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DELTAFOSB IS INCREASED IN THE NUCLEUS ACCUMBENS BY
AMPHETAMINE BUT NOT SOCIAL HOUSING OR ISOLATION IN THE

PRAIRIE VOLE
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Abstract—The nucleus accumbens is a key region that me-
diates aspects of immediate and long-term adaptations to
various stimuli. For example, both repeated amphetamine
and pair-bonding increase dopamine D1 receptor binding in
the nucleus accumbens of the monogamous prairie vole (Mi-
crotus ochrogaster). This upregulation has significant and
stimulus-dependent behavioral consequences. A promising
candidate for these and other adaptations is the transcription
factor �fosB. �fosB is a highly stable protein that persists in
the brain over long periods of time, leading to increasing and
accumulating levels with repeated or continuous exposure to
specific stimuli. Within the nucleus accumbens, �fosB is
specifically increased in medium spiny neurons containing
D1 receptors. To explore whether �fosB is altered by drug
and social experience in prairie voles, we performed three
separate experiments. In the first experiment, animals were
treated with repeated injections of amphetamine and then
brain tissue was analyzed for �fosB expression. As ex-
pected, 4 days of amphetamine treatment increased �fosB in
the nucleus accumbens, consistent with previous findings in
other laboratory species. In the second experiment, animals
were housed for 10 days with one of three social partners: a
familiar same-sex sibling, an unfamiliar same-sex partner, or
an unfamiliar opposite-sex partner. Here, we predicted that 10
days of housing with an opposite-sex partner would act as a
“social reward,” leading to upregulation of �fosB expression
in the nucleus accumbens. In a third experiment, we also
investigated whether 10 days of social isolation would result
in altered �fosB activity. We hypothesized that isolation
would lead to decreased levels of nucleus accumbens �fosB,
as seen in other studies. However, neither opposite-sex co-
habitation nor social isolation affected �fosB expression in
the nucleus accumbens. These findings suggest that social
stimuli, in contrast to drugs of abuse, are not mediators of
�fosB in this region in prairie voles. © 2012 IBRO. Published
by Elsevier Ltd. All rights reserved.

Key words: deltaFosB, nucleus accumbens, prairie vole, am-
phetamine, pair bonding, isolation stress.

The nucleus accumbens (NAc) is a key region mediating
both immediate and long-term aspects of drugs of abuse
(Russo et al., 2009; Carlezon and Thomas, 2009) and
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air-bonding behavior (Gingrich et al., 2000; Liu and
ang, 2003; Aragona et al., 2003, 2006; Aragona and
ang, 2007; Liu et al., 2011). Recent work in prairie voles

has shown that both repeated amphetamine and pair-
bonding increase dopamine D1 receptor (D1R) binding in
the Nac (Aragona et al., 2006; Liu et al., 2010; Young et al.,
2011). This upregulation has significant and stimulus-de-
pendent behavioral consequences. Prairie voles treated
with repeated amphetamine fail to form partner prefer-
ences, and this is mediated via increased NAc D1R (Liu et
al., 2010; Young et al., 2011). In contrast, upregulated NAc
D1R in pair-bonded voles mediate blunted reward re-
sponse to amphetamine (Liu et al., 2011). However, the
molecular process under which these two very different
stimuli may lead to a similar outcome of increased NAc
D1R has not been explored.

A promising candidate for these adaptations is the
transcription factor �fosB. This protein is a highly stable
and truncated isoform of the fosB protein that may persist
in the brain over long periods, on the order of weeks to
months (Nestler, 2008). The long life of �fosB results in
increasing, accumulating levels of the transcription factor
with repeated or continuous exposure to specific stimuli.
Drugs of abuse are potent upregulators of �fosB (Nestler,
2008; Perrotti et al., 2008), including amphetamine in rats
and mice (Nye et al., 1995; Shen et al., 2008; Renthal et
al., 2008; Conversi et al., 2008, 2011). This protein is also
implicated in natural rewards such as food-reinforcement
(Olausson et al., 2006; Christiansen et al., 2011), wheel
running (Werme et al., 2002; Greenwood et al., 2011), and
sex (Meisel and Mullins, 2006; Wallace et al., 2008;
Hedges et al., 2009; Pitchers et al., 2010). Although the
regional activation of �fosB is stimulus specific, the NAc is
a consistent target of �fosB response. Within the NAc,
�fosB is specifically increased in medium spiny neurons
containing D1R (MSN-D1; Lee et al., 2006; Kim et al.,
2009). Therefore, �fosB is an ideal candidate for exploring
NAc neuroplasticity in prairie voles. Given that pair bond
formation is dependent upon dopaminergic reward path-
ways in the NAc (Wang et al., 1999; Gingrich et al., 2000;
Liu and Wang, 2003; Aragona et al., 2003), it is possible
that pair bonding may function as a natural reward, leading
to an upregulation of �fosB in this region.

To explore whether �fosB is altered by drug and social
experience in prairie voles, we performed two separate
experiments. Specifically, we focused on the NAc, and
analyzed the core and shell components separately. The
NAc core and shell are anatomically and functionally dis-

tinct regions, with the NAc core playing a role in voluntary
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motor behavior and the NAc shell mediating limbic pro-
cesses (Deutch and Cameron, 1992; Di Chiara, 2002;
Kelley, 2004). Although both regions are implicated in
reward-related behaviors, their distinct behavioral roles
warrant individual analysis. The dorsal striatum (DS) was
used as a comparison region, as neither repeated amphet-
amine nor pair bonding alter D1R in this region in prairie
voles (Aragona et al., 2006; Liu et al., 2010; Young et al.,
2011). In the first experiment, animals were treated with
repeated injections of amphetamine, and then brain tissue
was analyzed for �fosB expression. We expected to see
an increase in �fosB expression in the NAc of drug-treated
subjects, consistent with the literature in other species. In
the second experiment, animals were housed with one of
three social partners: a familiar same-sex sibling, an unfa-
miliar same-sex partner, or an unfamiliar opposite-sex
partner. Here, we predicted that social contact with an
opposite-sex partner would act as a “social reward,” lead-
ing to an upregulation of �fosB expression in the NAc.

In the third experiment, we also investigated whether
ocial isolation would result in altered �fosB activity. Social

solation in prairie voles results in a number of depressive-
ike characteristics, including anhedonia, reduced immune
unction, and alterations in both endocrine and neuroana-
omical variables (Klein et al., 1997; Stowe et al., 2005;
rippo et al., 2007, 2009; Carter et al., 2008; Pan et al.,
009; Bosch et al., 2009; Pournajafi-Nazarloo et al., 2009,
011). Although the NAc has not been studied in isolated
oles, research in rats and mice indicates that isolation
eads to a number of alterations in the NAc, particularly in
opaminergic measures (Jones et al., 1992; Hall et al.,
998; McCormick et al., 2002; Fone and Porkess, 2008;
hao et al., 2009; Wallace et al., 2009; Wang et al., 2011;
an et al., 2011; Fabricius et al., 2011). �fosB is reduced

in the NAc of both isolated mice and clinically depressed
humans (Vialou et al., 2010a,b). We hypothesized that
isolation would lead to decreased levels of NAc �fosB.
Additionally, animals were isolated from either a same-sex
or opposite-sex partner, to investigate whether each be-
havioral and �fosB responses differed based on the sex of
the social partner.

EXPERIMENTAL PROCEDURES

Subjects

The prairie voles (Microtus ochrogaster) used in this study were
from an outbred stock originally captured in Illinois and reared at
the University of California, Davis. Animals were weaned at 21
days of age and housed in same sex pairs in standard “shoebox”
mouse cages (27 cm long�16 cm wide�13 cm high) until testing
as adults. Colony rooms were maintained under controlled tem-
perature, humidity, and light cycles (14L:10D). Food (Purina high-
fiber rabbit diet) and water were available ad libitum. All proce-
dures were approved and annually reviewed by the Institutional
Animal Care and Use Committee of the University of California,
Davis. Different subjects were used for each experiment. All sub-
jects and stimulus animals were tested as adults (60–120 days of

age). c
Experiment I: The effects of amphetamine exposure
on �fosB expression

Subjects were adult male and female prairie voles housed in
same-sex cages. Subjects were given either amphetamine (5
mg/kg) or saline vehicle i.p. injections once daily for 4 days. This
dose results in conditioned place preference in prairie voles (Liu et
al., 2010) and is comparable to that shown to increase striatal
�fosB over 4 days of repeated administration in previous studies
(Nye et al., 1995; Conversi et al., 2008; Nestler, personal com-
munication). Sample size was six males for each drug treatment
and five females for each drug treatment. Forty-eight hours after
the final injection, subjects were euthanized via cervical disloca-
tion under deep isoflurane gas anesthesia and brains removed for
histological analysis. At this time, all acute stimulus-induced full-
length fosB is degraded, and immunoreactive cells are specifically
positive for �fosB (Perrotti et al., 2008).

Tissue fixation. Following sacrifice, brains were removed
and kept in 4% paraformaldehyde with acrolein at 4 °C for ap-
proximately 24 h. Following overnight fixation, tissue was stored at
4 °C in sucrose (25% in dH2O) with sodium azide until sectioning.
Brains were sectioned on a freezing microtome at 40 �m thick-
ness and stored in cryoprotectant at �20 °C until the time of
assay.

Immunohistochemistry. Floating sections were rinsed in
0.01 M KPBS, then incubated for 15 min at room temperature in
3% H2O2. Sections were rinsed again with KPBS and then incu-
bated for 1 h at room temperature in a blocking solution of 0.3%
Triton-X, 3% normal goat serum in KPBS. Following blocking,
tissue was incubated for 48 h at 4 °C in 0.3% Triton-X, 1% normal
goat serum, and 1:10,000 fosB primary antibody (sc-48; Santa
Cruz Biotechnology, Santa Cruz, CA, USA) with blocking reagent
in KPBS. After 2 days, the tissue was washed in KPBS, then
incubated for 90 min at room temperature in biotin-goat anti-rabbit
IgG at 1:200 dilution in blocking solution. Following incubation, the
sections were washed in KPBS. Sections were then incubated for
1 h at room temperature in A/B solution. Sections were then rinsed
first in KPBS, then in 0.1 M Tris buffer at pH 7.5. Tissue was then
incubated in a DAB/nickel/peroxidase substrate solution (Vector
Laboratories, Burlingame, CA, USA) for 5 min, until color change
was observed. Sections were given final washes in KPBS and
mounted within 1 week.

Cell counts. Cell counts were obtained from sections of the
NAc and dorsal striatum corresponding to approximately 1.10–
1.18 mm rostral from bregma (corresponding to Figs. 21 and 22 of
the mouse brain atlas of Franklin and Paxinos, 2008). Photo-
graphs were taken at 50� magnification using a Micropublisher
3.3 RTV camera on a Leica DM4000B microscope. We analyzed
photographs of both hemispheres from two sections, leading to a
total of four counts per subject. Cell counts were collected using
the NIH ImageJ software. For each section, the region of interest
was manually selected by an experimentally blind observer, ac-
cording to Franklin and Paxinos (2008), and the total area was
recorded. The threshold function was used to identify staining for
each section. A fixed threshold value was selected prior to anal-
ysis as the threshold that would be sufficient to completely fill
strongly stained cells, and was used for all sections within an
experiment. Individual cells were counted using the analyze par-
ticles function using a size range that captured cells stained with
moderate or higher (i.e. strong) intensity.

To allow standardized comparisons between subjects, the
density of positive cell counts was calculated for each section as
the number of cells per 500 �m2. Within each subject, the density
f positive cells was averaged for each region. Standardized cell

ounts were then examined with mixed model ANOVA with sex,
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drug, and sex�drug interaction as fixed factors. Post hoc analy-
ses were performed using least squared means.

Experiment II: The effects of specific social partners
on �fosB expression

Social pairing. Subjects were gonadally intact adult male
nd female prairie voles. Animals were housed in a novel cage in
ne of the following pairings: familiar males (n�4 pairs), familiar
emales (n�4 pairs), unfamiliar males (n�4 pairs), unfamiliar
emales (n�4 pairs), 1 male and 1 female (both unfamiliar; n�8
airs) for a total of 48 animals. Animals remained in undisturbed
airs for 10 days. This period was selected based on previous
tudies showing that 10 days is sufficient to detect changes in
fosB expression following a number of conditions (Conversi et
l., 2008; Perrotti et al., 2004; Vialou et al., 2011), including
atural rewards (sucrose: Wallace et al., 2008).

Tissue fixation and immunohistochemistry. As described in
xperiment I, the fosB primary antibody binds to both �fosB and

he fosB protein, which requires the use of additional techniques
such as Western blot or immunohistochemistry subtraction spe-
ific for the fosB protein) to verify the specificity of �fosB expres-
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Fig. 1. �fosB� cell counts (means�SE) for each brain region following
d–f), and isolation (female subjects only; g–i). Bars indicate group d
indicates a within-treatment sex difference (P�0.05). For interpretat
eb version of this article.
ion. However, due to the prolonged time-period of the experi-
ments (10 days), and the shorter half-life of the fosB protein,
changes detected by the pan-fosB antibody in these experiments
are inferred as changes in �fosB.

Cell counts. Photographs of the DS and NAc were taken at
0� magnification using a Micropublisher 3.3 RTV camera on a
eica DM4000B microscope. Cell counts were made using the
IH ImageJ software as described for Experiment I, with the
xception that for some subjects, only two or three sections were
nalyzed, rather than four, to create an average cell count. Cell
ounts for each region were examined with mixed model ANOVA
ith sex, partner (familiar, unfamiliar same-sex, opposite-sex),
nd sex�partner interaction as fixed factors.

Experiment III: The effects of social isolation on
�fosB expression

Pair formation and separation. In order to conserve animal
numbers, and because the previous experiments failed to find any
sex differences in �fosB expression, Experiment III was per-
formed in female subjects only. Female subjects were paired
either with a novel same-sex or novel male partner in small
shoebox cages. In order to prevent confounding effects of sex and
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males were castrated and fully recovered (at least 7 days post-
operation) before pairing. Animals remained in these pairs under
regular colony husbandry for 6 weeks. A 6-week period was used
to examine whether a longer period of cohabitation than used in
Experiment II would lead to differences in �fosB expression based
on the sex of the social partner. At 6 weeks, half of the subjects in
each pairing group were then moved individually to a novel shoe-
box cage with a cotton nestlet. Subjects remained in their respec-
tive pair- or isolation-housing for additional 10 days. This isolation
period is based on studies showing that repeated stress over 10
days is sufficient to increase striatal �fosB (Conversi et al., 2008;
Perrotti et al., 2004; Vialou et al., 2010b). A total of 30 females
were used in this study: seven in each male-paired group, and
eight in each female-paired group.

Behavioral observations. For all subjects, repeated home-
age video-taped observations were conducted. During the fifth
eek post-pairing (“Pre-Isolation”), subjects were recorded for
oth morning and afternoon observations. On the morning of

solation (“Isolation”), all isolated subjects were video-taped for the
rst hour following separation. One week following isolation
“Post-Isolation”), all subjects (regardless of housing condition)
ere recorded for morning and afternoon observations. All morn-

ng observations were recorded between 830 and 1130 h, and
etween 1300 h and 1500 h for afternoon sessions. Subjects were
nly recorded once a day. Videos were later scored using Behav-

orTracker 1.5 (www.behaviortracker.com) by an experimentally
lind observer. The behaviors scored were duration of each au-
ogrooming, exploratory rearing, allogrooming, side-by-side con-
act, nest building, and in nest. Allogrooming and side-by-side
ontact measures were limited to observations of socially housed
ubjects, and both nest building and time in nest were limited to
bservations of isolated animals.

Tissue fixation and immunohistochemistry. On the tenth
day of isolation, animals were sacrificed and brain tissue was
collected. Tissue was post-fixed, stored, and assayed as de-
scribed for Experiments I and II.

Cell counts. Photographs of the DS and NAc were taken at
0� magnification using a Micropublisher 3.3 RTV camera on a
eica DM4000B microscope. Cell counts were made using the
IH ImageJ software as described for Experiment I, with the
xception that for some subjects, only two or three sections were
nalyzed, rather than four, to create an average cell count. Cell
ounts for each region were examined with mixed model ANOVA
ith isolation, sex of partner, and isolation�partner interaction as

Fig. 2. Representative micrographs at 50� magnification of the nucleu
commissure). Scale bar indicates 100 �m.
xed factors.
Behavioral data analysis. In order to determine whether
ehaviors within a condition differed based on the time of obser-
ation, each pair of behaviors from Pre- and Post-Isolation week
bservations was analyzed for within-subject effects of time of day
AM and PM) using paired t tests. There were no differences
ased on time of day for any behavior, and an average was
alculated for each pre- and post-isolation behavior for subse-
uent analyses. For the pre-isolation period, each behavior was
nalyzed via paired t tests based on the sex of the social partner.
or isolated subjects only, we performed a repeated measured
NOVA using a main within-subjects effect of partner’s sex, and
ousing period as the repeated measure. Post hoc analyses were
erformed using paired t tests.

RESULTS

Experiment I: Repeated amphetamine

Repeated amphetamine exposure increased �fosB in the
NAc. In the NAc core there was a significant main effect of
drug (F1,20�21.02, P�0.0002), with amphetamine-treated
nimals having more �fosB� cells than saline-treated con-
rols (Fig. 1a,b). There was also a significant main effect of
rug treatment in the NAc shell (F1,21�36.81, P�0.0001),
ith amphetamine-treated subjects having more �fosB�
ells than saline controls. Representative photomicro-
raphs are presented in Fig. 2. There was also a significant

nteraction between sex and treatment (F1,18�5.63,
P�0.03). Post hoc tests revealed that within each sex,
amphetamine-treated subjects had higher �fosB� activity
in the NAc shell than saline controls (males: P�0.0001;
females: P�0.03), and among amphetamine-treated ani-
mals males had significantly higher �fosB� activity than
females (P�0.01). There was no significant sex difference
among saline controls. There was no significant main ef-
fect of sex in this region (F1,18�2.51, P�0.13).

In the DS there was no effect of drug treatment
(F1,27�1.98, P�0.18) or sex (F1,27�2.31, P�0.15) on
�fosB� cell counts.(Fig. 1c)

Experiment II: Social partners

There was no effect of specific social partners on �fosB�

bens of saline- (a) and amphetamine-treated (b) subjects (ac, anterior
s accum
activity in any region examined (Fig. 1d-f). There was no

http://www.behaviortracker.com
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significant main effect of either sex (F1,42�1.90, P�0.18)
or partner (F2,42�1.16, P�0.32) on �fosB� activity in the
NAc core. There was no significant main effect of either
sex (F1,42�0.01, P�0.92) or partner (F2,42�0.59, P�0.56)
on �fosB� activity in the NAc shell. In the DS, there were
no significant effects of sex (F1,42�2.11, P�0.15) or part-
ner (F2,42�0.43, P�0.66) on �fosB� activity. There were
no significant interactions between sex and partner in any
region (NAc core: F2,42�0.11, P�0.89; NAc shell:
F2,42�0.41, P�0.67; DS:F2,42�0.11, P�0.89).

Experiment III: Social isolation

Behavioral observations. Five weeks after initial co-
habitation, females that were housed with another female
spent significantly more time autogrooming than females
housed with a male (t�4.12, df�28, P�0.0003). No other
behaviors differed between the two groups (Table 1,
P�0.10 for all behaviors).

Behaviors for isolated subjects across the three obser-
vation periods are presented in Table 2. Time spent en-
gaging in exploratory rearing was not affected by partner’s
sex at any time period (P�0.42 for all periods). There was
a main effect of housing period on exploratory rearing
(F2,26�8.11, P�0.0018), with pre-isolation rearing being
significantly lower than both isolation (P�0.014) and post-
isolation (P�0.0006), and no difference between isolation
and post-isolation (P�0.21). There was no interaction of
housing period with the partner’s sex (F2,26�0.66,
P�0.53).

For autogrooming, there was a significant main effect
of partner’s sex during the pre-isolation period
(F1,14�7.05, P�0.02), and a trend during initial isolation
(F1,14�4.12, P�0.06). In both cases, females housed with
a female partner autogroomed more than those housed
with a male partner. These differences are not apparent 1
week following isolation (F1,14�0.61, P�0.45). There was

Table 1. Time in seconds (means�SE) engaged in home cage be-
aviors following 6 wks of cohabitation (female subjects only, * indi-
ates difference due to partner’s sex, P�0.001)

Partner

Female Male

xploratory rearing 743�126 1048�129
utogrooming 449�52* 205�22
ide by side contact 1089�126 1149�148
llogrooming 188�29 200�35

able 2. Time in seconds (means�SE) engaged in home cage beha

Female partner (n�8)

Pre-isolation Isolation

xploratory rearing 839�179 1650�277
utogrooming 425�70 272�51
est building 709�177
n nest 69�30 620�25
also a main effect of housing period (F2,26�3.63, P�0.04)
as well as a significant interaction between housing period
and partner’s sex (F2,26�5.33, P�0.01; Table 2). For all
subjects, time spent autogrooming during the initial isola-
tion period was lower than each the pre- and post-isolation
periods (P�0.05 and 0.002, respectively). However, when
females were analyzed separately based on the sex of
their partner, the effects of housing period are driven by
females housed with male partners. Whereas females
housed with a female partner showed no difference in
autogrooming across housing periods (P�0.14 for all com-
parisons), females housed with males spent more time
autogrooming 1 week following isolation compared to each
pre- and isolation observations (P�0.01 and 0.001, re-
spectively). Additionally, there was a trend for autogroom-
ing to be higher during the initial isolation compared to
pre-isolation levels (P�0.08).

There were no effects of partner’s sex on nest building
or time spent in the nest (P�0.23 for all observations).
There was a significant main effect of housing period on
time spent in the nest (F1,13�6.43, P�0.02), with females
spending more time in the nest following a week of isola-
tion than during the initial isolation period. This is likely due
to the nest not being constructed during the initial isolation
period.

Quantification of �fosB expression. Isolation did not
affect �fosB� levels in any region examined (Fig. 1g-i). In
the NAc core, there was no significant main effect of either
partner’s sex (F1,26�1.25, P�0.27) or isolation
F1,26�0.07, P�0.79) on �fosB� activity. There was no
ignificant main effect of either partner’s sex (F1,26�2.13,
�0.16) or isolation (F1,26�0.82, P�0.37) on �fosB� ac-

tivity in the NAc shell. There was no significant interaction
between partner’s sex and isolation for the NAc core
(F1,26�2.51, P�0.13) or shell (F1,26�0.20, P�0.41). Sim-
ilarly, there was no significant main effect of either part-
ner’s sex (F1,25�0.86, P�0.36) or isolation (F1,25�0.20,

�0.66) on �fosB� activity in the DS. There was no
significant interaction between the sex of the partner and
isolation status (F1,25�0.08, P�0.78).

DISCUSSION

This study examined expression of the transcription factor
�fosB under different drug and social conditions in the
prairie vole. We found that 4 days of amphetamine treat-
ment increased �fosB in the NAc, but not the DS. This is
consistent with previous findings in other laboratory spe-

each observation period, in isolated female subjects only

Male partner (n�7)

ation Pre-isolation Isolation Post-isolation

9 927�199 1361�270 1567�203
211�32 150�27 380�55

1677�809 55�25
viors for

Post-isol

1899�32
324�46
53�17
8 33�26 725�155
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cies. None of the social manipulations altered �fosB ac-
tivity in any region examined. In two separate experiments,
�fosB was not increased following cohabitation with an
opposite-sex partner. Additionally, isolation did not affect
�fosB in any region examined. These findings suggest that
social stimuli, in contrast to drugs of abuse, are not medi-
ators of �fosB in the striatum.

Amphetamine

Repeated exposure to amphetamine increased �fosB in
both the core and shell of the NAc (Fig. 1a, b). This is
consistent with previous work in rats and mice (Nye et al.,
1995; Shen et al., 2008; Renthal et al., 2008; Conversi et
al., 2008, 2011), suggesting that prairie voles show a
typical �fosB response in the NAc to repeated exposure to
drugs of abuse. We did not see any effect of amphetamine
on �fosB expression in the DS (Fig. 1c), which contrasts
with work in mice (Conversi et al., 2008, 2011). However,
the effects of repeated amphetamine on �fosB in the DS
are strain specific, as C57BL/6J mice show increased
activity in this region, whereas DBA mice show no change
(Conversi et al., 2008, 2011). Likewise, a species differ-
ence in DS responsiveness to amphetamine is not unex-
pected.

Repeated psychostimulant exposure increases the
density of dendritic spines NAc MSN-D1, and this morpho-
logical change is associated with increase in �fosB in
these cells (Lee et al., 2006; Kim et al., 2009). Although
this has not been explicitly studied with amphetamine, the
fact that this �fosB-associated change in dendritic mor-
phology is seen with methylphenidate and cocaine sup-
ports a common mechanism for psychostimulants on
MSN-D1 (Lee et al., 2006; Kim et al., 2009). �fosB is
thought to play role in either the formation or maintenance
of dendritic spines in MSN-D1 of the NAc under conditions
of repeated psychostimulant exposure (Lee et al., 2006).
We propose that the increase in �fosB in the NAc of
amphetamine-treated prairie voles seen here provides a
potential molecular mechanism for increased D1R mRNA
and protein levels previously reported in similarly treated
animals (Liu et al., 2010; Young et al., 2011). It is interest-
ing to note that the relative increase in �fosB following
repeated amphetamine is smaller in females than males in
both the NAc shell and DS, although this difference is not
significant. Increases in striatal D1R are more robust in
males than females (Liu et al., 2010; Young et al., 2011).
This provides further support for a role of �fosB in amphet-
amine-induced alterations of D1R in the prairie vole.

Social partners

Ten days of social housing with a novel partner of either
sex did not affect �fosB levels in the NAc or DS (Experi-
ment II, Fig. 1d–h). Eight weeks of cohabitation with a
castrated male partner also did not increase NAc �fosB in
female subjects, when compared with those housed with
another female (Experiment III, Fig. 1g–i). A likely expla-
nation for our findings is that pair bonding is not a sufficient
reward to increase �fosB levels in the NAc. Although there

are some studies examining changes in neurophysiology
and behavior that follow pair bond maintenance (Bowler et
al., 2002; Aragona et al., 2006; Gobrogge et al., 2007,
2009), the majority of research on pair bonding in prairie
voles has focused on mechanisms of partner preference
formation. Reward clearly plays key role in the formation of
partner preferences; however, our current data suggest
that pair bond maintenance is not associated with reward.
These findings support the idea that formation and main-
tenance are separate processes in both their behavioral
and physiological regulation (Depue and Morrone-Strupin-
sky, 2005; Bales et al., 2007; Dunbar, 2010) and highlight
the need for future research focusing on the neurobiology
of partner preference maintenance in prairie voles.

Given that similar increases in NAc D1R are seen with
both pair bonding and amphetamine, we expected to see
similar patterns of �fosB expression in Experiments I and
II. However, there are a number of differences in the
outcomes of these conditions that contradict a common
underlying mechanism. First, the timeline of changes in
receptors differs. Increased D1R may be seen after 3 days
of amphetamine treatment (Liu et al., 2010; Young et al.,
2011), whereas changes following pair bonding do not
emerge for 2 weeks following pairing (Aragona et al., 2006;
Liu et al., 2011). Second, increases in NAc �fosB are
associated with an increase in the rewarding properties of
drugs of abuse (Colby et al., 2003; Nestler, 2008). How-
ever, pair bonding reduces the rewarding properties of
amphetamine (Liu et al., 2010). These factors and our
findings suggest that �fosB is not a likely mediator of
alterations in NAc D1R following pair bonding. A limitation
of this interpretation is that we did not perform partner
preference tests in these subjects, therefore the presence
of a pair bond in these subjects was not verified. However,
given the established timeline for the formation of a pair
bond in prairie voles, it is highly likely that the subjects had
already formed a bond (DeVries and Carter, 1999).

Previous findings in other rodent species have shown
that sexual experience increases �fosB in the NAc (Meisel
and Mullins, 2006; Wallace et al., 2008; Pitchers et al.,
2010). Although we did not verify or quantify mating bouts
in the opposite-sex pairs studied here, previous work has
shown that prairie vole pairs mate an average 120 times
over the first 4 days following pairing (Witt et al., 1988).
These mating frequencies are comparable or even higher
than those shown to increase �fosB levels in other rodent
species (Meisel and Mullins, 2006; Wallace et al., 2008;
Pitchers et al., 2010). This suggests the intriguing possi-
bility that �fosB is not affected by sexual experience in
prairie voles, highlighting a potential species difference
that warrants further investigation.

Social isolation

Home cage observations of subjects before, during, and
following isolation highlight interesting behavioral differ-
ences in female subjects housed with a male vs. another
female. During the initial social housing period, females
that were housed with another female spent more time
autogrooming than those housed with males. This may

indicate differences in anxiety based on the sex of a social
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partner. This is further supported by findings in isolated
subjects. Patterns of autogrooming over time were depen-
dent on the sex of the partner. Females that were sepa-
rated from a male partner showed an increase in autog-
rooming after 1 week of isolation, whereas isolation from a
female partner did not affect autogrooming behavior.
Bosch and colleagues (2009) also found that passive
stress-coping behavior in the forced swim test differs be-
tween male prairie voles isolated from a same sex vs.
opposite sex sibling. Therefore, the sex of the social part-
ner may influence the anxiety state of an individual, with
persistent effects beyond the social interaction period. Du-
ration of exploratory rearing was increased during and
following isolation. This increased activity was indepen-
dent of the sex of the social partner, and suggests that
arousal levels may be increased in isolated animals.

Our initial hypothesis that social isolation would lead to
down-regulation of �fosB in the NAc was not supported,
egardless of whether subjects were isolated from a same-
ex or opposite-sex partner. There were no effects of
solation on �fosB levels (Fig. 1g–i). This contrasts with
ecent research in mice and humans showing that �fosB is

reduced in isolated mice and depressed patients (Vialou et
al., 2010a,b). The 10-day isolation period used in this study
is markedly shorter than the 8-week separation used in
mice (Vialou et al., 2010b), but was chosen based on
previous studies showing that repeated stress over 10
days increases striatal �fosB (Conversi et al., 2008; Per-
otti et al., 2004; Vialou et al., 2010b). It is possible that
lthough some behavioral and physiological adaptations to

solation are shown within 1 to 2 weeks (Stowe et al., 2005;
Ruscio et al., 2007; Grippo et al., 2011), a longer period of
isolation is required to induce changes in �fosB. Certain
depressive-like behaviors in prairie voles do not emerge
until at least 4 weeks of isolation (Grippo et al., 2007).
Exploring the effects of a longer separation period, com-
parable to that used in mice, may yield similar decreases in
�fosB and this remains a pertinent direction for future
research. An additional explanation may be that lack of
�fosB response to isolation in prairie voles reflects a spe-
cies difference.

A potential confound for the isolation experiment was
the use of castrated males as social partners. The hor-
monal status of the partner should not affect the formation
of a pair bond (DeVries et al., 1997) and mating is not
required to form a partner preference (Winslow et al.,
1993; Cho et al., 1999). In contrast, it is possible that
maintenance of a pair bond is dependent on gonadal sta-
tus and/or successful reproduction (Curtis, 2010). A re-
lated limitation of the present study is that we did not
measure partner preference in these subjects; therefore,
we cannot definitively conclude that pair bond mainte-
nance is not associated with changes in �fosB expression.
However, the majority of behavioral and physiological con-
sequences of isolation in prairie voles are independent of
the sex of the partner, and we would still expect to see a
general decrease of �fosB in all isolated subjects. Addi-
tionally, the current study only examined the effects of

isolation on female subjects. While we did not find sex
differences in �fosB response to either amphetamine or
with different social partners, it is possible that a sex dif-
ference in response to isolation may exist in this species.
We conclude that �fosB does not appear to mediate the
physiological or behavioral changes observed following
isolation, at least with respect to the parameters explored
in these studies. These findings suggest that the �fosB
response may be highly specific to certain types of stres-
sors and that this response may be species-specific.

It should be noted that the relative time courses for
examining �fosB expression in these experiments are not
parallel. Thus an intriguing possible explanation for our
findings is that the time course for �fosB response to
stimuli in prairie voles may peak at 4 days. This remains to
be investigated in future studies.

CONCLUSIONS

This study investigated a potential molecular mechanism
underlying neural and behavioral plasticity underlying am-
phetamine exposure, pair bonding, and isolation in the
prairie vole. We focused on the transcription factor �fosB,

hich has been implicated as a mediator of neural plas-
icity following each reward and stress. Repeated treat-
ent with amphetamine increased �fosB expression in the
Ac, consistent with previous work in other species. How-
ver, we found that neither cohabitation with an opposite-
ex partner nor social isolation affect �fosB expression in
he NAc, a region implicated in both prairie vole behavior
nd �fosB activity. Our findings suggest that the mainte-
ance of the pair bond is not characterized by reward. This
rovides further evidence for a separate neurobiology of
ach formation and maintenance. Further research into the
echanisms underlying prairie vole attachments are main-

ained over time will provide crucial insight into the neuro-
iology of affiliation.

Acknowledgments—We thank Julie Van Westerhuyzen, Jonathon
Judkins, and Cheriene Griffith for assistance with data collection.
We gratefully acknowledge Eric Nestler, Vincent Vialou, Changjiu
Zao, and Ming Li for technical assistance with methodological
considerations and immunohistochemistry. We also thank the two
anonymous reviewers for their detailed comments and sugges-
tions, which improved the quality of this manuscript. This study
was funded by NSF DDIG 0910317 (to K.L.B. and C.M.H.).

REFERENCES

Aragona BJ, Liu Y, Curtis T, Stephan FK, Wang ZX (2003) A critical
role for nucleus accumbens dopamine in partner-preference for-
mation in male prairie voles. J Neurosci 23:3483–3490.

Aragona BJ, Liu Y, Yu YJ, Curtis JT, Detwiler JM, Insel TR, Wang ZX
(2006) Nucleus accumbens dopamine differentially mediates the
formation and maintenance of monogamous pair bonds. Nat Neu-
rosci 9:133–139.

Aragona BJ, Wang Z (2007) Opposing regulation of pair bond forma-
tion by cAMP signaling within the nucleus accumbens shell. J Neu-
rosci 27:13352–13356.

Bales KL, Mason WA, Catana C, Cherry SR, Mendoza SP (2007)
Neural correlates of pair-bonding in a monogamous primate. Brain
Res 1184:245–253.

Bosch OJ, Nair HP, Ahern TH, Neumann ID, Young LJ (2009) The

CRF system mediates increased passive stress-coping behavior



C. M. Hostetler and K. L. Bales / Neuroscience 210 (2012) 266–274 273
following the loss of a bonded partner in a monogamous rodent.
Neuropsychopharmacology 34:1406–1415.

Bowler CM, Cushing BS, Carter CS (2002) Social factors regulate
female-female aggression and affiliation in prairie voles. Physiol
Behav 76:559–566.

Carlezon WA Jr., Thomas MJ (2009) Biological substrates of reward
and aversion: a nucleus accumbens activity hypothesis. Neuro-
pharmacology 56 (Suppl 1):122–132.

Carter CS, Grippo AJ, Pournajafi-Nazarloo H, Ruscio MG, Porges SW
(2008) Oxytocin, vasopressin and sociality. Prog Brain Res
170:331–336.

Cho MM, DeVries AC, Williams JR, Carter CS (1999) The effects of
oxytocin and vasopressin on partner preferences in male and
female prairie voles (Microtus ochrogaster). Behav Neurosci
113:1071–1079.

Christiansen AM, Dekloet AD, Ulrich-Lai YM, Herman JP (2011)
“Snacking” causes long term attenuation of HPA axis stress re-
sponses and enhancement of brain FosB/deltaFosB expression in
rats. Physiol Behav 103:111–116.

Colby CR, Whisler K, Steffen C, Nestler EJ, Self DW (2003) Striatal
cell type-specific overexpression of DeltaFosB enhances incentive
for cocaine. J Neurosci 23:2488–2493.

Conversi D, Bonito-Oliva A, Orsini C, Colelli V, Cabib S (2008) Delta-
FosB accumulation in ventro-medial caudate underlies the induc-
tion but not the expression of behavioral sensitization by both
repeated amphetamine and stress. Eur J Neurosci 27:191–201.

Conversi D, Orsini C, Colelli V, Cruciani F, Cabib S (2011) Association
between striatal accumulation of FosB/DeltaFosB and long-term
psychomotor sensitization to amphetamine in mice depends on the
genetic background. Behav Brain Res 217:155–164.

Curtis JT (2010) Does fertility trump monogamy? Anim Behav
80:319–328.

Depue RA, Morrone-Strupinsky JV (2005) A neurobehavioral model of
affiliative bonding: implications for conceptualizing a human trait of
affiliation. Behav Brain Sci 28:313–350.

Deutch AY, Cameron DS (1992) Pharmacological characterization of
dopamine systems in the nucleus accumbens core and shell.
Neuroscience 46:49–56.

DeVries AC, Carter CS (1999) Sex differences in temporal parameters
of partner preference in prairie voles (Microtus ochrogaster). Can J
Zool 77:885–889.

DeVries AC, Johnson CL, Carter CS (1997) Familiarity and gender
influence social preferences in prairie voles (Microtus ochro-
gaster). Can J Zool 75:295–301.

Di Chiara G (2002) Nucleus accumbens shell and core dopamine:
differential role in behavior and addiction. Behav Brain Res
137:75–114.

Dunbar RI (2010) The social role of touch in humans and primates:
behavioural function and neurobiological mechanisms. Neurosci
Biobehav Rev 34:260–268.

Fabricius K, Steiniger-Brach B, Helboe L, Fink-Jensen A, Wortwein G
(2011) Socially isolated rats exhibit changes in dopamine homeo-
stasis pertinent to schizophrenia. Int J Dev Neurosci 29:347–350.

Fone KC, Porkess MV (2008) Behavioural and neurochemical effects
of post-weaning social isolation in rodents-relevance to develop-
mental neuropsychiatric disorders. Neurosci Biobehav Rev
32:1087–1102.

Franklin KBJ, Paxinos G (2008) The mouse brain in stereotaxic coor-
dinates, 3rd ed. New York: Academic Press.

Gingrich B, Liu Y, Cascio C, Wang ZX, Insel TR (2000) Dopamine D2
receptors in the nucleus accumbens are important for social at-
tachment in female prairie voles (Microtus ochrogaster). Behav
Neurosci 114:173–183.

Gobrogge KL, Liu Y, Jia X, Wang Z (2007) Anterior hypothalamic
neural activation and neurochemical associations with aggression
in pair-bonded male prairie voles. J Comp Neurol 502:1109–1122.

Gobrogge KL, Liu Y, Young LJ, Wang Z (2009) Anterior hypothalamic

vasopressin regulates pair-bonding and drug-induced aggression
in a monogamous rodent. Proc Natl Acad Sci U S A 106:
19144–19149.

Greenwood BN, Foley TE, Le TV, Strong PV, Loughridge AB, Day HE,
Fleshner M (2011) Long-term voluntary wheel running is rewarding
and produces plasticity in the mesolimbic reward pathway. Behav
Brain Res 217:354–362.

Grippo AJ, Carter CS, McNeal N, Chandler DL, Larocca MA, Bates SL,
Porges SW (2011) 24-hour autonomic dysfunction and depressive
behaviors in an animal model of social isolation: implications for the
study of depression and cardiovascular disease. Psychosom Med
73:59–66.

Grippo AJ, Gerena D, Huang J, Kumar N, Shah M, Ughreja R, Carter
CS (2007) Social isolation induces behavioral and neuroendocrine
disturbances relevant to depression in female and male prairie
voles. Psychoneuroendocrinology 32:966–980.

Grippo AJ, Trahanas DM, Zimmerman RR, Porges SW, Carter CS
(2009) Oxytocin protects against negative behavioral and auto-
nomic consequences of long-term social isolation. Psychoneu-
roendocrinology 34:1542–1553.

Hall FS, Wilkinson LS, Humby T, Inglis W, Kendall DA, Marsden CA,
Robbins TW (1998) Isolation rearing in rats: pre- and postsynaptic
changes in striatal dopaminergic systems. Pharmacol Biochem
Behav 59:859–872.

Han X, Wang W, Shao F, Li N (2011) Isolation rearing alters social
behaviors and monoamine neurotransmission in the medial pre-
frontal cortex and nucleus accumbens of adult rats. Brain Res
1385:175–181.

Hedges VL, Chakravarty S, Nestler EJ, Meisel RL (2009) Delta FosB
overexpression in the nucleus accumbens enhances sexual re-
ward in female Syrian hamsters. Genes Brain Behav 8:442–449.

Jones GH, Hernandez TD, Kendall DA, Marsden CA, Robbins TW
(1992) Dopaminergic and serotonergic function following isolation
rearing in rats: study of behavioural responses and postmortem
and in vivo neurochemistry. Pharmacol Biochem Behav 43:17–35.

Kelley AE (2004) Ventral striatal control of appetitive motivation: role in
ingestive behavior and reward-related learning. Neurosci Biobehav
Rev 27:765–776.

Kim Y, Teylan MA, Baron M, Sands A, Nairn AC, Greengard P (2009)
Methylphenidate-induced dendritic spine formation and DeltaFosB
expression in nucleus accumbens. Proc Natl Acad Sci U S A
106:2915–2920.

Klein SL, Hairston JE, DeVries AC, Nelson RJ (1997) Social environ-
ment and steroid hormones affect species and sex differences in
immune function among voles. Horm Behav 32:30–39.

Lee KW, Kim Y, Kim AM, Helmin K, Nairn AC, Greengard P (2006)
Cocaine-induced dendritic spine formation in D1 and D2 dopamine
receptor-containing medium spiny neurons in nucleus accumbens.
Proc Natl Acad Sci U S A 103:3399–3404.

Liu Y, Aragona BJ, Young KA, Dietz DM, Kabbaj M, Mazei-Robison M,
Nestler EJ, Wang Z (2010) Nucleus accumbens dopamine medi-
ates amphetamine-induced impairment of social bonding in a mo-
nogamous rodent species. Proc Natl Acad Sci U S A 107:
1217–1222.

Liu Y, Wang ZX (2003) Nucleus accumbens oxytocin and dopamine
interact to regulate pair bond formation in female prairie voles.
Neuroscience 121:537–544.

Liu Y, Young KA, Curtis JT, Aragona BJ, Wang Z (2011) Social
bonding decreases the rewarding properties of amphetamine
through a dopamine D1 receptor-mediated mechanism. J Neurosci
31:7960–7966.

McCormick CM, Kehoe P, Mallinson K, Cecchi L, Frye CA (2002)
Neonatal isolation alters stress hormone and mesolimbic dopa-
mine release in juvenile rats. Pharmacol Biochem Behav 73:
77–85.

Meisel RL, Mullins AJ (2006) Sexual experience in female rodents:
cellular mechanisms and functional consequences. Brain Res

1126:56–65.



C. M. Hostetler and K. L. Bales / Neuroscience 210 (2012) 266–274274
Nestler EJ (2008) Review. Transcriptional mechanisms of addiction:
role of DeltaFosB. Philos Trans R Soc Lond B Biol Sci 363:
3245–3255.

Nye HE, Hope BT, Kelz MB, Iadarola M, Nestler EJ (1995) Pharma-
cological studies of the regulation of chronic FOS-related antigen
induction by cocaine in the striatum and nucleus accumbens.
J Pharmacol Exp Ther 275:1671–1680.

Olausson P, Jentsch JD, Tronson N, Neve RL, Nestler EJ, Taylor JR
(2006) DeltaFosB in the nucleus accumbens regulates food-rein-
forced instrumental behavior and motivation. J Neurosci 26:
9196–9204.

Pan Y, Liu Y, Young KA, Zhang Z, Wang Z (2009) Post-weaning social
isolation alters anxiety-related behavior and neurochemical gene
expression in the brain of male prairie voles. Neurosci Lett
454:67–71.

Perrotti LI, Hadeishi Y, Ulery PG, Barrot M, Monteggia L, Duman RS,
Nestler EJ (2004) Induction of deltaFosB in reward-related brain
structures after chronic stress. J Neurosci 24:10594–10602.

Perrotti LI, Weaver RR, Robison B, Renthal W, Maze I, Yazdani S,
Elmore RG, Knapp DJ, Selley DE, Martin BR, Sim-Selley L, Bach-
tell RK, Self DW, Nestler EJ (2008) Distinct patterns of DeltaFosB
induction in brain by drugs of abuse. Synapse 62:358–369.

Pitchers KK, Frohmader KS, Vialou V, Mouzon E, Nestler EJ, Lehman
MN, Coolen LM (2010) DeltaFosB in the nucleus accumbens is
critical for reinforcing effects of sexual reward. Genes Brain Behav
9:831–840.

Pournajafi-Nazarloo H, Partoo L, Sanzenbacher L, Paredes J,
Hashimoto K, Azizi F, Sue CC (2009) Stress differentially modu-
lates mRNA expression for corticotrophin-releasing hormone re-
ceptors in hypothalamus, hippocampus and pituitary of prairie
voles. Neuropeptides 43:113–123.

Pournajafi-Nazarloo H, Partoo L, Yee J, Stevenson J, Sanzenbacher
L, Kenkel W, Mohsenpour SR, Hashimoto K, Carter CS (2011)
Effects of social isolation on mRNA expression for corticotrophin-
releasing hormone receptors in prairie voles. Psychoneuroendo-
crinology 36:780–789.

Renthal W, Carle TL, Maze I, Covington HE, III, Truong HT, Alibhai I,
Kumar A, Montgomery RL, Olson EN, Nestler EJ (2008) Delta
FosB mediates epigenetic desensitization of the c-fos gene after
chronic amphetamine exposure. J Neurosci 28:7344–7349.

Ruscio MG, Sweeny T, Hazelton JL, Suppatkul P, Carter CS (2007)
Social environment regulates corticotropin releasing factor, corti-
costerone and vasopressin in juvenile prairie voles. Horm Behav
51:54–61.

Russo SJ, Wilkinson MB, Mazei-Robison MS, Dietz DM, Maze I,
Krishnan V, Renthal W, Graham A, Birnbaum SG, Green TA,
Robison B, Lesselyong A, Perrotti LI, Bolanos CA, Kumar A, Clark
MS, Neumaier JF, Neve RL, Bhakar AL, Barker PA, Nestler EJ
(2009) Nuclear factor kappa B signaling regulates neuronal mor-
phology and cocaine reward. J Neurosci 29:3529–3537.

Shao F, Jin J, Meng Q, Liu M, Xie X, Lin W, Wang W (2009) Pubertal
isolation alters latent inhibition and DA in nucleus accumbens of
adult rats. Physiol Behav 98:251–257.
Shen HY, Kalda A, Yu L, Ferrara J, Zhu J, Chen JF (2008) Additive
effects of histone deacetylase inhibitors and amphetamine on his-
tone H4 acetylation, cAMP responsive element binding protein
phosphorylation and DeltaFosB expression in the striatum and
locomotor sensitization in mice. Neuroscience 157:644–655.

Stowe JR, Liu Y, Curtis JT, Freeman ME, Wang ZX (2005) Species
differences in anxiety-related responses in male prairie and
meadow voles: the effects of social isolation. Physiol Behav
86:369–378.

Vialou V, Cui H, Perello M, Mahgoub M, Yu HG, Rush AJ, Pranav H,
Jung S, Yangisawa M, Zigman JM, Elmquist JK, Nestler EJ, Lutter
M (2011) A role for �FosB in calorie restriction-induced metabolic
changes. Biol Psychiatry 70:204–207.

Vialou V, Maze I, Renthal W, LaPlant QC, Watts EL, Mouzon E, Ghose
S, Tamminga CA, Nestler EJ (2010a) Serum response factor pro-
motes resilience to chronic social stress through the induction of
DeltaFosB. J Neurosci 30:14585–14592.

Vialou V, Robison AJ, LaPlant QC, Covington HE, III, Dietz DM,
Ohnishi YN, Mouzon E, Rush III AJ, Watts AL, Wallace DL, Iniguez
SD, Ohnishi YH, Steiner MA, Warren B, Krishnan V, Neve RL,
Ghose S, Berton O, Tamming CA, Nestler EJ (2010b) deltaFosB in
brain reward circuits mediates resilience to stress and antidepres-
sant responses. Nat Neurosci 13:745–752.

Wallace DL, Han MH, Graham DL, Green TA, Vialou V, Iniguez SD,
Cao JL, Kirk A, Chakravarty S, Kumar A, Krishnan V, Neve RL,
Cooper DC, Bolanos CA, Barrot M, McClung CA, Nestler EJ (2009)
CREB regulation of nucleus accumbens excitability mediates so-
cial isolation-induced behavioral deficits. Nat Neurosci 12:
200–209.

Wallace DL, Vialou V, Rios L, Carle-Florence TL, Chakravarty S,
Kumar A, Graham DL, Green TA, Kirk A, Iniguez SD, Perrotti LI,
Barrot M, Dileone RJ, Nestler EJ, Bolanos-Guzman CA (2008) The
influence of DeltaFosB in the nucleus accumbens on natural re-
ward-related behavior. J Neurosci 28:10272–10277.

Wang YC, Ho UC, Ko MC, Liao CC, Lee LJ (2011) Differential neuro-
nal changes in medial prefrontal cortex, basolateral amygdala and
nucleus accumbens after postweaning social isolation. Brain Struct
Funct. [doi: 10.1007/s00429-011-0355-4].

Wang Z, Yu G, Cascio C, Lui Y, Gingrich B, Insel TR (1999) Dopamine
D2 receptor-mediated regulation of partner preferences in female
prairie voles (Microtus ochrogaster): a mechanism for pair bond-
ing? Behav Neurosci 113:602–611.

Werme M, Messer C, Olson L, Gilden L, Thoren P, Nestler EJ, Brene
S (2002) Delta FosB regulates wheel running. J Neurosci
22:8133–8138.

Winslow JT, Hastings N, Carter CS, Harbaugh CR, Insel TR (1993) A
role for central vasopressin in pair bonding in monogamous prairie
voles. Nature 365:545–548.

Witt DM, Carter CS, Carlstead K, Read LD (1988) Sexual and social
interactions preceding and during male-induced oestrus in prairie
voles, Microtus ochrogaster. Anim Behav 36:1465–1471.

Young KA, Liu Y, Gobrogge KL, Dietz DM, Wang H, Kabbaj M, Wang
Z (2011) Amphetamine alters behavior and mesocorticolimbic do-
pamine receptor expression in the monogamous female prairie

vole. Brain Res 1367:213–222.
(Accepted 9 March 2012)
(Available online 17 March 2012)


	DeltaFosB is increased in the nucleus accumbens by amphetamine but not social housing or isolati ...
	Experimental procedures
	Subjects
	Experiment I: The effects of amphetamine exposure on ΔfosB expression
	Tissue fixation
	Immunohistochemistry
	Cell counts

	Experiment II: The effects of specific social partners on ΔfosB expression
	Social pairing
	Tissue fixation and immunohistochemistry
	Cell counts

	Experiment III: The effects of social isolation on ΔfosB expression
	Pair formation and separation
	Behavioral observations
	Tissue fixation and immunohistochemistry
	Cell counts
	Behavioral data analysis


	Results
	Experiment I: Repeated amphetamine
	Experiment II: Social partners
	Experiment III: Social isolation
	Behavioral observations
	Quantification of ΔfosB expression


	Discussion
	Amphetamine
	Social partners
	Social isolation

	Conclusions
	Acknowledgments
	References


