used for citric acid, hydrochloric acid

(HCl), and sucrose.

To control for inherent interanimal differences in lick

rates, the number of licks per tastant presentation was stan-

dardized into a lick ratio with respect to each animal’s

average lick rate to water. These lick ratios were averaged
for each genotype at every concentration of tastant and used

for statistical testing and graphical representation. Latency,

or the time taken to initiate the first lick of a trial, was also

standardized to the average latency for water.

For some tastants, the animals’ licking behavior changed

over the course of the experimental testing session with

regard to latency (see also Rhinehart-Doty et al. 1994;

Dotson et al. 2005). The block-dependent change in latency

was significant only for mice tested with high concentrations

of denatonium benzoate; mice tested with other tastants

showed no significant concentration-dependent change in

latency. Lick ratios decreased for P2X2/P2X3Dbl–/– mice at

higher concentrations of denatonium in the last block when

compared with the first block (Figure 1A,B). This block-

dependent increase in avoidance of high concentrations

(30 mM) of denatonium benzoate was concurrent with

a block-dependent increase in latency (Figure 1C,D). The

change in latency suggests that the mice were associating

non-oral (e.g., nasal) cues with an aversive consequence of

ingestion of that substance, as has been reported previously

for 50 mM concentrations of denatonium for PLCb-KO

mice (Dotson et al. 2005).

Homogeneity of variance was determined using Levene’s
test (P > 0.05). The variance of the latencies for denatonium

across blocks (compare Figure 1C and D) varied significantly

Figure 1 Brief-access lickometer taste test (A and B) lick responses of P2X2/P2X3Dbl�/� and WT control mice to denatonium in the first and last block of
a testing session and (C and D) time to initiate first lick (latencies). Boxes that outline data points indicate significant differences between KO and WT mice
(P < 0.05). Asterisks denote values significantly different from a latency of 0 or preference value of 1.0. (A) P2X2/P2X3Dbl�/� mice (n = 6) do not avoid any
concentration of denatonium in the first block of trials (P > 0.05), whereas WT mice (n = 6) avoid concentrations of 10 and 30 mM (P < 0.001). (B) P2X2/
P2X3Dbl�/� mice avoid concentrations of 10 and 30 mM denatonium in the last block of trials (P < 0.05). WT mice avoid 3, 10, and 30 mM denatonium in the
last block (P < 0.05) similar to their responses in the first block. Values in A and B are presented as the mean standardized lick ratio (� standard error of the
mean). (C) Upon the first block of presentations, no significant differences in latency exist for any concentration of denatonium tested with either genotype
(ps > 0.05). (D) Both WT and P2X2/P2X3Dbl�/� mice respond with significantly longer latency at 30 mM denatonium compared with baseline (P < 0.05).
Latencies in C and D are depicted as the median (� median absolute deviation) and correspond to the lick ratios in A and B, respectively. Concentration is on
the x axis and latency (in seconds) is on the y axis. Furthermore, comparing C and D, in the last block tested for each mouse, both P2X2/P2X3Dbl�/� and WT
mice respond with a significantly longer latency for 30 mM denatonium in the last block when compared with the first (P < 0.05). The double asterisks in
panel B and D indicate that both WTand P2X2/P2X3Dbl�/� mice are significantly different from baseline; a single asterisk indicates that only the WT mice are
significantly different from baseline.
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(i.e., they were heteroscedastic), and the latency data were

also skewed (non-normally distributed). Thus, these latency

data were analyzed using Wilcoxin signed-rank tests, and

a 0.05 a level was used and corrected for the number of

comparisons made. These results showed a significant differ-
ence in latencies between water and 30 mM denatonium (but

not at any other concentration) for both the KO and

WT mice, P < 0.05 (Figure 1). No other tastant showed a

concentration-related change in latency variability.

All mice were motivated by water deprivation to maxi-

mally lick both water and sucrose (the only hedonically pos-

itive compound tested) throughout the first several blocks,

leaving it impossible to detect concentration-dependent
increases in licking. Therefore, only the last 2 completed

blocks of the testing session for each mouse were used for

sucrose analyses. In addition, for analysis of the sucrose lick-

ing, data were analyzed for changes in lick ratio (as for other

tastants) and difference in total licks subtracting the total

licks for water from total licks to tastants (see Supplemen-

tary Figure 2). The resulting analysis showed essentially

identical outcomes.
Three-way analyses of variance (ANOVAs) were con-

ducted on the data where multiple blocks of data were avail-

able (denatonium benzoate, citric acid, HCl, and sucrose).

Genotype (2 levels; WT and KO) was a between-subjects fac-

tor, whereas concentration (5–7 levels depending on the par-

ticular tastant) and block (2 levels) were within-subjects

factors. Quinine, where only 1 block of data was available,

was analyzed with a 2-way ANOVA, with genotype (2 levels)
and concentration (7 levels) as the 2 factors. When licks were

standardized to 1 block (denatonium benzoate and quinine),

ANOVAs did not include the data on water, as these values

were all 1.0 and lacked variance. In these cases, a 1-sample

2-tailed t-test was used to test for differences between the

standardized water values (all 1.0) and the lick ratio/latency

of the tastant. Post-hoc tests were also conducted between

genotype (2 levels) at each concentration of tastant, which
varied between 5 and 7 depending on the specific experiment.

Rejection levels were adjusted with a Bonferroni correction

by dividing the standard a level of 0.05 by the number of

comparisons made. All statistical analyses were done with

SPSS 16.0 (SPSS Inc.) or STATISTICA v5.1 (StatSoft Inc.).

Twenty-four-hour preference tests (2-bottle taste

preference)

P2X2/P2X3Dbl–/– (n = 20) and WT control (n = 22) mice were

housed as in the aforementioned brief-access experiment ex-

cept no water deprivation was used. Mice tested with dena-

tonium benzoate, quinine, and sucrose were experimentally

naive. Methods were as described previously (Finger et al.

2005). Briefly, mice were given 2 bottles (25 mL each) in their
home cage. One bottle contained water and the other water

or a taste substance (0.3–30 mM denatonium benzoate,

0.1–10 mM quinine, 10 mM citric acid, or 1–1000 mM

sucrose, all presented in an ascending concentration series).

After bottles were left in the cage for 48 h for each concen-

tration (with a position switch at 24 h), the volume consumed

from each bottle was measured to the nearest 0.5 mL and

preference ratios were calculated by dividing the volume
of taste substance consumed by the total volume of water

and taste substance consumed. Statistics were performed

as described for brief access tests. Post-hoc tests were

adjusted with a Bonferroni correction to account for the

multiple comparisons.

Results

‘‘Bitter’’ tastants

We previously reported that P2X2/P2X3Dbl–/– mice were

largely unresponsive to bitter stimuli in the 24-h, 2-bottle

taste preference tests (Finger et al. 2005). Even in that

data set, however, a slight avoidance of high concentrations

(3.0 mM) of quinine was evident (see Figure 2; Finger et al.

2005). Accordingly, here we tested an extended range of con-

centrations for the 2 bitter tastants: quinine hydrochloride

and denatonium using the same 24 h, 2-bottle taste prefer-
ence methods (Finger et al. 2005). The P2X2/P2X3Dbl–/– mice

avoided 10 mM quinine hydrochloride when compared with

baseline levels (P < 0.05), and preference ratios were not sig-

nificantly different from the WT control mice (P > 0.05) at

this concentration (Table 1). The P2X2/P2X3Dbl–/– mice also

significantly avoided 30 mM denatonium compared with

baseline levels (water; P < 0.05), and they performed

similarly to WT mice at these concentrations (P > 0.05;
Table 1). In summary, the P2X2/P2X3Dbl–/– mice avoided

2 bitter-tasting substances when presented at high

Figure 2 Brief-access lickometer responses of P2X2/P2X3Dbl�/� and WT
control mice to bitter substances. Boxes that outline data points indicate
significant differences between KO and WT mice (P < 0.05). Asterisks
indicate points significantly (P < 0.05) different from a lick ratio of 1.0. KO
mice (n = 10) do not avoid quinine at any of the concentrations tested (P >
0.05), whereas WT mice (n = 8) avoid 3 and 10 mM concentrations (P <
0.05). KO and WT mice differed in their preference for 3 and 10 mM quinine
(P < 0.05). QHCl, quinine HCl.
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concentrations that were well above the avoidance thresh-

olds for WT controls (Finger et al. 2005).

To test whether the effects observed in the 24-h, 2-bottle
preference tests were due to non-gustatory or postingestive

effect, the mice were tested in a brief-access paradigm. The

data for denatonium benzoate were analyzed with a 3-way

ANOVA. There was no 3-way interaction (P > 0.05), but

there was an interaction between genotype and block (P <

0.05), indicating that the 2 genotypes behaved differently

across blocks. There were significant main effects of geno-

type (P < 0.01), concentration (P < 0.001), and block
(P < 0.01). Because there was a significant interaction of ge-

notype and block, as well as a main effect of block, data on

the first and last blocks are presented separately in Figure 1A

and B, respectively. WT mice avoided denatonium at 10 and

30 mM in the first block (P < 0.05). In contrast, the P2X2/

P2X3Dbl–/– mice did not avoid denatonium at any concentra-

tion tested (P > 0.05) in the first block. In the last block, WT

mice again avoided 10 and 30 mM denatonium benzoate but
also avoided 3 mM (Ps < 0.01). P2X2/P2X3Dbl–/– mice

changed their behavior and avoided 10 and 30 mM denato-

nium benzoate (P < 0.05) and also marginally avoided 3 mM

denatonium benzoate (P = 0.04; the Bonferroni-corrected

a level for significance was 0.017). Additionally, post-hoc

tests showed that WT animals avoided denatonium benzoate

significantly more than the P2X2/P2X3Dbl–/– mice at concen-

trations of 3 mM and higher (P < 0.05) during the first block
(Figure 1A) but that they responded similarly during the last

block (Figure 1B).

Mice only finished 1 block of data with quinine, so a 2-way

ANOVA was performed on these data. There was a signifi-

cant interaction between genotype and concentration; F

(6, 96) = 3.87, P < 0.01. A significant main effect of genotype

was observed; F (1,16) = 9.12, P = 0.008; a main effect of con-

centration was also observed; F (6, 96) = 10.18, P < 0.001.
Post-hoc analyses revealed that WT mice had significantly

lower lick ratios when compared to P2X2/P2X3Dbl–/– mice

at 3 and 10 mM quinine (P < 0.05). Additionally, WT

mice significantly avoided quinine (licked at levels signifi-

cantly lower than water) at concentrations of 3 and
10 mM (P < 0.001; Figure 2), while they marginally avoided

1 mM quinine (P = 0.019; the Bonferroni corrected a level

was 0.017). In contrast, the P2X2/P2X3Dbl–/– mice did not

significantly avoid quinine at any concentration tested

(P > 0.05; Figure 2). In summary, the P2X2/P2X3Dbl–/– mice

did not avoid any concentration of quinine tested in this brief

access test. Conversely, in the 24 h, 2-bottle test, both groups

equally avoided 10 mM quinine. Together, these results
indicate that the avoidance of high concentrations of quinine

and denatonium detectable in the 24 h, 2-bottle preference

experiments was at least partially due to non-gustatory

detection or postingestive effects.

‘‘Sour’’ tastants

Our previous report (Finger et al. 2005) indicated that in

24-h, 2-bottle preference tests, P2X2/P2X3Dbl–/– mice

avoided citric acid over the same concentration range as

WT mice despite the lack of gustatory neural responses to

this substance. In the current experiment, we tested citric

acid in brief-access tests, and also extended the concentration

range to include 100 mM. The P2X2/P2X3Dbl–/– and WT

mice both avoided 100 mM citric acid when compared with
baseline levels (P < 0.05). There was no significant main ef-

fect of genotype, F(1, 11) = 2.84, P > 0.10, and no significant

main effect of block, F(1, 11) = 0.28, P > 0.50 (Figure 3A).

There was a main effect of concentration, F(5, 55) = 13.85,

P < 0.001.

We also assessed the reactivity of WT and P2X2/P2X3Dbl–/–

mice to 4 different concentrations (0.1–100 mM) of HCl in

the lickometer. Both P2X2/P2X3Dbl–/– and WT mice avoided
10 and 100 mM HCl (P < 0.05; Figure 3B) but no other con-

centration. There was no 3-way interaction between the fac-

tors, nor a 2-way interaction between genotype and

Table 1 Two-bottle taste preference ratios from P2X2/P2X3Dbl�/� mice and WT controls for multiple concentrations of denatonium benzoate and quinine

Denatonium Quinine

Concentration (mM) WT P2X-KO Concentration (mM) WT P2X-KO

0 0.44 � 0.08 0.52 � 0.08 0 0.54 � 0.05 0.49 � 0.03

0.3 0.26 � 0.08* 0.64 � 0.12* 0.1 0.17 6 0.01* 0.51 � 0.03*

3 0.12 6 0.02* 0.42 � 0.06* 0.3 0.16 6 0.03* 0.51 � 0.01*

30 0.18 6 0.02 0.15 6 0.02 1 0.22 6 0.02* 0.49 � 0.02*

3 0.17 6 0.05 0.29 � 0.06

10 0.22 6 0.03 0.14 6 0.02

A preference ratio of 0.5 indicates that the animals drank equally from the 2 bottles; numbers lower than 0.5 indicate avoidance of the tastant. Results are
presented as the mean preference ratio � standard error of the mean. Significant differences (P < 0.05) between KO and WT controls are indicated by an
asterisk. Boldface shows values for KOmice that were significantly different from the non-preferred baseline. Our previous publication on the P2X2/P2X3Dbl�/�

mice (Finger et al. 2005) reported intake behaviors only up to a concentration of 3 mM for each substance.
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concentration, nor a significant main effect of genotype, F(1,

8) = 0.086, P = 0.77 (Figure 3B). However, there were main
effects of concentration and block (Ps < 0.01), as well as

a significant interaction of genotype and block (P <

0.05). Post-hoc tests revealed that only P2X2/P2X3Dbl–/–

mice had higher lick ratios during the last block compared

with the first block (P < 0.01). These data are divided by

block and presented in Supplementary Figure 1. Although

the lick ratios for P2X2/P2X3Dbl–/– mice are different across

blocks (0.58 for block 1 vs. 0.82 for block 2; P < 0.05), post-
hoc tests did not reveal any significant differences across

blocks for a given concentration of HCl (Ps > 0.05). This

difference seems primarily attributable to a higher intake at

1 mM in the last block, and we feel this is attributable to

a type I error rather than learning that this near-threshold

concentration is appetitive, although we cannot rule the

latter out.

‘‘Sweet’’ tastant

We previously reported that P2X2/P2X3Dbl–/– mice do not

prefer sucrose in a 24-h, 2-bottle test at concentrations of
100 mM and lower (Finger et al. 2005). We extended this con-

centration range to include 1000 mM sucrose (Figure 4A) in

a 2-bottle taste preference experiment. There was a significant

interaction between genotype and concentration, F(4, 32) =

15.59, P < 0.0001. There was no main effect of genotype,

F(1, 8) = 2.67, P > 0.10, but there was a significant main effect

of concentration, F(4, 32) = 50.08, P < 0.0001. We also found

that P2X2/P2X3Dbl–/– mice have preference ratios above
baseline levels at 1000 mM (P < 0.05), albeit still lower than

the preferences exhibited by WT mice at this concentration.

To test whether this preference at high concentrations is due

to non-gustatory or postingestive effect, we used brief-

access lickometer tests. There was no 3-way interaction,

but there was a significant 2-way interaction between geno-

type and concentration, F(4, 32) = 4.31, P < 0.01. There was

also a significant effect of concentration, F(4, 32) = 4.80, P <
0.01, and a marginally significant effect of genotype, F(1, 8) =

4.87, P = 0.058. WT mice drank significantly more 1000 mM

sucrose than water (P < 0.001), whereas P2X2/P2X3Dbl–/–

mice did not (P > 0.5; Figure 4B).

Figure 3 (A and B) Brief-access lickometer responses of P2X2/P2X3Dbl�/�

and WTcontrol mice to sour substances. Asterisks denote values significantly
different from 1.0. Stacked asterisks indicate that values for both KO and
WT are significantly different from 1.0. (A) KO (n = 7) and WT (n = 6) mice
avoid citric acid at 100 mM (P < 0.001). (B) Both KO (n = 5) and WT (n = 5)
mice avoid HCl at 10 and 100 mM (P < 0.001). Figure 4 Twenty-four-hour taste preference (A) and brief-access lickometer

(B) test responses of P2X2/P2X3Dbl�/� and WT control mice to ‘‘sweet’’
tastants. Boxes outlining points indicate significant differences between KO
and WT (P < 0.001). Asterisks denote values significantly different from
a preference ratio of 0.5 (2-bottle test) or a lick ratio of 1.0. (A) In a 2-bottle
preference test, KO (n = 5) mice prefer sucrose only at 1000mM,whereasWT
mice (n = 5) prefer it at 100 and 1000 mM (P < 0.05). (B) Brief-access taste
responses to sucrose. P2X2/P2X3Dbl�/� (n = 4) mice do not prefer sucrose at
any concentration (P > 0.50). WTmice (n = 6) prefer sucrose at 1M (P < 0.05).
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In summary, despite the lack of gustatory neural responses

in P2X2/P2X3Dbl–/– mice, the animals can respond to the

presence of certain chemicals in both brief-access and

long-term (48 h) intake paradigms. Citric acid and HCl

are avoided as in case of WT mice, whereas quinine,
denatonium, and sucrose are not detected in a brief-access

paradigm at least during the early stages of testing.

Discussion

In a previous study (Finger et al. 2005), we showed that
double knockout mice (P2X2/P2X3Dbl-/-), lacking the 2 pu-

rinergic receptors (P2X2 and P2X3) expressed by gustatory

nerves, exhibit virtually no chorda tympani or glossophar-

yngeal nerve responses to tastants from all 5 principal qual-

ities (salt, sweet, sour, bitter, umami), although some

residual avoidance behavior remained for some taste stimuli,

that is, citric acid, caffeine, and high concentrations of dena-

tonium. The original behavioral experiments used a 24-h,
2-bottle access test and then compared the amount of each

stimulus consumed at the end of the session. This method-

ology leaves open the possibility that the mice responded to

postingestive cues about the taste stimuli, for example, cues

from the gut or from blood levels of metabolites (e.g., Mook

1963; de Araujo et al. 2008; Glendinning et al. 2008), to re-

sidual non-purinergic taste functions or to non-gustatory

components of the stimuli, for example, irritation as by acid
(Pittman and Contreras 1998; Lugaz 2004). The current

experiment presented taste stimuli in 5-s blocks and so pre-

cluded the use of postingestive cues by mice inexperienced

with the proffered stimulus. The brief-access tests we use

do not exclude the possibility of non-purinergic–mediated

gustatory or non-gustatory cues, for example, trigeminal

or olfactory detection.

The WT mice in the current experiment, on a mixed
C57BL/6 and 129Ola background, avoided quinine at con-

centrations (3 mM) similar to quinine-insensitive lines as re-

ported by others (Boughter et al. 2005; Harder and Whitney

1998). Other studies, on C57BL/6 lines, report avoidance at

lower concentrations, about 0.1–0.3 mM (Dotson et al. 2005;

Glendinning et al. 2005; Damak et al. 2006). The basis for

these discrepancies likely relates to the different strains used

in the different studies. Our mixed-background animals ap-
pear more similar to the quinine-insensitive lines than to the

C57BL/6J line (Boughter et al. 2005).

The P2X2/P2X3Dbl–/– mice exhibited avoidance in long-

term intake tests to bitter-tasting stimuli only at the highest

concentrations tested and well above the avoidance thresh-

olds for WT mice. The degree of loss of taste avoidance to

quinine and denatonium in long-term tests of the P2X2/

P2X3Dbl–/– mice is roughly equivalent to the losses reported
in similar tests following genetic elimination of elements

of the bitter transduction cascade including a-gustducin

(Glendinning et al. 2005), PLCb2 (Dotson et al. 2005),

IP3R3 (Hisatsune et al. 2007), and Trpm5 (Damak et al.

2006). In all cases, the mice fail to avoid quinine at 1 mM

but do avoid it at concentrations higher than 3 mM. Simi-

larly, the various KO mice do not avoid denatonium at

1 mM (which is strongly aversive to WT mice) but do avoid
it at 10 mM. In contrast, in brief-access tests, the P2X2/

P2X3Dbl–/– mice did not significantly avoid initial presenta-

tions of high concentrations of bitter tastants, whereas all the

mice with genetic ablation of elements of the bitter transduc-

tion cascade (a-gustducin, PLCb2, and IP3R3, Trpm5 KO

mice) do (Dotson et al. 2005; Glendinning et al. 2005;

Damak et al. 2006). Similarly, the transduction cascade

KO mice exhibit residual, albeit greatly diminished, gus-
tatory nerve responses to these tastants, but P2X2/

P2X3Dbl–/– mice do not. These results suggest that the trans-

duction KO mice may have some residual taste functions, as

suggested in the original reports. However, other investiga-

tors’ results suggest that transduction cascade KO mice do

not have such residual taste function. Similar to our findings

in P2X KO mice, Zhang et al. (2003) report that genetic elim-

ination of either Trpm5 or PLCb2 totally eliminates both
gustatory neural responses and short-term taste avoidance

behavior. Why the Zhang et al. KO animals exhibit total

taste loss, whereas similar KO mice in other laboratories

do not, is unclear.

The change in lick latency of P2X2/P2X3Dbl–/– mice during

the 30-min test sessions for bitter compounds suggests

that the mice learned during the session to associate a

postingestive negative hedonic sensation with a nasally de-
tected cue as also reported previously for PLCb-KO mice

(Dotson et al. 2005). We suggest that the strong solutions

containing the ‘‘bitter-tasting’’ substances produce irritation

(or other negative hedonic experience) of the oropharynx or

upper gastrointestinal (GI) tract, as suggested previously by

several investigators (Glendinning et al. 2008; Hao et al.

2009). The mice then learn to associate that experience with

the odor of the solution in the lick tube. After several repe-
titions, the mice learn to avoid, or at least delay contact with,

the proffered lick tube containing the relevant solution. The

fact that there is no delay in licking for these strong solutions

upon initial presentation indicates that the odor of the

substance itself does not carry a negative hedonic value to

a naive animal. The odor of the solution then becomes

the conditioned stimulus after repeated contact.

Several systems may mediate a residual chemosensory
response including remaining taste functions, for example,

as mediated by the greater superficial petrosal (GSP) nerve,

oropharyngeal free nerve endings, laryngeal solitary chemo-

receptor cells (SCC) innervated by the superior laryngeal

branch of the vagus nerve (Finger et al. 2005), or enterochro-

maffin cells (ECs) of the gut (Bezencon et al. 2007) inner-

vated by the vagus nerve. The likelihood that palatal taste

buds innervated by the GSP operate substantially differently
from all other taste buds seems remote. The palatal taste

buds express the same hallmarks of purinergic signaling as
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do taste buds in all other gustatory fields and are innervated

by P2X2/3-expressing nerve fibers. But until GSP nerve re-

cordings are undertaken in the P2X2/P2X3Dbl–/– animals, we

cannot formally exclude this possibility. The SCCs and ECs

express bitter (T2R) taste receptors and other components of
the bitter taste cascade. The SCCs are innervated by fibers

lacking the P2X receptors (whether the same holds true

for ECs is not determined; Finger et al. 2005). Presumably,

such systems would be intact in P2X2/P2X3Dbl–/– animals

used in this study. In hamsters, the superior laryngeal nerve

exhibits robust responses to acids and hypertonic solutions,

and lower responsiveness to several bitter-tasting substances

including quinine (Dickman and Smith 1988). Other inves-
tigators have attributed this chemosensitivity of the larynx to

the taste buds housed there, but it is possible that the numer-

ous laryngeal SCCs (Sbarbati et al. 2004) contribute signif-

icantly to the response to substances that activate the T2R

(bitter taste) receptors of the SCCs. The fact that laryngeal

taste buds, like their lingual and palatal counterparts, are in-

nervated by nerve fibers expressing P2X receptors (Finger

et al. 2005) suggests that these laryngeal taste buds are
impaired in the P2X2/P2X3Dbl–/– mice, whereas the SCCs,

which are innervated by non-P2X2–expressing fibers of

the same nerve, may not be.

P2X2/P2X3Dbl–/– mice largely responded to citric acid sim-

ilar to WT controls despite a pronounced lack of gustatory

nerve activity to this stimulus in P2X2/P2X3Dbl–/– mice. The

trigeminal nerve responds to citric acid near concentrations

commonly used for taste testing (Pittman and Contreras
1998; Lugaz 2004) and detection by the trigeminal system

may underlie the residual acid responsiveness of the

P2X2/P2X3Dbl–/– animals (Lugaz 2004). Citric acid is one

of the substances that highly activates the superior laryngeal

branch of the vagus nerve (Smith and Hanamori 1991;

Dickman and Smith 1988), possibly via a non-gustatory

mechanism, and could explain the similarity between

P2X2/P2X3Dbl–/– and WT mice. This finding is of further im-
port in that it implies that investigators should not expect an

obvious behavioral phenotype for genetic elimination of any

putative sour taste receptors. The P2X2/P2X3Dbl–/– mice

substantially lack gustatory neural responses to the acids

tested and yet they retain essentially normal behavioral

avoidance, possibly via non-gustatory oropharyngeal detec-

tion systems. Conversely, the P2X2/P2X3Dbl–/– may have re-

sidual gustatory functions that were not observed in our
whole nerve recordings (Finger et al. 2005). Indeed, some mi-

nor responsiveness could be seen in the glossopharyngeal

nerve records, and these relatively small nerve responses

may represent substantial activity in a small number of

fibers, which could be meaningful to the animal. Similarly,

substantial function might remain in the gustatory nerves,

which we did not examine, that is, the GSP and superior

laryngeal nerves.
P2X2/P2X3Dbl–/– mice appeared relatively insensitive to

sucrose in brief-access tests but showed a strong preference

for high levels of sucrose in the 24-h intake tests. The

preference for sucrose in the long-term tests is especially

noteworthy in that the gustatory nerves of the P2X2/

P2X3Dbl–/– mice do not respond to sucrose stimulation at

the highest concentrations tested (Finger et al. 2005). That
is, the behavior of the P2X2/P2X3Dbl–/– mice persists in

the absence of apparent gustatory input. The ability of

P2X2/P2X3Dbl–/– mice to show an intake preference for a so-

lution that they cannot detect by taste suggests postingestive

factors. Trpm5 KO mice similarly do not exhibit gustatory

neural responses to sucrose at concentrations of 300 mM and

less but do exhibit consummatory behavioral responses in

2-bottle preference tests to sucrose concentrations of 160
mM and higher (Damak et al. 2006). These behavioral re-

sponses are likely attributable to a postingestive rise in

blood glucose as has been described by several investigators

(Sclafani and Glendinning 2003, 2005; de Araujo et al. 2008).

A difference between the de Araujo et al. (2008) study and

the studies by Damak et al. (2006) and ourselves was that in

the former work, mice were trained to associate the sipper

tube on 1 side with the presence of the sucrose solution, that
is, they were exposed to only 1 tube at a time during training

and that tube remained in a fixed position. In both the Dam-

ak study and ours, 2 sipper tubes were present at all times

and so the mouse had to make the association of the rise

in blood glucose with the position of the tube sipped from.

Because the rise in blood glucose can occur within 5–10 min

after ingestion (Louis-Sylvestre 1976; Sumiyoshi et al. 2006),

this implies that mice may drink predominantly from 1 tube
for a few minutes before switching to the other tube. If the

animals would have drunk alternately from the 2 tubes over

a relatively short time period, then it would have been

impossible to make the association in the absence of gusta-

tory or other consummatory cues. Alternatively, the mice

may be using ‘‘sweet’’-responsive sensors of the GI tract

to provide information about a recently ingested substance

(Margolskee et al. 2007). In that case, the association of a sip-
per tube with ingested sucrose could occur faster than the 5-

to 10-min period necessary to effect a rise in blood glucose.

Another possibility is that postingestive effects would be

associated with any novel stimulus presented. Thus, the

postingestive rise in glucose levels would be more likely as-

sociated with the novel stimulus (sucrose) than the familiar

one (water).

In sum, these results extend the previous findings on P2X2/
P2X3Dbl–/– mice, which have a profound deficiency in terms

of gustatory neural responses to all taste qualities (Finger

et al. 2005). Despite the lack of gustatory input, these

P2X2/P2X3Dbl–/– mice are able to respond to acids essentially

identically as do WT mice. The P2X2/P2X3Dbl–/– mice can

avoid high concentrations of ‘‘bitter’’-tasting stimuli but ap-

pear to do so primarily using non-gustatory or postingestive

cues. Primary conclusions are as follows: 1) mice can use
oropharyngeal and/or gut sensors to detect and avoid high

concentrations of many so-called tastants, even with

806 R.M. Hallock et al.



minimal or no gustatory function, and 2) consummatory be-

havior to high concentrations of sucrose, and avoidance of

high concentrations of denatonium, can be mediated by

postingestive systems.
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chemse.oxfordjournals.org/
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