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Abstract

Adenosine triphosphate is a critical neurotransmitter in the gustatory response to the 5 primary tastes in mice. Genetic dele-
tion of the purinergic P2X2/P2X3 receptor greatly reduces the neural and behavioral response to prototypical primary taste
stimuli. In this study, we examined the behavioral response of P2X double knockout mice to maltodextrin and fat stimuli,
which appear to activate additional taste channels. P2X double knockout and wild-type mice were given 24-h choice tests
(vs. water) with ascending concentrations of Polycose and Intralipid. In Experiment 1, naive double knockout mice, unlike
wild-type mice, were indifferent to dilute (0.5-4%) Polycose solutions but preferred concentrated (8-32%) Polycose to water.
In a retest, the Polycose-experienced double knockout mice, like wild-type mice, preferred all Polycose concentrations. In
Experiment 2, naive double knockout mice, unlike wild-type mice, were indifferent to dilute (0.313-2.5%) Intralipid emul-
sions but preferred concentrated (5-20%) Intralipid to water. In a retest, the fat-experienced double knockout mice, like
wild-type mice, strongly preferred 0.313-5% Intralipid to water. These results indicate that the inherent preferences of mice
for maltodextrin and fat are dependent upon adenosine triphosphate taste cell signaling. With experience, however, P2X
double knockout mice develop strong preferences for the nontaste flavor qualities of maltodextrin and fat conditioned by

the postoral actions of these nutrients.
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Introduction

There is widespread agreement that humans and many other
mammals have 5 basic tastes (bitter, sour, salty, umami, and
sweet). However, there is evidence that other taste modalities
exist in some mammalian species. In 1987, we proposed that
rats and other rodents taste starch-derived maltodextrins
(e.g., Polycose) as distinct from sugars and subsequently
suggested maltodextrin as a “sixth” taste modality (Sclafani
1987, 2004). The existence of a distinctive maltodextrin
taste was initially suggested by the findings that rats prefer
Polycose to water at very low to high concentrations and do
not cross-generalize conditioned taste aversions to Polycose
and sucrose (Sclafani 1987). Subsequent electrophysiological
findings also indicated that Polycose and sucrose activated
separate taste channels in rats (Somenarain and Jakinovich
1990; Giza et al. 1991; Sako et al. 1994). Consistent with these
early findings, recent mouse studies revealed that deletion of
one or both components (T1R2 and T1R3) of the sweet taste
receptor substantially impairs the attraction to sucrose but

not to Polycose (Treesukosol et al. 2009, 2011; Zukerman,
Glendinning, et al. 2009; Treesukosol and Spector 2012). The
receptor responsible for Polycose taste has yet to be identi-
fied, but it appears to activate the same downstream taste
signaling elements as sucrose. This is indicated by the prefer-
ence deficits for sucrose and Polycose displayed by mice miss-
ing the G protein gustducin and the Ca’-activated cation
channel Trpm5 (Sclafani, Zukerman, et al. 2007). Sucrose
and other primary tastants stimulate the release of adeno-
sine triphosphate (ATP) as a neurotransmitter that activates
purinergic receptors (P2X2/P2X3) on gustatory nerve fib-
ers (Kinnamon and Finger 2013). Double knockout (P2X
DoKO) mice missing the P2X2/P2X3 receptor do not prefer
sucrose or other sweeteners in 24-h 2-bottle tests, but their
response to Polycose was not measured (Finger et al. 2005).
In Experiment 1 of this study, we determined if P2X2/P2X3
receptors also mediate Polycose taste by comparing Polycose
preferences in P2X DoKO mice and wild-type (WT) mice.
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We also determined if prior Polycose experience influenced
preferences in P2X DoKO mice as it does in other taste-
impaired KO mice (gustducin KO, Trpm5 KO) (Sclafani,
Zukerman, et al. 2007).

Another candidate “sixth” taste has been proposed, that
is, the taste for fat (or fatty acids) (Mattes 2003; Passilly-
Degrace et al. 2014). Although the preference for fatty
foods has long been assumed to be due to their textural and
olfactory properties, there is now substantial evidence for a
gustatory component to fat detection (Montmayeur and le
Coutre 2010). Furthermore, putative taste receptors have
been identified including the fatty acid-binding protein
CD36 and the G proteins GPR120 and GPR40 (Laugerette
et al. 2005; Cartoni et al. 2010). In particular, CD36 KO,
GPR120 KO, and GPR40 KO mice displayed reduced gus-
tatory neural responses to fatty acids as well as attenuated
preferences for fatty acid solutions (e.g., linoleic acid), but
normal responses to stimuli representing sweet, bitter, salty,
and sour tastes (Laugerette et al. 2005; Sclafani, Ackroff,
et al. 2007; Gaillard et al. 2008; Cartoni et al. 2010). In
addition, CD36 KO mice display reduced preferences for
fat (soybean oil) emulsions (Sclafani, Ackroff, et al. 2007).
Unlike sweet and Polycose preference, fat preference does
not involve signaling by gustducin but does require Trpm5
signaling (Sclafani, Zukerman, et al. 2007; Cartoni et al.
2010; Liu et al. 2011). The role of ATP neurotransmission
in fat taste signaling is not known (Abdoul-Azize et al.
2013), and in Experiment 2, we determined if deletion
of the purinergic receptor P2X2/P2X3 impairs fat prefer-
ence in mice. We also determined if prior experience with
fat influenced preferences in P2X DoKO mice as it does in
other taste-impaired KO mice (CD36 KO and Trpm5 KO)
(Sclafani, Ackroff, et al. 2007; Sclafani, Zukerman, et al.
2007).

Experiment 1: Maltodextrin preference
Materials and methods

Animals

Naive adult male P2X2/P2X3 double knockout mice (P2X
DoKO, n = 11, 11-14 weeks old) and WT mice (n = 11,
10-12 weeks old) were used. As previously described, these
mice were generated on a mixed C57BL/6 and 1290la back-
ground (Finger et al. 2005; Stratford and Finger 2011). The
DoKO mice weighed more than WT mice (29.2 vs. 26.2 ¢,
P < 0.01). The animals were singly housed in plastic tub
cages with ad libitum access to chow (LabDiet 5001; PMI
Nutrition International) and water in a room maintained
at 22 °C with a 12:12h light:dark cycle. Experimental pro-
tocols were approved by the Institutional Animal Care and
Use Committee at Brooklyn College and were performed in
accordance with the National Institutes of Health Guidelines
for the Care and Use of Laboratory Animals.

Test solutions

Polycose (Polycose Powder, 00746, Ross Laboratories) solu-
tions were prepared at concentrations of 0.005-32%, and
a saccharin (sodium saccharin, S1002, Sigma Chemical
Co.) solution was prepared at a 0.2% concentration. The
solutions were made using deionized water on a w/w basis
because solution intakes were recorded by weight.

Procedure

The mice were given a 2-day choice test with 0.2% sac-
charin versus water to confirm their ageusic and normal
phenotypes, respectively, as in prior studies (Zukerman,
Glendinning, et al. 2009; Zukerman, Glendinning, et al.
2013). Three days later, they were given a series (Test 1) of
24-h 2-bottle Polycose versus water tests at Polycose concen-
trations of 0.5%, 1%, 2%, 4%, 8%, 16%, and 32%. The mice
were then given water only for 4 days, followed by a second
series (Test 2) of preference tests with Polycose concentra-
tions of 0.005%, 0.05%, 0.5%, 1%, 2%, 4%, and 8% (w/w).
Each concentration was presented for 2 days in an ascending
order, and the left-side positions of the bottles were alter-
nated daily.

Data analysis

Fluid intakes were averaged over the 2 days at each concen-
tration. Polycose preferences were also expressed as percent
intakes (Polycose solution intake/total intake X 100). Group
differences in Polycose intakes and preferences were evaluated
using separate mixed model analyses of variance (ANOVAs)
with genotype and concentration as between-group and
within-group factors, respectively. Significant differences
between Polycose and water intake at each concentration
were evaluated within each group using paired ¢-tests cor-
rected for multiple comparisons using the Bonferroni proce-
dure. Because the P2X DoKO mice weighed more than WT
mice, Polycose intakes were also expressed as intake per 30 g
body weight (BW), as in prior studies (Bachmanov, Tordoff,
et al. 2001; Sclafani, Zukerman, et al. 2007; Glendinning
et al. 2008), and group differences were evaluated with
ANOVA. The results of this ANOVA were only slightly
different from the analysis of the absolute intake data (see
below) and only the absolute data are presented in detail.

Results

In the pretest, the DoKO mice did not differ in their sac-
charin and water intakes (3.9 vs. 4.3 g/day), whereas the WT
mice consumed more (P < 0.01) saccharin than water (8.5
vs. 1.5 g/day).

Overall, in Test 1, the P2X DoKO and WT mice did not
differ in their Polycose solution intakes and they increased
and then decreased their intakes as concentration increased



[F(6,120) = 55.7, P < 0.001] (Figure 1). The DoKO mice
tended to consume less of the dilute (0.5-8%) concentrations
but more of the 32% concentration [Group X Concentration
interaction, F(6,120) = 2.1, P < 0.05], but there were no
significant differences at individual concentrations. With
respect to Polycose preference (Figure 1), the percent intakes
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of the WT mice exceeded (P < 0.05) that of the DoKO mice
at 0.5-8% concentrations [Group X Concentration interac-
tion, F(6,120) = 14.8, P < 0.001]. Furthermore, whereas the
WT mice drank significantly more Polycose than water at
all concentrations, the P2X DoKO mice drank significantly
more Polycose only at 8-32% concentrations. Analysis of
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Figure 1

Intake (means + SE) of Polycose solutions and water for the P2X DoKO group (top) and WT group (middle) and percent preference for Polycose

over water for both groups (bottom) during 2-bottle Polycose versus water choice tests. In Test 1 (left), naive mice were tested with 0.5-32% Polycose. In
Test 2 (right), the same mice were tested with 0.005-8% Polycose. An asterisk (*) indicates significantly (P < 0.05) higher values in the WT than P2X DoKO
group; a number sign (#) indicates a significantly higher value in the P2X DoKO than WT group.
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the Polycose data expressed as intake per 30 g BW (data not
shown) revealed a marginal Group X Concentration interac-
tion [F(6,120) = 2.15, P < 0.053]. In this analysis, the P2X
DoKO mice consumed less (P < 0.05) Polycose than WT
mice at 1-8% concentrations.

When retested with Polycose at a lower concentration range
(Test 2), there were no overall group differences in Polycose
intake or preference, but there were some concentration-
specific differences (Figure 1). In particular, the P2X DoKO
mice consumed less (P < 0.05) 0.5-1% Polycose than WT mice
but more 8% Polycose [Group X Concentration interaction,
F(6,120) = 8.0, P < 0.01]. When expressed as intake per 30g
BW (data not shown), the P2X DoKO mice consumed less
0.05-2% Polycose than did WT mice, but 8% Polycose intakes
did not differ. The DoKO group had a higher (P <0.01) percent
intake of 0.005% Polycose than WT mice, but otherwise the
groups displayed very similar preference for 0.05-8% Polycose
[Group X Concentration interaction, F(6,120) = 2.4, P < 0.05]
and both groups consumed significantly more Polycose than
water at 0.5-8% concentrations (Figure 1).

Experiment 2: Fat preference

Materials and methods

Animals

Naive adult P2X2/P2X3 DoKO (6 males and 7 females, 20-23
weeks old) and WT controls (8 males and 8 females, 16-22
weeks old) were used. The DoKO and WT mice did not signif-
icantly differ in body weights (27.7+ 1.1 vs. 28.511.2g), but
males weighed more than females (31.4£0.4 vs. 25.0+1.0g,
P <0.01). The animals were housed as in the first experiment.

Test solutions

Intralipid emulsions were prepared using 20% Intralipid
(2B6023, Baxter), a stable fat emulsion containing 20% soy-
bean oil, 2.25% glycerol, and 1.2% egg yolk phospholipids.
The 20% Intralipid was diluted with deionized water to pro-
duce emulsions that contained 0.003—-10% soybean oil.

Procedure

The DoKO and WT mice were given a 2-day choice test with
0.2% saccharin versus water. Five days later, they were given
a series (Test 1) of 2-bottle Intralipid versus water tests at
Intralipid concentrations of 0.313%, 0.625%, 1.25%, 5%,
10%, and 20%. The mice were then given water only for 4 days,
followed by a second test series (Test 2) at Intralipid concen-
trations of 0.003%, 0.03%, 0.313%, 0.625%, 1.25%, and 5%.
Each concentration was presented for 2 days in an ascending
order and the left-side positions of the bottles were alternated
daily. The data were analyzed as in the first experiment.

Results

In the pretest, the DoKO mice did not differ in their sac-
charin and water intakes (3.2 vs. 3.2 g/day), whereas the WT
mice consumed significantly (P < 0.01) more saccharin than
water (8.5 vs. 0.7 g/day).

In Test 1, overall, the P2X DoKO mice consumed less
Intralipid than WT mice [6.2 vs. 12.0g/day, F(1,27) = 22.6,
P < 0.001] (Figure 2). Both groups increased and then
decreased their Intalipid intake as concentrations increased
[F(6,162)=52.2, P <0.001], but the DoKO mice consumed less
(P <0.001) than WT mice at 1.25-5% concentrations [Group
x Concentration interaction, F(6,162) = 23.6, P < 0.001].
With respect to fat preference, the WT mice consumed sig-
nificantly more Intralipid than water at all concentrations,
whereas the DoKO mice preferred Intralipid to water only
at 5-20% concentrations (Figure 2). Their percent Intralipid
preferences were lower than those of the WT mice at 0.625—
5% concentrations [Group X Concentration interaction,
F(6,162) = 8.4, P < 0.001]. One unusual male DoKO mouse
strongly avoided Intralipid at 0.625% and 5-20% concentra-
tions, but there were no overall sex differences in Intralipid
intake or preference. There was a Sex X Concentration inter-
action [F(6,150) = 2.6, P < 0.05] and males consumed more
1.25% and 2.5% Intralipid than females.

In Test 2, a lower range of Intralipid concentrations (0.003—
5%) was presented and there were no overall group differences
in intake or preference and only a few concentration-specific
differences (Figure 2). Both the P2X DoKO and WT groups
increased Intralipid intake as concentration increased and
they differed only in that the WT mice consumed somewhat
more (P < 0.05) 1.25% Intralipid than DoKO mice [Group
x Concentration interaction, F(6,162) = 3.3, P < 0.001]. The
WT mice also had a higher percent intake of 0.003% Intralipid
than did the DoKO mice [Group X Concentration interaction,
F(6,162) = 2.1, P < 0.05] (Figure 2). Otherwise, the 2 groups
showed very similar Intralipid preferences at the 0.03-5% con-
centrations. However, whereas the WT mice consumed signifi-
cantly more 0.03% Intralipid than water, this difference was
not significant with the DoKO mice because of greater within-
group variability. The DoKO mice significantly preferred
Intralipid to water at 0.313% and higher concentrations. Note
that the atypical male DoKO mouse that avoided Intralipid in
Test 1 strongly preferred 1.25-5% Intralipid in Test 2.

General discussion

The present findings revealed significant preference defi-
cits for maltodextrin (Polycose) and fat (Intralipid) in P2X
DoKO mice. This extends the original findings of sucrose
and monosodium glutamate preference deficits in P2X
DoKO mice (Finger et al. 2005). Thus, it appears that the
tastes of maltodextrin and fat, like that of other nutrients,
require ATP signaling on P2X2/P2X3 receptors for their
normal detection.
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Figure 2

Intake (means + SE) of Intralipid solutions and water for the P2X DoKO group (top) and WT group (middle) and percent preference for Intralipid over

water for both groups (bottom) during 2-bottle Intralipid versus water choice tests. In Test 1 (left), naive mice were tested with 0.313-20% Intralipid. In Test
2 (right), the same mice were tested with 0.003-5% Intralipid. An asterisk (*) indicates significantly (P < 0.05) higher values in the WT than P2X DoKO group.

Maltodextrin taste

The WT mice were very attracted to the Polycose solu-
tions as evidenced by their robust preference and their high
intakes. Similar results were obtained with C57BL/6 (B6)
and 129 mice, which show Polycose concentration—response
functions similar to those of sucrose, the prototypical sweet

taste stimulus (Bachmanov, Reed, et al. 2001; Sclafani 2006;
Sclafani, Zukerman, et al. 2007). Yet, behavioral and elec-
trophysiological findings demonstrate that Polycose and
sucrose represent separate taste qualities (Sclafani 1987,
2004). In particular, mice missing the sweet taste receptor
components TIR2 and/or TIR3 show greatly attenuated
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responses to sucrose and other sweeteners but normal or
near-normal responses to Polycose (Treesukosol et al. 2009,
2011; Zukerman, Glendinning, et al. 2009; Treesukosol and
Spector 2012). Deletion of other taste signaling components,
however, impairs both sucrose and Polycose preferences
in mice. In 24-h tests, gustducin KO and Trpm5 KO mice,
unlike WT mice, failed to prefer 0.5-4% Polycose to water
(Sclafani, Zukerman, et al. 2007). Experiment 1 revealed
that naive P2X DoKO mice also did not significantly prefer
0.5-4% Polycose solutions but displayed significant prefer-
ences for 8-32% Polycose. The preferences for concentrated
solutions are likely due to the potent postoral actions of glu-
cose, the digestive product of Polycose. B6 mice acquire sig-
nificant preferences (80-90%) for flavored solutions paired
with intragastric (IG) infusions of 8% maltodextrin or
8-32% glucose (Sclafani and Glendinning 2005; Sclafani and
Ackroff 2012; Zukerman, Ackroff, et al. 2013). Consistent
with a postoral interpretation of Polycose preference, food-
restricted P2X DoKO mice, unlike WT mice, did not prefer
8% Polycose to water in 1-min choice tests, which minimize
postoral nutritive actions, but subsequently displayed a
robust (95%) Polycose preference in 24-h tests (unpublished
findings).

Although the P2X DoKO mice were indifferent to dilute
Polycose solutions in Test 1, they were similar to WT
mice in significantly preferring 0.05-8% Polycose in Test
2. Thus, prior experience with concentrated Polycose solu-
tions induced preferences for dilute Polycose solutions in
DoKO mice. This is similar to significant preferences dis-
played by gustducin KO, Trpm5 KO, and T1r3 KO mice
for dilute Polycose, glucose, or sucrose solutions after they
developed preferences for concentrated saccharide solutions
(Zukerman, Glendinning, et al. 2009; Zukerman, Touzani,
et al. 2009; Zukerman, Glendinning, et al. 2013). These find-
ings demonstrate the potency of glucose-containing sac-
charides to condition flavor preferences and the ability of
ageusic mice to use remaining taste, olfactory, and/or textual
cues to discriminate saccharide solutions from water. A role
for olfaction in saccharide preference is indicated by the
finding that olfactory bulbectomy attenuated the experience-
induced preference for dilute sucrose solutions in T1r3 KO
mice (Zukerman, Touzani, et al. 2009). Even in the absence
of unique flavor cues, mice and rats can utilize sipper spout
cues or location cues to develop postoral conditioned sac-
charide preferences (Elizalde and Sclafani 1990; de Araujo
et al. 2008).

Further evidence for a critical role of ATP signaling in
Polycose taste detection is provided by the recent finding that
mice missing the calcium homeostasis modulator 1 (Calhm1),
which is thought to mediate ATP release from taste cells, do
not show the normal stimulation of licking in brief access
tests with 3.2-32% Polycose solutions (Taruno et al. 2013).
Long-term (24-h) Polycose preference tests were not con-
ducted by Taruno et al., but we observed that Calhml KO
mice displayed a near-total preference for 8% Polycose over

water after 1-bottle experience with the saccharide (unpub-
lished data). This is consistent with our recent report that
Calhm1 KO mice acquired a strong sucrose preference after
24-h experience with the sugar (Sclafani et al. 2014).

Although P2X DoKO mice showed a marked reduction in
Polycose preference, they consumed nearly as much Polycose
as did WT mice. This contrasts with gustducin KO and
Trpm5 KO mice which, even after developing a preference for
Polycose, underconsumed 2-8% Polycose solutions relative
to WT controls. The reason why gustducin KO and Trpm5
KO mice but not P2X DoKO display persistent reductions in
Polycose intake is not known. It may be related, however, to
background strain differences; the gustducin KO and Trpm5
KO are expressed on a B6 background and the P2X DoKO
is expressed on a mixed B6 % 129 background.

Fat taste

In Experiment 2, the naive P2X DoKO mice, unlike WT mice,
were indifferent to dilute (0.313-2.5%) Intralipid emulsions
in Test 1 and preferred only more concentrated Intralipid
(5-20%) emulsions. However, in Test 2, the fat-experienced
DoKO mice preferred low-to-high Intralipid concentra-
tions relative to water and consumed amounts comparable
to those of WT mice. In a preliminary experiment reported
in summary form, we observed similar preference deficits in
P2X DoKO mice tested with 0.313-20% soybean oil emul-
sions (Ackroff and Sclafani 2010). Together, these findings
provide further evidence for an important role for gustation
and specifically for ATP neurotransmission in fat preference
in mice.

The fat preference deficits displayed by the naive P2X
DoKO mice are similar to those previously observed in
Trpm5 KO and CD36 KO mice (Sclafani, Ackroff, et al.
2007; Sclafani, Zukerman, et al. 2007). These mice, like
P2X DoKO mice, displayed no or attenuated preferences for
soybean oil/Intralipid emulsions at low concentrations but
significant preferences at high concentrations. Furthermore,
they displayed normal fat preferences when retested with
low oil concentrations. The experience-induced fat prefer-
ence displayed by all 3 KO genotypes can be attributed to
an acquired attraction to the nongustatory flavor proper-
ties (texture and odor) of fat conditioned by the nutrient’s
postoral reinforcing actions. In B6 mice, IG infusions of
3.2-12.8% Intralipid condition significant flavor preferences
(Sclafani and Glendinning 2005; Sclafani, Ackroff, et al.
2007; Sclafani et al. 2013; Ackroff and Sclafani 2014). Yet,
although the KO mice are similar in their experience-induced
fat preference, they differ in their fat acceptance. That is, in
Test 2, the P2X DoKO and WT mice consumed comparable
amounts of 2.5-5% Intralipid, whereas experienced Trpm35
KO and CD36 KO mice consumed less Intralipid at these
concentrations than their WT controls. The reason for this
discrepancy is not known, but as noted above, it may be
related to background strain differences.



CD36, GPR120, and GPR40 have been implicated as
fat taste receptors, and individual deletion of these recep-
tors substantially attenuates fatty acid preferences in mice
(Laugerette et al. 2005; Cartoni et al. 2010). However,
we recently reported that GPR40 KO, GPR120 KO, and
GPR40/120 DoKO mice, unlike CD36 KO mice, did not differ
from WT mice in their preferences for low-to-high Intralipid
concentrations (Sclafani, Ackroff, et al. 2007; Sclafani et al.
2013). The GPR40 KO and, to a greater degree, GPR40/120
DoKO mice were deficient, however, in their flavor condi-
tioning response to IG Intralipid infusions (Sclafani et al.
2013). These findings suggest that GPR40 and GPR120 are
more essential for the postoral than oral detection of fats.
The involvement of other GPR fatty acid receptors and fatty
acid sensitive potassium channels in fat taste requires further
study (Gilbertson and Khan 2014).

In summary, this study extends prior reports of severe
taste deficits in P2X DoKO mice and their ability to use
postoral chemosensory cues to guide food/fluid selection
(Finger et al. 2005; Eddy et al. 2009; Stratford and Finger
2011; Ohkuri et al. 2012). Whereas prior work focused on
the 5 “primary” tastes, the present results implicate ATP
neurotransmission in taste buds in the detection and prefer-
ence for maltodextrin and fat. Recent studies suggest that
maltodextrin and fat taste receptors exist in humans and,
although not evoking strong sensations, they may influence
exercise, metabolism, and perhaps food selection (Gant et al.
2010; Jeukendrup and Chambers 2010; Mattes 2011; Pepino
et al. 2011; Keller et al. 2012).
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