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Stressful social experiences early in life, such as maternal separation and social isolation, have enduring
effects on the development of the brain and behavior. In the present study in socially monogamous male
prairie voles (Microtus ochrogaster), we found that following 6 weeks of social isolation after weaning
males spent more time in the closed arms and less time in the open arms during an elevated plus maze
(EPM) test, moved more frequently from central to peripheral squares in an open field test, and diminished
levated plus maze
asopressin
xytocin
orticotropin releasing factor
yrosine hydroxylase

their preferences for the empty chamber during a two-chamber affiliation test, compared to control
males that were housed with siblings. This increased behavioral anxiety in socially isolated males was
also associated with enhanced mRNA expression for vasopressin (AVP), oxytocin (OT), corticotrophin
releasing factor (CRF), and tyrosine hydroxylase (TH) in the paraventricular nucleus of the hypothalamus
(PVN). Together, these data illustrate the importance of the post-weaning social environment on anxiety-

gest a
VN related behavior and sug
this behavior.

tressful early life experiences, such as social isolation, have long
asting effects on the development of the brain and behavior in a
ariety of mammalian species [19,23,40]. In rodents, for example,
ocial isolation has been found to induce disturbances in subse-
uent behavioral and neuroendocrine functions [12,23], and such
ffects are influenced by social structure; social animals usually
ave stronger responses to social isolation than do less social ones
44]. As social isolation is stressful [12,23], such experience is
ften associated with altered activity of the neurochemical systems
nvolved in anxiety and stress responses. For example, social isola-
ion or stress early in life has been found to alter the activity of
orticotrophin releasing factor (CRF) in the hypothalamus [24,38].
entral vasopressin (AVP) and oxytocin (OT) activity also changes
ith social experience and during behavioral responses to social

timuli and stress [5,28]. Furthermore, central dopamine may also
lay a role in the response to stress as social isolation has been
hown to up-regulate the mRNA and protein expression of tyrosine
ydroxylase (TH), the rate-limiting enzyme for dopamine synthe-
is, in the brain [2,42]. It is important to note that social isolation

ay affect several neurochemical systems, which interact to medi-

te the activity of the hypothalamic–pituitary–adrenal (HPA) axis
n the response to stress [34,48].
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potential role of neurochemical systems in the PVN in the regulation of
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Prairie voles (Microtus ochrogaster) are a socially monogamous
rodent species [16]. In the field, male–female pairs share a nest after
mating, stay together throughout breeding seasons, and participate
in biparental care of offspring [15]. Additionally, the majority of
prairie vole juveniles remain in the parental nest throughout adult-
hood, forming extended family units [15,17,33]. In the lab, members
of prairie vole families are found to have high levels of social interac-
tions through display of biparental, alloparental, play, and affiliative
behaviors [7].

Although previous studies in the prairie vole have demonstrated
that a social environment is important for normal behavior, HPA
activity, and neurogenesis in adulthood [13,20,27,39,45], little is
known about the effects of social isolation during early devel-
opment. As the majority of prairie vole offspring remain in the
parental nest throughout adulthood [15,18,46], the social environ-
ment encountered in the post-weaning period may be particularly
important. Indeed, social variables such as the presence or absence
of siblings, the population density, and the reproductive status of
others in a communal group have all been shown to alter juvenile
behavior in this species [14,15,33]. Therefore, the present study was
designed to examine the effects of post-weaning social isolation on
anxiety-related behaviors in the male prairie vole. Additionally, we

examined the mRNA expression for CRF, AVP, OT and TH in the brain
to reveal their potential roles in mediating environment–behavior
interactions.

Male prairie voles that were offspring from our laboratory breed-
ing colony were weaned at 21 days of age and then randomly

http://www.sciencedirect.com/science/journal/03043940
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Fig. 1. Post-weaning social isolation affects the behavior of male prairie voles. (A) During a two-chamber affiliation test, control males that were housed with a same sex
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ibling cage mate spent significantly more time in the empty chamber than in the c
uch preferences. (B) The two groups did not differ in their locomotor activities, as i
EPM) test, socially isolated males spent significantly more time in closed arms and
he frequency of arm entries during the EPM test. *p < 0.05.

ssigned into either the control (housed with a same sex sibling,
= 8) or social isolation (singly housed, n = 9) group for 6 weeks. All
nimals were housed in plastic cages (29 cm × 18 cm × 13 cm) with
edar chip bedding and maintained under a 14L:10D photoperiod
lights on at 0700) at about 21 ◦C. Food and water were provided
d libitum. Following 6 weeks of social manipulation, subjects were
ested for their affiliative and anxiety-related behaviors over three
onsecutive days, with one test per day.

The apparatus for the affiliation test consisted of two cham-
ers (13 cm × 18 cm × 29 cm) connected with a hollow tube
7.5 cm × 16 cm). A novel male prairie vole was tethered in one
hamber while another chamber remained empty. Each subject was
ut into the empty chamber and allowed to move freely through
he apparatus for 60 min. A customized computer program using

series of light beams across the connecting tube was used to
onitor subject’s movement between chambers. The duration that

ubjects spent in each chamber and frequency of chamber entries
ere recorded.

The open field test was conducted to examine locomotor activity
nd anxiety-related behavior [36]. The open field was made of plas-
ic (56 cm × 56 cm × 20 cm (H)) and its floor was divided by lines
nto 16 squares (14 cm × 14 cm). Each subject was placed individu-

lly in the center of the arena. The time that subjects spent in the
enter squares, number of squares crossed, and entries from central
o peripheral squares were recorded during a 10-min test.

The elevated plus maze (EPM) test was conducted to examine
nxiety-related behavior [45]. The EPM apparatus was com-
er containing a novel male. Six weeks of post-weaning social isolation diminished
ed by total cage entries during the affiliation test. (C) During an elevated plus maze
time in open arms than did control males. (D) No group differences were found in

prised of two open arms (35 cm × 6.5 cm) and two closed arms
(35 cm × 6.5 cm × 15 cm (H)) that crossed in the middle, and was
elevated 45 cm off the ground. The subject was placed on the cen-
tral platform facing a closed arm. The number of subject’s entries
into open and closed arms and time spent in each arm or on the
center platform were recorded during a 10-min test. All behavioral
testing apparatuses were cleaned thoroughly between subjects.

Following the EPM test, subjects were put back into the home
cage for 30 min without disturbance. Thereafter, they were rapidly
decapitated. Their brains were harvested, frozen on dry ice, and
subsequently cut on a cryostat into coronal sections (14 �m in thick-
ness) which were thaw-mounted onto slides. Four sets of brain
sections at 98 �m intervals were processed for in situ hybridization
labeling of AVP, OT, CRF, and TH mRNAs using previously established
methods [9,31]. The AVP and OT oligoprobes were 3′-end-labeled
with 35S-dATP and the CRF and TH riboprobes were labeled with
35S-CTP. Detailed procedures for the probe labeling and purifica-
tion, and for the in situ hybridization method used were described
previously [9,31]. Brain sections were fixed in 4% paraformalde-
hyde and hybridized overnight at 55 ◦C. After washing, rinsing, and
dehydrating, slides were air-dried and exposed to BioMax MR film
(Kodak) for 1–7 days to generate autoradiograms.
AVP, OT, CRF and TH mRNA labeling was visualized from the
autoradiograms and subsequently quantified using a computerized
image program (NIH IMAGE 1.64) from selected brain areas, includ-
ing the paraventricular (PVN) and supraoptic (SON) nuclei of the
hypothalamus, central nucleus of the amygdala (CeA), and ventral



ce Letters 454 (2009) 67–71 69

t
b
s
a

t
e
p
s
d
d
f
H
p
i
p
c
e

Table 1
Behavior in the open field test.

Control Isolation p

Central square
Duration 58.5 ± 18.1a 64.4 ± 13.6 ns

Square crossing
Frequency 167.1 ± 26.1 274.1 ± 49.2 ns

F
(
(
(
l
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egmental area (VTA). The optical density of mRNA labeling in each
rain area was quantified from 3 to 7 matched brain sections per
ubject [31]. Group differences in the density of the mRNA labeling
s well as in all behavioral measurements were analyzed by t-tests.

Social isolation affected anxiety-related behavior. During the
wo-chamber affiliation test, control males spent more time in the
mpty chamber than in the chamber with a novel male (t = 2.2,
< 0.05), whereas such a preference disappeared in males that were

ocially isolated post-weaning (Fig. 1A). The two groups did not
iffer in the frequency of chamber crossing (Fig. 1B). They also
id not differ in the time spent in the central squares and in the
requency of square crossing during the open field test (Table 1).
owever, socially isolated males made more entries from central to

eripheral squares than did control males (t = 2.4, p < 0.05). Socially

solated males also spent more time in the closed arms (t = 2.6,
< 0.05) and less time in the open arms (t = 2.2, p < 0.05) than did
ontrol males during the EPM test (Fig. 1C). The frequency of arm
ntries did not differ between the two groups (Fig. 1D).

ig. 2. Representative photomicrographs illustrating vasopressin (AVP; A and B), oxytocin (
TH; J and K) mRNA labeling in the paraventricular nucleus of the hypothalamus (PVN) in
A, D, G, and J) or were socially isolated for 6 weeks post-weaning (B, E, H and K). Socially
I), and TH mRNA (L) labeling in the PVN. No group differences were found in AVP and O
abeling in the central nucleus of the amygdala (CeA), and TH mRNA labeling in the ventra
Central to peripheral
Frequency 8.9 ± 1.6 21.9 ± 4.8 <0.05

a Mean ± SEM in seconds.

Dense clusters of AVP, OT, CRF, and TH mRNA labeling were

found in the vole brains, as described in our previous study [31].
Socially isolated males expressed higher levels of AVP mRNA (t = 2.5,
p < 0.05) and OT mRNA (t = 2.5, p < 0.05) labeling in the PVN, but not
the SON, than did control males (Fig. 2A–F). In addition, socially
isolated males showed higher levels of CRF mRNA (t = 2.2, p < 0.05)

OT; D and E), corticotrophin releasing factor (CRF; G and H) and tyrosine hydroxylase
the brain of male prairie voles that were housed with a same sex sibling cage mate
isolated males expressed higher levels of AVP mRNA (C), OT mRNA (F), CRF mRNA

T mRNA labeling in the supraoptic nucleus of the hypothalamus (SON), CRF mRNA
l tegmental area (VTA). *p < 0.05. Scale bar = 400 �m.
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nd TH mRNA (t = 3.0, p < 0.01) labeling in the PVN, compared to the
ontrol males (Fig. 2G–L). No group differences were found for CRF
RNA labeling in the CeA or TH mRNA labeling in the VTA (Fig. 2I

nd L).
Our data indicate that 6 weeks of post-weaning social isolation

ncreased anxiety-related behavior and enhanced gene expression
or AVP, OT, CRF, and TH in the PVN of the male prairie vole.
herefore, post-weaning social isolation is stressful, and this stress
ay alter neuroendocrine systems that modulate behavior in male

rairie voles, as in other rodent species [3,21,47].
EPM and open field tests exploit rodents’ conflicting propen-

ities to explore their surroundings and avoid open areas, and as
uch have been successfully used as ethologically relevant tests of
nxiety in a variety of rodent species [6], including prairie voles
36,45]. In the present study, increased anxiety in socially isolated

ale prairie voles was indicated by their spending more time in
he closed arms and less time in the open arms during an EPM test
nd making more central to peripheral entries during an open field
est, compared to control males. These data are consistent with that
rom adult prairie voles showing isolation enhanced anxiety- and
epression-related behaviors [20,27,45]. Therefore, social isolation,
ither during the post-weaning period or in adulthood, represents
stressful experience that induces anxiety in prairie voles.

Our data from the affiliation test are intriguing. The preference
or the empty chamber displayed by the control males may repre-
ent their tendency to avoid novel males, a mechanism that may
nderlie group cohesion in naturally occurring communal groups
8]. It may also indicate that they were less fearful of exploring a
ovel environment, i.e. the empty chamber. Interestingly, socially

solated males showed impaired preferences for the empty cham-
er. This can be explained by increased anxiety resulting from social

solation, which is consistent with the data from the EPM and open
eld tests. Additionally, it may also be due to their increased ten-
ency to interact with novel conspecifics [8] as, in the field, socially
xcluded males may frequently engage in agonistic encounters with
nfamiliar males [15].

Post-weaning social isolation increased the mRNA expression
or CRF, AVP, OT and TH, particularly in the PVN of male prairie
ole brains. Although our experimental design did not allow us to
etermine whether these alterations in mRNA expression were a
esult of social isolation alone, or the combination of isolation plus
ehavioral testing, our findings are in accordance with those noted

n other rodent species [1,4,25,41,49].
Increased CRF mRNA expression in the PVN likely represents

nhanced HPA activity, which is supported by the increased level
f circulating corticosterone following social isolation and anxiety
esting in adult male prairie voles [45]. Therefore, hyperactivity of
he HPA axis may be a characteristic response to anxiety follow-
ng social isolation during youth and adulthood in prairie voles. As
he majority of juvenile male prairie voles tend to remain in the
arental nest, surrounded by extended family members through-
ut adulthood [15,33], it is not surprising that post-weaning social
solation would be stressful for members of this species.

Elevated AVP expression in the PVN of socially isolated male
rairie voles may also be closely tied to their increase in anxiety-
elated behavior. PVN AVP has been implicated in anxiety-related
ehavior [29,48] by having direct actions [11,30] or through syn-
rgistic interactions with CRF [1]. Similarly, enhanced OT mRNA
xpression in the PVN may be involved in mediating anxiety-related
ehaviors, as PVN OT has been implicated in the response to acute
tress [35] and EPM testing seems to be an acute and mild stressor

or prairie voles [45]. Finally, as TH neurons in the PVN can be acti-
ated by different stimuli including mild stressors [37], increased
H mRNA expression may indicate enhanced dopamine release
hich, in turn, may play a role in activation of CRF neurons in the

VN, mediating stress responses [10].

[

tters 454 (2009) 67–71

It is important to note that, in the present study, group dif-
ferences in neurochemical mRNA labeling were only found in the
PVN. These data suggest that social isolation and anxiety induce
neurochemical gene activation in a region-specific manner, further
illustrating the importance of the PVN in mediating the HPA activ-
ity and stress responses following social isolation in prairie voles.
Although CRF in the CeA [22,32], AVP and OT in the SON [26], and
dopamine in the VTA [43] have been implicated in a variety of stress
responses in other rodent species, it is possible that social isolation
in prairie voles may represent a mild stressor not potent enough to
increase neurochemical gene expression in those brain areas. It is
also possible that social isolation only induced a transient increase
in the neurochemical gene expression in those brain areas, which
could not be detected by our 6-week paradigm. These questions
need to be addressed in future studies.
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