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Abstract
Inbred mouse strains differ in their preferences for sweeteners, due in part to variations in their T1R3
sweet taste receptor. Recent studies of sweet sensitive C57BL/6J (B6) and subsensitive 129P3/J (129)
mice indicate that experiential and post-oral effects of sugar substantially modify sweetener
preference. In fact, the strain difference in sucrose preference disappeared after the mice were given
23 h/day tests with sucrose at ascending concentrations (0.5 - 32%). Intragastric infusions of sucrose
(16%) also conditioned increased preference for and absolute intake of flavored sweet solutions in
B6 and 129 mice. An operant analysis of sweetener appetite revealed, unexpectedly, that sugar-
experienced 129 mice respond more vigorously than B6 mice for 16% sucrose rewards. These
findings indicate that experiential and nutritional factors can, to some degree, override genetic
differences in peripheral taste sensitivity in determining food appetite.
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1. Introduction
The attractiveness of food depends in large part on the stimulation of orosensory receptors that
provide food with its flavor, that is, taste, odor, and mouth feel. One of the most potent flavor
elements is sweet taste. Our understanding of this taste quality was significantly advanced by
the identification of two genes, Tas1r2 and Tas1r3, that code for the taste receptor proteins
T1R2 and T1R3 [18]. These two proteins form a heterodimer that functions as a general sweet
taste receptor for a variety of sugars and artificial sweeteners. The laboratory mouse has figured
prominently in the elucidation of the sweet taste receptor. Early studies revealed that inbred
mice differ significantly in their preference for saccharin and other substances that taste sweet
to humans [8,11,21,33]. In two-bottle sweetener vs. water tests, some strains significantly
prefer saccharin and sugar at low concentrations to which other strains are indifferent. These
inbred strains are often classified as sweet “tasters” and “nontasters,” respectively, although
most “nontaster” strains prefer saccharin to water at higher concentrations. For this reason, the
terms sweet “sensitive” and “subsensitive” are used here to differentiate the various mouse
strains. The present paper briefly reviews the avidity for sweets in these inbred strains and
highlights recent work from the author’s laboratory demonstrating how sweetener appetite is
modified in mice by post-oral nutrient actions.
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2. The mouse sweet tooth
Fuller [8] proposed over 30 years ago that a single gene, which he referred to as the Sac locus,
accounted for strain differences in saccharin preference. Subsequent studies identified the
Sac locus to be the Tas1r3 gene and demonstrated that allelic variation in this gene largely
accounted for the strain differences in sweetener preference [1,16,19,24]. Research with gene
knockout (KO) mice demonstrated the critical importance of the T1R3 and T1R2 receptors to
sweetener preference. Mice with either the Tas1r2 or Tas1r3 gene deleted show no or
attenuated gustatory nerve and behavioral responses to sweeteners, and the residual response
observed in single KO mice was absent in mice with both genes deleted [5,36].

A number of different behavioral procedures have been used to compare the sweetener response
of inbred mice (see [7,9,14,20,23]), but the most common procedure is the 24-h two-bottle
sweetener vs. water test. Typically, a number of sweetener concentrations are offered in an
ascending series [3,10,15,17,22,33]. This procedure is sometimes referred to as a 48-h test
when each concentration is presented on 2 consecutive days so that the left-right positions of
sweetener and water can be alternated to control for side biases [33]. A large number of inbred
strains (26 or 30) have been tested with a single sweetener solution (1.6 mM saccharin or 50
mM sucrose) [17,24] and a more limited number of strains (2 to 12) have been tested with a
wider range of sweeteners and/or concentrations [3,4,10,15,17,22,33].

In a comprehensive study of different sweeteners, Bachmanov et al. [3] compared the 24-h
two-bottle preferences of the sweet sensitive C56BL/6ByJ (B6) mouse and sweet subsensitive
129P3/J (129) mouse to 17 different sweeteners at several concentrations. The sweeteners
included two sugars (sucrose, maltose), two sugar alcohols (sorbitol, erythritol), four amino
acids (d-phenylalanine, D-tryptophan, L-proline, glycine), four artificial sweeteners preferred
by mice (saccharin, acesulfame, sucralose, SC 45647), and five artificial sweeteners not
typically preferred by mice (glycyrrhizic acid, neohesperidin, thaumatin, cyclamate,
aspartame). An important feature of this study was that it reported both the relative intake
(preference) and absolute intake of the various sweeteners. Many studies only report percent
preference data which can obscure important strain difference in sweetener intake. In his
original study, Fuller [8] distinguished between preference ratio measures and absolute intake
measures of sweetener intake and suggested that they reflect the same underlying phenotype.
Bachmanov et al. [3], however, reported differences between preference and intake measures.
With respect to sugar and artificial sweetener preference, at low concentrations the B6 mice
displayed stronger preferences than did 129 mice, but at higher concentrations both strains
displayed near 100% preferences. However, on the intake measure, the B6 mice consumed
more of the artificial sweetener solutions than did the 129 mice at all preferred concentrations.
On the other hand, while the B6 mice overconsumed sucrose and maltose solutions at low to
intermediate concentrations, the two strains consumed comparable amounts of sugar at the
higher concentrations (30 or 32%). The similar intakes of the concentrated sugar solutions
could be attributed to the postingestive satiating action of sugars that limits volume intake (but
see below). Bachmanov et al. [3] also proposed that the nutritive effects of sugars may explain
their higher consumption compared to the non-nutritive sweeteners. Other, non-sweetness
sensory factors (e.g., bitterness of artificial sweetener) may have contributed to the preference
and intake results, but the authors concluded that “the peripheral perception of sweet taste was
a major determinant of the strain difference.” Supporting this view are electrophysiological
data showing stronger chorda tympani nerve responses to sweeteners in B6 mice than in 129
mice [12,13].
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3. Experiential effects on sweetener preference
A recent study [28] conducted in the author’s laboratory closely replicated the findings of
Bachmanov et al. [3] with regards to sucrose preference and intake. Sugar-naive B6 mice
displayed stronger preferences than did 129 mice for sucrose at low concentrations (0.05% -
4%) but the strains did not differ in their sucrose preferences at higher concentrations (8% -
32%; Figure 1A) in sucrose vs. water tests (23 h/day). (The solutions were prepared on a weight/
weight basis because intakes were by weight rather than volume.) In addition, sucrose intake
of B6 mice was higher than that of 129 mice at intermediate concentrations (2% - 16%) but
not at the highest concentration (32%; Figure 1B). The new finding of the study was that the
strain difference in sucrose preference disappeared when the same mice where given a second
series of tests with ascending sucrose concentrations (0.5% - 32%; Figure 1C). The B6 and
129 mice now displayed nearly identical robust preferences (∼90%) for all sucrose solutions.
Experience with sucrose also reduced the strain difference in sucrose intake at some
concentrations (8%), but increased it at other concentrations (1% - 4%; Figure 1D). Figures
1C and 1D illustrate the point that preference and intake measures can dramatically differ:
whereas the experienced B6 and 129 mice equally preferred sucrose over the range of
concentrations they still differed substantially in their absolute intakes of sugar (1% - 16%).
Prior sucrose experience also eliminated the difference in the saccharin preferences, but not in
absolute intake, of B6 and 129 mice at 0.05% to 0.2% concentrations. Previous exposure only
to saccharin solutions did not have this effect on saccharin preference.

Taken together, these findings indicate that experience with the orosensory and post-oral
actions of sucrose conditions an increase in the attraction of B6 and 129 mice to sucrose
solutions such that the strain difference in sugar preference is virtually eliminated and
difference in sucrose intake is reduced at higher concentrations. This post-oral conditioning
interpretation implies that 129 mice can taste dilute sucrose solutions despite their subsensitive
T1R3 receptor. It may be that dilute sucrose solutions generate taste responses that are too
weak to stimulate a sugar preference in naive 129 mice but are effective in mice that have
previously experienced the oral and post-oral effects of more concentrated solutions.
Alternatively, 129 mice may use nongustatory cues to detect dilute sugar solutions. Some data
indicate that rats and mice can smell sucrose solutions [26,34], although the effectiveness of
odor cues (or texture cues) to mediate the preference for dilute sucrose solutions remains to be
demonstrated. The finding that prior sucrose exposure increased the preference for dilute
saccharin solutions as well as for dilute sucrose solutions also suggests gustatory mediation of
the experiential effect.

Another dramatic example of an experientially-induced increase in sucrose preference was
reported by Zhao et al. [36] in T1R3 KO mice. These mice displayed only a minimal response
to sucrose at high concentrations during brief access (5 sec) lick tests. However, when given
24-h sucrose vs. water tests with ascending sucrose concentrations, the T1R3 KO mice
displayed an ∼82% preference for 1 M (34.2%) sucrose which was close to the ∼92%
preference displayed by normal B6 mice. In contrast, other T1R3 KO mice that were not tested
with ascending concentration of sucrose showed virtually no preference (∼55%) for 1 M
sucrose. The authors hypothesized that this experientially-induced sucrose preference in the
T1R3 KO mice was mediated by a learned response to the odor and/or texture of the sugar
solutions. However, an involvement of the animals’ remaining functional T1R2 sweet receptor
cannot be excluded.

4. Sugar conditioned flavor preference
The experiential effects on sweetener preference summarized above strongly suggest that the
postoral effects of sugars enhance sweetener preference in mice. This raises the possibility that
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the difference in sugar intake among inbred mouse strains may be due not only to differences
in oral sweet taste sensitivity, but also to differences in the post-oral conditioning response to
sugars. Consistent with this idea, recent studies have identified T1R3 and T1R2 sweet receptor
proteins in the rodent intestine [6], although the role of these gut receptor proteins in the post-
oral action of sugars is unknown. However, it is well established that carbohydrates infused
directly into the stomach or intestines condition robust flavor preferences in rats [27]. Sclafani
and Glendinning [31] have adapted the intragastric (IG) conditioning procedure to the mouse
and recently used this technique to compare sucrose conditioning in B6 and 129 mice [32].
The mice were trained to drink one flavored solution (the CS+, e.g., grape Kool-Aid) paired
with IG infusions of 16% sucrose and another flavored solution (the CS-, e.g., cherry Kool-
Aid) paired with IG water infusions during alternate 22 h/day sessions. A two-bottle choice
test was then conducted with the CS+ vs. CS-still paired with their respective infusions. Chow
was available ad libitum throughout training and testing. The oral intakes and IG infusions
were matched in volume so that on CS+ training days the 16% sugar infusate was diluted to
8% in the stomach by the orally consumed CS solution. This net 8% concentration was selected
because peak differences in 24-h sugar intakes of B6 and 129 mice occur at or near this
concentration [3,15,28].

In the first experiment, the mice were trained with unsweetened CS flavors followed by
additional training with the solutions sweetened with 0.2% saccharin. Overall, the mice
developed significant preferences for the CS+ over the CS- that were stronger when the
solutions were sweetened with saccharin. There was a significant strain difference and the B6
mice displayed stronger preferences than did the 129 mice. However, the B6 mice also drank
more of the CS solutions during training, particularly of the saccharin-sweetened CS solutions,
than did the 129 mice. This provided them with a greater opportunity to learn the CS+/sucrose
association.

In a second experiment CS training intakes of the B6 and 129 mice were equated by using
“isosweet” mixtures of dilute sugar and saccharin. A preliminary study determined that giving
129 mice a more concentrated mixture than B6 mice compensated for their reduced sweet taste
sensitivity and produced comparable intakes in the two strains. New mice were trained with
CS+ and CS- flavored versions of these mixtures paired with IG sucrose and water infusions,
respectively. The 129 mice were trained with 2% sucrose + 0.2% saccharin mixtures and the
B6 mice were trained with 0.4% sucrose + 0.04% saccharin mixtures, and the concentration
of the IG sucrose infusions was adjusted so that net sugar concentration in the stomach was
8% for both strains. The overall intakes of the B6 and 129 mice were very similar and both
strains strongly preferred (96-98%) the CS+ to the CS- in the two bottle test. Furthermore,
during the one-bottle training sessions both strains consumed about twice as much of CS+
paired with IG sucrose infusions as of the CS- paired with water infusions which documents
the postingestive stimulation of sugar intake in mice. The training and test data indicate that
129 and B6 are equally sensitive to the postingestive reinforcing actions of sucrose (at least at
the concentration tested) when the sweetness level of the CS solutions is equated for the two
strains.

Thus, the fact that B6 mice overconsume 8% sucrose compared to 129 mice in 24-h intake
tests does not result because 129 mice are less sensitive than B6 mice to the post-oral effects
of the sugar. Nevertheless, post-oral feedback may indirectly contribute to sucrose
overconsumption by B6 mice. That is, B6 mice may initially overconsume sucrose because
they perceive it as having a sweeter taste than do 129 mice, and then their elevated intake
produces a stronger postingestive response that further stimulates sugar consumption. This
oral/post-oral positive feedback model can explain why strain differences in sugar intake are
greater than those observed with nonnutritive sweeteners, as originally noted by Bachmanov
et al. [3].
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Note that the nature of the post-oral feedback produced by sugar that reinforces sugar
preference and intake remains to be clarified. A recent report has identified T1R2 and T1R3
sweet receptor proteins in the rodent stomach and intestine [6], but the role of these or other
gut “taste” receptors in post-oral sugar conditioning is not certain. What is clear is that post-
oral sugar reinforcement is not directly related to the satisfaction of energy need since IG sugar
infusions condition flavor preferences in freely-fed as well as food restricted animals [35].
Thus, the oral and post-oral actions of sugar are similar in having positive reinforcing actions
in sated and deprived animals alike.

5. Operant Analysis of Sweetener Avidity
While B6 mice drink more sugar than 129 mice at low to intermediate concentrations, the
strains do not differ in their intakes of concentrated sugar solutions (16% and/or 32%) [3,28].
It may be that the strains do not differ in their taste response to concentrated sucrose solutions
but this seems unlikely because chorda tympani nerve recordings indicate that 1 M (34.2%)
sucrose stimulates a stronger neural response in B6 mice than in 129 mice [12]. An alternative
explanation is that the post-oral satiating effect of concentrated sugar solutions limits the
intakes of both strains and thereby masks an increased avidity of B6 mice for sucrose. Various
behavioral procedures are available to measure food motivation that minimize the impact of
post-oral satiety on performance. One such procedure is the progressive ratio (PR) operant task
in which the amount of effort required to obtain successive food rewards increases during a
session such that the animal stops responding before it is physiologically satiated. Studies of
sucrose motivation in rats indicate that PR responding increases monotonically as sugar
concentration increases over a wide range of concentrations [25,30]. This contrasts with results
obtained in one- or two-bottle tests in which sucrose consumption increases and then decreases
as concentration goes from 1% to 32% [30].

A recent study in the author’s laboratory used a PR operant licking task to determine if B6
mice are more attracted than are 129 mice to a 16% sucrose solution [29]. The mice had free
access to food and water during the 22 h/day sessions. In addition, 16% sucrose was available
either from a sipper tube attached to a bottle (“bottle test”) or from an operant sipper tube that
delivered fixed sugar rewards (0.025 ml) after the required number of licks was emitted. In
particular, on a “PR1-1” schedule, the mice were required to emit 20 licks for the first reward,
21 licks for the second reward, 23 licks for the third reward, etc. Other operant schedules and
sweetener solutions were used as described in detail in [29]. The first experiment was conducted
with mice with extensive prior experience with sucrose [28]. In the bottle test the 129 and B6
mice did not significantly differ in their 16% sucrose intake (16.7 vs 17.6 g/day) or total licks/
day (12,258 vs. 14,074). As expected, when sucrose was available on the PR1-1 operant
schedule, sugar intakes significantly declined while total licks/day greatly increased.
Unexpectedly, however, 129 mice consumed more sucrose and licked substantially more than
did B6 mice in the PR test (7.9 vs. 6.7 g/day, 67,695 vs. 47,561 licks/day).

The vigorous PR licking displayed by the B6 mice and especially the 129 mice in the first
experiment may represent an enhanced sweet appetite that was conditioned by their extensive
prior experience with sucrose. A second experiment therefore measured the PR licking
response in sucrosenaive mice that had prior experience only with saccharin. When the mice
were first tested with 0.4% saccharin on the PR1-1 schedule, saccharin intake and PR licking
were significantly higher in the B6 than in the 129 mice (2.5 vs. 1.3 g/day, 8,538 vs. 3,824
licks/day). These results are consistent with the well established strain difference in saccharin
preference and intake. When next tested with sucrose for the first time, the B6 and 129 mice
did not differ in their PR response to 16% sucrose (4.2 vs. 4.5 g/day, 22,201 vs. 26,162 licks/
day). The mice were then given bottle access to 16% sucrose for three days before being retested
on the PR1-1 schedule. The 129 mice consumed slightly, but not significantly less 16% sucrose
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than did the B6 mice in the bottle test (12.0 vs. 13.7 g/day). Yet in the subsequent PR test, the
129 mice responded more vigorously than did the B6 mice for 16% sucrose (5.5 vs. 4.0 g/day,
33,825 vs. 19,077 licks/day). Note that PR responding in both strains was less pronounced than
that observed in the first experiment in which the mice had considerably more exposure to
sucrose solutions prior to the operant test.

Contrary to the prediction that B6 mice would lick more that 129 mice for 16% sucrose on a
demanding PR schedule, the results of the two experiments revealed that 129 mice licked as
much or considerably more than B6 mice. The increased PR response of 129 mice for 16%
sucrose occurred only after the animals had consumed substantial amounts of sugar in bottle
tests which suggests that it represents a conditioned increase in sugar appetite. The PR data
suggest, therefore, that the post-oral actions of sucrose enhance sugar appetite more in 129
mice than in B6 mice, although this effect is apparent only under certain conditions, i.e., with
concentrated sugar solutions and when the sugar is difficult to obtain. Irrespective of the strain
differences, the PR tests revealed a remarkable avidity for sucrose in both the B6 and 129 mice.
During the tests the mice had unlimited access to chow and water and thus had no physiological
need for sugar. Yet the B6 and 129 mice consumed substantially more 16% sucrose than water
in the PR1-1 tests despite the escalating cost of the sugar throughout the daily sessions.

6. Summary
Sweet taste begins with activation of T1R2/T1R3 receptors (and perhaps others) in the mouth
but sweet appetite is a centrally mediated process that is influenced by a multitude of factors.
Thus, variation of the T1R3 taste receptor, while it significantly affects sweetener preference
at some concentrations, cannot completely account for strain differences in sweetener intake
or motivation as noted by several investigators [2,7,9,15]. It is interesting to note that Fuller
[8] originally hypothesized that the Sac locus gene modulated the central incentive evaluation
of sweet taste rather than the peripheral sensitivity to sweeteners. While this was not confirmed
in subsequent molecular studies, Fuller’s emphasis on the importance of central factors in
sweetener appetite foreshadowed recent findings. These include results demonstrating the
significant influence sugar experience and post-oral conditioning have on sweetener preference
and intake. Most dramatically, prior exposure to sucrose solutions was found to increase
sucrose preference in sweet sensitive B6 mice and even more so in sweet subsensitive 129 mice
so that the strain difference in sucrose preference was eliminated [28]. Exposure to nonnutritive
saccharin solutions also enhanced subsequent sweetener preference but not as profoundly as
did sucrose [29]. The differential effect of sucrose and saccharin experience implicated the
importance of post-oral nutritive factors in sweetener appetite, which was confirmed by the
results of intragastric infusion studies. IG sucrose conditioned increased intake and preference
for flavored sweet solutions in both B6 and 129 mice [32]. B6 mice were not more responsive
to the post-oral reinforcing action of sucrose when intake was equated, but their enhanced sweet
taste sensitivity, by promoting greater sugar intake, may expose them to stronger post-oral
reinforcement. This, in turn, may further enhance their sugar intake via a positive feedback
cycle. Experience with the oral and post-oral effects of sucrose also affects the avidity for
sweeteners as measured by a progressive ratio operant task. Unexpectedly, sweet subsensitive
129 mice displayed more vigorous responding than did sweet sensitive B6 mice for 16%
sucrose [29]. Continued studies of inbred and genetically modified mice strains may help to
elucidate how central motivation systems integrate oral and post-oral stimulation by sugars to
determine the appetite for sugars and other nutrients.
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Figure 1.
Mean (±SEM) sucrose preference (panels A and C) and intakes (panels B and D) of C57BL/
6J (B6) and 129P3/J (129) mice in two-bottle tests (23 h/day) with sucrose vs. water. The
sucrose concentrations were each presented for two consecutive days in an ascending series.
Tests 1 and 2 were separated by 4 days of water only. Significant (P<0.05) between-strain
differences are indicated by an asterisk (*). Data are from Sclafani [28] which presents results
of additional sucrose tests.
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