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Abstract
Maturation of mesocorticolimbic dopamine systems occurs during adolescence, and exposure to
social stress during this period results in behavioral dysfunction including substance abuse
disorders. Adult male rats exposed to repeated social defeat in adolescence exhibit reduced basal
dopamine tissue content in the medial prefrontal cortex, altered dopamine tissue content in
corticoaccumbal dopamine regions following acute amphetamine, and increased amphetamine
conditioned place preference following repeated amphetamine treatment. Such changes may
reflect altered amphetamine-induced extracellular dopamine release in the corticoaccumbal
regions. Therefore, we used in vivo microdialysis to measure extracellular dopamine
simultaneously within the medial prefrontal cortex and nucleus accumbens core of previously
defeated rats and controls, in response to either acute or repeated (7 daily injections) of
amphetamine (1.0 mg/kg). Locomotion responses to acute / repeated amphetamine were also
assessed the day prior to taking dopamine measurements. Adolescent defeat potentiated adult
locomotion responses to acute amphetamine, which was negatively correlated with attenuated
amphetamine-induced dopamine release in the medial prefrontal cortex, but there was no
difference in amphetamine-induced accumbal dopamine release. However, both locomotion and
corticoaccumbal dopamine responses to repeated amphetamine were equivalent between
previously defeated rats and controls. These data suggest adolescent defeat enhances behavioral
responses to initial amphetamine exposure as a function of diminished prefrontal cortex dopamine
activity, which may be sufficient to promote subsequently enhanced seeking of drug-associated
cues. Interestingly, repeated amphetamine treatment appears to normalize amphetamine-elicited
locomotion and cortical dopamine responses observed in adult rats exposed to adolescent social
defeat, providing implications for treating stress-induced dopamine dysfunction.
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1. Introduction
Adolescent bullying victimization is associated with increased substance misuse (Nelson et
al., 1995; Rossow & Lauritzen, 2001; Sullivan et al., 2006; Tharp-Taylor et al., 2009;
Topper et al., 2010), which suggests alterations to reward pathways in the brain. Adolescent
male rats exposed to repeated social defeat, as a model of adolecent bullying (Bjorkqvist,
2001; Watt et al., 2009), exhibit decreased basal medial prefrontal cortex (mPFC) dopamine
(DA) tissue content as adults (Watt et al., 2009). Rats defeated in adolescence also show
blunted mPFC DA tissue content in response to acute amphetamine in adulthood, while
nucleus accumbens (NAc) core DA tissue content responses are enhanced (Burke et al.,
2010). Adolescent defeat also increases adult amphetamine conditioned place preference
(CPP) and locomotion in a novel environment (Watt et al., 2009; Burke et al., 2010; 2011).
Rats that naturally exhibit high novelty-induced locomotion, which predicts psychostimulant
self-administration and sensitization (Piazza et al., 1990; Hooks et al., 1991), show blunted
basal mPFC DA activity and exaggerated NAc DA responses to cocaine (Piazza et al., 1991;
Hooks et al., 1992). Collectively, this implies that enhanced adult behavioral responses to
amphetamine following adolescent defeat may be a function of altered mPFC and NAc core
DA activity.

Dopamine transmission in the NAc core during initial psychostimulant exposure is
implicated in development of conditioned responses to associative cues (Ito et al., 2000;
Sellings & Clarke, 2006; Everitt et al., 2008; Meredith et al., 2008). As such, enhanced CPP
for amphetamine exhibited by adult rats exposed to adolescent defeat (Burke et al., 2011)
suggests potentiated NAc core DA responses to drug associated cues. Furthermore, reward-
elicited NAc DA release can be further enhanced by mPFC DA depletion (Mitchell &
Gratton, 1992; Ventura et al., 2004), as increased mPFC DA activity functionally dampens
NAc DA activity (Deutch et al., 1990; Doherty & Gratton, 1996; Pascucci et al., 2007; Del
Arco & Mora, 2008). Given that rats defeated in adolescence show reduced mPFC DA
tissue content (Watt et al., 2009), it is possible that heightened adult behavioral responses to
amphetamine following adolescent defeat are a result of augmented NAc core DA levels in
response to amphetamine via reduced DA release in the mPFC. In support of this, acute
amphetamine-induced increases in ex vivo DA tissue content within the NAc core of adult
rats are heightened following adolescent defeat exposure (Burke et al., 2010), but it is not
known whether this reflects increased in vivo extracellular DA concentrations in response to
either acute or repeated administration of amphetamine. Also, it is unknown whether
naturally decreased mPFC DA activity, such as that seen following adolescent defeat, results
in potentiated extracellular NAc DA to acute or repeated amphetamine as has been shown in
rats with pharmcologially-induced mPFC DA lesions (Mitchell & Gratton, 1992; Ventura et
al., 2004). Therefore, we measured amphetamine-induced locomotion and amphetamine
induced DA release simultaneously in the mPFC and NAc core using in vivo microdialysis.
Responses following either acute or repeated amphetamine were measured to determine
whether adolescent defeat-induced alterations to amphetamine responses differ with
increased amphetamine exposure.

2. Materials and Methods
2.1. Animals

Male Sprague-Dawley rats (Animal Resource Center, University of South Dakota,
Vermillion, SD) used as experimental subjects were pair-housed according to treatment
(social defeat or control) under a reverse light cycle (lights off from 10:00–22:00 hrs) from
postnatal day (P) 21 onwards. Resident adult male Sprague-Dawley rats (300–400g) for
social defeat experiments were housed singly prior to assessment of their aggressive
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behavior. Food and water were available ad libitum to all rats. All behavioral procedures
were conducted between 11:00 and 15:00 in a dark room under red lighting. All
experimental procedures were approved by the Institutional Animal Care and Use
Committee of the University of South Dakota, and were carried out in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals. Every
effort was made to minimize the number of animals used and their suffering.

2.2. Adolescent Social Defeat
Social defeat of adolescent male rats followed previously established procedures (Watt et
al., 2009; Burke et al., 2010). Briefly, an adolescent male rat (P35) was introduced into a
resident adult male’s home cage. The adolescent subject was considered socially defeated
when it exhibited a minimum of 3 submissive postures in response to separate resident
attacks (Watt et al., 2009). Following this, a mesh barrier was used to separate the resident
and the adolescent for 35 min to prevent further physical attacks, but still allowing further
visual, auditory and olfactory intimidation from the resident (Watt et al., 2009; Burke et al.,
2010). Adolescents (N = 71) were exposed to social defeat each day for 5 days (P35–39) and
were confronted with a different resident male each day to control for individual variance in
defeat intensity. Age-matched controls (N = 67) experienced no social defeat but instead
were placed in empty novel cages at matched times to control for handling and novel
environment stress (Watt et al., 2009; Burke et al., 2010). Rats were returned to their home
cages (pair-housed according to treatment) after each daily trial. Following the final social
defeat conditioning, subjects and controls were left in their original pairs in their home cages
and allowed to mature undisturbed into early adulthood (P56) when adult behavioral testing
commenced.

2.3. Adult Behavioral Testing
In early adulthood (P56+), equivalent numbers of previously defeated and control rats were
assigned to either acute or repeated amphetamine (1.0 mg/kg, ip., N = 16 - 20 / group) or
saline groups (N = 13–19 / group). The repeated amphetamine administration involved
either amphetamine or saline injection once per day for five consecutive days prior to any
behavioral testing, and mimicked the dosing regimen that revealed enhanced amphetamine
conditioned place preference following adolescent social defeat (Burke et al., 2011).
Locomotion responses to amphetamine in both acute (no previous amphetamine treatment)
or repeated amphetamine groups were assessed as follows. Rats were first placed in an
opaque plastic open field (45 cm x 30 cm x 39 cm) for 60 min to acclimate to the
environment. Immediately following this, rats were administered either amphetamine or
saline of equivalent volume and returned to the testing environment for 90 min. Rats already
exposed to amphetamine or saline for the previous five days received the same injection on
the behavioral test day. Distance moved (cm) in the open field was measured by Ethovision
XT v5.1 (Noldus Information Technology, Inc., Leesburg, VA, USA).

2.4. Microdialysis Procedures
For the acute amphetamine experiment, three days were allowed between behavioral testing
and microdialysis sampling to avoid any carry-over effect of the amphetamine administered
on the behavioral testing day (Forster et al., 2002; Miller et al., 2002; Burke et al., 2010).
For the repeated amphetamine experiment, rats were injected once daily for five consecutive
days, followed 24 hr later by an injection for behavioral testing (day six), with a final
injection upon microdialysis testing on day seven.

Consistent with our previous methodology (Forster et al., 2008; Lukkes et al., 2008; Scholl
et al., 2010), microdialysis experiments were conducted under urethane anesthesia to allow
implantation and recording from multiple microdialysis probes within the same rat for
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simultaneous recordings from the NAc and mPFC. Urethane is a long-lasting anesthetic that
has minimal effects on neuronal firing rates and neurotransmitter release (Maggi and Meli,
1986), and we have previously shown that elicited monoamine responses are similar
between urethane-anesthetized and awake rats (Forster et al., 2006; Forster et al., 2008; Mo
et al., 2008; Scholl et al., 2010). Rats were anesthetized with urethane (1.8 g/kg ip.; Sigma)
and placed in a stereotaxic frame (David Kopf Institute, Tujunga, CA, USA) with the incisor
bar set at + 3.3 mm. Body temperature was maintained at 37 °C with a temperature regulated
heating pad (Harvard Apparatus, Holliston, Massachusetts, USA). A laboratory-made
concentric microdialysis probe (MW cutoff 5000) with a membrane length of 2 mm (Lukkes
et al., 2009) was inserted into the right NAc core (AP: + 1.8 mm from bregma; ML: - 1.4
mm from midline; DV: - 8.1 mm from dura; Paxinos and Watson, 2007), and a second probe
4 mm in membrane length (Forster et al., 2008) was inserted into the ispilateral mPFC (AP:
+ 3.4 mm from bregma; ML: - 0.5 mm from midline; DV: - 5.4 mm from dura; Paxinos and
Watson, 2007) to allow simultaneous sampling from both regions. The probes were attached
to a 1.0 ml syringe by PE-20 tubing, and artificial cerebrospinal fluid was continuously
perfused through the probes using a microinfusion pump (Harvard Apparatus) at a rate of
0.4 μl/min. Microdialysis sampling began 4 h after the implantation of the probes (Forster et
al., 2008; Lukkes et al., 2008; Lukkes et al., 2009), with dialysates (8 μl) collected at 20 min
intervals and analyzed for DA. Following at least three stable baseline DA samples, saline or
amphetamine (1.0 mg/kg, ip.) was injected systemically and dialysates were collected for
200 min thereafter and analyzed for DA.

2.5. Dopamine Analysis
Analysis of DA in dialysates was accomplished using high-performance liquid
chromatography (HPLC) with electrochemical detection. The mobile phase used for DA
separation (0.34 g EDTA, 0.25 g 1-decanesulfonic acid, 4.70 g sodium phosphate
monobasic, 85 ml methanol, 0.25 ml triethylamine in 500 ml nanopure water, pH 5.8;
chemicals obtained from Sigma) was pumped through a UniJet 5 μm C18 silica column
(Bioanalytical Systems, West Lafayette, IN, USA) under nitrogen gas pressure (2000 psi).
Dialysate (8 μl) was injected using a rheodyne injector into a 5 μl loop to overfill the loop,
and DA was detected by a glassy carbon electrode (Bioanalytical Systems) maintained at +
0.60 V with respect to the Ag/AgCl2 reference electrode using a LC-4C potentiostat
(Bioanalytical Systems). The voltage output was recorded by Clarity v2.4. Chromatography
Station for Windows (DataApex, Prague, Czech Republic). Dopamine peaks were identified
by comparison to a DA standard (11.05 pg/5 μl DA). The 2:1 signal to noise detection limit
for DA using this system for the mPFC was 0.09 ± 0.00 pg, and for the NAc core was 0.06 ±
0.00 pg. For the acute amphetamine experiment, the levels of DA prior to amphetamine
injection (baseline; uncorrected for probe recovery) were 0.84 ± 0.13 pg/5 μl for social
defeat rats and 0.90 ± 0.17 pg/5 μl for controls in the mPFC, and 3.51 ± 0.87 pg/5 μl for
social defeat rats and 2.38 ± 0.53 pg/5 μl for controls in the NAc core. For the repeated
amphetamine experiment, the levels of DA prior to amphetamine injection were 0.83 ± 0.13
pg/5 μl for social defeat rats and 0.68 ± 0.08 pg/5 μl for controls in the mPFC, and 1.98 ±
0.21 pg/5 μl for social defeat rats and 2.22 ± 0.39 pg/5 μl for controls in the NAc core.
Baseline DA levels were not statistically different between the defeated and control groups
within each brain region and within each experiment (P > 0.05).

2.6. Histology
Following each microdialysis experiment, rats were euthanized by a lethal dose of Fatal-plus
(0.5 ml, ip., Vortech, Dearborn, MI, USA), and the brains were removed and fixed in 10%
formalin. Sections (60 μm) were acquired using a sliding microtome, and microdialysis
probe placement was confirmed under a light microscope by two experimenters, one blind to
treatment and results. Only data from rats with correct probe placements were included in
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the DA data analyses (acute amphetamine experiment N = 11–12 / group, repeated
amphetamine experiment N = 9–13 / group).

2.7. Statistical Analyses
All statistical tests were conducted with Sigma Stat for Windows v3.5 (Systat Software Inc.,
San Jose, California, USA) with the alpha level set at 0.05 throughout. Separate Grubb’s
tests were applied to remove outliers from the behavioral data as described previously
(Lowry et al., 2001; Burke et al., 2011), which resulted in removal of 2 from a possible 66
data points for the acute experiment and of 3 from a possible 77 data points for the repeated
experiment. For both the acute and repeated amphetamine experiments, distance moved
(cm) was collated into 30 min time bins. For microdialysis experiments, DA levels were
expressed as a percent change from baseline levels (Lukkes et al., 2009). Separate Grubb’s
tests were applied to the microdialysis data to remove outliers, which resulted in removal of
1 data point from the DA levels over time data and 1 data point from the area under the
curve data in the repeated amphetamine experiment.

Separate two-way repeated measures ANOVA (adolescent stress x time) were then used to
compare locomotion or DA levels across time between each adolescent stress group for
saline and amphetamine treated rats. Significant main effects of stress and time or
interactions between stress and time were followed by Student-Neuman-Keuls (SNK) tests
for multiple comparisons at each time point. Significant main effects of time were followed
by separate one-way repeated measures ANOVA for each adolescent stress group, with
significant effects across time identified by post-hoc Holm-Sidak tests for multiple
comparisons, with time point zero serving as the control comparison.

The magnitude of drug-induced changes in either locomotion or DA levels was calculated as
area under the curve for each treatment group, with these values then compared across
treatments using a two-way ANOVA (adolescent stress x drug) followed by SNK multiple
comparison tests when significant main effects were revealed. To determine any potential
relationship between amphetamine-induced DA responses in the mPFC and the NAc core,
linear regressions were performed between the magnitude of DA release (measured as area
under the curve) in the mPFC and NAc core using microdialysis data obtained from each
animal. Locomotion following acute (but not repeated) amphetamine was found to be
significantly different between rats defeated in adolescence and controls. Therefore, to
examine possible relationships between amphetamine-induced behavior and DA levels
within previously defeated subjects and controls, correlations between total distance moved
and the magnitude of either mPFC or NAc core DA release (area under the curve) following
acute amphetamine injection were performed using separate post hoc linear regressions.

3. Results
3.1. Adult Behavioral Testing

3.1.1. Acute Amphetamine Experiment—For amphetamine-injected rats, there was a
significant effect of adolescent stress (F1,35 = 12.524; P < 0.01), a significant effect of time
(F3,104 = 12.079; P < 0.001), and a significant interaction between stress and time (F3,104 =
2.953; P < 0.05; Fig. 1A). One-way repeated measures ANOVA did not reveal an effect of
amphetamine over time for control rats (F3,43 = 1.383; P > 0.05) whereas an effect over time
for socially-defeated rats was apparent (F3,59 = 15.858; P < 0.001) at both 30 and 60 mins
post-amphetamine injection (Holm-Sidak; P < 0.001 and 0.05 respectively; Fig. 1A).
Therefore, rats exposed to adolescent social defeat showed greater amphetamine-induced
locomotion as compared to controls receiving amphetamine at 30 and 60 mins post-injection
(SNK; P < 0.05; Fig. 1A). For saline-injected rats, there was an effect of time (F3,80 =
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34.103; P < 0.001), but no significant effect of stress (F1,27 = 3.103; P > 0.05) nor an
interaction between stress and time (F3,80 = 0.275; P > 0.05). Both adolescent stress groups
injected with saline showed a decline in locomotion over time (F3,42 = 14.241; P < 0.001 for
controls and F3,35 = 16.429; P < 0.001 for defeated rats), with all time post-injection time-
points significantly lower than time point zero for both stress groups (Holm-Sidak; P <
0.001 Fig. 1A).

When the magnitude of locomotion induced by amphetamine was analyzed as area under the
curve (Fig. 1B), there was a significant effect of adolescent stress (F1,57 = 9.061; P < 0.01)
and a significant effect of drug (F1,57 = 30.517; P < 0.001) with no interaction between
stress and drug (F1,57 = 0.001; P > 0.05). Both control and defeated rats showed increased
overall locomotion following amphetamine injection as compared to saline-injected rats
(SNK P < 0.05; Fig. 1B), but the total magnitude of the amphetamine response was greater
in rats exposed to adolescent social defeat as compared to controls (SNK P < 0.05; Fig. 1B).

3.1.2. Repeated Amphetamine Experiment—In contrast to the acute experiment,
there was no significant effect of adolescent stress (F1,40 = 0.001; P > 0.05) nor a significant
interaction between stress and time (F3,118 = 0.708; P > 0.05), but a significant effect of time
(F3,118 = 52.242; P < 0.001) was apparent for all amphetamine-treated rats (Fig. 1C). Both
control and socially-defeated rats showed an increase in amphetamine-induced locomotion
over time (F3,52 = 18.776; P < 0.001 for controls and F3,62 = 35.851; P < 0.001 for defeated
rats), apparent at 30 and 60 mins post-amphetamine injection (Holm-Sidak P < 0.001; Fig.
1C). Similar to the acute experiment, there was an effect of time (F3,94 = 30.676; P < 0.001),
but no significant effect of stress (F1,32 = 0.453; P > 0.05) nor an interaction between stress
and time (F3,94 = 1.212; P > 0.05) for saline-treated rats. Again, both adolescent stress
groups injected with saline showed a decline in locomotion over time (F3,40 = 10.339; P <
0.001 for controls and F3,54 = 23.583; P < 0.001 for defeated rats), with 60 and 90 min post-
injection time-points significantly lower than time point zero for both stress groups (Holm-
Sidak; P < 0.001 Fig. 1C).

For the magnitude of locomotion induced by amphetamine (area under the curve; Fig. 1D),
there was a significant effect of drug (F1,70 = 77.673; P < 0.001) with no effect of adolescent
stress (F1,70 = 0.364; P > 0.05) nor an interaction between stress and drug (F1,70 = 0.060; P >
0.05). Both control and defeated rats showed increased overall locomotion following
amphetamine as compared to saline-injected rats (SNK P < 0.05; Fig. 1D.

3.2. Histology
Microdialysis probe membranes within the mPFC were located 3.2 mm anterior from
bregma (Paxinos & Watson, 2007), and encompassed the infralimbic, prelimbic and
cingulate cortices (Fig. 2A). Probe membranes aimed at the NAc were located 1.2 to 1.6 mm
anterior from bregma and 1.2 to 2.0 mm to the right of midline (Paxinos & Watson, 2007),
and hence sampled predominantly from the core of the NAc (Fig. 2B). Both mPFC and NAc
core probe placements were consistent across all treatment groups and experiments (Figs 2A
& B).

3.3. Dopamine Analyses
3.3.1. Acute Amphetamine Experiment—When mPFC DA levels were analyzed for
amphetamine-injected rats, there was a significant effect of adolescent stress (F1,21 = 6.153;
P < 0.05), a significant effect of time (F12,245 = 5.055; P < 0.001), and a significant
interaction between stress and time (F12,245 = 2.991; P < 0.01; Fig. 3A). One-way repeated
measures ANOVA revealed an effect of amphetamine over time for control rats (F12,100 =
2.481; P < 0.05), apparent at 60–120 min and 160–180 min post-injection (Holm-Sidak; P <
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0.05; Fig. 3A). An effect of amphetamine on mPFC DA levels over time was also observed
for socially-defeated rats (F12,104 = 2.885; P < 0.01), but only at 60 and 80 mins post-
amphetamine injection (Holm-Sidak; P < 0.001 and 0.05 respectively; Fig. 3A). Thus,
amphetamine-induced mPFC DA release in rats exposed to adolescent social defeat was
lower than in controls receiving amphetamine from 60 to 200 mins post-injection (SNK; P <
0.05; Fig. 3A), with the exception of the 140 min time point (SNK; P > 0.05; Fig. 3A). For
saline-injected rats, there was no effect of stress (F1,19 = 0.167; P > 0.05), no significant
effect of time (F12,226 = 1.236; P > 0.05) nor an interaction between stress and time (F12,226
= 0.384; P > 0.05; Fig. 3A).

Comparison of area under the curve of mPFC DA release for each treatment group revealed
no main effect of stress (F1,40 = 3.762, P > 0.05), but a significant main effect of drug (F1,40
= 13.089, P < 0.001) and a significant interaction between adolescent stress and drug (F1,40
= 5.004, P < 0.05). In control rats, amphetamine elicited a significantly greater amount of
mPFC DA release than saline (Fig. 3B, SNK P < 0.001). The magnitude of amphetamine-
elicited DA release in the mPFC was significantly greater in controls than in rats that had
experienced adolescent defeat (Fig. 3B, SNK P < 0.01), with previously defeated rats
showing no difference in the overall amount of mPFC DA release in response to
amphetamine when compared to saline-elicited DA (Fig. 3B, SNK P > 0.05).

In contrast to the mPFC, there was no significant effect of adolescent stress (F1,18 = 0.026; P
> 0.05) nor a significant interaction between stress and time (F12,215 = 0.279; P > 0.05) on
DA levels in the NAc core of amphetamine-treated rats, although a significant effect of time
(F12,215 = 21.521; P < 0.001) was noted (Fig. 3C). One-way repeated measures ANOVA
revealed an effect of amphetamine over time for both control (F12,100 = 6.403; P < 0.001)
and previously defeated rats F12,79 = 13.509; P < 0.001), apparent at 20–200 min post-
amphetamine injection (Holm-Sidak; P < 0.05; Fig. 3C). For saline-injected rats, there was
no effect of stress (F1,18 = 0.114; P > 0.05), no significant effect of time (F12,205 = 1.567; P
> 0.05) nor an interaction between stress and time (F12,205 = 1.396; P > 0.05; Fig. 3C).

When area under the curve of NAc core DA levels was compared across treatment groups
(Fig. 3D), two-way ANOVA revealed a significant main effect of drug (F1,35 = 34.54, P <
0.001) with no effect of stress (F1,35 = 0.028, P > 0.05) nor an interaction between stress and
drug (F1,35 = 0.023, P > 0.05). Both control and social defeat amphetamine-treated groups
showed increased DA levels compared with saline-injected rats (Fig. 3D, SNK P < 0.001).
Linear regression analysis of DA levels (area under the curve) from the mPFC and NAc
suggested no relationship between amphetamine-induced mPFC and NAc extracellular DA
levels for either control (R2 = 0.248; P > 0.05) or defeated (R2 =0.367; P > 0.05) rats.

Post hoc linear regression analyses of behavioral and neurochemical data revealed a
significant negative correlation between total acute amphetamine-induced locomotion and
the amount of acute mPFC amphetamine-induced DA release (area under the curve) only
within previously defeated rats (Table 1 and Fig. 4A, P < 0.05). This relationship was not
apparent for control rats that received amphetamine (Table 1 and Fig. 4B, P > 0.05), nor
were there any correlations between locomotion and mPFC DA within previously defeated
rats and controls that received acute saline (Table 1, P > 0.05). No significant correlations
were found between NAc core DA release in response to acute amphetamine and acute
amphetamine-induced locomotion in either previously defeated or control rats (Table 1 and
Figs 4A & B, P > 0.05). Similarly, there was no correlation between NAc core DA and
locomotion following acute saline injection in either rats exposed to adolescent defeat or
controls (Table 1, P > 0.05).
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3.3.2. Repeated Amphetamine Experiment—In contrast to the findings from the
mPFC in the acute amphetamine experiment, there was no significant effect of adolescent
stress (F1,23 = 0.193; P > 0.05) and no significant interaction between stress and time
(F12,268 = 0.299; P > 0.05) for amphetamine-induced mPFC DA levels in amphetamine
pretreated rats, although a significant effect of time (F12,268 = 7.909; P < 0.001) was
observed (Fig. 5A). One-way repeated measures ANOVA revealed an effect of
amphetamine over time for control rats (F12,129 = 6.229; P < 0.001), apparent at 40–100 min
and 120 min post-injection (Holm-Sidak; P < 0.05; Fig. 5A). An effect of amphetamine on
mPFC DA levels over time was also observed for socially-defeated rats (F12,139 = 3.026; P <
0.001), at 40–80 min post-amphetamine injection (Holm-Sidak; P < 0.05, Fig. 5A). For
saline-injected rats, there was no effect of stress (F1,17 = 1.598; P > 0.05), no significant
effect of time (F12,199 = 0.346; P > 0.05) nor an interaction between stress and time (F12,199
= 1.767; P > 0.05; Fig. 5A).

Comparison of area under the curve of mPFC DA release for each repeated treatment group
(Fig. 5B) using a two-way ANOVA revealed a significant main effect of drug (F1,40 =
10.066, P < 0.01), but there was no effect of stress (F1,40 = 0.013, P > 0.05) and no
interaction between drug and stress (F1,40 = 0.240, P > 0.05). Amphetamine elicited a
significantly greater amount of mPFC DA release than saline in both control and previously
defeated rats (Fig. 5B, SNK P < 0.05).

Similar to the acute amphetamine experiment, there was no significant effect of adolescent
stress (F1,19 = 0.608; P > 0.05) nor a significant interaction between stress and time (F12,218
= 0.319; P > 0.05) on amphetamine-induced DA levels in the NAc core of amphetamine pre-
treated rats, although a significant effect of time (F12,218 = 29.279; P < 0.001) was noted
(Fig. 5C). One-way repeated measures ANOVA revealed an effect of amphetamine over
time for control rats (F12,106 = 15.813; P < 0.001) apparent at 20–160 min post-
amphetamine injection (Holm-Sidak; P < 0.05; Fig. 5C), and for previously defeated rats
(F12,112 = 13.681; P < 0.001) at 20–140 min post-injection (Holm-Sidak; P < 0.05; Fig. 5C).
For saline-injected rats, there was no effect of stress (F1,16 = 0.036; P > 0.05), nor an
interaction between stress and time (F12,183 = 0.793; P > 0.05), but a significant effect of
time was observed (F12,183 = 2.482; P < 0.01; Fig. 5C). The effect over time was not evident
for saline pre-treated control rats (F12,96 = 1.143; P > 0.05) but was significant for rats
exposed to social defeat (F12,87 = 2.468; P < 0.01), due to a slight increase in DA levels at
140 min post-saline injection (Holm-Sidak; P < 0.01; Fig. 5C).

When area under the curve of NAc core DA release was compared across repeated treatment
groups, two-way ANOVA revealed a significant effect of drug (F1,34 = 38.559, P < 0.001),
with both control and previously defeated rats showing a greater amount of DA release in
response to amphetamine compared with saline (Fig. 5D, SNK P < 0.001). Similar to the
acute experiment, there was no effect of adolescent stress (F1,34 = 0.516, P > 0.05) and no
interaction between stress and drug (F1,34 = 0.540, P > 0.05).

4. Discussion
These experiments revealed specific alterations to adult amphetamine-induced behavior and
DA release following adolescent social defeat, which were only apparent in response to
acute amphetamine administration. In particular, previously defeated rats exhibited greater
amphetamine-induced locomotion following a single injection in adulthood. In addition, DA
release in the adult mPFC evoked by acute amphetamine was blunted in both duration and
magnitude following adolescent defeat. Overall, these findings demonstrate that repeated
social defeat during mid-adolescence can alter initial responses to a psychostimulant
encountered well after the stress exposure. Interestingly, these behavioral and neural
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differences shown by previously defeated rats in response to acute amphetamine were no
longer evident after repeated amphetamine administration, suggesting that repeated
amphetamine reversed these effects of adolescent social defeat.

Amphetamine acts as a false substrate for the dopamine transporter (DAT) and increases DA
release by reversing transport to expel intra-terminal DA stores (Fleckenstein et al., 2007).
Of relevance, adult rats exposed to adolescent social defeat show increased DAT expression
in the mPFC (Novick et al., 2011) potentially increasing the substrate for amphetamine in
this region. However, blunted mPFC DA release in response to acute amphetamine was
observed in previously defeated rats in the current study. As such, the attenuated
extracellular DA response to amphetamine is most likely a result of decreased intracellular
DA stores, as reflected by reduced basal mPFC DA tissue content following adolescent
defeat exposure (Watt et al., 2009). Adolescent defeat had no effect on adult NAc core DA
release in response to either acute or repeated amphetamine, which is in contrast to the
increased amphetamine-induced DA tissue content observed in the NAc core of adult rats
exposed to adolescent social defeat (Burke et al., 2010). This suggests the increased tissue
content does not always equate to increased extracellular release of dopamine. Overall, the
effects of adolescent defeat appear to be specific to mPFC DA, highlighting the vulnerability
of the developing cortical DA system to stress-induced disruption and resulting in long-term
consequences as manifested in adulthood.

The increased amphetamine-induced locomotion after adolescent social defeat observed here
is congruent with many other studies demonstrating that adult social defeat results in cross-
sensitization to the locomotor activating effects of acute amphetamine or cocaine (Nikulina
et al., 2004; Covington & Miczek, 2005; de Jong et al., 2005; Yap et al., 2005; Miczek et al.,
2011). Therefore, it appears that defeat in either adolescence or adulthood can increase
subsequent psychostimulant-induced locomotion. However, the relationship between adult
defeat, psychostimulant-induced locomotion and dopamine release in the prefrontal cortex
has not been studied to date, so it is unclear whether blunted mPFC DA release in response
to acute amphetamine shown by previously defeated rats in the current study is specific to
social defeat being experienced in adolescence. While cross-sensitization to acute
amphetamine following repeated social defeat in adulthood can persist for up to 60 days
(Covington et al., 2005), it is currently unknown if the effects of adolescent defeat on
amphetamine-induced locomotion are as persistent. Increased amphetamine-evoked
locomotion can also occur after a single bout of adult defeat (de Jong et al., 2005), but
whether this is also the case for adolescent defeat remains to be determined. Future
experiments would be useful in elucidating these issues.

Here, we observed increased locomotion following adolescent social defeat in response to an
acute low dose of amphetamine (1.0 mg/kg). This contrasts with results from a previous
study, in which we administered a higher dose of amphetamine (2.5 mg/kg) and found that
amphetamine-induced locomotion was decreased in adult rats that had experienced
adolescent defeat (Burke et al., 2010). Other studies have shown that individual differences
in behavioral responses to psychostimulants are revealed by low rather than high drug
concentrations (Klebaur & Bardo, 1999; Klebaur et al., 2001; Cain et al., 2004; 2005). For
example, rats that exhibit enhanced responses to novelty also show heightened amphetamine
conditioned place preference (CPP), but this is only apparent at low (1.0 mg/kg)
amphetamine concentrations (Klebaur & Bardo, 1999). Similarly, we recently found that
rats defeated in adolescence display heightened CPP in adulthood to the same 1.0 mg/kg
dose of amphetamine used in the current study (Burke et al., 2011). Beckmann et al. (2011)
have suggested that use of higher psychostimulant concentrations in reward-related
paradigms exceed reward thresholds, causing maximal behavioral responses that abolish
individual differences. The current and previous (Burke et al., 2010; 2011) findings suggest
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that heightened amphetamine responses in adult rats exposed to adolescent social defeat
appear to be detectable only at lower concentrations of amphetamine.

A significant negative correlation was observed between acute amphetamine-induced
locomotion and mPFC DA release in previously defeated rats. Although these measurements
were not taken simultaneously, they clearly suggest a relationship between amphetamine-
induced behavior and mPFC DA in adulthood following experience of adolescent defeat.
The specificity of alterations to mPFC DA activity in mediating acute amphetamine-induced
locomotion in previously defeated rats is further supported by the absence of a correlation
between NAc core DA and locomotion evoked by acute amphetamine. Excitotoxic lesions
limited to the mPFC during adulthood result in increased acute amphetamine-induced
locomotion without affecting NAc tissue DA or metabolite levels (Jaskiw et al., 1990).
Furthermore, when mPFC lesions are administered pre-puberty (P7), rats display increased
amphetamine-induced locomotion in adulthood (Flores et al., 1996). Similarly, mPFC DA
depletion increases amphetamine or cocaine-induced locomotion, although these behavioral
effects were accompanied by greater NAc DA release as sampled primarily from the NAc
shell (Beyer and Steketee, 1999; Ventura et al., 2004). Combined with results from the
current study, this implies that amphetamine-induced locomotion can be increased by
perturbation to the mPFC DA system when experienced either during postnatal development
or in adulthood. Our current findings add to this by suggesting that increased locomotion
responses to acute amphetamine following adolescent defeat may be a function of decreased
mPFC DA activity. This is in line with our previous findings in which we showed that rats
defeated in adolescence display enhanced locomotion in novel environments (Watt et al.,
2009; Burke et al., 2010; 2011), which is believed to reflect mPFC DA hypofunction
(Bubser and Schmidt, 1990; Piazza et al., 1991). However, there is a possibility that other
brain regions and neurotransmitter systems affected by adolescent social defeat, such as
ventral hippocampus noradrenergic and serotonergic systems (Watt et al., 2009), play a role
in mediating the novelty and amphetamine-induced hyperlocomotion observed in adult rats
exposed to adolescent social defeat, given that the current study only recorded DA release
from the mPFC and NAc core.

Other studies have demonstrated that dopaminergic lesions of the mPFC result in potentiated
accumbal DA release and/or metabolism to either stressful or natural reward stimuli (Deutch
et al., 1990; Mitchell & Gratton, 1992; Pascucci et al., 2007). Selective mPFC DA depletion
also enhances accumbal DA release following acute amphetamine injection (Ventura et al.,
2004). Moreover, Ventrua et al. (2004) showed that C57/BL6J mice, which are highly
behaviorally responsive to amphetamine, show dampened mPFC DA release and high
extracellular accumbal DA after systemic amphetamine administration. However, this
inverse relationship between cortical and accumbal DA activity was not evident in response
to acute amphetamine in adult rats that had been defeated in adolescence within the current
study. Specifically, adolescent defeat resulted in diminished amphetamine-induced mPFC
DA release, but this did not potentiate NAc core DA release in response to acute
amphetamine, nor was there a signficant negative correlation between the two measures.
The discrepancies between our findings and those of earlier studies may partly arise from
differences in the functional effects of naturally reduced mPFC DA activity following
adolescent stress exposure versus pharmacologically-induced DA depletion. In addition,
Ventura et al. (2004) sampled mPFC and accumbal DA from separate groups of animals, as
opposed to the concurrent sampling within single subjects that was employed in the current
study. However, it should be noted that adult rats exposed to social defeat in adolescence
show greater D2 receptor expression in the NAc core (Burke et al., 2011), suggesting
potentially greater post-synaptic effects of DA release in this region that may contribute to
differences in amphetamine-induced behaviors, despite the lack of potentiated accumbal DA
release in response to amphetamine.
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The heightened adult locomotion and blunted mPFC DA release in response to acute
amphetamine following adolescent defeat exposure was effectively abolished by repeated
low dose amphetamine treatment, with behavioral and cortical DA responses normalized to
levels shown by amphetamine-receiving controls. Low dose administration of the
psychostimulant methylphenidate reduces hyperactive behavior in spontaneously
hypertensive rats (Arime et al., 2011), a strain which also shows mPFC DA hypofunction in
adulthood (Russell et al., 1995; Russell, 2002; Vigianno et al., 2004, but see Heal et al.,
2008). Performance in mPFC DA-dependent cognitive tasks is also improved by low dose
methylphenidate (Arnsten, 2006), via preferentially increasing extracellular DA levels in the
mPFC (Berridge et al., 2006). In addition, low doses of methylphenidate can restore pre-
existing decreased DA fiber density in the mPFC when administered chronically in
adolescence (Grund et al., 2007). Given that amphetamine and methylphenidate both act as
indirect DA agonists by preventing DA uptake (Fleckenstein et al., 2007; Wilens, 2008),
repeated low dose amphetamine treatment in the current study may have had similar actions
in previously defeated rats to normalize the dampened mPFC DA and heightened
locomotion responses to acute amphetamine. Therefore, future work should assess whether
repeated low-dose stimulant treatment increases mPFC DA terminal fields and DA levels of
adult rats exposed to adolescent social defeat and whether this relates to normalization of
locomotor behavior and other mPFC DA-dependent tasks such as executive function
(Robbins & Arnsten, 2009).

5. Conclusions
Our findings suggest that adolescent social defeat heightens initial behavioral responses to
amphetamine in early adulthood as a function of defeat-induced reductions in mPFC DA
release, which may be sufficient to promote subsequently enhanced seeking of drug-
associated cues manifesting as increased amphetamine CPP (Burke et al., 2011). These data
agree with clinical studies which report that adolescent bullying victimization is associated
with the onset of substance abuse related behaviors (Nelson et al., 1995; Rossow &
Lauritzen, 2001; Sullivan et al., 2006; Tharp-Taylor et al., 2009; Topper et al., 2010), and
suggest that stress-induced disruption of the adolescent mPFC DA system plays a key role in
increasing the vulnerability to addiction. Therefore, pharmacotherapies that restore mPFC
DA function to dampen initial responses to psychostimulants may mitigate against the
development of substance abuse.
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Highlights

• Social defeat in adolescence heightens amphetamine-induced locomotion in
adulthood

• Adolescent social defeat attenuates acute amphetamine-evoked prefrontal
dopamine

• There is no effect of adolescent defeat on amphetamine-induced accumbal
dopamine

• Repeated amphetamine exposure reverses these effects of adolescent social
defeat
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Figure 1.
Distance moved (mean ± SEM) in the open field following amphetamine (1.0 mg/kg, ip.) or
saline injection. (A) Locomotion in adulthood in response to acute amphetamine was
potentiated by experience of adolescent social defeat. (B) Overall locomotion (as measured
by area under the curve) was increased by amphetamine in both control and adolescent
defeat groups when compared to saline treatment, with adolescent stress increasing overall
amphetamine-induced locomotion as compared to control rats receiving amphetamine. N =
16 for Control Saline, N = 16 for Control Amphetamine, N = 14 for Defeat Saline and N =
18 for Defeat Amphetamine groups. (C) Adult locomotion responses to amphetamine
following repeated amphetamine treatment were not altered by adolescent defeat. (D)
Overall locomotion (area under the curve) was equally increased by amphetamine in control
and adolescent defeat groups when compared to saline treatment. N = 16 for Control Saline,
N = 19 for Control Amphetamine, N = 19 for Defeat Saline and N = 20 for Defeat
Amphetamine groups. δSignificant difference over time (compared to time point 0; P <
0.05). #Significantly different from amphetamine-treated control rats (P < 0.05).
*Significantly different from saline groups (P < 0.05).
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Figure 2.
Representative coronal diagrams of microdialysis probe membrane (gray bars) placements
in the (A) medial prefrontal cortex (mPFC) and (B) nucleus accumbens (NAc) core for
experiments measuring DA release in response to either acute or repeated amphetamine (1.0
mg/kg, ip.) or saline. Figures adapted from Paxinos and Watson (1997).
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Figure 3.
(A) Adult DA release in the medial prefrontal cortex (mPFC) in response to acute
amphetamine (1.0 mg/kg, ip.) was attenuated following adolescent social defeat. (B) The
magnitude of adult mPFC DA release (expressed as area under the curve) in response to
acute amphetamine was blunted in rats exposed to adolescent defeat compared to
amphetamine-receiving controls. (C) Adult DA release in the NAc core in response to acute
amphetamine was not altered by adolescent defeat exposure. (D) The magnitude of
amphetamine-induced DA release in the NAc core (expressed as area under the curve) did
not differ between previously defeated rats and controls. δSignificant difference over time
(compared to time point 0; P < 0.05). #Significantly different from amphetamine-treated
control rats (P < 0.05). *Significantly different from saline groups (P < 0.05). N = 11 for
Control Saline, N = 11 for Control Amphetamine, N = 11 for Defeat Saline and N = 12 for
Defeat Amphetamine groups.
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Figure 4.
(A) Rats defeated in adolescence show a significant negative correlation between overall
locomotion and the magnitude of mPFC DA release (both measured as area under the curve)
in response to acute amphetamine in adulthood (black circles, P < 0.05), but not between
locomotion and amphetamine-induced NAc DA release (open circles, P > 0.05). (B) No
relationship between locomotion and either mPFC or NAc DA release was evident in
controls rats that received acute amphetamine. N = 10 for Control mPFC and NAc, N = 12
for Defeat mPFC and N= 10 for Defeat NAc groups.
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Figure 5.
(A) Adult DA release in the mPFC in response to amphetamine (1.0 mg/kg, ip.) following 6
previous days of repeated amphetamine treatment was not altered by experience of social
defeat in adolescence. (B) The magnitude of amphetamine-induced DA release in the adult
mPFC (expressed as area under the curve) following repeated amphetamine administration
was equivalent in rats exposed to adolescent defeat and controls. (C) Adult NAc core DA
release evoked by amphetamine following repeated amphetamine treatment did not differ as
a function of adolescent defeat exposure, (D) nor was the magnitude of amphetamine-
induced NAc core DA release altered. δSignificant difference over time (compared to time
point 0; P < 0.05). *Significantly different from saline groups (P < 0.05). N = 9 for Control
Saline, 12 for Control Amphetamine, 10 for Defeat Saline and 13 for Defeat Amphetamine
groups.
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Table 1

Correlations between total locomotion and the magnitude of dopamine release (area under the curve) in
response to acute amphetamine (1.0 mg/kg, ip.).

Treatment groups (N) Medial prefrontal cortex (mPFC) dopamine Nucleus accumbens (NAc) core dopamine

Control Saline (10 mPFC; 10 NAc) R2 = 0.232 R2 = 0.003

F1,8 = 2.416 F1,8 = 15.517

P > 0.05 P > 0.05

Control Amphetamine (10 mPFC; 10 NAc) R2 = 0.015 R2 = 0.041

F1,8 = 0.118 F1,8 = 0.342

P > 0.05 P > 0.05

Defeat Saline (9 mPFC, 8 NAc) R2 = 0.043 R2 = 0.005

F1,7 = 0.315 F1,6 = 0.0298

P > 0.05 P > 0.05

Defeat Amphetamine (12 mPFC, 10 NAc) R2 = 0.459 R2 = 0.184

F1,10 = 8.479 F1,8 = 1.801

P < 0.05 P > 0.05
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