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Abstract

Knockout (KO) mice missing the taste signaling protein Trpm5 have greatly attenuated sweetener
preferences but develop strong preferences for glucose in 24-h tests, which is attributed to post-
oral sugar conditioning. Trpm5 KO mice express mild preferences for galactose but no
preferences for fructose in 24-h tests, which suggests that these sugars differ in their post-oral
reinforcing effects. Here we investigated sugar-conditioned flavor preferences in Trpm5 KO and
C57BL/6J wildtype (B6) mice. The mice were trained to consume a flavored (CS+, e.g. grape) 8%
sugar solution and flavored (CS-, e.g., cherry) water on alternating days followed by two-bottle
choice tests with CS+ vs. CS- flavors in water and with unflavored sugar vs. water. The KO mice
displayed strong preferences (>80%) for the CS+glucose and CS+galactose but not for the CS
+fructose flavor. They also preferred glucose and galactose, but not fructose to water. In contrast,
the B6 mice preferred all three CS+ flavors to the CS- flavor, and all three sugars to water. In tests
with the non-metabolizable sugar a-methyl-D-glucopyranoside (MDG), the KO and B6 mice
preferred 8% MDG to water but did not prefer the CS+8%MDG to CS-. However, they preferred a
CS+ flavor mixed with 4% MDG over the CS- flavor. Trpm5 KO mice also preferred galactose
and MDG to fructose in direct choice tests. The Trpm5 KO data indicate that glucose and, to a
lesser extent, galactose and MDG have post-oral reinforcing actions that stimulate intake and
preference while fructose has a much weaker effect. The CS+ flavor and sugar preferences of B6
mice may be mediated by the sweet taste and/or post-oral actions of the various sugars. Glucose,
galactose, and MDG, but not fructose are ligands for the sodium-glucose transporter 1 (SGLT1)
which is implicated in post-oral sugar conditioning in B6 mice.
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1. Introduction

Sugar is a very attractive energy source for humans and other species. In rodents, sugar
appetite is initiated by the stimulation of sweet taste receptors in the mouth and is further
enhanced by the activation of post-oral sugar sensors in the gut and beyond [20]. The
importance of both oral and post-oral sugar sensors to sugar appetite is documented by the
behavior of genetically modified mice missing sweet taste signaling elements. These include
the T1r2 and T1r3 sweet receptor components and the Trpm5 calcium activated sodium
channel. In brief one- and two-bottle lick tests, T1r2, T1r3, and Trpm5 knockout (KO) mice
show little or no attraction to sucrose solutions over a range of concentrations, which
demonstrates the importance of oral taste signaling in sugar appetite [31,33,34,37]. Yet in
24-h tests, T1r3 KO and Trpm5 KO mice develop strong preferences for concentrated
sucrose solutions, which are attributed to a learned association between the non-taste oral
properties of the solution and the post-oral nutritive effects of the sugar [8,33,34,37,39].
Trpm5 KO mice can also acquire a conditioned position preference when trained to drink
sucrose and water at different bottle positions during 30-min training sessions [9]. Direct
evidence for post-oral sugar conditioning in T1r3 KO and Trpm5 KO mice is provided by
their acquired preference for a flavored solution (conditioned stimulus, CS+) paired with
intragastric (1G) infusions of sucrose or glucose [20,24]. The post-oral intake-stimulating
and preference conditioning actions of sugars are referred to as “appetition” to distinguish
this process from the satiation process that inhibits sugar intake [18]. The post-oral
appetition displayed by T1r3 KO and Trpm5 KO mice indicates that the T1r3 and Trpm5
taste signaling elements located in the gastrointestinal tract are not essential for the post-oral
modulation of sugar appetite [20].

Sugar-conditioned flavor preferences can be studied using an oral conditioning protocol.
With this method, animals are trained to drink, on alternate days, a sugar solution containing
an added flavor (the CS+, e.g., grape) and plain water containing a different flavor (the CS-,
e.g. cherry) [17]. Preferences are then assessed in a two-bottle choice test with the CS+ and
CS- flavors presented in plain water. Animals with an intact taste system can acquire
preferences based on the palatable sweet taste of sugars (flavor-taste conditioning) as well as
on the sugar’s post-oral nutrient properties (flavor-nutrient learning) [17]. However, taste
ageusic KO mice can acquire only flavor-nutrient based preferences. Using this oral
procedure, CS+ flavor preferences have been conditioned by sucrose or monosodium
glutamate solutions in taste ageusic P2X2/P2X3, T1r3, Trpm5, and Calhm1 KO mice
[3,25,29].

The present study used the oral procedure to investigate preference conditioning in sweet-
ageusic Trpm5 KO mice and C57BL/6J (B6) wildtype controls to CS+ flavors added to the
monosaccharide sugars glucose, fructose, and galactose. This was of interest because in 24-h
sugar vs. water tests Trpm5 KO mice developed strong preferences for glucose, moderate
preferences for galactose, and no preference for fructose solutions, which indicated that
these sugars differ substantially in their post-oral appetition effects [38]. The glucose and
fructose findings are consistent with a recent IG conditioning study in B6 mice showing that
IG glucose infusions conditioned a strong CS+ preference whereas |G fructose infusions
were ineffective [19]. The galactose preference displayed by the Trpm5 KO mice, however,
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contrasts with the failure of IG galactose infusions to condition a flavor preference in B6
mice trained 24 h/day [19]. More recently, however, we obtained significant, albeit mild
preferences with IG galactose in food-restricted B6 mice trained 1 h/day, indicating that
galactose has some post-oral appetition effect [36]; see also [14]. Based on the 24-h sugar
preferences displayed by Trpm5 KO mice, we predicted that they would learn preferences
for a CS+ flavor added to glucose and galactose solutions but not for a CS+ flavor added to
fructose. If so, this would provide further evidence for the differential post-oral appetition
actions of these three monosaccharide sugars. In contrast to Trpm5 KO mice, B6 mice might
be expected to acquire a preference for the fructose-paired CS+ flavor based on the sweet
taste of the sugar (flavor-taste learning). However, this was not certain because in a recent
study using a different conditioning protocol, B6 mice failed to prefer a fructose-paired CS+
flavor [16]. Following CS flavor training and testing, we also measured the sugar vs. water
preferences of the Trpm5 KO and B6 mice to confirm our prior findings obtained with sugar
solutions without added flavors [38]. The sugar solutions were all prepared at a
concentration which stimulated maximal or near maximal intakes in 24-h tests [38].

In a second experiment, we compared the flavor conditioning and preference responses of
Trpm5 KO and B6 mice to a non-metabolizable glucose analog, a-methyl-D-
glucopyranoside (MDG). This was of interest given our recent findings that IG infusions of
MDG conditioned CS+ preferences in B6 mice [36]. MDG, like glucose and galactose, is
transported into intestinal cells by sodium glucose transporter 1 (SGLT1) [32]. SGLT1 also
functions as a sugar sensor that stimulates intestinal hormone release [30] and is implicated
in post-oral sugar conditioning [36]. We recently reported that B6 mice strongly prefer
MDG to water in 24-h tests and actually prefer it to glucose in 3-min lick tests [4]. Gustatory
nerve recordings and conditioned taste aversion findings indicate that MDG has a sweet
taste to gerbils [12]. Based on these findings, we predicted that MDG would condition CS+
preferences in Trpm5 KO and B6 mice, but B6 mice would drink more MDG than KO mice
because of their attraction to the sugar’s sweet taste.

In Experiment 3, the relative preference of the Trpm5 KO and B6 mice for galactose vs.
fructose and MDG vs. fructose was evaluated in two-bottle tests. Based on the different
preference profiles observed in the sugar vs. water tests we predicted that the KO mice
would prefer galactose and MDG to fructose, providing additional evidence for the
differential post-oral appetition actions of these sugars.

2. Experiment 1. Glucose, fructose and galactose conditioned preferences

2.1. Method

2.1.1. Subjects—C57BL/6J (B6) mice (15 male, 18 female) were derived from
individuals purchased from Jackson Laboratories (Bar Harbor, ME). Trpm5 KO mice (14
male, 18 female) were derived from individuals developed on a B6 background [7]. The
targeted mutation for the Trpm5 KO is on the isogenic B6 background, having been
generated in C57BL6 embryonic stem (Bruce 4) cells. The mice were 10-11 weeks old at the
start of training. The Glucose and Fructose groups were run together in one cohort while the
Galactose groups were run in a second cohort with the same protocol. Each group had equal
or near equal numbers of male and female mice. The mice were singly housed in plastic tub
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cages with wire tops and provided with ad libitum access to chow (5001, PMI Nutrition
International, Brentwood, MO) and deionized water in a room maintained at 22 degrees C
with a 12:12 light-dark cycle (lights on 0900 h).

2.1.2. Test Solutions—Solutions were prepared using food grade glucose and fructose
(Honeyville Food Products, Rancho Cucamonga, CA), technical grade galactose (G0625,
Sigma Chemical Co., St. Louis, MO) and deionized water. The CS+ training solutions
contained 8% glucose (Glu), 8% fructose (Fru) or 8% galactose (Gal) and 0.05% cherry or
grape Kool-Aid (Kraft Foods, Rye Brook, NY); they are referred to as CS+Glu/Glu, CS
+Fru/Fru, and CS+Gal/Gal, respectively. The CS- solution was the other Kool-Aid flavor in
water. For half the mice in each group, the CS+ was cherry and the CS- was grape; for the
remaining animals the CS flavors were reversed. For the two-bottle tests, the sugar-paired
CS+ flavors (referred to as CS+Glu, CS+Fru, and CS+Gal) were presented in water as were
the CS- flavors (referred to as CS-, or CS-Glu, CS-Fru, and CS-Gal). Fluid was available
through sipper spouts attached to 50-ml plastic tubes that were placed on top of the home
cage. The sipper spouts were inserted through holes positioned 3.7 cm apart in a stainless-
steel plate positioned to the right of the food bin, and the drinking tubes were fixed in place
with clips. Fluid intakes were measured to the nearest 0.1 g by weighing the drinking bottles
on an electronic balance interfaced to a laptop computer. Daily fluid spillage was estimated
by recording the change in weight of two bottles that were placed on an empty cage, and
intake measures were corrected by this amount.

2.1.3. Procedure—*For the first week, the mice were given access to two bottles of water.
The Trpm5 KO (n=10) and B6 (n=11) Glucose groups were then given 4 days of one-bottle
access to CS- and CS+Glu/Glu on odd and even days, respectively. After 1 day of water
only, the mice were given a 2-day choice test (Test 1) with the CS+Glu vs. CS- flavors
presented in water; the 2-day test was repeated (Test 2) to determine the persistence of the
CS+ preference. After another day of water only, the mice were given a 2-day two-bottle test
with unflavored 8% glucose vs. water. The Fructose (KO n=10, B6 n=11) and Galactose
(KO n=12, B6 n=11) groups were given the same sequence of tests but with their respective
sugars. The left-right positions of the CS+ and CS- bottles were alternated throughout
training and testing to minimize the development of side preferences.

Fluid intakes were averaged in 4 or 2-day blocks and evaluated with analysis of variance.
Separate tests compared the CS+ and CS- intakes, and sugar and water intakes of the KO
and B6 groups given Glucose, Fructose or Galactose tests. Additional tests compared the
intakes of the three Glucose, Fructose and Galactose KO groups and three B6 groups.
Percent CS+ intakes and sugar intakes (e.g., CS+/Total intake x 100) were calculated for the
two-bottle tests and analyzed with analysis of variance or t-tests. A preliminary analysis
revealed no sex differences in CS+ or sugar preferences, and therefore the data for male and
female mice were combined; this lack of a sex difference is consistent with other findings
obtained with B6 mice [11,21,37].
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Glucose groups—Fig. 1 presents the one-bottle training and two-bottle test data. During
one-bottle training, both groups consumed more (P < 0.01) CS+Glu/Glu than CS-, although
the B6 mice drank more CS+Glu/Glu than the KO mice; CS- intakes did not differ (Group x
CS interaction, F(1,19) = 43.4, P < 0.001). Both groups also consumed more (P < 0.01) CS+
than CS- in the two-bottle tests with the flavors presented in water, but in this case, the KO
mice consumed more CS+ than did the B6 mice (Group x CS interaction, F(1,19) = 30.8, P
< 0.001). CS+ intakes declined from Test 1 to 2 with the drop greater in the KO than B6
mice, although the KO mice still consumed more CS+Glu than B6 mice in Test 2 (Group x
Test interaction, F(1,19) = 27.9, P < 0.001). Overall, the percent CS+ preferences of the KO
group exceeded those of the B6 group (F(1,19) = 13.3, P < 0.01) and declined in both groups
from Test 1 to 2 (F(1,19) = 22.6, P < 0.001). In the two-bottle test with unflavored glucose
vs. water, both groups consumed significantly more sugar than water (F(1,19) = 295.5, P <
0.001) but the glucose intake and percent preference were greater (P < 0.01) in the B6 than
KO mice.

Fructose groups—During one-bottle training, only the B6 mice consumed more (P <
0.01) CS+Fru/Fru than CS- and their CS+Fru/Fru intake exceeded (P < 0.01) that of the KO
mice (Group x CS interaction, F(1,19) = 82.1, P < 0.001). The B6 mice also consumed more
CS+ than did the KO mice in the CS flavor only test (Group x CS interaction, F(1,19) = 8.3,
P < 0.01) and their percent CS+ intakes exceeded those of the KO mice (Group x CS
interaction, F(1,19) = 7.7, P < 0.01). Nevertheless, the KO mice, like the B6 mice, consumed
more (P < 0.05) CS+ than CS- although their percent preferences were only 59-62%
compared to the 66-82% preferences of the B6 mice. The KO mice, however, did not
consume more fructose than water in the unflavored sugar test, in contrast to the B6 mice
which consumed substantially more sugar than water (Group x Fluid interaction, F(1,19) =
83.3, P <0.001). The percent sugar intake of the B6 mice also exceeded that of the KO mice
(94% vs. 55%, P < 0.01).

Galactose groups—During one-bottle training, the groups did not differ in their CS
intakes and overall consumed more (P < 0.01) CS+Gal/Gal than CS- (F(1,20) = 195.8, P <
0.001). Both groups also consumed more (P < 0.01) CS+Gal than CS- in the two-bottle tests
(F(1,20) = 28.6, P < 0.001) and they did not differ in their CS intakes. CS+ intakes declined
from Test 1 to Test 2 (CS x Test interaction, F(1,20) = 7.9, P < 0.05). The percent CS+Gal
preferences were numerically higher in the KO group than the B6 group but these
differences were not significant (P < 0.10) and overall percent CS+ intakes declined from
Test 1 to 2 (F(1,20) = 7.6, P < 0.05). The KO and B6 groups consumed more galactose than
water in the final test (F(1,20) = 85.3, P < 0.001) and their intakes did not differ. The KO
and B6 groups also did not significantly differ in their percent galactose intakes (79% vs.
90%, p < 0.07).

Trpm5 KO groups—Analysis of the three Trpm5 KO groups indicated that the mice
differed in their CS+sugar but not CS- training intakes as follows: CS+Glu/Glu > CS
+Gal/Gal > CS+Fru/Fru (Group x CS interaction, F(2,28) = 35.5, P < 0.001). In the two-
bottle flavor test, the KO groups differed in both their CS+ and CS- intakes (Group x CS
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interaction, F(2,28) = 13.3, P < 0.001). In this case, CS+Glu intake exceeded (P < 0.05) that
of CS+Gal and CS+Fru, while CS-Fru exceeded (P < 0.05) that of CS-Gal and CS-Glu.
Overall, the percent CS+Glu and CS+Gal intakes exceeded (P < 0.05) that of the CS+Fru
(88% = 77% > 61%, F(2,28) = 7.9, P < 0.01). In the sugar test, intake of glucose and
galactose exceeded that of fructose (14.8 = 11.1 > 4.2 g, P < 0.01) while water intakes did
not differ (Group x Fluid interaction, F(2,28) = 11.5, P < 0.001). Similarly, the percent
glucose and galactose intakes exceeded that of the percent fructose intake (85% = 79% >
55%, F(2,28) = 14.4, P < 0.001).

B6 groups—During one-bottle training, the B6 groups consumed more CS+Glu/Glu than
CS+Gal/Gal and CS+Fru/Fru; CS- intakes did not differ (Group x CS interaction, F(2,30) =
232.6, P < 0.001). In the two-bottle CS flavor tests, overall the B6 groups consumed more
CS+ than CS- (F(1,30) = 64.2, P < 0.001) and there were no other differences. The groups
also did not differ in their percent CS+ intakes although percent CS+Glu and CS+Fru
intakes were somewhat higher than CS+Gal intakes (75% = 74% = 64%). The B6 groups
differed in the sugar test, however, in that glucose intake was twice as much as that of
fructose and galactose (Group x Fluid interaction, F(2,30) = 67.7, P < 0.001) although
percent sugar intakes did not differ (99%, vs. 94% vs. 90%).

3. Experiment 2. MDG conditioned flavor preferences

3.1. Method

3.2. Results

The conditioning response of Trpm5 KO and B6 mice to a CS+ flavor mixed into an MDG
solution and their preference for MDG over water were investigated using the protocol of
Experiment 1. However, separate groups were tested with 8% MDG and 4% MDG. These
concentrations were tested because in our prior study 1G infusion of 8% MDG, which was
diluted to 4% in the stomach by the ingested CS+ solution, conditioned a stronger preference
than did 1G infusion of 16% MDG, which was diluted to 8% in the stomach [36].

8% MDG—Naive Trpm5 KO (5 male, 5 female) and B6 (5 male, 5 female) were housed as
in Experiment 1. The CS+MDG/MDG training solution contained 8% MDG (a-methyl-D-
glucopyranoside, Sigma) flavored with 0.05% grape or cherry Kool-Aid. The CS- solution
contained the alternate Kool-Aid flavor in water. The mice were trained and tested with the
flavored solutions followed by a two-bottle test with unflavored MDG vs. water as in
Experiment 1.

4% MDG—Naive Trpm5 KO (5 male, 5 female) and B6 (5 male, 5 female) were treated as
above except that they were trained and tested with 4% MDG solutions.

8% MDG—Fig. 2A presents the one-bottle training and two-bottle test data. During one-
bottle training, both groups consumed more (P < 0.001) CS+MDG/MDG than CS-, although
the B6 mice drank more CS+MDG/MDG than the KO mice (P < 0.001); CS- intakes did not
differ (Group x CS interaction, F(1,17) = 13.9, P < 0.01). In the two-bottle CS flavor tests,
neither group preferred the CS+MDG to the CS- and their intakes and preferences did not
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differ. Yet, in the 8% MDG vs. water test, both groups drank significantly more MDG than
water (P < 0.001), although the B6 mice drank more than twice as much 8% MDG as did the
KO mice (Group x CS interaction, F(1,18) = 27.9, P < 0.001) and displayed a stronger MDG
preference (91% vs. 68%, P < 0.01).

4% MDG—During one-bottle training (Fig. 2B), both groups consumed more (P < 0.001)
CS+MDG/MDG than CS-, and the B6 mice drank more CS+MDG/MDG than the KO mice
(P < 0.001); CS- intakes did not differ (Group x CS interaction, F(1,17) = 6.1, P <0.05). In
the two-bottle CS flavor tests (Fig. 2B), both groups consumed more CS+MDG than CS-
(F(1,17) = 24.2, P < 0.001) and did not differ in their CS intakes or CS+MDG preferences.
However, in the 4% MDG vs. water test, the B6 mice drank substantially more MDG than
water (P < 0.01) whereas the KO mice consumed only slightly and not significantly more
MDG than water (P < 0.10) (Group x Fluid interaction, F(1,17) = 78.7, P < 0.001); the
percent MDG preference of the B6 mice also exceeded that of the KO mice (94% vs. 58%, P
<0.01).

4. Experiment 3. Galactose and MDG Preferences vs. Fructose

4.1. Method

4.2. Results

The results of Experiments 1 and 2 revealed that KO and B6 mice were similar in that they
consumed more glucose, galactose and MDG than water. They differed, however, in that
only the B6 mice consumed more fructose than water, which confirms prior findings [38].
The present experiment further investigated the differential response of KO and B6 mice to
the various sugars by giving them direct two-bottle tests with galactose vs. fructose and
MDG vs. fructose. Novel flavors were added to the sugars to make them more distinctive,
particularly for the Trpm5 KO mice because of their insensitivity to sweet taste.

Galactose vs. Fructose—Naive Trpm5 KO (5 male, 7 female) and B6 (6 male, 6
female) mice were housed as in Experiment 1 and tested with flavored 8% galactose and 8%
fructose. The sugar solutions contained 0.05% grape or cherry Kool-Aid. Half of the animals
had grape added to fructose and cherry added to galactose; the flavors were reversed for the
remaining animals. The mice were given an initial two-bottle choice test (Test 1) with
flavored galactose vs. fructose for 2 days. They were then given alternating one-bottle
access to the flavored galactose and fructose solutions for 4 days to allow them to associate
the flavor of each sugar with its post-oral consequence. A second two-bottle choice test
(Test 2) was then conducted with the two flavored sugars.

MDG vs. Fructose—Naive Trpm5 KO (6 male, 5 female) and B6 (5 male, 5 female) mice
were given a series of two- and one-bottle tests with flavored 8% MDG and 8% fructose as
described above.

Galactose vs. Fructose—Fig. 3A shows the data for galactose vs. fructose choice tests
and one-bottle training days. In the initial sugar choice, the KO and B6 mice consumed
comparable amounts overall but they significantly differed in their sugar preferences: the
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KO mice consumed more flavored galactose than fructose while the B6 mice displayed the
opposite intake pattern (Group x Sugar interaction, F(1,22) = 79.1, P < 0.001). The percent
galactose intakes were 77% and 9% (P <0.01), respectively, for the KO and B6 mice. On the
one-bottle training days the KO mice consumed more (P < 0.01) galactose but less fructose
than the B6 mice (Group x Sugar interaction, F(1,22) = 49.0, P < 0.001). In addition, the KO
mice drank more galactose than fructose while the B6 consumed comparable amounts of the
two flavored sugars. In Test 2 with the two flavored sugars, the groups again showed
differential preferences and the KO mice consumed more galactose than fructose while the
B6 mice showed the opposite pattern (Group x Sugar interaction, F(1,22) = 248.6, P <
0.001). They also differed substantially in their percent galactose intakes (93% vs. 6%, P <
0.001). The KO mice increased their galactose preference from Test 1 to 2 (77 vs. 93%)
while percent galactose intakes did not differ for the B6 mice (9% vs. 6%).

MDG vs. Fructose—Fig. 3B shows the data for flavored MDG vs. fructose choice tests
and the one-bottle training days. In the initial sugar choice, the KO and B6 mice consumed
comparable amounts overall and drank slightly but not significantly more MDG than
fructose. During the one-bottle days, the B6 mice consumed more sugar than the KO mice
(F(1,19) = 6.6, P < 0.05) and both groups drank significantly more MDG than fructose
(F(1,19) = 257.3, P < 0.001). Overall, the two groups consumed more flavored MDG than
fructose in choice Test 2 (F(1,19) = 7.7, P < 0.05). The Group x Sugar interaction was not
significant, but only the KO mice consumed significantly more MDG than fructose in Test
2. The percent MDG intake of the KO mice exceeded that of the B6 mice in Test 2 (71% vs.
53%) but this difference was not significant.

5. Discussion

The present study demonstrates that sweet ageusic Trpm5 KO, like normal B6 mice, learned
to prefer flavors added to glucose, galactose and MDG solutions but the strains differed in
their conditioning response to fructose. The Trpm5 KO and B6 mice also substantially
differed in their preference for galactose vs. fructose solutions. As discussed below, the
findings can be explained by the different oral and post-oral actions of the sugars in the KO
and B6 mice.

Glucose and Fructose conditioning

Based on our recent report that Trpm5 KO mice express a significant preference for 8%
glucose but not for 8% fructose in 24-h sugar vs. water tests [38], we predicted that the KO
mice would also differ in learning to prefer flavors paired with these two sugars. This was
confirmed in Experiment 1, in which the KO mice displayed a very strong (96%) preference
for the CS+Glu flavor but only a weak (64%) preference for the CS+Fru flavor. Their
significant CS+Fru preference was unexpected, given that the KO mice did not consume
more CS+Fru/Fru than CS- during training and did not prefer unflavored 8% fructose to
water. Thus, at best, 8% fructose has only a weak post-oral conditioning effect in Trpm5 KO
mice. Training KO mice with higher fructose concentrations would not be expected to
enhance flavor conditioning, because Trpm5 KO mice actually consumed less 16% or 32%
fructose than water in 24-h two-bottle tests [38].
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In contrast to the KO mice, the B6 mice expressed similar preferences for the CS+Glu and
CS+Fru flavors in the CS flavor tests as well as for unflavored glucose and fructose in the
sugar vs. water tests. Yet, in our prior study, B6 mice trained with CS+ flavors paired with
IG infusions of 16% glucose or fructose (which were diluted to 8% sugar in the stomach by
the ingested CS+ solution), expressed a strong preference for the CS+Glu (86%) but not for
the CS+Fru (53%) [19]. The IG findings indicate that 8% fructose has little or no post-oral
appetition effect in B6 mice, which is supported by other data obtained with this strain [35].
The significant preference displayed by the B6 mice for the CS+Fru flavor added to the 8%
fructose solution in Experiment 1 is therefore attributed to a learned association between the
CS+ flavor and the sweet taste of fructose (flavor-taste learning) rather than to a flavor post-
ingestive association. Since Trpm5 KO mice display a greatly attenuated gustatory nerve
response to sugars [7] they would not be expected to learn flavor-taste preferences.

The significant CS+Fru flavor preference displayed by B6 mice in Experiment 1 contrasts
with the failure of B6 mice to express a CS+Fru preference using a different training
protocol. Pinhas et al. [16] reported that food-restricted B6 mice trained to drink CS+
flavored fructose (8% or 16%) and CS- flavored saccharin (0.05% or 0.2%) solutions 1
h/day did not prefer the CS+Fru flavor over the CS-Sac flavor when both flavors were
presented in saccharin solutions, unlike other mouse strains (e.g., SWR, BALB/c). The
present protocol differed in several respects from that used by Pinhas (deprivation level,
session length, saccharin in CS- solution) and it is not certain why different outcomes were
obtained in the two studies. Nevertheless, the fact the B6 mice in the Pinhas study were
trained with a saccharin-sweetened CS-, in order to stimulate them to drink the solution in
the 1-h session, whereas the B6 mice in Experiment 1 were trained with a non-sweetened
CS-, would appear to be a critical factor.

The B6 mice were sensitive to the oral sweetness and post-oral conditioning actions of
glucose while the KO mice could detect only the latter. This suggests that B6 mice, which
also consumed more CS+GIu/Glu in training, should have displayed stronger CS+/Glu
preferences, but instead, the KO mice expressed stronger preferences. Perhaps the post-oral
actions of glucose are more reinforcing to Trpm5 KO mice than B6 mice, but this is not
supported by our finding of comparable CS+ flavor preferences conditioned by I1G glucose
infusions in the KO and B6 mice [20]. Rather, the sweet taste of glucose may have
competed with the CS+ flavor as an associative cue in the B6 mice [10]. In addition, only
the B6 mice would have experienced a change in taste from CS+Glu/Glu (sweet, training) to
CS+Glu (nonsweet, testing), which may have reduced their flavor preference due to
generalization decrement.

The present and prior findings obtained with Trpm5 KO mice and their B6 controls are
consistent in demonstrating that fructose, unlike glucose, has weak if any post-oral appetite
stimulating effects [19,36,38]. However, this is not the case with other inbred mouse strains.
In particular, we recently reported that 1G fructose infusions conditioned significant CS+
preferences in FVB/NJ inbred mice tested 1- or 24-h/day, although the preferences were
weaker than those induced by 1G glucose infusions [27]. Studies of Sprague-Dawley (SD)
rats have produced intermediate results: 1G fructose infusions conditioned significant flavor
preferences with long training sessions but not with short sessions [2,5,22,23]. The reason
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for the variable post-oral appetition effects of fructose in rodent species/strains remains to be
determined.

Galactose preference conditioning

In 24-h sugar vs. water tests, B6 mice displayed stronger preferences for glucose and
fructose than for galactose over a range of concentrations [38]. This is consistent with
gustatory nerve data indicating that galactose is less sweet than the other sugars to mammals
[13,15]. Sweet ageusic Trpm5 KO and T1r3 KO mice, on the other hand, displayed stronger
preferences for glucose than galactose and no preference for fructose [38]. Since sugar
preferences in KO mice are driven primarily by post-oral effects, these data indicated that
the relative appetition potency of the three sugars is glucose > galactose >> fructose in KO
mice. Experiment 1 revealed a similar CS+ preference profile in the Trpm5 KO: their
preference for the CS+Glu exceeded that for the CS+Gal, which in turn was stronger than
that for CS+Fru. The B6 mice also displayed a stronger preference for CS+Glu than for CS
+Gal, which may have been due to both the taste and post-oral differences between the two
sugars.

Although the CS+Gal preference of the Trpm5 KO mice indicates that the sugar has a
significant post-oral conditioning effect, we previously observed that B6 mice did not learn
a preference for a flavored saccharin solution (CS+) paired with IG infusions of 8 or 16%
galactose solutions [19]. It may be that galactose has differential post-oral reward actions in
Trpm5 KO and B6 mice. Alternatively, the IG infusion in our prior study may have failed to
condition a CS+ preference because it induced relatively high galactose intakes due to the
palatability of the 0.2% saccharin used to sweeten the CS+ solution. Mice have a limited
ability to metabolize galactose [28] and high galactose intakes may limit the sugar’s post-
oral appetition effects. Consistent with this interpretation, B6 mice trained with a minimally
sweet CS solution (0.025% saccharin) acquired a significant preference for a CS+ paired
with IG galactose infusions [36]. Another factor that may have enhanced galactose
conditioning in the present study is that the mice were trained with a sweet CS+ galactose
solution vs. a non-sweet CS- solution whereas in the IG study they were trained with equally
sweet saccharin CS+ and CS- solutions [19].

The stronger preferences of Trpm5 KO mice for CS+Gal and 8% galactose, than for CS+Fru
and 8% fructose (vs. CS- and water, respectively) suggested that they would also prefer
galactose to fructose in a direct choice test. This was confirmed in Experiment 3: the Trpm5
KO mice drank substantially more flavored galactose than flavored fructose in the two-
bottle choice tests. In marked contrast, the B6 mice displayed a very strong preference for
fructose over galactose. The fructose preference of the B6 mice was presumably driven by
the sweeter taste of this sugar. The KO mice, in contrast, were insensitive to the sweet taste
of the two sugars and their galactose preference reflects the differential post-oral
conditioning actions of the galactose and fructose [36].

MDG preference conditioning

The present findings along with prior data [4] indicate that B6 mice are very attracted to the
non-metabolizable sugar MDG. In the sugar vs. water test the B6 mice strongly preferred
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8% MDG to water. They also consumed more 8% MDG than 8% fructose or 8% galactose
(18.6 vs. 14.4 and 10.9 g/day) in the sugar vs. water tests although less than 8% glucose
(31.3 g/day). Yet, unlike 8% glucose and galactose, 8% MDG failed to condition a
preference for the CS+ over the CS- in the B6 mice. The elevated intakes and strong
preference for 8% MDG over water displayed by the B6 mice can be attributed to the sweet
taste and post-oral appetition actions of this sugar analog. The Trpm5 KO mice were
insensitive to the sweet taste of MDG and their elevated intake of the CS+/8% MDG during
training and preference for the 8% MDG in the two-bottle test is attributed primarily to the
post-oral appetition actions of the sugar [36]. This can also account for why the KO mice
preferred flavored 8% MDG to flavored 8% fructose. Given the attractive taste (for B6
mice) and post-oral stimulatory actions (for KO and B6 mice) of 8% MDG it is surprising
that the mice did not acquire a preference for the CS+ flavor over the CS- flavor.

The 4% MDG solution, on the other hand, conditioned significant albeit mild CS+MDG
preferences in the Trpm5 KO and B6 mice, although it stimulated less CS+MDG/MDG
overconsumption during one-bottle training and in the MDG vs. water choice test compared
to 8% MDG. The CS+ preference results are consistent with our prior findings obtained with
B6 mice trained 1 h/day with 1G infusions of 8% and 16% MDG, which were diluted in the
stomach to 4% and 8% concentrations, respectively, by the ingested CS+ solutions. That is,
the 8% MDG infusions conditioned a stronger preference than did the 16% MDG infusions
(70% vs. 62%) [36]. Like glucose and galactose, MDG is transported from the lumen into
intestinal cells by SGLT1, but unlike these other sugars, MDG is not actively transported
across the basal membrane of intestinal cells by the sugar transporter GLUT2 [32]. It is
possible, therefore, that cellular accumulation of the non-metabolizable MDG in intestinal
and/or other cells generates inhibitory signals that limit the flavor conditioning actions of
concentrated MDG solutions [36]. Yet, the Trpm5 KO and B6 mice consumed more 8%
MDG than 4% MDG solution during one-bottle training and in the sugar vs. water tests.
Thus, there is a discrepancy between the ability of 4% and 8% MDG to stimulate intake vs.
condition a flavor preference that remains to be elucidated.

In contrast to the MDG conditioned flavor preference observed in B6 mice with oral
(Experiment 2) and IG procedures [36], IG infusions of 8% MDG conditioned a CS+ flavor
avoidance in SD rats [4]. SD rats also avoid rather than prefer CS+Gal flavors in
experiments using oral and 1G conditioning procedures [23,26]. This species difference in
response to MDG and galactose may reflect greater sensitivities of rats to the negative
effects related to the accumulation of poorly metabolized sugars.

Conclusions

The present findings confirm and extend our recent findings that Trpm5 KO mice express
significant preferences for 8% glucose and galactose, but not for 8% fructose in 24-h sugar
vs. water tests [38]. The KO mice also learned to strongly prefer a CS+ flavor mixed into
8% glucose or 8% galactose but showed only a weak preference for a CS+fructose paired
flavor. Furthermore, in a direct choice test, KO mice significantly preferred 8% galactose to
8% fructose. These findings are consistent with 1G infusion data indicating that glucose and
to a lesser degree galactose have post-oral effects in B6 mice that support flavor
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conditioning while fructose has little or no post-oral conditioning action [19,36]. The
fructose-conditioned flavor preference displayed by B6 mice may be mediated by a flavor-
sweet taste association rather than a flavor-nutrient association. In addition, the B6 mice
presumably preferred 8% fructose to galactose because of its sweeter taste. Experiment 3
revealed for the first time that normal B6 and sweet ageusic Trpm5 KO mice not only prefer
glucose to water but they also prefer the non-metabolizable glucose analog MDG to water.
Furthermore, the Trpm5 KO mice preferred MDG to fructose. This supports our recent I1G
conditioning findings indicating that sugar metabolism is not essential for glucose-based
preferences [36]. There was a dissociation between the intake stimulating and flavor
conditioning actions of MDG at 8% and 4% concentrations and further research is needed to
understand these components of post-oral appetition.

The results obtained here and in other mouse and rat studies clearly indicate that
monosaccharide sugars differ in their post-oral appetite-stimulating effects. This also
extends to disaccharide and polysaccharide carbohydrates. That is, glucose-only
carbohydrates (maltose, maltodextrins) promote stronger preferences than does sucrose,
which is a glucose + fructose disaccharide [1,6]. These findings suggest that altering the
carbohydrate components (glucose, fructose, galactose) in mixed macronutrient foods would
alter their post-oral appetite stimulating effects, but this remains to be demonstrated.
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Fig. 1.
Experiment 1. Mean intakes (+sem) of CS+S/S and CS- during one-bottle training, CS+S

and CS- during two-bottle testing, and Sugar and water during two-bottle tests of Trpm5 KO
mice (left panels) and B6 mice (right panels). The CS+S/S refers to the CS+ flavored sugar
solution used in training, i.e., the CS+Glu/Glu, CS+Fru/Fru and CS+Gal/Gal training
solutions used with the Glucose, Fructose and Galactose groups respectively. The CS+S
refers to the sugar-paired flavor presented in plain water used in the two-bottle CS choice
tests: the CS+Glu, CS+Fru, and CS+Gal flavors. Sugar and water refer to the unflavored
sugar (glucose, fructose, or galactose) and unflavored water used in the sugar vs. water tests.
The data from the Trpm5 KO and B6 mice (left and right panels) tested with glucose,
fructose, and galactose are presented in panels A, B, and C, respectively. Numbers atop bars
represent mean percent preference for that solution. Significant (P < 0.05) differences within
each training period or choice test are indicated by an asterisk (*).
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Fig. 2.
Experiment 2. Mean intakes (+sem) of CS+MDG/MDG and CS- during one-bottle training,

CS+MDG and CS- during two-bottle testing, and unflavored MDG and water during two-
bottle tests of Trpm5 KO mice (left panels) and B6 mice (right panels). The data from the
mice tested with 8% MDG and 4% MDG are presented in panels A and B, respectively.
Numbers atop bars represent mean percent preference for that solution. Significant (P <
0.05) differences within each training period or choice test are indicated by an asterisk (*).
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Fig. 3.
Experiment 3. A. Mean intakes (+sem) of flavored 8% galactose and 8% fructose during

two-bottle choice tests 1 and 2 and one-bottle training sessions. The data from the Trpm5
KO and B6 mice are presented in the left and right panels, respectively. B. Mean intakes
(+sem) of flavored 8% MDG and 8% fructose during two-bottle choice tests 1 and 2 and
one-bottle training sessions. The data from the Trpm5 KO and B6 mice are presented in the
left and right panels, respectively. Numbers atop bars represent mean percent preference for
that solution. Significant (P < 0.05) differences within each training period or choice test are
indicated by an asterisk (*).
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