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Abstract

A successful transition from childhood to adulthood requires adolescent maturation of social information processing. The neurobi-
ological underpinnings of this maturational process remain elusive. This research employed the male Syrian hamster as a tracta-
ble animal model for investigating the neural circuitry involved in this critical transition. In this species, adult and juvenile males
display different behavioral and neural responses to vaginal secretions, which contain pheromones essential for expression of
sexual behavior in adulthood. These studies tested the hypothesis that vaginal secretions acquire positive valence over adoles-
cent development via remodeling of neural circuits underlying sexual reward. Sexually naı̈ve adult, but not juvenile, hamsters
showed a conditioned place preference for vaginal secretions. Differences in behavioral response to vaginal secretions between
juveniles and adults correlated with a difference in the vaginal secretion-induced neural activation pattern in mesocorticolimbic
reward circuitry. Fos immunoreactivity increased in response to vaginal secretions in the medial amygdala and ventral tegmental
dopaminergic cells of both juvenile and adult males. However, only in adults was there a Fos response to vaginal secretions in
non-dopaminergic cells in interfascicular ventral tegmental area, nucleus accumbens core and infralimbic medial prefrontal cortex.
These results demonstrate that a socially relevant chemosensory stimulus acquires the status of an unconditioned reward during
adolescence, and that this adolescent gain in social reward is correlated with experience-independent engagement of specific cell
groups in reward circuitry.

Introduction

A universal feature of mammalian adolescence is the restructuring of
social spheres as interactions with peers become more salient than
those with family (Nelson et al., 2005). This reallocation of interest
involves maturation of social information processing, i.e. the percep-
tion of and responses to social stimuli. Social stimuli evoke different
neural responses in human adolescents as compared with adults, par-
ticularly in the prefrontal cortex (Blakemore, 2008), but the neuronal
mechanisms underlying this developmental change remain unclear.
Given the importance of appropriately interpreting social stimuli in
successful adult social interactions, the overall goal of this study is to
determine which brain regions and neurotransmitter systems are asso-
ciated with adolescent changes in the perception of social stimuli.
The male Syrian hamster is an ideal animal model for investigat-

ing the neural substrates of adolescent maturation of social informa-

tion processing. Information regarding female reproductive status is
conveyed via pheromone-containing vaginal secretions (VS). Appro-
priate neural processing of VS is required for the performance of
male sexual behavior and is sufficient to induce a conditioned place
preference (CPP) in sexually naïve adult male hamsters, indicating
that VS are inherently rewarding to adults (Murphy & Schneider,
1970; Petrulis, 2009; Bell et al., 2010). In contrast, juvenile ham-
sters are not attracted to VS (Johnston & Coplin, 1979), nor do they
mate with a receptive female when primed with exogenous testoster-
one (Meek et al., 1997; Schulz et al., 2009). Studies using the
immediate early gene Fos as a proxy for neural activation reveal that
juvenile hamsters do detect VS, as it elicits an increase in Fos
expression in brain regions typically associated with processing of
chemosensory social stimuli, e.g. the medial amygdala (Romeo
et al., 1998). Thus, the behavioral responses to VS change across
adolescent development, and this naturally occurring maturation of
social information processing is critical for successful reproduction.
The neural underpinnings of these age-related changes in

responses to VS are unknown. The ability of adults to form a CPP
for VS suggests involvement of reward-related neural systems in the
processing of this social stimulus. In particular, the rodent
mesocorticolimbic dopaminergic and hypothalamic orexin systems
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are implicated in sexual, food and psychotropic drug reward (Meisel
et al., 1996; Becker et al., 2001; Harris et al., 2005; Muschamp
et al., 2007; Ikemoto, 2010; Lajtha & Sershen, 2010; Di Sebastiano
et al., 2011), and these systems often operate in concert (Fadel &
Deutch, 2002; Korotkova et al., 2003; Narita et al., 2006). Both
dopaminergic and orexinergic circuitries undergo functional and
structural changes during adolescence (Kuhn et al., 2010; Sawai
et al., 2010); however, developmental changes in response to social
stimuli, including VS, have not been examined within these circuit-
ries. The present study seeks to determine if juveniles differ from
adults in their proclivity to (1) show CPP for VS, and (2) express
Fos in response to VS in mesocorticolimbic and hypothalamic
reward circuits.

Materials and methods

Animals

Syrian hamsters (Mesocricetus auratus) were obtained from Harlan
Laboratories (Madison, WI, USA) and were housed in temperature-
and humidity-controlled vivaria with a shifted light–dark cycle
(14/10 h, dark phase began at 13:00 h) and ad libitum access to
food (Teklad Rodent diet 8640; Harlan) and water. Juveniles in
Experiment 1 arrived at postnatal day 13 (P13) and were housed
with their littermates and biological mother until weaning at P18.
Adults in Experiment 1 arrived at ages ranging from P56 to 62,
juveniles in Experiment 2 at P20, and adults in Experiment 2 at
P54. Weanlings and sexually naïve adult males were singly housed
in clear polycarbonate cages (30.5 9 10.2 9 20.3 cm) as is typical
for this solitary species. Sixty adult female hamsters, approximately
12 months old, were housed under similar conditions in separate
vivaria and used as the source of VS. Female hamsters were ovari-
ectomized several weeks before hormone administration and collec-
tion of VS. They were injected subcutaneously with 10 lg estradiol
benzoate and 500 lg progesterone in sesame oil, 52 and 4 h,
respectively, prior to collection of VS by gentle vaginal palpation.
All experiments were conducted under <4 lux red light 1–5 h into
the dark phase. A total of 110 hamsters were treated in accordance
with the National Institute of Health Guide for Care and Use of
Laboratory Animals, and protocols were approved by the Michigan
State University Institutional Animal Care and Use Committee.

Experiment 1: CPP for potential rewards

Experimental design

Place preference conditioning occurred as described previously (Bell
et al., 2010) in an apparatus with one middle compartment and two
outer compartments distinct in their visual, tactile and olfactory cues
(Med Associates, St. Albans, VT, USA). To acclimate subjects to
handling and novel chambers, male hamsters were placed in glass
aquaria in the behavioral testing room for 10 min every day, for
3 days prior to the start of the CPP regimen. A 17-min pretest
(2 min in the middle compartment followed by 15 min access to all
compartments) was used to determine each hamster’s initial com-
partment preference and to create groups with similar initial prefer-
ences, when possible. The outer compartment in which the hamster
spent more time was defined as the initially preferred compartment.
Hamsters that did not enter each compartment at least five times
were excluded from further training. Following the pretest, the ham-
sters received a series of 30-min conditioning sessions in the side
compartments, one session per day on consecutive days, alternating

no-stimulus or stimulus-paired sessions. During the no-stimulus con-
ditioning sessions, hamsters in both the experimental and the control
groups were placed in their initially preferred compartments, where
they remained alone. During stimulus-paired conditioning sessions,
hamsters in the experimental group were placed in the initially
non-preferred compartments with the stimulus. The hamsters in the
control groups were also placed in their initially non-preferred com-
partments but were not given the stimulus. This group served to
quantify any change in preference or difference score across tests
that were not due to conditioning. Twenty-four hours after the last
conditioning session, hamsters were tested for their place preference
following the same procedure used for the pretest. Pretest, condition-
ing sessions, and test all occurred at the same time of day (± 1 h)
for each hamster. VS and cocaine were used as stimuli.

Experiment 1a. CPP for VS

To test for a CPP for VS, 22 sexually naïve adult and 18 juvenile
hamsters were assigned to control and experimental groups,
n = 9–11. To reduce the number of cohorts required and prevent
exposing control animals to the smell of the stimuli, control animals
were housed in a separate but similar vivaria in which the dark
phase began at 08:00 h and testing at 09:00 h. In total 10 condition-
ing sessions occurred, including five no-stimulus and five stimulus-
paired sessions. Including the pretest and test, the experiment took
place over 12 consecutive days, from P20 to 31 for juvenile animals
and P63–69 to 74–80 for adult animals. An hour before use, VS
were collected from 30 females and mixed together to total approxi-
mately 500 lL. VS are composed of both non-volatile and volatile
components, and both have been shown to have behaviorally rele-
vant properties (Petrulis, 2009). Thus, to ensure exposure to both
non-volatile and volatile components of VS immediately prior to
and for the duration of the training session, VS were delivered in
two ways. Approximately 15 lL of VS was applied to water-moist-
ened cotton gauze packed into a 2-mL Eppendorf tube, one tube for
each male. Immediately before testing, the tube was placed out of
reach from the male at the top of the back wall in the initially non-
preferred compartment in VS-paired conditioning sessions for the
VS group. Empty Eppendorf tubes were used for the control group
in all conditioning sessions and for the VS group in the no-stimulus
conditioning sessions. To ensure exposure to non-volatile compo-
nents of VS, the remaining approximately 200 lL of VS was mixed
with 1 mL of mineral oil, and approximately 10 lL of this mixture
was applied with a metal spatula directly onto the nose of hamsters
in the VS group immediately before being placed in the VS-paired
compartment. Only the VS group was present and all were
restrained to their VS-paired compartment when VS was present in
the behavior testing room, thus eliminating any concerns about odor
diffusion and non-specific conditioning. Clean oil was applied to the
nose of hamsters in the control group for all conditioning sessions
and in the VS group for no-stimulus conditioning sessions. One
hour after completion of the CPP test, hamsters were killed with an
overdose of sodium pentobarbital (150 mg/kg, i.p.) and a terminal
blood sample was collected via cardiac puncture for radioimmu-
noassay of circulating plasma testosterone.

Experiment 1b. CPP for cocaine

To test for a CPP for cocaine, 16 juvenile hamsters were assigned
to control and experimental groups (n = 8). Six total conditioning
sessions occurred (three no-stimulus and three stimulus-paired ses-
sions on alternating days), and the experiment lasted 8 days from
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P23 to P30. Hamsters in the experimental group were injected intra-
peritoneally with cocaine (20 mg/kg; Lannett Company, Inc., Phila-
delphia, PA, USA) immediately before being placed in the initially
non-preferred compartment for stimulus-paired sessions, whereas
they received a 0.9% saline vehicle injection before being placed in
the initially preferred compartment for no-stimulus sessions. The
control group received saline injections before being placed in either
compartment in conditioning sessions.

Statistical analysis

To confirm that all stimulus and no-stimulus paired groups had simi-
lar initial preference and difference scores, a one-way ANOVA was
used. To assess whether the stimuli (VS or cocaine) induced a CPP,
data from the pretests and final tests were used to calculate a prefer-
ence score, defined as [time in the stimulus-paired compartment/
(time in stimulus-paired compartment+time in no-stimulus compart-
ment)], and a difference score, defined as [time in the no-stimulus
compartment–time in the stimulus-paired compartment] (Martínez &
Paredes, 2001; Meerts & Clark, 2007; Tenk et al., 2009; Bell et al.,
2010; Parada et al., 2010). Changes in preference and difference
scores were determined by subtracting pretest measures from test
measures for each hamster. In the no-stimulus control animals, aver-
age change measures for preference score and difference score were
determined to provide a standard for unconditioned change. Control
change measures were then subtracted from each stimulus-paired
experimental animal’s scores to correct for any unconditioned
change. Corrected changes in preference and difference scores were
then used in one-sample t-tests within each group, comparing the
value to 0 to evaluate significant changes. These statistical proce-
dures are similar to earlier studies that used paired t-tests to deter-
mine changes in preference and difference scores within a group
(Meisel & Joppa, 1994; Martínez & Paredes, 2001; Kohlert &
Olexa, 2005; Meerts & Clark, 2007; Tenk et al., 2009; Bell et al.,
2010; Parada et al., 2010). In addition, correcting for unconditioned
changes observed in control animals reduces the chances of false
positives, as any initial preferences for an outer compartment can
sometimes be reduced after repeated equivalent exposures to those
chambers (Bell et al., 2010). Significant changes in both preference
and difference scores were required to determine that a conditioned
place preference had been established; for simplicity, only prefer-
ence scores are presented in figure format here (Meisel & Joppa,
1994; Bell et al., 2010). Here and with all other reported analyses,
P < 0.05 was considered significant, and all statistical analyses were
done with SPSS software (PASW Statistics 20; SPSS: An IBM Com-
pany, Chicago, IL, USA).

Experiment 2: neural responses to VS

Experimental design

Sixteen juvenile (P28) and 16 adult (P64) hamsters were weighed
and randomly assigned to either the VS or the control group, n = 8.
VS were collected less than 2 h before use and delivered via cotton
applicator swabs to minimize the effects of handling the animals on
Fos expression. On the morning of swab exposures, hamsters were
moved from their colony room to a separate behavior testing room.
Four to 7 h later, VS-containing or clean blank swabs were dropped
into VS or control hamsters’ home cages, respectively, and behavior
was monitored while the hamsters interacted with the swab for 1 h.
Hamsters were often observed to pick up the swab, chew on it and
place it in their cheek pouches for several minutes at a time. While

behavior was not quantified, adults were observed to perform more
vigorous investigation of the VS swab. Thus, the Fos response rep-
resents a combination of responses to olfactory stimuli as well as
behavioral interactions with the swab. To prevent control hamsters
from smelling volatile components of VS, they were given access to
blank swabs and killed for tissue collection prior to swab exposure
for the VS-exposed hamsters. Thus, blank and VS-containing swabs
were delivered 1–2 and 3–4 h after lights off, respectively. One
hour after introduction of a swab into the cage, hamsters were killed
with an overdose of sodium pentobarbital (150 mg/kg, i.p.) and a
terminal blood sample was collected via cardiac puncture for radio-
immunoassay of circulating plasma testosterone. Hamsters were per-
fused transcardially with heparinized buffered saline rinse followed
by 4% paraformaldehyde. Brains were post-fixed in 4% paraformal-
dehyde for 24 h and stored in 20% sucrose/phosphate-buffered sal-
ine solution until sectioning.

Histological procedures

Brains were sectioned with a cryostat into 4 series of 40 lm thick
sections and stored in cryoprotectant at �20°C until histological
processing. The first series of sections was mounted onto glass
slides, dehydrated with a series of ethanols, and stained with cresyl
violet before coverslipping for identification of regions of interest.
A second and third series of sections were used to double-label cFos
with tyrosine hydroxylase (TH) and orexin-A immunoreactivity,
respectively, with free-floating immunohistochemistry. cFos is an
immediate early gene used to indicate transcriptional activation
(Sheng & Greenberg, 1990; Hughes & Dragunow, 1995), and TH is
the rate-limiting enzyme for catecholamine production. Dopamine-b-
hydroxylase, the enzyme that converts dopamine to norepinephrine,
is absent in the ventral tegmental area in hamsters (Vincent, 1988),
thus TH immunoreactivity in the ventral tegmental area was used
here to identify dopaminergic cells. Orexin-A is one of two active
orexinergic peptides (de Lecea et al., 1998; Sakurai et al., 1998),
and, in particular, has been implicated in sexual reward (Muschamp
et al., 2007; Di Sebastiano et al., 2011).
Immunohistochemistry occurred at room temperature unless other-

wise noted. Rinses with Trizma-buffered saline (0.05 M, pH = 7.6)
occurred initially and between steps, and all antibodies were diluted
in 2% of the appropriate serum and 0.3% Triton-X Trizma-buffered
saline (see Table 1). To visualize Fos and TH, residual aldehydes
were removed with 0.1% sodium borohydride after the first series of
Trizma-buffered saline rinses, and endogenous peroxidase activity
was quenched with 1% hydrogen peroxide. Tissue was blocked and
made permeable with 20% goat serum and 0.3% Triton-X Trizma-
buffered saline, followed by incubation in the Fos primary antibody
for 48 h at 4°C. Tissue was then incubated consecutively in the Fos
secondary antibody and avidin-biotin complex for 1 h each. Lastly,
sections were reacted for approximately 2 min with 10 mg 3,3′-di-
aminobenzideine tetrahydrochloride in 50 mL Trizma-buffered saline
and 45 lL of 30% hydrogen peroxide to produce a dark brown
reaction product in the nucleus of Fos-immunoreactive (ir) cells.
After rinsing, tissue was again blocked and made permeable and
then incubated overnight in TH primary antibody. TH secondary
antibody and avidin–biotin complex were then each applied consec-
utively for 1 h. Finally, sections were reacted for approximately
2 min with one drop of Vector SG enzyme substrate in 7 mL Tri-
zma-buffered saline and 50 lL 30% hydrogen peroxide to produce
a cytoplasmic blue reaction product in TH-ir cells. To visualize Fos
and orexin, a similar immunohistochemistry protocol was used, but
with the appropriate reagents (see Table 1). Primary and secondary
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antibody deletion control studies were run on separate sections.
Non-specific background staining was low or absent in these
sections. Tissue sections were mounted onto glass slides and dehy-
drated with a series of ethanols before coverslipping.

Microscopic analysis

Regions of interest included the nucleus accumbens (Acb), medial
prefrontal cortex (mPFC) and ventral tegmental area (VTA) because
they are primary components of the mesocorticolimbic dopamine
circuitry (Fibiger & Phillips, 1988); the lateral hypothalamus (LH)
because of its orexinergic cell population (Aston-Jones et al., 2009);
the ventromedial hypothalamus (VMH) because of its role in gating
reproductive and defensive behaviors (Choi et al., 2005); and the
posterior medial amygdala (MeP) as a positive control region known
to express Fos in response to VS in both juvenile and adult male
hamsters (Romeo et al., 1998).
Regions were subdivided according to the hamster brain atlas

(Morin & Wood, 2001), as indicated by previous research demon-
strating distinct functional and anatomical characteristics of the sub-
regions (Groenewegen et al., 1999; Bradley & Meisel, 2001;
Heidbreder & Groenewegen, 2003; Balfour et al., 2006; Ikemoto,
2007). The mPFC included the anterior cingulate (Cg1), prelimbic
(PrL) and infralimbic (IL) subregions; the Acb included the core
(AcbC) and medial portion of the shell (AcbSh); the MeP included
the dorsal (MePD) and ventral (MePV) subregions; the VMH
included medial (VMHM) and lateral (VMHL) portions; and the
VTA included interfasicular (IF), paranigral (PN), parabrachial pig-
mented (PBP) and Tail nuclei (Fig. 1). The hypothalamic area con-
taining orexinergic cells was subdivided into the dorsomedial
hypothalamus and perifornical area (DM/PeF) and lateral hypothala-
mus (LH), relative to the lateral edge of the fornix because of func-
tional specificity of these two populations of orexinergic neurons
(Harris et al., 2005; Fig. 1).
The VTA was further subdivided along its rostrocaudal extent

because of previous reports of functional specificity in rats and mice
(Olson et al., 2005; Ikemoto, 2007) and a relative lack of region-
specific analysis in the hamster. Rostral sections were defined as
having TH cells adjacent to the fasciculus retroflexus prior to the
onset of the interpeduncular nucleus; caudal sections were defined
as having interpeduncular nucleus present prior to the medial

lemniscus merging with the cerebral peduncle; tail sections were
defined as having a rounded interpeduncular nucleus prior to the
oral part of the pontine nuclei (Fig. 1). Upon completion of micro-
scopic inspection and analysis, similar effects of age and swab expo-
sure were found in the rostral and caudal portions of each VTA
subregion; therefore, data from rostral and caudal IF, PN and PBP
sections were combined within subregion for statistical analysis and
presentation here.
Anatomically matched tissue sections throughout the extent of

each region of interest (2–5 sections per subregion, depending on
size) were selected at 49 magnification. In the Acb, Me and VMH,
subregion contours were manually traced bilaterally according to the
atlas and cytoarchitecture in Nissl-stained sections and then overlaid
onto corresponding immunohistochemically treated tissue sections
for cell counting. In the mPFC, 600 9 600 lm boxes were placed
in the mPFC relative to the medial brain edge and corpus callosum.
In the hypothalamus, boxes were drawn to surround all orexin-ir
cells medial or lateral to the lateral edge of the fornix in immunohis-
tochemically treated tissue sections. In the VTA, contours were
drawn unilaterally in immunohistochemically treated tissue sections.
Cell counts were made within a contour by a single experimenter

blind to hamster treatment with an UPlanSApo 40 9 (0.9NA)
objective on an Olympus BX51 microscope under brightfield illumi-
nation using Neurolucida (version 7; Microbrightfield, Williston,
VT, USA). All quantification was performed on double-labeled im-
munohistochemically treated tissue; cells were considered Fos-ir if
they had a distinct nucleus with visible puncta stained dark red-
brown and TH- or orexin-ir if the cytoplasm was stained gray-blue.
In all regions, single-labeled Fos-ir cells were counted; the number
of Fos-ir cells within each subregion contour was divided by the
area of that contour to create a measure of cell density within a sec-
tion. These density data control for any change in subregion area
with age, and generally detect similar effects of treatment as do cell
count data. In the VTA, single-labeled TH-ir cells and cells double-
labeled for both TH and Fos, here called TH/Fos-ir, were counted
and used in the same density calculations as the Fos-ir cells. In the
LH, single-labeled orexin-ir cells and cells double-labeled for both
orexin and Fos, here called orexin/Fos-ir, were counted within an
area defined by the presence of the orexin-ir cells. Therefore num-
ber, not density, of orexin-ir and orexin/Fos-ir cells per section is
reported here. Double-labeled cells in the VTA and LH were not

Table 1. Immunohistochemical reagents

Target Reagent Description, supplier

Fos/TH immunohistochemistry
Fos Serum Normal goat serum. Pel-Freez Biologicals, Rogers, AR, USA

Primary c-Fos (4): rabbit, sc-52. 1 : 10 000, 0.02 lg IgG/mL solution, Santa Cruz Biotech, Santa Cruz, CA, USA
Secondary Biotinylated goat anti-rabbit IgG (H+L). 1 : 500, 3 lg IgG/mL solution, Vector Laboratories, Burlingame, CA, USA

TH Serum Normal goat serum. Pel-Freez Biologicals
Primary Mouse anti-TH monoclonal antibody. 1 : 2000, Millipore-Chemicon, Billerica, MA, USA
Secondary Biotinylated goat anti-mouse IgG (H+L). 1 : 500, 3 lg IgG/mL solution, Vector Laboratories

Fos/orexin immunohistochemistry
Fos Serum Normal donkey serum. Jackson ImmunoResearch Laboratories, West Grove, PA, USA

Primary c-Fos (4): rabbit, sc-52. 1 : 10 000, 0.02 lg IgG/mL solution, Santa Cruz Biotech
Secondary Biotinylated donkey anti-rabbit IgG (H+L). 1 : 500, 2.4 lg IgG/mL solution, Jackson ImmunoResearch

Orexin Serum Normal horse serum, S-2000. Vector Laboratories
Primary Orexin-A (C-19): goat, sc-8070, 1 : 5000, 0.04 lg IgG/mL solution, Santa Cruz Biotech
Secondary Biotinylated horse anti-goat IgG (H+L), 1 : 500, 3 lg IgG/mL solution, Vector Laboratories

Other reagents
Avidin–biotin complex Peroxidase-Vectastain ABC Kit PK-6100, Vector Laboratories
Enzyme substrate Peroxidase-Vector SG Substrate Kit SK-4700, Vector Laboratories
Enzyme substrate Peroxidase-3,3′ diaminobenzidine tetrahydrochloride, Sigma-Aldrich, St. Louis, MO, USA
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included in measures of Fos-ir cells to provide non-dopaminergic or
non-orexinergic cell phenotype-specific insights. Measurements from
each tissue section were averaged across sections to create one mea-
surement per subregion per hamster.

Statistical analysis

With data from so many subregions within each hamster, one goal
of our statistical approach was to simplify the data and present it at
a circuit level by identifying clusters of regions that showed similar
patterns of Fos expression across animals. To do so, we used a com-
bination of factor analysis and descriptive correlational analyses to
complement previous functional and anatomical findings. Factor
analysis, with principal axis factoring and a promax rotation, identi-
fied two clusters of subregions. Cluster 1 included Cg1, PrL, IL,
AcbC, AcbSh, MePD, MePV, IF, PN, PBP and Tail, and we refer
to regions in this cluster as mesocorticolimbic. Cluster 2 included
DM/PeF, LH, VMHM and VMHL, and we refer to regions in this
cluster as hypothalamic.
We then computed the correlations among the regions within each

cluster as well as between the two clusters. The average within-clus-
ter correlation was 0.34 in the mesocorticolimbic cluster and 0.42 in

the hypothalamic cluster, based on 55 and six correlations, respec-
tively. These indicate that Fos expression levels in subregions within
the same cluster were consistently correlated with one another. We
also examined correlations between regions falling into the two dif-
ferent clusters, and here the average of the 44 between-cluster corre-
lations was 0.05, supporting the idea that Fos responses in these two
clusters are relatively independent.
Fos-ir cell density was next analysed with multilevel modeling

treating animal as the upper-level sampling unit and brain region as
the lower-level sampling unit. In this analysis, the cluster the region
belonged to (mesocorticolimbic vs. hypothalamic) was treated as a
within-subject variable, and age (juvenile vs. adult) and swab (blank
vs. VS) were treated as between-subject independent variables.
Multilevel modeling provides a more powerful analysis than a tradi-
tional repeated measures ANOVA because it allows for analysis even
if data from all subregions were unavailable for each hamster (as
was the case in two juvenile and one adult hamsters due to poor
quality tissue sections). The error structure was modeled to impose
the traditional homoscedasticity assumption used in ANOVA. Our
hypotheses predicted that swab (blank vs. VS) will differentially
affect Fos expression in adults and juvenile animals in some subre-
gions. Therefore, we also tested a set of planned comparisons within

A

B

C

D

E

F

G

H

Fig. 1. Representative subregion contours drawn over atlas diagrams (Morin & Wood, 2001) and low-magnification photomicrographs of immunohistochemi-
cally treated tissue sections from VS-exposed adult animals in regions of interest (A–H); scale bar = 500 lm.
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each subregion, comparing swab vs. blank groups within juvenile
and adult animals separately.
A different statistical approach was preferred when analysing

densities of TH-ir and TH/Fos-ir cells and numbers of orexin-ir and
orexin/Fos-ir cells because they were only quantified in one region
per animal. Therefore, two way ANOVAs were used to analyse the
effects of age (juvenile vs. adult) and swab (blank vs. VS) on these
variables within each subregion.

Plasma testosterone measures

Duplicate 50-lL samples of plasma testosterone were analysed
within a single assay using the Coat-A-Count Total T Kit (Diagnos-
tic Products, Los Angeles, CA, USA). The minimum detectable con-
centration was 0.1 ng/mL. The intra-assay coefficient of variation
was 6.4 and 6.7% for Experiments 1 and 2, respectively. Two-way
ANOVA (age 9 swab) was used to analyse plasma testosterone
concentrations between groups.

Results

Experiment 1: CPP for potential rewards

Experiment 1a. CPP for VS

Adult hamsters showed a CPP for VS (Fig. 2). In VS-conditioned
adults, one sample t-tests showed that the corrected changes in pref-
erence (t10 = 3.71, P < 0.01) and difference (t10 = �3.11, P < 0.05)
scores were significantly different from 0. On the other hand,
juvenile hamsters did not show a CPP for VS (Fig. 2). In juveniles,
one-sample t-tests showed that neither the corrected change in pref-
erence (t8 = 1.23, n.s.) or difference (t8 = �2.22, n.s.) scores were
significantly different from 0. Adult and juvenile control and stimu-
lus-paired groups did not differ in their initial preference score
(F3,39 = 0.53, n.s.) or difference score (F3,39 = 0.72, n.s.).

Experiment 1b. CPP for cocaine

Juvenile hamsters showed a CPP for cocaine (Fig. 2). One-sample
t-tests showed that the corrected changes in preference (t7 = 2.38,
P < 0.05) and difference (t7 = �2.55, P < 0.05) scores were signif-
cantly different from 0. Groups did not differ in their initial preference
score (F1,17 = 0.90, n.s.) or difference score (F1,17 = 0.131, n.s.).

Experiment 2: neural responses to VS

Fos-ir cells

Multilevel modeling revealed a main effect of cluster
(F1,429 = 13.86, P < 0.01), but no main effect of age or swab on
Fos-ir cell density (Fig. 3). This main effect of cluster was qualified
by an interaction between cluster and swab (F1,429 = 10.53,
P < 0.01), such that the effect of swab varied depending on the
cluster (Fig. 3). Follow-up multilevel modeling, analysing Clusters 1
and 2 separately, indicated an increase in Fos-ir cell density in
response to VS in the mesocorticolimbic cluster (F1,30 = 20.366,
P < 0.01), but no effect of swab in the hypothalamic cluster
(F1,28 = 2.41, n.s.).
Because the a priori hypotheses predicted that adult and juve-

nile hamsters would show different responses to VS, planned
contrasts were performed to analyse differences in Fos-ir cell den-
sity between blank and VS-exposed animals within an age for
each region of interest, n = 7–8 for all groups. Within the meso-
corticolimbic cluster, in both juvenile and adult hamsters, VS elic-
ited an increase in Fos-ir cell density in the MePD (t26 = 5.33,
P < 0.01 and t26 = 6.61, P < 0.01, respectively; Figs 4 and 5C),
MePV (t26 = 5.49, P < 0.01 and t26 = 5.06, P < 0.01, respec-
tively; Fig. 5C) and PN (t28 = 2.16, P < 0.05 and t28 = 2.490,
P < 0.05, respectively; Fig. 5D). In contrast, the Fos response to
VS in other mesocorticolimbic cluster subregions between adult
and juvenile responses diverged. Adult, but not juvenile, hamsters
showed greater Fos-ir cell density when exposed to VS compared
with blank swabs in the IL (t26 = 2.26, P = 0.03 and t26 = 1.35,
n.s., respectively, Fig. 5A), AcbC (t26 = 2.33, P = 0.03 and
t26 = 0.78, n.s., respectively, Figs 4 and 5B), IF (t28 = 4.61,
P < 0.01 and t28 = 1.746, n.s., respectively, Figs 4 and 5D) and
PBP (t28 = 3.56, P < 0.01 and t28 = 1.53, n.s., respectively,
Fig. 5D). VS did not elicit a Fos response in either juvenile or
adult hamsters in the remaining mesocorticolimbic cluster subre-
gions, which included Cg1, PrL, AcbSh and VTA tail (Fig. 5).
VS did not evoke an Fos response in any hypothalamic cluster
subregions in either age group, as indicated by similar Fos-ir cell
densities in the blank and VS-exposed groups in both ages (data
not shown).

TH-ir and TH/Fos-ir cells

The densities of TH-ir and TH/Fos-ir cells were calculated for VTA
and analysed by a two-way ANOVA, n = 8 for all groups. In IF, a
main effect of age was observed on the density of TH/Fos-ir cells
(F1,28 = 88.246, P < 0.01, Fig. 6A). Specifically, adults showed a
greater density of double-labeled cells independent of swab expo-
sure. No effect of age was observed on the density of TH-ir cells,
and no significant effects of swab or age 9 swab interaction was
observed on TH-related measures in IF.
In PN and PBP, a main effect of swab was observed on the den-

sity of TH/Fos-ir cells (F1,28 = 12.51, P < 0.01, Fig. 6B and
F1,28 = 23.63, P < 0.01, Fig. 6C, respectively), such that hamsters
exposed to VS expressed a greater density of double-labeled cells
compared with those exposed to a blank swab, regardless of age.
No effect of swab was observed on the density of TH-ir cells, and
no effect of age or age 9 swab interaction was observed on any
TH-related measure in PN or PBP.
In Tail, a main effect of age was observed on TH-ir cell density

(F1,28 = 4.524, P < 0.05), such that juvenile hamsters expressed a
greater TH-ir cell density than adults, regardless of swab condition
(Fig. 6D). No effect of age was observed on the density of

Fig. 2. Corrected change in preference scores when tested for a CPP for VS
and cocaine. Adult males showed a CPP for VS, whereas juvenile males did
not; however, juvenile males did show a CPP for cocaine. *Significant
difference between corrected change in preference score to 0, within a group,
P < 0.05 with one-sample t-test.
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TH/Fos-ir cells, and no effect of swab or age 9 swab interaction
was observed on any TH-related measure in Tail.

Orexin-ir and orexin/Fos-ir cells

The number of orexin-ir cells and orexin/Fos-ir cells was determined
in the LH and analysed by two-way ANOVA, n = 7–8 for all groups
(Table 2). A main effect of age was observed on the number of or-
exin-ir cells in both LHM (F1,25 = 35.80, P < 0.01) and LHL
(F1,25 = 17.79, P < 0.01), such that juvenile hamsters expressed a
greater number of orexin-ir cells than adults, independent of swab

condition. There was also a main effect of age on the number
(F1,25 = 7.12, P = 0.01) of orexin/Fos-ir cells in LHM, such that
adults expressed greater levels than juvenile hamsters. There was no
effect of age on the number of orexin/Fos-ir cells in the LHL, nor
was there an effect of swab or age 9 swab interaction on any mea-
sure in LHM and LHL.

Plasma testosterone concentration

Plasma testosterone measures revealed a main effect of age in
both Experiment 1a (F1,35 = 30.164, P < 0.01) and Experiment 2

Fig. 4. High-magnification photomicrographs of representative Fos- (brown nuclei) and TH- (blue cytoplasm) immunoreactive tissue sections from juvenile and
adult animals exposed to either blank or VS swabs in the AcbC, MePD and IF. Scale bar = 50 lm.

A B

Fig. 3. Fos-ir cell density in mesocorticolimbic (A) and hypothalamic (B) clusters. There was a greater density of Fos-ir cell in VS-exposed hamsters compared
with blank hamsters in the mesocorticolimbic but not hypothalamic clusters. #Main effect of swab, P < 0.01, with multilevel modeling analysis.
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(F1,26 = 40.52, P < 0.01), such that adult hamsters had greater tes-
tosterone concentrations than juvenile hamsters (Table 3). In addi-
tion in Experiment 2, a main effect of swab was observed

(F1,26 = 5.16, P = 0.03), in which hamsters exposed to VS had
greater testosterone concentrations than those exposed to blank
swabs. This main effect appears to be driven solely by an increase

A

B

D

C

Fig. 5. Single-labeled Fos-ir cell density in mesocorticolimbic cluster regions: PFC (A), Acb (B), MeP (C) and VTA (D). There was a greater density of Fos-ir
cells in animals exposed to VS swabs compared with those exposed to blank swabs in the MeP and PN in both juveniles and adults, and in the AcbC, IL and
IF in only adults. *Difference between Blank and VS swab with planned contrasts within an age group, P < 0.05. Note differences in y-axis in D.

A B C D

Fig. 6. TH-ir measures in IF (A), PN (B), PBP (C) and Tail (D) VTA. First row shows the number of single-labeled TH-ir cells and second row shows the
number of double-labeled TH/Fos-ir cells. In IF and Tail, adults and juveniles differ in immunoreactivity, independent of swab exposure; in PN and PBP, both
adults and juveniles show greater immunoreactivity when exposed to a VS swab compared with a blank swab. +Main effect of age; #main effect of swab,
P < 0.05, with a two-way ANOVA. Note different y-axis scales throughout.
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in testosterone in VS-exposed adults, although no statistically signif-
icant age 9 swab interaction was detected.

Discussion

This report provides the first demonstration that adolescent matura-
tion of social information processing includes a transformation of a
species-specific, socially relevant sensory signal from a neutral stim-
ulus to an unconditioned reward in the absence of social experience.
This perceptual shift is accompanied by a gain in the ability of the
social stimulus to activate midbrain, ventral striatal and prefrontal
components of the mesocorticolimbic reward pathway, indicating
that these particular regions are recruited to mediate the adolescent
gain in the perception of VS as rewarding (Fig. 7).

Adolescent gain in the positive valence of VS

Juvenile male hamsters failed to show a CPP for VS. However, they
did show a CPP to cocaine, demonstrating a pre-adolescent ability
to show a place preference for a pharmacological reward. This is
consistent with previous reports that demonstrate enhanced sensitiv-
ity to cocaine, nicotine and ethanol reward during adolescence
(Doremus-Fitzwater et al., 2010). As expected, adult males did form
a CPP for VS, leading to the conclusion that adult, but not prepu-
bertal, male hamsters perceive VS as rewarding. These results pro-
vide strong evidence that in the absence of sexual experience, a
species-specific social stimulus that is a relatively weak reward or
neutral in valence to juveniles becomes a potent unconditioned
reward as a consequence of adolescent maturation. This report also
extends earlier studies on the development of hamsters’ attraction to
VS, where adults, but not juveniles, spend significantly more time
investigating VS than control stimuli. Preferences for VS are present
only after males reach 40 days of age, by which time circulating
levels of testosterone are elevated as a result of puberty onset (John-
ston & Coplin, 1979). Whether elevated testosterone levels influence
the perception of VS as rewarding is an open and testable question.
However, it appears that organizational effects of testosterone are
not necessary for the rewarding interpretations of VS, as hamsters
that are gonadectomized prior to the onset of puberty and given
replacement testosterone in adulthood still show a CPP to VS (De
Lorme et al., 2012). Therefore, either activational effects of testos-
terone are sufficient to promote VS reward or gonadal hormone-
independent development during adolescence is required. In either
case, the transformation of VS as a rewarding social stimulus during
adolescence is probably critical for successful social interactions in
adulthood.

Adolescent maturation of VS-induced neural activation
patterns

Factor analysis of Fos expression in the 15 brain areas analysed in
this study identified two functionally related clusters of cell groups.
One cluster included the MeP and members of a complex network
of limbic, tegmental and cortical projections that coordinate reward,

Table 2. Number of single- and double-labeled orexin-ir cells

Juvenile Adult

Single-labeled orexin-ir cells
DM/PeF 77.21 ± 17.30 43.80 ± 13.00*
LH 52.92 ± 10.13 36.50 ± 11.09*

Double-labeled orexin/fos-ir cells
DM/PeF 37.12 ± 13.54 50.72 ± 13.26*
LH 14.63 ± 6.40 12.81 ± 5.31

Values are mean ± SD. *Effect of age, P < 0.05.

Table 3. Plasma testosterone concentrations (ng/mL)

Experiment Group Juvenile Adult

1 a- * Control
Experimental

0.24 ± 0.08 0.68 ± 0.10

0.09 ± 0.04 0.84 ± 0.16

2- *,# Blank Swab 0.29 ± 0.07 0.73 ± 0.13
VS Swab 0.34 ± 0.06 1.12 ± 0.08

Values are mean ± SE. *Effect of age, P < 0.05; #main effect of swab,
P < 0.05.

VTA

mPFC

Acb

MeP

VMH

Cg
PrL

IL

CoreShell
M

DM
PeF

L

LH

Dorsal

Ventral

IF PN PBP Tail

No Fos response to VS

Fos response to VS

Adult-specific Fos response to VS

Fig. 7. Schematic diagram of adolescent changes in VS-induced Fos responses (indicated by shading). VS activated the posterior medial amygdala and
paranigral VTA neurons similarly in juvenile and adult male hamsters, but activated non-dopaminergic interfascicular and parabrachial VTA neurons, nucleus
accumbens core and infralimbic medial prefrontal cortex only in adults (bold outline). This pattern of selective neural activation in adulthood correlates with
the ability of VS to serve as an unconditioned stimulus for reward in adult but not juvenile males, indicating recruitment of these specific cell groups in the
adolescent development of social reward.
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incentive motivation and adaptive behavior (reviewed by Berridge
& Robinson, 1998; Ikemoto & Panksepp, 1999; Wise, 2004). This
cluster was characterized by neural responsiveness to VS. Within
this cluster, the adolescent gain of rewarding properties of VS was
correlated with different patterns of VS-induced neural activation
between adults and juveniles. However, the second cluster, which
included the hypothalamic subregions, was characterized by an
absence of responsiveness to VS. Thus, developmental dynamics
within the mesocorticolimbic cluster appear to underlie the develop-
mental gain in positive valence of VS.
The mesocorticolimbic reward system includes extensive dopami-

nergic and non-dopaminergic projections from the VTA to the Acb,
mPFC and MeP, all of which are complexly and reciprocally con-
nected via recurrent circuits (Swanson, 1982; Oades & Halliday,
1987; Thompson & Swanson, 2010). In rodents, the flow of social
chemosensory information to this circuit begins with direct projec-
tions from the main and accessory olfactory bulbs to the MeP,
which integrates sensory information with the internal hormonal
milieu for initial evaluation of the social stimulus (Wood &
Newman, 1995). This first pass evaluation can then be relayed either
directly or via preoptic and hypothalamic cell groups to the VTA
(Phillipson, 1979; Kevetter & Winans, 1981; Coolen & Wood,
1998; Geisler & Zahm, 2005). Placing our data within the frame-
work of this circuitry, we propose that VS acquires positive valence
through experience-independent alterations in mesocorticolimbic
responses to the initial evaluation of a social stimulus by the amyg-
dala. We base this hypothesis first on the observation that early
stage evaluation of VS by the MeP appears to be in place in
juveniles and similar to that of adults, because VS elicited similar
Fos responses in the amygdala and one of the downstream areas,
the VTA PN. Subsequently, over the course of adolescence and in
the absence of social experience, VS stimulation comes to engage
the IF and PBP nuclei in the VTA, IL of the mPFC and core of the
Acb. This observation suggests that the responses of IF, PBB, IL
and AcbC in evaluating transmissions from the amygdala are altered
by developmentally programmed or testosterone-induced matura-
tional changes, thus associating these cell groups with a positive
valence of VS in adulthood. There are several possible neurobiologi-
cal mechanisms that could produce the adult-typical behavioral and
neural responses to VS, including developmental changes in cortico-
limbic dopaminergic receptors and mesocorticolimbic dopaminergic
projections; these that are reviewed extensively elsewhere (Dore-
mus-Fitzwater et al., 2010; Kuhn et al., 2010).
The apparent lack of involvement of the hypothalamic cluster cell

groups in mediating adolescent change in social information pro-
cessing is surprising, given their roles in expression of social behav-
iors and reward. The VMH is involved in sexual behavior (Harding
& McGinnis, 2005) and shows increased Fos expression in response
to estrous odors in adult male rats (Kippin et al., 2003). However,
the rats in their study were sexually experienced, whereas hamsters
in the current study were sexually naïve, suggesting that a VMH
response to estrous odors may be conditioned as a result of previous
experience. Hypothalamic orexin is involved in expression of sexual
behavior and reward (Muschamp et al., 2007; Di Sebastiano et al.,
2011), but the finding that orexinergic neurons were not responsive
to VS suggests that the rewarding value of VS is somehow distinct
from general sexual reward.

Adolescent maturation of mesolimbic dopamine and orexin

The number of single-labeled Tail VTA TH-ir and orexin-ir neurons
was greater in juveniles than in adults. These results are somewhat

difficult to interpret because a reduction in cytoplasmic immunoreac-
tivity could be indicative of either reduced protein expression or
reduced cytoplasmic levels of protein secondary to enhanced protein
transport to the axon terminal. The current study also found that,
compared with juveniles and independent of VS exposure, adults
had greater numbers of Fos-expressing TH-ir and orexin-ir cells in
Tail VTA and DM/PeF, respectively. These results may be indica-
tive of heightened vigilance or sensitivity to non-specific stimuli in
adulthood (e.g. a clean cotton swab in this study), as both dopamine
and DM/PeF orexin have been implicated in general arousal as
reviewed by Harris & Aston-Jones (2006), Ikemoto (2007) and
Boutrel et al. (2010).

Conclusion

Previous studies have documented adolescent changes in the reward-
ing properties of drugs of misuse in animals, but less attention has
been paid to natural or social rewards (Doremus-Fitzwater et al.,
2010). The present study demonstrates an experience-independent
gain in the unconditioned rewarding value of a social stimulus over
the course of adolescent development, and provides a neuroanatomi-
cal basis for the hypothesis that maturational changes within the
mesocorticolimbic system mediate this shift in behavioral responses
to VS. Because maturation of social information processing is a
decisive component of mammalian adolescence, and perturbations
in this aspect of development are associated with maladaptive
behaviors and certain mental illnesses associated with adolescence,
further research into the mechanisms by which social stimuli gain
rewarding properties during this critical period of development is
warranted.
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