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Behavioral Evidence for a Glucose Polymer Taste Receptor
That Is Independent of the TIR2+3 Heterodimer in a Mouse
Model

Yada Treesukosol,> Kimberly R. Smith,"> and Alan C. Spector'>
Department of Psychology and 2Program in Neuroscience, Florida State University, Tallahassee, Florida 32306-4301

Although it is clear that the heterodimer formed by the T1R2 and T1R3 proteins serves as the primary taste receptor for sweeteners, there is
growing evidence that responses to glucose polymers may be mediated by a different taste receptor. Here we report that although T1R2 knock-
out (KO) and T1R3 KO mice displayed severely impaired responding to glucose, maltose, and maltotriose in an initial session of a brief-access
taste test (5 s trials, 25 min sessions) relative to wild-type (WT) mice, they subsequently increased their licking as a function of concentration for
maltose and maltotriose with continued testing, presumably due to associating weak oral cues with positive post-ingestive consequences.
Interestingly, these KO mice displayed relatively normal concentration-dependent licking to Polycose, a mixture of glucose polymers, evenin the
first session. Importantly, the experience-dependent increase in responsiveness to the sugars observed with the TIR2 and T1R3 single KO mice
was not statistically significant in the TIR2/3 double KO mice. The double KO mice, however, still displayed significant concentration-dependent
responding to Polycose in the first test session, albeit lick rates were slightly lower than those seen for WT mice, perhaps because small amounts
of glucose, maltose, and maltotriose found in Polycose were enhancing the signal in WT mice or because T1R2 or T1R3 can possibly heteromerize
with another protein to form a fully functional glucose polymer receptor. These findings provide behavioral evidence that glucose polymers, with

an optimal chain length greater than three glucose moieties, stimulate a taste receptor independent of the TIR2+ 3 heterodimer.

Introduction
Although evidence in the literature supports the view that the
heterodimer of the T1R2 and T1R3 proteins found in taste bud
cells serves as the taste receptor for sweeteners (see Chan-
drashekar et al., 2006), questions have been raised as to whether
there are other receptors to which longer chain glucose polymers
may bind (Sclafani, 1987, 2004b; Bachmanov and Beauchamp,
2007). This hypothesis is based primarily on behavioral and elec-
trophysiological studies demonstrating that rodents respond to
Polycose, a mixture of glucose polymers, in a manner that can be
distinguished from their responses to simple sugars and other
sweeteners (see Sclafani, 1987, 1991).

If “sweeteners” bind to T1R2+3, but sucrose and Polycose
elicit distinct taste qualities, it would follow that the TIR2+3
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heterodimer is not involved in the mediation of Polycose taste. In
support of this hypothesis, polymorphisms in the TasIr3 gene
that appear to affect responsiveness to some sweeteners do not
influence responsiveness to Polycose in mice (Inoue et al., 2007).
Furthermore, mice lacking T1R3 show only slightly reduced pref-
erences for Polycose over water in a 60 s two-bottle preference
test and display concentration-dependent behavior across test
sessions emulating that seen in WT mice (Zukerman et al,
2009a). Similarly, responses to Polycose in a brief-access test are
comparable between WT controls and TIR3 KO as well as T1R2
KO mice (Treesukosol et al., 2009). In contrast, unconditioned
responses to Na-saccharin and sucrose in the same KO mice are
severely reduced or abolished (Treesukosol et al., 2009; Zuker-
man etal., 2009a). Moreover, although the chorda tympani nerve
in TIR3 KO mice is relatively unresponsive to a range of sucrose
concentrations, its response to Polycose is similar to that ob-
served in WT mice (Zukerman et al., 2009a).

Although these findings suggest the TIR2 and T1R3 proteins
are individually unnecessary for relatively normal Polycose-
stimulated taste function, it remains possible that either subunit
alone is sufficient to maintain normal responsiveness to glucose
polymer mixtures. Indeed, some degree of responsiveness to
sweeteners, albeit severely blunted, has been observed in T1R2
and T1R3 KO mice, which disappears when both subunits are
deleted (Zhao et al., 2003). Moreover, Polycose consists of glu-
cose polymers of various chain lengths (Kennedy et al., 1995),
provoking the question as to what the relationship is between
glucose polymer chain length and taste-related behavioral re-
sponses in these KO preparations. Therefore, we presented sepa-
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rate groups of TIR2 KO and TIR3 KO mice and their WT
littermate controls with glucose, maltose, maltotriose, and Poly-
cose and assessed concentration-dependent licking responses of
these animals in a brief-access taste test. Importantly, we also
tested the responses of mice lacking both TIR2 and T1R3 to
decisively address whether the presence of at least one subunit of
the TIR2+3 heterodimer is necessary for the maintenance of
normal taste-related responsiveness to glucose polymers and po-
tentially provide strong behavioral evidence for the presence of a
glucose polymer taste receptor that is independent of T1R2 and
T1R3.

Materials and Methods

Subjects. Male and female breeding pairs of
mice that were homozygous null for the TasIr2
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Table 1. Number of mice and male (M) and female (F) composition in each group
for trial analysis

Glucose Maltose Maltotriose

n M F n M F n M F n M F

Polycose

ko 8 6 2 9 3 6 8 3 5 M 7 4
WT 8 6 2 9 3 6 8§ 3 5 M 7 4

ko 9 5 4 9 4 5 7 3 4 6 4 2
WT 9 5 4 9 4 5 7 3 4 6 4 2

KO 10 5 5 10 5 5 10 5 5 1 5 5
WT 7 1 6 18 7 m 15 6 9 17 1M 6
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shoebox cages in a room where humidity, tem-
& b Figure 1. Mean (== SE) licks to glucose, maltose, maltotriose, and Polycose adjusted for licks to water for TIR2 WT (top

perature, and a 12 h—12 h light—dark lighting
cycle were automatically controlled. Mice were
provided ad libitum chow (Purina Laboratory
Chow 5001) and deionized reverse-osmosis
water, except where noted.

Behavioral tests began when mice were at
least 7 weeks of age. These animals were singly
housed with unrestricted access to food and
water for at least 2 d before the start of behavioral testing. For the 4 d
of water training, the mice were placed on a restricted water-access
schedule for which water was available only during the daily testing
sessions. Water bottles were removed on Sunday, no more than 23 h
before testing. Mice that weighed <85% of their free-drinking weight
during the water-restriction schedule received 1 ml of supplemental
water 1 h after the end of the testing session. Mice that dropped below
85% of their free-drinking body weight for 2 consecutive days re-
ceived 2 ml of supplemental water 1 h after the end of the testing
session. Water bottles were returned to their home cages after the last
water training session.

Taste stimuli. All solutions were prepared with deionized reverse-
osmosis water and presented at room temperature. Test stimuli con-
sisted of six concentrations of glucose (0.0625, 0.125, 0.25, 0.5, 1.0,
2.0 M; BDH Chemicals), maltose (two glucose moieties—0.03125,
0.0625, 0.125, 0.25, 0.5, and 1.0 Mm; Alfa Aesar), maltotriose (three
glucose moieties—0.01875, 0.0375, 0.75, 0.15, 0.3, and 0.6 M; Sigma),
Polycose (1, 2, 8, 16, 24, and 32%; Ross Laboratories) and Na-

panel, filled circles), TIR2 KO (top panel, open circles), TIR3 WT (middle panel, filled circles), TIR3 KO (middle panel, open
circles), WT (bottom panel, filled circles), and T1R2/3 KO (bottom panel, open circles) mice during the first session. Only
mice that initiated at least one trial per concentration were included in this analysis. Curves could not be fit to the data for
T1R2 KO, T1R3 KO, or T1R2/3 KO mice for glucose, maltose, or maltotriose. *Performance that was significantly different
(p = 0.05) between KO and WT groups as revealed by Bonferroni-corrected post hoc t tests, *statistical significance that did
not survive Bonferroni correction.

saccharin (0.1, 0.5, 1.0, 5.0, 10.0, and 50.0 mwm; Sigma). These concen-
trations span the dynamic range of responsiveness for mice, and
concentrations within this range have been used in previous behav-
ioral and electrophysiological studies (e.g., Eylam and Spector, 2004;
Dotson et al., 2005; Glendinning et al., 2005; Inoue et al., 2007; Tree-
sukosol et al., 2009; Zukerman et al., 2009a). These ranges also over-
lap each other in regards to mass volume percentages.

Procedure. Testing took place in a lickometer (Davis MS-160, DiLog
Instruments) as described previously (e.g., Smith, 2001; Glendinning et
al., 2002). A mouse was placed in the test chamber of the apparatus. A
motorized shutter opened allowing the mouse access to a single spout,
positioned ~5 mm behind a slot, which was connected to a glass tube
containing a taste stimulus. To minimize potential olfactory cues from
the stimulus, a small fan positioned above the sample slot directed a
current of air past the drinking spout. The mouse initiated a trial by
licking the spout. Each trial was 5 s, followed by closure of the shutter and
a 7.5 s intertrial interval during which time the tube was changed via a
motorized block and the shutter reopened for the next trial. The first test
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Table 2. ANOVA values for tests of Licks Relative to Water values as a function of genotype and concentration for test session 1

Glucose Maltose Maltotriose Polycose
T1R2
Genotype Famy = 19.426, Fary = 5882, Fomy = 20.167, Fii = 2558,
p = 0.001 p =0.031 p = 0.001 p=10126
Concentration Fis,55 = 8419, Fis 65 = 8401, Fis,55) = 10.634, Fis.95) = 62.128,
p < 0.001 p < 0.001 p < 0.001 p < 0.001
Genotype X Concentration Fis 55 = 6.538, Fis6s5) = 8457, Fis,55 = 8.336, Fis.95) = 1.388,
p < 0.001 p < 0.001 p < 0.001 p=0236
T1R3
Genotype Fa4) = 8.256, Faqm) = 249, Faam) = 12.802, Fri.10 << 0.001,
p=10.012 p=10142 p < 0.001 p =099
Concentration Fis.70) = 4.625, Fis,55) = 27.826, Fis 55 = 5.714, Fis50) = 37.605,
p = 0.001 p < 0.001 p < 0.001 p < 0.001
Genotype X Concentration Fis.70) = 4.283, Fis,55 = 17.220, Fis,55) = 11372, Fis .50 = 0.362,
p = 0.002 p < 0.001 p < 0.001 p=0872
T1R2/3
Genotype Fiig = 19.024, Fog = 20711, Fog = 22.204, Fo.1) = 7.408,
p < 0.001 p < 0.001 p < 0.001 p=0013
Concentration Fis.05) = 3.724, Fis.00) = 21.572, Fis.00) = 13.342, Fis105) = 48.874,
p = 0.004 p < 0.001 p < 0.001 p < 0.001
Genotype X Concentration Fis,95) = 5.938, Fis.90) = 23.547, Fis.90) = 11.498, Fis,105) = 4.326,
p < 0.001 p < 0.001 p < 0.001 p = 0.001
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Figure2. Mean (== SE) to glucose, maltose, maltotriose, and Polycose adjusted for licks to water for TIR2 WT (top panel, filled

circles), TIR2 KO (top panel, open circles), TIR3 WT (middle panel, filled circles), TIR3 KO (middle panel, open circles), WT (bottom
panel, filled circles), and T1R2/3 KO (bottom panel, open circles) mice during the third session. Only mice that initiated at least one
trial per concentration were included in this analysis. Curves could not be fit to the data for TIR3 KO or TTR2/3 KO mice to glucose.
No T1R2/3 KO mice initiated at least one trial per maltose concentration, and thus data were not included for T1R2/3 KO mice for
maltose. *Performance that was significantly different (p = 0.05) between KO and WT groups as revealed by Bonferroni-corrected

post hoc t tests, *statistical significance that did not survive Bonferroni correction.

stimulus for each session was the highest concentration of the com-
pound, after which concentrations were presented in randomized order
(without replacement) in blocks of trials. The mice were able to initiate as
many trials as possible during the daily 25 min sessions.

Water training. The mice were placed on a 23 h restricted water-access
schedule during the 4 d of water training. On days 1 and 2, the mice were
presented with a single stationary tube of water and trained to lick in the
apparatus. The 25 min session began when the mouse licked the spout.

taste stimulus was tested for a 25 min session
on Monday, Wednesday, and Friday. Mice
were assigned to one of four stimulus groups so
that each KO and WT littermate pair was as-
signed to the same group. Mice were presented
glucose, maltose, maltotriose, or Polycose as
their first taste stimulus. The following week,
all mice were presented a range of Polycose
concentrations. In the last week of testing, all
groups were tested with Na-saccharin.

To promote stimulus sampling, we main-
tained the mice on a partial food and water
restriction schedule by presenting them with
~1 gof chowand ~2 ml of water ~23 h before
testing (see Glendinning et al., 2002). The or-
der of testing of different genotypes was bal-
anced as much as possible throughout the day.
Recovery days during which food and water
were available ad libitum were interjected be-
tween testing days. Due to the large sample
sizes, animals were tested in phases with repre-
sentations from both TIR2 and T1R3 groups in
each phase. The last phase tested all the TIR2/3
KO mice.

Data analysis. For test stimuli (week 2), the
mean number of licks at each concentration
was calculated by collapsing all trials across a
single session. For control Polycose testing
(week 3) and control Na-saccharin testing
(week 4), the mean number of licks at each
concentration was calculated by collapsing all
trials across the three test sessions. The mean

number of licks to water was subtracted from the mean number of licks at
each concentration, yielding a Licks Relative to Water value. This mea-
sure was successfully used in previous studies (Spector et al., 1996; Jiang
etal., 2008; Treesukosol et al., 2009) to produce concentration—response
curves that are adjusted to a water baseline. The Licks Relative to Water
value for each concentration of a stimulus was compared using ANOVAs.
The statistical rejection criterion of 0.05 was used for all analyses.
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Table 3. ANOVA values for tests of Licks Relative to Water values as a function of genotype and concentration for test session 3

Glucose Maltose Maltotriose Polycose
T1R2
Genotype Fm = 5124, Fai = 1376, Fig = 0.229, Frzo = 0438,
p =0.045 p =0.263 p =0.644 p = 0516
Concentration Fis55) = 24.438, Fis 60y = 112.836, Fis45) = 48.782, Fis.100) = 178.154,
p < 0.001 p < 0.001 p < 0.001 p < 0.001
Genotype X Concentration Fis 55 = 7.961, Fise0) = 8.17, Fis.a5) = 3.777, Fis.100) = 0.621,
p < 0.001 p < 0.001 p < 0.001 p=10684
T1R3
Genotype Fa1p = 6.447, Famy = 2634, Fa .y = 0255, Fp.9) = 5.887,
p = 0.026 p=0133 p=0624 p=0.038
Concentration Fis g0y = 27.340, Fis55) = 40.956, Fis,55) = 42.739, Fis 45) = 164.077,
p < 0.001 p < 0.001 p < 0.001 p < 0.001
Genotype X Concentration Fis g0y = 19.035, Fis 55 = 5.853, Fis,55) = 3.646, Fis 45) = 4.560,
p < 0.001 p < 0.001 p < 0.001 p = 0.002
T1R2/3
Genotype Fi20) = 93.644, — Fa.16) = 0.065, Fi20) = 0253,
p < 0.001 p = 0802 p = 0620
Concentration Fis100) 32.815, — Fis 80y = 35.590, Fis 100 = 96.541,
p < 0.001 p < 0.001 p < 0.001
Genotype X Concentration Fis.100) = 20.909, — Fis g0y = 21.149, Fis.100) = 18.050,
p < 0.001 p < 0.001 p < 0.001

Curves were fit to mean data for each group by using the following
logistic function:

a

f(X)=m>

where x = log,, stimulus concentration, a = asymptotic lick response
adjusted for water, b = slope, and ¢ = log,, concentration at the inflec-
tion point.

All mice were included in the analysis of the number of trials initiated
to each of the stimuli. However, Licks Relative to Water values for a
particular stimulus from an individual mouse were included for analysis
only if the mouse initiated at least one trial from each concentration
during the analyzed session for test stimuli (week 2) or at least two trials
from each concentration across the three sessions for the control Poly-
cose and Na-saccharin (weeks 3 and 4). This criterion was in place to be
certain that we had an adequate representation of the responses to the
entire stimulus set. Two-way ANOVAs (genotype X concentration) were
conducted to compare responses of each KO group with its respective
WT control group. Bonferroni-corrected post hoc t tests were conducted
at each concentration to compare licking responses between the geno-
types. Data from T1R2 KO and T1R3 KO mice were compared with those
of their respective WT control groups. Data from T1R2/3 KO mice were
compared with those from T1R2 WT and T1IR3 WT groups combined
(WT).

Genotyping. Tail samples were obtained from mice to determine geno-
type by PCR. DNA was extracted and PCR was performed in a final
reaction mixture volume of 12.5 ul including 1 ul of the isolated DNA.

The primers used for TIR2 were 5'-TTG GAG GAG GGG GCA GTG
GGA GTG-3" and 5'-ATA ATC CTC TCC TGC CAC CCT AAC-3" and
5'-CTG CCC CAA AGG CCT ACC CGC TTC-3'. PCR conditions were
as follows: a preheating step for 30 s at 95°C followed by 42 cycles of 30 s
at 95°C, 15 min at 60°C, and 1 min at 72°C and an autoextension step of
10 min at 72°C.

For T1R3, the primers used were 5'-CCC CAC ACA CCC ATC TAT
TGT TAG-3"and 5'-GACTTG AAT GCT TCT GCC CCC TAG-3".PCR
conditions were as follows: a preheating step for 30 s at 95°C followed by
40 cycles of 30 s at 95°C, 15 min at 50°C, and 2.5 min at 72°C and an
autoextension step of 10 min at 72°C.

The PCR products were separated using electrophoresis on a 1% aga-
rose gel.

Results

Glucose

Across the three sessions during which glucose was presented,
T1R2 KO, T1R3 KO, and T1R2/3 double KO mice displayed
virtually flat concentration-response functions, compared with
the WT controls as evident in the first (Fig. 1, Table 2) and third
(Fig. 2, Table 3) sessions.

All three KO genotypes [TIR2KO (t,4) = —2.596; p = 0.021),
TIR3 KO (t.15) = —3.595; p = 0.002), and T1R2/3 KO (t55) =
—8.980; p < 0.001)] initiated significantly fewer trials of glucose
collapsed across the three test sessions than did their WT controls

(Fig. 3).

Maltose

On the first session during which maltose was presented, T1R2
WT and TIR3 WT mice responded in a concentration-
dependent manner, whereas, as was observed with glucose, the
T1R2 KO, TIR3 KO, and T1R2/3 KO groups displayed essentially
flat concentration—response functions (Fig. 1, Table 2). By the
third session in which maltose was presented, however, one-way
ANOVAs did reveal a significant effect of concentration on lick-
ingin both the TIR2 KO (F5 59y = 39.2, p < 0.001) and TIR3 KO
(F(s25 = 9.3,p < 0.001) groups, supporting what is evident from
the curves: the KO mice that initiated at least one trial per con-
centration during a session displayed concentration-dependent
licking responses on session 3, in contrast to what was observed
onsession 1. Two-way ANOVAs of Licks Relative to Water values
also revealed a genotype X concentration effect when responses
of TIR2 KO and T1R3 KO mice were compared with their re-
spective WT control groups (Table 3). It is apparent from the
curves that this is largely attributable to the KO mice licking more
than their WT counterparts, to some low/mid-range maltose
concentrations (Fig. 2).

In contrast to the single KO groups, the T1R2/3 double KO
mice displayed virtually no concentration-dependent licking re-
sponses to maltose across the three sessions (Figs. 1, 2). In fact,
during the third session, none of the 10 TIR2/3 KO mice tested
initiated at least one trial per concentration; thus, no T1R2/3 KO
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Figure3. Mean (= SE) number of trials collapsed across three sessions, initiated to glucose,
maltose, maltotriose, and Polycose for TIR2 WT (top panel, black bars), T1R2 KO (top panel,
white bars), TIR3 WT (middle panel, black bars), TIR3 KO (middle panel, white bars), WT
(bottom panel, black bars), and TTR2/3 KO (bottom panel, white bars) mice. The KO groups that
initiated significantly (p = 0.05) fewer trials than their WT counterparts are denoted by *.

data from this session were included for the analysis of Licks
Relative to Water values.

The number of trials initiated to maltose collapsed across the
three test sessions did not significantly differ between the T1R2
KO and their WT controls (., = —1.204; p = 0.246), nor did it
differ between the T1IR3 KO and their WT controls (t5 =
—0.613; p = 0.548). However, T1R2/3 KO mice initiated signif-
icantly fewer trials to maltose than did the WT mice (.5, =
—4.889; p < 0.001) (Fig. 3).

Maltotriose

Both TIR2 WT and T1R3 WT mice displayed concentration-
dependent licking responses on the first session to maltotriose,
whereas all three KO groups had flat concentration-response
functions (Fig. 1, Table 2). However, both the TIR2 KO (F s ;5, =
8.2, p = 0.001) and the TIR3 KO (F(s,s = 10.3, p < 0.001)
groups had significant increases in Licks Relative to Water as a func-
tion of maltotriose concentration by the third session (Fig. 2, Table
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3). Although it did appear that by the third session, a small subset of
the T1R2/3 KO mice showed some degree of concentration-
dependent licking, this failed to reach significance.

Similar to what was observed in the maltose group, two-way
ANOVAs of Licks Relative to Water values revealed a genotype X
concentration effect when responses of TIR2 KO, T1R3 KO, and
T1R2/3 KO mice were compared with their WT counterparts for
sessions 1 and 3 (Table 3). For session 1, it is clear that the inter-
action is due to all three KO groups licking midrange to high
concentrations of maltotriose less than the WT mice. This was
also the case for the T1R2/3 KO mice in session 3. The significant
genotype X concentration interaction for the TIR2 KO and the
T1R3 KO mice in session 3 was likely due to the KO mice licking
more than their WT controls to some midrange maltotriose con-
centrations and slightly less to high concentrations.

The TIR2KO (t(,4) = —2.763; p = 0.015) and the T1R2/3 KO
(t3y = —3.462; p = 0.002) groups initiated significantly fewer
trials to maltotriose collapsed across sessions than their WT con-
trols. The number of trials initiated to maltotriose did not differ
between T1R3 KO mice and their WT counterparts (., =
—0.671; p = 0.515) (Fig. 3).

Polycose

The responses of the KO groups to Polycose were notably differ-
ent from that seen for glucose, maltose, and maltotriose in a very
important way; on the very first session all KO groups, including
the T1R2/3 KO, increased their lick rate as a function of concen-
tration (Fig. 1, Table 2). The T1R2/3 KO group did, however, lick
less than the combined WT group, especially at the 10% concen-
tration, which accounted for a significant genotype effect and a
significant genotype X concentration interaction. In session 3, a
genotype effect and a significant genotype X concentration inter-
action appeared for the analyses involving the T1R3 single KOs
compared with their WT controls, but this was because the KO
mice actually licked some of the concentrations at rates higher
than the WT mice (Fig. 2). Also in session 3, there was a signifi-
cant genotype X concentration interaction for the Licks Relative
to Water values comparing the T1R2/3 KO mice with the com-
bined WT group which is evident from the crossover nature of
the curves (Table 3).

In regard to the number of trials initiated to Polycose col-
lapsed across sessions, TIR2 KO (55, = 0.509; p = 0.617) and
T1R3 KO mice (t,5, = 0.168; p = 0.870) did not significantly
differ from their respective WT control groups. In contrast,
T1R2/3 KO mice initiated fewer trials to Polycose compared with
WT mice (t,5 = —3.816; p = 0.001) (Fig. 3). Thus, while it is
clear that the T1R2/3 KO mice clearly responded to Polycose in a
concentration-dependent manner, the combined absence of
both T1R2 and T1R3 appeared to attenuate the degree of Poly-
cose responsiveness when all of the data are considered on the
whole.

Control sessions

It has been previously been shown that TIR2 KO and T1R3 KO
mice display concentration-dependent responsiveness to Poly-
cose, similar to that of WT mice, in brief-access and 60 s prefer-
ence tests (Treesukosol et al., 2009; Zukerman et al., 2009a).
Accordingly, in the present study, Polycose was presented to con-
firm a lack of effect from the deletion of the respective genes. As
predicted, even on the very first control session, regardless of the
previous test session T1IR2 KO, T1R3 KO, and T1R2/3 KO groups
displayed concentration-dependent licking responses to Poly-
cose that were similar to WT controls (data not shown). Thus, the
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data across the three control sessions were
collapsed for analysis (Fig. 4). Clearly, all
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Na-saccharin control sessions served
as a functional confirmation of the KO
status of the mice. Consistent with what
has been previously observed (Zhao et al.,
2003; Treesukosol et al., 2009), in this
experiment, TIR2 KO, T1R3 KO, and
T1R2/3 KO mice showed virtually no re-
sponsiveness to a range of Na-saccharin
concentrations, whereas the WT groups
displayed concentration-dependent re-
sponses (Fig. 4, Table 4). Although repeated-
measures one-way ANOVAs did reveal a
significant effect of concentration on licking for TIR2 KO mice
(Fis.145) = 4690, p = 0.001) and TIR3 KO mice (F(s,40) = 2.511,
p = 0.032) but not T1R2/3 KO mice, as is evident from the curves
and two-way ANOVA statistics, all KO groups showed severely re-
duced licking responses to Na-saccharin. In fact, the mean Licks
Relative to Water values for T1R3 KO mice are not greater than 0 for
any of the Na-saccharin concentrations presented.

The TIR2 KO (£, = —3.616; p = 0.001), TIR3 KO (1,0, =
—4.941;p < 0.001),and TIR2/3KO (t,,,, = —7.177; p < 0.001)
groups all initiated significantly fewer trials to Na-saccharin com-
pared with WT mice (Fig. 4).

Discussion

The findings of the present study provide compelling behavioral
evidence for the presence of a glucose polymer taste receptor that
is independent of the T1IR2+3 heterodimer. On the first test
session, TIR2 KO, T1R3 KO, and T1R2/3 double KO groups all
failed to show concentration-dependent responses to glucose,
maltose, or maltotriose. In striking contrast, a concentration-
dependent licking response to Polycose was observed on the first
test session for all of the KO groups. These findings demonstrate
that concentration-linked unconditioned affective responsive-
ness to Polycose does not depend on the combined presence of
both proteins, or on the individual presence of TIR2 or T1R3.
Further, these data significantly buttress the longstanding hy-
pothesis championed by Sclafani (e.g., 1987, 2004b) that rodents

CONCENTRATION (%) CONCENTRATION (mM)

Figure4. Mean (==SE) licks to Polycose during control sessions during Week 3 (left column) and Na-saccharin during control
sessions on Week 4 (right column) adjusted for licks to water for TIR2 WT (top panel, filled circles), T1R2 KO (top panel, open
circles), TIR3 WT (middle panel, filled circles), T1R3 KO (middle panel, open circles), and WT (bottom panel, filled circles) mice. The
data are collapsed across the three control sessions. Only mice that initiated at least two trials per concentration were included in
the analyses. Bar graphs represent mean (== SE) total number of trials initiated by TIR2 WT, TIR2 KO, T1R3 WT, T1R3 KO, WT, and
T1R2/3 KO mice during Polycose control sessions (left) and Na-saccharin control sessions (right). All mice were included in the
analyses of trials. The T1R2/3 KO mice initiated significantly fewer trials to Polycose than did WT mice. All the KO groups initiated
significantly fewer trials to Na-saccharin than did WT mice as revealed by two-sample ¢ tests. *Performance that was significantly
different (p < 0.05) between KO and WT groups as revealed by Bonferroni-corrected post hoc t tests, *statistical significance that
did not survive Bonferroni correction.

and perhaps other species possess a novel taste receptor(s) that
binds with maltooligosaccharides.

In the subsequent sessions, a concentration-dependent lick-
ing response for maltose and maltotriose emerged in some T1R2
KO and T1R3 KO mice. Apparently maltose and maltotriose pro-
vide a sensory signal(s) that is too weak to elicit unconditioned
licking on the first session, but after it is associated with post-
ingestive feedback is sufficiently salient to promote concen-
tration-dependent licking in TIR2 and T1R3 KO mice. Such a
cue might be simply too weak or not present in glucose solutions
to support the formation of such associations in the KO mice.
Zukerman et al. (2009b) have shown that increases in sucrose
preference in TIR3 KO mice as a function of prior testing expe-
rience depends, in part, on an intact olfactory system. However,
in our study, the fact that the experience-dependent increase in
responsiveness to maltose and maltotriose was observed in single
KO mice but only weakly if at all for TIR2/3 KO mice suggests
that this signal is of a taste origin. In the literature, there are other
examples in which KO mice, initially ageusic as a result of various
taste-related gene deletions, display increased behavioral respon-
siveness to saccharides after previous exposure to caloric com-
pounds (Zhao et al., 2003; Sclafani, 2007; Treesukosol et al.,
2009). This has been attributed to a learned association between
an orosensory cue(s) and the post-ingestive nutrient feedback
from saccharide exposure. Indeed, the pairing of a novel nonca-
loric solution with an intragastric infusion of a caloric solution
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Table 4. ANOVA values for tests of Licks Relative to Water values as a function of genotype and concentration for the control sessions to Polycose and Na-saccharin

Polycose Na-Saccharin
Genotype Concentration Genotype X Concentration Genotype Concentration Genotype X Concentration
T1R2 Fir.68 = 0.400, Fis 340 = 465.531, Fis 340 = 8.987, Fir.65) = 49.880, Fis 35 = 96.449, Fis 35 = 42477,
p = 0529 p < 0.001 p < 0.001 p < 0.001 p <0.001 p < 0.001
T1R3 Fa 62 = 11.050, Fis 310 = 521.185, Fis 310 = 21.252, Fa 65y = 90.692, Fis 325 = 166485, Fis 35 = 133.063,
p = 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001
T1R2/3 Fr.05 = 0.076, Fisa7s) = 510.235, Fis.475) = 26.488, Fa0s = 119.124, Fis.a00 = 116.649, Fis.a00 = 129.246,
p=10783 p < 0.001 p < 0.001 p < 0.001 p <0.001 p < 0.001

has been shown to elicit a strong preference in rodents (e.g.,
Mehiel and Bolles, 1984; Elizalde and Sclafani, 1990; Ackroff et
al., 1993; Sclafani, 2004a; Sclafani and Glendinning, 2005) in-
cluding T1R3 KO mice (Sclafani et al., 2010). Importantly, inves-
tigators should beware, the brief-access taste test is not entirely
immune to the effects of prior testing experience.

In contrast to the responses to maltose and maltotriose, it does
not appear that a similar rapid learned association occurred for
glucose. This is not surprising considering that T1IR2 KO or T1R3
KO mice were relatively unresponsive to sucrose over three brief-
access test sessions unless they had previous experience to a ca-
loric compound (Polycose), in which case they showed some
degree of concentration-dependent licking to sucrose (Treesuko-
sol et al., 2009). Thus, it is plausible that with repeated exposure
to glucose, these KO mice might show increased licking at higher
concentrations. Nevertheless, there does appear to be a funda-
mental difference between the effectiveness of glucose and that of
maltose and maltotriose to generate experience-based increases
in concentration-dependent licking in a brief-access test. Consis-
tent with these findings, it has been shown that rats prefer mal-
totriose and maltose to a similar degree. Furthermore, preference
for glucose appears to be slightly less than that for maltotriose or
maltose (Sclafani etal., 1987), and preference for maltose appears
to beless than that for Polycose in rats (Sclafani and Clyne, 1987).
In terms of taste quality, maltose appears to be treated as some-
what between the taste qualities of sucrose and Polycose (Nissen-
baum and Sclafani, 1987; Spector and Grill, 1988; Sako et al.,
1994; Spector et al., 1997; Dotson and Spector, 2007).

Although T1R2 KO, T1R3 KO, and T1R2/3 KO groups all
displayed concentration-dependent responses to Polycose,
T1R2/3 KO mice initiated significantly fewer trials and also took
fewer licks to the higher concentrations of Polycose presented
than did WT mice. This was also true for the first Polycose control
session in which all of the T1R2/3 KO mice from the different
stimulus groups were combined (data not shown). The brief-
access test relies on the hedonic properties of the stimulus to drive
a behavioral response, and thus these findings suggest that Poly-
cose has less affective value to TIR2/3 double KO mice than to
mice missing only a single receptor protein. Perhaps the small
amounts of small glucose polymers (e.g., glucose, maltose, and
maltotriose) contained in Polycose or resulting from salivary am-
ylase activity are capable of stimulating putative TIR2 and T1R3
homodimers. In other words, in T1R2/3 KO mice lacking both
the heterodimer and the potential homodimers, the responses to
Polycose are not as robust as those observed in the single KO
animals because the signal may be slightly weaker.

It remains possible that maltose and maltotriose may be
weakly activating the putative glucose polymer receptor, the op-
timal stimulus of which appears to have a glucose chain length
greater than three (Sclafani et al., 1987). If true, however, the fact
that T1R2/3 KO mice did not show significant concentration-
dependent licking of these sugars throughout the three test ses-

sions suggests that the taste signal generated by the postulated
glucose polymer receptor must combine with that provided by
either a TIR2 or T1R3 homodimer to provide a sufficient cue to
support conditioning. Alternatively, perhaps the T1IR2 or T1R3
subunit heteromerizes with another protein to form a functional
glucose polymer receptor that is still capable of binding with its
adequate stimulus when both T1R subunits are missing, but in a
less effective way. Indeed, these are not mutually exclusive
possibilities.

Not only did the KO groups fail to respond to glucose, malt-
ose, or maltotriose in a concentration-dependent manner during
the first session, concentration-dependent licking responses to
saccharin, as predicted, were abolished in all of the KO groups.
These findings support the evidence in the literature that point to
the TIR2+3 heterodimer as the principal taste receptor for me-
diating “sweet” taste and also confirm that the individual pres-
ence of the TIR2 or T1R3 subunits cannot maintain behavioral
responsiveness to saccharin (Hoon et al., 1999; Bachmanov et al.,
2001; Kitagawa et al., 2001; Max et al., 2001; Montmayeur et al.,
2001; Nelson et al., 2001; Sainz et al., 2001; Li et al., 2002; Mont-
mayeur and Matsunami, 2002; Xu et al., 2004; Nie et al., 2005).

In summary, it appears that concentration-dependent affec-
tive taste responses to Polycose in a brief-access test do not de-
pend on the individual or combined presence of TIR2 and T1R3,
and thus these findings provide further support for a novel taste
receptor(s) that mediates glucose polymer taste. The evidence
suggests that the optimal ligand for stimulating the postulated
glucose polymer taste receptor consists of more than three glu-
cose moieties. Finally, responses to Polycose in T1R2/3 KO mice
were slightly reduced compared to single KO mice, and it appears
that at least T1IR2 or T1R3 is necessary to associate weak orosen-
sory cues of maltose and maltotriose with post-ingestive feed-
back. These data support the possibility that these subunits can
act as homodimers and perhaps are also heteromerizing with
another protein to form a fully functional glucose polymer recep-
tor. It has been suggested that the functional role of the putative
glucose polymer receptor is to allow animals to detect complex
carbohydrates in food sources (Sclafani, 2004b). Bilateral tran-
section of the glossopharyngeal nerve selectively reduces intake of
Polycose, but not sucrose in rats (Vigorito et al., 1987), raising the
possibility that the yet-to-be-identified glucose polymer receptor
is located in the posterior tongue. Furthermore, based on find-
ings from gene deletion studies in mice, it appears that
a-gustducin and Trpmb5 are necessary taste-signaling intermedi-
aries for unlearned preference of Polycose to be fully expressed
(Sclafani et al., 2007). More nerve transection studies incorporat-
ing psychophysically oriented tasks and targeted gene deletions
would help better localize the oral fields possessing the putative
glucose polymer receptor as well as help define its transduction
pathway(s). Although longer-chain polysaccharides appear to be
comparatively bland to humans and some other species (see Scla-
fani, 1987), there is evidence to suggest the presence of oral re-
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ceptors that respond to glucose polymers in humans (Chambers
et al., 2009). Thus, the signals arising from the putative glucose
polymer receptor may not be channeled into neural circuits re-
sponsible for taste perception, but rather subserve other physio-
logical functions in humans (see Spector and Glendinning,
2009).
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