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Abstract

Recent studies suggest that preferences are conditioned by nutritive (sucrose) but not by non-

nutritive (sucralose) sweeteners in mice. Here we compared the effectiveness of nutritive and non-

nutritive sweeteners to condition flavor preferences in three mouse strains. Isopreferred sucrose 

and sucralose solutions both conditioned flavor preferences in C57BL/6J (B6) mice but sucrose 

was more effective, consistent with its post-oral appetition action. Subsequent experiments 

compared flavor conditioning by fructose, which has no post-oral appetition effect in B6 mice, and 

a sucralose + saccharin mixture (SS) which is highly preferred to fructose in 24-h choice tests. 

Both sweeteners conditioned flavor preferences but fructose induced stronger preferences than SS. 

Training B6 mice to drink a flavored SS solution paired with intragastric fructose infusions did not 

enhance the SS-conditioned preference. Thus, the post-oral nutritive actions of fructose do not 

explain the sugar’s stronger preference conditioning effect. Training B6 mice to drink a flavored 

fructose solution containing SS did not reduce the sugar-conditioned preference, indicating that SS 

does not have an off-taste that attenuates conditioning. Although B6 mice strongly preferred 

flavored SS to flavored fructose in a direct choice test, they preferred the fructose-paired flavor to 

the SS-paired flavor when these were presented in water. Fructose conditioned a stronger flavor 

preference than an isopreferred saccharin solution, indicating that sucralose is not responsible for 

the limited SS conditioning actions. SS is highly preferred by FVB/NJ and CAST/EiJ inbred mice, 

yet conditioned only weak flavor preferences. It is unclear why highly or equally preferred non-

nutritive sweeteners condition weaker preferences than fructose, when all stimulate the same T1r2/

T1r3 sweet receptor. Recent findings support the existence of non-T1r2/T1r3 glucose taste sensors; 

however, there is no evidence for receptors that respond to fructose but not to non-nutritive 

sweeteners.
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1. Introduction

For many animal species, sugar is a potent reward that motivates ingestion and conditions 

preferences for associated flavors, e.g, the flavor of cherry [34]. Stimulation of oral sweet 

receptors is sufficient to stimulate sugar intake and condition flavor preferences in rats. This 

is demonstrated by three lines of evidence. First, sham-feeding rats with an open esophageal 

or gastric fistula, which minimizes post-oral nutritive effects, consume substantial amounts 

of sugar and work avidly for sugar rewards on a progressive ratio (PR) schedule that 

measures food motivation [22,28,54]. Second, sham-feeding rats learn to prefer a flavor 

added to a sucrose solution [6,57]. Third, rats learn to prefer neutral flavors added to non-

nutritive saccharin solutions, which have a sucrose-like taste [8,12,14,18,19,24,26,53]. In 

addition to sweet taste, some sugars have post-oral actions that stimulate ingestion and 

reinforce flavor preferences; this process is referred to as appetition to distinguish it from the 

post-oral satiation effects of nutrients, which suppress intake [35]. Post-oral sugar appetition 

is demonstrated by the ability of intragastric (IG) glucose or sucrose infusions to rapidly 

stimulate the intake of a non-nutritive flavored solution (the conditioned stimulus or CS+) 

and induce a long-lasting preference for that flavor in rats and mice [38]. IG glucose 

infusions also increase PR responding for CS+ flavors [36]. Post-oral sugar appetition is 

indirectly implied by preference shifts from non-nutritive to nutritive sweeteners after 

separate experience with both sweeteners [49]. Sugars differ substantially in their post-oral 

appetition effects, however. For instance, IG fructose infusions are much less effective than 

IG glucose or sucrose infusions in promoting intake of (and preference for) flavored 

solutions in rodents [37,41,43,60].

In contrast to the many reports of saccharin-conditioned flavor preferences in rats, two 

studies reported that non-nutritive sweeteners failed to condition preferences in C57BL/6J 

(B6) mice [3,10]. In these mouse studies, however, the conditioned preference was for the 

position (i.e., left vs. right side of cage) or color (i.e., black vs. white) of sipper tubes rather 

than for the flavor of solutions (e.g., cherry vs. grape) in sipper tubes. It may be that 

preferences are more readily conditioned to flavor than non-flavor cues, as has been reported 

for conditioned taste aversions [23]. In addition, the mouse studies used sucralose rather 

than saccharin as the non-nutritive sweetener. It is possible that non-nutritive sweeteners 

differ in their preference conditioning actions. Alternatively, rats and mice may differ in their 

ability to acquire sweet taste-based preferences. Also given inbred strain differences in 

sweetener preferences and flavor conditioning [1,30], some mouse strains may be more 

susceptible than others to flavor conditioning by sweet taste.

The present study examined the ability of sugars (sucrose, fructose) and non-nutritive 

sweeteners (sucralose, saccharin) to condition flavor preferences in inbred strains of mice. 

B6 mice were studied in all experiments except one that involved FVB/NJ and CAST/EiJ 

mice. These two strains were of interest because they differ from B6 mice in their oral 

attraction to non-nutritive sweeteners and their post-oral response to fructose [47,48]. As in 

most prior studies of preference conditioning by non-nutritive sweeteners 

[8,10,12,14,18,24,26,53], male animals were primarily used in the current study although the 

conditioning responses of male and female mice were compared in one experiment. The 

question of whether non-nutritive sweeteners can condition flavor preferences is important 
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because recent studies suggest that sweet taste alone does not reinforce food preferences 

[3,7,10,11,33,55].

2. Experiment 1. Sucrose and sucralose conditioned flavor preferences

In a study of the neural basis of food reward, de Araujo et al. [10] trained thirsty B6 mice to 

drink a 0.8 M (27%) sucrose solution from a sipper tube positioned on one side of a cage 

and plain water from a sipper tube on the other side of the cage. In a subsequent choice test 

with the two tubes containing water, the mice licked significantly more from the sucrose-

paired tube than from the water-paired tube. In contrast, other mice trained with a non-

nutritive 0.3 mM (1.2%) sucralose solution failed to acquire a preference for the sucralose-

paired tube even though the sucralose and sucrose solutions were isopreferred in brief two-

bottle tests. In a subsequent study, Beeler et al. [3] also reported that 0.8 M sucrose but not 

0.3 mM sucralose conditioned a sipper tube preference in B6 mice; in their experiment the 

sipper tubes were distinguished by color (white, black) rather than position. Based on these 

findings, the authors concluded that only sweeteners that have post-oral nutritive actions 

reinforce sipper tube preferences in mice. Yet, there are numerous reports that non-nutritive 

saccharin solutions can condition flavor preferences in rats at various concentrations (0.028 

– 0.8%) and with various training procedures [8,12,14,18,19,24,26,53]. Based on these 

findings, we predicted that both sucrose and sucralose solutions would condition flavor 

preferences in B6 mice. Sucrose, however, was expected to induce a stronger preference 

because it has both taste and post-oral conditioning effects. We used concentrations of 

sucrose (8%, 272 mM) and sucralose (0.8%, 20 mM) that are isopreferred by B6 mice in 1-

min and 24-h choice tests but have differential IG conditioning actions [40,44,49].

2.1. Method

2.1.1. Subjects—Experimentally-naive male B6 mice (n=20, 10 weeks old) derived from 

stock obtained from the Jackson Laboratories (Bar Harbor, ME) were singly housed in 

plastic tub cages in a room maintained at 22° C with a 12:12 h light-dark cycle (lights on 

0900 h). The mice had ad libitum access to chow (5001, PMI Nutrition International, 

Brentwood, MO) and deionized water throughout this and all subsequent experiments except 

where noted. The protocols in this and subsequent experiments were approved by the 

Institutional Animal Care and Use Committee at Brooklyn College and were performed in 

accordance with the National Institutes of Health Guidelines for the Care and Use of 

Laboratory Animals.

2.1.2. Test Solutions—The sweetener solutions were prepared using food-grade sucrose 

(8% w/w; Domino Foods, Yonkers, NY) or sucralose (0.8% w/w, Tate & Lyle, Dayton, OH) 

dissolved in deionized water. The CS+ flavor added to the sweetener solution (CS+/

Sweetener) was cherry or grape (0.05% w/w Kool-Aid mix, Kraft Foods, Northfield, IL). 

The CS− solution was the alternate flavor in plain water (CS−/H2O). For half the mice in 

each group, the CS+ flavor was cherry and the CS− flavor was grape; the CS flavors were 

reversed for the remaining animals. For the two-bottle tests, the CS+ flavor was presented in 

plain water (CS+/H2O) as was the CS− flavor. Fluid was available through sipper spouts 

attached to 50-ml plastic tubes that were placed on top of the home cage. The sipper spouts 

Sclafani and Ackroff Page 3

Physiol Behav. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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—The mice were adapted to their cages with two bottles of water for one 

week. They were then divided into two groups equated for water intake and body weight. 

The Sucrose mice (n=10) were subjected to six daily one-bottle training trials. They received 

the CS− on days 1, 3, and 5 and the CS+ sucrose on days 2, 4, and 6. On day 7, they 

received water only. On days 8–9, the mice were given a choice test (Test 1) with the CS+ 

vs. CS− flavors presented in water. On days 10–11, the choice test was repeated (Test 2) to 

determine the persistence of the CS+ preference. The Sucralose mice (n=10) were given the 

same sequence of tests, but the CS+ contained sucralose rather than sucrose. In this and all 

subsequent experiments the daily training and test sessions were nominally 24 h in duration; 

the drinking bottles were available 23–23.5 h and were then cleaned and refilled. The left-

right positions of the CS+ and CS− bottles were alternated during training in an LRRLRL 

pattern and during testing in an LRLR pattern to minimize the development of side 

preferences.

Fluid intakes were averaged over 3-day blocks during training and 2-day blocks during 

testing and evaluated with separate analyses of variance. Percent CS+ intakes (e.g., CS+/

Total intake × 100) were calculated for the two-bottle tests and analyzed with analysis of 

variance.

2.2. Results and Discussion

Figure 1 presents the one-bottle training and two-bottle test data. During one-bottle training, 

the Sucrose and Sucralose groups consumed more CS+/Sweetener than CS−/H2O (F(1,18) = 

1200.8, P < 0.001) and the Sucrose mice drank substantially more (P < 0.01) CS+/Sweetener 

than the Sucralose mice; CS−/H2O intakes did not differ (Group x CS interaction, F(1,18) = 

670.8, P < 0.001). Overall, both groups also consumed more (P < 0.01) CS+/H2O than CS

−/H2O in the two-bottle tests (F(1,18) = 312.5), but Sucrose mice consumed more CS+/H2O 

than did the Sucralose (Group x CS interaction, F(1,18) = 170.8, P < 0.001). Furthermore, 

whereas the Sucrose mice consumed more CS+/H2O than CS−/H2O in both Tests 1 and 2, 

the Sucralose mice consumed more CS+/H2O only in Test 1. The percent CS+/H2O 

preferences of the Sucrose group exceeded those of the Sucralose group (F(1,18) = 125.9, P 

< 0.001) and declined only in the Sucralose group from Test 1 to 2 (Group x Test interaction, 

F(1,18) = 7.3, P < 0.05) (Fig. 1).

As predicted, both sucrose and sucralose conditioned flavor preferences in the B6 mice. The 

sucrose-conditioned preference, however, was stronger and more persistent than the 

sucralose-based preference, which was expected given the differential post-oral flavor 

conditioning actions of the two sweeteners [44]. The fact that the Sucrose mice consumed 

substantially more of the flavored sweetener during one-bottle training than did the 
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Sucralose mice is also consistent with the known post-oral effects of two sweeteners. We 

previously reported that B6 mice trained to drink a CS+ flavor paired with IG infusion of 

16% sucrose (diluted to 8% sucrose by the ingested CS+ solution) consumed more of the CS

+ than of a CS− flavor paired with IG water in one-bottle 24-h sessions and strongly 

preferred the CS+ to the CS− in a subsequent choice test. In marked contrast, B6 mice 

consumed less of a CS+ paired with IG infusion of 1.6% sucralose (diluted to 0.8% in the 

stomach) than of the water-paired CS− during training, and preferred the CS− to the CS+ in 

the subsequent choice test [44]. The post-oral mechanism by which concentrated sucralose 

inhibits intake is not known but it does not prevent B6 mice from preferring 0.8% sucralose 

to water [44,49]. However, the post-oral inhibitory actions of 0.8% sucralose may limit its 

ability to condition a CS+ flavor preference.

3. Experiment 2. Fructose and sucralose + saccharin conditioned flavor 

preferences

In addition to sucrose, B6 mice learn to prefer CS+ flavors added to glucose and fructose 

solutions [39], which are the constituent sugars of sucrose. The fructose-conditioned 

preference, unlike those produced by sucrose or glucose, was attributed primarily to the 

sweet taste of the sugar because fructose does not have post-oral appetition effects in B6 

mice. This is indicated by the failure of IG fructose infusions to stimulate the intake of (or 

preference for) a flavored CS+ solution [37,60]. In Experiment 2 we compared the flavor 

conditioning effects of fructose with that of a non-nutritive sweetener mixture containing 

0.1% sucralose and 0.1% saccharin (referred to as SS). The 0.1% SS mixture was used 

instead of 0.8% sucralose because it does not have the post-oral inhibitory actions of the 

concentrated sucralose solution [49] which, as noted above, might impair flavor 

conditioning. Furthermore, the 0.1% SS mixture is significantly preferred to 8% fructose in 

brief-access as well as 24-h choice tests suggesting that it has a sweeter taste [40,49]. Based 

on these findings, we predicted that the SS mixture would condition a stronger CS+ 

preference than the 8% fructose solution.

3.1. Method

3.1.1. Test solutions—The sweetener solutions were prepared using food-grade 8% 

fructose (Tate & Lyle, Honeyville Food Products, Rancho Cucamonga, CA) or 0.1% 

sucralose + 0.1% sodium saccharin (Sigma, St. Louis, MO) (SS) dissolved in deionized 

water. The CS+ flavor added to the sweetener (CS+/Sweetener) was 0.05% cherry or grape. 

The CS− solution was the opposite flavor in plain water. CS+ and CS− flavors were 

counterbalanced as in Experiment 1. For the two-bottle tests, the CS+ flavor was presented 

in plain water (CS+/H2O) as was the CS− flavor (CS−/H2O).

3.1.2. Procedure—Naive male B6 mice (n=18, 12 weeks old) were housed and trained as 

in Experiment 1 except that fructose and SS were the sweeteners. Following the CS+/H2O 

vs. CS−/H2O choice tests, the Fructose group (n=9) was given a 2-day choice test with 

unflavored fructose vs. water while the SS group (n=9) was given unflavored SS vs. water.
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3.2. Results and Discussion

As shown in Figure 2, during one-bottle training, the Fructose and SS groups consumed 

more CS+/Sweetener than CS−/H2O (F(1,16) = 253.6, P < 0.001). In addition, the Fructose 

mice drank more (P < 0.01) CS+/Sweetener than the SS mice; CS−/H2O intakes did not 

differ (Group x CS interaction, F(1,16) = 8.1, P < 0.05). Overall, both groups consumed 

more (P < 0.01) CS+/H2O than CS−/H2O in the two-bottle tests (F(1,16) = 24.9), but the 

difference was greater in the Fructose group than the SS group (Group x CS interaction, 

F(1,16) = 4.4, P = 0.051). Furthermore, whereas the Fructose mice consumed more (P < 

0.05) CS+/H2O than CS−/H2O in both Tests 1 and 2, the SS mice consumed more CS

+/H2O only in Test 1. Overall, the percent CS+/H2O preferences of the Fructose group 

exceeded those of the SS group (F(1,16) = 5.5, P < 0.05) although the preferences in both 

groups declined from the first to the second test (F(1,16) = 27.6, P < 0.005); the Group x 

Test interaction was not significant (Fig. 2). In the final choice test with unflavored 

sweeteners, both groups consumed substantially more sweetener than water (F(1,16) = 

374.1, P < 0.001) and the Fructose mice consumed more sweetener than did the SS mice 

(Group x Solution interaction, F(1,16) = 18.6, P < 0.001) (Fig. 2).

Contrary to our prediction, the SS sweetener conditioned a weaker CS+ preference than did 

fructose. The CS+ preferences in the SS group (66 and 50% in Tests 1 and 2, respectively) 

were similar to those observed in the Sucralose group in Experiment 1 (63 and 49% in Tests 

1 and 2, respectively). This suggests that the post-oral inhibitory actions of 0.8% sucralose 

were not responsible for its relatively weak preference conditioning effect. The next three 

experiments explored possible reasons for the differential conditioning effects of SS and 

fructose in B6 mice.

4. Experiment 3: Effect of intragastric fructose on sucralose + saccharin 

conditioned flavor preferences

A simple explanation for why fructose conditioned a stronger CS+ preference than SS is that 

the post-oral nutrient actions of the sugar enhanced preference conditioning. Yet, in prior 

studies of B6 mice, IG fructose infusions failed to induce a preference for a CS+ flavor over 

a CS− flavor paired with IG water infusions [37,60]. However, in these studies the CS+ and 

CS− flavors were both presented in isosweet saccharin solutions. In Experiment 2, the CS+ 

flavor was presented in a sweet fructose solution and the CS− was presented in water. Thus, 

it is possible that the post-oral actions of fructose, while ineffective in altering the preference 

for two equally sweet flavors, enhance the preference for a sweetened over an unsweetened 

flavor. According to this interpretation, the conditioned preference for a CS+ flavor in the SS 

solution should be significantly enhanced if its intake is paired with IG fructose infusions.

4.1. Method

4.1.1. Subjects—Naive male B6 mice (n=12, 10 weeks old) were surgically fitted with 

chronic gastric catheters while anesthetized with isoflurane (2%) inhalation as previously 

described [45,59]. Analgesia was provided by a subcutaneous injection of Buprenorphine 

SR (1 mg/kg, ZooPharm, Windsor, CO) at the time of surgery.
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4.1.2. Apparatus—IG infusion training was conducted in plastic test cages [45,59]. The 

sipper spouts were connected to electronic lickometers and a computer that operated a 

syringe pump, which infused liquid into the gastric catheter as the animal licked the sipper 

spout. The pump rate was nominally 0.5 ml/min, but the overall infusion rate and volume 

was controlled by the animal’s licking behavior; a 1:1 ratio of oral intake (in ml) to IG 

infusion (in ml) was maintained throughout training. Daily oral fluid intakes were measured 

to the nearest 0.1 g, and IG infusions were recorded to the nearest 0.5 ml.

4.1.3. Procedure—Two weeks after surgery, the mice were adapted to the infusion cages 

with ad libitum access to food and water. The mice were then trained for 6 days. During 

training days 1, 3 and 5, the CS− flavor was in water (CS−/H2O); and during training days 

2, 4 and 6, CS+ flavor was in 0.1% SS (CS+/SS). Intake of the CS−/H2O was paired with IG 

infusions of water and the CS+/SS was paired with IG infusions of 16% fructose. Note, that 

the IG infused 16% fructose was diluted in the stomach to 8% fructose by the equal volume 

of orally consumed CS+/SS solution. Following training, IG infusions ceased. On day 7, the 

mice were offered water alone. On days 8–11, they were subjected to two consecutive two-

bottle tests (2 days each) with the CS+/H2O and CS−/H2O solutions. On days 12–13, the 

mice received water only. On days 14–15, the mice were subjected to a two-bottle preference 

test with unflavored SS vs. water.

4.2. Results and Discussion

Figure 3 shows that during one-bottle training the total intake of CS+/SS plus IG fructose 

exceeded that of the CS−/H2O plus IG water (t(1,11) = 11.2, P < 0.001). In the two-bottle 

tests, the mice consumed significantly more CS+/H2O than CS−/H2O in Test 1 but not in 

Test 2 (CS x Test interaction F(1,11) = 9.5. P < 0.05). Their percent CS+/H2O intakes 

declined significantly from Test 1 to 2 (66 to 53%; t(1,11) = 3.0, P < 0.05) and were quite 

similar to those displayed by the SS group in Experiment 2 (66 to 49%). In the final choice 

test with unflavored SS and water, the mice consumed substantially more SS than water 

(t(1,11) = 25.9, P < 0.001) and the percent SS intake was 96%. This was comparable to the 

92% preference displayed by the SS mice in Experiment 2.

The present results revealed that the CS+/SS solution with paired IG fructose infusions did 

not condition a stronger preference for the CS+ flavor than did the CS+/SS solution without 

paired IG fructose infusions (in Experiment 2). During training, the mice in this experiment 

co-infused an amount of fructose that was slightly more than that orally consumed by the 

mice in the Fructose group in Experiment 2 (1.35 vs. 1.13 g sugar/day), yet displayed a 

weaker CS+ preference than that observed in the Fructose group in the second experiment. 

These findings contradict the hypothesis that that fructose conditioned a stronger CS+ flavor 

preference than SS because of its post-oral nutritive actions.

5. Experiment 4: Effect of sucralose + saccharin on fructose conditioned 

preference

In addition to their sweet taste, non-nutritive sweeteners elicit bitter and metallic off-tastes 

[20,32]. These off-tastes may interfere with their ability to condition flavor preferences. The 
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present experiment indirectly tested this idea by determining if adding SS to a 8% fructose 

solution attenuated the CS+ preference conditioned by the sugar.

5.1. Method

Naive male B6 mice (n=10, 9 weeks old) were trained and tested like the Fructose mice in 

Experiment 2 except that their CS+ flavored 8% fructose solution also contained 0.1% 

sucralose and 0.1% saccharin (henceforth, CS+/FRU+SS). Following the CS+/H2O vs. CS

−/H2O tests, the mice were given a 2-day choice test with unflavored 8% fructose containing 

SS (FRU+SS) vs. water. This was followed by 2-day choice tests with unflavored FRU+SS 

vs. fructose alone and unflavored FRU+SS vs. SS alone. These additional tests were run to 

determine whether adding SS to fructose enhanced or reduced the preference for the sugar 

relative to fructose alone or SS alone. The mice were given one day of water only prior to 

each of the tests with unflavored sweeteners.

5.2. Results and Discussion

As shown in Figure 4, the mice consumed substantially more CS+/FRU+SS than CS−/H2O 

during one-bottle training (t(9) = 14.1, P < 0.001). They also drank significantly more CS

+/H2O than CS−/H2O in both Tests 1 and 2 (F(1,9) = 72.8, P < 0.001) although the intake 

differences declined from the first to second test (CS x Test interaction, F(1,9) = 9.1, P < 

0.001). The percent CS+/H2O also declined from Test 1 to 2 (t(9) = 2.8, P < 0.05). 

Nevertheless, the percent CS+/H2O intakes in the two tests (76%, 62%) were comparable to 

those of the Fructose group mice in Experiment 2 (78%, 64%). The mice consumed 

substantially more unflavored FRU+SS than water following the CS flavor tests (t(9) = 21.6, 

P < 0.001), and intakes of the flavored and unflavored FRU+SS solutions were comparable 

to the 8% fructose intakes observed in Experiment 2.

In the additional two sweetener choice tests, the mice strongly preferred the FRU+SS to 

fructose alone (95%, 17.2 vs. 0.9 g/day, t(9) = 12.4, P < 0.001) and to SS alone (92%, 17.2 

vs. 1.4 g/day, t(9) = 12.5, P < 0.001).

These results demonstrate that adding SS to 8% fructose did not attenuate the CS+ 

preference conditioned by the sugar. This suggests that any off-tastes of the sucralose and 

saccharin sweeteners are not sufficient to inhibit flavor conditioning, although it does not 

preclude the possibility that off-tastes may contribute to the weaker conditioning response to 

the SS in the absence of fructose. Adding SS to the fructose solution substantially enhanced 

its palatability as evidenced by the strong preferences for FRU+SS over fructose or SS 

alone.

6. Experiment 5: Preference for fructose vs. sucralose + saccharin paired 

CS+ flavors

B6 mice strongly and persistently prefer unflavored SS to unflavored 8% fructose in 24-h 

choice tests [40,49]. This observation led to the prediction that SS would condition a 

stronger CS+ flavor preference than 8% fructose. It is possible, however, that the addition of 

the cherry and grape flavors, which contain citric and ascorbic acids among other chemicals, 
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alters the relative palatability of the SS and fructose solutions. If so, this could explain why 

the CS+/SS solution conditioned weaker preferences than did the CS+/fructose solution in 

Experiment 2. The present experiment therefore compared the preference of naïve B6 mice 

for cherry or grape flavored SS vs. fructose solutions. A second aim of the experiment was 

to determine the flavor preference of mice given one-bottle training with the flavored SS and 

flavored fructose solutions.

6.1. Method

Naive male B6 mice (n=10, 10 weeks old) were given a two-day, two-bottle preference test 

with solutions containing one flavor in SS (CS+SS/SS) vs. the other flavor in fructose (CS

+F/FRU). The flavors were 0.05% grape or cherry Kool-Aid mixes. Half the mice had cherry 

added to SS and grape added to fructose; while the other half had the flavors reversed. Next, 

the mice were subjected to six one-bottle training days with the CS+SS/SS (days 1, 3, 5) and 

CS+F/FRU (days 2, 4, 6). The mice were then given two-bottle choice tests with the CS+F 

flavor in water (CS+F/H2O) vs. the CS+SS flavor in water (CS+SS/H2O) over 4 days (Tests 

1 and 2). The mice were then given another 2-day preference test with CS+SS/SS vs. CS+F/

FRU. Finally, they received a 2-day test with unflavored SS vs. fructose. One day of water 

only preceded the latter two choice tests.

6.2. Results and Discussion

In the initial choice test with the flavored sweetener solutions, the mice consumed 

substantially more CS+SS/SS than CS+F/FRU (t(9) = 22.1, P < 0.001); their CS+SS/SS 

preference was 89% (Fig. 5). The mice then consumed comparable amounts of the two 

flavored sweeteners during the one bottle training sessions (Fig. 5). However, when given 

the choice between the CS flavors in water only, they consumed significantly more CS

+F/H2O than CS+SS/H2O in both Tests 1 and 2 (F(1,9) = 15.5, P < 0.01). The percent CS

+F/H2O intake declined slightly but not significantly from the first to second test (70% to 

65%). In the subsequent test with the flavored sweeteners, the mice consumed slightly, but 

not significantly more CS+SS/SS than CS+F/FRU. Their CS+SS/SS preference in this test 

was significantly less (P < 0.01) than in the initial two-choice test (59% vs. 89%, t(9) = 4.3, 

P < 0.01). In the final test with unflavored sweeteners, the mice consumed significantly more 

SS than fructose (t(9) = 6.0, P < 0.001).

The preference for the CS+ flavored SS solution over the CS+ fructose solution displayed by 

the naïve B6 mice in the initial choice was similar to that previously observed in B6 mice for 

unflavored SS over 8% fructose [40,49]. Thus, the addition of the CS flavors to the two 

sweeteners did not attenuate the preference for SS over fructose. Yet, after one bottle 

training with the flavored sweeteners, the mice preferred CS+F/H2O over CS+SS/H2O in 

the choice tests. This CS+F/H2O preference, which is consistent with the findings of 

Experiment 2, indicates that 8% fructose intake conditions a stronger CS+ flavor preference 

than SS intake. Following training and testing with the CS+ flavors, the mice no longer 

preferred the CS+SS/SS over CS+F/FRU, although they displayed a significant but moderate 

preference for unflavored SS to fructose. Thus, the one-bottle exposure to the flavored SS 

and fructose sweeteners reduced their subsequent preference for SS over fructose. This is not 

the case, however, for mice given separate 2-day exposure to unflavored SS and fructose. 

Sclafani and Ackroff Page 9

Physiol Behav. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



These mice showed only a slight change in their strong SS preference before and after 

separate exposure to the two sweeteners [40,49]. Thus the reduction in preference for the CS

+SS/SS solution (from 89% to 59%) following the one-bottle training indicates that the 

conditioned preference for the CS+F flavor attenuated the inherent preference of B6 mice 

for SS over fructose.

The conditioned CS+F flavor preference observed here was replicated in a supplementary 

experiment in which male and female B6 mice were trained as in the present experiment 

except that they were not given the initial choice test between CS+SS/SS and CS+F/FRU 

solutions. After one-bottle training with the flavored sweeteners, the mice significantly 

preferred the CS+F/H2O to the CS+SS/H2O as in the present experiment (see 

Supplementary Fig. 1). Yet, in the subsequent sweetener tests they preferred the flavored and 

unflavored 0.1% SS to the 8% fructose, which is consistent with the present findings 

(Supplementary Fig. 1). Notably, there were no sex differences in the preference responses 

which indicates that female mice, like male mice, prefer SS to fructose but acquire a 

stronger preference for a flavor paired with fructose than one paired with SS.

7. Experiment 6: Flavor preferences conditioned by saccharin

In the preceding experiments sucralose and sucralose + saccharin solutions conditioned 

weaker CS+ flavor preferences than did sucrose and fructose. The present experiment 

determined the effectiveness of a saccharin-only solution to condition a CS+ preference in 

B6 mice. There are many reports of saccharin-conditioned flavor preferences in rats. In some 

experiments saccharin was as effective as sucrose in conditioning a flavor preference [14,26] 

whereas in others it was less effective than the sugar [8,12]. Here, we tested the hypothesis 

that a saccharin-only solution would condition stronger CS+ preferences in B6 mice than a 

sucralose alone or sucralose + saccharin solution. Parenthetically, because rats (unlike mice) 

are not generally attracted to sucralose solutions [4,42], sucralose-conditioned flavor 

preferences have not been studied in this species.

7.1. Method

Adult male B6 mice (n=9, 12 weeks old) were trained and tested like the SS group in 

Experiment 2 except with a flavored 0.2% saccharin solution (CS+/SAC). Following one-

bottle training and two-bottle testing with the CS+/H2O and CS−/H2O, the mice were given 

a two-day choice test with unflavored 0.2% saccharin vs. water. Then the mice were given 

two additional 2-day choice tests which compared their preference for 0.2% saccharin vs. 

8% fructose and for 0.2% saccharin vs. 0.1% sucralose + 0.1% saccharin. One or more days 

of water-only preceded the tests with unflavored sweeteners.

7.2. Results and Discussion

During one-bottle training, the mice consumed significantly more CS+/SAC than CS−/H2O 

(t(8) = 4.7, P < 0.001) (Fig. 6). They also consumed significantly more CS+/H2O than CS

−/H2O in Test 1 but not Test 2, resulting in a significant CS x Test interaction (F(1,8) = 11.6, 

P < 0.01). The percent CS+/H2O intakes declined from 65% to 53% from the first to second 

test (t(8) = 3.4, P < 0.01). Following the CS tests, the mice consumed significantly more 
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unflavored saccharin than water (t(8) = 16.6, P < 0.01). In the subsequent choice test with 

unflavored 0.2% saccharin and 8% fructose, the mice consumed similar amounts of the two 

sweeteners (Fig. 6). In contrast, in the final choice test, the mice consumed significantly 

more 0.1% sucralose + 0.1% saccharin than 0.2% saccharin (t(8) = 9.4, P < 0.001) (Fig. 6).

The saccharin-conditioned preferences obtained in this experiment (65% to 53%) were quite 

comparable to those obtained with SS in Experiments 2 (66% to 50%) and 3 (66% to 53%). 

Yet, whereas 0.1% sucralose + 0.1% saccharin is strongly preferred to 8% fructose in B6 

mice [49], the 0.2% saccharin and 8% fructose were isopreferred in this experiment. Naive 

B6 mice without prior sweetener experience also equally preferred saccharin and fructose 

(6.5 vs. 6.3 g/day) (unpublished findings). Thus, a saccharin-only solution is no more 

effective than sucralose or sucralose + saccharin solution in conditioning a CS+ flavor 

preference in B6 mice.

8. Experiment 7. Fructose and Sucralose + Saccharin conditioned flavor 

preferences in FVB and CAST mice

The preceding experiments found that non-nutritive sweeteners conditioned relatively weak 

and transient flavor preferences in B6 mice compared to fructose or sucrose. This may not 

be case with other inbred mouse strains, however, given the strain differences in sweetener 

preferences [1] as well as in sugar-conditioned preferences [30]. The present experiment 

investigated this possibility by comparing flavor conditioning by SS and fructose in FVB 

and CAST strains. These inbred strains were of interest because, like B6 mice, they have 

“sensitive” forms of the T1r2/T1r3 sweet taste receptor [31]. Yet, both strains appear to be 

more attracted to SS than are B6 mice. In particular, FVB and CAST mice drink more SS 

than B6 mice in choice tests vs. water [47,48,49]. However, after separate experience with 

both sweeteners FVB mice, unlike B6 mice prefer fructose to SS [48]. This is attributed to 

the post-oral appetition action of fructose in this strain as documented by the ability of IG 

fructose infusions to condition a CS+ preference in FVB mice [48]. Fructose also has an IG 

flavor conditioning action in CAST mice but, unlike FVB mice, CAST mice do not reverse 

their strong preference for SS over fructose after separate experience with the two 

sweeteners [47]. Furthermore, unlike B6 and FVB mice, CAST mice do not develop a 

preference for 8% glucose over SS. It appears that the strong oral attraction of CAST mice 

to SS overrides the post-oral appetition effects of fructose and glucose. Based on these 

findings, we predicted that SS should condition stronger flavor preferences in FVB and even 

more so in CAST mice than in B6 mice. We also predicted that these strains would develop 

stronger preferences than B6 mice for a fructose-paired CS+ given that IG fructose 

conditions flavor preferences in FVB and CAST, but not B6 mice.

8.1. Method

Adult male FVB/NJ mice (FVB; n=20, 10 weeks of age) and CAST/EiJ (CAST; n=18, 9 

weeks of age) were obtained from the Jackson Laboratories. Note that characteristic of the 

CAST strain, the CAST mice were small and weighed significantly (P < 0.01) less than did 

the adult FVB (15.3 vs. 27.2 g) and B6 mice in Experiment 2 (27.4 g). The mice were 

housed and tested as in Experiment 2. After adaptation to the lab for 1–2 weeks, the FVB 
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and CAST mice were each divided into two groups of equal size equated for body weight 

and water intake. One group in each strain was trained with fructose-paired flavors while the 

other group was trained and tested with SS-paired flavors. Following the CS+/H2O vs. CS

−/H2O and unflavored sweetener vs. water choice tests, the CAST mice were given 

additional 2-day tests with 0.1% SS and 8% fructose as described below.

8.2. Results and Discussion

FVB mice—On one-bottle training days, the Fructose and SS groups consumed more CS+/

Sweetener than CS−/H2O (F(1,18) = 442.8, P < 0.001), and mice in the Fructose group 

drank significantly more (P < 0.01) CS+/Sweetener than the SS mice; CS−/H2O intakes did 

not differ (Group x CS interaction, F(1,18) = 16.7, P < 0.001) (Fig. 7). In the two-bottle tests 

both groups consumed more CS+/H2O than CS−/H2O (F(1,16) = 76.9, P < 0.001), but the 

difference was greater in the Fructose group than the SS group (Group x CS interaction, 

F(1,16) = 36.2, P = 0.051) (Fig. 7). Furthermore, whereas the mice in the Fructose group 

consumed more (P < 0.01) CS+/H2O than CS−/H2O in Tests 1 and 2, the mice in the SS 

group consumed more CS+/H2O only in Test 1. Overall, the percent CS+/H2O preferences 

of the Fructose group exceeded those of the SS group (F(1,16) = 30.7, P < 0.001) and the 

preferences in both groups declined from the first to second test (F(1,16) = 11.9, P < 0.01). 

In the final choice test with unflavored sweeteners, both groups consumed substantially 

more sweetener than water (F(1,16) = 1228.1, P < 0.001) and the Fructose mice consumed 

more sweetener than did the SS mice (Group x Solution interaction, F(1,16) = 63.1, P < 

0.001).

CAST mice—The Fructose and SS groups consumed substantially more CS+/Sweetener 

than CS−/H2O during one-bottle training (F(1,16) = 262.2, P < 0.001) and the two groups 

did not differ in their CS+/Sweetener or CS−/H2O intakes (Fig. 8). In the two-bottle tests, 

both groups consumed more CS+/H2O than CS−/H2O (F(1,16) = 460.1, P < 0.001), 

although the differences were greater in the Fructose than SS group (Group x CS interaction, 

F(1,16) = 110.3, P < 0.001). While both groups consumed more CS+/H2O than CS−/H2O in 

Test 1, only the Fructose group consumed more in Test 2. The percent CS+/H2O intakes of 

mice in the Fructose group exceeded those of mice in the SS group (F(1,16) = 68.8, P < 

0.001) and percent intakes significantly declined from Test 1 to 2 in the SS group but not in 

the Fructose group (Group x Test interaction, F(1,16) = 7.4, P < 0.05). The Fructose and SS 

groups consumed substantially more unflavored sweetener than water (F(1,16) = 673.9, P < 

0.001) and they did not differ in their sweetener intakes or preferences.

In the final test, the two CAST groups were evaluated for their SS vs. fructose preference. 

First, the Fructose group was given a SS vs. water test and the SS group was given a fructose 

vs. water test so that all mice had experience with both sweeteners. Then all mice were given 

the choice of SS vs. fructose; all tests were 2 days in duration and were preceded by water-

only days. Since the two groups did not differ in their final test results, only the combined 

group data are presented in Figure 9. The mice consumed considerably more fructose and SS 

than water (F(1,16) = 503.7, P < 0.001) and more SS than fructose (F(1,16) = 89.6, P < 

0.001) in the sweetener vs. water tests. The mice then consumed substantially more SS than 
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fructose in the direct choice test with the two sweeteners (t(17) = 18.9, P < 0.001) and their 

SS preference was 93%.

The FVB and CAST mice acquired stronger preferences for the fructose-paired CS+ flavor 

than did the B6 mice (~90% vs. 78%, Test 1 data). This was expected because fructose has 

post-oral appetition effects in FVB and CAST mice unlike in B6 mice [47,48]. 

Consequently, their preference for the fructose-paired CS+ flavor was reinforced by both the 

sweet taste and post-oral actions of the sugar. However, contrary to our prediction, the SS 

sweetener did not condition stronger or more persistent CS+ preferences in FVB and CAST 

mice than in B6 mice. In particular, the Test 1 and 2 CS+ preferences of the FVB mice (66% 

- 53%) were quite similar to those of the B6 mice (66% - 50%). The CAST mice displayed a 

somewhat stronger Test 1 preference (74%) than did the FVB and B6 mice (66%), but this 

difference was not significant and the Test 2 preferences of the three strains were similar (50 

– 56%). Although the strains did not differ in their SS-conditioned CS+ flavor preferences, 

the FVB and CAST mice consumed considerably more CS+/SS during training than did the 

B6 mice (24.2 and 19.6 vs. 12.0 g/day, F(2,25) = 14.3, P < 0.001) and more unflavored SS in 

the sweetener vs. water test (20.1 and 18.9 vs. 10.2 g/day, F(2,25) = 26.7, P < 0.001), which 

confirms prior results [47,48,49]. The elevated SS intakes of the CAST mice are remarkable 

given their low body weights. When expressed on a body weight basis, the CAST mice 

consumed more SS than did the FVB and B6 mice (24.7 vs. 14.7 vs. 7.5 g/20 g bw/day, 

F(2,24) = 55.1, P < 0.001). Another notable feature of the CAST mice is that, while they 

displayed a greater preference for the fructose-paired CS+ than the SS-paired CS+ (91% vs. 

74%), they strongly preferred (93%) SS to fructose in the final choice test with the 

unflavored sweeteners. This confirms the prior finding that CAST mice prefer SS to fructose 

even after experience with both sweeteners [47].

9. General Discussion

The present study compared flavor preference conditioning by nutritive and non-nutritive 

sweeteners in mice. Consistent with many reports of saccharin-conditioned flavor 

preferences in rats [8,12,14,18,19,24,26,53], we observed that saccharin, sucralose and 

sucralose+saccharin solutions each conditioned flavor preferences in mice. This contrasts 

with recent reports that sucrose but not sucralose conditions sipper tube preferences in B6 

mice. The discrepant results may be related to differential effectiveness of flavor vs. sipper 

tube cues to support preference conditioning or to other procedural differences (see below). 

The non-nutritive sweeteners conditioned weaker and less persistent preferences than did 

sucrose and fructose, which would appear to support the idea that post-oral nutritive 

feedback enhances the preference conditioning effects of sugars. However, in the case of 

fructose conditioning in B6 mice, the findings indicate that oral rather than post-oral factors 

are responsible for the enhanced sugar-conditioned preferences.

In Experiment 1, 8% sucrose conditioned a stronger flavor preference than did 0.8% 

sucralose. At these concentrations, the sweeteners are isopreferred by B6 mice in 1-min and 

initial 24-h choice tests, although the mice develop a strong sucrose preference in 

subsequent 24-h tests [44,49]. This acquired sucrose preference is attributed to the 

differential post-oral effects of the sweeteners. That is, whereas 8% sucrose has a post-oral 
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appetition action that stimulates intake and preference, 0.8% sucralose has a post-oral 

inhibitory effect that limits intake and preference [44]. Nevertheless, the mice preferred 

orally consumed 0.8% sucralose to water, indicating that the sweet taste of sucralose 

overrode the post-oral actions of sweetener [44]. The CS+ preference displayed by the 

sucralose group in Experiment 1 further indicates that the sweet taste of sucralose is 

sufficient to condition a flavor preference although it was weaker than that produced by 

sucrose. Using higher concentrations of sucrose (27%) and sucralose (1.2%), other 

investigators reported that only sucrose conditioned a sipper tube preference [3,10]. As 

noted above, it may be that flavor cues are more effective than sipper tube cues in supporting 

taste-induced preferences. It is also possible, however, that post-oral actions of the more 

concentrated sucralose solution used in the sipper tube studies interfered with preference 

conditioning. Other procedural differences (training and test duration, deprivation state) may 

also contribute to the discrepant results. Future studies could resolve this issue by comparing 

flavor and sipper tube conditioning using the same sweetener concentrations, test durations, 

and deprivation states.

To reduce post-oral differences between nutritive and non-nutritive sweeteners, in 

subsequent experiments we compared flavor conditioning using (a) fructose, which has 

minimal, if any, post-oral positive reinforcing action in B6 mice, and (b) a 0.1% sucralose + 

saccharin mixture, which has minimal post-oral inhibitory actions in this strain [37,49,60]. 

Furthermore, B6 mice significantly prefer 0.1% SS to 8% fructose in brief-access and 24-h 

two-bottle tests and lick more SS than fructose in PR lick tests [49]. Consequently, we 

predicted that SS would condition a stronger CS+ preference than fructose in Experiment 2. 

However, the opposite result was obtained; namely, the mice in the Fructose group displayed 

a greater CS+ preference than did the SS group. Experiment 3 revealed that the stronger 

fructose conditioned preference cannot be attributed to the post-oral actions of the sugar. B6 

mice trained to drink a flavored SS solution paired with IG fructose infusions displayed CS+ 

preferences comparable to those obtained with the SS mice in Experiment 2. The fourth 

experiment revealed that adding SS to 8% fructose did not reduce the sugar-conditioned CS+ 

preference, indicating that the off-taste or post-oral actions of SS do not attenuate flavor 

conditioning.

In Experiment 5 we considered the possibility that the addition of the CS flavor mix to the 

sweeteners altered the relative palatability of fructose and SS. This proved not to be the case: 

naive B6 mice strongly preferred (by 89%) flavored SS to flavored fructose in the initial 

two-bottle test. Yet, after one-bottle training with the flavored sweeteners, the same mice 

preferred the CS+F/H2O to the CS+SS/H2O. The one-bottle training also reduced their 

subsequent preference for the CS+SS/SS solution over the CS+F/FRU solution to 59% and 

resulted in a relatively weak preference (67%) for unflavored SS over fructose compared to 

the 78% preference displayed by B6 mice given experience with unflavored SS and fructose 

[49]. Thus, it appears that fructose taste is more potent than sucralose taste in reinforcing 

flavor preferences and that acquiring a fructose-based flavor preference reduces the inherent 

preference of B6 mice for SS over fructose [49].

Consistent with many rat studies [8,12,14,18,19,24,26,53], Experiment 6 showed that B6 

mice acquired a preference for a CS+ flavor added to a 0.2% saccharin solution. However, 
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the saccharin-conditioned CS+ preference, like those conditioned by 0.8% sucralose and 

0.1% SS, was weaker than that produced by 8% fructose. Yet, naïve and experienced B6 

mice equally preferred 0.2% saccharin and 8% fructose in a 2-day choice test. The equal 

preference for these two sweeteners provides an argument against one potential explanation 

for the weak CS+ preferences induced by the SS solution. A feature of the training and test 

procedure used in the current and prior studies is that the animals were trained with a 

sweetened CS+ flavored solution and then tested with an unsweetened CS+ solution. The 

reduction in the palatability of the CS+ flavored solutions from training to testing may 

reduce its attractiveness via a negative contrast effect. (For example, animals switched from 

32% sucrose to 4% sucrose show less attraction to the 4% sugar than do animals without 

prior experience with the concentrated sugar [13].) Since B6 mice strongly prefer 0.1% SS 

to 8% fructose, mice trained with flavored SS solutions may experience more negative 

contrast when switched to the unsweetened CS+ solution than do mice switched from 

flavored fructose to unsweetened CS+ solution. In theory this could explain the weaker 

preferences conditioned by SS compared to fructose. This explanation is refuted, however, 

by the finding that 0.2% saccharin is isopreferred to 8% fructose but conditions CS+ 

preferences as weak as those produced by 0.1% SS. Note that in Experiment 4, adding 0.1% 

SS to 8% fructose enhanced the palatability of the sugar solution such that it was strongly 

preferred to plain fructose and SS. Yet, the mice trained with fructose+SS displayed CS+ 

preferences comparable to mice trained with fructose only. Taken together, these findings 

demonstrate that the magnitude of the conditioned CS+ preference is independent of the 

palatability of the sweetened CS+ training solution.

The last experiment determined if the non-nutritive SS solution would condition stronger 

preferences in FVB and CAST mice than those observed in B6 mice. This proved not to be 

the case; the FVB and CAST mice did not differ from B6 mice in displaying significant but 

relatively weak preferences for a SS-paired CS+ flavor that dissipated by the second two-

bottle choice test. On the other hand, FVB and CAST mice acquired stronger fructose-based 

CS+ preferences than B6 mice, which was expected based on the post-oral appetition actions 

of fructose in these two strains. But even though CAST mice in the Fructose group acquired 

a robust preference for the sugar-paired flavor following training, they still strongly 

preferred SS to fructose in the final choice test. Thus, in all three mouse strains, preferences 

for SS over fructose did not result in strong SS-conditioned CS+ preferences. Conceivably 

there might be other mouse strains that acquire strong preferences for flavors paired with 

non-nutritive sweeteners but this remains to be determined. It is also possible that the 

conditioning results obtained with fructose and SS might differ if different test procedures 

were used, e.g., short-term instead of 24-h test sessions, oromotor taste reactivity or lick 

microstructure analyses rather than intake measures.

The oral attractiveness of fructose, sucrose and non-nutritive sweeteners is largely, if not 

exclusively mediated by the T1r2/T1r3 sweet taste receptor. This is demonstrated by the 

failure of these sweeteners to stimulate brief access licking in knockout mice missing one or 

both of these receptor units [17,58,61]. In long-term tests, however, KO mice acquire 

preferences for sucrose and glucose based on the post-oral appetition actions of these sugars. 

T1r3 KO mice, however, do not acquire preferences for fructose, consistent with the failure 

of IG fructose infusions to condition flavor preferences in B6 mice. Given that sucralose, 

Sclafani and Ackroff Page 15

Physiol Behav. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



saccharin and fructose act on the same T1r2/T1r3 sweet receptors, it is surprising that 

saccharin and SS solutions that are equally or more preferred than fructose condition weaker 

flavor preferences than do fructose. Recent studies have revealed the existence of T1r2/T1r3-

independent oral sugar sensors in mice including a glucose transporter (GLUT2), a sodium-

glucose transporter (SGLT1) and an ATP-gated K+ glucose sensor [25,51,56]. Furthermore, 

one or more of these sensors are implicated in the cephalic-phase insulin response (CPIR) to 

sugars because T1r3 KO and B6 wildtype mice display comparable CPIRs to oral glucose 

and sucrose [17]. However, fructose, saccharin and sucralose do not elicit a CPIR in B6 mice 

indicating that the sugar-sensing CPIR pathway cannot account for the differential 

preference conditioning effects of these three sweeteners [16,17].

Some investigators have proposed the existence of oral “calorie” or “carbohydrate” sensors 

that are distinct from oral sweet receptors based on the differential exercise enhancement or 

fMRI responses in humans to carbohydrates (glucose, maltodextrin) vs. non-nutritive 

sweeteners (sucralose) [9,15,50]. In fact, there is strong evidence that rodents have a 

maltodextrin taste receptor independent of their T1r2/T1r3 sweet receptor: T1r2 and/or T1r3 

KO mice are strongly attracted to maltodextrin but not sucrose in short-term lick tests 

[52,61]. Recent findings suggest that humans also have a maltodextrin taste receptor [21]. 

The putative maltodextrin receptor remains to be identified, but it could not mediate the 

differential flavor conditioning response to fructose vs. non-nutritive sweeteners. In rats a 

conditioned aversion to maltodextrin does not generalize to fructose or saccharin. This 

indicates that these two sweeteners do not bind to the maltodextrin receptor [29]. 

Furthermore and most interestingly, maltodextrin taste, unlike sucrose taste does not support 

flavor preference conditioning in rats. This is demonstrated by the finding that sham-feeding 

rats learn to prefer a CS+ flavor added to a sucrose solution but not to a CS+ flavor added to 

an isopreferred maltodextrin solution [6]. Why sucrose but not maltodextrin taste conditions 

flavor preferences in rats is not known, although some data suggest that these tastants 

differentially activate brain dopamine reward systems involved in flavor preference learning 

[6].

The dopamine reward system is also implicated in fructose-conditioned flavor preferences 

[2,5] and the differential sipper tube conditioning response to sucrose and non-nutritive 

sweeteners (sucralose, saccharin) [3,10]. Conceivably, fructose may activate the dopamine 

reward system more than does the highly preferred SS or equally preferred saccharin 

solutions used in the present study. How this differential activation might occur is uncertain 

given that fructose, sucralose and saccharin all stimulate the same T1r2/T1r3 sweet receptor. 

Fructose-selective taste receptors have been identified in flies [27] but there is as yet no 

evidence for mammalian taste receptors that respond to fructose but not to sucralose or 

saccharin.

While the present study revealed that orally consumed non-nutritive sweeteners condition 

weaker flavor preferences than do sucrose and fructose, they are effective in potentiating the 

post-oral appetition actions of sucrose in B6 mice. This is demonstrated by the findings that 

B6 mice trained to drink a CS+ flavor paired with IG 16% sucrose infusions consumed more 

of a saccharin-sweetened CS+ flavor than of an unsweetened CS+ flavor (18.2 vs. 6.8 g/day) 

during training and displayed a stronger preference in choice tests for the sweetened than for 
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the unsweetened CS+ relative to the CS− (98% vs. 83%) [46]. These results indicate that the 

potent appetite-stimulating effects of orally consumed sugars in mice are due to the 

combined actions of the sugars on oral T1r2/T1r3 sweet receptors and post-oral sugar 

sensors (glucose sensors in B6 mice and glucose and fructose sensors in FVB and CAST 

mice) [37,46].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Flavor preferences are conditioned by sugars and non-nutritive sweeteners in 

mice.

• A sucralose-saccharin (SS) mixture is strongly preferred to fructose in mice.

• Yet, fructose conditioned a stronger flavor preference than the SS mixture.

• The post-oral actions of fructose do not account for its conditioning effects.

• Rather, orosensory factors are implicated in the differential conditioning 

actions.
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Figure 1. 
Experiment 1. Mean intakes (+sem) of CS+ and CS− during one-bottle training and two-

bottle Tests 1 and 2 in the Sucrose (left panel) and Sucralose (right panel) B6 groups. (Order 

of training and testing is from left to right in the panels.) During training the CS+ flavor was 

added to the sweetener solution (CS+/Sweetener), which was 8% sucrose for the Sucrose 

group and 0.8% sucralose for the Sucralose group. During testing the CS+ flavor was in 

water (CS+/H2O); the CS− flavor was always in water (CS−/H2O). Numbers atop bars 

represent mean percent preference for that solution. Significant (P < 0.05) intake differences 

in the training and two-bottle tests are indicated by an asterisk (*).
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Figure 2. 
Experiment 2. Mean intakes (+sem) of CS+ and CS− during one-bottle training and two-

bottle Tests 1 and 2 in the Fructose (left panel) and SS (right panel) B6 groups. (Order of 

training and testing is from left to right in the panels.) During training the CS+ flavor was 

added to the sweetener solution (CS+/Sweetener), which was 8% fructose for the Fructose 

group and 0.1% sucralose + 0.1% saccharin (SS) for the SS group. During testing the CS+ 

flavor was in water (CS+/H2O); the CS− flavor was always in water (CS−/H2O). In the 

Sweetener vs. water Test, the Fructose group was given unflavored 8% fructose and the SS 

group unflavored SS. Numbers atop bars represent mean percent preference for that solution. 

Significant (P < 0.05) intake differences in the training and two-bottle tests are indicated by 

an asterisk (*).
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Figure 3. 
Experiment 3. Mean intakes (+sem) of CS+ and CS− during one-bottle training and two-

bottle Tests 1 and 2 in B6 mice. (Order of training and testing is from left to right in the 

panel.) During training, the CS+ flavor was added to 0.1% sucralose + 0.1% saccharin (SS) 

and was paired with matched IG infusions of 16% fructose (CS+/SS -> IG fructose). During 

testing the CS+ flavor was in water (CS+/H2O) and was not paired with IG infusions. The 

CS− flavor was always in water (CS−/H2O) and during training, but not testing it was paired 

with matched IG water infusions. In the Sweetener Test the mice were given unflavored SS 

vs. water without IG infusions. Numbers atop bars represent mean percent preference for 

that solution. Significant (P < 0.05) intake differences in the training and two-bottle tests are 

indicated by an asterisk (*).
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Figure 4. 
Experiment 4. Mean intakes (+sem) of CS+ and CS− during one-bottle training and two-

bottle Tests 1 and 2 in B6 mice. (Order of training and testing is from left to right in the 

panel.) During training the CS+ flavor was added to an 8% fructose solution that also 

contained 0.1% sucralose + 0.1% saccharin (CS+/FRU+SS) and during testing the CS+ 

flavor was in water (CS+/H2O). The CS− flavor was always in water (CS−/H2O). In the 

Sweetener Test the mice were given unflavored 8% fructose mixed with SS (FRU+SS) vs. 

water. Numbers atop bars represent mean percent preference for that solution. Significant (P 

< 0.05) intake differences in the training and two-bottle tests are indicated by an asterisk (*).
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Figure 5. 
Experiment 5. Mean intakes (+sem) of CS+ solutions during two-bottle tests and one-bottle 

training in B6 mice. (Order of training and testing is from left to right in the panel.) In the 

initial and final Sweetener CS Tests and during one-bottle training, the CS+F flavor was 

added to an 8% fructose solution (CS+F/FRU) and the CS+SS flavor was added to an 0.1% 

sucralose + 0.1% saccharin (SS) solution (CS+SS/SS). During two-bottle CS tests the CS+F 

and CS+SS flavors were in water. In the Sweetener Test, the mice were given unflavored 8% 

fructose vs. unflavored SS. Numbers atop bars represent mean percent preference for that 

solution. Significant (P < 0.05) intake differences in the training and two-bottle tests are 

indicated by an asterisk (*).
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Figure 6. 
Experiment 6. Mean intakes (+sem) of CS+ and CS− during one-bottle training and two-

bottle Tests 1 and 2 in B6 mice. (Order of training and testing is from left to right in two 

panels.) During training the CS+ flavor was added to 0.2% saccharin (CS+/SAC) and during 

testing it was in water (CS+/H2O). The CS− flavor was always in water (CS−/H2O). During 

the first Sweetener Test, the mice were given unflavored 0.2% saccharin (SAC) vs. water 

(left panel). In two subsequent tests (right panel) the mice were given the choice of 

unflavored 0.2% saccharin (SAC) vs. 8% fructose and 0.2% saccharin vs. 0.1% sucralose 

+ 0.1% saccharin (SS). Numbers atop bars represent mean percent preference for that 

solution. Significant (P < 0.05) intake differences in the training and two-bottle tests are 

indicated by an asterisk (*).
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Figure 7. 
Experiment 7. Mean intakes (+sem) of CS+ and CS− during one-bottle training and two-

bottle Tests 1 and 2 in the Fructose (left panel) and SS (right panel) FVB groups. (Order of 

training and testing is from left to right in the panels.) During training the CS+ flavor was 

added to the sweetener solution (CS+/Sweetener) which was 8% fructose for the Fructose 

group and 0.1% sucralose + 0.1% saccharin (SS) for the SS group. During testing the CS+ 

flavor was in water (CS+/H2O); the CS− flavor was always in water (CS−/H2O). In the 

Sweetener vs. water test the Fructose group was tested with unflavored 8% fructose and the 

SS group with unflavored SS. Numbers atop bars represent mean percent preference for that 

solution. Significant (P < 0.05) intake differences in the training and two-bottle tests are 

indicated by an asterisk (*).
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Figure 8. 
Experiment 7. Mean intakes (+sem) of CS+ and CS− during one-bottle training and two-

bottle Tests 1 and 2 in the Fructose (left panel) and SS (right panel) CAST groups. (Order of 

training and testing is from left to right in the panels.) During training the CS+ flavor was 

added to the sweetener solution (CS+/Sweetener) which was 8% fructose for the Fructose 

group and 0.1% sucralose + 0.1% saccharin (SS) for the SS group. During testing the CS+ 

flavor was in water (CS+/H2O); the CS− flavor was always in water (CS−/H2O). In the 

Sweetener vs. water test the Fructose group was tested with unflavored 8% fructose and the 

SS group with unflavored SS. Numbers atop bars represent mean percent preference for that 

solution. Significant (P < 0.05) intake differences in the training and two-bottle tests are 

indicated by an asterisk (*).

Sclafani and Ackroff Page 29

Physiol Behav. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. 
Experiment 7. Mean intakes (+sem) of 8% fructose (FRU) vs. water, 0.1% sucralose + 0.1% 

saccharin (SS) vs. water, and fructose vs. SS. The Fructose group was tested with fructose 

vs. water followed by SS vs. water; the SS group was tested in the reverse order. All mice 

were given fructose vs. SS in the final test. Numbers atop bars represent mean percent 

preference for that solution. Significant (P < 0.05) intake differences in the training and two-

bottle tests are indicated by an asterisk (*).
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