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Abstract

Knockout (KO) mice missing the sweet taste receptor subunit T1r3 or the signaling protein Trom5 have greatly attenuated
sweetener preferences but learn to prefer sucrose in 24-h tests. Here, we examined 24-h preferences of T1r3 KO, Trpm5
KO, and C57BL/6J wild-type (WT) mice for glucose, fructose, galactose, and corn starch. Unlike glucose, fructose has little
postoral reward effect in WT mice, whereas conflicting data have been obtained with galactose. Naive KO mice were initially
indifferent to dilute glucose solutions (0.5-4%) but exhibited strong preferences for 8-32% concentrations. In a second
test, they strongly preferred (~90%) all glucose concentrations although they drank less sugar than WT mice. Naive KO mice
were indifferent to 0.5-8% fructose and avoided 16-32% fructose. However, the glucose-experienced KO mice displayed
significant preferences for all fructose solutions. Naive KO mice preferred only 8% galactose, whereas WT mice preferred
4-16% galactose, and all mice avoided 32% galactose. Galactose experience enhanced the preference for this sugar in KO
and WT mice. Naive T1r3 KO and WT mice displayed similar preferences for 0.5-32% corn starch, which were enhanced by
starch experience. Naive Trom5 KO mice did not prefer starch but did so after 1-bottle starch experience. The results confirm
the sweet taste deficits of T1r3 KO and Trpm5 KO mice but demonstrate their ability to develop strong glucose and milder
galactose preferences attributed to the postoral actions of these sugars. The acquired preference for the non-sweet flavor
properties of glucose generalized to those of fructose. The findings further demonstrate that although Trpm5 (but not T1r3)
signaling is essential for starch preference, Trom5 KO mice can learn to prefer starch based on its postoral effects.
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Introduction

The sweet taste of sugar is mediated in mammals by the
TIr2 + TI1r3 taste receptor and downstream signaling
elements including the G-protein gustducin and the Ca’-
activated cation channel Trpm5 (Chaudhari and Roper
2010). The importance of the T1r2 + T1r3 receptor to sweet
taste processing is demonstrated by the greatly reduced
gustatory nerve and behavioral responses to sugars and
artificial sweeteners in knockout (KO) mice missing one or
both of the genes Tasir2 or Taslr3 that code for the sweet
receptor components (Damak et al. 2003; Zhao et al. 2003).
In particular, the T1r3 KO mice are indifferent to sucrose
solutions in brief access licking tests and also fail to prefer
dilute sugar solutions in 24-h sugar versus water choice
tests (Zhao et al. 2003; Treesukosol et al. 2009; Zukerman
et al. 2009a). However, T1r3 KO mice develop significant

preference and acceptance for concentrated sucrose solutions
in 24-h tests (Damak et al. 2003; Zhao et al. 2003; Zukerman
et al. 2009a, 2009b; Brasser et al. 2010). Furthermore, after
experience with concentrated sucrose solutions, T1r3 KO
mice significantly prefer dilute sugar solutions to which they
were initially indifferent (Zukerman et al. 2009a, 2009b). The
experience-induced sucrose preference of T1r3 KO mice has
been attributed to a learned association between the T1r3-
independent orosensory properties (e.g., odor, texture) and
the postoral nutritive effects of the sugar (Zhao et al. 2003;
Zukerman et al. 2009a). This interpretation is supported by
2 subsequent studies from our laboratory. First, we reported
that anosmia induced by olfactory bulbectomy attenuated
sucrose preference in sugar-experienced T1r3 KO mice
(Zukerman et al. 2009b). Second, we observed that T1r3 KO
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mice, like normal C57BL/6 wild-type (B6 WT) mice, learned
a strong preference (92%) for a flavored solution (the CS+;
e.g., grape) paired with intragastric (IG) self-infusions of
16% sucrose over a different flavored solution (the CS—; e.g.,
cherry) paired with IG water infusions (Sclafani et al. 2010).
It remains possible, however, that a small residual taste
sensitivity to concentrated sugar solutions observed in T1r3
KO mice (Damak et al. 2003; Zhao et al. 2003) contributed
to their sucrose preference in 24-h tests.

TrpmS5S KO mice are also indifferent to sucrose in brief
taste tests, but they display significant preferences for con-
centrated sugar solutions in 24-h tests (Zhang et al. 2003;
Damak et al. 2006). As with T1r3 KO mice, the preference
for concentrated sucrose solutions is likely due to the post-
oral actions of the sugar, which is digested to glucose and
fructose in the gut. Supporting this view, Trpm5 KO mice
learned to prefer a CS+ solution paired with IG glucose infu-
sions (Sclafani and Ackroff 2012b). In addition, Trpm5 KO
mice learned to prefer a bottle side-position associated with
the consumption of a sucrose solution, which was attributed
to the nutritive conditioning effects of the sugar (de Araujo
et al. 2008). It is not known, however, if Trpm5 KO mice,
after developing a preference for concentrated sugar solu-
tions in 24-h tests, also prefer dilute sugar solutions as do
T1r3 KO mice (Zukerman et al. 2009a, 2009b). If so, then
this would demonstrate that the Trpm5 KO mice can learn to
identify and prefer dilute sugar solutions even though they
are not inherently attracted to them.

This study further investigated the process by which sweet-
ageusic KO mice develop preferences for carbohydrates in
24-h tests. Although early work suggested that postoral sugar
reward was due to the carbohydrate’s energy value, subse-
quent studies implicate the activation of postoral sugar-spe-
cific sensors in sugar appetite (Sclafani and Ackroft 2012b).
For example, although B6 WT mice acquire a significant
preference for a CS+ solution paired with IG glucose infu-
sions, they are indifferent to a CS+ solution paired with I1G
(and isocaloric) fructose infusions (Sclafani and Ackroff
2012a). Rat studies also demonstrate that IG glucose is
much more effective than IG fructose in conditioning flavor
preferences (Sclafani et al. 1993;Ackroff et al. 1997; Sclafani
et al. 1999; Ackroff et al. 2001). Based on these results, we
predicted that T1r3 and Trpm5 KO mice would express pref-
erences for glucose but not for fructose in long-term tests.
Experiment 1 tested this prediction by comparing the sugar
versus water preferences of T1r3 KO, Trpm5 KO, and WT
mice subjected to 24-h tests with 0.5-32% concentrations of
glucose or fructose (Test 1). The ascending test series was
repeated (Test 2) to determine if the sugar experience during
the first test would enhance subsequent sugar preferences of
the KO mice, as was observed with sucrose-experienced T1r3
KO mice (Zukerman et al. 2009a, 2009b). Finally, a third
test series was conducted to determine if experience with 1
sugar in the first 2 tests would influence the preference of the
KO mice for the other sugar in Test 3. In particular, it was

predicted that after acquiring a significant glucose prefer-
ence in Tests 1 and 2, the KO mice would also prefer fructose
in Test 3 because the 2 monosaccharides may share sweet
taste-independent orosensory properties (i.e., odor, texture)
(Zukerman et al. 2009b). On the other hand, initial fructose
experience was not expected to enhance the subsequent pref-
erences for fructose or glucose.

Experiment 2 compared preferences of T1r3 KO, TrpmS5
KO, and WT mice for the monosaccharide galactose.
Although less sweet than other sugars (Noma et al. 1971;
Jakinovich Jr and Goldstein 1976), galactose was of inter-
est because, like glucose but unlike fructose, it is a ligand
for the intestinal SGLT1 glucose transporter and sensor
(Wright et al. 2011), which may be involved in postoral sugar
conditioning (Sclafani and Ackroff 2012b). Furthermore, a
recent study reported that IG intubation of galactose and
glucose, but not fructose, conditioned place preferences in
mice suggesting that galactose has a postoral reward effect
similar to glucose (Matsumura et al. 2010). However, IG
infusions of 8% or 16% galactose failed to condition CS+
flavor preferences in B6 mice (Sclafani and Ackroff 2012a).
Furthermore, IG 16% galactose conditioned a flavor avoid-
ance in rats (Sclafani et al. 1999). Adult mice and rats have
a limited capacity to metabolize galactose (Berman et al.
1978; Solberg and Diamond 1987; Niewoehner and Neil
1992), and the postoral reward effect of this sugar may be
critically related to the amount of galactose consumed or
infused. The sweet-ageusic T1r3 and Trpm5 KO mice should
not be attracted to the taste of galactose, but they may
develop a preference for this sugar if it has glucose-like pos-
toral reward effects at specific concentrations. There are no
previous reports of galactose preferences in mice and only
1 published rat study (Richter and Campbell 1940). Thus, a
comparison of the preference responses of WT and KO mice
to galactose solutions of varying concentrations will provide
further insight into the postoral conditioning actions of this
monosaccharide.

Experiment 3 evaluated the preferences of T1r3 KO,
Trpm5 KO, and WT mice for corn starch. Prior studies
suggest that rodents have 3 different carbohydrate tastes,
that is, tastes for sugars, maltodextrins, and starch (Ramirez
1991a, 1991b; Ramirez 1994; Sclafani 2004; Sclafani et al.
2007). In particular, KO studies revealed that although
T1r3 KO mice are deficient in their taste response to sugars,
they show near-normal ingestive responses to polycose, a
soluble maltodextrin that is rapidly digested and absorbed
as glucose (Treesukosol et al. 2009; Zukerman et al. 2009a;
Treesukosol et al. 2011). In contrast, Trpm5S KO mice are
indifferent to dilute solutions of sucrose and polycose as
well as starch in 24-h 2-bottle tests, indicating that Trpm5
signaling is critical for all 3 carbohydrate tastes (Sclafani
et al. 2007). Because starch is digested to glucose in the gut,
we predicted that Trpm5 KO mice would develop a preference
for concentrated starch solutions in 24-h tests based on
their flavor conditioning response to IG glucose infusions



(Sclafani and Ackroff 2012b). There are no published data
on starch preference in T1r3 KO mice. Given that these mice
prefer starch-derived maltodextrin (polycose), they might be
expected to prefer pure corn starch as well (Treesukosol et al.
2009; Zukerman et al. 2009a; Treesukosol et al. 2011). This
is not certain, however, because gustducin KO mice show
an impaired maltodextrin preference but a normal starch
preference, suggesting that there are distinct taste pathways
for maltodextrin and starch taste (Sclafani et al. 2007).
Experiment 3 addressed these questions by measuring the
24-h preference responses of KO and WT mice to 0.5-32%
starch solutions.

Experiment 1: glucose and fructose preferences
in T1r3 KO, Trpm5 KO, and WT mice

Long-term 2-bottle tests (24 h/day, which are also referred
to as 48-h tests when extended over 2 days as in the pre-
sent experiment) are commonly used to compare genotype
differences in taste preference and acceptance (Lush 1989;
Bachmanov et al. 2001b). This method is most informative
at low sugar concentrations. At high concentrations, on the
other hand, 24-h sugar preferences may be influenced by
postoral effects that override inherent (or missing) taste pref-
erences. We previously reported that T1r3 KO mice develop
strong preferences for concentrated sucrose solutions, which
generalize to dilute sugar solutions in subsequent testing
(Zukerman et al. 2009a, 2009b). Experiment 1 tested the
prediction that T1r3 KO and Trpm5 KO mice will display
preferences for glucose but not fructose, which has minimal
postoral preference conditioning effects in B6 mice (Sclafani
and Ackroff 2012a). However, it is possible that the weak
residual taste responses of T1r3 KO mice to concentrated
sugars (Damak et al. 2003; Zhao et al. 2003) may support
some preference for fructose in 24-h tests.

Materials and methods

Animals

A total of 20 naive T1r3 KO (Damak et al. 2003) and 17
naive Trpm5 KO (Damak et al. 2006) mice were derived from
mice produced by homologous recombination in C57BL/6J
embryonic stem cells and maintained on this background.
A total of 20 naive B6 WT mice were derived from mice
obtained from the Jackson Laboratories (Bar Harbor, ME).
Studies were limited to female mice (10 weeks old); in a pre-
vious study, T1r3 KO male and female mice did not differ in
their preference for dilute or concentrated sucrose solutions
(Zukerman et al. 2009a). The animals were singly housed
in plastic tub cages with ad libitum access to chow (5001,
PMI Nutrition International, Brentwood, MO) and deion-
ized water in a room maintained at 22 °C with a 12:12 h
light:dark cycle. Experimental protocols were approved by
the institutional animal care and use committee at Brooklyn
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College and were performed in accordance with the National
Institutes of Health Guidelines for the Care and Use of
Laboratory Animals.

Taste solutions

Sugar solutions were prepared using food-grade glucose and
fructose (Tate and Lyle, Honeyville Food Products, Rancho
Cucamonga, CA) in deionized water. A sodium saccharin
solution (Sigma-Aldrich, St Louis, MO) was also used for
screening purposes. The solutions were formulated on a w/w
basis because intakes were measured by weight. The solution
tests were conducted in the animal’s home cages as previ-
ously described (Zukerman et al. 2009a).

Procedure

The T1r3 KO and Trpm5 KO were given a 2-day choice test
with 0.2% saccharin versus water to confirm their sweet
aguesia phenotype as in previous studies (Zukerman et al.
2009a, 2009b). The WT mice were not tested with saccharin
so that they would remain naive to sweet solutions prior to
the sugar tests. The mice of each genotype were divided into
Glucose and Fructose groups equated for saccharin intake
(KO mice only), water intake, and body weight (n = 10
each, except Glucose Trpm5 KO n = 8, Fructose Trpm5 KO
n =9). Four days later, they were given a series of 2-bottle
sugar versus water tests. In each test, the sugar solutions
were presented in order of increasing concentration (0.5%,
1%, 2%, 4%, 8%, 16%, and 32%) with each concentration
presented for 2 consecutive days. The solutions were available
23 h/day, and the bottles were weighed, cleaned, and refilled
during the remaining hour. In Tests 1 and 2, the Glucose and
Fructose groups were given glucose and fructose solutions,
respectively, versus water. In Test 3, the mice in the Glucose
group were given choice tests with 0.5-32% fructose versus
water, whereas the mice in the Fructose group were tested
with 0.5-32% glucose versus water. Four days of water only
separated each test series. The Fructose group was then given
a Test 4 with 0.5-32% fructose versus water.

Data analysis

Daily solution and water intakes were averaged over the
2 days at each concentration. Sugar intakes were also
expressed as kcal/day, and sugar preferences were expressed
as percent intakes (sugar intake/[sugar + water intakes] X
100). Genotype differences in sugar intakes and preferences
were evaluated using separate mixed-model analysis of vari-
ance (ANOVAs) with genotype and sugar concentration as
between-group and within-group factors, respectively; sepa-
rate ANOVAs analyzed the Glucose and Fructose groups.
When a significant genotype effect was shown, separate anal-
yses were conducted that compared each KO genotype with
the B6 WT mice; significant interaction effects were evaluated
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by simple main effects tests at each concentration according
to Winer (1962). Additional ANOVAs compared glucose ver-
sus fructose intake and preference within a genotype. The sig-
nificance of the sugar preference at each concentration was
evaluated for each group by comparing sugar intake versus
water intake using paired ¢-tests. To control for the use of
multiple 7-test comparisons across the several concentrations
of each carbohydrates, the a-level (0.05) was corrected with
the Bonferroni procedure (i.e., P = 0.05/7 or 0.00714).

Overall, WT and Trpm5 KO mice weighed slightly more
than T1r3 KO mice (22.3, 22.0 and 21.1g) based on body
weights averaged at the start and end of the study. Preliminary
analyses of the saccharide intakes expressed as intake/mouse
or intake/30-g body weight, as in previous studies (Sclafani
2007), produced very similar results and, therefore, the data
are reported as intake/mouse.

Results

Pretest

The KO mice failed to prefer the 0.2% saccharin solution.
In fact, the T1r3 KO mice consumed less saccharin than
water (2.3 versus 2.8 g/day, 1[19] = 3.6, P < 0.05), whereas the
Trpm5 KO mice did not differ in their saccharin and water
intakes (3.2 versus 2.7 g/day). These results agree with pre-
vious reports (Blednov et al. 2008; Zukerman et al. 2009a,
2009b; Glendinning et al. 2012).

Glucose groups

Tests 1-3.

In Test 1 (Figure 1), overall the Trpm5 KO and the T1r3 KO
mice consumed less glucose solution than did the WT mice
(6.9, 6.8, and 11.8g/day, respectively; F[2,25] = 23.5, P <
0.001). All 3 groups increased and then decreased their solu-
tion intakes as concentration increased (F]6,150] = 132.8, P
<0.001); both KO groups consumed less than the WT group
at 2-8% concentrations, and the T1r3 KO group also con-
sumed less sugar (16%) than WT and Trpm5 KO groups
(Group X Concentration interaction, F[12,150] = 16.8, P <
0.001). In addition, there was an overall effect of group on
glucose energy intake (3.5, 3.2, and 4.9 kcal/day for Trpm5
KO, T1r3 KO, and WT mice, respectively; F[2,25] = 17.1, P
< 0.001). Both KO groups consumed fewer calories at 4-8%
and at 32% compared with the WT group, and the T1r3 KO
group consumed fewer calories than the other groups at 16%
(Group % Concentration interaction, F[12,150] = 12.2, P
< 0.001). With respect to glucose preference, the WT mice
consumed significantly more glucose than water at 2-32%
concentrations, whereas the Trpm5 KO mice consumed sig-
nificantly more glucose at 16-32% and the T1r3 KO mice
at 8-32% concentrations. All 3 groups increased their per-
cent glucose intakes with concentration (£]2,25] = 12.8, P <

0.01). However, there was a Group X Concentration inter-
action (F[12,150] = 12.4, P < 0.001), and both KO groups
had reduced glucose preferences compared with WT mice
at 2-4%, and the Trpm5 KO mice had reduced preference
for 8% glucose compared with WT and T1r3 KO mice. All 3
groups displayed near-total glucose preferences at 16-32%.

In glucose Test 2, overall the Trpm5 KO mice consumed
less glucose than T1r3 KO mice, and both consumed less
than the WT mice (12.2, 15.4, and 18.0 g/day, respectively;
F[2,25] = 7.4, P < 0.001). All 3 groups increased and then
decreased their solution intakes as concentration increased
(F16,150] = 129.5, P < 0.001). As indicated in Figure 1, the
Trpm5 KO group consumed less glucose than WT and T1r3
KO groups at 4%, and both KO groups consumed less than
the WT group at 8-16% (Group X Concentration interac-
tion, F[12,150] = 9.3, P < 0.001). Glucose solution intakes
peaked at 8% for all groups although the intakes of the
T1r3 KO and Trpm5 KO mice were 24% and 38% lower,
respectively, than that of the WT mice. In addition, there
was an overall group effect on glucose energy intake, and
both KO groups consumed less than the WT mice (4.2, 4.8,
and 5.9 kcal/day, respectively; F[2,25] = 14.6, P < 0.001). The
Trpm5 KO group consumed less energy than T1r3 KO and
WT groups at 4%, and both KO groups consumed less than
WT group at 8-32% (Group X Concentration interaction,
F[12,150] = 11.8, P < 0.001). With respect to glucose prefer-
ence, the Trpm5 KO mice significantly preferred glucose to
water at 1-32%, and the T1r3 KO and WT mice preferred the
sugar at all concentrations. Analysis of the percent intake
data revealed that Trpm5 KO mice had lower preferences at
0.5% and 2-4% compared with the other 2 groups (Group X
Concentration interaction, F[12,150] = 4.4, P <0.001).

Within-group test comparisons revealed that Trpm5 KO
mice increased their absolute and percent glucose intakes
from Test 1 to 2, with differences being most pronounced at
0.5-8% concentrations (Test X Concentration interactions,
F16,42] > 7.2, P <0.001). The T1r3 KO mice also increased
their absolute intake (0.5-16%) and percent intakes (0.5-8%)
from Test 1 to 2 (Test X Concentration interactions, F[6,54]
> 15.7, P < 0.001). Similarly, the WT mice increased their
glucose intake at 0.5-16%, but their percent intake only at
0.5-2% from Test 1 to 2 (Test X Concentration interactions,
F16,54] > 18.3, P < 0.001).

In Test 3 (Figure 1), the Glucose groups were now tested with
fructose versus water. Overall, the WT mice consumed more
fructose than Trpm5 KO mice, which in turn consumed more
than T1r3 KO mice (11.7, 10.0, and 8.0g/day, respectively;
F[2,25] = 12.8, P < 0.001). In particular, the WT group con-
sumed more than both KO groups at 4-8% and also more than
the T1r3 KO group at 16%; the Trpm5 KO group consumed
more fructose than the other groups at 0.5-1% and more than
the T1r3 KO group at 8-16% (Group X Concentration inter-
action, F{12,150] =23.3, P <0.001). In terms of energy intake,
the WT group consumed more calories than the KO groups
at 4-8% and more than the T1r3 KO group at 16%; in turn,
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Figure1

Mean (sstandard error [SE]) glucose solution intake (top), percent glucose preference over water (middle), and glucose energy intake (bottom)

in Trpm5 KO, T1r3 KO, and B6 WT mice during 24-h 2-bottle glucose versus water in Tests 1 and 2, and fructose versus water in Test 3. Water intakes are
not shown. Significant (P < 0.05) group differences at individual concentrations are denoted by * where all the groups differ from one another, by B where
B6 WT group differs from both KO groups, by P where the Trpm5 KO group is different from both other groups, and by R where the T1r3 KO group differs
from the other groups. Note that the y axis range in the top graphs differs from those of Figures 2-5.

the Trpm5 KO group consumed more than T1r3 KO group
at 8-16% (Group %X Concentration interaction, F[12,150] =
8.8, P <0.001). All 3 groups showed near-total fructose pref-
erences for all concentrations and there were no group dif-
ferences, which contrasts with the results obtained with the
Fructose groups as described below. Yet, despite their strong
preference, the KO mice showed no increase in fructose intake
as concentration increased, although they decreased their
sugar intake at the 32% concentration.

Fructose group

Tests 1-4.

In Test 1 (Figure 2), the T1r3 KO mice consumed less
fructose solution than Trpm5 KO mice, and both consumed
substantially less than the WT mice (2.0, 2.9, and 6.6 g/day,
respectively; F[2,26] = 149.1, P < 0.001) (Figure 2). The
KO mice displayed no change in fructose intake at low and
intermediate concentrations but decreased intake at 16-32%

concentrations, whereas the WT mice increased and then
decreased their fructose intake as concentration increased
(Group X Concentration interaction, F[12,156] = 47.8, P <
0.001). Analyses at individual concentrations revealed that
the WT mice consumed more 2-32% fructose than both KO
groups, and the Trpm5 KO group consumed more 2-8%
sugar than T1r3 KO group. Likewise, in terms of energy
intakes, the WT mice consumed more than both KO groups
at 4-32%, and the Trpm5 KO mice consumed more than
T1r3 KO mice at 4-8% (Group X Concentration interaction,
F12,156] = 93.5, P < 0.001). With respect to fructose
preference, the WT mice consumed more fructose than water
at 2-32% concentrations; the KO mice were indifferent to
fructose at 0.5-8%, and the T1r3 KO mice consumed less
(P < 0.05) sugar than water at 16-32% and the Trpm5 KO
mice at 32% concentrations (F]2,26] = 187.7, P < 0.001). The
percent fructose intakes of the WT mice exceeded those of
both KO groups at 2-32% concentrations; in addition, the
Trpm5 KO mice had higher percent intake of 8% fructose
compared with T1r3 KO mice (Group X Concentration
interaction, F[12,156] = 37.6, P < 0.001).
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Figure 2 Mean (+SE) fructose solution intake (top), percent fructose preference over water (middle), and fructose energy intake (bottom) in Trom5 KO,
T1r3 KO, and B6 WT mice during 24-h 2-bottle fructose versus water in Tests 1, 2, and 4, and glucose versus water in Test 3. Water intakes are not shown.
Significant (P < 0.05) group differences at individual concentrations are denoted by * where all the groups differ from one another, by B where B6 WT group
differ from both KO groups, by P where Trom5 KO group differs from both other groups, and by R where the T1r3 KO group differs from the other groups.

In Test 2, group intake differences were more pronounced
than in Test 1. The WT mice consumed more fructose solution
than both KO groups at all concentrations, and the Trpm5 KO
mice consumed more than T1r3 KO mice at 0.5-8% concentra-
tions (Group X Concentration interaction, F[12,156] = 32.8, P
< 0.001). In terms of energy intakes, the WT mice consumed
more than KO mice at 2-32%, and Trpm5 KO mice consumed
more than T1r3 KO mice at 2-8% (Group X Concentration
interaction, F[12,156] = 53.8, P < 0.001). With respect to pref-
erence, the WT mice consumed more fructose than water at
0.5-32%, whereas the Trpm5 KO and T1r3 KO mice consumed
significantly less fructose than water at 32% and 8-32% con-
centrations, respectively. The percent fructose intakes of the
‘WT mice exceeded those of the KO mice at all concentrations,
and the Trpm5 KO mice had a higher percent intake than T1r3
KO mice at the 8% concentration (Group X Concentration
interaction, F{12,156]=9.2, P <0.001).

Within-group comparisons revealed that the WT mice had
higher fructose solution intakes and percent intakes in Test 2
compared with Test 1 at 0.5-16% and 0.5-2% concentrations,

respectively (Test X Concentration interactions, F[6,54] > 7.8,
P <0.001). In contrast, the Trpm5 KO mice did not change
their fructose intakes or percent intakes from Test 1 to 2,
whereas the T1r3 KO mice decreased their fructose intakes
and percent intakes in Test 2 at 2-16% concentrations (Test
x Concentration interactions, F[6,54] > 4.2, P < 0.001).

In Test 3, the Fructose groups were tested with glucose ver-
sus water (Figure 2). Overall, the WT mice consumed more
glucose than the Trpm5 KO mice, which in turn consumed
more than the T1r3 KO mice (12.6, 6.7, and 5.8 g/day, respec-
tively; F[2,26] = 22.1, P < 0.001). In particular, the WT mice
consumed more glucose than the KO groups at 1-16% con-
centrations (Group X Concentration interaction, F[12,156] =
10.1, P < 0.001). In terms of energy intakes, the WT group
consumed more than the KO groups at 4-32% concentra-
tions (Group X Concentration interaction, F[12,156] = 4.1,
P < 0.001). With respect to glucose preference, the WT
mice consumed more glucose than water at all concentra-
tions, whereas the T1r3 KO mice consumed more glucose
only at 16-32% concentrations. The Trpm5 KO mice failed



to drink significantly more glucose than water at any con-
centration, but this was due to 1 animal that avoided 16-32%
glucose; the remaining animals preferred glucose to water at
these concentrations. All 3 groups increased percent glucose
intakes with concentration (F]2,26] = 15.7, P < 0.001). The
percent intakes of the WT mice significantly exceeded that
of the Trpm5 KO and T1r3 KO mice at 1-8%; in addition,
percent intake of the Trpm5 KO mice was higher than that
of the T1r3 KO mice at 0.5% (Group X Concentration inter-
action, F[12,156] = 4.9, P <0.001).

In Test 4, the Fructose groups were tested again with
fructose versus water. In this test, overall, the WT and
Trpm5 KO mice consumed more fructose solution than did
the T1r3 KO mice (£]2,26] = 6.5, P < 0.01). In addition,
the WT mice consumed more fructose than did the KO
groups at 4-16% concentrations (Group X Concentration
interaction, F[12,156] = 18.5, P < 0.001). Other group
differences in solution and energy intakes are indicated in
Figure 2. The groups did not, however, differ in their percent
fructose intakes, which were 80% or higher as a function of
concentration (Figure 2).

Experiment 2: galactose preferences in T1r3
KO, Trpm5 KO, and WT mice

The galactose intakes and preferences of naive T1r3 KO,
Trpm5 KO, and WT mice were measured in two 24-h test
series as in Experiment 1. In addition, the mice were given
a third test with fructose to determine if previous galactose
experience influenced their preference for this sugar.

Materials and methods

Naive female T1r3 KO, Trpm5 KO, and WT mice (n =10
each, 10 weeks old) were tested as in Experiment 1, except
that all mice were given 0.5-32 % galactose (Sigma-Aldrich)
in Tests 1 and 2 and 0.5-32% fructose in Test 3. Two Trpm5
KO mice died during Test 1, and their data were eliminated
from the study.

Results

Pretest

In the 0.2% saccharin versus water test, the T1r3 KO mice con-
sumed less saccharin than water (1.4 g vs. 3.5g/day, #[9] = 4.3,
P < 0.05), whereas the Trpm5 KO mice did not significantly
differ in their saccharin and water intakes (3.3 g vs. 3.7 g/day).

Test 1
Galactose versus water.

In Test 1 (Figure 3), the WT and the Trpm5 KO mice overall
consumed more galactose than did the T1r3 KO mice (5.2,
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5.1, and 3.4 g/day, respectively; F[2,25] = 20.6, P < 0.001).
All 3 groups increased and then decreased their solution
intakes as concentration increased, although the WT mice
increased their intakes more than the KO groups (Group
x Concentration interaction, F[6,150] = 63.3, P < 0.001).
Analyses of the individual concentrations indicated that
the Trpm5 KO group consumed more (P < 0.05) galactose
than the other groups at 1-4% concentrations. The WT mice
consumed more (P < 0.05) galactose than T1r3 KO mice
at 4-8% concentrations and more than both KO groups at
16-32% concentrations. Galactose energy intake increased
with concentration (£]2,25] = 15.3, P < 0.001), and the WT
mice consumed more than the KO groups at the 16-32% con-
centrations (Group X Concentration interaction, F[12,150] =
5.4, P < 0.001). With respect to galactose preference, WT
mice consumed more sugar than water at 4-16% concentra-
tions, whereas the KO groups preferred only 8% galactose
to water; all 3 groups drank more water than 32% galactose.
Percent galactose intakes of the WT mice exceed those of the
KO mice at 4-16% concentrations (Group X Concentration
interaction, F[12,150] = 2.6, P < 0.05).

An unusual aspect of the galactose intake response is that
the rapid decline in galactose preference at the 16% and
32% concentrations was accompanied by a rapid increase
in water intake in all 3 groups (Figure 4). In particular, the
apparent low preference for 32% galactose occurred not
because the intake of the sugar solution was underconsumed
relative to the other concentrations but because water intake
was greatly elevated. Overall, the Trpm5 KO mice consumed
more water than did the T1r3 KO and the WT mice (5.3 g vs.
3.5g vs. 3.6 g, respectively; F[2,25] = 22.5, P < 0.001). There
was a Group X Concentration interaction, however, and the
Trpm5 KO mice consumed more water than the WT mice at
0.5-16%, and T1r3 KO mice consumed more than the WT
mice at 8%, but the WT mice consumed more water than
the KO mice at 32% concentration (Group X Concentration
interaction, F[12,150] = 5.1, P < 0.001).

Test 2

Galactose versus water.

In the second galactose test (Figure 3), there was no overall
group difference in solution intake. However, the Trpm5 KO
group consumed more galactose than the WT and T1r3 KO
groups at 2-8%, whereas the WT group consumed more than
both KO groups at 32% (Group X Concentration interaction,
F12,150] = 6.1, P < 0.001). In terms of energy intake, the
Trpm5 KO group consumed more than the other groups at
8%, but less at 16-32% (Group X Concentration interaction,
F[12,150] = 6.6, P < 0.001). Additionally, the T1r3 KO mice
consumed less energy than the WT mice at 32%. With respect
to preference, Trpm5 KO mice preferred galactose at 4-8%,
T1r3 KO mice at 2-16%, and WT mice at 0.5% and 2-16%.
All 3 groups avoided galactose at 32%. The groups did not
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Figure 3 Mean (£SE) galactose solution intake (top), percent galactose preference over water (middle), and galactose energy intake (bottom) in Trpm5
KO, T1r3 KO, and B6 WT mice during 24-h 2-bottle galactose versus water in Tests 1 and 2, and fructose versus water in Test 3. Water intakes are not
shown. Significant (P < 0.05) group differences at individual concentrations are denoted by * where all the groups differ from one another, by B where B6
WT group differ from both KO groups, by P where Trpm5 KO differs from both other groups, and by R where the T1r3 KO group differs from other groups.

differ in their percent intakes of 0.5-32% galactose solutions.
As in Test 1, water intakes increased substantially with the
16% and 32% galactose solutions (Figure 4). The Trpm5 KO
and T1r3 KO mice consumed more water than WT mice at
16%, but less water at 32% galactose concentration (Group X
Concentration interaction, F[12,150] = 2.7, P < 0.05).

Within-group comparisons indicated that the WT mice
overall consumed more galactose solution in Test 2 than 1
(F[1,9] = 6.4, P < 0.05) and more percent galactose in Test
2 at concentrations 0.5-2% (Test X Concentration interac-
tion, F16,54] = 3.4, P <0.01). The Trpm5 KO mice increased
their galactose solution and percent intakes from Tests 1 to 2
at 0.5-16% and 0.5-2%, respectively (Test X Concentration
interactions, F[6,54] > 18.3, P < 0.001). Similarly, the T1r3
KO mice increased their galactose solution and percent
intakes from Tests 1 to 2 at 0.5-16% and 0.5-2%, respec-
tively (Test X Concentration interactions, F[6,54] > 7.8, P
<0.001).

Test 3

Fructose versus water.

When given fructose in Test 3 (Figure 3), overall the WT

mice consumed more sugar solution and energy than did
the KO mice (F]2,25] > 26.4, P <0.001), and these differ-
ences varied as a function of concentration (Group X
Concentrationinteraction, F[2,25]27.1, P<0.001) (Figure 3).
Overall, the percent fructose intakes of the WT mice
exceeded that of the T1r3 KO mice which, in turn, exceeded
that of the Trpm5 KO mice (87%, 68%, and 57%, respec-
tively; F[2,25] = 36.3, P < 0.001). The WT mice preferred
fructose to water at 1-32%, whereas the T1r3 KO mice sig-
nificantly preferred only 1% and 8% fructose, and the Trpm35
KO mice failed to prefer fructose to water at any concentra-
tion. Importantly, both KO group avoided fructose at high
concentrations.
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Figure 4 Mean (+SE) galactose solution and water intake in B6 WT mice
(top), T1r3 KO mice (middle), and Trpm5 mice (bottom) during 24-h 2-bot-
tle galactose versus water test in Tests 1 and 2. The dash line represents
mean water intake prior to the 2-bottle test. Significant (P < 0.05) dif-
ferences between galactose and water at individual concentrations are
denoted by *.

Galactose versus glucose versus fructose.

Within-group analyses compared separately the response of
the 3 groups to the galactose, glucose, and fructose solutions
and is described in detail in Supplementary Figures 1-3. The
WT mice consumed substantially more glucose than fructose
and galactose in both Tests 1 and 2 and more fructose than
galactose in both tests (Supplementary Figure 1). Glucose
and fructose preferences were rather similar but greater than
that for galactose with the notable exception at the 8% con-
centration. The T1r3 KO mice also consumed significantly
more glucose than fructose and galactose but more galactose
than fructose particularly in Test 2 (Supplementary Figure 2).
Also, their glucose preferences exceeded that for the other 2
sugars, and their preference for galactose was greater than
that for fructose. Similarly, the Trpm5 KO mice consumed
more glucose than fructose and galactose and more galac-
tose than fructose (Supplementary Figure 3). Their glucose
preferences exceeded that for the other 2 sugars, and their
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galactose preferences were greater than those for fructose
particularly in Test 2.

Experiment 3: starch preferences in T1r3 KO,
Trpm5 KO, and WT mice

The first 2 experiments compared the preferences of T1r3
KO, Trpm5 KO, and WT mice to the monosaccharide sug-
ars glucose, fructose, and galactose. This experiment com-
pared their preferences for a complex polysaccharide, corn
starch. As noted in the Introduction, behavioral studies indi-
cate that rodents have a distinct “taste” for starch (Ramirez
1991a, 1991b; Ramirez 1994; Sclafani 2004), and we previ-
ously reported that Trpm5 KO mice, unlike WT mice, are
indifferent to dilute (0.5-4%) starch (Sclafani et al. 2007).
However, based on their response to glucose in Experiment
1, Trpm5 KO mice would be expected to develop a prefer-
ence for concentrated starch solutions given that starch is
digested to glucose in the gut. Whether T1r3 KO mice have a
normal or impaired preference for starch is not known. This
experiment, therefore, compared the preferences for 0.5-32%
starch in T1r3 KO, Trpm5 KO, and WT mice.

Materials and methods

Naive female Trpm5 KO, T1r3 KO, and WT mice (n =10
each, 17 weeks old) were used. As in the first 2 experiments,
the KO mice were given a saccharin screening test, and all
mice were then given 2 test series with ascending concentra-
tions (0.5-32%) of corn starch (ACH Foods, Memphis, TN).
Because starch is insoluble in water, the starch was presented
as a suspension in 0.3% xanthan gum (Sigma-Aldrich); this
same xanthan gum suspension, rather than water, was used
as the control fluid as in previous studies (Bachmanov et al.
2001a; Sclafani et al. 2007). The starch suspension and vehi-
cle were prepared with deionized water and were mixed in a
kitchen blender for 5min. Following Test 2, additional tests
were conducted with Trpm5 KO mice only in an attempt to
induce all the mice in this group to prefer starch to vehicle as
described in the Results. The drinking spouts in this experi-
ment had a larger hole size (2.5mm) than used in the previ-
ous experiments (1.5mm) to accommodate the viscosity of
the starch and gum suspensions. For simplicity, hereafter, the
starch suspension will be referred to as a starch solution.
Statistical tests were performed as in Experiments 1 and 2.

Results

Pretests

In the 0.2% saccharin versus water test, the T1r3 KO mice
drank more water than 0.2% saccharin (1.9 g vs. 2.6 g/day,
7[8] = 5.1, P <0.05), whereas the Trpm5 KO mice were indif-
ferent to saccharin and water (3.0 g vs. 3.3 g/day).
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Test 1

Starch versus gum.

In Test 1 (Figure 5), overall the WT mice and the T1r3 KO
mice consumed more starch than did the Trpm5 KO mice
(5.2, 4.3, and 2.5g/day, respectively; F[2,27] = 28.1, P <
0.001). The WT and T1r3 KO groups increased their starch
solution intake up to 16% and decreased it at 32% (Group
x Concentration interaction, F[6,162] = 14.7, P < 0.001).
The intakes of WT mice exceeded those of T1r3 KO mice,
which exceeded those of Trpm5 KO mice at 4-8% concen-
trations (F[2,27] > 18.6, P < 0.001). The intakes of WT and
T1r3 KO mice did not differ at 16-32% concentrations but
exceeded (P < 0.05) those of the Trpm5 KO mice (F]2,27]
> 13.6, P < 0.01). In terms of energy intake, the WT mice
consumed more starch than T1r3 KO mice, which consumed
more than Trpm5 KO mice at 4% and 8% concentrations
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Figure 5 Mean (+SE) starch + gum solution intake (top), percent starch
preference over water (middle), and starch energy intake (bottom) in Trpm5
KO, T1r3 KO, and B6 WT mice during 24-h 2-bottle starch + gum ver-
sus gum solution in Tests 1 and 2. Gum solution intakes are not shown.
Significant (P < 0.05) group differences at individual concentrations are
denoted by * where all the groups differ from one another and by P where
Trpm5 KO group differs both other groups.

(F[2,27] > 13.6, P < 0.001). Starch energy intake at 16-32%
did not differ between WT and T1r3 KO groups, and both
consumed more than Trpm5 KO group. In terms of pref-
erence, the T1r3 KO mice preferred starch over the vehicle
at 1-32%, whereas the WT mice preferred it at 2-32%. In
contrast, the Trpm5 KO mice failed to prefer starch at any
concentration and tended to drink less starch than gum at
16% and 32% concentrations (Group X Concentration inter-
action, F[12,162] = 16.7, P <0.001). The apparent avoidance
of starch at high concentrations, however, was due in part to
the starch + gum solution congealing at the tip of the sipper
tube. This did not happen with the WT and T1r3 KO mice
indicating that if the mice consistently consumed the con-
centrated starch solutions during the 24-h session, the starch
did not congeal.

Test 2

Starch versus gum.

In Test 2, the WT and T1r3 KO mice consumed similar
amounts of starch and more than did the Trpm5 KO mice
at all concentrations (11.1, 10.6, and. 4.8 g/day, respectively;
F2,27] = 15.7, P < 0.001). Similarly, the WT and T1r3 KO
mice consumed more starch energy than did the Trpm5 KO
mice, and these differences were significant at 8-32% con-
centrations (Group X Concentration interaction, F[12,162]
=15.5, P < 0.001). In terms of preference, the WT and the
T1r3 KO mice displayed near-total preferences for starch
at all concentrations, whereas the Trpm5 KO mice failed to
drink more starch than water (Group X Concentration inter-
action, F[12,162] = 6.1, P < 0.001).

A closer examination of the Trpm5 KO data revealed
that 5 of 10 Trpm5 KO mice preferred starch during Test 2,
whereas the remaining mice were indifferent or drank more
water than starch. In an attempt to induce all the Trpm5 KO
mice to prefer starch, the mice were given alternating 1-bot-
tle access to 8% starch and gum on 4 consecutive days during
which they consumed more starch than gum (8.4 g vs. 5.1¢g/
day, #[9] = 2.4, P < 0.05). In a subsequent 2-day choice test,
the Trpm5 KO group consumed significantly more 8% starch
than gum (9.4g vs. 1.1 g/day, /9] = 3.2, P < 0.05) although
3 mice still failed to prefer the starch. All mice were then
food restricted to 85-90% of their ad libitum body weight
and given another four 1-bottle training days followed by a
2-bottle test with 8% starch and gum. The Trpm5 KO mice
now consumed substantially more starch than gum in the
I-bottle training days (22.9 g vs. 5.2¢g/day, #[9] = 9.5, P <
0.001) and 2-day choice test (20.0g vs. 0.1g, #[9] = 26.7, P
< 0.001). The mice were then returned to ad libitum chow
and given another choice test during which all animals con-
sumed substantially more 8% starch than gum (98% prefer-
ence, 13.1 g vs. 0.2 g/day, #[9] = 10.0, P < 0.001). Four days
later, the Trpm5 KO mice were given a 2-day test with 0.5%



starch versus gum, and all mice strongly preferred the 0.5%
starch (97%, 9.5 g vs. 0.3 g/day, #[9] = 11.4, P < 0.001].

Within-group comparisons showed that the WT mice
increased (P < (0.05) their starch solution and percent intakes
from Tests 1 to 2 at 0.5-16%, 0.5-4% concentrations, respec-
tively (£]6,54] 2 38.0, P < 0.001). Similarly, the T1r3 KO mice
increased (P < 0.05) their starch solution and percent intakes
at 0.5-16%, 0.5-8%, respectively (F16,54] 2 12.8, P < 0.001).
In contrast, the Trpm5 KO mice did not increase their starch
solution or percent intake from Tests 1 to 2 although, as
noted above, they increased their 0.5% and 8% intakes after
1-bottle training.

General discussion

The T1r3 and Trpm5 signaling proteins are critical for the
normal taste response to sugars and artificial sweeteners in
mice (Damak et al. 2003; Zhang et al. 2003; Zhao et al. 2003;
Damak et al. 2006; Treesukosol et al. 2011). We recently
reported that T1r3 mice failed to display a normal prefer-
ence response to sucrose solutions in 1-min choice tests, but
in 24-h tests, they developed a significant preference and
increased acceptance for concentrated sucrose solutions
(Zukerman et al. 2009a). Furthermore, the T1r3 KO mice
subsequently displayed significant preferences for dilute
sucrose solutions to which they were initially indifferent. We
attributed this experience-induced sucrose preference to the
postoral learning effects, which was supported by our find-
ing that T1r3 KO mice, like WT mice, learned to prefer a
CS+ flavor paired with IG sucrose infusions. Trpm5 KO
mice are also reported to display little or no licking response
to sucrose in brief access tests but develop preferences for
concentrated sugar solutions in 24-h 2-bottle tests (Zhang
et al. 2003; Damak et al. 2006). As with T1r3 KO mice, the
long-term sugar preference is attributed to postoral effects,
which is supported by the IG glucose-conditioned CS+ pref-
erence observed in Trpm5 KO mice (Sclafani and Ackroff
2012b). This study extended the analysis of the acquired
sugar preferences in sweet-ageusic T1r3 and Trpm5 KO mice
by comparing their 24-h intake response to 3 monosaccha-
ride sugars as well as their response to starch.

Glucose preference

Based on the ability of T1r3 KO mice to develop significant
sucrose preferences in 24-h 2-bottle tests (Damak et al. 2003;
Zhao et al. 2003; Zukerman et al. 2009a, 2009b), we pre-
dicted that they would also develop strong preferences for
glucose in long-term tests. Experiment 1 revealed a 24-h
preference profile for glucose in naive T1r3 KO mice that was
similar to that previously observed for sucrose (Zukerman
et al. 2009a). The T1r3 KO mice were initially indifferent
to dilute glucose solutions (0.5-4%) but strongly preferred
concentrated solutions (8-32%), and then preferred 0.5-
32% glucose solutions when offered them again in Test 2. It
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should be noted that an earlier study by Damak et al. (2006)
reported near-normal 24-h glucose preferences in T1r3 KO
mice, but these animals had prior experience with sucrose
solutions. As the present findings demonstrate, prior experi-
ence with 1 sugar can significantly increase the preference for
other sugars in KO mice.

The glucose preference response of the Trpm5 KO mice
was similar to that of the T1r3 KO mice except that their
glucose preference threshold was 16% in Test 1, and they
displayed somewhat reduced intakes and preferences in Test
2. Conceivably, the Trpm5 KO mice may have a more severe
sweet ageusia than T1r3 KO mice, which have the intact T1r2
component of the sweet receptor. Recent findings, however,
revealed similar deficits in the licking response to glucose
in T1r3 KO, T1r2 KO, and T1r2 + T1r3 double KO mice
(Treesukosol et al. 2011). Alternatively, Trpm5 KO mice may
be less responsive to the postoral conditioning effects of
glucose. There is evidence for postoral sugar conditioning
in both KO models, but their sensitivity to postoral sugar
reward effects have not been directly compared (Sclafani and
Ackroft 2012b).

Fructose preference

Although sugar-naive T1r3 KO and Trpm5 KO mice devel-
oped strong preferences for glucose, they were indifferent
to fructose up to 8% and avoided 16% and/or 32% concen-
trations. As previously noted, we expected the KO mice to
be indifferent to fructose given their sweet taste deficit and
the finding that WT mice do not prefer a flavor paired with
IG infusions of 8% or 16% fructose (Sclafani and Ackroff
2012a). Together, these results indicate that the preference
KO mice display for concentrated sucrose is due primarily
to the postoral reward actions of the glucose released by
sucrose digestion in the gut. The failure of naive KO mice
to display any preference for fructose also indicates that the
small residual gustatory nerve response to sugars observed
in T1r3 KO and Trpm5 KO mice does not, by itself, account
for their preference for concentrated glucose or sucrose solu-
tions (Damak et al. 2003; Zhao et al. 2003; Damak et al.
2006; Ohkuri et al. 2009). Note that the WT mice increased
their preference for dilute fructose solutions from Test 1 to
2, which might suggest a postoral conditioning effect of the
sugar. However, WT mice given repeated tests with ascending
concentrations of saccharin were also observed to increase
their preference from the first to second tests (Sclafani 2006).
Saccharin does not have any known postoral conditioning
effects so it appears that familiarization with a sweet taste per
se is sufficient to enhance subsequent preference in WT mice.

The unexpected finding of Experiment 1 was that the
T1r3 KO and Trpm5 KO Fructose groups avoided the
16-32% fructose solutions. We replicated this finding in
naive female and male T1r3 KO mice tested with 8§-32%
fructose solutions (Supplementary Figure 4). Conceivably,
concentrated fructose solutions may have an off-taste to
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mice lacking T1r3 or Trpm5 sweet taste signaling proteins,
but unpublished findings discount this notion. That is, we
observed that naive water-restricted T1r3 KO and Trpm5
KO mice licked similar amounts of fructose, glucose, and
water at 16% and 32% sugar concentrations during 1-min
2-choice tests (unpublished data). Rather, it would appear
that the concentrated fructose solutions had an aversive or
“discomforting” postoral effect that caused the KO mice to
avoid it relative to water. Note that the WT mice reduced
their fructose preference from 97% to 79% as sugar concen-
tration increased from 8% to 32%. At a still higher concen-
tration (43.2%), rats were found to drink more water than
fructose although more glucose than water in 24-h 2-bottle
tests (percent intakes ~38% vs. 72%, respectively) (Cagan
and Maller 1974). Prolonged access to concentrated fruc-
tose solutions may produce strong satiation signals due to
rapid gastric emptying and slower intestinal absorption,
relative to glucose (Moran 2009).

In marked contrast to the sugar-naive KO mice, when the
T1r3 KO and Trpm5 KO mice in the Glucose groups were
offered fructose for the first time in Test 3, they did not avoid
the 16-32% fructose solutions. Rather, they significantly pre-
ferred all fructose concentrations to water, although their
fructose intakes were considerably below those of their glu-
cose intakes in Test 2. Furthermore, the mice in the fructose
KO groups, after developing a glucose preference in Test 3,
also significantly preferred all fructose concentrations to
water in Test 4. Thus, glucose experience had a profound
influence on the fructose preference of KO mice whether
it occurred before or after their first exposure to fructose.
Clearly, the postoral actions of fructose do not prevent the
T1r3 KO and Trpm5 KO mice from preferring this sugar in
all situations.

Galactose preference

Unlike glucose and fructose, galactose has received rela-
tively little attention in rodent taste studies. In mammals,
galactose stimulates the chorda tympani nerve (CTN) less
than fructose and glucose (Noma et al. 1971; Jakinovich
Jr and Goldstein 1976). Consistent with these results, the
B6 WT mice in this study displayed relatively low prefer-
ences for galactose compared with their preferences for
glucose and fructose. Similar preference profiles were
reported in rats (Richter and Campbell 1940). In contrast,
the naive T1r3 KO and Trpm5 KO mice showed stronger
preferences for galactose than for fructose although not
nearly as strong as their glucose preferences. Because the
sugar preferences of the KO mice presumably reflect post-
oral rather than taste effects, the present findings indicate
that galactose has a postoral reward effect in T1r3 KO and
Trpm5 KO mice. In Test 1, both KO groups preferred 8%
galactose to water, and in Test 2, the Trpm5 KO and T1r3
KO mice preferred the sugar at 4-8% and 2-16% concen-
trations, respectively. Nevertheless, the KO mice, like the

WT mice, consumed much less galactose than glucose. In
addition, all 3 groups drank more water than 32% galac-
tose in Tests 1 and 2. This compares to the early report
that rats avoided galactose at concentrations of 19% and
higher (Richter and Campbell 1940). The reduced intake
of concentrated galactose solutions by mice and rats pre-
sumably reflects their limited ability to metabolize this
sugar (Berman et al. 1978; Solberg and Diamond 1987,
Niewoehner and Neil 1992). The significant increase in
water intake displayed by the WT mice and KO mice when
drinking 16% and 32% galactose suggests galactosuria,
that is, excretion of galactose or its metabolite in the urine,
as observed in studies of mice and rats fed high-galactose
diets (Rancour et al. 1979; Solberg and Diamond 1987).
Yet, despite their avoidance of 32% galactose in Test 1, the
WT mice and KO mice displayed increased intakes and/or
preferences for 0.5-16% galactose in Test 2. This indicates
that impaired metabolism of the concentrated galactose
solutions did not condition an aversion (“dislike”) to the
sugar’s sweet taste in the WT mice or non-sweet flavor ele-
ments in the KO mice. As previously discussed, animals
may learn to limit their intake of poorly digested (e.g.,
lactose) or metabolized (e.g., galactose) sugars, but they
do not acquire taste aversions because the sugars do not
produce upper intestinal malaise (i.e., nausea) (Sclafani
et al. 1999).

The sugar preference results obtained with the T1r3 KO
and Trpm5 KO mice indicate that glucose and galactose,
but not fructose, have rewarding postoral actions in mice.
This is consistent with the findings obtained in a conditioned
place preference study conducted with outbred mice (ddY
strain) (Matsumura et al. 2010). The mice learned a prefer-
ence for a test chamber (“place”) that was associated with a
gastric gavage of 0.2 mL of 20% glucose or galactose, but
not fructose, compared with an alternative chamber associ-
ated with a saline gavage. On the other hand, we recently
reported that IG self-infusions of galactose failed to condi-
tion a flavor preference in WT mice (Sclafani and Ackroff
2012a). The IG galactose flavor conditioning results would
appear to conflict with the galactose preferences displayed
by the KO mice in Experiment 2. The apparent conflict may
be explained by the differential galactose intakes observed in
the present and 1G studies. The KO and WT mice consumed
as much as 9-13 g/day of the 8% galactose solution in the
2-bottle tests, whereas in the 1G study, the WT mice con-
sumed about 23 g/day of a net 8% galactose solution when
drinking flavored water (the CS+) paired with matched infu-
sions of I1G 16% galactose. Intakes were high in the IG study
because the mice were attracted to the palatable CS solutions
that contained 0.2% saccharin, which may have induced the
mice to self-infuse an excessive amount of galactose. The
high galactose intakes, in turn, may have had metabolic
effects that cancelled out any postoral reward actions of the
sugar. According to this analysis, IG galactose may condi-
tion a CS+ flavor preference if the training paradigm induces



lower galactose intakes, which we have confirmed in a recent
study (unpublished data).

Starch preference

In addition to their extensively studied sugar preferences,
mice also prefer complex carbohydrates including malto-
dextrin (e.g., polycose) and pure starch (Feigin et al. 1987;
Bachmanov et al. 2001a; Sclafani et al. 2007). A previous
study (Sclafani et al. 2007) from our laboratory demon-
strated that Trpm5 KO mice fail to prefer polycose or starch
(corn starch) at 0.5-4% concentrations. However, the Trpm5
KO mice developed strong preferences for 8-32% polycose
solutions similar to the preferences they displayed for 8-32%
glucose in Experiment 1. This study extended the analysis of
starch preference by testing Trpm5 KO and T1r3 KO mice
with 0.5-32% starch solutions. The 2 KO groups differed
substantially in their starch preferences, which contrast with
their similar sugar preference deficits. The T1r3 KO mice
were similar to WT mice in increasing their starch preference
as concentration increased in Test 1, and both groups dis-
played near-total starch preferences and elevated intakes in
Test 2. On the other hand, the Trpm5 KO mice did not prefer
starch at any concentration in Test 1. In Test 2, only half of
the Trpm5 KO mice preferred starch to gum although with
additional 1-bottle training with 8% starch eventually all the
Trpm5 KO mice acquired a preference for starch even at the
0.5% concentration.

This and previous findings indicate that the T1r3 receptor
component, although essential for normal sugar preferences,
does not mediate starch or maltodextrin preferences in mice
(Treesukosol et al. 2009; Zukerman et al. 2009a; Treesukosol
et al. 2011). The Trpm5 channel, however, is required for
starch, maltodextrin, and sugar preferences in naive mice
(Sclafani et al. 2007). Furthermore, Trpm5 KO mice dis-
played an impaired ability to develop a starch preference
with experience. In 24-h 2-choice tests, Trpm5 mice acquired
preferences for glucose, galactose, sucrose, and polycose at
4-8% concentrations (this study and Damak et al. 2006;
Sclafani et al. 2007), but failed to prefer starch at 0.5-32%
concentrations in Test 1. Only after 1-bottle training did all
the Trpm5 KO mice prefer starch to the gum vehicle. The
greatly impaired starch preference of Trpm5 KO mice may
have occurred because deletion of the Trpm5 channel dis-
rupts the orosensory detection of starch more than that of
sugar or maltodextrin. Starch detection may have also been
impaired because the mice were given the choice of the
starch + gum solution versus a gum solution rather than
plain water, which presumably reduced the discriminability
of the 2 fluids. However, a subsequent experiment revealed
that naive Trpm5 KO mice did not prefer an 8% starch +
gum solution to plain water, although they did so after
1-bottle starch training as in this study (unpublished data).
Note that the naive B6 WT mice displayed similar prefer-
ence thresholds (2%) for starch, glucose, and fructose despite
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the fact that the starch + gum solution was paired with a
gum solution. Furthermore, a previous conditioned aversion
study revealed that rats have a lower detection threshold for
starch (0.025%) than for sucrose (0.05%) (Ramirez 1991c).
Little is known about how mice and rats detect starch at such
low concentrations, but these findings imply a critical role
for TrpmS5 signaling in taste cells. The presence of amylase,
the enzyme that digests starch, in some taste cells may be
involved in the transduction process by which this complex
carbohydrate activates the taste cells (Merigo et al. 2009).

Carbohydrate acceptance

There are multiple dimensions to the appetite for carbo-
hydrates and other nutrients (Sclafani 1987; Spector and
Glendinning 2009). Early 24-h 2-bottle studies of sweet ageu-
sic KO mice focused exclusively on preference for sugar versus
water, and absolute intake data were not reported (Damak
et al. 2003; Zhao et al. 2003; Damak et al. 2006). However,
as reported in this study and elsewhere (Sclafani et al. 2007;
Zukerman et al. 2009a, 2009b), T1r3 KO and Trpm5 KO
mice show deficits in both the relative intake (preference)
and absolute intake (acceptance) of carbohydrate solutions,
and these deficits can be dissociated. In the case of glucose,
despite displaying near-total preferences for glucose in Test
2, the T1r3 KO and Trpm5 KO mice consumed significantly
less glucose than did WT mice, particularly at the 8% con-
centration that stimulated maximal solution intakes. Similar
results were reported with KO mice tested with concentrated
sucrose and polycose solutions (Sclafani et al. 2007). There
are several potential explanations for the disparate prefer-
ence and acceptance displayed by the KO mice relative to
the WT mice. First, previous IG conditioning studies with
WT mice indicate that the postoral actions of sugar and
polycose condition strong preferences for CS+ flavors,
but inherently preferred flavors (e.g., saccharin-sweetened
grape flavor), produce higher intakes than initially unpre-
ferred flavors (e.g., unsweetened grape flavor) (Sclafani and
Glendinning 2003; Sclafani 2007; Sclafani et al. 2010). Thus,
KO mice may acquire strong preferences for glucose and
sucrose based on a learned association between the sugars’
residual flavor cues (odor and texture) and postoral nutritive
feedback, but their intakes are submaximal because the KO
mice lack the inherent attraction to the sugars’ sweet taste.
Another, non-mutually exclusive explanation is that the KO
mice have an impaired ability to absorb and/or metabolize
concentrated carbohydrate sources because these processes
involve the action of TIr3 and/or Trpm5 in the intestinal
tract and pancreas (Jang et al. 2007; Margolskee et al. 2007;
Brixel et al. 2010; Geraedts et al. 2012; Kyriazis et al. 2012).
However, this does not account for the reduced consumption
of 8% glucose by the KO mice given that they were able to
consume more sugar (solute) when offered the 16-32% solu-
tions. Also, experienced T1r3 KO mice consumed as much
8% starch (Experiment 3) and 8% polycose (Zukerman et al.
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2009a) as did WT mice, so glucose absorption and metabo-
lism does not appear to be a limiting factor for T1r3 KO
mice (see also Glendinning et al. 2012). Starch and polycose
differ from glucose, however, in that T1r3 KO mice show
little or no taste deficits for these non-sweet carbohydrates
(Experiment 3) (Treesukosol et al. 2009; Zukerman et al.
2009a; Treesukosol et al. 2011), which supports the idea that
sweet ageusia accounts for the reduced glucose and sucrose
acceptance displayed by T1r3 KO mice. A third possibility is
that the sweet ageusia of T1r3 KO and Trpm5 KO mice dis-
rupts the normal sweet taste elicited cephalic phase digestive
responses (CPDR), which contribute to the normal posto-
ral processing of sugars (Smeets et al. 2010). There is as yet
no evidence that starch or polycose taste elicits unlearned
(or learned) CPDR in rodents, so the role of CPDR in the
acceptance of these carbohydrates by sweet ageusic KO or
normal WT mice is not known (Sclafani 1991; Tonosaki
2007).

Given the reduced glucose acceptance displayed by the
T1r3 KO and Trpm5 KO mice, it is not surprising that the
KO mice also underconsumed fructose relative to the WT
mice. What is notable about the fructose data, however, is
that after experience with glucose, the KO mice displayed
near-total preferences for fructose but, unlike WT mice, did
not increase their fructose intake as concentration increased.
Apparently, the conditioned preference for the non-sweet
flavor stimuli provided by fructose was insufficient to stimu-
late intake in KO mice as sugar concentration increased. The
increased fructose acceptance by the WT mice can be attrib-
uted solely to the sweet taste of the sugar given that B6 mice
show no preference or increased acceptance to a CS+ fla-
vor paired with IG fructose infusions (Sclafani and Ackroff
2012a).

Unlike glucose and fructose, the KO mice displayed nor-
mal or even enhanced acceptance of galactose solutions in
Test 2 except at the highest concentration. This may have
occurred in part because the minimally sweet taste of galac-
tose to the WT mice limited their appetite for this sugar at
0.5-16% concentrations. Why the KO mice underconsumed
32% galactose relative to WT mice in Test 2 is not known;
both oral and postoral factors may have contributed to their
reduced intake at this concentration.

In addition to the sugar intake differences observed
among the WT, T1r3 KO, and Trpm5 KO mice, this study
also revealed within-strain differences in the intakes of
the 3 sugars. One consistent finding is that all 3 strains
consumed substantially more glucose than fructose or
galactose whether expressed as solution or energy intake
(Supplementary Figures 1-3). The KO mice also con-
sumed more galactose than fructose, whereas the WT mice
consumed more fructose at intermediate concentrations
(2-8%) but not at higher concentrations. Previous studies
also reported higher glucose than fructose intakes in B6
WT mice (Bachmanov and Beauchamp 2008; Glendinning
et al. 2010). This differential intake cannot be attributed to

glucose having a sweeter taste given that 1) fructose pro-
duces stronger gustatory nerve responses than glucose in
WT mice (Damak et al. 2003) (see Supplementary Figure 5);
2) WT mice consumed more glucose than fructose when the
sugars were self-administered by IG infusions paired with
flavored saccharin solutions (Sclafani and Ackroff 2012a);
and 3) sweet-ageusic T1r3 KO and Trpm5 KO mice consume
more glucose than fructose (Experiment 1). Instead, glucose
overconsumption appears to be driven by the postoral appe-
tite stimulatory actions of this sugar (Zukerman et al. 2011;
Sclafani and Ackroff 2012b). The finding that T1r3 KO and
Trpm5 KO mice consumed more galactose than fructose is a
novel finding indicating that galactose has a postoral stimu-
latory action on sugar intake but one much less potent than
that of glucose.

Experiential effects on sugar preference

This study along with previous work (Zhao et al. 2003;
Damak et al. 2006; Zukerman et al. 2009a, 2009b) revealed
profound experiential effects on the carbohydrate prefer-
ences of taste-impaired T1r3 KO and Trpm5S KO mice. In
particular, naive KO mice that were indifferent to dilute
sucrose, glucose, polycose, and/or starch solutions displayed
near-total preferences for these solutions following 24-h
exposure to concentrated carbohydrate solutions. As dis-
cussed above, this experience-induced preference for simple
and complex carbohydrates in KO mice can be explained as
a conditioned response to non-taste flavor cues reinforced
by the postoral actions of glucose or galactose. It is also
possible that the weak residual taste nerve responses to
concentrated sugars displayed by T1r3 KO and Trpm5 KO
mice contribute to the conditioned preference. However,
some data indicate that a residual nerve response to sugar is
not essential for experience-induced preference. Unlike sin-
gle T1r3 KO and T1r2 KO mice, T1r2 + T1r3 KO double
KO mice showed no nerve response to sucrose (Zhao et al.
2003), yet double KO mice, like single KO mice preferred
sucrose to water after 24-h experience with the sugar (Zhao
et al. 2003; Zhao 2005). The present findings further indi-
cate that an experience-induced preference for 1 sugar gen-
eralizes to another sugar. Thus, glucose-experienced T1r3
KO and Trpm5 KO mice displayed near-total preferences
for fructose, in contrast to naive KO mice that failed to pre-
fer fructose at any concentration tested. Conceivably, 24-h
experience with concentrated glucose solutions may enhance
the sugar-sensitivity of gustatory nerves in KO mice and
thereby increase their sugar preferences in subsequent tests.
However, we observed no differences in the CTN responses
to glucose or fructose in naive versus glucose-experienced
T1r3 KO mice (Supplementary Figure 5). Similarly, unpub-
lished data revealed no difference in the CTN response to
sucrose in sucrose-naive and experienced T1r2 + T1r3 dou-
ble KO mice (Zhao 2005). Thus, the available evidence indi-
cates that experience-induced sugar preferences of KO mice
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are mediated by non-gustatory stimuli (odor and texture)
(Zukerman et al. 2009b).

In contrast to the present findings, de Araujo and cowork-
ers (2008) reported that sucrose or glucose experience did not
induce sugar preferences in Trpm5 KO mice, although the mice
learned to prefer a sipper tube side paired with sugar (Ren et al.
2010). de Araujo et al. (2008) proposed that differences in the
residual taste sensitivities of the TrpmS5 KO mice used in their
laboratory and ours might account for the discrepant results.
However, as noted above, experience-induced sucrose prefer-
ences were observed in T1r2 + T1r3 double KO mice with no
residual taste nerve responses (Zhao 2005). Rather, procedural
differences might be a more important factor. In particular, de
Araujo et al. (2008) measured sugar preferences using water-
and food-restricted Trpm5 KO mice tested 10 min/day, whereas
we used ad libitum-fed mice tested 24 h/day. It may be that longer
test sessions are needed for taste-impaired KO mice to differen-
tiate between the orosensory features of a sugar solution versus
water. It is also possible that postoral effects influence the fluid
choice of KO mice during long test sessions; that is, the KO
mice may drink more from the sugar bottle as they experience
the postoral reward effects of the sugar. However, this does not
readily explain the significant preferences displayed by glucose-
experienced Trpm5 KO mice for fructose solutions, which lack
postoral reward actions (Sclafani and Ackroff 2012a) or for
very dilute (0.5%) glucose solutions that presumably have mini-
mal postoral effects (Zukerman et al. 2013). Further research is
needed that directly compares experiential effects on short- and
long-term sugar preferences in the same animals.

Conclusions

The importance of sweet taste signaling to sugar appetite is
well established, and the sugar preference and acceptance
deficits displayed by sweet-ageusic KO mice provide com-
pelling confirmatory evidence. At the same time, the abil-
ity of the KO mice to develop preferences for concentrated
glucose, sucrose, and galactose solutions demonstrates that
there is more to sugar appetite than sweet taste. A postoral
contribution to sugar appetite has been demonstrated by
many studies showing that IG sugar infusions condition fla-
vor preferences and stimulate intake, a process referred to as
appetition to distinguish it from the intake satiating effects
of sugars (Sclafani 2012; Sclafani and Ackroff 2012b).
Although T1r3 and Trpm5 are critical to the appetite-stim-
ulating effect of sugars in the mouth, gut T1r3 and Trpm5
appear to have little or no role in postoral sugar appetition
as indicated by the ability of T1r3 KO and Trpm5 KO mice
to develop preferences for orally consumed or IG-infused
sugars (Sclafani and Ackroff 2012b). Rather, gut glucose/
galactose sensors, such as SGLT1, and hepatic-portal glu-
cose sensors are implicated in sugar appetition, as well as
that induced by complex carbohydrates (maltodextrin and
starch) that are digested to glucose (Sclafani 2012; Sclafani
and Ackroff 2012b).
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In addition to sugars, rodents and some other species are
attracted to maltodextrin and starch, which early behav-
ioral and electrophysiological findings indicated is medi-
ated by receptors other than the sweet receptor (Sclafani
2004). The normal preference for starch displayed by T1r3
KO mice (Experiment 3) and for polycose by T1r2 KO and
T1r3 KO mice provide compelling new evidence for this view
(Treesukosol et al. 2009; Zukerman et al. 2009a; Treesukosol
et al. 2011; Glendinning et al. 2012). In addition, the starch
preference deficit displayed by Trpm5 KO mice (Experiment
3) and the differential starch versus polycose deficits dis-
played by gustducin KO mice (Sclafani et al. 2007) are con-
sistent with the view that separate oral receptors mediate
maltodextrin and starch tastes (Ramirez 1991b; Sclafani
2004). The identities of the putative maltodextrin and starch
taste receptors in rodents remain to be established. Recent
reports indicate that humans orally detect maltodextrins, as
evidenced by improved motor performance, although they
report no specific taste sensation (Jeukendrup and Chambers
2010; Gant et al. 2010), which suggests that, like rodents,
humans may have taste receptors for complex carbohydrates.

Supplementary material

Supplementary Figures 1-5 can be found at http://www.
chemse.oxfordjournals.org/
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