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Abstract
Rationale—Women are more sensitive than men to psychostimulants and progress from initial
use to drug addiction more quickly. The mouse has been an under-utilized model to study sex
differences in psychostimulant action. Mice could serve as an ideal genetically-tractable model for
mechanistic studies into sex and hormone effects on psychostimulant behavior.

Objectives—To characterize psychostimulant effects in male and female mice with a
combination of automated data collection and behavioral observation.

Methods—Male and female C57BL/6 mice (Charles River) were given a single dose or
sequential ascending binge doses of d-amphetamine (AMPH) or cocaine (COC). Behavior was
assessed in open field chambers using both automated photobeam interruptions and behavioral
observations. Brain psychostimulant concentrations were determined at the time of maximum
behavioral stimulation.

Results—Psychostimulants induced behavioral activation in mice including both increased
locomotion as detected with an automated system and a sequence of behaviors progressing from
stereotyped sniffing at low doses to patterned locomotion and rearing at high doses. Females
exhibited more patterned locomotion and a shift towards higher behavior scores after either
psychostimulant despite having lower AMPH and equivalent COC brain levels as males.

Conclusions—Female C57BL/6 mice exhibit enhanced psychostimulant-induced behavior
compared to males, similar to reports in rats. The combination of automated behavioral measures
and behavioral observation was essential for verifying the existence of these differences. These
results indicate the importance of testing both sexes when characterizing genetically manipulated
mice to control for potential sex-specific effects.
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Introduction
Women are more sensitive to the effects of psychostimulants and progress from initial use to
drug addiction more rapidly than males (Anker and Carroll 2011; Becker and Hu 2008;
Lynch et al. 2002). These observed sex differences are due in part to ovarian hormones, as
evidenced by fluctuations in reported subjective effects over the menstrual cycle (Becker
and Hu 2008; Justice and de Wit 1999; Lynch et al. 2002). The behavioral responses of rats
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to psychostimulants exhibit similar sex differences. Relative to males, female rats have
enhanced responses to cocaine (COC) (Hu et al. 2004; Kuhn et al. 2001; van Haaren and
Meyer 1991; Walker et al. 2001; Walker et al. 2009), MDMA (Walker et al. 2007),
methylphenidate (Chelaru et al. 2012; Dafny and Yang 2006) and amphetamine (AMPH)
(Beatty and Holzer 1978; Brass and Glick 1981; Robinson et al. 1980; Stohr et al. 1998).
Females work harder for psychostimulants, learn to self-administer them faster, and are
more sensitive to their rewarding effects than males (Anker et al. 2011; Becker and Hu
2008; Davis et al. 2008; Russo et al. 2003b). These observations have made the rat the
rodent model of choice in studies of sex differences in psychostimulant action.

Psychostimulants like AMPH and COC at low doses elicit increased locomotion in rats by
raising extracellular dopamine (DA) in the nucleus accumbens (NuAcc) and at higher doses
induce repetitive, in-place stereotyped behaviors through increased extracellular DA in the
caudate putamen (CP) (Creese and Iversen 1975; Kelly and Iversen 1976; Kelly et al. 1975).
Psychostimulants elicit both enhanced locomotion and more stereotyped behaviors in female
rats compared to males (Becker et al. 2001; Bowman and Kuhn 1996; Kuhn et al. 2010;
Parylak et al. 2008; Walker et al. 2001). These sex differences in psychostimulant-induced
behaviors reflect multiple activational effects of ovarian hormones on DA function.
Ovariectomy reduces the response to psychostimulants, while castration has little effect
(Becker and Hu 2008; Kuhn et al. 2010; Kuhn et al. 2001; Parylak et al. 2008; Russo et al.
2003a; van Haaren and Meyer 1991; Walker et al. 2001; Walker et al. 2012). Estradiol
replacement in ovariectomized animals increases psychostimulant-induced behavior, basal
DA levels, and DA release (Becker 1990; Becker and Beer 1986; Becker and Ramirez 1981;
Hu et al. 2004; Russo et al. 2003a; Thompson and Moss 1994). Estradiol also regulates DA
system anatomy as females have more DA neurons than males and the number of DA
neurons changes after gonadectomy (Johnson et al. 2010a; Johnson et al. 2010b; Kuhn et al.
2010; Leranth et al. 2000; Walker et al. 2012).

Most evidence indicates that the sex difference in the psychostimulant behavioral response
is not mediated by differences in drug metabolism. Female rats have higher AMPH levels
after injection compared to males (Meyer and Lytle 1978), but females still respond more
than males when equivalent brain AMPH concentrations are present (Becker et al. 1982).
The situation is even clearer with COC, as there is no sex difference in COC levels after
administration in rats, primates, or humans (Bowman et al. 1999; Evans and Foltin 2010).
Overall, sex differences in the metabolism of AMPH or COC do not explain the differences
seen in psychostimulant-induced behavior.

A mouse model provides the advantage of genetic tractability for detailed studies of
signaling mechanisms and anatomical circuitry, but it is first necessary to understand how
normal male and female mice respond to psychostimulants. Studies of behavioral and
neurochemical differences in genetically altered mice have shown that such effects can be
sex-specific, so sexual dimorphisms must be carefully considered (Kuppers et al. 2008;
Siuciak et al. 2007; van den Buuse et al. 2012). Previous studies have reported
psychostimulant-induced stereotyped behavior in mice using behavioral scales developed in
rats, but the topography of psychostimulant-induced behavior in mice has not been carefully
characterized.(Quintero and Spano 2011; Quintero et al. 2008; Schlussman et al. 1998;
Tolliver and Carney 1994).

The primary aim of this study was to utilize automatic behavior recording methods and a
developed behavior rating scale to determine whether psychostimulant effects on behavior
differ in male and female C57BL/6 mice as transgenic and knockout mice are frequently
generated on this background. The few previous studies that focused on sex differences in
psychostimulant-induced behavior in normal mice have yielded contradictory results
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providing evidence both for (Morse et al. 1993; Reith et al. 1991; Sershen et al. 1998) and
against (Griffin and Middaugh 2006; Thomsen and Caine 2011) a sex difference. The
present study shows that combining both automated and observational methods provides
more complete characterization of behavioral activation and facilitates understanding of sex
differences in these behaviors.

Materials and Methods
Animals

Drug-naïve male and female C57BL/6 mice (9–10 weeks old, Charles River Laboratories,
Raleigh, NC) were received 1 week before behavior tests. Mice were housed by sex in
ventilated plastic cages with ad libitum food and water on a 12-hour light/dark cycle (lights
on at 6:00 AM). Females were randomly cycling and not selected based on estrous cycle
stage as repeated vaginal lavaging to monitor the cycle reduces cocaine-stimulated
locomotion in female Sprague Dawley rats (Walker et al. 2002). Effects of the estrous cycle
on psychostimulant-induced behavior in mice will be addressed in a future study. All animal
studies were approved by the Duke University Institutional Animal Care and Use
Committee and followed NIH guidelines.

Drugs
d-Amphetamine (AMPH) and cocaine HCL (COC) were provided by the Research Triangle
Institute (Research Triangle Park, NC), courtesy of the National Institute of Drug Abuse.
AMPH and COC were diluted in sterile saline and given as intraperitoneal injections (10
mL/kg).

Behavioral Measurements and Treatment Paradigms
Mice were placed into 40 × 40 cm open field locomotor boxes (Kinder Scientific, Inc.,
Poway, CA) for 2.5 hours of habituation (starting at 9:00 am) before injections. Photobeam
interruptions were automatically recorded as horizontal (e.g. ambulations, fine movements)
or vertical (e.g. rearing) movements. Behavior was monitored for 1–2 hours after saline and
either a single dose or three sequential ascending binge doses of AMPH (experiments 1 and
2, respectively) or COC (experiments 3 and 4, respectively) according to Table 1. In the
ascending binge paradigms, mice were given all four injections (saline + 3 drug doses) on
the same day.

Behavior scoring
We adapted our mouse rating scale from two previous scales, one developed for rats
(Ellinwood and Balster 1974) and another rat-based scale used in mice (Schlussman et al.
1998; Schlussman et al. 2003). A trained observer blind to experimental group monitored
each mouse as locomotor behavior was being recorded. Every 5 minutes, each mouse was
observed for two consecutive 15-second bins for a total of 24 observations/animal/hour.
Each observed behavior was recorded, and every bin was later assigned a score (Table 2).
Behaviors seen at lower AMPH doses and during the waning effects of the drug were
assigned lower scores, while behaviors observed after higher AMPH doses and during
maximal drug effects were scored higher. With this rating scale, increasing doses of AMPH
cause a shift towards higher scores in the behavior distribution of both male and female
mice.

Brain and serum psychostimulant levels
To compare potential sex differences in AMPH and COC metabolism, male and female
mice were injected as above in either the single dose or ascending binge paradigms (AMPH,
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experiment 5; COC, experiment 6). Mice were anesthetized with isofluorane and decapitated
at the time of maximal behavioral activation (45 min after AMPH, 15 min after COC).
Blood was collected via cardiac puncture, placed into tubes (containing 10 uL saturated NaF
for COC samples), and centrifuged at 4°C. Brains and sera were stored at −80°C. Samples
were analyzed for AMPH or COC, benzoylecgonine (BE), ecgonine methyl ester (EME),
and norcocaine (NC) using published protocols courtesy of Dr. David Moody, Dr. David
Andrenyak, and Dr. Wenfang Fang at the University of Utah (Lin et al. 2001; Lin et al.
2003; Slawson et al. 2002).

Data Analysis
Automatically recorded behaviors are presented as 10- or 60-minute interval means ± SEM
(Prism 5.0, GraphPad Software Inc.) and were analyzed in NCSS (NCSS, Kaysville, UT) for
main effects of time, psychostimulant dose and/or sex using 2- and 3-way repeated-measures
ANOVA with time and/or dose as the repeated measures. Habituation data from experiments
1–4 were pooled as all animals had been similarly handled until habituation (total n = 41
males, 44 females). The concentrations of AMPH or COC and metabolites are reported as
ng/g brain tissue or ng/mL serum (mean ± SEM). Results were analyzed by 2-way ANOVA
(NCSS) with sex and treatment paradigm as the between factors. Significant effects (p<0.05)
were followed by post-hoc Tukey-Kramer tests to compare doses/sexes/treatment. Outliers
were determined by a Grubbs statistical test.

The relative frequency of each behavior score was calculated and depicted as a histogram
(Prism 5.0). The scores for normal behaviors (1–3) were combined for statistical analysis
due to their low frequencies after high psychostimulant doses. Significant main effects of
dose/sex, as determined by chi square tests, were followed by post-hoc pairwise
comparisons.

Results
Sex differences in novelty-induced locomotion

Female C57BL/6 mice responded more than males to the novel environment throughout
habituation (main effect of sex on ambulations [F(1,1274)=28.77; p<0.001], (Fig. 1a), fine
movements [F(1,1274)=9.88; p=0.002], (Fig. 1b), and rearing [F(1,1274)=11.02; p=0.001],
(Fig. 1c)). Both sexes exhibited decreased levels of each behavior over time (main effect of
time during habituation on ambulations [F(1,169)=731.36; p<0.001], fine movements
[F(1,169)=367.58; p<0.001], and rearing [F(1,169)=227.02; p<0.001]). Analysis also
yielded a sex x time interaction on the time course of ambulations [F(14,1274)=7.81;
p<0.001] and on the 60-minute ambulation totals [F(1,169)=21.72, p<0.001]. Post-hoc tests
confirmed enhanced behavior in female C57BL/6 mice versus males and decreased behavior
in the second hour versus the first hour.

Sex differences in amphetamine-induced behavior
Figures 2 and 3 show automatically-recorded ambulations after all injections and the
behavior distributions after AMPH or COC. Female C57BL/6 mice exhibited more
ambulations after AMPH (experiment 1) than males, and all animals had more ambulations
after AMPH than after saline (Fig. 2a). Main effects of sex [F(1,179)=7.90, p=0.02] and
treatment (saline vs AMPH) [F(1,179)=106.97, p<0.001] and their interaction (sex x
treatment [F(1, 179)=4.70, p=0.049]) on ambulations were observed. Post-hoc analyses
confirmed that females had more ambulations than males after AMPH. No effect of sex on
ambulations was observed after saline.

Van Swearingen et al. Page 4

Psychopharmacology (Berl). Author manuscript; available in PMC 2014 February 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Sex differences in psychostimulant-induced behavior were also found during the ascending
AMPH paradigm (experiment 2). ANOVA of ambulations after saline and three doses of
AMPH showed main effects of sex [F(1,383)=9.39, p=0.008], dose (0, 1, 2.5, or 5 mg/kg
AMPH) [F(3,383)=29.13, p<0.001], and a sex x dose interaction [F(3, 383)=8.00, p<0.001]
(Fig. 2b). Within doses, there was a main effect of sex on ambulations only after the 5 mg/
kg AMPH dose [F(1, 191)=8.13, p=0.01]. Sex x time interactions after 1 [F(5, 95)=3.49,
p=0.007], 2.5 [F(5, 95)=3.02, p=0.02], and 5 mg/kg AMPH [F(11,191)=2.76, p=0.003] were
also observed. Post hoc tests confirmed that females had more ambulations than males after
5 mg/kg AMPH.

Females also displayed a greater response than males based on observed behaviors. The
behavior distribution of females was shifted towards higher scores after a single 5 mg/kg
AMPH dose (experiment 1) compared to males (main effect of sex on the behavior
distribution, [p=0.045]) (Fig. 2c). Females did more patterned locomotion (score of 6) and
fewer in-place stereotyped behaviors (score of 5) and normal behaviors (scores 1–3) than
males.

In the ascending binge paradigm of experiment 2, 1 mg/kg AMPH did not elicit a sex
difference in the behavioral score distribution as both males and females exhibited normal
behaviors (scores of 1–3) (Fig. 2d). After 2.5 mg/kg AMPH, the predominant behaviors
were patterned locomotion and in-place stereotyped behaviors (scores of 6 and 5,
respectively) (Fig. 2e). Females given 2.5 mg/kg AMPH exhibited more patterned
locomotion (score of 6) and fewer in-place stereotyped and fast exploratory behaviors
(scores of 5 and 4, respectively) than males (main effect of sex, [p<0.006]). The highest
AMPH dose tested (5 mg/kg) induced patterned locomotion and patterned rearing (scores of
6 and 7) with some in-place stereotyped behaviors and fast exploratory locomotion as the
effects waned. Females demonstrated a heightened response to 5 mg/kg AMPH relative to
males (main effect of sex, [p=0.023]) (Fig. 2f). Post-hoc analysis revealed that females had
more patterned locomotion and less fast exploratory behavior than males after 5 mg/kg
AMPH.

Sex differences in cocaine-induced behavior
Similar sex differences in psychostimulant-induced behaviors were seen after COC. A single
dose of 30 mg/kg COC (experiment 3) stimulated more ambulations than saline (main effect
of treatment (saline versus COC), [F(1, 239)=18.96, p<0.001]). ANOVA revealed an effect
of sex [F(1, 239)=5.10, p=0.04] and a sex x time interaction [F(5,119)=7.08, p<0.001] on
ambulations after COC (Fig. 3a). Post-hoc tests confirmed that females ambulated more than
males after COC.

The ascending COC paradigm (experiment 4) showed that higher COC doses induced more
locomotion (main effect of dose on ambulations, [F(3, 743)=23.97, p<0.001]) (Fig. 3b).
Females ambulated more than males after 5 mg/kg and 30 mg/kg COC. A main effect of sex
[F(1, 185)=5.22, p=0.02] on ambulations after 5 mg/kg COC and sex x time interactions
after 5 mg/kg [F(5,185)=3.88, p=0.002] and 30 mg/kg COC [F(5,185)=3.67, p=0.004] were
observed.

Female C57BL/6 mice also displayed an increased response to COC compared to males
based on the behavior observations. The behavior distribution of females was shifted
towards higher scores after a single dose of 30 mg/kg COC (experiment 3) relative to males
(effect of sex, (p=0.002)) (Fig. 3c). Post-hoc tests confirmed that females exhibited fewer in-
place stereotyped behaviors and more patterned locomotion (scores of 5 and 6) than males.
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Similar patterns of behavior were seen in the ascending COC protocol (experiment 4). Both
male and female mice exhibited normal behaviors (scores 1–3) after 5 mg/kg COC (Fig. 3d),
and 15 mg/kg COC induced predominantly in-place stereotyped behaviors (score of 5) (Fig.
3e). No effect of sex on the behavior distribution was observed after 5 or 15 mg/kg COC.
After 30 mg/kg COC, the behavior distribution of females was shifted towards higher scores
relative to males (effect of sex, p=0.049) (Fig. 3f). Females did less fast exploratory
behavior but more patterned locomotion (scores of 4 and 6, respectively) than males after
the 30 mg/kg dose. These results indicate that C57BL/6 females exhibit greater behavioral
responses than males to AMPH and COC as shown by both automated and observational
means.

Sex and treatment differences in brain but not serum AMPH levels
The possibility that sex differences in psychostimulant metabolism could cause the observed
behavioral differences was explored in male and female C57BL/6 mice administered a
single dose or sequential ascending binge doses of AMPH or COC. Post-hoc analyses of
experiment 5 with AMPH showed that females had lower brain AMPH levels than males 45
minutes after injection (effect of sex, [F(1,53)=9.91, p=0.003]), and that mice which
received the ascending AMPH treatment had higher levels than mice given a single dose
(effect of treatment, [F(1,53)=14.24, p=0.0004]) (Fig. 4a). There was no sex x treatment
interaction on brain levels, and serum AMPH levels did not show an effect of sex or
treatment (Fig. 4b). These results indicate that the sex difference in the AMPH-stimulated
behavior of C57BL/6 mice cannot be explained by a sex difference in AMPH metabolism.

Sex and treatment differences in COC metabolism
Male and female mice had similar levels of brain COC 15 minutes after administration
(experiment 6) (Fig. 5a). There was no effect of sex or treatment paradigm on brain COC
levels. Females had more brain NC than males (effect of sex, [F(1,31)=26.98, p<0.002])
(Fig. 5b). EME (Fig. 5c) and BE (Fig. 5d) accumulated in the brains of both male and
female mice after repeated COC dosing (effect of treatment paradigm, EME:
([F(1,31)=56.48, p<0.001], BE: [F(1,31)=270.54, p<0.001]). In serum, only BE showed an
effect of sex or treatment (Table 3). Serum BE levels were higher in females than in males
(effect of sex, [F(1,31)=30.29, p<0.0001]), and mice given ascending COC doses had more
serum BE than singly-dosed mice (effect of treatment, [F(1,31)=13.87, p=0.0009]). These
results demonstrate that the sex difference in the COC-stimulated behavior of C57BL/6 mice
is not due to a differential in brain COC levels in male and female mice during behavior.

Discussion
A psychostimulant-induced behavior methodology and rating scale tailored to mice

This study utilized a methodology and observational rating scale that was tailored to mouse
behavior to demonstrate a greater behavioral response of adult female than male C57BL/6
mice to psychostimulants. Automated counts yielded a systematic dose-related increase in
behavior which behavioral observations demonstrate to reflect a changing behavioral
topography with increasing dose. The sequence of behaviors began with in-place
stereotyped behaviors (e.g. stereotyped sniffing with head weaving, circling/pivoting),
progressed to patterned locomotion and then transitioned to patterned rearing with
increasing behavioral activation. Therefore, mice which exhibit high ambulation counts by
automatically recorded means could be exhibiting the fast exploratory locomotion
(reflecting lower-level behavioral stimulation) or the more behaviorally-activated patterned
locomotion. Observational methods are essential to detect qualitatively different behaviors
that might yield identical automatically recorded data and can detect more subtle behavioral
differences between groups than can automated methods (Antoniou et al. 1998). As an
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example, after 2.5 mg AMPH (Fig. 2) our female mice were more behaviorally activated
than males based on observational data, but no significant effect of sex was found in the
automatically-recorded ambulations.

The brain levels of AMPH and the degree of activation observed in the present study are
similar to those reported in rats and other mouse strains. Our data at 45 minutes after 5 mg/
kg AMPH shows that C57BL/6 mice have 755 ± 34 SEM ng/mL AMPH in serum and 4226
± 147 ng/g tissue in the brain. A previous study in Sprague Dawley rats found that 40 min
after 5 mg/kg AMPH, AMPH concentrations were ~540 ng/mL in plasma and ~5400 ng/g
tissue in the striatum (Melega et al. 1995). Another study that utilized the same dose of
AMPH but a later timepoint of 1 hour reported whole brain AMPH levels of 2400 ± 240 ng/
g tissue in male Wistar rats and 3030 ± 380 ng/g tissue in Swiss albino mice (Danielson et
al. 1977). The time course of locomotion after psychostimulants in the present study is
similar to that reported for Sprague Dawley rats: 5 mg/kg AMPH stimulated behavior for
more than two hours in the present study and in Sprague Dawley rats (Kelly and Iversen
1976; Kelly et al. 1975). Thus, our C57BL/6 mice have AMPH concentrations in the brain
that fall within the range previously reported in rats and exhibit a similar time course of
stimulated behavior after AMPH as rats.

The mouse results obtained in the present study differed from those reported in rats in one
aspect: our mice exhibited a slightly different sequence of behaviors after psychostimulants.
Sprague Dawley, Wistar, and Long-Evans rats exhibit increased rearing and patterned
locomotion after low psychostimulant doses and progress to in-place stereotyped behaviors
after high doses (Antoniou et al. 1998; Ellinwood and Balster 1974; Kelly and Iversen 1976;
Kelly et al. 1975; Sahakian et al. 1975). In contrast, this study found that C57BL/6 mice
exhibit in-place stereotyped behaviors after low psychostimulant doses and progress into
patterned locomotion and then patterned rearing after high doses. Using a rat-based scale in
the present study with mice would have yielded females with lower scores than males and
the opposite conclusion that female mice are less responsive than males to psychostimulants
(Ellinwood and Balster 1974; Quintero and Spano 2011; Quintero et al. 2008; Schlussman et
al. 1998; Schlussman et al. 2003).

Female mice respond more than males to novelty and psychostimulants
The present results provide evidence that female C57BL/6 mice exhibit greater behavioral
responses to both novel environments and psychostimulants than males. A novel
environment stimulated more behavior in female mice than males as shown by a main effect
of sex and a sex x time interaction during habituation, similar to previous findings in rats
(Beatty 1979; Hughes 1968; Hughes et al. 2004) and mice (Adriani and Laviola 2000;
Beatty 1979; Goodrich and Lange 1986; Gray 1971; Siuciak et al. 2007). Female mice in
this study responded more than males to AMPH and COC, observations that parallel the
enhanced responses of female rats to psychostimulants compared to males (Beatty and
Holzer 1978; Brass and Glick 1981; Chelaru et al. 2012; Dafny and Yang 2006; Hu et al.
2004; Kuhn et al. 2001; Parylak et al. 2008; Robinson et al. 1980; Stohr et al. 1998; van
Haaren and Meyer 1991; Walker et al. 2001; Walker et al. 2009). The sex differences in
behaviors observed here suggest that sex differences in the effects of novelty and
psychostimulants on the DA system exist in C57BL/6 mice (Creese and Iversen 1975;
Hooks and Kalivas 1995; Kelly and Iversen 1976; Kelly et al. 1975).

The present study adds important information to a small and conflicting literature about sex
differences in the psychostimulant-induced behavior of mice by demonstrating that adult
female C57BL/6 mice are more behaviorally activated by a single dose or sequential
ascending doses of either AMPH or COC. One previous study showed that late adolescent
female CFW mice had a greater response than males to 5 mg/kg AMPH (Goodrich and
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Lange 1986). Two studies in mice generated on C57BL/6N or C57BL/6J backgrounds
showed increased responses in adult female mice compared to males after 3.5 and 5 mg/kg
AMPH (Siuciak et al. 2007; van den Buuse et al. 2012). In contrast, one study in adult CD1
mice did not report an effect of sex after 2 or 10 mg/kg AMPH (Adriani and Laviola 2000).

A similar inconsistency exists in the COC literature as previous studies of COC-induced
locomotion in mice have reported no sex difference in C57BL/6J mice (Griffin and
Middaugh 2006; Thomsen and Caine 2011), enhanced locomotion in C57BL/6ByJ females
(Reith et al. 1991; Sershen et al. 1998), or enhanced locomotion in C57BL/6J males (Morse
et al. 1993). Differences in animal husbandry and handling or in behavioral methods could
underlie these conflicting results. The omission of chronic vaginal lavaging may be critical
for detecting sex differences in the psychostimulant-induced behaviors of mice. Previous
mouse studies that reported females being significantly more active than males after
psychostimulants did not chronically lavage their females (Goodrich and Lange 1986; Reith
et al. 1991; Sershen et al. 1998; Siuciak et al. 2007; van den Buuse et al. 2012) while one
study that did lavage their C57BL/6J females did not detect a sex difference in COC-
stimulated locomotion (Griffin and Middaugh 2006). Repeated vaginal lavaging attenuates
COC-stimulated behaviors in female Sprague Dawley rats, which can eliminate sex
differences in COC-induced behavior that are robust enough to be detected with randomly
cycling females (Parylak et al. 2008; Walker et al. 2001; Walker et al. 2002). Direct
experimental testing of the effects of chronic vaginal lavage on behavior in female mice may
be warranted in future studies.

Prolonged habituation may also be an important parameter which permits detection of sex
differences in psychostimulant-induced behaviors in strains of mice with high exploration of
novel environments like the C57BL/6. Previous studies which reported a greater
psychostimulant response in female mice also habituated their animals for at least 1 hour,
while studies reporting no differences or greater responses in males utilized little or no
habituation (compare (Reith et al. 1991; Sershen et al. 1998; Siuciak et al. 2007; van den
Buuse et al. 2012) to (Adriani and Laviola 2000; Griffin and Middaugh 2006; Morse et al.
1993; Thomsen and Caine 2011)). The decrease in behaviors between the first and second
hour of habituation shows that our mice required at least 2 hours to completely habituate to
the novel environment in the present study, which parallels previous studies in C57BL/6
mice (Siuciak et al. 2007; Thomsen and Caine 2011). An extended habituation protocol
reduces behavior to a similar, low baseline level of activity across individuals and enables
automated methods to detect even modest increases and group differences. Prolonged
habituation may also enhance the response to psychostimulants when compared to shorter
habituation periods, as reported with AMPH in Fisher and Lewis rats (Stohr et al. 1998).
The use of an extended habituation and the omission of repeated vaginal lavaging in
combination with an observational rating scale tailored to mouse behavior likely enhanced
our ability to detect group differences.

Another important consideration in the analysis of psychostimulant-induced behavior is the
timeframe over which behavior is examined. A recent study of COC-induced behavior in
mice did not report a sex difference when data was collected over 3 hours, which would
include times during which COC is no longer stimulating behavior (Thomsen and Caine
2011). The present study demonstrates that the sex differences in psychostimulant-induced
behavior are robust when the behavioral effects of the drugs are maximal, and that these sex
differences are detectable at the time of peak brain AMPH and COC levels. Our study also
indicates that C57BL/6 mice exhibit individual variability in their behavioral responses to
psychostimulants. Previous studies may have been underpowered to detect sex differences
amidst high variability between individual animals (Thomsen and Caine 2011).
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The type of housing, mouse strain/line used, and time of day between studies have been
shown to alter psychostimulant-induced behavior (Abarca et al. 2002; Baird and Gauvin
2000; Kuzmin and Johansson 2000; Morse et al. 1993; Thomsen and Caine 2011; Tolliver
and Carney 1994) but do not appear to underlie the inconsistent results regarding sex
differences in the mouse literature. Most previous mouse studies utilized group-housing and
light phase testing yet obtained conflicting results, suggesting that those elements of the
present experimental design did not influence the results. However, studies using individual
housing and dark phase testing did not report an effect of sex in the response to AMPH or
COC, suggesting again that environmental circumstances in which baseline activity is high
will obscure sex differences (Adriani and Laviola 2000; Griffin and Middaugh 2006).
Differences between strains of mice also do not explain the inconsistent findings as most of
the literature tested C57BL/6 mice, and studies that used the same mouse strain and supplier
still disagreed (compare (Griffin and Middaugh 2006; Thomsen and Caine 2011) to (Morse
et al. 1993)). Some previous reports assessed behavior after similar doses of COC (i.e. 20–
40 mg/kg) to that used in the present study (30 mg/kg), indicating that the discrepancies in
the literature are not simply due to the use of different doses (Griffin and Middaugh 2006;
Thomsen and Caine 2011).

Observed sex differences in psychostimulant-induced behavior are not due to differential
metabolism of amphetamine or cocaine

The enhanced behavior of female mice after AMPH did not reflect greater brain AMPH
levels in females, as has been reported in rats (Groppetti and Costa 1969; Meyer and Lytle
1978). The lack of a sex difference in brain COC levels in our mice during maximal COC
behavioral effects resembles previous findings in rats, primates and humans (Bowman et al.
1999; Evans and Foltin 2010; Mendelson et al. 1999). To our knowledge, this is the first
study to compare serum and brain levels of AMPH or COC and its metabolites in male and
female mice at behaviorally relevant time points. A previous study in CF-1 mice reported
slower plasma elimination of COC in males than in females after several days of COC
administration (Visalli et al 2005). This sex difference may be due to greater activity of
COC metabolizing enzymes in females than in males, which has been reported for C57BL/6
and DBA/2 but not BALB/cJ or C57BL/6 x A/J crossed mice (Leibman et al. 1990;
Thompson et al. 1984). These findings further support our conclusion that female mice are
more responsive to psychostimulants than males as females had more locomotion and higher
behavior ratings despite having similar or even lower brain AMPH or COC levels during
maximum behavioral activation, when the sex differences in psychostimulant-induced
behavior were robust.

Conclusions
Novelty and psychostimulants increase both locomotion and behavior ratings more in female
C57BL/6 mice than males. The sex differences in psychostimulant-induced behavior are not
explained by pharmacokinetics but may be due to sex differences in the DA system.
Relatively few studies have investigated this possibility in mice (Becker and Hu 2008; Di
Paolo 1994; Griffin and Middaugh 2006; Kuppers et al. 2008; van den Buuse et al. 2012).
These results in mice parallel previous reports of an increased sensitivity of female rats and
women to psychostimulants and should also facilitate the use of mice in mechanistic studies
of sex and hormone effects on psychostimulant-induced behavior.
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Fig. 1.
Female C57BL/6 mice respond more during habituation to a novel environment than males
(pooled from experiments 1–4). 10-minute interval time course of ambulations (a), fine
movements (b), and rearing (c) during habituation. Insets show the 60-minute totals of each
behavior for the first and second hour of habituation. *Indicates different from males. Total
n=41 males, 44 females
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Fig. 2.
Female C57BL/6 mice exhibit more ambulations and patterned locomotion after AMPH
than males. 10-minute interval time course of ambulations in male versus female mice after
saline and a single dose (a, experiment 1) or ascending binge doses (b, experiment 2) of
AMPH. Dotted vertical lines mark time of injection of saline (sal) or indicated dose of
AMPH. The relative frequency distribution as a percentage of each behavior score after a
single 5 mg/kg AMPH dose (c, experiment 1) or sequential ascending binge doses (d–f,
experiment 2) of 1, 2.5, and 5 mg/kg AMPH. *Indicates different from males within score.
n=7–8 per sex, total n=15 (a and c, experiment 1) or 16 (b and d–f, experiment 2)
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Fig. 3.
Female C57BL/6 mice exhibit more ambulations and patterned locomotion after COC than
males. 10-minute interval time course of ambulations in male versus female mice after
saline and a single dose (a) or ascending binge doses (b) of COC. Dotted vertical lines mark
time of injection of saline (sal) or indicated dose of COC. The relative frequency distribution
as a percentage of each behavior score after a single 30 mg/kg COC dose (c, experiment 3)
or ascending binge doses (d–f, experiment 4) of 5, 15, and 30 mg/kg COC. *Indicates
different from males within score. n=8 males, 12 females (a and c, experiment 3); n=15–16/
sex (b and d–f, experiment 4)
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Fig. 4.
Female C57BL/6 mice have lower brain AMPH levels than males 45 minutes after injection
(experiment 5). Levels of AMPH in brain (a) and serum (b) at the time corresponding to
maximal behavioral activation after 5 mg/kg AMPH in the single dose and ascending binge
paradigms. *Indicates females different from males, ~ ascending different from single dose.
n=8–19 per group, total n=56
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Fig. 5.
Female C57BL/6 mice have similar brain levels of COC but more NC than males 15
minutes after injection (experiment 6). Brain levels of (a) COC, (b) NC, (c) EME, and (d)
BE at the time corresponding to maximal behavioral activation after 30 mg/kg COC in the
single dose and ascending binge paradigms. *Indicates females different from males, ~
ascending different from single dose. n=8 per group, total n=32
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