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Summary
Positive social interactions and social support may protect against various forms of mental and
physical illness, although the mechanisms for these effects are not well identified. The socially
monogamous prairie vole, which – like humans – forms social bonds and displays high levels of
parasympathetic activity, has provided a useful model for investigating neurobiological systems that
mediate the consequences of sociality. In the present study, adult female prairie voles were exposed
to social isolation or continued pairing with a female sibling (control conditions) for 4 weeks. During
weeks 3 and 4 of this period, animals were administered oxytocin (20µg/50µl, SC) or saline vehicle
(50µl, SC) daily for a total of 14 days. In Experiment 1 autonomic parameters were recorded during
and following isolation or pairing. Isolation (vs. pairing) significantly increased basal heart rate (HR)
and reduced HR variability and vagal regulation of the heart; these changes in isolated animals were
prevented with oxytocin administration. In Experiment 2 behaviors relevant to depression [sucrose
intake and swimming in the forced swim test (FST)] were measured as a function of isolation.
Isolation reduced sucrose intake and increased immobility in the FST; these behaviors also were
prevented by oxytocin. Administration of oxytocin did not significantly alter cardiac, autonomic or
behavioral responses of paired animals. These findings support the hypothesis that oxytocinergic
mechanisms can protect against behavioral and cardiac dysfunction in response to chronic social
stressors, and can provide insight into social influences on behavior and autonomic function in
humans.
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Introduction
The absence of positive social interactions and social support can contribute to alterations in
behavior and physiology, including both negative mood states and cardiovascular dysfunction
(Knox and Uvnäs-Moberg, 1998; Kiecolt-Glaser and Newton, 2001; Krantz and McCeney,
2002; Cacioppo et al., 2002). For instance, in humans perceived loneliness is associated with
symptoms of depression and increased cardiovascular reactivity during exposure to a mental
stressor (Steptoe et al., 2004). Maladaptive grief, affective disorders and autonomic
dysfunction have been associated with the disruption of social bonds or perceived loneliness
in humans (Prigerson et al., 1994; Cacioppo et al., 2002; Berkman et al., 2004). Social stressors
also produce behavioral alterations and autonomic and cardiac dysfunction in non-human
animals, using operational dependent measures that have been validated in rodents (Grippo et
al., 2007b; 2007d; 2008). These data suggest that social stressors and the lack of positive social
interactions significantly influence behavior and physiology in both humans and non-human
animals. However, the mechanisms linking the absence of social interactions to mental and
cardiovascular health remain to be described. Of particular interest in understanding the
consequences of social stressors are neuroendocrine systems that regulate social bonding,
mental health and autonomic function.

The mammalian neuropeptide, oxytocin, is highly sensitive to the social environment, and
regulates behavior (including affective behaviors) and autonomic function (Uvnäs-Moberg,
1998; Carter, 2003; Michelini et al., 2003). However, the specific functions of oxytocin in the
context of various social and environmental experiences are not well understood. Oxytocin has
been shown to be released in specific central nervous system regions and in the circulation
during positive social experiences, and has been suggested to facilitate positive social
interactions including social memory, pair bonding, and parental behavior (Carter, 1998; Cho
et al., 1999; Ferguson et al., 2000; 2001; Carter, 2003; Young and Wang, 2004). For instance,
intracerebroventricular (ICV) administration of oxytocin (and also arginine vasopressin) led
to increased positive social contact and an increased preference for a familiar social partner in
both female and male prairie voles; these effects were blocked with pretreatment of either an
oxytocin receptor antagonist or a vasopressin V1a receptor antagonist, suggesting that these
related peptides may facilitate positive social behaviors if either the oxytocin or vasopressin
receptor is available (Cho et al., 1999).

However, increased levels of oxytocin both in the central and peripheral nervous system also
have been associated with stressful events in humans and rodents (Gibbs, 1984; Nishioka et
al., 1998; Taylor et al., 2006; Grippo et al., 2007b). For example, higher plasma levels of
oxytocin in women were correlated with “gaps in social relationships,” lower overall quality
of social interactions, and absence of positive relations with partners (Taylor et al., 2006).
Several animal studies have shown related increases in endogenous oxytocin to stressful events.
For example, oxytocin (but not vasopressin) was shown to be released specifically in the
hypothalamic paraventricular nucleus (shown via microdialysis) and in the plasma during an
acute shaker stress paradigm (10 minutes) in male rats (Nishioka et al., 1998). Similarly,
oxytocin levels were increased both in the hypothalamic paraventricular nucleus (shown via
immunohistochemical staining) and in the plasma following prolonged (4 weeks) social
isolation versus pairing with a sibling in female prairie voles (Grippo et al., 2007b). Also, in
prairie voles intense acute stressors, including the resident-intruder paradigm (Grippo et al.,
2007a; 2007b) and restraint (Pournajafi and Carter, unpublished observations), were associated
with increases in plasma oxytocin. Finally, mice that are genetically deficient for oxytocin or
its receptor have been shown to be highly reactive to psychogenic stressors such as shaker
stress or restraint, although they continue to show normal reactions to physical stressors such
as insulin-induced hypoglycemia (Mantella et al., 2004; Takayanagi et al., 2005).
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These and other studies suggest that oxytocin is a component of an endogenous system with
the capacity to buffer against both physical and emotional stressors (Uvnäs-Moberg, 1998;
Carter, 1998; Neumann et al., 2000; Heinrichs et al., 2003). This system, regulated in part by
oxytocin, appears to coordinate adaptive endocrine and autonomic reactions to stressors,
possibly by upregulating parasympathetic and/or reducing sympathoadrenal responses (see for
instance Porges, 1998; 2001; 2007).

Studies that focus on the consequences of social stressors and the role of peptides using valid
and relevant animal models will promote a greater understanding of the social factors that
contribute to behavioral and autonomic dysregulation. The socially monogamous prairie vole
is a rodent species that exhibits social behaviors that parallel those observed in humans,
including an active engagement in and reliance on the social environment, living in pairs or
family groups, and displaying bi-parental care of offspring (Carter et al., 1995; Getz and Carter,
1996; Carter and Keverne, 2002). The behavioral, autonomic, and cardiac consequences of
negative social stressors in this species are only recently being investigated. Prairie voles are
highly sensitive to social isolation from either a same-sex sibling or an opposite-sex partner;
following short- or long-term isolation prairie voles show alterations in behaviors that may be
relevant to depression, including immobility in a forced swim test (FST) and reduced
responsiveness to a rewarding stimulus (Grippo et al., 2008; Bosch et al., 2008). Research from
our laboratories also demonstrates that long-term social isolation in prairie voles (versus pairing
with a sibling of the same sex) produces several autonomic and cardiac disruptions indicative
of potential cardiovascular pathophysiology, including increased resting heart rate (HR),
reduced HR variability, increased cardiac responsiveness to acute stressors, disrupted
sympathovagal balance, and increased heart weight (Grippo et al., 2007d).

Given the utility of the prairie vole model for experimental investigations of behavioral and
physiological responses to social experiences, the present study was designed to investigate
the effects of exogenously administered oxytocin in mediating behavioral, autonomic, and
cardiac responses in female prairie voles exposed to long-term social isolation. The present
study builds upon previous research showing that female prairie voles are especially sensitive
to social isolation (Grippo et al., 2007b; 2007d; 2008), and that oxytocin may be of particular
importance in regulating behavioral and physiological responses to stressors (Uvnäs-Moberg,
1998; Carter, 1998; Neumann et al., 2000; Heinrichs et al., 2003; Grippo et al., 2007b). We
conducted two parallel experiments to investigate the hypothesis that negative autonomic
(Experiment 1) and behavioral (Experiment 2) consequences, which typically follow 2–4
weeks of social isolation in adult, female prairie voles, would be prevented by long-term
peripheral administration of exogenous oxytocin.

Methods
Animals

Female prairie voles (Microtus ochrogaster) – 60–90 days of age, 35–55 grams in weight,
descendants of a wild stock caught near Champaign, Illinois – were maintained on a 14/10h
light/dark cycle (lights on at 0630h), with a temperature of 25±1°C and relative humidity of
21±4g/m3. Food (Purina rabbit chow) and water were available ad libitum unless otherwise
specified. Offspring were removed from breeding pairs at 21 days of age and housed in same-
sex sibling pairs; only one sibling from each pair was used for the experimental procedures
described here. All procedures were conducted according to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and approved by the University of Illinois
at Chicago Institutional Animal Care and Use Committee.

Females were chosen for these experiments for several reasons. First, female prairie voles may
be especially sensitive to the effects of social stressors (see for instance Cushing and Carter,
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2000; Grippo et al., 2007a). Second, the use of females allows for direct comparisons with
previous experiments conducted by our laboratory that involved manipulation of the social
environment (Grippo et al., 2007a; 2007d; 2008). Third, female prairie voles do not show a
spontaneous puberty or estrous cycle; the ovaries remain inactive until the female has physical
contact with a male, allowing for the use of reproductively intact animals without the need for
artificially controlling the estrous cycle (Carter et al., 1987). Finally female rodents are an
understudied group both in behavioral and physiological investigations relating to mood and
cardiovascular disorders (see discussion in Konkle et al., 2003).

Experimental Design
The present study design consisted of two experiments. Experiment 1 (n=26) focused on
cardiac and autonomic measures and Experiment 2 (n=31) focused on behavioral measures, in
female prairie voles exposed to either social isolation or control conditions (continual pairing
with a female sibling) for a total of 4 weeks, and administered either oxytocin or saline vehicle
during weeks 3 and 4 of this period. The timeline of procedures is displayed in Table 1 and
Table 2; specific experimental procedures are described in the following sections.

Long-term isolation from a same-sex sibling was used here for the following reasons. First,
these experiments are part of a series of studies investigating the effects of the disruption of
established social bonds on a variety of behavioral, autonomic, and cardiac parameters. Thus
it was possible to compare directly the current results with those from previous protocols (see
for instance Grippo et al., 2007d). Second, the present design permits the investigation of the
consequences of long-term social stressors, which may involve chronic alterations in behavior
as well as autonomic and cardiovascular function.

EXPERIMENT 1, SPECIFIC METHODS
Telemetric Transmitter Implantation

Wireless radiofrequency transmitters [Data Sciences International (DSI), St. Paul, MN] were
implanted for long-term electrocardiogram (ECG) recordings using procedures similar to those
described previously (Sgoifo et al., 1996). Transmitters were implanted intraperitoneally under
aseptic conditions in anesthetized (ketamine 67mg/kg, SC; xylazine 13.33mg/kg, SC; NLS
Animal Health, Owings Mills, MD) animals. Animals were placed under a warming lamp, and
the surgical area was shaved and cleaned. Small rostral-to-caudal skin and muscle incisions
were made on the ventral surface of the body. The transmitter was inserted into the abdominal
cavity, and sutured to the muscle while the muscle was sutured closed. The leads were directed
rostrally using a trochar and sleeve, and anchored in place with permanent sutures (DII
placement). Skin incisions were sutured closed, and subcutaneous fluids were administered as
necessary. All animals were housed for 5 days in custom-designed divided cages (see Grippo
et al., 2007c) to permit adequate healing of suture wounds in the instrumented animal. Animals
were then returned to the standard home cages (with the sibling) for an additional 5–7 days
before the onset of experimentation.

Radiotelemetric Recordings
ECG and activity signals were recorded with a radiotelemetry receiver (DSI; sampling rate 5
kHz for ECG and 256 Hz for activity, 12-bit precision digitizing). These parameters were
recorded continuously during an undisturbed baseline period (3–5 days) and throughout all
experimental procedures.

Social Isolation
Following surgical recovery and collection of undisturbed baseline data, animals were
randomly divided into paired (control; n=13) or isolated (n=13) conditions. Isolated animals
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were separated from the sibling and housed individually (without sensory cues from the sibling)
for 4 weeks; paired animals were continually housed with the siblings during this period.
Handling, cage changing and measuring of body weight were matched between the groups.

Oxytocin Administration
During weeks 3 and 4 of the isolation/pairing period, animals received a daily subcutaneous
injection of either oxytocin (20µ/50µl/vole; n=6 paired, n=6 isolated) or sterile saline vehicle
(50µl/vole; n=7 paired, n=7 isolated). This dose was selected based on prior evidence that it
would increase positive social behaviors in adult prairie voles (Cushing and Carter, 2000).
Injections were given during the light period between 0900h and 1100h, in a counterbalanced
fashion. Each animal received a total of 14 injections.

Pharmacological Autonomic Blockade
Following 4 weeks of isolation or pairing, HR was measured under the following conditions:
β-adrenergic receptor blockade (atenolol, 8mg/kg, IP; Sigma-Aldrich, St. Louis, MO);
cholinergic receptor blockade [atropine methyl nitrate (atropine), 4mg/kg, IP; Sigma-Aldrich];
and dual blockade (both drugs), using procedures described previously (Grippo et al., 2007d).
These doses were chosen for their ability to completely block the respective autonomic inputs
to the heart according to previously published results from voles (Ishii et al., 1996; Grippo et
al., 2007c; 2007d) and preliminary analyses conducted by our laboratory. Drugs were
administered in a counterbalanced fashion over a 6-day period (48 hours between each drug
administration).

Heart and Body Weight
Body weight was recorded prior to the onset of experimentation (baseline) and following 2 and
4 weeks of social isolation/pairing. At the conclusion of the study, each animal was euthanized
with an overdose of ketamine (67mg/kg, SC) and xylazine (13.33mg/kg, SC). The heart was
removed and weighed.

Quantification of Radiotelemetric Recordings
Quantification of Telemetric Variables—Quantification of telemetric variables was
conducted according to procedures described previously (Grippo et al., 2007c; 2007d).
Multiple segments of 1–5 minutes of stable, continuous raw ECG and locomotor activity data
were used to evaluate HR, HR variability and activity. Data segments were matched across
subjects and time points, and were used to calculate all cardiac and activity variables.

Resting Cardiac Parameters—Because activity in prairie voles occurs in short bouts
throughout the light and dark periods (Grippo et al., 2007c), resting cardiac parameters were
derived from ECG data sampled during a period of at least 1 hour of minimal activity [5 counts/
minute (cpm) or lower], and included the average of 2–5 minute intervals of continuous ECG
data collected every 30–60 minutes (4–15 minutes of accumulated data from each animal).

HR was evaluated using vendor software (DSI, St. Paul, MN), and R-wave detections were
verified with a custom-designed software package. The R-R intervals were analyzed for
variations (HR variability) using a custom-designed software package, and included standard
deviation of all R-R (normal-to-normal; N-N) intervals [SDNN index (Task Force of the
European Society of Cardiology and North American Society of Pacing and Electrophysiology,
1996)] and amplitude of respiratory sinus arrhythmia [RSA (see Porges, 2007)].

RSA was assessed using a modification of procedures described elsewhere (Yongue et al.,
1982; Grippo et al., 2007c), which have been validated in prairie voles and other species
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(Porges et al., 1982; Grippo et al., 2007c). The ECG signal was exported into a data file and
examined using a custom-designed software package to ensure that all R waves were properly
detected. The R-R intervals were resampled at 20 Hz and, to comply with the assumption of
stationarity, detrended with a 21-point cubic moving polynomial to remove low frequency
(trend) components below 0.5 Hz. The residuals of this procedure were free of aperiodic and
slow periodic processes that may have violated the assumption of stationarity. A bandpass filter
was applied to define RSA by extracting only the variance in the HR spectrum between the
frequencies of 1–4 Hz. This frequency range has been associated with spontaneous breathing
in the vole, and has been confirmed by preliminary analyses (see Grippo et al., 2007c).

Social Isolation and Oxytocin Administration—ECG and activity data were recorded
throughout the period of social isolation or pairing and oxytocin or vehicle administration.
Resting parameters of HR, SDNN index, and RSA were calculated using the same manner as
described above in “Resting Cardiac Parameters.”

Autonomic Blockade—The peak HR response (beginning 30 minutes following each drug
injection) was evaluated using continuous ECG data according to procedures described
previously (Grippo et al., 2007c). Briefly, the data were manually examined to determine the
peak HR response during a window of 1 hour that included a stable ECG recording that was
not confounded by movement artifact (3–10 minutes of ECG data from each animal).

Data Analysis
All data are presented as means ± SEM for the indicated analyses, figures and tables. A
probability value of P<.05 was considered to be statistically significant. Periods of ECG
involving animal movement artifact were excluded from the analyses. For repeated measures,
data were analyzed with 3-factor mixed-design ANOVAs, with group (paired/isolated) and
peptide (oxytocin/vehicle) as independent variables and the following as repeated dependent
variables: HR; SDNN index; RSA amplitude; autonomic blockade agent; or body weight.
Description of the 3-factor ANOVA results includes significant main effects and 3-way
interactions. Heart-body weight ratios were analyzed with a 2-way independent groups
ANOVA, with group and peptide as independent variables. Multiple comparisons were
conducted using Tukey’s Honestly Significant Difference (HSD) or Student’s t-test with a
Bonferroni correction (hypothesis-driven, statistically justified comparisons).

EXPERIMENT 2, SPECIFIC METHODS
Social Isolation

As in Experiment 1, animals were randomly divided into paired (n=15) or isolated (n=16)
conditions for a total of 4 weeks. Isolation, pairing and handling procedures were identical to
those described in Experiment 1.

Oxytocin Administration
During weeks 3 and 4 of the isolation/pairing period, all animals received a daily injection of
oxytocin (n=8 paired, n=8 isolated) or sterile saline (n=7 paired, n=8 isolated) for a total of 14
days, using the same dose, route, time schedule and procedures as described in Experiment 1.

Fluid Intake
Intake of water and 2% sucrose were measured as an operational index of anhedonia (reduced
responsiveness to a previously-demonstrated pleasurable stimulus; the reduction of sucrose
intake and preference vs. control and baseline values) (Willner et al., 1987). This operational
index was chosen due to the clear and comprehensive demonstration of face, construct, and
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predictive validity of this test in rodents (Willner et al., 1987; 1992; Willner, 2005), and the
prior application of this test as an index of behavioral changes as a result of negative social
environmental manipulations in prairie voles (Grippo et al., 2007a; 2007b; 2007d; 2008).

Ad libitum 2% sucrose was available to all animals for 1 week prior to experimentation to allow
for adaptation to its taste. Fluid intake tests were conducted during the light period prior to
isolation/pairing (baseline) and following 4 weeks of this period, using procedures described
elsewhere (Grippo et al., 2007d). Briefly, food and water were removed from the cage for 16
hours prior to the test; animals were monitored visually periodically throughout this period to
ensure that no adverse effects were experienced. One hour prior to the test, all animals (paired
and isolated) were moved into clean, individual cages to ensure accurate fluid intake
measurements of paired animals; all animals were monitored visually during this period to
ensure that no adverse effects were experienced. Water and 2% sucrose were placed on the
cage in premeasured bottles, and fluid intake was monitored for 1 hour. Animals were returned
to the home cages immediately following the test.

Forced Swim Test
Investigation of swimming behavior in the FST was used as an index of learned helplessness
(e.g., “behavioral despair”). The FST was designed initially as a pharmacological model of
depression with predictive validity (see Porsolt et al., 1977), however, more recently the face
and construct validity of this test in rodents have been described (Willner, 1984; Cryan et al.,
2005). Following isolation/pairing (48 hours following the last fluid intake test), all animals
were exposed to the FST during the light period, over a 2-day period, using the modified FST
procedures described previously (Cryan et al., 2005; Grippo et al., 2008). A clear, cylindrical
Plexiglas tank (height 46 cm; diameter 20 cm) was filled to a depth of 18 cm with tap water
(23–25° C). Animals were placed individually into the tank for a total of 15 minutes (training
period; Day 1). Twenty-four hours later, animals were again placed into the tank for a total of
5 minutes (test period; Day 2). The tank was rinsed thoroughly and filled with clean water prior
to testing each animal. Each animal was placed under a warming lamp immediately following
the swim period, for a total of 15 minutes, and then was returned to the home cage.

Behaviors were recorded using a video camera, and defined as: swimming, movements of the
forelimbs and hindlimbs without breaking the surface of the water; struggling, forelimbs
breaking the surface of water; climbing, attempts to climb the walls of the tank; and immobility,
no limb or body movements (floating) or using limbs to keep afloat without corresponding
trunk movements. Struggling, climbing and swimming were summed to provide one index of
active coping behaviors; immobility was used as the operational index of learned helplessness
(Cryan et al., 2005).

Data Analysis
As in Experiment 1, data are presented as means ± SEM, and a probability value of P<.05 was
considered to be statistically significant. Repeated measures were analyzed with 3-factor
mixed-design ANOVAs, with group (paired/isolated) and peptide (oxytocin/vehicle) as
independent variables and the following as repeated dependent variables: body weight; sucrose
intake; water intake; or sucrose preference [%preference=(sucrose intake/total fluid intake)
×100]. Swimming behaviors were scored by 3 independent, experimentally-blind raters, and
the results averaged; these results were compared using a 2-way independent groups ANOVA
with group and peptide as independent variables. Multiple comparisons were conducted as
described in Experiment 1.
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Results
EXPERIMENT 1

Resting Cardiac Parameters—The following group names are used herein: Paired
+Vehicle (V), Paired+Oxytocin (OT), Isolated+V, and Isolated+OT. Isolation significantly
increased resting HR and reduced HR variability (both SDNN index and RSA amplitude)
relative to control conditions; these changes were prevented by oxytocin administration (Fig.
1).

The ANOVA for resting HR yielded a 3-way interaction among time x group x peptide [F
(1,22)=8.30, P<.05]; and main effects of group [F(1,22)=8.72, P<.05] and peptide [F(1,22)
=9.90, P<.05]. No significant differences in HR were found among the 4 groups at baseline
(P>.05 for all comparisons); following 4 weeks of social isolation/pairing, the Isolated+V group
displayed a higher HR relative to its respective baseline value, the Isolated+OT group, and the
two paired groups (P<.05 for all comparisons). In contrast to the increased HR in the Isolated
+V group, no significant differences in HR were found among the Paired+V, Paired+OT, and
Isolated+OT groups following 4 weeks of isolation/pairing (P>.05 for all comparisons).

The ANOVA for resting SDNN index yielded a 3-way interaction among time x group x drug
[F(1,22)=8.99, P<.05]; and a main effect of peptide [F(1,22)=4.90, P<.05]. No significant
differences in SDNN index were found among the 4 groups at baseline (P>.05 for all
comparisons); following 4 weeks of social isolation/pairing, the Isolated+V group displayed
a significantly lower SDNN index vs. its respective baseline value, the Isolated+OT group,
and the two paired groups (P<.05 for all comparisons). In contrast to the reduced SDNN index
in the Isolated+V group, no significant differences in SDNN index were found among the
Paired+V, Paired+OT, and Isolated+OT groups following 4 weeks of isolation/pairing (P>.05
for all comparisons).

The ANOVA for resting RSA amplitude yielded a 3-way interaction among time x group x
drug [F(1,22)=3.75, P<.05]; and main effects of group [F(1,22)=6.08, P<.05], peptide [F(1,22)
=11.38, P<.05], and time [F(1,22)=8.11, P<.05]. No significant differences in RSA amplitude
were observed among the 4 groups at baseline (P>.05 for all comparisons); following 4 weeks
of social isolation/pairing, the Isolated+V group displayed a lower RSA amplitude vs. its
respective baseline value, the Isolated+OT group, and the two paired groups (P<.05 for all
comparisons). In contrast to the reduced RSA amplitude in the Isolated+V group, no significant
differences in RSA amplitude were found among the Paired+V, Paired+OT, and Isolated+OT
groups following 4 weeks of isolation/pairing (P>.05 for all comparisons).

Selective Pharmacological Autonomic Blockade—Isolation significantly reduced
vagal control of the heart relative to paired conditions, shown by an attenuated HR response
following atropine administration. Oxytocin prevented this change (Fig. 2). Isolation was not
associated with an alteration of sympathetic control of the heart nor was it associated with a
change in HR following combined atropine and atenolol administration; oxytocin also had no
effect on the HR responses to these pharmacological agents (data not shown).

The ANOVA for autonomic blockade yielded a 3-way interaction among autonomic blockade
agent x group x peptide [F(2,22)=5.45, P<.05]; and a main effect of autonomic blockade agent
[F(2,22)=548.75, P<.05]. No significant differences in HR were observed among the 4 groups
following atenolol administration or following a combination of atropine and atenolol (P>.05
for all comparisons). However, the HR of the Isolated+V group following atropine
administration was significantly attenuated vs. the Isolated+OT group and the two paired
groups (P<.05 for all comparisons), suggesting an alteration of vagal regulation of the heart in
the Isolated+V group. In contrast to the attenuated HR response following atropine
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administration in the Isolated+V group, no significant differences in HR were found among
the Paired+V, Paired+OT, and Isolated+OT group following atropine administration (P>.05
for all comparisons).

Body and Heart Weights—Neither isolation (vs. pairing) nor oxytocin (vs. vehicle)
significantly affected body weight. Isolation was associated with an increase in heart-body
weight ratio; however, oxytocin did not significantly affect this variable (Table 3).

The ANOVA for body weight yielded a main effect of time [F(1,22)=11.23, P<.05]; the body
weights (exclusive of the transmitter weights) of all groups were slightly higher at the end of
the experiment vs. the respective baseline weights. The ANOVA yielded no other significant
effects; no follow-up analyses were conducted.

The ANOVA for heart-body weight ratio yielded a main effect of group [F(1,22)=13.17, P<.
05]; both isolated groups had slightly higher heart-body weight ratios than both paired groups.
The ANOVA yielded no other significant effects; no follow-up analyses were conducted.

EXPERIMENT 2
Fluid Intake and Body Weight—Isolation significantly reduced sucrose intake and sucrose
preference; oxytocin administration prevented these changes (Fig. 3). Neither isolation (vs.
pairing) nor oxytocin (vs. vehicle) affected body weight (Table 2).

The ANOVA for water intake yielded a main effect of drug [F(1,27)=4.43, P<.05], due to a
slightly higher intake of water in the two vehicle groups vs. the two oxytocin groups at both
time points. Statistically justified follow-up analyses, however, did not yield a significant
differences in water intake between the vehicle and oxytocin groups (P>.05). No other
significant effects were found.

The ANOVA for sucrose intake yielded a 3-way interaction among time x group x drug [F
(1,27)=7.68, P<.05]; and main effects of group [F(1,27)=4.38, P<.05] and time [F(1,27)=51.19,
P<.05]. No significant differences in sucrose intake were observed among the 4 groups at
baseline (P>.05 for all comparisons); following 4 weeks of social isolation/pairing, the Isolated
+V group displayed a significant reduction in sucrose intake vs. its respective baseline intake,
the Isolated+OT group, and the two paired groups (P<.05 for all comparisons). In contrast to
the reduction in sucrose intake in the Isolated+V group, no significant differences in sucrose
intake were found among the Paired+V, Paired+OT, and Isolated+OT groups following 4
weeks of isolation/pairing (P > .05 for all comparisons).

The ANOVA for sucrose preference yielded a 3-way interaction among time x group x drug
[F(1,27)=4.11, P=.05]; and main effects of drug [F(1,27)=6.45, P<.05] and time [F(1,27)
=11.40, P<.05]. No significant differences in sucrose preference were observed among the 4
groups at baseline (P>.05 for all comparisons); following 4 weeks of social isolation/pairing,
the Isolated+V displayed a significant reduction in sucrose preference vs. its respective baseline
preference, the Isolated+OT group, and the two paired groups (P<.05 for all comparisons). In
contrast to the reduction in sucrose preference in the Isolated+V group, no significant
differences in sucrose preference were found among the Paired+V, Paired+OT, and Isolated
+OT groups following 4 weeks of isolation/pairing (P>.05 for all comparisons).

The ANOVA for body weight yielded no significant effects; no follow-up analyses were
performed.

Forced Swim Test—Isolation did not significantly alter FST behaviors during the training
period (Day 1; data not shown), but led to a significant increase in immobility and a decrease
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in active coping behaviors during the test period (Day 2). Oxytocin prevented these changes
(Fig. 4).

The ANOVA for immobility during the test period yielded a group x peptide interaction [F
(1,27)=4.16, P<.05]; and main effects of group [F(1,27)=8.09, P<.05] and peptide [F(1,27)
=5.80, P<.05]. The Isolated+V group displayed increased immobility vs. the Isolated+OT
group [t(13)=2.38, P<.05] and the two paired groups [t(13)=2.94, P<.05 and t(13)=2.70, P<.
05 vs. Paired+OT and Paired+V groups, respectively]. In contrast to the increased immobility
in the Isolated+V group, no significant differences in immobility were observed among the
Paired+V, Paired +OT, and Isolated+OT groups during the FST (P>.05 for all comparisons).

The ANOVA for active coping behaviors during the test period yielded a group x peptide
interaction [F(1,27)=4.17, P<.05]; and main effects of group [F(1,27)=8.10, P<.05] and peptide
[F(1,27)=5.78, P<.05]. The Isolated+V group displayed decreased active coping behaviors vs.
the Isolated+OT group [t(13)=2.37, P<.05] and the two paired groups [t(13)=2.93, P<.05 and
t(13)=2.69, P<.05 vs. Paired+OT and Paired+V groups, respectively]. In contrast to the
decrease in active coping behaviors in the Isolated+V group, no significant differences in active
coping behaviors were observed among the Paired+V, Paired +OT, and Isolated+OT groups
during the FST (P>.05 for all comparisons).

Discussion
Previous research in humans and prairie voles suggests that long-term social stressors, such as
social isolation, produce behavioral changes, some of which may be relevant to depression, as
well as autonomic dysfunction indicative of potential cardiac pathophysiology (Kiecolt-Glaser
and Newton, 2001; Krantz and McCeney, 2002; Cacioppo et al., 2002; Grippo et al., 2007d;
2008). Further, the oxytocinergic system may be activated under certain stressful conditions
(e.g., during long-term isolation), possibly in an attempt to compensate for altered
neuroendocrine and autonomic regulation as a result of disrupted social bonds. This theory,
along with previous data suggesting that oxytocin buffers behavioral and physiological
responses to various stressors (Legros et al., 1987; Windle et al., 1997; Carter, 1998; Neumann,
2002; Heinrichs et al., 2003; Heinrichs and Domes, 2008), led us to investigate the effects of
exogenously administered oxytocin on the behavioral and autonomic consequences of social
isolation in the prairie vole model. The present findings indicate that long-term peripheral
administration of oxytocin can prevent detrimental behavioral and physiological consequences
of social isolation in female prairie voles, including behaviors that have been described as
operational indices relevant to depression in rodents (reduced sucrose consumption, immobility
in a FST), cardiac disturbances (increased HR, reduced HR variability) and autonomic
imbalance (withdrawal of vagal regulation of the heart). The present findings extend previous
research showing that oxytocin can have antidepressant properties (Arletti and Bertolini,
1987) and may modulate behavioral responses to short-term separation (Insel and Wintink,
1991).

Specifically, 4 weeks of isolation induced behavioral changes in prairie voles, consistent with
previous studies that have employed short- or long-term separation paradigms in this species
(Bosch et al., 2008; Grippo et al., 2008). Anhedonia, the reduced responsiveness to pleasurable
stimuli that is often observed in human depression (Keller et al., 1995), was exhibited in isolated
prairie voles evidenced by a significant reduction in sucrose intake and preference. This
behavioral change represents a specific hedonic deficit, similar to previous reports from other
rodent species (Willner et al., 1996; Grippo et al., 2002; 2006). Water intake was unchanged
in isolated animals, indicating that social isolation does not produce a generalized deficit in
ingestive behavior, and the reduction in sucrose intake was not secondary to a reduction in
body weight. In addition to this behavioral index of anhedonia, isolation was associated with
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a behavioral index of learned helplessness, evidenced by a reduction in active coping behaviors
and an increase in immobility on Day 2 of the FST (but not during the training period on Day
1). This behavioral change in the isolated group, indexed by an increase in putative “helpless”
behavior in an operational test that has been described to possess face, construct, and predictive
validity (Porsolt et al., 1977; Willner, 1984; Cryan et al., 2005), is similar to previously
published data from isolated prairie voles (Grippo et al., 2008). In the present study, both
behavioral changes were prevented in isolated animals by the administration of oxytocin,
suggesting that administration of this peptide may protect against some of the negative
behavioral consequences of social isolation.

In addition to behavioral changes during operational tests of anhedonia and learned
helplessness, social isolation in prairie voles also produced cardiac and autonomic disruptions.
Isolation led to increased resting HR and reduced HR variability (both SDNN index and RSA
amplitude). Isolation also was associated with a specific withdrawal of vagal regulation of the
heart, shown by an attenuated HR response following atropine administration and a specific
reduction in RSA amplitude. Disruptions in autonomic function, manifest as increased HR or
reduced HR variability, have been described in humans with affective disorders and in an
animal model of depression (Pitzalis et al., 2001; Grippo et al., 2002). These disturbances also
are common in heart disease, predicting mortality in myocardial infarction and heart failure
(Ferrari et al., 2003; Guzzetti et al., 2005). Similar to the protective effect on behavioral
changes, oxytocin had a protective effect on resting cardiac parameters and the vagal influence
on cardiac function in isolated animals. However, while the functional physiological
consequences of social isolation were prevented by oxytocin administration, the structural
consequences were not. Isolation led to a significant increase in heart-body weight ratio (versus
pairing; main effect of group, irrespective of peptide administration), consistent with previous
findings from isolated prairie voles (Grippo et al., 2007d) and rodent models of heart disease
(Francis et al., 2001). This increased ratio may represent pathological structural changes such
as ventricular hypertrophy, or alternatively might be indicative of increased cardiac muscle
mass for non-pathological reasons.

The precise mechanisms through which oxytocin is protective against behavioral, autonomic
and cardiac responses to social isolation are yet to be elucidated. Importantly, oxytocin did not
produce any significant alterations in paired animals, suggesting that its protective effects in
the present paradigm were not a function of generalized down-regulation of behavioral or
autonomic processes. Rather, the effects of oxytocin were specifically apparent under
conditions of chronic stress (e.g., long-term social isolation). A role for oxytocin in the
protective effects of social experiences has been suggested by studies in several species (Carter,
1998; Neumann et al., 2000; Heinrichs et al., 2003; DeVries and Panzica, 2006). Evidence
from rats indicates that oxytocin receptor binding is increased in the hippocampus by various
stressful experiences, including a single prolonged stressor as well as a series of repeated,
unpredictable stressors (Liberzon and Young, 1997). Also, exogenous oxytocin down-
regulates hypothalamic-pituitary-adrenal axis activity, shown by reductions in circulating
cortisol in humans following a psychosocial stressor (Trier Social Stress Task) (Heinrichs et
al., 2003). Some of the effects seen here may be secondary to these central or peripheral
changes.

The behavioral and cardiovascular alterations shown here may reflect actions of oxytocin at
several sites in the central or peripheral nervous system. Receptors for oxytocin have been
identified in nuclei that regulate parasympathetic functions, including dorsal motor nucleus of
the vagus, nucleus ambiguus and nucleus tractus solitarius (NTS) (see Higa et al., 2002).
Oxytocin receptors also have been identified in cardiac tissue (Jankowski et al., 2004); this is
a possible site of action for oxytocin’s beneficial effects on cardiac function in the present
study, as this peptide was administered peripherally. However, oxytocin likely produces central
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changes that affect downstream processes such as autonomic outflow and behavioral responses
to isolation. While circulating oxytocin is purported to cross the blood-brain barrier in small
quantities (approximately 0.2% of subcutaneously administered oxytocin crosses the blood-
brain barrier in adult rodents) (see Jones and Robinson, 1982; Ermisch et al., 1985), chronic
peripheral administration of this peptide produces many of the same responses that occur
following central release of oxytocin, including reductions in blood pressure and regulation of
motivated behaviors (Arletti et al., 1992; Petersson et al., 1996; Caldwell et al., 1996; Liberzon
et al., 1997). Similarly, peripheral administration of oxytocin in rats has been shown to alter
receptor function in central regions associated with stressor responsiveness and cardiovascular
regulation, including hypothalamus, amygdala, NTS, and locus coeruleus (Petersson et al.,
1998; 2005). It is also possible that biologically active fragments of the oxytocin molecule
cross the blood-brain barrier (see De Wied et al., 1993), producing central effects.

The present findings suggest that social isolation produces altered neural regulation of the heart,
which can, in turn, influence both behavioral dysregulation and cardiovascular
pathophysiology. As detailed in the Polyvagal Theory (Porges, 2007), reductions in the
influence of the myelinated vagal pathways originating in the nucleus ambiguus – which
produce RSA – are associated with an increase in biobehavioral defense strategies. Dampened
RSA facilitates the sympathetic excitation necessary for fight-flight mobilization behaviors.
Social isolation in turn produced significant reductions in RSA, an associated increase in HR
and reduction in SDNN index (as detailed in Figure 1), and increased cardiac and
neuroendocrine reactivity to acute social stressors (Grippo et al., 2007b; 2007d). Moreover,
the dampened levels of RSA also may be related to a lowered threshold to trigger a vestigial
vagal circuit originating in the dorsal motor nucleus of the vagus that may be related to syncope,
clinical bradycardia, apnea, and cardiac arrhythmias. Since the dorsal motor nucleus of the
vagus contains high levels of oxytocin receptors, the actions of oxytocin in this pathway could
protect the mammalian nervous system from behavioral and autonomic shut-down during
periods of prolonged stress or immobility (see Porges, 1998; 2003). This hypothesis is
supported by the fact that the isolation-enhanced immobility in the FST was reduced in
oxytocin-treated females (Figure 4).

Specific limitations of the current study design may have had an impact on the findings
described here. A limitation of the present study (and also inherent in many studies of social
interactions) is that the experimental design may have introduced uncontrolled variables
associated with temporary separation of control animals from their respective siblings.
However, if this were a significant confounding factor in the current results, the differences
between paired and isolated groups may have been less pronounced or absent; whereas several
robust differences in both behavior and cardiac function were observed between paired and
isolated animals. A second limitation of the present experimental design involves the type of
isolation employed. Although the disruption of established sibling bonds was the focus of the
current investigation for the reasons cited above (see Methods), it may also be relevant to
investigate the disruption of established opposite-sex bonds [such as the design described by
Bosch and colleagues (2008)]. A third limitation of this study is that the behavioral variables
studied here were focused very specifically on those that have been shown to be relevant to
depression in rodents. Because other behaviors (such as those relevant to anxiety) may be very
important in the context of social behavior, peptides, and autonomic function, future studies
will benefit from focusing on additional behavioral alterations in prairie voles exposed to long-
term social isolation. A final limitation of the present study was the lack of a specific
investigation of central versus peripheral administration of oxytocin. While this may limit the
conclusions that can be drawn from the current results with respect to the precise site(s) of
action of oxytocin, the present findings provide a first step in increasing our understanding of
potential peptide involvement in mediating behavioral and physiological responses to long-
term social isolation.
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In summary, the present findings demonstrate that administration of exogenous oxytocin
mediates behavioral and physiological consequences of long-term social isolation in female
prairie voles. Understanding the neural, autonomic, and behavioral pathways of oxytocin’s
beneficial effects will offer an important perspective on the protective role of peptides and
social support in the context of both physical and emotional disorders.
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Fig. 1.
Mean (+SEM) HR (Panel A), SDNN index (Panel B), and RSA amplitude (Panel C) in paired
or isolated prairie voles administered daily oxytocin (OT; 20µ/50µl/vole, SC) or vehicle (V;
50µl/vole, SC) at baseline and following 4 weeks of isolation/pairing. *P<.05 vs. respective
group values; #P<.05 vs. respective baseline value. Note the scale differences among the 3
panels.
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Fig. 2.
Mean (+SEM) HR prior to and following atropine administration (4mg/kg, IP) in paired or
isolated prairie voles administered daily oxytocin (OT; 20µ/50µ/vole, SC) or vehicle (V; 50µ/
vole, SC). *P<.05 vs. Isolated+OT, Paired+OT, and Paired+V values at the same time point.
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Fig. 3.
Mean (+SEM) water intake (Panel A), sucrose intake (Panel B), and sucrose preference (Panel
C) in paired or isolated prairie voles administered daily oxytocin (OT; 20µ/50µ/vole, SC) or
vehicle (V; 50µ/vole, SC) at baseline and following 4 weeks of isolation/pairing. *P<.05 vs.
respective group values; #P<.05 vs. respective baseline value. Note the scale differences among
the 3 panels.
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Fig. 4.
Mean (+SEM) immobility time during a 5-min FST in paired or isolated prairie voles
administered daily oxytocin (OT; 20ug/50ul/vole, SC) or vehicle (V; 50ul/vole, SC). *P<.05
vs. Isolated+OT, Paired+OT, and Paired+V values at the same time point.
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Table 1

Timeline of procedures used in Experiment 1.

Procedure Schedule

Telemetric transmitter implantation Days 1–3

Recovery in divided cages Days 2–38*

Recovery in home cages (with siblings) Days 7–15*

Undisturbed baseline period; body weight measurements Days 15–19*

    • ECG measurements

    • Activity measurements

Weeks 1 and 2 isolation or pairing Days 20–33

    • ECG measurements

    • Activity measurements

Body weight measurements Day 34

Weeks 3 and 4 isolation or pairing; oxytocin or vehicle administration Days 34–47

    • ECG measurements

    • Activity measurements

Body weight measurements Day 48

Pharmacological autonomic bockade Days 48–53†

    • ECG measurements

    • Activity measurements

Sacrifice under anesthesia Day 55

    • Body weight measurements

    • Heart weight measurements

Note: All acute procedures were conducted during the light period (3–5 hours following light onset); all ECG and activity measures were continuous
throughout the periods listed.

Abbreviations: ECG, electrocardiogram.

*
Depending on date of transmitter implantation.

†
Drug administration was counterbalanced across groups, 48 hours between each drug injection.
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Table 2

Timeline of procedures used in Experiment 2.

Procedure Schedule

Adaptation to 2% sucrose Days 1–7

Baseline fluid intake tests; body weight measurements Days 8–14*

Weeks 1 and 2 isolation or pairing Days 15–28

Week 2 fluid intake test; body weight measurements Day 29

Weeks 3 and 4 isolation or pairing; oxytocin or vehicle
administration

Days 29–42

Week 4 fluid intake test; body weight measurements Day 43

FST training period Day 45

FST test period Day 46

Note: All acute procedures were conducted during the light period (3–5 hours following light onset).

Abbreviations: FST, forced swim test.

*
2 fluid intake tests were conducted, separated by 5 days.
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Table 3

Absolute body and heart weights, and heart-body weight ratios following 4 weeks of paired or isolated conditions
plus either oxytocin (20µ/50µl/vole) or vehicle (50µl/vole) in Experiment 1.

Body Heart Weight Heart-Body

Weight (g) (g) Weight Ratio

Paired+V 42 ± 1 0.17 ± 0.017 0.004 ± 0.0003

Paired+OT 42 ± 2 0.19 ± 0.012 0.004 ± 0.0002

Isolated+V 43 ± 1 0.25 ± 0.016 0.005 ± 0.0003

Isolated+OT 43 ± 2 0.23 ± 0.005 0.005 ± 0.0002

Note: Values represent mean ± SEM. The weight of the radiotelemetry transmitter is excluded from the body weights listed here. Statistical significance
is not noted given the lack of a significant interaction between group and peptide (see text for a further description of the results).
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Table 4

Body weights in paired and isolated groups treated with either oxytocin (20µ/50µ/vole) or vehicle (50µ/vole) in
Experiment 2.

Baseline Week 4

(g) Isolation/Pairing (g)

Paired+V 35 ± 2 36 ± 4

Paired+OT 38 ± 1 39 ± 2

Isolated+V 38 ± 3 40 ± 4

Isolated+OT 39 ± 3 37 ± 3

Note: Values represent mean ± SEM. The body weights of the groups in Experiment 2 were slightly lower than those in Experiment 1.

Psychoneuroendocrinology. Author manuscript; available in PMC 2010 November 1.


