
Florida State University Libraries

Electronic Theses, Treatises and Dissertations  The Graduate School

2003

The Effect of Social Isolation on Anxiety-
Related Behaviors and Associated Hormonal
and Neuronal Activation in Male Prairie and
Meadow Voles
Jennifer R. Stowe

Follow this and additional works at the FSU Digital Library. For more information, please contact lib-ir@fsu.edu

http://fsu.digital.flvc.org/
mailto:lib-ir@fsu.edu


THE FLORIDA STATE UNIVERSITY 

COLLEGE OF ARTS AND SCIENCES 

 

 

THE EFFECT OF SOCIAL ISOLATION ON ANXIETY-RELATED BEHAVIORS AND 

ASSOCIATED HORMONAL AND NEURONAL ACTIVATION IN MALE PRAIRIE AND 

MEADOW VOLES 

 

By 

 

JENNIFER R. STOWE 

 

 

A Thesis submitted to the  

Department of Psychology  

in partial fulfillment of the  

requirements for the degree of  

Master of Science 

 

 

Degree Awarded: 

Spring Semester, 2003 

 



ii 

The members of the committee approve the thesis of Jennifer R. Stowe defended on  

April 23, 2003 

 

 

           

    Dr. Zuoxin Wang 

Directing Professor 

 

           

    Dr. Michael E.  Rashotte 

Committee Member 

 

           

    Dr. Barbara G.  Licht 

Committee Member 

 

 

 

The office of graduate studies has verified and approved the above named committee 

members. 



iii 

ACKNOWLEDGEMENTS 

 

 

 

 

I would like to express my thanks to certain individuals who have been 

instrumental in my graduate training.  First, I would like to thank Dr. Zuoxin Wang for 

providing me with extensive training and support throughout my graduate research and 

education.  I would also like to thank Dr. Marc Freeman for his guidance and training 

throughout my graduate career.  Dr. Yan Liu and Dr. J. Thomas Curtis have taught me 

important research methods and techniques, and my fellow graduate students, Christie D. 

Fowler and Brandon J. Aragona, have helped me tremendously along the way.  I also 

extend my thanks to my committee members Drs. Zuoxin Wang, Michael Rashotte, and 

Barbara Licht for their guidance and advice throughout the process of obtaining my 

Master’s degree.  Finally, I am truly thankful for the love and support of my husband, 

Ashley Stowe, and my parents, Betty and Chuck Wood and Jim Bales. 



iv 

TABLE OF CONTENTS 

 

 

 

 

List of Tables  …………………………………………………… v 

List of Figures  …………………………………………………… vi 

Abstract  …………………………………………………… vii 

 

INTRODUCTION …………………………………………………… 1 

GENERAL MATERIALS AND METHODS …………………… 3 

EXPERIMENT 1 …………………………………………………… 7 

EXPERIMENT 2 …………………………………………………… 13 

EXPERIMENT 3 …………………………………………………… 15 

DISCUSSION  …………………………………………………… 17 

REFERENCES …………………………………………………… 23 

BIOGRAPHICAL SKETCH …………………………………………… 27 



v 

LIST OF TABLES 

 

 

 

 

1. Species differences in behavior on the Elevated Plus Maze 

 ……………………………………………………………………… 8 

2. Plasma levels of corticosterone (ng/ml) in prairie and meadow voles 

 ……………………………………………………………………… 10 

3. Basal levels of c-fos expression in male prairie voles following social isolation 

 ……………………………………………………………………… 14 



vi 

LIST OF FIGURES 

 

 

 

 

1. The influence of social isolation on elevated plus maze behavior in male prairie and 

meadow voles ……………………………………………………… 9 

2. Photomicrograph of the medial preoptic area in male prairie voles following the 

elevated plus maze alone or with acute or chronic social isolation

 ……………………………………………………………………… 10 

3. Photomicrograph of the medial amygdala in male prairie and meadow voles 

following the elevated plus maze alone or with acute or chronic social isolation

 …….………………………………………………………………... 11 

4. The number of c-fos labeled cells in several brain regions following the elevated plus 

maze and social isolation in male prairie and meadow voles 

 …………………………………………………………………….… 12 

5. Time course of plasma corticosterone following the elevated plus maze in male 

prairie voles ………………………………………………………. 16 



vii 

ABSTRACT 

 

 

 

 

Monogamous prairie (Microtus ochrogaster) and promiscuous meadow (M. 

pennsylvanicus) voles exhibit different social behaviors in the wild.  In a first experiment, 

it was determined that large species differences existed in elevated plus maze (EPM) 

behavior, plasma corticosterone (CORT), and neuronal activation in several limbic 

structures.  Acute (24hr) and chronic (2wk) social isolation biphasically altered prairie 

vole behavior on the EPM, but no differences were seen in meadow vole behavior.  

Social isolation also increased Fos-immunoreactive (Fos-ir) cells differentially in select 

brain regions of male prairie and meadow voles.  In a second experiment, social isolation 

alone increased the basal level of Fos-ir in the medial preoptic area, anterior and 

ventromedial hypothalamus following acute social isolation, while chronic isolation 

decreased Fos-ir in the lateral septum of prairie voles.  A third experiment examined a 

time course for CORT following the EPM in prairie voles, and it was established that 

CORT levels peaked at 20min post-EPM test.  Taken together, our data indicate species 

differences in behavior on the EPM that are further altered by social isolation.  In prairie 

voles, increased open arm activity does not correlate with increased CORT levels, which 

suggests that EPM test behavior may not indicate changes in anxiety in this 

glucocorticoid resistant species.  EPM behavior alone also did not alter neuronal 

activation.  However, species-specific patterns of neuronal activation in limbic structures 

did occur when social isolation was coupled with the EPM test. 
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INTRODUCTION 

 

 

 

 

Pathological anxiety is defined as fear without a relevant corresponding object or 

event.  Animal models of anxiety are widely sought in an attempt to analyze pathological 

anxiety states with the assumption that some anxiety mechanisms are essential for 

survival and are a feature of all mammals (Hendrie et al. 1996).  The elevated plus maze 

(EPM) is one of the most commonly used animal models of anxiety behavior; it relies on 

a rodent’s relative aversion to venture onto the open arms of the maze versus the safer 

closed arms (Pellow et al. 1985; Lister 1987).  Animals that spend more time in the open 

arms are thus thought to be less anxious.  Activation of the hypothalamic-pituitary-

adrenal (HPA) axis is a physiological marker of stress and is typically measured by an 

increased level of plasma corticosterone (CORT) in rodents (File et al. 1994).  The EPM 

is known to increase CORT levels in rats particularly if the animals are confined to the 

open arms of the maze (Pellow et al. 1985).  Fluctuations in CORT levels are also seen in 

response to changes in social interactions.  Social isolation, for example, is considered 

stressful or anxiety producing and plays a role in influencing behavior on the EPM in a 

strain and/or gender related manner (Rodgers and Cole 1993; Berton et al. 1997).  

Socially isolated rats show an increase in anxiety-like behavior on the EPM that is 

associated with increases in circulating CORT (Serra et al. 2000). 

Microtine rodents have been proven to be a useful model for studying the effects 

of social interactions on physiology and behavior.  The prairie vole (Microtus 

ochrogaster) has been shown to be a highly social creature demonstrating the 

characteristics of monogamy (Getz et al. 1981).  Prairie voles show high levels of social 

affiliation and mating induces a partner preference formation (pair bonding) between the 

mates (Carter and Getz 1993).  On the other hand, social isolation has been found to 

increase CORT levels in female prairie voles (Kim and Kirkpatrick 1996), and increased 

CORT seems to facilitate partner preference formation in male, but not female, prairie 

voles (De Vries et al. 1996; DeVries et al. 2002).  Together, these data indicate that social 
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environment alters circulating levels of stress hormones and influences social behavior in 

prairie voles.  In contrast, the meadow vole (Microtus pennsylvanicus) is a promiscuous 

species that is asocial and shows low levels of affiliative behavior (Madison 1980).  

Therefore, comparing these two closely related species that differ in life strategy and 

social behavior provides an excellent opportunity for the study of hormonal and 

neurochemical mechanisms underlying social attachment (Young et al. 1997). 

The goal of the present study was twofold: 1) to compare male prairie and 

meadow voles on their anxiety behavior and associated plasma levels of CORT and 

regional brain activation, and 2) to examine the effects of social environment, in 

particular acute or chronic social isolation, on the above mentioned behavior, stress 

hormone, and brain activation.  We used the EPM test to study anxiety behavior and 

radioimmunoassay (RIA) to measure plasma levels of CORT.  Fos is a protein product of 

the immediate early gene c-fos that is rapidly induced following sensory stimulation and 

can be used as a marker of neuronal activation (Sheng and Greenberg 1990; Hoffman et 

al. 1993).  Therefore, we used Fos immunoreactivity (Fos-ir) to label brain areas 

activated following EPM testing.  Our data indicate that social stress plays an important 

role in influencing anxiety behavior, circulating CORT, and brain mechanisms in a 

species-specific manner.   
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GENERAL MATERIALS AND METHODS 

 

 

 

 

Animals 

 

 Animals were sexually naive male prairie and meadow voles aged 3-4 months.  

They were from a lab breeding colony that began with field captured animals.  All voles 

were weaned at 21 days of age and placed in same sex sibling pairs or triplets in plastic 

cages (29 x 18x 13 cm) containing cedar chip bedding.  Food and water were available ad 

libitum except for a brief period during behavioral testing.  Animals were maintained in a 

14L: 10D photo-period with lights on at 0700 hrs while temperature was maintained at 

~21°C.  Each animal was randomly assigned to either treatment or control group, and all 

groups were placed in the testing room 24 hrs or 2 wks prior to the onset of behavioral 

testing to allow for habituation (see below).  

 

Social Isolation 

 

In the acute social isolation situation, voles were isolated from their cage mates 

for a period of 24 hrs (Kim and Kirkpatrick 1996) whereas in the chronic social isolation 

group, voles were housed individually for a period of 2 weeks prior to behavioral testing.  

During these two periods of social isolation, animals were placed in the testing room, and 

an opaque divider was placed between cages to eliminate visual cues.  All animals were 

maintained under the same food, photo-period, and temperature conditions as they were 

in the colony room. 

 

Elevated Plus Maze Test 

 

The elevated plus maze (EPM) has been validated in the study of both rats 

(Pellow et al. 1985) and mice (Lister 1987) and has been successfully employed in work 

with voles (Insel, et al. 1995).  Briefly, the EPM is comprised of two open arms (35 cm 
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(L) x 6.5 cm (W)) and two closed arms (35cm (L) x 5 cm (W) x 15 cm (H)) that cross in 

the middle, and the apparatus sat 45 cm off the ground (Columbus Instruments, 

Columbus, OH).  The EPM test was carried out between 0900 and 1100 under standard 

lighting conditions. 

 The animals were individually placed on the intersection of the EPM facing an 

open arm and then tested for 10 min.  Number of entries into the open or closed arms, 

time spent in each arm or center, rears, and falls were recorded by the author.  A rear was 

defined as elevation onto the hind paws with the front 2 paws placed on the walls of the 

maze.  An entry into an arm was only counted when all four paws crossed from the center 

panel onto the arm.  After the behavioral test, each animal was returned to a clean cage 

for 2 hrs without any further disturbance.  The maze was cleaned thoroughly with soapy 

water in between animals. 

 

CORT Radioimmunoassay 

 

Two hrs following the EPM testing, animals were anesthetized with sodium 

pentobarbitol (1mg/10g body weight).  Approximately 1.0 ml of trunk blood was 

collected in a tube containing 50 µl of EDTA to prevent clotting.  Blood samples were 

centrifuged for 20 minutes at 4°C at 3,000 RPM, and plasma was extracted for use in the 

radioimmunoassay.  Plasma samples were analyzed for CORT using a Coat-A-Count 

assay kit (Diagnostic Products Corp., Los Angeles, CA). 

Because prairie voles are known to have relatively high glucorticoid levels, 

plasma was diluted 1:10 in assay buffer (0.1 M PBS with 1% sodium azide) to insure that 

results would reliably fall within the standard curve fit by linear regression (Hastings et 

al. 1999).  Meadow vole plasma was also diluted in the same fashion to obtain an 

accurate comparison.  Pilot experiments were conducted to compare plasma samples 

obtained by rapid decapitation, decapitation following sodium pentobarbitol, or sodium 

pentobarbitol followed by heart puncture, and the data indicated no significant group 

differences in CORT levels.  Thus, decapitation after sodium pentobartitol administration 

was used in all experiments. All plasma samples were run in duplicate.  Interassay 

variance was less than 10%. 
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C-fos Immunocytochemistry 

 

Following anesthesia and blood extraction, brains were rapidly removed and 

placed into a vial containing 4% paraformaldehyde in 0.1M phosphate buffer solution 

(PBS, pH 7.4) at 4°C for fixation, with the solution changed at 6 hrs.  After 24 hrs of 

fixation, brains were stored in 30% sucrose in PBS, and then sliced into 40 µm coronal 

sections using a microtome, and stored in 0.1M PBS containing 1.0 % sodium azide. 

Floating brain sections at 120 µm intervals were processed for c-fos 

immunostaining using established procedures (Wang et al. 1997).  Briefly, sections were 

rinsed in 0.05M Tris-NaCl buffer (pH 7.6); incubated in 3.0 % methanol and 0.5% H2O2 

in the same buffer for 30 minutes; and then incubated in 10% normal goat serum (NGS) 

in 0.05 Tris-NaCl with 0.5% Triton X-100 (pH 7.6) for 1 hr.  Sections were then 

incubated in rabbit polyclonal IgG antibody for c-fos (1:30,000, Jackson Immuno) in 

0.05M Tris-NaCl with 0.5% Triton X-100 and 2.0% NGS (pH 7.6) for 72 hrs at 4°C and 

then one hr at room temperature, followed by incubation with the biotinalated goat anti-

rabbit secondary antibody (1:300, Jackson Immuno) for 2 hrs.  Sections were incubated 

in Vector Elit ABC complex in the Tris-NaCl buffer for 90 minutes, stained with Nickel-

DAB (Vector Laboratories, Inc. Burlingtone, CA), mounted on frost-free microscope 

slides, and then cover slipped.  To control for variability all sections within each 

experiment were processed simultaneously. 

 

Data Quantification and Analysis 

 

For all animals, plasma samples and brain slides were coded to conceal group 

identity until all samples were analyzed.  For c-fos immunostaining, c-fos labeled cells 

were examined in the medial (MeA), anterior cortical (ACo), and central (CeA) nucleus 

of the amygdala (AMYG); bed nucleus of the stria terminalis (BST; including the 

anterior dorsal and anterior ventral parts); lateral septum (LS; intermediate); 

paraventricular nucleus (PVN); ventromedial hypothalamus (VMH); medial preoptic area 

(MPOA); anterior hypothalamus (Ant. HYP); and cingulate cortex (CING).  These areas 

were chosen because they have been implicated in anxiety and social behaviors (Baum 

and Everitt 1992; Kollack-Walker and Newman 1995; Duncan et al. 1996; Heeb and 
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Yahr 1996; Wang et al. 1997), activated following an EPM test (Silveira et al. 1993; 

Duncan et al. 1996), and/or involved in regulation of the HPA axis activity in rodents 

(Herman and Cullinan 1997).   

Brain sections were matched between animals with 3-4 sections per brain area 

being examined.  Fos-ir cells were visualized under 10x magnification using a Zeiss 

Axioskop II microscope, and the images were captured using a computerized image 

program (NIH Image 1.60).  All Fos-ir cells in the sampling area were quantified and 

analyzed bilaterally.  The average number of cells containing Fos-ir staining from both 

sides of each brain area was used to provide individual means for data analysis.  All 

behavioral, radioimmunoassay, and c-fos immunostaining data were analyzed by either 

one-way or two-way analysis of variance (ANOVA), and significant effects were further 

evaluated using a Student Newman-Keul’s post-hoc test (SNK). 
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EXPERIMENT 1: DOES SOCIAL ISOALTION DIFFERENTIALLY 

INFLUENCE MALE PRAIRIE AND MEADOW VOLES’ ANXIETY BEHAVIOR, 

AND SUBSEQUENT PLASMA CORT AND NEURONAL ACTIVATION 

FOLLOWING THE EPM TEST? 

 

 

 

 

Prairie and meadow voles show remarkable differences in life strategies and 

social behaviors (Madison 1980; Carter et al. 1987; Carter and Gets 1993).  As social 

environment has a significant impact on anxiety (Kim and Kirkpatrick 1996), we 

hypothesized that in response to social isolation these two species may also differ in 

anxiety–related behaviors and the underlying hormonal and neuronal mechanisms.  

Therefore, in the present experiment, we studied anxiety behaviors in the EPM and 

examined the subsequent circulating CORT and neuronal activation in male prairie and 

meadow voles that were either group housed, socially isolated for 24 hrs, or isolated for 2 

wks.   

 

Design 

 

 Male prairie and meadow voles were randomly assigned into one of 4 groups.  In 

group 1 (n=9 prairie, n=8 meadow), animals were housed with a same-sex sibling and 

transferred to the testing room for 24 hrs prior to being tested.  In group 2 (n=9 prairie, 

n=6 meadow), animals were housed individually for 24 hrs in the testing room.  In group 

3, animals (n=9 prairie, n=6 meadow) were housed individually for a period of 2 wks in 

the testing room.  At the end of treatment, animals from all three groups were 

individually tested on the EPM for 10 mins.  A total of 2 prairie voles were excluded 

following behavior because these animals fell off the maze more than 2 times.  Five 

meadow voles were excluded because the animals either did not move or showed a 

variance in movement that was more than 2 standard deviations from the mean.  An 

additional group of animals (n=8 prairie, n=6 meadow) was served as baseline controls 

for handling.  For this group animals were group housed with a sibling pair and handled 



 

8 

such that they were picked up from the home cage, placed alone into a clean cage and 

picked back up 10 min later although no EPM test was conducted.  After the EPM test or 

being handled as controls, animals were placed individually into clean cages and left 

undisturbed for 2 hrs.  Thereafter, they were anesthetized, trunk blood was collected for 

CORT radioimmunoassay, brains were harvested, placed into 4% paraformaldehyde for 

24 hrs of fixation, and brain sections were processed for c-fos immunocytochemistry.  

Data for behavior and CORT were analyzed by 2-way ANOVA followed by SNK post-

hoc test.  Fos-ir was examined by one-way ANOVA followed by SNK post-hoc test 

 

Results 

 

Elevated plus maze behavior 

Large species differences were found in behaviors on the EPM between male prairie 

and meadow voles (Table 1).  Prairie voles entered the open arms more and resided there 

longer than meadow voles.  On the other hand, meadow voles spent more time in the 

closed arms and displayed rear behavior more frequently than prairie voles.  Prairie voles 

also entered the closed arms more and demonstrated greater overall activity as indicated 

by the total arm entries than meadow voles.   

 

Table 1: Species differences in behavior on the elevated plus maze 

 

Behavior on the EPM  Prairie Vole Meadow Vole P value 

Frequency  Open arms 7.9 ± 1.0* 1.4 ± 0.5 0.001 

 Closed arms 20.3 ± 2.8 10.2 ± 1.7 0.01 

 Total entries 28.2 ± 3.5 11.6 ± 1.9 0.001 

 Rears 14.9 ± 1.3 23.5 ± 2.9 0.01 

 Falls 1.1 ± 0.2 0.1 ± 0.1 0.001 

Duration (sec) Open arms 136.9 ± 16.7 29.4 ± 13.7 0.001 

 Closed arms 370.5 ± 20.7 503.0 ± 31.9 0.001 

 Center 42.5 ± 8.3 36.5 ± 18.8 ns 

* Mean ± SEM 
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Significant species by treatment effects were found: generally prairie, but not 

meadow voles’ behaviors were affected by social isolation (Figure 1).  There was a 

significant species by treatment interaction (F (2, 42) = 5.66, p<0.05) in which prairie voles 

that were isolated for 2 wks entered into the open arms of the EPM more frequently than 

prairie voles that were not isolated or were isolated for 24 hrs.  Prairie voles that were 

isolated for 2 wks also had a greater number of total arm entries on the EPM than those 

that were isolated for 24 hrs as indicated by a significant species by treatment interaction 

(F (2, 42) = 3.23, p<0.05).  Social isolation experience did not alter male meadow vole 

behavior on the EPM. 

 

Plasma CORT concentration  

A significant species difference was found in circulating levels of plasma CORT: 

prairie voles had high levels of CORT than meadow voles (F (1, 53) = 171.0, p<0.001; 
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Figure 1.  Prairie and meadow voles differed significantly in the amount of time 

spent in the open arms of the maze; however, social isolation did not further enhance 

this difference (A).  Prairie voles entered into the open arms of the EPM more 

frequently than did meadow voles.  2 wks social isolation increased the # of open 

arm entries in prairie voles (B).  Additionally, prairie voles demonstrated a 

significant increase in total number of entries compared to meadow voles that was 

further enhanced by 2 wks of social isolation in a similar manner (C).  Error bars 

indicate SEM. 
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Table 2).  Further, the EPM test appeared to have species specific effects on CORT.  

Prairie, but not meadow, voles showed approximately a 25% increase in the level of 

plasma CORT following the EPM test but this increase did not reach statistical 

significance.  Acute or chronic social isolation experience did not alter plasma CORT 

levels in either species 2 hrs post EPM.   

 

Table 2. Plasma levels of corticosterone (ng/ml) in prairie and meadow voles 

 

 Prairie Vole Meadow Vole 

Control 1517.1 ± 190.9* 462.9 ± 44.1 

No iso.-Maze 2023.6 ± 180.8 401.8 ± 51.1 

24 hr-Maze 2002.4 ± 147.8 416.3 ± 43.4 

2 wks-Maze 2000.5 ± 221.0 418.6 ± 38.0 

*Mean ± SEM 

 

Fos-ir induction following the EPM test  

When analyzed by a 2-way ANOVA, prairie voles showed persistent higher levels 

of Fos-ir labeling than meadow voles in all brain areas measured.  This led us to suspect 

that there might be species differences in the binding affinity of the antibody and thus 

 

 

Figure 2.  Photomicrograph of the MPOA of the male prairie vole.  Animals 

socially isolated for 24 hrs or 2 wks had more Fos-ir cells in the MPOA than non-

isolated and control animals. 
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differences in Fos-ir labeling may not reflect species differences in neuronal activation.  

Therefore, we focused on the effects of the EPM test and social isolation on neuronal 

activation within each species by analyzing data using a one-way ANOVA.  Cells 

expressing Fos-ir were found in several regions of the hypothalamus, and social isolation  

influenced the number of Fos-ir cells following the EPM test in a region-specific manner.  

In the MPOA, the EPM test equally elevated the number of Fos-ir cells in animals that 

experienced social isolation in prairie (F (3, 29) = 7.23, p<0.001), but not meadow voles (F 

(3, 24) = 1.670, p>0.05; Figure 2, Figure 4A).  In VMH, the EPM test increased the number 

of Fos-ir cells in socially isolated animals of both prairie (F (3, 30) = 5.65, p<0.01) and 

meadow voles (Figure 4B; F (3, 24) = 6.95, p<0.01).  In both species, treatment effects 

were not found in the PVN (Figure 4C), BST (Figure 2D), or the CeA (Figure 4E).  

However, in the medial nucleus of amygdala (MeA), prairie voles isolated for 2 wks had 

more Fos-ir cells than the control group (Figure 3; F (3, 30) = 3.13, p<0.05), whereas 

meadow voles isolated for either 24 hrs or 2 wks had increased numbers of Fos-ir cells (F 

(3, 24) = 14.46, p<0.001) following the EPM test (Figure 4F).   

Treatment did not influence Fos-ir in the ACo of prairie voles (F (3, 30) = 1.09, 

p>0.05) or the ant. HYP (F (3, 30) = 2.79, p=0.06), but 24 hrs of social isolation increased 

Figure 3.  Photomicrographs of the medial amygdala (MeA) of males prairie (top) 

and meadow (bottom) voles.  Prairie voles overall had much greater Fos-ir staining 

than meadow voles in all treatments groups.  Prairie voles that were isolated for 2 

wks had significantly higher Fos-ir than any other groups.  Meadow voles that were 

isolated for either 24 hrs or 2 wks had significantly greater staining than control or 

non-isolated meadow vole groups. OT: optic tract 

OT 

MeA 
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the number of labeled cells over controls in meadow voles (for Aco: Figure 4G, F (3, 24) = 

9.14, p<0.001; For ant. HYP: F (3, 24) = 6.91, p<0.01; Figure 4H).  In the lateral septum, 

meadow voles socially isolated for either 24 hrs or 2 wks had more Fos-ir cells following 

the EPM test than control and non-isolated animals (Figure, 4I, F (3, 24) = 5.09, p<0.01).  

Finally, animals that experienced 24 hrs of social isolation showed an increase in the 

number of Fos-ir cells in the cingulate cortex (Figure 4J) in both prairie (F (3, 29) = 3.99, 

p<0.05) and meadow voles (F (3, 24) = 6.15, p<0.01). 
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Figure 4.  Mean number of Fos-ir cells in the medial preoptic area (MPOA; A), 

ventromedial hypothalamus (VMH; B), paraventricular nucleus (PVN; C), bed nucleus of 

the stria terminalis (BST; D), central amygdale (CeA; E), medial amygdale (MeA; F), 

anterior cortical amygdale (ACo; G), anterior hypothalamus (Ant. HYP; H), lateral 

septum (LS; I), and cingulated cortex (CING; J) in both male prairie and meadow voles 

that were handled but did not experience the EPM (control), were group housed and 

experienced the EPM (no iso.), were socially isolated for 24 hrs and experienced the 

EPM (24 hr), or were isolated for 2 wks and experienced the EPM (2 wk).  Data were 

analyzed by one-way ANOVA within each species.  The alphabetic letters illustrate 

group differences based on post hoc test (SNK).  Error bars indicate S.E.M. 
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EXPERIMENT 2: DOES SOCIAL ISOLATION ALONE INFLUENCE 

NEURONAL ACTIVATION AND PLASMA CORT LEVELS IN THE MALE 

PRAIRIE VOLE? 

 

 

 

 

Data from Experiment 1 demonstrated that prairie voles that were socially 

isolated showed significant increases in the number of Fos-ir cells in several brain 

regions following the EPM test, but this increased Fos-ir expression was not found in 

non-isolated animals.  It was not clear, however, if increased Fos-ir staining was due to 

increased brain responsiveness to the EPM test or an increased basal level of neuronal 

activation resulting from social isolation.  Therefore, several control groups were 

processed in the present experiment.  Male prairie voles that were group housed 

(baseline) or socially isolated for either 24 hrs or 2 wks were sacrificed for measurement 

of plasma CORT and regional Fos-ir expression without the EPM test.  We hypothesized 

that social isolation alone might elevate the basal level of plasma CORT and increase 

neuronal activation in the brain of social prairie voles.   

 

Design 

 

 Male prairie voles were randomly divided into one of 3 groups. Two groups were 

established based on length of social isolation: 1) animals socially isolated for 24 hrs 

(n=8); 2) animals that were isolated for 2 wks (n=8).  Control animals were housed with a 

male cage mate (n=8).  Animals were anesthetized, serum CORT levels were examined 

by RIA, and brain sections were processed for Fos-ir staining as described above.  Data 

for CORT and Fos-ir were analyzed by a one-way ANOVA followed by an SNK post-

hoc test. 
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Results 

 

Serum CORT associated with social isolation 

Prairie voles that were isolated for 24 hrs had the lowest levels of CORT (1309.8 ± 

146.4 ng/ml) when compared to group-housed controls (1783.5 ± 92.9 ng/ml) and 

animals isolated for 2 wks (2076.5 ± 215.7 ng/ml; F (2,19) = 6.10, p<0.01).  The latter 2 

groups did not differ from each other. 

Basal levels of Fos-ir expression associated with social isolation 

Following 24 hrs or 2 wks of social isolation, Fos positive cells were observed in 

several brain regions of male prairie voles (Table 3).  Animals that experienced 24 hrs of 

social isolation had higher basal levels of Fos-ir expression over controls and those 

animals isolated for 2 wks in the MPOA, VMH and Ant. HYP.  In addition, animals that 

experienced 2 wks of social isolation had less Fos-ir cells in LS in comparison to the 

control animals and animals isolated for 24 hrs.  No group differences were found in any 

other brain areas.  

 

Table 3. Basal levels of c-fos expression in male prairie voles following social isolation 

 

Brain Region Baseline 24 hr isolation 2 wk isolation P value 

MPOA 18.6 ± 3.1
a
* 32.4 ± 4.4 

b
 13.9 ± 2.9 

a
 0.01 

VMH 7.0 ± 1.1 
a
 12.2 ± 1.6 

b
 5.5 ± 1.0 

a
 0.01 

PVN 2.9 ± 0.8 6.2 ± 1.9 3.6 ± 0.6 ns 

BST 2.4 ± 0.5 3.0 ± 0.4 1.1 ± 0.6 0.06 

CeA 0.7 ± 0.2 1.5 ± 0.5 1.5 ± 0.4 ns 

MeA 7.4 ±  0.6 7.0 ± 1.1 6.0 ± 0.8 ns 

ACo 3.3 ± 0.5 3.5 ± 0.6 4.0 ± 0.9 ns 

Ant. HYP 18.9 ± 2.5
a
 28.7 ± 2.2

b
 21.1 ± 3.5

ab
 0.05 

LS 8.9 ± 1.8 
b
 11.4 ± 3.2 

b
 2.4 ± 0.6 

a
 0.05 

CIN 2.1 ± 0.5 5.4 ± 2.2 2.2 ± 1.1 ns 

* The alphabetic letters illustrate group differences based on a post hoc test (SNK) following ANOVA. 
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EXPERIMENT 3: DOES THE EPM ELEVATE CORT SIGNIFICATLY IN 

MALES PRAIRIE VOLES? 

 

 

 

 

 In Experiment 1, a 25 % increase in plasma CORT was found 2 hrs following the 

EPM test, but this difference did not reach statistical significance.  In rats, the EPM test 

was found to induce a significant increase in circulating CORT approximately 20 min 

posttest (Hennessy and Levine 1979).  Therefore, it remained possible that the EPM test 

could also induce an increase in plasma CORT in male prairie voles, but the 2 hr waiting 

period, which was needed for Fos-ir induction, may have been too long to detect such a 

change in plasma CORT.  To test this hypothesis, a time course experiment was 

performed to examine CORT elevation following the EPM test.   

 

Design 

 

 As described previously, male prairie voles were tested on the EPM for 10 min, 

put in a clean cage, and then sacrificed at 10 (n=8), 20 (n=8), 30 (n=7), or 60 min (n=8) 

following the behavioral test.  Trunk blood was collected and processed for CORT 

measurement using RIA.  Handled control animals, without the EPM test, were also 

sacrificed at different time points.  As no differences were found in their CORT levels, 

they were pooled into one control group (n=19) for statistic analysis.  CORT levels were 

analyzed using a one-way ANOVA followed by a SNK post-hoc test. 

 

Results 

 

 A significant group difference was found in the levels of plasma CORT in male 

prairie voles (F (4, 45) = 5.5, p <0.001; Figure 5).  20 min after the EPM test, males had a 

level of plasma CORT significantly higher than control animals.  At 1 hr post EPM test 

CORT levels had returned to levels similar to the combined control group. 
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Figure 5.  Plasma corticosterone levels between prairie voles that were handled but did 

not experience the EPM (control), experienced the EPM and were sacrificed 10 mins, 

20 mins, 30 mins, or 60 mins post EPM.  The alphabetic letters illustrate group 

differences based on post-hoc test (SNK) following ANOVA (p<0.05).  Error bars 

indicate S E M. 
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DISCUSSION 

 

 

 

 

Previous studies have shown that prairie and meadow voles differ in life strategy and 

social behaviors (Madison 1980; Carter et al. 1986).  Here we demonstrate that the males 

of these two species also differ in behaviors on the EPM, associated circulating CORT 

and neuronal activation.  Meadow voles spent more time in the closed arms of the EPM, 

which is an indication of anxiety-like behavior.  In contrast, prairie voles had increased 

open arm and total activity, which was further altered by social isolation.  Prairie voles 

had a significantly higher level of plasma CORT than meadow voles.  In particular, 

prairie vole CORT levels were elevated showing the greatest increase in CORT at 20 

minutes post EPM test.  Finally, neuronal activation measured by Fos-ir staining did not 

appear to be increased following the EPM test in either species under group housed 

conditions.  However, species-specific patterns of neuronal activation in limbic structures 

did occur when social isolation was coupled with the EPM test.  

 

Species differences in anxiety-related behavior and associated CORT and neuronal 

activation 

 

Group housed male prairie voles spent more time on the open arms of the EPM and 

resided there longer than meadow voles.  Prairie voles also demonstrated greater overall 

activity than meadow voles as demonstrated by the total number of entries (Figure 1).  

Locomotor behavior did not differ between the 2 species during an open field test, 

another exploratory test for anxiety (unpublished data), and it is likely that the increased 

number of open arms entries in prairie voles is specific to the EPM.  Male voles do not 

differ in their spatial abilities in the Morris water maze (Sawre et al. 1994) or a series of 

seven symmetrical mazes (Gaulin et al. 1990), thus spatial abilities probably do not 

account for species differences in males seen during the EPM test.   
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It is important to note that voles are wild animals, whereas mice and rats are 

laboratory bred.  Thus the EPM may not be suitable for testing anxiety in voles.  Wild 

male mice tested on the EPM explored the open arms of the maze more than laboratory 

Swiss mice demonstrating high reactivity (panic state) and escape behavior rather than 

low levels of anxiety (Holmes et al. 2000).  Like these wild mice, prairie voles jumped 

off of the maze in several cases as indicated by the significant increase in falls in prairie 

but not meadow voles, and alternatively this may relate to a panic-like state of anxiety.  

Male prairie and meadow vole may have different coping strategies when placed on the 

EPM. 

A clear species difference was found in the level of circulating CORT: prairie voles 

had a significantly higher level of plasma CORT than meadow voles, further supporting 

the notion that the prairie vole is a CORT resistant animal (Taymans et al. 1997; Hastings 

et al. 1999).  In experiment 1, corticosterone was elevated, though not significantly, 

following exposure to the EPM in the male prairie vole.  Prairie vole CORT remained 

increased by approximately 25% 2 hrs after the EPM test, and a time course experiment 

established that a 2-fold increase in corticosterone occurred 20 min after completion of 

the EPM test, as has also been seen in rats following a stressor (Hennessy and Levine 

1979).  Also in rats, either confinement to or voluntarily increasing time in the open arms 

of the EPM increases plasma CORT significantly more than closed arm activity (Pellow 

et al. 1985).  Prairie voles spent a significantly greater amount of time in the open arms 

than did meadow voles, and this may account for the lingering increase in the plasma 

CORT found in this species 2 hrs post EPM test.  Alternatively, because prairie voles are 

a glucocorticoid resistant species, this increase in CORT may not indicate an increased 

stress level, but may more closely relate to arousal.  Meadow voles did not show an 

increase in CORT at 2 hrs post EPM test; however, an increase in CORT may have 

occurred earlier without being detected.  

In the present study, Fos immunoreactivity was used as a marker of neuronal 

activation.  In general, the EPM test by itself did not increase Fos significantly in any of 

the brain regions examined in either species.  This is in direct contrast to what has been 

shown in rats under similar conditions on the EPM (Silveira et al. 1993; Duncan et al. 

1996).  In the 1
st
 experiment, however, control animals were manipulated as they were 
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picked up twice and placed into a clean cage alone.  In the second experiment, animals in 

the control group were not handled, and consequently had much lower levels of neuronal 

activation than handled controls in the 1
st
 experiment.  Thus handling and being placed in 

a new cage may itself cause an increase in neuronal activation (Briski and Gillen 2001).  

 

Effects of social isolation on behavior, CORT, and neuronal activation 

 

In the present study, social isolation influenced the behavior of prairie voles without 

significantly altering the behavior of meadow voles.  Social isolation had a biphasic 

effect on EPM behavior in the prairie vole; following 24 hrs of isolation, there was a 

slight decrease in the number of open arm entries that did not reach significance, whereas 

there was a significant increase in the number of open arm entries following 2 wks of 

isolation.  Social isolation is viewed as a stressor in prairie voles, but not in meadow 

voles as prairie vole pups demonstrated an increase in glucocorticoids and in ultrasonic 

vocalizations, whereas montane vole pups, which are similar to meadow voles in social 

behavior, do not (Shapiro and Insel 1990).  Acute and chronic social isolation influenced 

EPM behavior differently in male prairie voles, but no differences were seen in serum 

CORT 2 hrs post EPM test.  

When prairie voles were isolated for 24 hrs without exposure to the EPM, there was 

a significant decrease in plasma CORT, whereas following 2 wks of social isolation, 

plasma CORT levels were slightly elevated but did not differ from controls.  In contrast, 

adult female prairie voles demonstrate increased levels of CORT following 24 hrs of 

social isolation (Kim and Kirkpatrick 1996).  This finding is of particular interest as 

CORT levels have also been shown to differentially influence partner preference 

formation in male and female prairie voles (De Vries et al. 1996).  Following 24 hrs of 

social isolation, prairie voles demonstrated a non-significant decrease in the number of 

open arms entries on the EPM, while there was an increase in open arm entries following 

2 wks of social isolation.  The biphasic effect of isolation on EPM behavior may be 

related to the biphasic difference in CORT levels following either 24 hrs or 2 wks of 

isolation. 
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Social isolation at either time point significantly altered Fos expression in several 

brain regions of both species following the EPM test despite a lack of difference in the 

behavior of the meadow vole.  Social isolation coupled with the EPM test, either acute or 

chronic, significantly increased Fos staining in the MPOA and VMH of prairie voles, 

while Fos-ir labeling was increased in the VMH, meA, and LS of meadow voles.  

Additionally there were stimulus specific effects seen.  24 hrs of social isolation 

increased Fos-ir in the CING of both prairie and meadow voles, and in the ACo and Ant. 

HYP of meadow voles, while 2 wks of social isolation increased Fos staining in the meA 

of prairie voles following the EPM test (Figure 4). Data for the meadow voles were 

somewhat difficult because stained cell counts were so low in all regions examined.  

Thus while social isolation significantly increased Fos activation in the VMH, meA, 

CING and LS in meadow voles, these numbers were still extremely low. 

Based on data from experiment 1, it was important to examine how social isolation 

alone may influence physiological and neuronal activity in the prairie vole.  Results from 

experiment 2 indicated that 24 hr social isolation by itself increased neuronal activation 

in the MPOA, VMH and Ant. HYP, whereas there was a decrease in neuronal activation 

in the LS following 2 wks of social isolation in male prairie voles (Table 3).  The MPOA 

and ant. HYP project directly to the PVN and may regulate CORT secretion following 

acute stress; these regions have also demonstrated significant Fos staining following 

acute stress in rats (Feldman et al. 1990; Cullinan et al. 1995; Cullinan et al. 1996; 

Emmert and Herman 1999). 

Based on the data obtained from experiments 1 and 2, isolation alone may have 

increased the basal level of brain activation in the MPOA in prairie voles.  There was also 

an increase in Fos staining in the VMH following 24 hrs of social isolation alone, and 

thus the significantly increased number of Fos labeled cells in the VMH following 24 hr 

social isolation may in part be due to increased basal brain activity following acute 

isolation experience.  Thus basal activity levels in the MPOA, VMH, and ant. HYP of 

prairie voles isolated for 24 hrs may contribute to the increase in Fos-ir cells seen 

following the EPM test.   It does not appear that the increase in Fos-ir seen following 24 

hr social isolation and the EPM test is attributable to increased basal activity in the CING.   
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The increases in c-fos seen in the VMH and meA of prairie voles following 2 wks 

of social isolation and the EPM test are not attributable to basal levels of Fos elevation 

due to social isolation alone.  Instead social isolation experience may increase tissue 

responsiveness to the EPM test.  Neuronal activation in the MeA, but not the CeA, has 

been associated with the emotional components of a stressor as well as in processing 

social cues and in the regulation of motor responses (Baum and Everitt 1992; Kollack-

Walker and Newman 1995; Heeb and Yahr 1996; Wang et al. 1997; Dayas et al. 1999).  

Previous data in rodents supports the current finding that exposure to the EPM increases 

MeA but not CeA Fos-ir.  It is interesting that the MeA of meadow voles was activated 

following social isolation experience, but that only 2 wks of social isolation significantly 

increased Fos-ir in the MeA of prairie voles.  The lack of novel social cues presented in 

experiment 2 may have prevented neuronal activation in the meA.  Alternatively, prairie 

voles may have adapted to the social isolation condition by either 24 hrs or 2 wks.  

Interestingly, 2 wks of social isolation lowered the basal neuronal activation in the 

LS of prairie voles compared to controls or those that were isolated for 24 hrs.  Though 

there was an increase in neuronal activation in the LS following the EPM and the EPM 

with social isolation, this increase did not reach significance in the prairie voles as it did 

in meadow voles.  Fos activation was only measured in the intermediate LS, and other 

regions of the LS may have had different levels of neuronal activation.  Furthermore, it 

has been hypothesized that Fos expression reveals a pattern of neuronal activation 

following an acute stressor, but that reductions in Fos expression following chronic stress 

may reflect an adaptive process (Stamp and Herbert 2001).  As the LS is known to be 

involved in the integration of stress information, it is possible that this significant 

decrease in neuronal activation may reflect an adaptation to the stressor. 

It should be noted that the results from Fos-ir staining are not conclusive.  Data 

collected here indicate that prairie voles had much greater levels of Fos-ir than meadow 

voles under all conditions.  Species differences in the binding affinity of the antibody 

and/or tissue responsiveness to the antibody may be the reason for this.  Neurons 

involved in processing this type of multi-modal stimuli may express other immediate 

early gene products that were not examined in the present study (Hoffman, Smith et al. 

1993).  While prairie and meadow voles are taxonomically very similar, different 
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immediate early gene products could be expressed following exposure to the EPM.  

Additionally, while increased Fos-ir staining may indicate regional neuronal activation, 

the physiological significance of Fos-ir induction must be determined through other 

techniques in the future. 

 

Summary 

 

We have shown that prairie and meadow voles differ dramatically in behavior on 

the EPM in that prairie voles had a greater number of open arm and total entries than 

meadow voles.  Social isolation experience further enhanced the behavioral differences 

seen in prairie and meadow voles as 2 wks of social isolation increased the number of 

open and total arm entries in prairie voles but had no effect on meadow voles.  Prairie 

voles demonstrated the greatest increase in plasma CORT at 20 mins post EPM test, but 

at 2 hrs post EPM test, CORT levels were not significantly detected in prairie or meadow 

voles.  Because prairie voles demonstrated changes in CORT levels that would reflect 

anxiety in laboratory rodents, but their behavioral profile indicated less anxiety, it is 

hypothesized that the EPM test may not be a suitable measure of anxiety in this 

glucocorticoid resistant species.  Additionally, the differences in behavior on the EPM are 

not directly correlated with increased neuronal activation in select brain regions.  The 

behavioral differences may instead be attributable to different patterns of activation 

between the 2 species.  Social isolation coupled with the EPM test evoked an enhanced 

neuronal response in many brain regions in both prairie and meadow voles.  In certain 

brain areas such as the MPOA, VMH and Ant. HYP, social isolation alone increased 

basal brain activity in prairie voles.  Further study is needed to better understand neuronal 

activation as measured by c-fos in meadow voles.  Taken together, these data suggest that 

social isolation influences the behavior of prairie voles on the EPM, and may 

differentially influence neuronal activation in male prairie and meadow voles. 
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