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Abstract
Serotonin (5-HT) 1A and 5-HT1B receptors have been implicated in the incidence and treatment of
depression in part through the examination of animals lacking these receptors. Although these
receptors have been repeatedly implicated in ingestive behavior there is little information about how
5-HT 1A and 5-HT1B receptor mutant mice react to solutions of varying palatability. In the present
experiment male and female 5-HT 1A and 5-HT1B mutant and wild-type mice were presented with
increasing concentrations of sucrose using a two-bottle choice procedure. In addition fasting blood
glucose levels were assessed. Both male and female 5-HT1B mutant mice drank more sucrose than
WT mice but also consumed more water. Female, but not male, 5-HT1A mutant mice similarly
showed increased sucrose consumption, but did not demonstrate increased consumption of water. In
addition, the pattern of increased sucrose consumption over genotype and sex was related to fasting
blood glucose concentrations such that levels in male 5-HT1B mutant mice were reduced relative to
wild-type and 5-HT1A mutant males, but similar to those of females. The findings in 5-HT1B mutant
mice emphasize the role of the 5-HT1B receptor in regulating ingestive behavior, whereas female sex
hormones and 5-HT1A receptors may interact to alter sucrose consumption in 5-HT1A mutant mice.
In addition, these findings may have implications for the role of these receptors in the incidence and
treatment of depression since the intake of sucrose has been used as an index of anhedonia in animal
models of depression and antidepressant efficacy.
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1. Introduction
The neurotransmitter serotonin (5-HT) is diffusely located throughout the brain where it
regulates a diverse array of behavioral effects [1]. The ability of 5-HT to regulate behavioral
satiety and macronutrient selection provides the basis for the pharmacologic treatment of
obesity and eating disorders. Both 5-HT1A and 5-HT1B receptors have been implicated in the
regulation of feeding. Findings regarding the 5-HT1B receptor are relatively straightforward,
in that pharmacological stimulation of this receptor routinely led to decreased feeding [2–4].
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Accordingly, animals lacking the 5-HT1B receptor consumed more food than their wild-type
counterparts especially as they aged, although increased intake remained proportional to their
body weight [e.g. 5]. Pharmacological stimulation of 5-HT1A receptors using 8-OH-DPAT has
been reported to either increase [e.g. 6] or decrease feeding [e.g. 7], presumably depending on
the differential activation of presynaptic receptors on 5-HT cell bodies or postsynaptic 5-
HT1A receptors in terminal fields, respectively [e.g. 8]. In line with this suggestion, blockade
of carbohydrate feeding provoked by 5-HT in the paraventricular nucleus (PVN) was prevented
by blockade of either 5-HT1A or 5-HT1B receptors in the PVN [9].

5-HT is also widely recognized for its potential role in the etiology of psychiatric disorders
and their pharmacologic treatment (for review see [10–12]). Research with mice with genetic
deletion of 5-HT receptors produces phenotypic changes in anxiety and depressive behaviors
and alter the behavioral effects of antidepressant drugs [for review see 13]. The roles of 5-HT
in affective and anxiety disorders, however, may not remain completely distinct from the role
of 5-HT in feeding, especially since ingestive behavior is used in tests that presume to measure
affective behavior in animal models. For example, prolonged exposure to a period of chronic
mild stress has been reported to reduce the consumption or preference for palatable fluids, such
as sucrose, and this behavior has been used as a model for anhedonia or depression in rodents
[14]. Although individual 5-HT receptors have been implicated in feeding, satiety [8,15] and
the ingestion of solutions of varying palatability [16] using pharmacological techniques, few
studies have examined the role of 5-HT receptor subtypes using genetically modified mice.

The present studies sought to provide information on the role of 5-HT1A and 5-HT1B receptors
in the voluntary intake of palatable solutions using mice with specific genetic deletion of these
receptors. Specifically, we examined intake and preference of increasing concentrations of
sucrose using a two-bottle choice paradigm in 5-HT1A

−/− and 5-HT1B
−/− mice. Because sucrose

intake could be related to genetic alterations in blood glucose levels, fasting blood glucose
levels were measured in the 5-HT mutant mice and related to their intake of sucrose. Finally,
male and female mice were considered separately to evaluate gender differences in ingestive
behavior and glucose levels.

2. Materials and methods
2.1 Animals

A total of 203 male and female 5-HT1A receptor knockout (5-HT1A
−/−; 31 males and 30

females), 5-HT1B receptor knockout (5-HT1B
−/−; 32 males and 38 females) and wild-type (WT;

40 males and 32 females) mice with a 129/Sv-ter background were used in the present
experiments. Mice were generated from founders obtained originally from Dr. René Hen at
Columbia University and bred in the animal colony at the University of Pennsylvania. Their
generation and breeding have been previously described [14,15]. All animals, regardless of
genotype, were housed three to five per cage in the colony with continuous access to food
pellets and water and a 12-hour light-dark cycle (lights on at 07:00). Animals were handled
only for cage changing prior to the start of the first experiment. Animals were 3–6 months of
age at the beginning of the experiments and tested for a maximum of 4 weeks. This age range
was chosen to ensure that all of the tested animals fell within the adult age range and was
required to generate the large number of animals used in the present studies. The estrous cycle
of female mice was not monitored. Instead, sucrose solutions were presented for 4 days, a
period presumed to sample across the 4–6 day ovarian reproductive cycle of mice [17]. The
National Institutes of Health Guide for the Care and Use of Laboratory Animal was followed
in conducting these studies and the protocol was approved by the University of Pennsylvania
IACUC.

Bechtholt et al. Page 2

Physiol Behav. Author manuscript; available in PMC 2009 March 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.2. Sucrose-drinking two-bottle choice procedure
In two experiments using cohorts of the same sex, male and female 5-HT1A

−/− (10 males and
12 females), 5-HT1B

−/− (10 males and 12 females) and wild-type (20 males and 12 females)
mice were tested using a two-bottle choice drinking procedure. Data for male knockout mice
were collected in two cohorts resulting in a larger sample size for male wild-type mice. Because
there were so significant differences between these groups and to simplify the presentation of
the data, these data have been combined. Mice were moved from colony cages to individual
hanging wire cages and given access to tap water through two 35-ml graduated cylinders fitted
with 3 inch long 1 inch bend open drinking tubes (Ancare, Bellmore, NY). These open drinking
tubes were similar to those available in their original home cages. The mice were allowed to
habituate to the housing and drinking conditions for 4 days during which water consumption
was recorded. During this phase animals samples equally between groups from the two bottles
containing water, as evidenced by a lack of group effects on their preference ratios (Females:
WT 0.56 ± 0.17, 5-HT1A

−/− 0.56 ± 0.13, 5-HT1B
−/− 0.52 ± 0.11; Males: WT 0.51 ± 0.16, 5-

HT1A
−/− 0.54 ± 0.28, 5-HT1B

−/− 0.54 ± 0.18). During the choice phase of the experiment, one
of the two water bottles was replaced with a bottle containing sucrose in increasing
concentrations (1%, 2%, 4%, 8% and 16%). During the final 4-day water phase of the
experiment, both bottles were presented and contained only water. The left and right positions
of the two bottles were reversed every 48 h to control for side preference. At these times, mice
were weighed and bottles were cleaned and replaced on the cages. Each concentration of
sucrose was available for 4 days and presented in ascending order over the experiment.
Throughout the experiment, evaporation estimates were calculated from bottles placed on an
empty cage with one containing water and the other containing the appropriate sucrose solution.
Any change in the volume of a given solution compared to the previous day was deducted from
consumption values of that solution for that day. Daily consumption from each tube (ml) was
used in combination with body weight to calculate sucrose intake (ml/kg), water intake (ml/
kg) and total consumption (ml/kg). In addition daily intakes were used to calculate the sucrose
preference ratio (sucrose intake/total intake). Average values for the four-day access period to
each solution were generated and served as the dependent variables. Consumption of chow
was not recorded.

2.3. Fasting blood glucose levels
In order to avoid distress evoked by prolonged fasting, a separate group of naïve animals was
deprived of food on the morning of testing [18]. In accordance with the National Institutes of
Health standard protocol, animals were fasted between 07:00 and 13:00 and blood was drawn
at 13:00. Tail blood samples were taken from male and female 5-HT1A

−/− (21 males and 18
females), 5-HT1B

−/− (22 males and 26 females) and wild-type (20 males and 20 females) mice.
Blood glucose levels were determined using a glucose meter (Abbott Diabetes Care, Alameda,
CA).

3. Statistics
Intake of sucrose and water were measured over each 24 hour periods. Average intake was
determined for the 4-day access period for each concentration of sucrose. Fluid Intake of
sucrose, water, sucrose preference and total fluid intake were compared between sex, genotype,
and sucrose concentration using three-way ANOVAs. Fasting blood glucose levels were
compared between genotype and sex with a two-way ANOVA. Follow-up comparisons were
done to examine significant main effects or interactions using Fisher’s PLSD test.
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4. Results
4.1. Body Weight

The average starting body weights for male WT, 5-HT1A
−/− and 5-HT1B

−/− were 29.6, 27.7
and 30.3 g respectively. The average body weight for female WT, 5-HT1A

−/− and 5-HT1B
−/−

at the start of the experiment were 23.5, 21.7 and 22.9 g respectively. There were no significant
main effects of genotype on body weight in either male or female mice.

4.2. Sucrose intake
A three-way ANOVA revealed significant main effects of sex [F(1,280) = 12.5, p < .001],
genotype [F(2,280) = 13.8, p < .0001], and sucrose concentration [F(4,280) = 457.7, p < .0001],
significant two-way interactions between sex and genotype [F(2,280) = 5.3, p < .01], sex and
sucrose concentration [F(4,280) = 20.0, p < .0001], and genotype and sucrose concentration
[F(8,280) = 5.7, p < .0001], as well as a significant three-way interaction between sex, genotype
and sucrose concentration [F(8,280) = 7.3, p < .0001].

Female 5-HT1A
−/− mice tended to drink more sucrose solution than both 5-HT1B

−/− and WT
females, although when certain sucrose concentrations were available 5-HT1B

−/− female mice
exceeded the intakes of WT (2%) or both WT and 5-HT1A

−/− (16%) mice (Figure 1). Two-
way ANOVA for sucrose intake between genotype and concentration yielded significant main
effects of genotype [F(2,132) = 7.6, p < .005] and sucrose concentration [F(4,132) = 189.2,
p < .0001] and a genotype by sucrose concentration interaction [F(8,132) = 6.6, p < .0001].
Follow-up one-way ANOVAs with Fisher’s PLSD comparisons revealed that 5-HT1A

−/−

female mice drank more 1% (p < .01) sucrose than WT female mice. In addition, both 5-
HT1A

−/− and 5-HT1B
−/− female mice both drank more 2% (p < .05 and p < .01), 8% (p < .005

and p < .01) and 16% (p < .005 and p < .0001) sucrose than WT females, with 5-HT1B
−/−

intakes also exceeding intakes of 5-HT1A
−/− at 16% sucrose (p < .05).

Unlike the female 5-HT receptor knockout mice that both tended to drink more sucrose than
WT mice, only 5-HT1B

−/− male mice, and not 5-HT1A
−/− male mice, drank more sucrose than

WT mice. That is, 5-HT1B
−/− male mice drank more sucrose than WT male mice, independent

of the concentration of sucrose that was available. This conclusion was supported by a two-
way ANOVA for sucrose intake between genotype and concentration that yielded significant
main effects of genotype [F(2,148) = 4.0, p < .05] and sucrose concentration [F(4,148) = 91.6,
p < .0001], but no significant genotype by sucrose concentration interaction. Follow-up
comparisons of this main effect collapsing across sucrose concentration revealed that male 5-
HT1B

−/− mice drank more sucrose overall than WT male mice (p < .05).

4.3. Water intake
A three-way ANOVA revealed significant main effects of sex [F(1,420) = 9.8, p < .005],
genotype [F(2,420) = 19.3, p < .0001], and sucrose concentration [F(6,420) = 1014.6, p < .
0001], significant two-way interactions between sex and genotype [F(2,420) = 4.2, p < .05],
sex and sucrose concentration [F(6,420) = 2.2, p < .05], and genotype and sucrose concentration
[F(12,420) = 11.2, p < .0001], as well as a significant three-way interaction between sex,
genotype and sucrose concentration [F(12,420) = 2.6, p < .01].

The influence of genotype on water intake varied in female mice depending on the
concentration of sucrose that was available. The ANOVA comparing water intake between
genotype and sucrose concentration yielded a significant main effect of sucrose concentration
[F(6,198) = 395.6, p < .0001] and a significant genotype by sucrose concentration interaction
[F(12,198) = 3.6, p < .0001] (Figure 2). During the first presentation of water, female 5-
HT1B

−/− mice drank more water than both WT (p < .05) and 5-HT1A
−/− (p < .005) female mice.
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Also, when the lowest sucrose concentration (1%) was available, 5-HT1A
−/− female mice drank

less water than both 5-HT1B
−/− (p < .005) and WT (p < .005) female mice.

As in female mice, the effects of genotype on water intake in males varied depending on the
concentration of sucrose that was available at the time. However, in general 5-HT1B

−/− male
mice drank more water than both, 5-HT1A

−/− and WT male mice. The two-way ANOVA for
water intake between genotype and sucrose concentration demonstrated significant main
effects of genotype [F(2,222) = 7.7, p < .005] and sucrose concentration [F(6,222) = 245.9,
p < .0001] and a significant genotype by sucrose concentration interaction [F(12,222) = 4.1,
p < .0001]. Follow-up comparisons demonstrated that 5-HT1B

−/− male mice drank more water
than both WT and 5-HT1A

−/− male mice during the first (p < .01 and p < .0001) and last (p < .
05 and p < .005) presentations of water without sucrose available and also when 4% (p < .005
and p < .0005) and 16% (p < .0005 and p < .0005) sucrose were available. In addition 5-
HT1A

−/− male mice drank less water than WT male mice during the first presentation of water
without sucrose available.

4.4. Total intake
A three-way ANOVA revealed significant main effects of sex [F(1,420) = 19.4, p < .0001],
genotype [F(2,420) = 17.2, p < .0001], and sucrose concentration [F(6,420) = 366.9, p < .0001],
significant two-way interactions between sex and genotype [F(2,420) = 8.2, p < .001], sex and
sucrose concentration [F(6,420) = 15.8, p < .0001], and genotype and sucrose concentration
[F(12,420) = 7.8, p < .0001], as well as a significant three-way interaction between sex,
genotype and sucrose concentration [F(12,420) = 6.1, p < .0001].

Across the available sucrose concentrations, female 5-HT1B
−/− mice tended to drink more total

solution than WT female mice and in some cases 5-HT1A
−/− female mice (Table 1). A two-

way ANOVA for total intake between genotype and sucrose concentration resulted in
significant main effects of genotype [F(2,198) = 8.2, p < .001] and sucrose concentration [F
(6,198) = 153.7, p < .0001] and a significant genotype by sucrose concentration interaction
[F(12,198) = 6.9, p < .0001]. During the first presentation of only water, female 5-HT1B

−/−

mice drank significantly more total solution that both WT (p < .05) and 5-HT1A
−/− (p < .005)

female mice. When 1% (p < .005) or 2% (p < .005) sucrose was available, female 5-HT1B
−/−

mice drank significantly more total volume than WT mice. At 8% sucrose, both 5-HT1A
−/−

(p < .005) and 5-HT1B
−/− (p < .05) female mice drank significantly more total solution than

WT mice. Finally, when 16% sucrose was available, female 5-HT1B
−/− mice drank

significantly more total solution than both WT (p < .0001) and 5-HT1A
−/− (p < .05) female

mice, with female 5-HT1a
−/− mice drinking significantly more that WT mice (p < .005).

Male 5-HT1B
−/− mice drank consistently more total volume of the combined solutions across

the increasing sucrose gradient. This observation was supported by a two-way ANOVA, which
yielded significant main effects of genotype [F(2,222) = 6.4, p < .005] and sucrose
concentration [F(6,222) = 153.7, p < .0001], but no significant genotype by sucrose
concentration interaction.

4.5. Sucrose preference
A three-way ANOVA revealed a significant main effect of genotype [F(2,280) = 7.9, p < .001],
and sucrose concentration [F(4,280) = 457.7, p < .0001], a significant two-way interaction
between genotype and sucrose concentration [F(8,280) = 5.2, p < .0001], and a significant
three-way interaction between sex, genotype and sucrose concentration [F(8,280) = 2.5, p < .
01].
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Preference for sucrose in female mice rapidly became maximal with increasing concentrations
of sucrose (Table 2). The two-way ANOVA resulted in a significant main effect of sucrose
concentration [F(4,132) = 71.7, p < .0001] and a significant genotype by sucrose concentration
interaction [F(8,132) = 3.5, p < .05]. Follow-up comparisons revealed that female 5-HT1A

−/−

mice preferred 1% sucrose to a greater extent than WT (p < .05) and 5-HT1B
−/− (p < .05) female

mice.

In male mice preference for sucrose also became maximal very rapidly as the concentration of
sucrose increased across the experiment. The two-way ANOVA yielded a significant main
effect of sucrose preference [F(4,148) = 32.3, p < .0001], but no significant effect of genotype
or their interaction.

4.6. Blood glucose
In general, male mice exhibited higher blood glucose levels than female mice (main effect of
sex [F(1,121) = 36.2, p < .0001]; Figure 3). However, 5-HT1B

−/− males had blood glucose
levels that were similar to their female counterparts. A two-way ANOVA for the effects of
genotype and sex on blood glucose resulted in significant main effects of genotype [F(2,121)
= 10.1, p < .0001] and sex [F(1,121) = 36.2, p < .0001] and significant genotype X sex
interaction [F(2,121) = 7.7, p < .001]. Follow-up comparisons demonstrated that WT (p < .
0001) and 5-HT1A

−/− (p < .0001) male mice had higher blood glucose levels than their female
counterparts and there were no significant differences within each sex between these
genotypes. In contrast, male 5-HT1B

−/− were not significantly different from females of any
genotype. Male 5-HT1B

−/− mice also demonstrated significantly lower blood glucose levels
than both WT (p < .0001) and 5-HT1A

−/− (p < .0001) male mice.

5. Discussion
This study systematically compared male and female 5-HT1A

−/− and 5-HT1B
−/− mice for 24-

hour intake of varying concentrations of sucrose solutions. Both male and female 5-HT1B
−/−

mice drank more sucrose than WT mice. Similar effects were observed in female, but not male
5-HT1A

−/− mice. In addition, the pattern of effects on sucrose drinking across sex and genotype
was related to fasting blood glucose concentrations. Although male mice typically maintained
higher fasting glucose levels than females, glucose levels in male 5-HT1B

−/− mice were similar
to those of females. These data are in agreement with numerous previous findings suggesting
a role for 5-HT1B receptors in ingestive behavior and extend those findings to suggest that sex
hormones and 5-HT1A receptors interact in females to alter ingestive behavior. In addition,
these findings may have implications for the role of these receptors in the incidence and
treatment of depression since intake of sucrose has been used as an index of anhedonia in
animal models of depression and antidepressant efficacy.

The increased sucrose intake observed in 5-HT1B
−/− mice may have been mediated by a general

tendency for these mice to consume more fluid than WT mice, which has been previously
reported in male, but not female, 5-HT1B

−/− mice [5]. However, examination of proportional
intakes of water and sucrose make this interpretation seem unlikely. When only water was
available, male and female 5-HT1B

−/− mice drank an average of 120% and 116% respectively
more water than that consumed by WT mice of the same sex. In contrast, averaging across the
five sucrose concentrations, male and female 5-HT1B

−/− mice drank 145% and 136%
respectively of the sucrose taken in by WT mice of the same sex. Taken together, these findings
suggest that although general changes in fluid intake may account for some of the observed
increased sucrose intake in 5-HT1B

−/− mice, this explanation does not account for the entirety
of the data. Thus, these findings in the least emphasize the role of the 5-HT1B receptor in the
promotion of satiety and may also suggest that the 5-HT1B receptor may participate in the
expression of anhedonia. A similar pro-hedonic notion has been proposed with respect to the
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response of 5-HT1B
−/− mice to cocaine. These mice demonstrate elevated basal [19] and

cocaine induced [20] dopamine levels in the nucleus accumbens, exhibit enhanced locomotor
response to cocaine, and are willing to work harder to obtain cocaine reinforcements [21].
Taken together, these findings suggest that mutations of 5-HT1B the receptor may confer an
increased hedonic drive.

Sucrose intake was increased in female, but not male, 5-HT1A
−/− mice in the absence of gross

changes in fluid consumption. Only female 5-HT1A
−/− mice showed significantly increased

sucrose preference. This suggests that sex hormones and 5-HT1A receptors interact to regulate
the intake of palatable solutions or to induce anhedonia. To date, there are little data available
to explain this relationship with respect to sex differences in terms of either feeding or hedonic
state. It is however known that female sex hormones interact with serotonin systems to alter
food food intake [22]. For example, the anorectic effects of fenfluramine are enhanced during
the estrous phase of the female rat reproductive cycle [23]. Further, there is a precedent in the
literature for interactions between the 5-HT1A receptor and estrogen in measures relevant to
moos such as the production of receptive sexual behavior [24] and also antidepressant [25] and
anxiolytic [26] effects. In the present experiments sucrose intakes were averaged across the 4–
6 day reproductive cycle of mice [17] and thus estrus cycle was not monitored. Further studies
using female mice with controlled hormone cycles to identify the exact mechanisms through
which 5-HT1A receptors and sex hormones in females interact to yield these effects are
warranted.

The range of sucrose concentration tested was very highly preferred in both sexes of all three
genotypes. Only the lowest concentrations (1% and 2%) demonstrated any variability that
might have allowed the detection of significant differences in preference that were
distinguishable from and independent of differences in total fluid intake. However, the pattern
of findings, such as the proportion of sucrose intake in mutant mice relative to WT mice suggest
that real differences in preference were present. Substantiating this hypothesis, the only
significant effects on preference were detected in female 5-HT1A

−/− mice that did not
demonstrate greater overall fluid intakes, but tended to drink the most sucrose relative to their
body weight than any of the other animals tested. Future studies using lower, less highly
preferred solutions may help to verify that differences in preference dictate differences in intake
[27].

Consistent with previous reports that females benefit from the anti-diabetic effects of estrogen
[28], in the present study female mice tended to have lower blood glucose levels than male
mice. In addition, blood glucose levels were predictive of the relationship between sex and
sucrose intake. That is, male and female 5-HT1B

−/− and female 5-HT1A
−/− mice drank more

sucrose than WT mice and had similar fasting blood glucose levels suggesting that lower blood
glucose levels may be permissive to greater sucrose intakes. 5-HT1A and not 5-HT1B receptor
activation reportedly decreases blood glucose levels [29] indicating that perhaps a constitutive
lack of the 5-HT1B receptor results in compensatory upregulation of 5-HT1A receptors in male
mice. Although it is not entirely clear how deletion of the 5-HT1B receptor would decrease
blood glucose levels only in males, profound phenotypic sex differences in 5-HT1B

−/− mice
have been reported previously [e.g. 30].

In summary, deletion of the 5-HT1A and 5-HT1B receptors resulted in increased sucrose
consumption with these effects being specific to female mice in the 5-HT1A

−/− genotype.
Further, lower fasting blood glucose levels among the genotypes were predictive of greater
sucrose intake suggesting that lower glucose levels may allow greater intake of sucrose. These
add to a large literature on the role of these receptors in feeding and also highlight some
previously unexplored topics such as the interplay between sex hormones and the 5-HT1A and
5-HT1B receptors and their effect on both sucrose intake and blood glucose levels.
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Figure 1.
Mean (+SEM) sucrose intake (mg/kg) for female (A) and male (B) wild-type (WT), 5-HT1A,
(1A−/−) and 5-HT1B (1B−/−) mice. *; Significantly different from WT of same sex. #;
Significantly different from 1B−/− of same sex. In male mice follow-ups to a significant main
effects of genotype revealed that male 5-HT1B

−/− mice drank more sucrose overall than WT
male mice (p < .05).
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Figure 2.
Bars represent mean (+SEM) water intakes (mg/kg) for female (A) and male (B) wild-type
(WT), 5-HT1A, (1A−/−) and 5-HT1B (1B−/−) mice. *; Significantly different from WT mice
of same sex. #; Significantly different from 1B−/− mice of same sex.
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Figure 3.
Bars represent mean (+SEM) blood glucose ((mg/dl) for female (A) and male (B) wild-type
(WT), 5-HT1A, (1A−/−) and 5-HT1B (1B−/−) mice. *; Significantly different male mice of the
same genotype. #; Significantly different from WT mice of same sex. †; Significantly different
from 1A−/− mice of same sex.
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