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Abstract
Background: There is a documented association between affective disorders (e.g., depression and
anxiety) and cardiovascular disease in humans. Chronic social stressors may play a mechanistic role
in the development of behavioral and cardiac dysregulation. The current study investigated
behavioral, cardiac, and autonomic responses to a chronic social stressor in prairie voles, a rodent
species that displays social behaviors similar to humans.

Methods: Female prairie voles were exposed to 4 weeks of social isolation (n=8) or pairing (control
conditions; n=7). Electrocardiographic parameters were recorded continuously during isolation, and
behavioral tests were conducted during and following this period.

Results: Isolation induced a significant increase in resting heart rate, reduction in heart rate
variability (standard deviation of normal-to-normal intervals and amplitude of respiratory sinus
arrhythmia), and exaggerated cardiac responses during an acute resident-intruder paradigm. Isolation
led also to both depression- and anxiety-like behaviors in validated operational tests. These changes
in response to social isolation showed predictable inter-relations, and were mediated by a disruption
of autonomic balance including both sympathetic and parasympathetic (vagal) mechanisms.

Conclusions: These findings indicate that social isolation induces behavioral, cardiac and
autonomic alterations, related to those seen after other stressors, and which are relevant to
cardiovascular disease and affective disorders. This model may provide insight into the mechanisms
that underlie these co-occurring conditions.
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Introduction
Affective disorders are risk factors for morbidity and mortality related to heart disease (1-6),
and cardiovascular disease may induce depression or anxiety (7-9). The mechanisms that
underlie these associations are not well understood. Environmental and social stressors, and
the absence of positive social interactions in social species, are associated with increased
vulnerability to mood and cardiovascular disorders (10-21). For instance, perceived loneliness
in humans is associated with symptoms of depression and increased cardiovascular reactivity
to a mental stressor (22).

Behavioral and physiological reactivity to stressors may play a role in mediating affective
disorders and cardiovascular pathophysiology (22-26). Basal and stressor-induced heart rate
(HR) and HR variability changes have been described in humans with affective disorders and
animal models of depression (13,27-31), and also are common in heart disease (32-35). The
autonomic nervous system may mediate emotional responsiveness to environmental and social
stressors, potentially leading to the development of affective disorders and heart disease (17,
18,36,37).

The study of behavior and cardiac function using animal models will provide insight into
mechanisms underlying the association of mood and cardiovascular disorders. Previously we
demonstrated that exposure to chronic stressors in rats induces behavioral and cardiovascular
disturbances, mediated in part by increased sympathetic drive to the heart (13,31,38). The
socially monogamous prairie vole (Microtus ochrogaster) is a rodent species that displays
social behaviors similar to humans, providing a useful model for investigating mechanisms
through which social factors influence physiology and behavior (39). In this species, social
isolation induced anhedonia and increased neuroendocrine responsiveness to an acute resident-
intruder paradigm (15). Our laboratory also described for the first time autonomic regulation
of the heart in prairie voles, including high parasympathetic (vagal) cardiac tone, similar to
humans (40). The high levels of social behaviors (relative to small mammals), coupled with a
parasympathetic nervous system influence regulating resting cardiac function, suggest that
prairie voles can provide a translational model for studying the integration of social behavior
and cardiac function.

Given the interactions among the social environment, behavior, and cardiac function, we
hypothesized that social isolation in prairie voles would induce basal and stressor-induced
cardiac disturbances and behaviors relevant to affective disorders, and that these changes would
be influenced by autonomic mechanisms. Prairie voles were exposed to 4 weeks of social
isolation versus social pairing with a same-sex sibling; this isolation period was determined
from previous studies demonstrating that 4 weeks of stressor exposure induced changes
relevant to depression and cardiovascular pathophysiology in rodents (13,15,31). Basal cardiac
function (HR, HR variability) was assessed via electrocardiographic (ECG) measurements,
and stressor-induced cardiac changes were investigated during an acute resident-intruder
paradigm. Affective behaviors were assessed via sucrose intake and elevated plus maze
behaviors, described as valid indices of depression and anxiety, respectively (41-45).
Pharmacological autonomic blockade was conducted to test the hypothesis that autonomic
mechanisms underlie the isolation-induced changes.

Methods and Materials
Animals

Fifteen adult (60-90 days) female prairie voles (35-55 grams), descendants of a wild stock
caught near Champaign, Illinois, were maintained on a 14/10 h light/dark cycle (lights on at
0630 h), with a temperature of 25±1° C and relative humidity of 21±4 g/m3. Animals were
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allowed food (Purina rabbit chow) and water ad libitum, unless otherwise specified. Offspring
were removed from breeding pairs at 21 days of age and housed in same-sex sibling pairs. All
procedures were conducted according to National Institutes of Health's Guide for the Care and
Use of Laboratory Animals and approved by the University of Illinois Institutional Animal
Care and Use Committee.

Females were chosen for these experiments because they may be especially sensitive to the
effects of social stressors (15,46). Additionally, they 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 controlling the estrous
cycle (47). Also, affective disorders are more common in women than men (48), yet female
rodents are an understudied group both in behavioral and physiological investigations relating
to these disorders (see 49).

General Experimental Design
Table 1 displays a timeline of all procedures; specific experimental procedures are described
in the following sections.

Telemetric Transmitter Implantation
Wireless radio transmitters [DataSciences International (DSI), St. Paul, MN; model
TA10ETA-F20] were implanted intraperitoneally under aseptic conditions, during the light
period, for long-term ECG recordings. Animals were anesthetized with ketamine and xylazine
(67 mg/kg and 13.33 mg/kg, respectively, sc; NLS Animal Health, Owings Mills, MD).
Transmitter implantation was similar to procedures described elsewhere (50,51). Animals were
housed for 5 days in custom-designed divided cages (40) to permit adequate healing of suture
wounds, and then were returned to the home cages (with the sibling) to recover for an additional
5-7 days.

Radiotelemetric Recordings
ECG signals were recorded with a radiotelemetry receiver (DSI, St. Paul, MN; sampling rate
5 kHz, 12-bit precision digitizing). Activity level was monitored via the receiver (sampling
rate 256 Hz). Parameters were recorded continuously during an undisturbed baseline period
(3-5 days) and throughout all of the following procedures.

Social Isolation
Following surgical recovery and collection of baseline measurements, animals were randomly
divided into paired (control; n=7) or isolated (n=8) conditions; only one animal from each
sibling pair was studied. Isolated animals were separated from the sibling and housed
individually (in a separate room, beyond smelling distance) for 4 weeks; paired animals were
continually housed with the siblings during this period. Handling and cage changing were
matched between the two groups.

Fluid Intake
Ad libitum 2% sucrose was available for 1 week before beginning experimental procedures to
allow for adaptation to its taste. Intake of water and 2% sucrose were measured as an operational
index of anhedonia, defined as reduced sucrose intake and preference relative to control animals
and baseline values (13,42,43). Food and water were removed from the cage for 16 hours prior
to the test; cardiac and activity parameters were monitored to ensure that the deprivation
produced no adverse effects. 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. Water and 2% sucrose were placed on the cage in premeasured bottles, and fluid intake
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was monitored for 1 hour. Animals were returned to the home cages immediately following
the test. Fluid intake tests were conducted prior to isolation or pairing (baseline) and following
2 and 4 weeks of this period.

Elevated Plus Maze
Anxiogenic behaviors were measured in the elevated plus maze using procedures described
elsewhere (52). The maze (57 cm height) consisted of two open arms of clear Plexiglas opposite
to each other (49.5×10 cm), two closed arms of black Plexiglas with an open roof
(49.5×10×30.5 cm), and a center section of clear Plexiglas (10×10 cm). Telemetry receivers
were placed under the center and end of each arm, approximately 6 inches below the maze.
The animal was placed in the center section and allowed to explore for 5 minutes; behavior
was video recorded. Animals were returned to the home cage immediately following the test.
Two trained, experimentally blind observers scored the duration of time and the number of
entries into the open, closed, and center sections of the maze; animals were coded as entering
a section of the maze when all 4 paws were in the respective section.

Resident-Intruder Test
A resident-intruder test (15,53) was conducted in a subset of paired (n=5) and isolated (n=5)
animals. The paired or isolated animal (intruder) was placed into the cage of an unrelated and
unfamiliar animal of the same sex (resident) for 5 minutes. Aggressive behaviors [aggressive
grooming or posture, swatting, biting, thrusting, pulling, and/or attack behavior (54)] were
video recorded and scored by two trained, experimentally-blind observers. ECG parameters
were recorded continuously during and following the test, and the time point (after test
completion) at which HR of each animal returned to within 1% of its pre-test HR value was
recorded.

Selective Pharmacological Autonomic Blockade
HR was measured under the following pharmacological conditions: (a) β-adrenergic receptor
blockade (sympathetic blockade; atenolol, 8 mg/kg ip; Sigma-Aldrich, St. Louis, MO), (b)
cholinergic receptor blockade [parasympathetic blockade; atropine methyl nitrate (atropine),
4 mg/kg ip; Sigma-Aldrich, St. Louis, MO], and (c) dual blockade (both drugs). These doses
were chosen for their ability to completely block the respective autonomic inputs to the heart
according to previously published results from voles (40,55) and preliminary analyses
conducted by our laboratory. Drugs were administered in a counterbalanced fashion over a 6-
day period (48 hours between each drug).

Quantification of Radiotelemetric Recordings
Quantification of Telemetric Variables—Quantification of telemetric variables was
conducted according to procedures described previously (40). Multiple segments of 1-5
minutes of stable, continuous 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—Activity level is high in prairie voles and occurs in short
bouts throughout the light and dark periods (40), therefore 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 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 custom-designed software. The R-R intervals were analyzed for variations using
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custom-designed software, and included standard deviation of all R-R (normal-to-normal; N-
N) intervals [SDNN index (56)] and respiratory sinus arrhythmia (RSA).

RSA was assessed with modification of procedures described elsewhere (40,57), which have
been validated in prairie voles and other species (40,58). The amplitude of RSA represents the
impact of myelinated vagal efferent pathways originating in the nucleus ambiguus (see 59).
The ECG signal was exported into a data file and examined to ensure all R waves were detected.
Preliminary spectral analyses identified spectral peaks within the approximate frequency band
in which breathing is observed in mammals of similar size (40), confirming that prairie voles
express a spectral peak in the 1-4 Hz range (55,60). 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.

Behavioral Tests—Cardiac and activity parameters were evaluated using continuous data
recorded during the elevated plus maze and resident-intruder test (multiple segments of at least
10 seconds of data that were not confounded by movement artifact). All ECG, activity and
behavioral data were synchronized.

Autonomic Blockade—The peak HR response (beginning 30 minutes following each drug
injection) was evaluated using continuous ECG data (40). 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
Care was taken not to include periods of ECG involving animal movement artifact. Data were
analyzed with mixed-design analyses of variance (ANOVA) and a priori Student's t-tests.
Relevant behavior-cardiac function correlations were computed using Pearson's r. A value of
P<0.05 was considered statistically significant. A Bonferroni correction was used for multiple
comparisons; the adjusted probability value, depending on the number of comparisons made,
was used to determine whether the result was statistically significant (probability values of
0.05 are reported in the text for accuracy).

Results
Resting Cardiac Parameters

Isolation significantly increased HR and reduced HR variability relative to control conditions
(Figure 1). The ANOVA for HR yielded main effects of group [F(1,13)=5.91, P<0.05], time
[F(2,26)=3.66, P<0.05], and interaction [F(2,26)=17.08, P<0.05]. The two groups did not differ
in baseline HR (P>0.05); following 2 and 4 weeks of isolation, HR in the isolated group was
higher than its respective baseline HR [week 2: t(7)=7.05, P<0.05; week 4: t(7)=3.72, P<0.05]
and that of the paired group [week 2: t(13)=3.79, P<0.05; week 4: t(13)=3.46, P<0.05]. The
paired group did not differ from its respective baseline HR over time (P>0.05 for both
comparisons).

The ANOVA for SDNN index yielded a main effect of group [F(1,13)=6.43, P<0.05] and
interaction [F(2,26)=3.38, P<0.05]. The two groups did not differ in baseline SDNN index or
following week 2 (P>0.05 for both comparisons); following 4 weeks of isolation, the isolated
group displayed lower SDNN index versus its respective baseline value [t(7)=2.30, P<0.05]
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and that of the paired group [t(13)=2.58, P<0.05]. SDNN index in the paired group did not
differ over time (P>0.05 for both comparisons).

The ANOVA for RSA yielded a main effect of time [F(2,26)=7.16, P<0.05] and interaction [F
(2,26)=4.05, P<0.05]. The two groups did not differ in baseline RSA amplitude or following
week 2 (P>0.05 for both comparisons); following 4 weeks of isolation, the isolated group
displayed lower RSA amplitude versus its respective baseline amplitude [t(7)=2,97, P<0.05]
and that of the paired group [t(13)=1.95, P<0.05]. RSA amplitude in the paired group was not
altered over time (P>0.05 for both comparisons).

Fluid Intake
Isolation significantly reduced sucrose intake and preference relative to control conditions,
indicative of anhedonia (Figure 2). The ANOVA for water intake yielded no significant effects
(P>0.05). The ANOVA for sucrose intake yielded main effects of group [F(1,13)=9.40,
P<0.05], time [F(2,26)=18.41, P<0.05] and interaction [F(2,26)=39.15, P<0.05]. The two
groups did not differ in baseline sucrose intake (P>0.05); following 2 and 4 weeks of isolation,
sucrose consumption in the isolated group was lower than its respective baseline consumption
[week 2: t(7)=3.10, P<0.05; week 4: t(7)=7.84, P<0.05] and that of the paired group [week 2:
t(13)=2.13, P<0.05; week 4: t(13)=6.81, P<0.05]. The paired group did not differ from its
respective baseline intake across time (P>0.05 for both comparisons).

The ANOVA for preference yielded main effects of group [F(1,13)=27.33, P<0.05], time [F
(2,26)=12.43, P<0.05] and interaction [F(2,26)=8.92, P<0.05]. The two groups did not differ
in baseline sucrose preference or following week 2 (P>0.05 for both comparisons); following
4 weeks of isolation, sucrose preference in the isolated group was lower than its respective
baseline preference [t(7)=7.96, P<0.05] and that of the paired group [t(13)=5.19, P<0.05]. The
paired group did not differ from its respective baseline preference across time (P>0.05).

Elevated Plus Maze
Data were excluded from one isolated animal that fell off the maze (test aborted). Isolated
animals (versus paired) spent more time in the closed [t(12)=1.97, P<0.05] and center [t(12)
=3.74, P<0.05], and less time in the open arms of the maze [t(12)=4.98, P<0.05], with no change
in number of closed arm entries (P>0.05) or generalized locomotor activity (P>0.05), indicative
of an anxiogenic response (Table 2).

Paired animals displayed higher HR during the open versus closed arms of the maze [t(6)=7.50,
P<0.05]; HR of isolated animals did not differ between these arms (P>0.05; Figure 3). Isolated
animals exhibited higher HR versus the paired group in closed [t(12) = 5.53, P < 0.05] and
open [t(12) = 3.18, P < 0.05] arms of the maze.

SDNN index in the paired group was slightly (but nonsignificantly) lower during open arms
versus closed arms of the maze (closed: 11.0±0.9 ms; open: 9.7±1.1 ms; P>0.05). SDNN index
in the isolated group did not differ between closed and open arms (closed: 9.1±1.0 ms; open:
8.3±1.2 ms; P>0.05). No between-group differences were found (P>0.05).

No between- or within-group differences in RSA amplitude were found during the maze
(P>0.05 for all comparisons; data not shown).

Resident-Intruder Test
There were no differences in aggressive behaviors (paired: 15.1±3.4 episodes; isolated: 14.4
±3.8 episodes; P>0.05) or activity (paired: 36.6±6.8 cpm; isolated: 49.5±5.2 cpm; P>0.05) in
paired and isolated groups during the resident-intruder paradigm.
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Versus paired animals, isolated animals displayed higher HR during this paradigm [t(8)=2.21,
P<0.05; Figure 4A], and more time was required for HR to recover to within 1% of pre-stressor
values [t(8)=2.00, P<0.05; Figure 4B]. Versus paired animals, isolated animals displayed
significantly lower SDNN index [paired: 11.5±1.1 ms; isolated: 8.4±0.7 ms; t(8)=2.32,
P<0.05], but did not differ in RSA amplitude (P>0.05; data not shown).

Selective Pharmacological Autonomic Blockade
The ANOVA for absolute HR values, relative to pre-drug HR values, yielded a main effect of
drug treatment [F(3,39)=127.90, P<0.05] and interaction [F(3,39)=9.35, P<0.05; Figure 5).
Absolute HR following atenolol was not different between paired and isolated groups (P>0.05);
isolated animals displayed a greater reduction in HR (from pre-drug values) versus paired
animals [t(13)=3.84, P<0.05]. Absolute HR following atropine [t(13)=2.85, P<0.05] and
change from pre-drug values [t(13)=4.61, P<0.05] were lower in isolated versus paired animals.
Absolute HR following both drugs was not different between paired and isolated groups
(P>0.05); change from pre-drug values was significantly attenuated in isolated versus paired
animals [t(13)=4.06, P<0.05].

Body and Heart Weights
Table 3 displays body and heart weight, and heart:body weight ratio in paired and isolated
groups. The ANOVA for body weight yielded no significant effects (P<0.05). Social isolation
increased heart weight [t(13)=1.85, P<0.05] and heart:body weight ratio [t(13)=2.12, P<0.05],
versus paired conditions.

Behavior-Cardiac Function Correlations
Correlations suggested several predictable inter-relations among negative affective behaviors
and basal and resident-intruder-induced cardiac variables following 4 weeks of isolation (Table
4).

Discussion
Social isolation induces cardiac and autonomic responses consistent with increased risk of
cardiac pathophysiology, and depressive and anxiogenic behaviors. This is the first
demonstration of both affective behaviors and autonomic dysfunction in prairie voles following
a social stressor, extending previous findings showing that 60 days of social isolation in prairie
voles induces anhedonia and increased neuroendocrine reactivity to the resident-intruder
paradigm (15). This model provides insight into mechanisms through which the social
environment mediates affective signs and cardiac dysfunction.

Isolation induced progressive functional cardiac changes, including elevated HR and reduced
HR variability (both SDNN index and RSA amplitude). Increased HR and reduced HR
variability have been described in humans with affective disorders (27-30), and an animal
model of depression (13,31). These disturbances are common in heart disease, predicting
mortality following myocardial infarction and heart failure (32-35). Although some functional
cardiac changes were observed following 2 weeks of isolation, significant changes were not
observed in all parameters until 4 weeks of isolation suggesting that a chronic underlying
mechanism is likely responsible for these cardiac effects. Isolation also increased heart-to-body
weight ratio. Increased ratios are found in rodent models of heart failure, and are associated
with morphological changes such as left ventricular hypertrophy (9,61). The specific
morphological cardiac changes in isolated prairie voles were not investigated here, but may
reflect structural cardiac changes due to pathological (hypertrophy) or non-pathological
(increased muscle mass) reasons.
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Social isolation induced behavioral disruptions relevant to affective disorders. Anhedonia, a
diagnostic feature of depression (48), was observed in isolated prairie voles. This and other
depressive signs are found in rodent models of depression and acutely isolated prairie voles
(13,62,63). Decreased responsiveness to sucrose is a valid and reliable operational index of
depression in rodents (41). In isolated animals decreased responsiveness suggests a specific
hedonic deficit similar to previous reports (13,64); reduced sucrose consumption was not due
to lower body weight, and there was no indication of a deficit in generalized ingestive behavior
(water intake remained unchanged).

Similar to previous results (44,45), isolated animals spent less time in open sections and more
time in closed sections of the elevated plus maze, with no generalized activity changes,
suggesting anxiogenic behaviors. Additionally, to our knowledge this study provides the first
description of continuous cardiac function during the elevated plus maze. Paired animals
exhibited increased tachycardic responses to the open versus closed arms; this response pattern
provides additional validity to the behavioral measures employed in this task, suggesting that
the unprotected arms are interpreted as more threatening than the protected arms. Moreoever,
HR responses in isolated animals were higher than paired, and did not differ between closed
and open arms, suggesting that isolated animals did not distinguish (physiologically) between
protected and unprotected arms of the maze. Further studies should extend the association of
behavioral and cardiovascular reactivity in this paradigm.

Increased reactivity to acute stressors is directly linked to psychological and physiological
disorders (65-67). Isolation increased cardiac responsiveness to the resident-intruder stressor.
Similar to previous findings (15), paired and isolated animals did not differ in generalized
activity level or number of aggressive behaviors, suggesting that this paradigm represents a
stressor in prairie voles. Despite these behavioral similarities, the isolated group (versus paired)
exhibited increased HR and reduced HR variability, and required a longer period for HR to
recover to pre-stressor values. Similar acute stressor-induced responses have been observed in
a rat model of depression (13,31).

We examined a potential autonomic mechanism underlying the behavioral and cardiac changes
in isolated prairie voles. Autonomic imbalance predisposes subjects to ventricular arrhythmias,
including ventricular fibrillation (68-70). Attenuated increases in HR following atropine
suggests that isolation reduces vagal control of the heart. Exaggerated reduction in HR
following atenolol suggests that sympathetic cardiac tone may also be elevated. It is possible
that higher resting HR led to the exaggerated response to atenolol in the isolated group.
However, HR variability responses may provide additional insight into these autonomic
changes. SDNN reflects spontaneous changes in sinus rate, representing the influence of
sympathetic and parasympathetic inputs converging on the cardiac pacemaker (71); reduced
SDNN may result from increased sympathetic and/or decreased parasympathetic cardiac tone,
possibly involving catecholaminergic or dopaminergic mechanisms (see discussion in 6).
Alternatively, RSA is a sensitive index of parasympathetic cardiac control, reflecting the
influence of pathways innervating the heart via the myelinated vagus (59). Reduced SDNN
and RSA suggest that both sympathetic and parasympathetic mechanisms are altered during
isolation. Further, HR was significantly changed (but RSA was not) following 2 weeks of
isolation, suggesting a predominant sympathetic mechanism may underlie HR changes early
during isolation whereas both sympathetic and vagal mechanisms may regulate cardiac
responses during longer isolation periods and behavioral tasks. Consistent with this conclusion
are findings that both sympathetic and parasympathetic mechanisms mediate ventricular
arrhythmias during the resident-intruder paradigm in rats (50)

The present findings are extended by the examination of relations among affective behaviors
and basal and resident-intruder-induced cardiac variables after isolation. As expected, a greater
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degree of anhedonia (lower sucrose intake) and a greater degree of anxiogenic behavior (more
time in the open arms of the elevated plus maze) both were related to higher HR and lower
SDNN index following isolation and during the resident-intruder paradigm, and to lower RSA
amplitude following 4 weeks of isolation. Similarly, anhedonia was positively related to
anxiogenic behavior. Although the sample sizes are not large enough to yield correlations that
are significantly different from zero for all correlations (see Table 4), these inter-relations
suggest the importance of studying individual vulnerability to social stressors in socially
monogamous species.

This study provides an integrative investigation of behavior and cardiac function in a socially
monogamous rodent model system. Social isolation induces responses relevant to both
affective and cardiovascular disorders. Both reduced vagal and increase sympathetic tone may
underlie these detrimental effects. These findings indicate that chronic absence of positive
social interactions may contribute to the development of affective disorders and cardiovascular
disease, and increase our understanding of how the social environment regulates behavior and
physiology in female humans.
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Figure 1.
Mean (+ SEM) heart rate (Panel A), standard deviation of normal-to-normal intervals (SDNN
index; Panel B), and amplitude of respiratory sinus arrhythmia (Panel C) in prairie voles at
baseline and following 2 and 4 weeks of social isolation or pairing. Note the scale differences
among the 3 panels. *P<0.05 vs. respective paired value; #P<0.05 vs. respective baseline value.
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Figure 2.
Mean (+ SEM) absolute fluid intake (Panel A) and mean sucrose preference, relative to total
fluid intake (Panel B), during a 1-hour fluid intake test in prairie voles at baseline and following
2 and 4 weeks of social isolation or pairing. For sucrose intake and sucrose preference: *P<0.05
vs. respective paired value; #P<0.05 vs. respective baseline value.
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Figure 3.
Mean (+ SEM) heart rate in prairie voles following 4 weeks of social isolation or pairing.
*P<0.05 vs. respective paired value; #P<0.05 vs. respective value during the open arms.
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Figure 4.
Mean (+ SEM) heart rate during a 5-minute resident-intruder test (Panel A) and time to recovery
of heart rate following the test (to within 1% of pre-test heart rate values; Panel B) in prairie
voles following 4 weeks of social isolation or pairing. *P<0.05 vs. respective paired value.
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Figure 5.
Mean (+ SEM) absolute heart rate (Panel A) relative to pre-drug values, and change in heart
rate from pre-drug values (Panel B), in prairie voles following 4 weeks of social isolation or
pairing and during β-adrenergic receptor blockade with atenolol, cholinergic receptor blockade
with atropine, and combined receptor blockade with both drugs. *P<0.05 vs. respective paired
value.
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Table 1
Timeline of procedures.

Procedure Schedule

Adaptation to 2% sucrose Days 1-7
Telemetric transmitter implantation Days 8-10
Recovery in divided cages Days 9-15 (depending on date of transmitter

implantation)
Recovery in home cages (with siblings) Days 13-20 (depending on date of

transmitter implantation)
Undisturbed baseline period

• Continuous ECG measurements

• Continuous activity measurements

Days 20-24 (depending on date of
transmitter implantation)

Baseline fluid intake test; body weight
measurements

• Continuous ECG measurements during food/water deprivation period

• Continuous activity measurements during food/water deprivation period

Days 25-26 (depending on date of
transmitter implantation)

Weeks 1 and 2 isolation or pairing

• Continuous ECG measurements

• Continuous activity measurements

Days 27-40

Week 2 fluid intake test; body weight
measurements

• Continuous ECG measurements during food/water deprivation period

• Continuous activity measurements during food/water deprivation period

Day 41

Weeks 3 and 4 isolation or pairing

• Continuous ECG measurements

• Continuous activity measurements

Days 41-54

Week 4 fluid intake test; body weight
measurements

• Continuous ECG measurements during food/water deprivation period

• Continuous activity measurements during food/water deprivation period

Day 55

Post-isolation or -pairing pharmacological and
behavioral tests: (a) pharmacological autonomic
blockade (atenolol, atropine, both drugs), (b)
elevated plus maze, (c) resident-intruder test

• Continuous ECG measurements

• Continuous activity measurements

Days 57-66 [procedures (a), (b), and (c)
counterbalanced
between groups, 48 hours between each
procedure; drug
administrations in procedure (a)
counterbalanced between
groups, 48 hours between each drug
injection]

Sacrifice under anesthesia

• Body weight measurements

• Heart weight measurements

Day 68

Note: All acute procedures were conducted during the light period, 3-5 hours following light onset.
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Table 3
Body weight and heart weight in prairie voles following 4 weeks of social isolation or pairing.

Body Weight (g) Heart Weight (g)
Heart Weight:Body

Weight Ratio

Paired 43 ± 3 0.195 ± 0.016 0.0045
Isolated 46 ± 3 0.240 ± 0.018* 0.0053*

Note: Values represent mean ± SEM.

*
P<0.05 vs. respective paired value.
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Table 4
Pearson correlations among affective behaviors and basal and stressor-induced functional cardiac variables in
paired and isolated prairie voles.

Anhedonia Anxiogenic
Behavior

Heart Rate (Basal) −0.67a* −0.57a*
SDNN Index (Basal)  0.52a*  0.57a*
RSA Amplitude (Basal) 0.42a 0.30a
HR (Resident-Intruder-
Induced) −0.43 b −0.48 b

SDNN Index (Resident-
Intruder-Induced) 0.50b 0.55b

RSA Amplitude
(Resident-Intruder-
Induced)

0.22b −0.21 b

Anxiogenic Behavior  0.66a* --

Note: All relations were calculated using data collected after 4 weeks of isolation or pairing. Anhedonia refers to sucrose intake; anxiogenic behavior
refers to amount of time spent in the open arms of the elevated plus maze. RSA, respiratory sinus arrhythmia; SDNN, standard deviation of normal-to-
normal intervals.

*
P<0.05

a
n=15

b
n=10.
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