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Abstract

Microtine rodents display diverse patterns of social organization and behaviors, and thus provide a
useful model for studying the effects of the social environment on physiology and behavior. The
current study compared the species differences and the effects of oxytocin (OT) on anxiety-like,
social affiliation, and social recognition behaviors in female meadow voles (Microtus
pennsylvanicus) and prairie voles (M. ochrogaster). Furthermore, cell proliferation and survival in
the brains of adult female meadow and prairie voles were compared. We found that female
meadow voles displayed a higher level of anxiety-like behavior but lower levels of social
affiliation and social recognition compared to female prairie voles. In addition, meadow voles
showed lower levels of cell proliferation (measured by Ki67 staining) and cell survival (measured
by BrdU staining) in the ventromedial hypothalamus (VMH) and amygdala (AMY), but not the
dentate gyrus of the hippocampus (DG), than prairie voles. Interestingly, the numbers of new cells
in the VMH and AMY, but not DG, also correlated with anxiety-like, social affiliation, and social
recognition behaviors in a brain region-specific manner. Finally, central OT treatment (200 ng/kg,
icv) did not lead to changes in behavior or cell proliferation/survival in the brain. Together, these
data indicate a potential role of cell proliferation/survival in selected brain areas on different
behaviors between vole species with distinct life strategies.
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Introduction

Adult neurogenesis, the generation of new neurons from neural stem cells, has been
documented primarily in two regions of the adult mammalian brain, the dentate gyrus of the
hippocampus (DG) and the subventricular zone (SVZ) (Gross, 2000, Lieberwirth and Wang,
2012). Newly generated cells have also been reported in non-traditional neurogenic brain
regions including the neocortex, cerebellum, amygdala (AMY), substantia nigra, striatum,
and hypothalamus (Ming and Song, 2005, Martino et al., 2011, Crociara et al., 2013).
Although we still know little about the functional relevance of adult neurogenesis
(Kempermann et al., 2004), increasing evidence has shown that adult neurogenesis may play
an important role in learning and memory (Shors et al., 2001, Dupret et al., 2007), social
processing and responding (Feierstein et al., 2010, Lagace et al., 2010, Mak and Weiss,
2010, Oboti et al., 2011), and emotional behavior (Revest et al., 2009, Larsen and Grattan,
2010, Snyder et al., 2011). Studies have indicated that the distinct phases of adult
neurogenesis in both traditional and non-traditional neurogenic brain regions are regulated
by a variety of endogenous (e.g., neurotransmitters and hormones) and exogenous (e.g.,
voluntary physical exercise and enriched environment) factors (Fowler et al., 2008, Larsen
and Grattan, 2010, Lucassen et al., 2010, Snyder et al., 2011). Recent studies have also
shown that social interactions affect adult neurogenesis (Lucassen et al., 2010, Lieberwirth
and Wang, 2012). For example, aversive social experience—such as agonistic interactions
with dominant and aggressive conspecifics—reduce cell proliferation and survival in the
adult brain in a variety of mammalian species (Gould et al., 1997, Westenbroek et al., 2004,
Czeh et al., 2007, Thomas et al., 2007, Van Bokhoven et al., 2011, Lieberwirth and Wang,
2012, Pan et al., 2014). Conversely, positive social interactions among conspecifics, such as
pheromonal exposure or sociosexual encounters facilitate adult neurogenesis across distinct
brain regions (Mak et al., 2007, Ruscio et al., 2008, Furuta and Bridges, 2009, Corona et al.,
2011).

Using a comparative approach, striking differences have been found in several types of
social behaviors of animals with different life strategies. For example, social species
generally show high levels of prosocial behavior among individuals, social affiliation with
mates/conspecifics, and bi-parental care for their offspring; whereas non-social species
generally exhibit low levels of prosocial behavior and social affiliation, but high levels of
aggression (Getz et al., 1981, McGuire and Novak, 1984, Oliveras and Novak, 1986, Bester-
Meredith et al., 1999, Xu et al., 2010, Wang et al., 2013). Social behaviors are selected by
evolution and are the result of precise adaptations in morphology, connectivity, and
chemistry (Insel and Young, 2000). Therefore, such behavioral differences among species
with different life strategies may reflect their adaptations to different evolutionary selection
pressures and show their potential species differences in the central nervous system.

Oxytocin (OT) is a neurotransmitter that has received substantial attention due to its role in
social behaviors. OT is primarily produced in the paraventricular and supraoptic nuclei of
the hypothalamus and is involved in a wide variety of processes related to social behavior,
including maternal behavior, trust, and pair-bond formation (Carter et al., 2008, Neumann,
2008, Young et al., 2008, Ross and Young, 2009, Anacker and Beery, 2013). Several
comparative studies between social and non-social rodent species have shown that species
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differences in behaviors correlate with the OT system (Young et al., 2008, Anacker and
Beery, 2013). For example, the immunoreactive (ir) expression or receptor distribution of
OT differs between social and non-social rodent species (Insel and Shapiro, 1992, Beery et
al., 2008, Xu et al., 2010, Wang et al., 2013). Moreover, genetic and pharmacological
manipulations of the OT system in the brains of social and non-social rodents have shown
that OT has differential effects in regulating social behaviors corresponding to the life
strategy (Williams et al., 1994, Young et al., 2001, Olazabal and Young, 2006, Ross et al.,
2009).

Microtine rodents display diverse social organizations and thus offer an excellent
comparative model for studying the effects of the social environment on physiology and
behavior (Young and Wang, 2004, Young et al., 2011). For example, prairie voles (Microtus
ochrogaster) are a highly affiliative, socially monogamous species and members of the
species form long-term bonds after mating (Getz and Hofmann, 1986, Carter and Getz,
1993). Pair-bonded males and females occupy a common nest and guard the territory against
unfamiliar conspecifics, and both the male and female provide parental care of their
offspring (Wilson, 1982, FitzGerald and Madison, 1983, McGuire and Novak, 1984,
Gruder-Adams and Getz, 1985, Getz and Hofmann, 1986, Oliveras and Novak, 1986, Carter
and Getz, 1993). In contrast, meadow voles (M. pennsylvanicus) are an asocial, promiscuous
species and males and females neither form pair bonds nor share a nest after mating (Getz,
1972, Madison, 1978, Madison, 1980a, Madison, 1980b). In this species, as it is common in
other promiscuous mammals, only the mothers provide parental care (Wilson, 1982,
McGuire and Novak, 1984, Gruder-Adams and Getz, 1985, Oliveras and Novak, 1986). It
has been shown that the distribution patterns and regional densities of OT receptors in the
brain differ between prairie and meadow voles (Insel and Shapiro, 1992, Smeltzer et al.,
2006). Further, OT appears to play an important role in behaviors associated with social
monogamy in prairie voles: central or site-specific (e.g., into the nucleus accumbens) OT
treatment facilitates social contact and induces pair bond formation in female prairie voles
(Williams et al., 1992, Williams et al., 1994, Insel and Hulihan, 1995, Cho et al., 1999, Liu
and Wang, 2003) and these effects are blocked by concurrent administration of an OT
receptor antagonist (Cho et al., 1999).

Recent studies have also shown that experimental alterations of the social environment
significantly influence the rate of cell proliferation and survival in the vole brain (Smith et
al., 2001, Fowler et al., 2002, Ormerod and Galea, 2003, Ormerod et al., 2004, Liu et al.,
2007, Ruscio et al., 2008, Lieberwirth et al., 2012, Lieberwirth et al., 2013). For example, in
the prairie vole, long-term chronic social isolation decreases the rate of cell proliferation in
the DG and medial preoptic area (MPOA) and impairs cell survival in the AMY, DG, and
ventromedial nucleus of the hypothalamus (VMH); whereas 48 h of cohabitation with a
male results in a significant increase in SVZ cell proliferation in female prairie voles (Smith
et al., 2001, Lieberwirth et al., 2012). However, few studies (e.g., Fowler et al., 2005) have
examined the relationship between the animal’s sociality and adult neurogenesis. Therefore,
in the present study we compared female prairie and meadow voles and examined their
differences in behaviors relevant to anxiety-like, affiliation, and social recognition behavior
as well as compared cell proliferation and survival in the brain. In addition, because of the
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reported roles of OT on species-specific behaviors in voles (Young et al., 2011) and on cell
proliferation and survival in rats (Leuner et al., 2012), we examined the effects of OT on
behaviors and cell proliferation and survival.

Materials and methods

Subjects

Subjects were sexually naive female meadow and prairie voles that were the offspring of
laboratory breeding colonies All voles were weaned at 21 days of age and housed in same
sex sibling pairs in plastic cages (12 x 28 x 16 cm) containing cedar chip bedding with food
and water ad libitum. It has been well-documented that, unlike traditional rodent species
such as rats and mice, female voles are induced ovulators. They do not experience ovarian
cycles and can only be induced into estrus by exposure to a conspecific, strange male or
male associated cues (Dluzen and Carter, 1979, Cohen-Parsons and Carter, 1987). In our
experiments, we used sexually naive females that were housed in same sex pairs in plastic
cages located in the female-only colony rooms for each species. This experimental set-up
was designed to prevent any potential effects of gonadal steroid hormones from affecting
subject’s behavior and cell proliferation/survival in the brain. The cages were maintained in
a 14L.:10D photoperiod (lights on at 0700) and at a temperature around 21 °C. All
experiments were conducted in accordance with the guidelines of the Institutional Animal
Care and Use Committee at Florida State University.

Experimental design

Female subjects (n = 12 meadow, n = 16 prairie) were injected with a cell cycle marker, 5-
bromo-2’-deoxyuridine (BrdU; Sigma: St Louis, MO, USA), intraperitoneally (ip; 100
mg/kg weight) in 0.9 % NaCl and 0.007 N NaOH once per day for 10 consecutive days. On
day 11, subjects were implanted with guide cannulae aimed at the lateral ventricle
(intracerebroventricular, icv). After 2 days of recovery, subjects were randomly assigned to
one of two treatment groups. Subjects received artificial cerebrospinal fluid (CSF, 400 nl;
BioFluids Inc, Rockville, MD, USA) without or with OT (200 ng/kg) (Peninsula Laboratory
Inc., San Carlos, CA, USA) for seven consecutive days. This dose of OT was chosen due to
its demonstrated role in pair bonding behavior in female prairie voles (Williams et al., 1994,
Cho et al., 1999). Two weeks after the last CSF/OT administration, subjects underwent
testing for anxiety-like behaviors (day 1), social affiliation (day 2), and social recognition
(day 3), using previously established methods (Pan et al., 2009, Lieberwirth et al., 2012, Liu
et al., 2014). Twenty-four hours following the social recognition test, subjects were deeply
anesthetized and perfused. Their brains were processed for BrdU-ir and Ki67-ir staining.

Stereotaxic cannulation and microinjection

Each subject was anesthetized with sodium pentobarbital (1 mg/10 g body weight), and 26-
gauge stainless steel guide cannula (Plastics One Inc., Roanoke, VA, USA) was implanted
unilaterally, aimed at the lateral ventricle (nose bar at 2.5 mm, 0.6 mm rostral, 1.0 mm
lateral, and 2.6 mm ventral to the Bregma). After 2 days of recovery, each subject received
microinjections of CSF alone or CSF containing OT (200 ng/kg). Injection was performed
using a 33-gauge needle that extended 1 mm below the guide cannula, in an injection
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volume of 400 nl icv. The needle was connected via PE20 tubing (Plastic One Inc) to a
Hamilton syringe that was controlled by a manual injector (Fisher Scientific, Houston, TX,
USA). The plunger depression was performed slowly, requiring about 1 min per injection.
After completion of the behavioral test, all subjects were killed and cannula placements
were verified by histological examination.

Behavioral tests

The open field test was conducted as described in previous studies to evaluate exploratory
and anxiety-like behaviors (Pan et al., 2009, Lieberwirth et al., 2012). The plastic apparatus
measured 56 x 56 x 20 (H) cm and had a visual line grid that divided the apparatus into 16
squares, each measuring 14 x 14 cm. Each subject was placed into the center of the
apparatus. The 10-minute test was video-recorded. Anxiety-like behaviors (latency and
frequency of center entries and duration spent in the center) and an index of locomotion
(frequency of line crosses) were quantified.

The social affiliation test was performed also using an established method (Pan et al., 2009,
Lieberwirth et al., 2012). Briefly, the testing apparatus consisted of two plexiglass cages (13
x 28 x 16 (H) cm) connected by a hollow tube (16 L x 7.5 radius cm). An unfamiliar
stimulus female (approximately 70 days of age) was loosely tethered in one chamber, while
the other chamber remained empty. Each subject was placed into the empty chamber and
then allowed to move freely throughout the apparatus for 60 min. A customized computer
program using a series of light beams across the connecting tubes was used to monitor the
subject’s movement between the chambers. The frequency of chamber entries (index of
locomotion) and the duration subjects spent in each chamber were recorded.

The social recognition test was performed also using an established method (Lieberwirth et
al., 2012, Liu et al., 2014). Each subject was put individually into a testing cage (25 x 45 x
20 (H) cm) and allowed to habituate for 10 min. Immediately following habituation, an
unfamiliar juvenile female at 30-40 days of age was introduced into the cage for 5 min (trial
1, T1) and then removed and returned to its home cage. After five minutes, the same
stimulus animal was reintroduced for another 5 min (trial 2, T2). This process was repeated
for a total of three times (T1, T2, and T3). During the fourth period (trial 4, new), an
unrelated novel juvenile female was introduced for 5 min. All behavioral interactions were
video recorded. The frequency and duration of the subject’s olfactory investigation of the
juvenile including sniffing of the anogenital and head regions were quantified.

Brain perfusion and immunohistochemistry

Subjects were deeply anesthetized with sodium pentobarbital (3 mg/kg body weight) and
perfused through the ascending aorta with 0.9 % saline followed by 4 % paraformaldehyde
in 0.1 M phosphate buffer (PB; pH 7.4). Brains were harvested, postfixed for 2 hin 4 %
paraformaldehyde, and then stored in 30 % sucrose in PBS. All brains were cut into 40 um
coronal sections on a cryostat and stored in 0.1 M PBS with 1 % sodium azide at 4 °C until
processed for Ki67 and BrdU immunohistochemistry.

To examine cell proliferation, a set of brain sections at 240 um intervals was processed for
Ki67 immunohistochemistry as previously described (Lieberwirth et al., 2012). The cell
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proliferation marker Ki67 is a nuclear protein that is expressed by proliferating cells
throughout the entire mitotic process (Scholzen and Gerdes, 2000). Brain sections were
treated with 10 mM sodium citrate buffer at 90 °C for 10 min, followed by 1 % NaBH,4 for 1
h and then 0.5 % hydrogen peroxide in 0.1 M PBS for 1 h. Thereafter, sections were treated
in PBS with 0.5 % Triton X-100 (PBT) for 20 min, blocked in 10 % normal goat serum in
PBT for 1 h and incubated in rabbit Ki67 polyclonal antibody (1:5000, Vector Laboratories,
Inc. Burlingtone, CA, USA) in PBT with 2 % NGS for 48 h at 4 °C and an additional 1 h at
room temperature. Sections were then rinsed in 0.1 M PBS and incubated in biotinylated
goat-anti-rabbit second antibody (1:300, Vector Laboratories, Inc. Burlingtone, CA, USA) in
PBT for 2 h and ABC complex in PBS for 90 min, and staining was revealed with 3’-
diainobenzidine (DAB; Sigma).

As BrdU was injected at the beginning of the experiment (i.e., 20-30 days prior to
sacrificing), it was used here as a marker of cell survival. A set of brain sections was
processed for BrdU immunohistochemistry using an established procedure (Fowler et al.,
2002, Lieberwirth et al., 2012). Sections were treated with 2 N HCI for 30 min at 60 °C and
with 0.1 M borate buffer at room temperature for 25 min. After rinsing in 0.1 M PBS,
sections were incubated in 0.3 % hydrogen peroxide and 10 % methanol in 0.1 M PBS for
15 min following by 10 % normal goat serum in 0.5 % Triton X-100 in 0.1 M PBS (0.5 %
PBT) for 1 h. Subsequently, the sections were incubated in rat-anti-BrdU monoclonal
antibody (1:5,000; Accurate Chemical, Westbury, NY) in 0.5 % PBT with 2 % normal goat
serum at 4 °C for 48 h. Sections were rinsed and incubated in biotinylated goat-anti-rat
second antibody (1:300; Vector Laboratories, Inc. Burlingtone, CA, USA) in 0.5 % PBT
with 2 % normal goat serum for 2 h. Thereafter, sections were incubated in ABC complex
(Vector, Burlingame, CA) in 0.1M PBS for 90 min and BrdU immunoreactivity was
revealed using DAB.

All sections were mounted on slides, air-dried, and cover-slipped with Permount. For both
Ki67- and BrdU-ir staining, additional brain sections were incubated without the primary
antibody. This process resulted in the total absence of specific labeling. In addition, to
control for background variability and to standardize the staining, sections from all subjects
in each experiment were processed concurrently for each of the markers.

Data quantification and analysis

All behavioral videos were scored by a trained observer blind to the treatment using J-
Watcher software (V1.0, Macquarie University and UCLA). Group differences across the
behavioral measurements in the open field and social affiliation tests were analyzed by a
two-way ANOVA (species x treatment) followed by the Student Newman Keul’s (SNK)
post-hoc test. Data from the social recognition test were analyzed by a three-way repeated
measure ANOVA with treatment and species as main factors and trials as repeated measures
(T1, T2, T3, new), followed by SNK post-hoc test.

All microscope slides were coded to disguise group identity until data quantification was
completed. Ki67-ir and BrdU-ir cells were visualized under 40X magnification using a Zeiss
Axioskop Il microscope. The numbers of Ki67-ir and BrdU-ir cells were counted in the
hilus, granular cell layer, and molecular cell layer of the DG [corresponding to Plates 29-32
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in Paxinos and Watson (1998)], the VMH [including the dorsomedial, central, and
ventrolateral subregions; corresponding to Plates 30-32 in Paxinos and Watson (1998)], and
the AMY [including the central, CeA, medial, MeA, and anterior cortical, ACo, nuclei;
corresponding to Plates 28-29 in Paxinos and Watson (1998)]. The VMH and AMY were
chosen because of their roles in social behaviors (Kling and Brothers, 1992, Wang et al.,
1997, Lonstein et al., 1998, Cushing et al., 2003), whereas the DG plays an important role in
learning and memory (Jarrard, 1993, Jessberger et al., 2009). For the DG, four brain sections
were counted bilaterally per animal. For the VMH and AMY two sections were quantified.
For all animals, sections were anatomically matched. Since cells in the VMH were low and
no differences were found in the numbers of Ki67-ir and BrdU-ir cells in any of the
subregions examined, the cell counts were combined as a total number. The sum of the
counted cells across all sections for a given brain area was multiplied by six to obtain an
estimate of the total number of Ki67- and BrdU-ir cells (Lieberwirth et al., 2012).
Furthermore, the areas of these brain regions were measured by using the NIH IMAGE
program. The images were displayed on a computer screen and all regions were traced
bilaterally. The sum of the brain areas across all sections for a given brain region was
obtained to estimate the total volumes. Group differences in the total volume and the number
of Ki67- and BrdU-ir cells in each brain area were analyzed by a two-way ANOVA (species
x treatment) followed by SNK post-hoc test. In addition, correlations between the number of
the Ki67-ir or BrdU-ir cells in selected brain areas and behaviors were analyzed using
Spearmen correlation. All statistical analyses were carried out using the SPSS software
package (Version 18). The criterion for significance was set at p < 0.05.

Species differences were found in the open field test (Fig. 1). Female meadow voles showed
a longer latency to enter to the center (F(1, 24) = 4.95, p < 0.05; Fig. 1A), fewer entries of the
center squares (F1, 24) = 10.03, p < 0.01; Fig. 1B), and spent less time in the center (F(q, 24
=7.63, p <0.05; Fig. 1C) of the open filed, compared to prairie voles. In addition, female
meadow voles also showed a lower level of locomotor activity indicated by the total number
of line crossings compared to prairie voles (F(1, 24y = 8.93 , p < 0.01; Fig. 1D). A significant
treatment effect was found in center entries: the OT-treated females showed fewer center
entries compared to CSF-injected females of both species (F(1, 24) = 5.69, p < 0.05; Fig. 1B).
OT treatment did not alter other behaviors in the open field. In addition, no species-by-OT
interaction was found in any behavioral measurement.

Species differences were also found in the social affiliation test (Fig. 2). Female meadow
voles spent less time in the cage containing a conspecific (F1, 24) = 34.88, p < 0.01; Fig. 2A)
and more time in the empty cage (F(1, 24 =5.92, p < 0.05; Fig. 2B) compared to prairie
voles. No species difference was found in locomotor activity (Fig. 2C). In addition, no OT
effect or species-by-OT interaction was found in these behaviors.

In the social recognition test, there was a significant main effect of trial (F3 72)=9.09, p <
0.01), species (F(, 24y = 15.40, p < 0.01), trial-by-species-by-treatment interaction (F(3 72) =
2.89, p < 0.05) on the frequency of olfactory investigation. There was also a significant main
effect of trial (F(1.81, 43.53) = 18.04, p < 0.01), species (F(1, 24) = 106.38, p < 0.01) and trial-
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by-species interaction (F(1.g1, 43.53) = 11.58, p < 0.01) on the duration of olfactory
investigation. Across trials, female prairie voles showed a characteristic decline in the
frequency and duration spent investigating the familiar stimulus animal (T2 compared to T1,
T3 compared to T1 and T2, p < 0.01, SNK comparisons) and a significant recovery
following the introduction of a novel stimulus animal (p < 0.01, SNK comparisons; Fig. 3A
and 3B). Conversely, female meadow voles did not show different frequency and duration
over trials. Overall, the frequency and duration of female meadow voles investigating the
stimulus animals were significantly lower than that of prairie voles (Fig. 3A and 3B). No
treatment effect, trial by OT or species by OT interaction was found on the frequency and
duration of olfactory investigation.

Ki67-ir cells were found in the AMY, VMH, and DG (Fig. 5G-I), and meadow and prairie
voles differed in the number of Ki67-ir cells in a brain region-specific manner. For the AMY
(F@, 24) = 7.39, p < 0.05; Fig. 4A) and VMH (F(q, 24y = 5.30, p < 0.05; Fig. 4B), female
meadow voles had lower numbers of Ki67-ir cells compared to female prairie voles. This
species difference in the AMY was found in the CeA (F(q, 24) = 9.14, p < 0.01), but not ACo
and MeA, of the AMY (Table 1). No species differences were found in the number of Ki67-
ir cells in the DG (Fig. 4C, Table 2). No significant effects of OT or species-by-OT
interaction were found on the number of Ki67-ir cells in any brain regions examined.

Species differences were also found in BrdU-immunoreactivity in the vole brain. Female
meadow voles had fewer BrdU-ir cells, compared to female prairie voles, in the AMY
(F@,24)=8.98, p <0.01; Figs. 4D, 5A and B) and VMH (F(y, 24) = 8.45, p < 0.01; Figs. 4E,
5C and D). This species difference in the AMY was found in the CeA (F(1, 24y = 7.08, p <
0.05; Table 1) and MeA (F(1, 24y = 11.28, p < 0.01) but not ACo (Table 1). No species
differences were found in the number of BrdU-ir cells in the DG (Figs. 4 F, 5E and F, Table
2). No significant effect of OT or species-by-OT interaction were found on the number of
BrdU-ir cells in any brain region examined. Finally, no species, treatment and species-by-
OT interaction were found on the volume in any brain regions examined.

Correlations between BrdU-ir/Ki67-ir cells and behaviors illustrated several interesting
patterns (Table 3). First, the number of adult-proliferated cells in the AMY and VMH that
survived for at least 20-30 days (labeled for BrdU-ir) showed significant correlations with
anxiety-like behaviors in the open field test. Newly proliferating cells in the AMY (labeled
for Ki67-ir) also showed such correlation with anxiety-like behavior. Second, the humber of
BrdU-ir cells in the AMY and VMH significantly correlated with behaviors associated with
social contact or social recognition. Interestingly, the numbers of Ki67-ir cells in the AMY
and VMH correlated with behaviors when the subject was first exposed to a novel
conspecific (T1 or New). Finally, the number of BrdU-ir or Ki67-ir cells in the DG did not
correlate with any behaviors measured.

Discussion

Voles are a group of rodent species that display remarkable different life strategies and thus
provide a useful model for studying the effects of social environment on physiological,
cognitive, and behavioral functions (Young and Wang, 2004, Young et al., 2011). In the
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present study, we compared non-social, promiscuous meadow voles with highly social,
monogamous prairie voles to examine behaviors and cell proliferation/survival in the brain,
and to study the effects of OT on these markers. Our data demonstrate that female meadow
voles displayed a higher level of anxiety-like behavior, lower levels of social affiliation and
social recognition, as well as lower levels of cell proliferation and survival in a brain region-
specific manner, compared to female prairie voles. Interestingly, BrdU-ir or Ki67-ir cells
correlated with anxiety-like, social affiliation, and social recognition behaviors in a brain
region-specific manner.

The open field test utilizes rodent’s conflicting propensities to explore a novel environment
and avoid open areas, and as such has been widely used to assess anxiety in a variety of
rodent species including voles (Jarbe and Johansson, 1977, Prut and Belzung, 2003, Liu et
al., 2014, Clinard et al., 2015). In the present study, a higher level of anxiety in female
meadow voles was indicated by a longer latency to enter the center, fewer center entries, and
less duration in the center squares of the open field compared to female prairie voles.
Meadow voles also showed a lower level of locomotor activity than prairie voles. Previous
studies using different rat strains have shown that emotionality and locomotor activity are
often related (Gentsch et al., 1981, Courvoisier et al., 1996, Liebsch et al., 1998). In
particular, rats bred for high anxiety-related behavior tended to be less active than rats bred
for low anxiety-related behavior in the open field (Liebsch et al., 1998). As meadow and
prairie voles did not differ in locomotor activity during the social affiliation test, less activity
in meadow voles, compared to prairie voles, in the open field test may reflect meadow
voles’ high reactivity associated with anxiety.

It has been well-documented that prairie voles are highly affiliative with the conspecifics
(Getz et al., 1981, Shapiro and Dewsbury, 1990), whereas meadow voles are non-social and
appear to avoid social contact except for mating (Madison, 1978, Madison, 1980a, Madison,
1980b, McGuire and Novak, 1984). Therefore, it is not surprising that, in the present study,
meadow voles were less affiliative in the social affiliation test by spending less time in the
conspecific cage and more time in the empty cage compared to prairie voles. Furthermore,
our data not only replicates the previous finding that prairie voles perform well in the social
recognition test (Lieberwirth et al., 2012, Liu et al., 2014), but also illustrate, for the first
time, that meadow voles do not perform well in the same test. The social recognition test has
been well established (Engelmann and Landgraf, 1994) and has been utilized in a variety of
rodent species to evaluate their learning, memory, and individual recognition ability
(Engelmann and Landgraf, 1994, Clipperton-Allen et al., 2012, Lieberwirth et al., 2012).
Our data show that meadow voles failed to discriminate between the familiar and a novel
conspecific and their levels of investigative behaviors were significantly lower than prairie
voles. It is unclear whether the social recognition failure of the meadow voles can be
attributed to their cognitive processes similar to social anxiety or simply a lack of interest in
social interaction. However, giving that meadow voles display social discrimination and
memory in the wild (Ferkin et al., 2010) and prefer to live solitary (Madison, 1980a,
Madison, 1980b, McGuire and Novak, 1984), it seems to be appropriate to interpret our data
as that the meadow voles were simply not interested in taking part in social interactions
rather than had deficits in olfaction.
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Early studies have shown that social environmental factors can affect adult neurogenesis in a
stimulus- and brain region-specific manner (Gheusi et al., 2009, Lieberwirth and Wang,
2012). For example, aversive social experiences, such as exposure to an aggressive and
dominant conspecific or social isolation, decrease (Gould et al., 1997, Westenbroek et al.,
2004, Czeh et al., 2007, Thomas et al., 2007, Lieberwirth et al., 2012, Pan et al., 2014);
whereas positive social interactions, such as exposure to male pheromones, maternal
experience, or interactions with a conspecific pup, increase the number of adult-generated
cells in the DG and/or the SVZ system (Furuta and Bridges, 2005, Mak et al., 2007, Ruscio
et al., 2008, Furuta and Bridges, 2009). Our data extend these findings, showing that vole
species with distinct life strategies and sociality differ in the rates of cell proliferation and
survival in adult brains in a region-specific manner. Female meadow voles had lower rates
of cell proliferation and cell survival in the AMY and VMH, but not in the DG, compared to
female prairie voles. As meadow and prairie voles differ in the level of social affiliative
behavior (Madison, 1980a, Getz et al., 1981, Carter and Getz, 1993), such species
differences in cell proliferation and survival in the present study may be interpreted as
effects due to species differences in social interactions with cage mates. It is important to
note that female meadow and prairie voles are induced ovulators and only display elevated
levels of estrogen following exposure to a conspecific male or male-associated cues (Dluzen
and Carter, 1979, Cohen-Parsons and Carter, 1987). Therefore, observed species differences
in cell proliferation and survival in the present study are likely not due to fluctuations in
circulating estrogen. It should also be noted that in a previous study (Fowler et al., 2005),
female meadow voles, in comparison to female prairie voles, had a higher level of cell
proliferation, as identified with BrdU, in the ACo and DG, but not in other subnuclei of the
AMY or VMH. Discrepancies between the previous and current studies may be due to
several notable differences in the methodologies and procedures, among which multiple
injections of BrdU over 24 hours was used in the previous study (Fowler et al., 2005), which
would have resulted in labeling a heterogeneous population of cells of both newly
proliferated cells and cells showing short-term survival (Taupin, 2007), and may not have
been a pure measure of cell proliferation unlike in the present study.

It is interesting that in the current study, the number of adult-proliferated cells in the AMY
and VMH, but not DG, showed significant correlations with anxiety-like behaviors and
behaviors related to social contact and social recognition. As the AMY and VMH have been
implicated in variety of behavioral and cognitive functions (Kollack-Walker and Newman,
1995, Lonstein et al., 1998, Cushing et al., 2003, Davis and Marler, 2004, Stowe et al.,
2005), these correlation data may indicate the potential roles of newly-proliferated cells in
the AMY and VMH in anxiety-like, social affiliation, and social recognition behaviors—an
idea similar to the suggested involvement of adult-proliferated cells in the S\VVZ/olfactory
bulb or in the hippocampus in learning and memory (Shors et al., 2001, Dupret et al., 2007),
social cognition (Feierstein et al., 2010, Lagace et al., 2010, Mak and Weiss, 2010, Oboti et
al., 2011), and emotional behavior (Revest et al., 2009, Larsen and Grattan, 2010, Snyder et
al., 2011).

OT in the brain is considered to be anxiolytic (Windle et al., 1997, Neumann, 2008,
Guastella et al., 2010) and it regulates social recognition memory (Ferguson et al., 2001, Gur
et al., 2014) and a variety of social behaviors, including affiliative behaviors (Neumann,
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2008, Young et al., 2008). More recently, OT has also been shown to facilitate cell
proliferation and neurogenesis in the DG, and to protect rats from the suppressive effects of
stresses on hippocampal plasticity (Leuner et al., 2012). To our surprise, in the present
study, although voles were treated with OT at a dose comparable to the doses affecting
behaviors and adult neurogenesis in other rodent species (Pedersen et al., 1982, Fahrbach et
al., 1984, Leuner et al., 2012), we failed to see any significant effects of OT on most
behaviors (except for a subtle effect on center entries in the open field test) and cell
proliferation/survival in the brain. This inconsistency may be explained by several factors
including species-specific effects of OT and differences in experimental paradigms and
procedures. Further, OT effects depend on the dose of application (Bales et al., 2014,
Neumann and Slattery, 2015). In mice, for example, chronic (2-week) icv infusion of OT at
a dose of 10 ng/h, but not 1 ng/h, induced a robust increase in anxiety-like behavior (Peters
etal., 2014). OT facilitates cell proliferation in the rat DG also in a dose-dependent manner
(Leuner et al., 2012). Therefore, the caveat in the present study is the use of single dose of
OT, which may not be effective to influence behaviors and cell proliferation/survival in the
vole brain. A more comprehensive dose response experiment needs to be performed in
future studies to evaluate OT effects on anxiety-like and social behaviors as well as on adult
neurogenesis in voles.

Conclusion

Data from our current study indicate differences between female prairie and meadow voles
in their behaviors as well as cell proliferation and survival in the VMH and AMY, but not
DG, in the brain. As the VMH and AMY have been implicated in a variety of behavioral
functions (Davis, 1992, Kling and Brothers, 1992, Wang et al., 1997, Lonstein et al., 1998,
Cushing et al., 2003), it is reasonable to predict that regional variations in cell proliferation
and survival in the vole brains may play important roles in behaviors, which is further
supported by our correlation data. It should be mentioned that the phenotypes of the newly-
proliferated cells in the brain have already been examined in a previous study in female
prairie and meadow voles (Fowler et al., 2005). In the VMH, for example, approximately
26.8% of the BrdU-ir cells co-labeled with a neuronal marker (TuJ1) and 48.6% co-
expressed a glial progenitor marker (NG2). In the AMY, 40.5% of BrdU-ir cells co-labeled
with TuJ1 and 45.5% co-labeled with NG2. However, female prairie and meadow voles did
not differ in the percentages of BrdU-ir cells co-labeled with TuJ1 or NG2 in the AMY and
VMH, and estrogen manipulation did not affect the phenotypes of BrdU-ir labeled cells
(Fowler et al., 2005). Although these data indicate no species differences in the neuronal and
glial phenotypes of newly proliferated cells in the brain of female voles, we still cannot
exclude the possibility that OT may affect differentiation of newly proliferated cells in the
brain similarly or differently between the two species examined. Clearly, a more
comprehensive study needs to be conducted to examine the effects of OT on cell
proliferation, survival, and differentiation in the brain as well as on behaviors for conclusive
results.
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» Meadow voles display higher levels of anxiety-like behaviors than prairie voles.

«  Prairie voles display higher levels of social affiliation and recognition than
meadow voles.

o Cell proliferation & survival in the VMH and AMY, but not DG, are higher in
prairie than meadow voles.

e The numbers of new cells in the VMH and AMY correlate with anxiety-like and
social behaviors.

«  Oxytocin treatment was not effective to affect behaviors and cell proliferation &
survival.
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Fig. 1.
Species differences and the effects of oxytocin (OT) on behaviors in the open field test.

Female meadow voles showed a longer latency to enter the center (A), made fewer entries to
center squares (B), spent less time in the center (C), and showed a lower level of locomotor
activity (D) compared to prairie voles. The OT-treated females showed fewer center entries
compared to CSF-injected females (B). OT treatment did not alter other behaviors in the
open field. *Indicates significant treatment effects at p < 0.05; while alphabetic letters
indicate species differences. Error bars represent standard errors of the mean (SEM).
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Meadow

Species differences and the effects of oxytocin (OT) on behaviors in the social affiliation
test. Female meadow voles spent less time in the cage containing a conspecific (A) and more
time in the empty cage (B) compared to prairie voles. No species differences were found in
locomotor activity (C). In addition, no treatment effect or species-by-treatment interaction
was found in these behaviors. Alphabetic letters indicate species differences. Error bars

represent standard errors of the mean (SEM).
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Fig. 3.

Spgecies differences on behaviors in the social recognition test. Across trials, female prairie
voles showed a characteristic decline in the frequency and duration spent investigating the
familiar stimulus conspecific (T2 compared to T1, T3 compared to T1 and T2) and a
significant recovery following the introduction of a novel, stimulus conspecific (A and B).
Conversely, female meadow voles did not show different frequency and duration over trials.
Overall, the levels of frequency and duration of female meadow voles investigating the
stimulus conspecific were significantly lower than that of prairie voles (A and B).
Alphabetic letters indicate the results of the post hoc test. Error bars represent standard
errors of the mean (SEM).
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Species differences and the effects of oxytocin (OT) on cell proliferation (assessed by Ki67-
labeling) and survival (assessed by BrdU-labeling) in the brains of female meadow and
prairie voles. Female meadow voles had a lower number of Ki67-ir and BrdU-ir cells in the
AMY and VMH, but not in the DG, compared to female prairie voles. No significant effects
of OT treatment or species-by-treatment interaction were found on the number of Ki67-ir
and BrdU-ir cells in any brain region examined. Alphabetic letters indicate species
differences. Error bars represent standard errors of the mean (SEM).
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Composed photomicrographs displaying BrdU-labeled cells in the amygdala (A & B),
ventromedial hypothalamus (VMH) (C & D), and dentate gyrus of the hippocampus (DG)
(E & F) in the female meadow (A, C & E) and prairie (B, D & F) voles. Ki67-ir cells in the
amygdala (G), VMH (H), and DG (1) are also illustrated. ACo: anterior cortical nucleus of
the amygdala, GCL: granular cell layer of the DG, MCL: molecular cell layer of the DG,
MeA: medial nucleus of the amygdala, and opt: optic tract. Scale bar=100 pm. The insert in

Fig. 5.
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Panel B, D, and F illustrates BrdU-ir cells (arrows) and the one in Panel G, H, and I shows
Ki67-ir cells (arrows) with scale bar=50um.
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