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Direct and Indirect 5-HT receptor agonists produce gender-
specific effects on locomotor and vertical activity in C57 BL/6J
mice
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Abstract

It is well established that the dopamine (DA) and serotonin (5-HT) systems have extensive and
complex interactions. However, the effects of specific 5-HT receptor agonists on traditionally DA-
related behaviors remain unclear. Our goal in these studies was to characterize the effects of 5-HT
receptor agonists on measures of locomotor activity and vertical rearing. The SSRIs fluoxetine and
citalopram produced significant decreases in locomotor activity and vertical rearing at the highest
doses used with females significant more sensitive to citalopram. The 5-HT 4 agonist 8-OH-DPAT
and the 5-HT,¢ agonist MK 212 significantly decreased activity in both male and female mice, with
females more sensitive to 8-OH-DPAT. In contrast, the 5-HT1g agonist RU 24969 and the 5-HTp
agonist DOI both increased activity, with DOI exhibiting differential effects with regard to sex.
Finally, the 5-HT3 agonist SR 57227 produced significant locomotor increases only in female mice
atthe lowest dose. The results of these experiments define locomotor profiles of several 5-HT agonists
in male and female C57BL/6J mice, providing a foundation for further explorations of 5-HT receptor
effects on activity.
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Introduction

It is well established that dopamine (DA) and serotonin (5-HT) systems have extensive and
complex interactions, especially within the basal ganglia (1). The activity of the striatum, a
sensory-motor-limbic integration region of the basal ganglia that controls locomotor and
vertical activity in rodents and includes the caudate-putamen and nucleus accumbens, is
modulated by many factors, in particular DA and 5-HT projections arising from the ventral
midbrain and brainstem (21). While the effects of direct and indirect DA receptor agonists on
locomotor and vertical activity have been well-characterized (4), the effects of 5-HT receptor
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agonists remain unclear. The ventral midbrain, where DA cell bodies are located, receives the
heaviest 5-HT innervations in the brain (25), and 5-HT receptors regulate the activity of DA
and GABA neurons in this region (43);(40). There is also a strong 5-HT projection to the
striatum which provides presynaptic 5-HT regulation of DA release (1). In light of these
extensive interactions, the effects of 5-HT receptor agonists on behaviors traditionally
associated with activation of the dopaminergic system, such as locomotor and vertical activity
(48);(15;16), merit further study.

Fourteen 5-HT receptor subtypes have been identified to date, and at least five of these are
known to have extensive interactions with the DA system, including the 5-HTq4, 5-HT1g, 5-
HToa, 5-HToc, and 5-HT3 receptors (1). Many 5-HT receptor agonists are well characterized
with regard to anxiety-related, anti-depressant, hallucinogenic and other properties. However,
the effects of these compounds on locomotor activity in mice remain relatively unknown.
Although some locomotor studies of drugs such as the 5-HT 5 agonist, 8-OH-DPAT, have
been performed in mice and rats, the doses used are limited, and studies center almost
exclusively on examining the modulatory influences of specific 5-HT receptors on stimulant-
induced behaviors. Thus, a study of the effects of 5-HT receptor agonists on mouse locomotor
activity could prove useful in further studies of drug-induced behaviors, as well as providing
insight into the direct locomotor effects of the 5-HT agonists.

It is known that male and female mice differ in their responses to some psychoactive drugs
that activate both the 5-HT and DA systems, such as amphetamine (11;45). Thus, it is possible
that 5-HT receptor agonists with actions in the DA system might show sex differences.
Additionally, the DA and 5-HT systems are known to have extensive interactions, particularly
in the area of the striatum and nucleus accumbens, brain areas linked with the locomotor- and
vertical activity- stimulating effects of drugs (29). It is therefore likely that stimulation of
specific 5-HT receptor subtypes in this area might have significant effects on locomotor and
vertical activity, effects often mediated through the dopaminergic system (30), (16), (49), but
which are not necessarily mediated exclusively by increases in DA (36). Therefore, although
locomotor and vertical activation or attenuation may be due to changes in DA via 5-HT receptor
stimulation, 5-HT receptor stimulation alone may also alter locomotor and vertical activity.

Although some 5-HT receptors are relatively well-characterized with regard to sex differences
in brain distribution and the behavioral effects of stimulation, such as the 5-HT1, 5-HT»a,
and 5-HT ¢ receptors (53);(6);(3), others remain poorly characterized, and no studies have
examined sex differences in the effects of specific 5-HT receptor agonists on locomotor
activity.

Despite what is known about the effects of 5-HT receptor agonists on mesolimbic DA firing
rates and control of such behaviors such as drug self-administration (46), the specific function
of these receptors in DA-related behaviors, such as locomotor activity in mice, remain unclear.
As locomotor and vertical activity are behaviors known to be regulated by DA signaling, our
goal in these studies was to characterize the effects of several 5-HT receptor agonists on DA
\5-HT interactions in mice. C57BL/6J is the most commonly used mouse strain in
neuropharmacological research, and thus we chose to use this strain to characterize the
locomotor effects of seven different serotonergic compounds; the selective serotonin reuptake
inhibitors (SSRIs) fluoxetine and citalopram, the 5-HT 5 agonist 8-OH-DPAT, the 5-HT g
agonist RU 24969, the 5-HT,a/o¢ agonist DOI, the selective 5-HT¢ agonist MK 212, and the
5-HT3 agonist SR 57227. Naive mice were tested with a variety of drug doses for locomotor
distance traveled and measures of vertical rearing activity.
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C57BI/6J mice were obtained from Jackson laboratories (Bar Harbor, ME), and a breeding
colony was established. Mice were housed in groups of three or four per cage with food and
water ad libitum on a 12-hr light-dark cycle with lights on at 7 am. All experiments used both
male and female mice that were between 2 and 6 months old, and for each drug, the male and
female mice being tested were age matched. Experimental protocols adhered to National
Institutes of Health Animal Care Guidelines and were approved by the Wake Forest University
Institutional Animal Care and Use Committee.

Activity Monitoring

Locomotor activity and vertical rearing were assessed using open field activity monitors (Med
Associates, St. Albans, VT). The open field consisted of a square plexiglass container (27.0cm
x 27.0cm x 20.3 cm) with three sixteen beam infrared arrays. Two arrays were placed on the
periphery of the chamber at floor level for detection of locomotor activity (X and Y planes,
measured approximately 0.25” off the floor), while the third array was placed 2” above the X
and Y arrays to obtain measures of vertical activity (Z plane, measured 2.25” off the floor).
Data was collected using Med Associates Activity Monitoring Software (Med Associates, St.
Albans, VT), and distance traveled was measured in cm over a given length of time. Vertical
rearings were measured as number of beam breaks in the vertical plane over a given length of
time. Behavioral analyses were conducted during the light phase between 9 am — 5 pm. The
locomotor chambers contained no bedding, and were cleaned with 70% EtOH and dried
thoroughly between testings.

Drug Administration

Statistics

Following a two-hour period where mice were allowed to habituate to the chambers, animals
received either saline (0.1 mL injection volume) or drug dissolved in saline (unless specified
otherwise), administered in a 0.1 mL volume i.p., by weight, at the doses described below.
Separate injections were prepared for male and female mice based on average male and female
weight for the cohort. Animals were divided into cohorts, each of which received all doses of
asingle drug type. Doses were randomized in a Latin-Square design. Data was collected using
Med Associates proprietary software (Med Associates, St. Albans, VT) in 5-minute bins for a
period of two hours following injection.

Data was analyzed for distance traveled in cm and the number of vertical rears performed
during the activity profile of the drug. Locomotor activity was grouped in bins for either the
first 20 minutes after drug injection (fluoxetine, citalopram, MK 212), the first 30 minutes after
drug injection (8-OH-DPAT), or the first 60 minutes after drug injection (RU 24969, DOI, SR
57227), depending on the active period of the drug. Active period of the drug was determined
by AUC analysis of activity curves measured over two hours following drug injection (for a
series of representative locomotor activity traces over the full two hours of recording following
drug injection, see supplemental data). The time course of each drug tested can be seen at
representative doses for locomotor and vertical activity in Supplemental figures 1-9. Following
summation of data over 20, 30 or 60 minutes, all groups were tested for outliers using the
Grubb's Test for Outliers. Data was then grouped by sex and analyzed by a one-way ANOVA
for effect of drug in either male or female mice, with a corrected Bonferroni post-hoc analysis
to determine specific effects of dose. For comparisons between sex, activity was compared as
percent of saline values, to control for differences in saline response between sex. Data was
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Drugs

Results

analyzed for between sex effects and interactions between drug and sex by repeated-measures
ANOVA with corrected Bonferroni post-hoc analysis. P<0.05 was considered significant.

The SSRIs (£)-N-methyl-y-[4-(trifluoromethyl)phenoxy]benzenepropanamine hydrochloride
(fluoxetine) and 1-[3-(dimethylamino)propyl]-1-(4-fluorophenyl)-1,3-dihydro-5-
isobenzofurancarbonitrile hydrobromide (citalopram), the 5-HT1 4 agonist 8-hydroxy-2-(di-n-
propylamino)tertraline (8-OH-DPAT), and the 5-HToa/c receptor agonist 1-(2,5-
dimethoxy-4-iodophenyl)-2 amino propane ((z) DOI-hydrochloride) were purchased from
Sigma (Sigma Aldrich, St. Louis, MO). The 5-HT1g agonist 5-methoxy-n1N-
dimethyltryptamine and 5-methoxy-3(1,2,3,6,-tetrahydro-4-pyrindinyl)-1H-indole (RU
24,969), the 5-HT,¢ agonist 6-chloro-2-(1-piperazinyl)pyrazine hydrochloride (MK 212),and
the 5-HT3 agonist 1-(6-chloro-2-pyridinyl)-4-piperidinamine hydrochloride (SR 57227) were
purchased from Tocris (Ellisville, MO). All drugs were given in a volume of 0.1 mL with
concentrations determined by animal weight averages. Fluoxetine HCI was dissolved in ultra-
pure water, while all other drugs were dissolved in 0.9% isotonic sterile saline.

Saline injection produces greater locomotor and vertical responses in male mice

All animals were habituated and monitored for locomotor activity for two hours prior to
injection of drug. In all cohorts and with all drugs tested, no difference between male and
female mice was observed in measures of spontaneous locomotor and vertical activity during
the two hours of habituation to the test chamber (see Supplemental Figure 1). Following
habituation, animals were injected with 0.1mL saline, and locomotor activity was monitored
for two hours (Representative time course of saline injection shown in Supplemental Figure
2). Male mice showed significantly greater locomotor activity compared to female mice during
the first 20 (t=3.022, p<0.01), 30 (t=2.513, p<0.05), and 60 minutes following saline injection
(t=2.383, p<0.05) (Figure 1A). Similarly, in comparison to females, male mice performed more
vertical rears, particularly during the first 20 (t=4.183, p<0.001) and 30 minutes (t=4.391,
p<0.05), (Figure 1B). These data suggest that male mice overall may be more sensitive to the
locomotor-activating effects of acute injections than female mice.

Fluoxetine decreases locomotor activity in male and female mice

It has been generally agreed that fluoxetine produces decreases in locomotor activity at high
doses (43;19), but as yet, no studies have been performed analyzing the effect of sex on
locomotor activity following fluoxetine administration. Following two hours of monitored
habituation to the locomotor chamber, animals were given either saline or fluoxetine (1.0-15.0
mg/kg) (8;34) in a 0.1mL volume by weight. Data was then analyzed for sex differences and
overall effect of drug on locomotor activity using a repeated measures two-way ANOVA with
corrected Bonferroni post-doc analysis during the first 20 minutes following injection of drug
(for full time course of fluoxetine injection at a representative dose, see Supplemental Figure
3A) using percent change from saline control to normalize for differences in saline response.
There was no significant effect of sex on overall fluoxetine response (F1 109=1.450, p=0.2311),
or significant interaction between sex and fluoxetine response (F4,109=1.610, p=0.1769),
although both sexes exhibited a significant decrease in locomotor activity in response to
fluoxetine (Fq 109=14.14, p<0.001 Figure 2A). When analyzed for specific effects of dose by
sex, results confirmed that males and females showed decreased activity across all doses of
drug.
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Fluoxetine decreases vertical activity in male and female mice

Recordings were also conducted for vertical activity in response to fluoxetine. Not surprisingly,
there was a significant effect of fluoxetine on vertical activity in all mice (F4 108=13.55,
p<0.001). Analyzed for sex differences during the first 20 minutes following injection as
percent of saline control, there was no significant effect of sex on vertical activity
(F1,108=0.002597, p=0.9595), although a significant interaction between sex and fluoxetine
dose (F4 108=2.607, p<0.05, Figure 2B) was observed. Additional one-way ANOVA analysis
for dose of drug separated by sex confirmed the effects of fluoxetine on vertical activity, and
itis possible that the drug by sex interaction is due to differences in saline locomotor response.
(For full time course of fluoxetine injection and vertical activity recording at a representative
dose, see Supplemental Figure 3B) Taken together, our data show that fluoxetine
administration produces significant decreases in locomotor and vertical activity, but overall
effects do not differ between male and female mice.

Citalopram decreases locomotor activity at high doses

Although previous studies have shown few effects of citalopram on locomotor activity (7;
15), other studies have shown significant effects of citalopram on locomotor activity at higher
doses (16). Thus, it would be useful to re-examine the locomotor effects of citalopram, and, if
possible, explore the effects of sex on locomotor response. Following two hours of monitored
habituation to the locomotor chambers, animals were given either saline or the SSRI citalopram
(5.0 —=20.0 mg/kg) (34;17). For a full time course of locomotor effects of citalopram on male
and female mice at a representative dose, see Supplemental Figure 4A. When analyzed for sex
differences during the first 20 minutes, it was apparent that there was a significant difference
between the males and females (effect of sex F1 g5=13.16, p<0.001, analyzed by two-way
repeated measures ANOVA with corrected Bonferroni post-hoc analysis), with females
showing significant increases in activity at 5.0 and 10.0 mg/kg (Figure 3A), although no
significant interaction effect was observed (F, g5=2.640, p=0.079). When separated and
analyzed further for effects of citalopram dose on sex, male and female mice showed overall
effects of citalopram, with significant decreases in locomotor activity only at the highest dose
(overall effect of citalopram in males F3 46=6.511, p<0.001, overall effect in females

F3 47=7.544, p<0.001, analyzed by one-way ANOVA for each sex relative to saline control).

Citalopram decreases vertical activity at high doses in male and female mice

In measures of vertical activity in response to the SSRI cirtalopram, analysis revealed a
significant effect of sex (F1 65=13.16, p<0.001, analyzed by two-way repeated measures
ANOVA with corrected Bonferroni post-hoc analysis). There was also a significant effect of
sex for measures of vertical activity (F; g2=4.222, p<0.05 analyzed by two-way repeated
measures ANOVA with corrected Bonferroni post-hoc analysis), although no interaction
between sex and citalopram dose was detected (F3 79=0.9842, p=0.405). Analyzed separately
for effects of citalopram on males and female, citalopram dramatically reduced the number of
vertical rears during the first 20 minutes at the highest dose tested in both sexes (males:
F344=9.924, p<0.001, females: F3 46=11.59, p<0.001), although females showed increases in
vertical activity at 5.0 and 10.0 mg/kg, possibly related to a low initial response to saline
injection (Figure 3B). For a full time course of the vertical effects of citalopram at a
representative dose, see Supplemental Figure 4B.

In the case of vertical responses to citalopram in females, the effect of 20 mg/kg citalopram
was a drastic decrease in vertical activity, compared to significant increases in vertical activity
at lower doses. Because the 20 mg/kg dose resulted in vertical activity without sufficient
variance to allow for a Bonferroni post-hoc test, we ran a one sample t-test comparing the mean
value of the 20 mg/kg dose to saline, and this showed significant effect of drug at 20 mg/kg
(t=11.86, df=11, p<0.0001). Overall, it appears that citalopram produced decreases in
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locomotor and vertical activity at the highest doses used, but that effects at intermediate doses
vary with sex of the animal.

The 5-HT1 agonist 8-OH-DPAT decreases locomotor activity in male mice

It has been observed that the 5-HT 15 agonist 8-OH-DPAT decreases locomotor activity in
mice (14), but effects with regard to sex differences have yet to be explored. Following two
hours of habituation, animals were given either saline or 8-OH-DPAT (0.5-3.0 mg/kg) (5).
There was a significant effect of sex (F1 115=25.92, p<0.01) over the first 30 minutes following
drug administration, with a significant interaction between sex and drug dose (F4,115=2.495,
p<0.05 analyzed by two-way repeated measures ANOV A with corrected Bonferroni post-hoc
analysis). For a full time course of drug effects at a representative dose, see Supplemental
Figure 5A. Interestingly, subsequent analysis revealed that only male mice showed a response
to drug, while females showed no significant effects at any dose tested (males: F4 50=24.55,
p<0.001, females: F4 67=0.9706, p=0.43, Figure 4A, analyzed by one-way ANOVA for each
sex relative to saline control).

8-OH-DPAT reduces vertical activity in male and female mice

With regard to vertical activity following injection of 5-HT1A agonist 8-OH-DPAT, no effect
of sex (F1 79=0.05198, p=0.82 analyzed by two-way repeated measures ANOVA with
corrected Bonferroni post-hoc analysis), and no interaction between sex and 8-OH-DPAT dose
was detected (F1.10g=0.03268, p=0.9979), although there was a significant overall effect of 8-
OH-DPAT across all doses (F4,108=26.20, p<0.001, Figure 4B). For a full time course of drug
effects on vertical activity at a representative dose, see Supplemental Figure 5B. In analyses
for effects of drug dose on gender, both sexes showed significant decreases during the first 30
minutes in the number of vertical rears at all doses of drug, confirming the results of the two-
way ANOVA. Overall, it appears that 8-OH-DPAT decreases vertical rearing behavior in both
male and female mice, although females may be less sensitive to the effect of this 5-HT1A
agonist on locomotor activity.

The 5-HT1g agonist RU 24969 increases locomotor activity in male and female mice

5-HT;g agonists have been shown to potentiate stimulant-induced locomotor activity when
administered systemically (13), but the effects on vertical activity and the possible effect of
sex have not been determined. Following habituation animals were given either saline or RU
24969 (0.3-5.0 mg/kg) (41). For a representative graph of locomotor effects of RU 24969 on
male and female mice, see Supplemental Figure 6A. Across all mice, there was a significant
increase in locomotor activity in response to RU 24969 (F4 7=2.706, p<0.05), but there was
also asignificant difference between sexes (F1 78=4.604, p<0.05 analyzed by two-way repeated
measures ANOVA with corrected Bonferroni post-hoc analysis). There was no significant
interaction between sex and dose of RU 24969 (F4 75=1.019, p=0.4029). While both sexes
showed significant increases in locomotor activity in response to drug administration (males:
F4 43=5.380, p<0.01, females: F4 43=2.619, p<0.05, Figure 5A, analyzed by one-way ANOVA
for each sex relative to saline control), males showed a decrease in locomotor responding at
the highest dose compared to females, pointing to a possible difference between sexes in
responses to RU 24969.

5-HT1B agonist RU 24969 produces no effects on vertical activity

While male and female mice showed consistent increases in locomotor activity, vertical activity
appeared completely unaffected by dose of the 5-HT1B agonist (F4 76=1.060, p=0.3824), and
with no effect of sex present (F 76=0.2187, p=0.6414, Figure 5B, for a representative time
course vertical effects of RU 249696, see Supplemental Figure 6B). Overall, it appears that
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the 5-HT1g agonist RU 24969 has a significant activating effect on locomotor activity in mice,
and that females appear to be more sensitive to these effects.

The 5-HT2p/2c agonist DOl increases locomotor activity in females

In previous studies, the 5-HToa/>c agonist DOI alone did not change locomotor activity,
although it has been found to potentiate the locomotor effects of psychostimulants such as
cocaine (20). However, DOI has been known to exhibit anxiolytic effects, and it is possible
that further studies with locomotor activity and vertical activity could reveal differences due
to sex (42). Following two hours of habituation to the test chamber, animals were given either
saline or DOI (0.125 -2.0 mg/kg) (31,42). Although no significant effect of sex (Fy g3=1.192,
p=0.2790) or interaction between sex and dose of drug (F3 3=0.03913, p=0.7596) was
observed in initial analyses (for a time course of locomotor effects of DOI at a representative
dose, see Supplemental Figure 7A), further analyses revealed that females showed a significant
locomotor effect of DOI (F3 34=4.532, p<0.01 by one-way ANOVA for female responses to
drug dose). Thus, while both male and female mice showed overall effects of drug on locomotor
activity (F3 63=7.131, p<0.001) only females showed significant increases in activity at specific
doses (0.125 and 1.0 mg/kg analyzed by One-way ANOVA, F3 35=4.532, p<0.01, Figure 6A).

DOl increases vertical activity in males

In contrast to the results with locomotor activity, there was a marked difference between sex
in vertical activity responses to the 5-HTa/oc agonist DOI (F1 63=13.26, p<0.001), although
all animals showed a significant response to drug (F3 63=6.342, p<.001). The sexes were
subsequently separated to examine effects of DOI by dose. While both male and female mice
showed overall effects of DOI on vertical activity (males: F3 35=4.625, p<0.01, females:
F335=3.407, p<0.05, analyzed by one-way ANOVA for each sex relative to saline control,
Figure 6B), only male mice showed significant effects of drug at specific doses (0.125 and 1.0
mg/kg, for a time course of vertical effects on male and female mice at 1.0 mg/kg, see
Supplemental Figure 7B). Thus it appears that male and female mice show significant
differences in their locomotor and vertical responses to DOI, although both sexes show a
significant response to the 5-HT,a/2c agonist.

5-HToc/op agonist MK 212 decreases locomotor activity in male and female mice

Following two hours of habituation to the testing conditions, animals were given either saline
or the 5-HT,¢/2g agonist MK 212 (1.0-10.0 mg/kg) (50). Previous studies have shown that
preferential activation of the 5-HT,¢ receptor produces significant decreases in locomotor
activity (33). Our studies found similar results, with the 5-HT,¢/2g agonist MK 212 producing
drastic decreases in locomotor activity in all animals tested (F1,88=18.30, p<0.001), although
no differences between the sexes in locomotor response was observed (Fy gg=1.236, p=0.2694,
Figure 7A). Separated by sex, male and female mice showed significant effects of MK 212 at
all doses tested (males: F3 490=10.65, p<0.001, females: F3 40=28.40, p<0.001, analyzed by one-
way ANOVA for each sex relative to saline control, for a time course of locomotor activity
following a representative dose of MK 212, see Supplemental Figure 8A).

MK 212 decreases vertical activity in male and female mice

MK 212 appears to exert similar effects in both locomotor and vertical activity, with significant
effects of drug on vertical rearing (F3 gg=20.29, p<0.001). No differences between the sexes
were observed (F1 gg=0.2181, p=0.1433 analyzed by two-way repeated measures ANOVA
with corrected Bonferroni post-hoc analysis). For a time course of the effects of MK 212 on
vertical activity, see Supplemental Figure 8B. When separated by sex, male and female mice
both showed significant decreases in vertical activity at all doses of MK 212, confirming the
results of the two-way ANOVA, matching results seen in the original two-way analysis. These
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results complement the work of earlier studies in the literature showing significant locomotor
attenuating effects of 5-HT,¢ agonists in mice.

The 5-HT3 agonist SR 57227 increases locomotor activity in female mice

Very few studies have been performed examining the effects of 5-HT3 agonists on mouse
locomotor behavior, most involving the induction of movement in paraplegic mice (21), with
no examination of possible interactions with dopamine-related behaviors. Thus, a thorough
examination of the locomotor effects of SR 57227 on male and female mice could provide
further insight into the behavioral relevance of this receptor. Following two hours of
habituation, animals were given either saline or SR 57227 (1.0-4.0 mg/kg) (23). The 5-HT3
agonist SR 57227 had a significant effect on locomotor activity when mice were grouped
(F3,82=4.875, p<0.01), but a significant effect of sex was also detected (Fq gp=9.225, p<0.01).
Indeed, when sexs were separated and subjected to further analysis, it appeared that SR 57227
produced no locomotor effects in male mice (F3 43=0.9630, p=0.4196, analyzed by one-way
ANOVA for each sex relative to saline control), but produced significant increases in locomotor
activity in female mice (F3 45=4.411, p<0.01, effect of sex F1 §,=9.225, p<0.01 analyzed by
two-way repeated measures ANOVA with corrected Bonferroni post-hoc analysis). In female
mice, this effect was particularly strong at the lowest dose of 1.0 mg/kg (p<0.05, Figure 8A),
although increased activity as an effect of drug was evident at all doses (for a time course of
locomotor effects at a selected dose of SR 57227, see Supplemental Figure 9A).

The 5-HT3 agonist SR 57227 increases vertical activity in female mice only

The effects of SR 57227 were less pronounced in the vertical plane, and although there was an
significant overall effect of drug (F3 g4=4.509, p<0.01), no significant overall different in sex
was detected (F1 g4=0.1048, p=0.7470), Figure 8B). However, when animals were separated
by sex to look at individual doses of drug, SR 57227 did not show significant effects on vertical
activity in males (males: F3 44=2.210, p=0.1014, analyzed by one-way ANOVA for each sex
relative to saline control). In contrast, females showed significant overall effects of locomotor
activity, with the strongest effect at the lowest dose (females: F3 45=3.091, p<0.05, Figure 8B),
which suggests effects of 5-HT3 agonists on locomotor and vertical activity are weak at best,
as intersex differences cannot be effectively drawn when differences are apparent only at the
lowest dose tested (for a time course of the effects of SR 57227 on vertical activity at a
representative dose, see Supplemental Figure 9B).

Discussion

5-HT receptors have strong modulatory actions on the DA system, influencing DA neuron
firing rates, presynaptic DA release, and postsynaptic DA-responsive cells (1). In the present
studies we documented the effects of systemic administration of various 5-HT direct and
indirect agonists on locomotor activity and vertical rearing, two behaviors which are known
to be DA-related (15;16). We investigated the effects of two SSRIs, fluoxetine, and the more
selective citalopram, as well as receptor agonists for five receptors known to interact with the
DA system: the 5-HTqa, 5-HT1g, 5-HT2a, 5-HT,c and 5-HT3 receptors. Our experiments
showed that each receptor agonist can be distinguished by its locomotor profile, and that
significant sex differences exist for many of the subtype-specific drugs tested.

There isalarge literature on sex differences in responsiveness to direct and indirect DA receptor
agonists in rodents. For example, females exhibit more intense locomotor activation in response
to most stimulants, although males show greater DA responses to cocaine (22), and males are
known to be more sensitive to the behavioral effects of D, agonists (47). Since 5-HT agonists
are modulators of dopaminergic activity, underlying sex differences in the DA system could
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play an important role in the effects of 5-HT receptor agonists on locomotor activity in males
and females.

The SSRI fluoxetine dose-responsively decreased activity in the present studies, in contrast to
previous reports showing that fluoxetine increases locomotor activity in adult CD1 and NMRI
mice (18;8). Our studies also found dose-dependent locomotor decreases. However, it should
be noted that in the previous studies showing increases in activity, animals were exposed to a
novel environment following drug administration (18), an important difference from the
present study. Also, it should be noted that there are differential effects of fluoxetine between
strain of mice, as well as between mice and rats. Fluoxetine is known to decrease locomotor
activity in young (49) and adult rats (32). Additionally, our study used a specific strain of
mouse, C57BL/6J, a strain noted for its insensitivity to antidepressants such as fluoxetine in
the forced swim test. The neurochemical effects of fluoxetine which could produce attenuation
of locomotor activity are complex because it is an uptake inhibitor, elevating extracellular 5-
HT levels and causing activation of potentially diverse receptors in various brain regions at
different doses. Also, in addition to being an inhibitor of the 5-HT transporter, fluoxetine is an
agonist at 5-HT,¢ receptors (38) which are known to decrease locomotor activity (33), and
which could have produced some of the effects seen in the current study.

In contrast to fluoxetine, the more selective SSRI citalopram produced decreases in locomotor
and vertical activity only at the highest dose used (20.0 mg/kg, i.p.). Given that citalopram is
an indirect agonist, it is possible that increases in extracellular 5-HT produced by this drug will
activate diverse subtypes of receptors at different doses, producing mixed effects on activity.
In previous studies of habituated rats and mice, citalopram had no effects on locomotor activity,
although increases in activity have been shown in unhabituated mice (8). In general, SSRIs
have no stimulant properties on their own and do not promote self-administration (51), but
acute SSRI administration potentiates the locomotor-activating effects of psychostimulants
such as cocaine and amphetamine (9). However, in our hands, acute SSRI administration alone
had attenuating effects on locomotor activity. It should be noted, however, that female mice
appeared to show a significant locomotor stimulating effect of citalopram at the two lowest
doses, although female mice also showed significant locomotor attenuation at the highest dose
tested. This augmentation in locomotor activity is surprising, especially considering the
significant locomotor attenuating effects of the similar SSRI fluoxetine. However, fluoxetine
and citalopram do have significant differences, as fluoxetine is known to be less selective, and
in particular, to have activity at the 5-HT,¢ receptor, which could account for some of the
locomotor attenuating effects (32). Additionally, it is possible that the effects seen with
citalopram could be due to the extremely low activity exhibited by the female mice in response
to saline. However, these mice are the only appropriate control for these locomotor responses.
Additionally, because the differences measured are in behavior following drug administration,
differences in absorption and distribution of drug in male and female mice should not be
discounted.

The 5-HT1 A receptor is one of the most-studied 5-HT receptors with regard to sex differences.
It appears that, although there are no differences in 5-HT1 5 receptor binding levels (53), female
rats have increased sensitivity to the anxiolytic effects of 5-HT 5 agonists (6). The 5-HTa
agonist 8-OH-DPAT has also been shown to decrease locomotor activity in mice (14), and in
the present studies, 8-OH-DPAT significantly attenuated locomotor activity in male mice at
all doses tested and attenuated vertical rearing in both male and female mice. In the present
studies, female mice were found to be less sensitive to the locomotor attenuating effects of 8-
OH-DPAT, and both sexes were affected equally with regard to vertical activity. Our data thus
imply that 5-HT 1 activation results in locomotor attenuation in male and female mice,
although females are less susceptible to the locomotor-attenuating effects. It should be noted
that 8-OH-DPAT is also an agonist at 5-HT7 receptors (2), and while this may have some effect
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on locomotor activity, 5-HT5 receptors are located in the thalamus, hypothalamus, and
amygdala, and thus may not have direct effects on dopamine system interactions resulting in
changes in locomotor activity (24). While the effects of 8-OH-DPAT at 5-HT7 receptors cannot
be ignored and may play arole in the effects, this mechanism seems less likely to directly affect
locomotor activity than the actions of 8-OH-DPAT at 5-HT1a. The 5-HT;g receptor has been
relatively well-characterized with regard to locomotor activity, although sex differences have
not been extensively explored. It is known that the 5-HT1g agonist RU 24969 enhances
locomotor activity (13), and our results are consistent with this, showing that systemic RU
24969 potentiates locomotor activity in both sexes with no effect on vertical activity, although
females appear to be more sensitive to the locomotor stimulating effects. It is hypothesized
that activation of 5-HTg receptors on GABA neurons in the VTA produces inhibition of a
tonic inhibitory influence on DA neurons, resulting in increased DA neuron firing to regions
such as the NAc (40), where increased DA levels lead to locomotor activation (39). Although
RU 24969 is known to also activate 5-HTqa receptors, these effects are generally opposite to
those seen with 5-HTg agonists, resulting in substantial decreases in locomotor activity. The
significant increase in locomotor activity in response to RU 24969 in male and female mice
thus seem to indicate the effect of the 5-HTg agonist, although the effects of RU 24969 at 5-
HT1a receptors should not be discounted. Thus, it appears that 5-HT1g receptors have
activating effects on the DA system and lead to enhanced locomotion both in isolation (present
results, 11) and in combination with stimulants (7;44).

Sex differences in 5-HT,a receptors have been documented. For example, juvenile female rats
have higher 5-HT,a receptor binding levels than their male counterparts (53). In previous
studies, 5-HToa stimulation has been shown to increase DA cell firing in the VTA (43). In this
study, administration of the 5-HT, /¢ agonist DOI increased locomotor activity significantly
above baseline in all animals, although only female mice showed significant effects at specific
doses. Differences between the sexes were also marked in measures of vertical activity, where
males showed significant increases in vertical rearing in response to intermediate doses of DOI.
It is interesting that the effects of 5-HT, agonists should reveal such strong sex differences
between locomotor and vertical activity measures, and further studies may reveal whether this
change is due to differences in receptor densities.

Because DOI is an agonist at both 5-HT, and 5-HTy¢ receptors, we also looked at the effects
of the 5-HT,¢/og agonist MK 212, which activates 5-HT,¢ receptors preferentially (37). 5-
HTyc receptor activation has been shown to decrease locomotor activity (33), and our findings
agree with previous studies in the literature. MK 212 decreased spontaneous locomotor activity
atall doses tested in both male and female mice, with no differences between sexes at any dose.
Previous literature found that males are more sensitive to 5-HT,¢ stimulation (3), and it is
possible that doses used in this study were not low enough to show such differences.
Interestingly, the locomotor profile of MK 212 appeared similar to that of the SSRI fluoxetine,
indicating that the locomotor attenuating effects of fluoxetine may be partially due to
stimulation of the 5-HT,¢ receptor.

The ionotropic 5-HT3 receptor remains little studied with regard to sex differences. 5-HT3
agonists increase somatodendritic release of DA in the VTA (12), while antagonists appear to
reduce the number of spontaneously active DA cells (35). In this study, the 5-HT3 agonist SR
57227 appeared to have little effect on locomotor activity, increasing activity only in female
animals at the lowest dose used. In contrast, SR 57227 significantly elevated vertical activity
in both males and females, although no sex difference was observed. This is in accordance
with literature on SR 57227, indicating that 5-HT3 agonists have little effect on locomotor
activity when administered alone (52), (23).

Pharmacol Biochem Behav. Author manuscript; available in PMC 2010 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Brookshire and Jones Page 11

Although we have attributed the behavioral and sex-specific effects of 5-HT system and
receptor agonists to their activity at 5-HT receptors, differences in the absorption, distribution,
and metabolism of these drugs cannot be discounted. Unfortunately, few studies have examined
the pharmacokinetics of these drugs in mice, and to the best of the authors' knowledge, no
studies have been done on potential sex differences in metabolism in male and female mice.
Studies that have been performed with fluoxetine have assumed no difference between male
and female mice (27;28). Studies on the distribution and metabolism of citalopram and
fluoxetine in humans have found no differences have been found due to sex (26), although
strong effects of age are evident.

In addition, it is best to be careful when making the assumption that the locomotor effects seen
in response to 5-HT receptor agonists mediate these effects through interactions with the DA
system. Although changes in DA in the area of the striatum and NAc are strongly correlated
with changes in locomotor activity (29;15;10), there is also evidence that increases in locomotor
activity are not necessarily dependent on increases in DA (36). Thus, it is possible that the
effects of the 5-HT receptor agonists tested in this study could be exerting their locomotor
effects via both direct and indirect means, either through interactions with the dopaminergic
system, or as locomotor agonists in their own right. Unfortunately, the present study cannot
address this point, and future studies will be needed to separate the direct and indirect effects
of serotonergic agonists.

Taken together, our data indicate that the effects of many 5-HT receptors within the DA system
can be detected using a simple locomotor behavior paradigm, and that these effects are
characteristic of agonists of specific receptor subtypes. SSRIs and specific 5-HT receptor
agonists all exhibited sex differences in their locomotor and vertical activity profiles, indicating
that DA/5-HT interactions may differ extensively between sexes. These data could provide an
effective measure of differences between male and female mice with regard to DA/5-HT
interactions. Given that both the DA and 5-HT systems are intimately involved with many
psychiatric disturbances, such as anxiety, depression, and drug abuse, differences in D/-5-HT
interactions between males and females could provide insight into sex difference in these
disorders, as well as aid in determining possible sex differences in responses to drugs targeting
these receptors in humans. Thus, a convenient behavioral screen for differences in locomotor
responses to 5-HT agonists could reveal differences in receptor responses in DA/5-HT
interactions. It is hoped that these studies will shed further light on the behavioral effects of
DAJ/5-HT interactions, as well as differences between the sexes, providing a useful template
to study DA/5-HT interactions in the context of both normal and neurobiological disease states.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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hydrochloride; SR 57227, 1-(6-Chloro-2-pyridinyl)-4-piperidinamine hydrochloride;
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hydrochloride; citalopram, 1-[3-(Dimethylamino)propyl]-1-(4-fluorophenyl)-1,3-dihydro-5-
isobenzofurancarbonitrile hydrobromide.
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Figure 1. Locomotor Responses to 0.1 mL Saline, i.p.

A: Effects of 0.1 mL saline injection on locomotor activity across all cohorts of male and female
mice for 20, 30 and 60 minutes post-injection (n=67 male, 72 female). *p<0.01 effect of sex
at 20 minutes post injection, *p<0.05 effect of sex at all other points. B: Effects of 0.1 mL
saline injection on vertical rearing across all cohorts of male and female mice for 20, 30 and
60 minutes post-injection. *p<0.001 effect of sex at 20 minutes post injection, *p<0.05 effect
of sex at 30 minutes post injection (n=67 male, 72 female).
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Figure 2. Locomotor and Vertical Responses to the SSRI Fluoxetine

A: Effects of fluoxetine on locomotor activity for 20 min post injection in male and female
mice. *p<0.05 effect of fluoxetine at 15 mg/kg in females, *p<0.01 effect of drug at 5.0 mg/
kg in males, *p<0.001 effect of fluoxetine at 1.0 mg/kg in males, +p<0.001 effect of sex on
locomotor response to fluoxetine (n=12 per group). B: Effects of fluoxetine on vertical rearing
for 20 min post injection in male and female mice. *p<0.001 effect of drug, no difference
between sexes (n=12 per group).
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Figure 3. Locomotor and Vertical Responses to the SSRI Citalopram
A: Effects of citalopram on locomotor activity for 20 min post injection in male and female
mice. *p<0.05 effect of citalopram at 20 mg/kg. +p<0.05 effect of sex on locomotor response
to 10 mg/kg citalopram, +p<0.01 effect of sex on locomotor response (n=12 per group). B:
Effects of citalopram on vertical activity for 20 min post injection in male and female mice.
*p<0.01 effect of citalopram at 20 mg/kg. +p<0.01 effect of sex on vertical activity at 5.0 and

10.0 mg/kg citalopram (n=12 per group).
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Figure 4. Locomotor Responses to the 5-HT 1 Agonist 8-OH-DPAT

A: Effects of 5-HT1A receptor agonist 8-OH-DPAT on locomotor activity in male and female
mice. *p<0.0001 effect of 8-OH-DPAT dose, +p<0.05 effect of sex at 1.0 mg/kg 8-OH-DPAT,
+p<0.001 effect of sex at 2.0 mg/kg 8-OH-DPAT (n=9 males, n=17 females). B: Effects of 8-
OH-DPAT on vertical rearings for 30 min following drug injection. p<0.001 effect of drug,
p<0.001 effect of sex, no interaction. C: Effects of 8-OH-DPAT on vertical rearing for 30 min
following drug injection. *p<0.001 effect of 8-OH-DPAT dose (n=9 males, n=17 females).
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Figure 5. Locomotor Responses to the 5-HT1g Agonist RU 24969

A: Effect of 5-HTqg agonist RU

24969 on locomotor activity from 40-70 minutes post

administration in male and female mice. *p<0.0001 effect of RU 24969 at 3.0 mg/kg, +p<0.05
effect of sex at 5.0 mg/kg (n=9 per group). B: Effect of RU 24969 on vertical rearing from 40—
70 minutes post administration. +p<0.05 effect of sex at 5.0 mg/kg, +p<0.01 effect of sex at

1.0 mg/kg (n=9 per group).
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Figure 6. Locomotor Responses to the 5-HTa/2c Agonist DOI

A: Effects of 5-HToa/»c receptor agonist DOI on locomotor activity in male and female mice.
*p<0.01 effect of RU 249696 dose, *p<0.001 effect of RU 24969 dose (n=9 per group). B:
Effects of DOI on vertical rearing for 60 min following drug administration. *p<0.05 effect of
RU 24969 dose (n=9 per group).
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Figure 7. Locomotor Responses to the 5-HT,c/og Agonist MK 212

A: Effects of 5-HT,¢/op receptor agonist MK 212 on locomotor activity in male and female
mice. *p<0.05 effect of 1.0 mg/kg MK 212, *p<0.001 effect of MK 212 dose (n=12 per group).
B: Effects of MK 212 on vertical rearing for 20 min following drug administration. *p<0.05
effect of 1.0 mg/kg MK 212, *p<0.0001 effect of MK 212 dose (n=12 per group).
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Figure 8. Locomotor Responses to the 5-HT3 Agonist SR 57227
A: Effects of 5-HT3 receptor agonist SR 57227 on locomotor activity in male and female mice.
*p<0.05 effect of 1.0 mg/kg SR 57227, +p<0.01 effect of sex at 1.0 mg/kg SR 57227 (n=11

per group). B: Effects of SR 57227 on vertical rearing for 60 min following drug administration.
No effect of SR 57227 or sex was observed (n=11 per group).
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