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Social isolation and oxytocin antagonism increase emotion-
related behaviors and heart rate in female prairie voles

W. Tang Watanasriyakull, Melissa-Ann L. Scottil2, C. Sue Carter3, Neal McNeal®, William
Colburnl, Joshua Wardwell, Angela J. Grippo?
1Department of Psychology, Northern lllinois University, DeKalb, IL, 60115

?Department of Psychiatry, University of lllinois at Chicago, Chicago, IL, 60612

3The Kinsey Institute, Indiana University, Bloomington, IN, 47405

Abstract

Social isolation influences depression- and anxiety-related disorders and altered cardiac function.
Oxytocin may mediate these conditions through interactions with social behavior, emotion, and
cardiovascular function, via central and/or peripheral mechanisms. The present study investigated
the influence of oxytocin antagonism using L-368,899, a selective oxytocin receptor antagonist
that crosses the blood-brain barrier, on depression- and anxiety-related behaviors and heart

rate in prairie voles. This rodent species has translational value for investigating interactions

of social stress, behavior, cardiac responses, and oxytocin function. Adult female prairie voles
were socially isolated or co-housed with a sibling for 4 weeks. A subset of animals in each
housing condition was subjected to 4 sessions of acute L-368,899 (20 mg/kg, ip) or saline
administration followed by a depression- or anxiety-related behavioral assessment. A subset of
co-housed animals was evaluated for cardiac function following acute administration of L-368,899
(20 mg/kg, ip) and during behavioral assessments. Social isolation (vs. co-housing) increased
depression- and anxiety-related behaviors. In isolated animals, L-368,899 (vs. vehicle) did not
influence anxiety-related behaviors but exacerbated depression-related behaviors. In co-housed
animals, L-368,899 exacerbated depression-related behaviors and increased heart rate at baseline
and during behavioral tests. Social isolation produces emation-related behaviors in prairie voles;
central and/or peripheral oxytocin antagonism exacerbates these behavioral signs. Oxytocin
antagonism induces depression-relevant behaviors and increases basal and stressor-reactive heart
rate in co-housed prairie voles, similar to the consequences of social isolation demonstrated in
this model. These results provide translational value for humans who experience behavioral and
cardiac consequences of loneliness or social stress.
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1. Introduction

Individuals worldwide experience negative consequences of loneliness and social isolation
(Cacioppo et al., 2015a; Cacioppo et al., 2018a, 2018b). Objective social isolation and
subjective feelings of loneliness are strong predictors of affective disorders including
depression and anxiety, physiological disruptions such as cardiovascular diseases, and
premature mortality (Beutel et al. 2017; Cacioppo et al., 2018a, 2018b; Gardener et al.,
2018; Lim et al., 2016; Petitte et al., 2015; Sgoifo et al., 2014; Steptoe et al., 2013). The
global COVID-19 pandemic has brought recent attention to the importance of adaptive
social interactions for promoting psychological and physiological health (Mattos Dos Santos
2020; Ozdin & Bayrak Ozdin, 2020; Saltzman et al., 2020; Savage et al., 2021). Although
loneliness may appear to be a function of personality traits or poor social skills, these
assumptions are unwarranted. Loneliness influences people of every demographic, social,
and culture group (Cacioppo et al., 2015, 2018a, 2018b; Jeste et al., 2020).

Multiple biopsychological systems may influence the interactions of loneliness,
psychological well-being, and physical health. The functionality of the nonapeptide oxytocin
(OT) may be one system that plays a role in the associations of sociality, stress, physiology,
and emotional health including depression and anxiety (Carter et al. 2020). OT is primarily
synthesized in the magnocellular neurons of the hypothalamic paraventricular and supraoptic
nuclei, and OT receptors are present in both the central and peripheral nervous systems
(Jankowski et al., 2004; Jurek & Neumann 2018). OT acting both centrally and peripherally
has several effects on stress reactivity, physiological processes, and emotions related to
depression and anxiety. For example, OT promotes pair-bonding, buffers hypothalamic-
pituitary-adrenal (HPA) responses to stress, and reduces depressive- and anxiety-like
behaviors in rodents (Ellis et al. 2021; Slattery & Neumann 2010; Smith & Wang 2014;
Williams et al. 1994; Yan et al. 2014). Additionally, OT plays an important role in

the regulation of cardiovascular functions through complex interactions among neural
control of sympathetic and parasympathetic processes, hormone release, and peripheral
actions (Grippo et al. 2009; Gutkowska et al. 2014; Yee et al. 2016). Binding of OT to
receptors in the peripheral nervous system attenuates heart rate (HR) and blood pressure

in rodents, and central OT signaling regulates cardiovascular functions through neural
control of baroreceptor and chemoreceptor reflexes, which are crucial for determining
blood pressure, HR, and blood oxygenation (JapundZi¢-Zigon 2013). Taken together, these
previous observations indicate that both central and peripheral OT processes influence
emotions including depressive- and anxiety-related states, stress reactivity, and cardiac and
autonomic functions.

Given the versatility of OT in regulating neurobiological and behavioral processes, central
and peripheral OT communication may play a role in stress-induced cardiovascular
dysfunction, loneliness, and affective symptoms (Quintana et al. 2013; Quintana and
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Guastella 2020). Animal models are a useful tool for investigating these aforementioned
interactions. Among rodent models, the prairie vole (Microtus ochrogaster) is considered
to have high translational value for understanding social stress-induced behavioral and
physiological consequences. Prairie voles have a similar social structure to humans,
including exhibiting social monogamy, biparental care of offspring, and living in extended
family groups (Carter et al. 1995; Young et al. 2011). These rodents display behavioral,
neuroendocrine, and cardiovascular disturbances similar to humans following long-term
social isolation and disruption of established social bonds (Bosch et al. 2009; Grippo

et al. 20074, c; Sun et al. 2014). The OT system has been previously investigated in

prairie voles due to its involvement in pair-bonding and parental care behaviors (Cho et

al. 1999; Keebaugh et al. 2015; Perkeybile et al. 2015; Young et al. 2011). Recent work
has also investigated the complexity of central and peripheral OT communication, sociality,
cardiovascular function, and affective behaviors related to depression and anxiety in the
prairie vole model. For example, prolonged social isolation from a same-sex sibling or

a pair-bonded partner increases depressive- and anxiety-like behaviors, activates central
OT neurons, and impairs cardiovascular functions (Donovan et al. 2020; Grippo et al.
2007b, c). Further, peripheral OT administration protects against isolation-induced cardiac
abnormalities and behavioral dysfunction in prairie voles, which may be due to central

or peripheral communication, or both (Grippo et al. 2009, 2012; Stevenson et al. 2019).
Moreover, OT mechanisms underlie several aspects of social and affective behaviors, social
buffering of stress responses, and social memory in prairie voles (Burkett et al. 2016; Hirota
et al. 2020; Pohl et al. 2019; Smith & Wang 2014).

In both humans and animal models, socially isolated individuals are more likely to develop
cardiovascular disease and affective disorders including depression (Grippo et al. 2007c;
Kiecolt-Glaser et al. 1998; Steptoe et al. 2004). However, whether the OT system mediates
these health consequences warrants further investigation. The purpose of the current study
was to examine in female prairie voles the potential role of OT, acting either centrally

or peripherally, to increase isolation-induced affective and cardiac disruptions. Female
prairie voles were selected specifically for the current study given several lines of evidence
suggesting that females may deserve additional attention. Data from both humans and
animal models indicate that males and females respond to social stress differently through
specific coping behaviors and biomarkers (Altemus et al. 2014; Grippo et al. 2007b; Senst et
al. 2016; Shufelt et al. 2018). Additionally, the female population may be under-represented
in neuroscience and biomedical research (Beery and Zucker 2011; Will et al. 2017).

In the present study, OT signaling was disrupted using the highly selective OT receptor
antagonist, L-368,899. After a peripheral injection, this compound has been demonstrated to
cross the blood-brain barrier and antagonize central OT receptors, induce neural activation,
and influence social behaviors, and therefore may influence central and/or peripheral OT
communication (Boccia et al. 2007; Williams et al. 1994). We predicted that a.) social
isolation from a same-sex sibling would increase depressive- and anxiety-like behaviors

in female prairie voles in operational behavioral tasks, relative to co-housing with a

sibling; b.) peripheral L-368,899 injections would increase depressive- and anxiety-like
behaviors in both co-housed and isolated prairie voles, and that social isolation would
increase the expression of these affective behaviors relative to co-housing; and c.) peripheral
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L-368,899 injections would impair cardiac function in co-housed animals relative to vehicle
administration, with consequences similar to those of social isolation.

2. Materials Methods

2.1 Animals

A total of 60 adult, sexually naive and reproductively intact female prairie voles, ages 60-90
days old, were included in the current study. All animals were bred in-house at Northern
Illinois University and were descendants of wild prairie voles captured near Champaign, IL.
Animals were weaned on post-natal day 21 and co-housed in same-sex sibling pairs in a
standard cage (12 x 18 x 28 cm) until experimentation; only one animal from each sibling
pair was included in the study. Animals were housed in a room with controlled temperature
of 20-23°C and a relative humidity of 40-50%, under a standard 14:10 light/dark cycle
(lights on at 0630). All animals were allowed ad libitum access to water and food (Purina
rabbit chow, Purina, St. Louis, MO). Handling, cage changing, and measuring of body
weight were standardized for all animals. All procedures were conducted in accordance
with the National Institutes of Health’s Guide for the Care and Use of Laboratory Animals
and were approved by the Northern Illinois University Institutional Animal Care and Use
Committee.

As noted above, female prairie voles were studied here given the historical
underrepresentation of the female population in neuroscience and biomedical research
(Beery and Zucker 2011; Will et al. 2017), and evidence of sex differences in behavioral

and biological responses to social stress (Altemus et al. 2014; Grippo et al. 2007b; Senst et
al. 2016; Shufelt et al. 2018). Female prairie voles as a model offer advantages over other
laboratory rodents because they do not exhibit an estrous cycle or ovulate spontaneously;
chemosensory cues and tactile stimulation by an unrelated male are required to induce
ovulation in this species (Carter & Getz 1993), allowing for studies of intact animals without
the need to control for potential estrous cycle confounds.

2.2 General experimental timeline

The general timeline of the experiment is described in this section, with specific
experimental procedures described in the following sections. Figure 1 details the groups,
manipulations, sample sizes, and experimental timeline. Sixty adult female prairie voles
were randomly assigned to one of two housing conditions for a 4-week period: co-housed
continuously with a female sibling (control; n = 42) or isolated from the sibling (n = 18).

Following this 4-week housing period, a subset of animals underwent 4 behavioral tests

to assess the influence of social isolation and OT disruptions on behavioral coping and
adaptation (n = 19 co-housed and n = 18 isolated). All behavioral tests were conducted
during the light period, and each behavioral test was separated by 48 hours. The tests were
conducted in the following order for the animals in this subset: open field test (OFT),
elevated plus maze (EPM), tail-suspension test (TST), and forced swim test (FST).

A subset of co-housed prairie voles (n = 23) was used to examine whether OT disruptions
would influence behavioral adaptation and cardiac function. The prairie voles in this subset
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were implanted with a radiotelemetry transmitter for the recording of electrocardiogram
(ECG), body temperature, and general physical activity prior to the beginning of the
experimental design. Following recovery from the surgical procedures and recording of
baseline (pre-manipulation) cardiac data, animals remained co-housed with a female sibling
for 4 weeks, and underwent the following behavioral tests during the light period, each
separated by at least 48 hours, in the following order: home cage assessment, EPM, and FST.
Radiotelemetry data were recorded continuously during each assessment in this subgroup,
and at specific intervals following the assessment.

One hour prior to the start of each assessment listed above, half of the animals in each
housing condition received an injection of the selective OT receptor antagonist L-368,899
(20 mg/kg, ip; injected at 2 ml/kg of saline); generously donated by Merck Sharpe & Dohme
Corp., Rahway, NJ), and the other half received saline vehicle injections (2 ml/kg, ip). All
animals were returned to their housing condition (co-housed or isolated) after each injection
prior to the behavioral assessment, and between each assessment.

According to preliminary validation experiments conducted in prairie voles, the short-term
behavioral tests used in this study design can be effectively used to measure emotion-related
and coping behaviors without adverse effects. The order of tests does not influence the
behavioral or physiological outcomes of subsequent tests, nor are carryover effects observed
on behavioral, autonomic, cardiac, or neuroendocrine outcome measures when the tests are
separated by at least 24 hours (Grippo et al. 2007c; McNeal et al. 2017).

2.3 Specific experimental procedures

2.3.1 Social manipulations.—Animals in the co-housed control condition were housed
with a same-sex sibling for 4 weeks in a standard cage. Animals in the isolated condition
were separated from their same-sex sibling and housed alone in a standard cage without
visual, auditory, or olfactory cues from their respective sibling for 4 weeks. All animals had
access to food, water, and bedding.

2.3.2 Pharmacological manipulations.—Animals in each housing condition received
injections of either saline vehicle (2 ml/kg, ip; n = 20 co-housed, n = 10 isolated) or
L-368,899 (20 mg/kg, ip, injected a volume of 2 ml/kg; n = 22 co-housed, n = 9 isolated),
each separated by 48 hours. Each day prior to the injections, L-368,899 was dissolved in
saline at a volume of 10 mg/ml via sonication for 10 minutes, to ensure proper reconstitution
of the drug; the saline vehicle was also sonicated to ensure the same consistency in
temperature of the drug and vehicle. L-368,899 is a potent, nonpeptide, rapidly absorbed
OTA that has been shown to selectively bind to OT receptors at a high affinity rate and not
the similarly structured vasopressin VV1a and V2 receptors (Thompson et al. 1997; Williams
et al. 1994). Peripheral administration of L-368,899 crosses the blood-brain barrier and
binds to central OT receptors, is present in cerebrospinal fluid and brain regions that contain
OT receptors after peripheral administration, mediates cardiac and hypothalamic-pituitary-
adrenal functions, and alters social behaviors in rodents and non-human primates (Boccia

et al. 2007; Grippo et al. 2019; Harshaw et al. 2021; Hodges et al. 2019; Lee et al. 2015;
Madularu et al. 2014; Mooney et al. 2014; Smith et al., 2010; Smith et al. 2013).
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2.3.3 Open field test.—The OFT has been used to examine coping and adaptive
behaviors related to exploration and anxiety in rodents (Prut & Belzung 2003), and has

been adapted for the prairie vole model (Grippo et al. 2014; Osako et al. 2018). One hour
after the pharmacological treatment, each animal was removed from its home cage and was
placed into the open field apparatus for 5 minutes. The testing apparatus consisted of a
white-bottomed, square box (40 x 40 cm), with an internal section marked by a red outline
(20 x 20 cm) on the floor of the apparatus; this testing floor was surrounded with transparent
Plexiglas sides (40 cm), which were tall enough to prevent the subject from escaping the
apparatus. Following the conclusion of the test, the animal was immediately returned to its
home cage, in its respective housing condition. The apparatus was sanitized with 10% bleach
solution and dried between testing each animal.

A digital video camera was used to record behaviors during the OFT, and behaviors were
scored by trained, experimentally blind observers. Behaviors were defined as follows: a.)
number of instances entering, and duration spent, in the center and surround sections of
the apparatus (all 4 paws must cross into the respective section to be coded as entering the
section); b.) duration spent autogrooming (including using paws to groom or scratch the
head or body, or licking of the fur); c.) instances of rearing, when the two front paws left
the ground (including rearing in the air and rearing at the wall or corner of the apparatus);
and d.) duration spent in exploratory motion, defined as forward or backward progress (the
following behaviors were excluded from this category: upward progress - which occurs
during rearing; and circular motion without a physical change in location - which occurs
during autogrooming). Reduced exploration of the center section, altered grooming or
rearing, and/or altered exploratory motion in the apparatus, were operationally defined as
anxiety-related behaviors (Prut and Belzung 2003).

2.3.4 Elevated plus maze.—The EPM has been used to examine coping and adaptive
behaviors related to exploration and anxiety in rodent models (Pellow et al. 1985),

including prairie voles (Grippo et al. 2014; Smith et al. 2013). One hour following the
pharmacological treatment, animal was removed from its home cage and placed in the center
of the EPM in a brightly lit room and allowed to freely explore for 5 minutes. The maze,
placed 57 cm off the ground, consisted of two opposing open arms of clear Plexiglas (49.5

x 10 cm), two perpendicular, opposing closed arms of black Plexiglas with an open roof
(49.5 x 10 x 30.5 cm), and a center section of clear Plexiglas (10 x 10 cm). Following the
conclusion of the test, the animal was immediately returned to its home cage in its respective
housing condition. The apparatus was sanitized with 10% bleach solution and dried between
testing each animal.

A digital video camera was used to record behaviors during the EPM, and behaviors were
scored by trained, experimentally blind observers. Behaviors were defined as follows: a.)
duration spent in the open, closed, and center sections of the maze (all 4 paws must cross
into the respective section for an animal to be coded as entering the section); and b.) number
of crosses into the center section (all 4 paws must cross into the center section; and an
animal must necessarily cross the center section before entering another arm of the maze).
Reduced exploration of the open arms was used as an operational index of anxiety-related
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Watanasriyakul et al.

Page 7

behavior; and the instances of entering the center section were used to characterize general
physical activity (Pellow et al. 1985).

2.3.5 Tail-suspension test.—The TST has been used to examine coping and adaptive
behaviors related to a depressive phenotype and responses to pharmacological antidepressant
treatments in rodents (Steru et al. 1985), and the test has been adapted for use in the prairie
vole model (Bosch et al. 2009; Grippo et al. 2019). One hour following the pharmacological
treatment, each animal was removed from its home cage and underwent the TST for 5
minutes. Each animal was suspended by its tail using adhesive tape attached to a metal bar
(5 mm in diameter), in the middle of a transparent Plexiglas box, approximately 25 cm
above the floor. Care was taken to ensure that the animal’s tail was not damaged during the
placement or removal of the tape, or during the test, by placing the tape in the middle of

the tail. The animal was returned to its home cage immediately following the conclusion of
the test, in its respective housing condition. The apparatus was sanitized with 10% bleach
solution and dried thoroughly between testing each animal.

A digital video camera was used to record behaviors during the TST, and behaviors were
scored by trained, experimentally blind observers. Behaviors were quantified as the duration
spent exhibiting the following behaviors: a.) active movements, characterized by contortions
or movements of the trunk or flailing of one or more limbs, and b.) immobility, characterized
by the lack of movement; this category excluded movements required for respiration and
residual swinging of the body as a function of immediately preceding active movements
(Steru et al. 1985).

2.3.6 Forced swim test.—The FST has been used to assess coping and adaptive
behaviors related to helplessness and depression-like behavior, and is hypothesized to
operationally represent a depressive phenotype in some rodent models, including prairie
voles (Cryan et al. 2005; Grippo et al. 2012). One hour following the pharmacological
treatment, each animal was removed from the home cage and exposed to the FST for 5
minutes. The apparatus consisted of a clear, cylindrical Plexiglas tank (46 cm in height; 20
cm in diameter) that was filled with tap water (25-26°C) to a depth of 18 cm. The animal
was gently placed in the tank for 5 minutes; the animal was returned to its home cage
immediately following the conclusion of the test, with a 15-minute access to a heat lamp
to prevent hypothermia. The swim tank was cleaned thoroughly, sanitized with 10% bleach
solution, and filled with clean water between testing each animal.

A digital video camera was used to record behaviors during the FST, and behaviors were
scored by trained, experimentally blind observers. Behaviors were quantified as the duration
spent exhibiting the following behaviors: a.) swimming, characterized by movements

of forelimbs and hindlimbs without breaking the surface of the water; b.) struggling,
characterized by forelimbs breaking the surface of the water; c.) climbing, characterized

by attempts to climb the walls of the tank; and d.) immobility, characterized by the lack

of body movement (floating) or using limbs solely to remain afloat without corresponding
trunk movements. Time spent swimming, struggling, and climbing were summed to provide
an index of active coping behaviors; immobility was used as an operational index of passive
or depressive-related behavior (Grippo et al. 2012).
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2.3.7 Telemetric transmitter implantation and data quantification.—All animals
in the co-housed subset received an intraperitoneal implantation of a wireless radiofrequency
transmitter prior to the beginning of the social housing manipulation (TAL10ETA-F10; Data
Sciences International, St. Paul, MN) to monitor the electrocardiogram (ECG), locomotor
activity, and body temperature, using procedures previously described (Grippo et al. 2007c)
and with modifications of procedures described in other rodent models (Gehrmann et al.
2000; Sgoifo et al. 1996). Animals were anesthetized throughout the surgical procedures
with a mixture of isoflurane (Henry Schein, Dublin, OH) and oxygen. Briefly, the body of
the transmitter was implanted into the intraperitoneal cavity, and negative and positive leads
were tunneled subcutaneously and sutured to the muscle on the exterior thorax, to the left
and right of the heart. All incisions were closed using sterile suture, and an injection of
carprofen (5 mg/kg, ip; Zoetis Inc., Parsippany, NJ) was administered immediately following
the procedure to minimize pain and inflammation.

Following immediate recovery from anesthesia, animals were housed for 5 days in custom-
designed divided cages (25 x 45 x 60 cm) as previously described (Grippo et al. 2007c);
allowing for the surgical wounds to heal while still maintaining limited social interactions
with the sibling. Additionally, a heat lamp was made available (covering approximately

1/3 of the cage) for the first 2 nights after the surgical procedures to allow the animal to
self-regulate its body temperature, and a solution of 2% sucrose was also made available

to the animal (in addition to regular food and water) for the first 5 days following the
surgical procedures to ensure adequate fluid intake. Subsequently, all animals were returned
to standard cages with their respective siblings to recover for an additional 5-7 days.

Throughout the recovery period, animals were assessed daily for the following
characteristics of recovery (with further details of the acquisition of data from the
radiotelemetry system below): a.) visible signs of eating and drinking; b.) visible signs

of adequate urination and defecation; c.) adequate activity level, measured using data from
the radiotelemetry transmitter (approximately 2 counts per minute, with increases in activity
level approximately every 2—3 hours); d.) adequate body temperature, measured using data
from the radiotelemetry transmitter (approximately 37.5°C); and e.) stabilization of heart
rate across the recovery period, measured via the radiotelemetry transmitter.

Data generated from the telemetric transmitter were recorded with a radiotelemetry receiver
using the vendor software (Dataquest ART Acquisition, Data Sciences International). ECG
signals were obtained with a sampling rate of 5 kHz and 12-bit precision digitizing; HR was
evaluated using the number of beats per minute. General activity level was monitored via the
receiver (sampling rate 256 Hz). Motor activity was evaluated using data from the vendor
software based on a proprietary data acquisition formula; this index is calculated from the
amount of deviation of the transmitter away from a centralized point in the receiver and

is reported in counts per minute (therefore this index represents a gross measure of motor
activity, where lower counts per minute represent low levels of activity and higher counts per
minute represent greater levels of activity). Body temperature was obtained from the vendor
software, which reports an index of core body temperature based on the intraperitoneal
location of the telemetric transmitter.
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Data segments were recorded at hourly intervals during an undisturbed baseline period,
which occurred in the home cage of the animals on the morning of each test session (2—

5 minutes of data recorded each hour). During each behavioral test, data were recorded
continuously during the entire 5-minute testing session. Data segments were recorded for an
undisturbed period following each testing session (3—10 minutes of data recorded each hour)
while the animals were in the home cage, co-housed with the respective siblings.

2.4 Data analyses

Behavioral data in the present study were coded by at least 2 trained experimenters who
were blind to the experimental conditions, using Noldus Observer XT version 8.0 (Noldus
Information Technology, Leesburg, VA). Coders were trained to a level of at least 90%
agreement, and the mean of all scores was used for each variable.

All behavioral data were analyzed using two-way independent group analyses of variance
(ANQWVA), with housing condition (co-housed or isolated) and treatment (vehicle or
L-369,899) as independent factors. Preliminary comparisons indicated that the behavioral
data in the subgroups exposed to the EPM and FST did not differ, therefore these
behavioral data were pooled for the purpose of conducting group-level comparisons.
Pairwise comparisons were conducted using independent group Student’s t-tests, for
hypothesis-driven comparisons.

HR data in the co-housed subgroup were analyzed using Dataquest ART Analysis software,
version 4.1 (Data Sciences International). Repeated measures in vehicle- and L-368,899-
treated animals were analyzed using mixed-design ANOVAS, with treatment (vehicle or
L-368,899) as the independent factor and time as the repeated factor. Pairwise comparisons
were conducted using either independent group or repeated measures Student’s t-tests, as
relevant, with a Bonferroni correction applied to all multiple comparisons.

Exploratory correlations were conducted using Pearson’s r correlation coefficients to
determine the inter-relationships of behavioral and cardiac variables in the co-housed
subgroup. The following correlations were computed for vehicle and L-369,899 conditions
separately: a.) HR following the injection alone vs. HR during the EPM; b.) HR following
the injection alone vs. HR during the FST; c.) HR during the EPM vs. HR during the FST;
d.) HR during the EPM vs. duration in the open arms of the EPM; e.) HR during the FST vs.
duration of immobility in the FST; and f.) duration in the open arms of the EPM vs. duration
of immobility in the FST. Correlations are reported for illustrative purposes; Cohen’s (1992)
advice was adopted to describe a correlation of approximately 0.1 as weak, approximately
0.3 as moderate, and approximately 0.5 as strong.

Data are reported as means and standard error of the mean (SEM) for all analyses and
figures. A probability value of p < 0.05 (2-tailed) was considered to be statistically
significant. Student’s t-statistics that exceeded the Bonferroni-adjusted probability value
were reported to be statistically significant for all multiple comparisons.
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3. Results

3.1 Open field test

A two-way ANOVA evaluating duration spent exploring the center section of the OFT
apparatus as a function of pharmacological treatment and housing condition yielded a main
effect of housing condition [F(1,36) = 7.49, p < 0.01], but no main effect of treatment (p

> 0.05) and no treatment by housing condition interaction effect (p > 0.05; Figure 2a). The
duration spent in the center section of the apparatus was significantly lower in the isolated
condition, relative to the co-housed condition [t(34) = 2.8, p < 0.008].

A two-way ANOVA evaluating number of crosses into the center section of the apparatus as
a function of treatment and housing condition did not yield any significant main effects or an
interaction (p > 0.05 for all comparisons; no follow-up tests were conducted; Figure 2b).

A two-way ANOVA evaluating the duration of exploratory motion during the OFT as a
function of treatment and housing condition yielded a main effect of housing condition
[F(1,36) = 6.69, p < 0.01], but no main effect of treatment (p > 0.05) and no interaction
effect (p > 0.05; Figure 2c). The duration of exploratory motion was significantly higher
in the isolated-vehicle condition relative to the co-housed-vehicle condition [t(17) = 2.0,
p < 0.05). The duration of exploratory motion did not significantly differ between the
isolated-L-368,899 and co-housed-L-368,899 conditions (p > 0.05).

A two-way ANOVA evaluating the duration of grooming during the OFT as a function

of treatment and housing condition yielded a main effect of housing condition [F(1,36) =
16.5, p < 0.0003], but no main effect of treatment (p > 0.05) and no interaction effect (p >
0.05; Figure 2d). The duration of grooming was significantly lower in the isolated condition,
relative to the co-housed condition [t(34) = 4.1, p < 0.0002].

A two-way ANOVA evaluating instances of rearing in the apparatus as a function of
treatment and housing condition did not yield any significant main effects or an interaction
(p > 0.05 for all comparisons; no follow-up tests were conducted; data not shown).

3.2 Elevated plus maze

A two-way ANOVA evaluating the duration spent in the open arms of the EPM as a function
of pharmacological treatment and housing condition yielded a main effect of housing
condition [F(1,60) = 19.1, p < 0.0001], but no main effect of treatment and no treatment

by housing condition interaction (p > 0.05 for both comparisons; Figure 3a). The duration
spent in the open arms was significantly lower in the isolated condition versus the co-housed
condition [t(60) = 4.25, p < 0.0001].

A two-way ANOVA evaluating the number of center crosses during the EPM as a function
of treatment and housing condition did not yield any significant main effects or an
interaction effect (p > 0.05 for all comparisons; no follow-up tests were conducted; Figure
3b).
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A mixed-design ANOVA evaluating HR prior to, during, and following the EPM in a subset
of co-housed animals as a function of treatment yielded a main effect of treatment [(F(1.69)
= 3,7, p < 0.05; a main effect of time [F(2,69) = 98.4, p < 0.0001], and an interaction effect
[(F(1,69) = 3.6, p < 0.05] (Figure 3c]. No baseline differences in HR were observed (p >
0.05). Both treatment conditions displayed an increased HR during the EPM relative to the
respective baseline HR values [vehicle: t(10) = 9.8, p < 0.0001; L-368,899: t(11) = 8.6, p <
0.0001], however HR in the L-368,899 condition was significantly higher during the EPM
versus the vehicle condition [t(21) = 2.2, p < 0.02]. Three hours following the EPM, the HR
values of both groups were significantly lower than the respective EPM HR values [vehicle:
t(10) = 5.4, p < 0.0003; L-368,899: t(11) = 8.4, p < 0.0001], but both values at this time
point were significantly higher than the respective baseline values [vehicle: t(10) = 3.5, p <
0.006; L-368,899: t(11) = 2.4, p < 0.01)].

3.3 Tail-suspension test

Analysis of the TST data excluded 3 animals that gained access to the bar during the test

(2 animals from the co-housed-saline condition and 1 animal from the co-housed-L-368,899
condition). A two-way ANOVA evaluating the duration of immobility during the TST

as a function of pharmacological treatment and housing condition yielded a main effect

of housing condition [F(1,39) = 10.4, p < 0.003], and a treatment by housing condition
interaction [F(1,39) = 4.2, p < 0.05], but no main effect of treatment (p > 0.05; Figure 4).
The duration of immobility was significantly higher in the isolated-vehicle condition versus
the co-housed-vehicle condition [t(16) = 3.7, p < 0.0006]. The duration of immobility was
slightly higher in the co-housed-L-368,899 group relative to the co-housed-vehicle group
[t(15) = 2.0, p = 0.05], however the duration of immobility in the isolated-L-368,899 group
did not significantly differ from the isolated-vehicle group (p > 0.05).

3.4 Forced swim test

A two-way ANOVA evaluating the duration of immobility during the FST as a function of
pharmacological treatment and housing condition yielded a main effect of housing condition
[F(1,60) = 8.2, p < 0.006], and a main effect of treatment [F(1,60) = 6.1, p < 0.02], but

no interaction effect (p > 0.05; Figure 5a). The isolated condition displayed greater levels

of immobility relative to the co-housed condition [t(59) = 2.8, p < 0.008). The L-368,899
condition displayed greater levels of immobility relative to the vehicle condition [t(59) = 2.3,
p <0.02].

A mixed-design ANOVA evaluating HR prior to, during, and following the FST in a subset
of co-housed animals as a function of treatment yielded a main effect of treatment [F(1,69)
=11.3, p < 0.0001], a main effect of time [F(2,69) = 32.7, p < 0.0001], and an interaction
effect [F(1,69) = 3.2, p < 0.05; Figure 5b). No baseline differences in HR were observed

(p > 0.05). Both treatment conditions displayed an increased HR during the FST relative to
the respective baseline HR values [vehicle: t(10) = 3.9, p < 0.003; L-368,899: t(11) = 8.8,

p < 0.0001], however HR in the L-368,899 condition was significantly higher during the
FST versus the vehicle condition [t(21) = 3.2, p < 0.005]. Three hours following the EPM,
the HR values of both groups were significantly lower than the respective HR values during
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the FST [vehicle: t(10) = 2.5, p < 0.02; L-368,899: t(11) = 6.0, p < 0.0001], and did not
significantly differ from the respective baseline HR values (p > 0.05 for both comparison).

3.5 Heart rate following L-368,899 or vehicle injections

A mixed-design ANOVA evaluating HR at baseline and following either vehicle or
L-368,899 in the co-housed subgroup yielded a main effect of pharmacological treatment
[F(1,46) = 10.2, p < 0.003; a main effect of time [F(1,46) = 8.2, p < 0.006], and an
interaction effect [F(1,46) = 3.9, p < 0.05; Figure 6]. No baseline differences in HR existed
between the vehicle and L-368,899 conditions (p > 0.05). Following the injection, the
L-368,899 condition displayed a significantly elevated HR relative to the vehicle condition
[t(21) = 3.2, p < 0.004], and relative to this condition’s respective baseline HR value [t(11)
= 3.2, p <0.008]. HR in the vehicle condition following the injection was not significantly
different from this condition’s respective baseline HR value (p > 0.05).

3.6 Exploratory Correlations

Pearson’s r correlation coefficients were used to investigate associations of behavioral and
cardiac variables in saline- and L-368,899-treated groups separately (Table 1). Briefly,

HR following the injection alone was weakly-to-moderately positively correlated with HR
during the EPM in the saline group, but not in the L-368,899 group. HR during the EPM
was moderately negatively correlated with duration in the open arms of the EPM, and HR
during the FST was moderately positively correlated with duration of immobility in the FST,
in both groups. HR during the EPM was strongly negatively correlated with HR during the
FST, and behavior during the EPM (open arm duration) was strongly negatively correlated
with behavior during the FST (immobility duration), in the L,368-899 group but not the
saline group.

4. Discussion

Several lines of evidence demonstrate that social stressors, such as loneliness and social
isolation, influence emotions, behaviors, and physiological functioning (Beutel et al. 2017;
Cacioppo et al. 2015b; Lim et al. 2016). OT communication in the central or peripheral
nervous system may underlie the associations of social stress, depression- and anxiety-
behaviors, and physiological dysfunction (Carter et al. 2020; Gutkowska et al. 2014;
Grinevich and Neumann 2021; Smith and Wang 2014). The prairie vole is a valuable
translational model for investigating the role of OT in mediating behaviors and cardiac
function in the context of social isolation, given the similarities in social structure between
this rodent species and humans (Bosch et al. 2009; Carter et al. 1995; Grippo et al. 2007c;
Sun et al. 2014; Young et al. 2011). Therefore, the current study investigated the role of
OT communication in depression- and anxiety-related behaviors and cardiac reactivity in
co-housed and isolated prairie voles using the selective OT receptor antagonist L-368,899.
The present data indicate that social isolation induces both depression- and anxiety-related
behavioral changes, and depression-related changes are exacerbated in isolated prairie voles
following administration of L-368,899. The data further demonstrate that administration of
L-368,899 produces depression-relevant behaviors in co-housed prairie voles, as well as
promotes increased resting and stressor-responsive HR. It is possible that antagonism of
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central or peripheral OT receptors, or both, mediated the behavioral and cardiac disruptions
observed here following L-368,899. The present results offer insight into the influence of OT
on affective behaviors and cardiac function in co-housed and isolated female prairie voles.

In the current study, prolonged social isolation was associated with anxiety and depressive
phenotypes, including altered behaviors in the OFT, EPM, TST, and FST. These findings
support previous observations in prairie voles (Bosch et al. 2009; Grippo et al. 2007a,
2007b; Sun et al. 2014) and other rodent models (leraci et al. 2016; Kumari et al. 2016;
Kwak et al. 2009), indicating that social isolation is associated with several affective
behavioral disruptions in validated operational measures. These findings also support data
from human samples, which have discussed the affective consequences of loneliness and
social isolation (Steptoe et al. 2004, 2013). With both anxiety- and depression-related
behaviors being observed in socially isolated animals (with and without OT disruptions),
the present findings may provide insight into the comorbidity of anxiety and depressive
syndromes in clinical samples (American Psychiatric Association 2013).

Although social isolation increased affective behaviors in the operational measures used
here, OT antagonism produced differential effects on anxiety- vs. depression-related
behaviors as a function of housing condition. First, focusing on isolated prairie voles,
administration of L-368,899 exacerbated depression-relevant behaviors in the FST (but not
in the TST), evidenced by an increase in immobility duration during the FST in isolated
prairie voles following L-368,899 administration (vs. vehicle-treated isolated animals).
These data extend previous results demonstrating that socially isolated prairie voles display
depression-relevant behaviors as well as altered OT communication in the brain and
circulation (Donovan et al. 2020; Grippo et al. 2007a, 2007b; Sun et al. 2014). However,

in contrast to depression-related behaviors, administration of L-368,899 did not influence
anxiety-related or exploratory behaviors in the OFT or EPM in the present study. In line
with this pattern of results, upregulation of OT via a peripheral injection of exogenous OT
protected against depression-relevant behaviors, but did not protect against anxiety-relevant
behaviors, in socially isolated prairie voles (Grippo et al. 2009, 2012). Social isolation

and disrupted OT communication may have synergistic consequences on depression-related
behaviors in the prairie vole model. However, whether central or peripheral OT disruptions
(or both) interact with social isolation requires further investigation.

Focusing on affect-related behaviors in co-housed prairie voles, injections of L-368,899
increased depressive-like behaviors in both the FST and TST (vs. vehicle) — to the same
behavioral levels as isolated animals. Coupled with the pattern of results discussed above,
disruptions of OT may mediate depression-related behaviors via either central or peripheral
mechanisms. OT mechanisms have been discussed previously in humans and animal models
(Ellis et al. 2021; Neumann and Landgraf 2012). For instance, elevated hypothalamic and
dorsolateral prefrontal OT mMRNA expression have been observed in depressed patients (Lee
et al. 2018; Meynen et al. 2007; Parker et al. 2010), and altered central OT communication
has been observed in rodent models associated with depression (Grippo et al. 2007a; Yan et
al. 2014). It is also possible that depression-relevant behaviors are a function of peripheral
OT disruptions, given that L-368,899 was injected peripherally in the present study design.
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In contrast to inducing depression-related behaviors, L-368,899 administration did not
influence anxiety-like behaviors in co-housed prairie voles, evidenced by a lack of change
in behavior during the OFT and EPM following drug administration. These results —
taken together with the lack of anxiety-related behaviors in isolated prairie voles following
OT antagonism — suggest that anxiety-related behaviors may only be partially mediated
by OT or that the extent or location of OT antagonism plays a role in its anxiogenic
effects. The involvement of the OT system in anxiety disorders has yielded inconclusive
findings. Briefly, molecular, genetic, and epigenetic evidence indicates that the OT system
may underlie social anxiety disorder; however, the role of the OT system in generalized
anxiety disorder is not fully elucidated (Gottschalk & Domschke 2017). Endogenous and
exogenous OT may mitigate anxiety signs and symptoms — psychological and physical —
in humans and animal models (Yoon & Kim 2020). Interestingly however, OT deficiency
does not appear to promote anxiety-related behaviors. For instance, OT receptor knockout
mice and prairie voles do not exhibit more anxiety-like behaviors than wildtype controls
(Horie et al. 2019; Pagani et al. 2015). Therefore, while the binding of OT to OT receptors
has anxiolytic effects, the disruption of OT binding has not consistently produced anxiogenic
effects. In addition to OT, the arginine vasopressin (AVP) system also plays an important
role in mediating behavior and responses to stress (Carter 2017; Jurek and Neumann
2018), and therefore additional research elucidating the specific role of these peptides in
psychological and physiological processes associated with social isolation is warranted
(such as cardiovascular and kidney functions, social, reproductive, and parental behaviors)
(Japundzi¢-Zigon et al. 2020; Phelps et al. 2017).

In addition to a focus on depression- and anxiety-related behaviors, the present study
investigated basal and stressor-reactive cardiac function in co-housed prairie voles following
OT receptor antagonism. L-368,899 injections increased resting HR in co-housed prairie
voles, relative to vehicle injections. This observation is in line with previous research
demonstrating that injections of an OT antagonist at the brainstem/solitary vagal complex
elevated HR in male rats (Higa et al. 2002; Higa-Taniguchi et al. 2009). However, although
L-368,899 crosses the blood-brain barrier after peripheral administration, the drug also
influences peripheral OT receptors; some OT receptors are located on the uterus and the
heart (Jankowski et al., 2004; Williams et al. 1994). It is possible that HR changes observed
here were the result of peripheral, rather than central, OT antagonism. The present results

in co-housed prairie voles contribute to a body of literature on social experiences, general
OT communication, and cardiac function in the prairie vole model. For instance, an increase
in resting HR has been observed previously following social isolation in female prairie
voles (Grippo et al. 2007c¢); and peripheral administration of exogenous OT prevented an
increase in HR in socially isolated prairie voles, which may have been due to central and/or
peripheral mechanisms (Grippo et al. 2009).

The current data support findings indicating that OT communication either in the central
or peripheral nervous system plays an important role in cardiovascular homeostasis under
both basal and stressor-induced conditions. L-368,899 injections (vs. saline) increased
HR in co-housed prairie voles during both the FST and EPM, providing support for the
hypothesis that disruptions of OT produce cardiovascular dysfunction during high-stress
states. OT plays a critical role in several autonomic processes, including moderation of
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sympathetic tone (Japundzi¢-Zigon 2013; Japundzi¢-Zigon et al. 2020). Elevated OT activity
has been previously observed during high sympathetic demands in humans and rodent
models (Hashimoto et al. 1989; Pierrehumbert et al. 2010; Taylor et al. 2006). Moreover,
chronically stressed or trauma-exposed individuals may exhibit hyper-reactive OT responses
to additional stressors (Grippo et al. 2007b; Pierrehumbert et al. 2010), suggesting that, in
some cases, the ability of OT to downregulate HPA and/or sympathetic functions may be
ineffective.

While the release of OT to moderate sympathetic demands is crucial during fight-or-

flight situations, another important role of OT is to promote parasympathetic functions
(Quintana et al. 2013; Quintana and Guastella 2020). For example, OT-deficient mice
exhibit exaggerated HR responses to a cholinergic blockade challenge compared to wildtype
controls (Michelini et al. 2003). In prairie voles, administration of exogenous OT promotes
an increase in parasympathetic tone in socially isolated animals and during short-term
stressors (Grippo et al. 2009, 2012); and alters neural control of central autonomic outflow,
including regions that influence both sympathetic and parasympathetic processes (Yee et

al. 2016). In healthy adults, the release of peripheral OT has been associated with faster
cardiovascular recovery following a social stress test (Engert et al. 2016) and increased high
frequency HR variability (an index of parasympathetic tone) after listening to slow-tempo
music (Ooishi et al. 2017).

Further, OT-parasympathetic communications appear to be faulty in chronically stressed,
depressed, and anxious individuals (Alvares et al. 2016; Quintana et al. 2013). Disruptions
in OT signaling may be one mechanism that underlies the association between affective
disorders and cardiovascular disease; this association is well established (Bradley &
Rumsfeld, 2015; Halaris, 2013; Hare et al. 2014). OT may moderate affective symptoms
and cardiac dysfunction through central or peripheral processes, for instance by interacting
with the HPA axis in the hypothalamic paraventricular nucleus, with HPA-related regions
such as the amygdala (Herman and Tasker 2016; Jankord and Herman 2008), via brainstem
mechanisms (i.e., the nucleus of the solitary tract/dorsal vagal complex; Japundzi¢-Zigon,
2013; Japundzi¢-Zigon et al., 2020), or via peripheral consequences related to central OT
functions (Heinrichs et al., 2003).

In conclusion, social isolation was associated with both anxiety- and depression-like
phenotypes in the current study. The present data support the hypothesis that OT
communication may play a greater mediating role in depression-related behaviors, relative
to anxiety-like behaviors, especially in the context of social stress. OT also plays an
important role in cardiovascular homeostasis at rest and during short-term stressors. The
specific role of central vs. peripheral OT communication in mediating behavioral and
cardiac consequences associated with social stressors deserves further attention. Findings
from the present study highlight the importance of OT in social stress, affective behaviors,
and cardiac function, particularly in females. However, additional studies that directly
investigate sex differences in behavior and neurobiological processes are also essential.
Further investigation of these research questions using valid and reliable animal models will
continue to inform our understanding of social stress-induced behavioral and physiological
consequences.
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Highlights
Social stress and loneliness have emotional and cardiac consequences
Oxytocin may influence emotional and cardiac responses to isolation
Social isolation increased emotion-related behaviors in female rodents
Blocking oxytocin worsened emotion-related behaviors in isolated rodents

Blocking oxytocin increased heart rate in co-housed rodents
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housed subset only) P cage assessment
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subset only)

Figure 1.
Housing conditions, pharmacological manipulations, sample sizes, and specific experimental

timeline in the present study.
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Figure 2.

Behavioral results during the OFT following co-housing or socially isolated conditions, 1
hour after saline or L-368,899 injections (means + SEM). a.) The duration spent in the
center section of the open field, which was used as a behavioral index of exploration

and low-anxiety state. Socially isolated animals spent significantly less time in the center
section of the OFT compared to co-housed control animals. b.) Instances of crosses into the
center section of the OFT, which was used as a behavioral index of exploration. Neither
social housing condition nor pharmacological manipulation affected this behavior. ¢.) The
duration spent in motion, which was used as a behavioral index of anxiety. Socially isolated
animals spent significantly more time in motion compared to co-housed animals; and d.) The
duration spent autogrooming, which was used as a behavioral index of an anxiety-related
state. Socially isolated animals spent significantly less time autogrooming compared to
co-housed animals. *p < .05 vs. co-housed condition (main effect of housing condition).
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Figure 3.

Behavioral and cardiac results during the EPM following co-housing or socially isolated
conditions, 1 hour after saline or L-368,899 injections (means + SEM). a.) The duration
spent in the open arms of the EPM, which was used as a behavioral index of exploration
and low-anxiety state. Socially isolated animals spent significantly less time in the open
arms of the EPM compared to co-housed animals. b.) Instances of crosses into the center
section, which was used as a general marker for locomotor activity. Neither social housing
condition nor pharmacological manipulation affected this behavior. ¢.) HR of co-housed
subgroup at baseline, during the EPM, and 3 hours following the EPM. All co-housed
animals, regardless of pharmacological condition, showed a significant elevation of HR
during the EPM, and HR of L-368,899-injected animals was significantly higher during the
EPM compared to HR of vehicle-injected animals. HR of all co-housed animals, regardless
of pharmacological condition, remained elevated above baseline levels 3 hours following the
EPM. *p < .05 vs. co-housed condition (main effect of housing condition); &p < 0.05 vs.
saline administration; #p < 0.05 vs. respective baseline HR value; “p < 0.05 vs. respective
EPM HR value.
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Figure 4.

Behavioral results during the TST following co-housing or socially isolated conditions, 1
hour after saline or L-368,899 injections (means + SEM), showing duration of immaobility
during the TST, which was used as a behavioral index of helplessness. L-368,899-

injected co-housed animals and saline-injected isolated animals displayed significantly more
immobility during the TST compared to vehicle-injected co-housed animals. $p = 0.05 vs.
saline administration in the co-housed condition.
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Figure 5.

Behavioral and cardiac responses during the FST following co-housing or socially isolated
conditions, 1 hour after saline or L-368,899 injections (means + SEM). a.) Duration of
immobility during the FST, which was used as a behavioral index of helplessness. Socially
isolated animals displayed significantly more immobility during the FST compared to
co-housed animals. L-368,899-injected animals (regardless of social condition) displayed
significantly more immobility during the FST compared to vehicle-injected animals. b.) HR
of the co-housed subset at baseline, during the FST, and 3 hours following the FST. All
animals showed a significant elevation of HR during the FST regardless of pharmacological
condition. L-368,899-injected co-housed animals exhibited a significantly higher HR during
the FST compared to vehicle-injected co-housed animals. *p < .05 vs. co-housed condition
(main effect of housing condition); &p < 0.05 vs. saline administration (main effect of
pharmacological treatment); #p < 0.05 vs. respective baseline HR value; ~p < 0.05 vs.
respective FST HR value.
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Figure 6.

Resting HR of the co-housed subgroup at baseline and 1 hour following saline or L-368,899
injections (means + SEM). Co-housed L-368,899-injected animals displayed a significant
elevation of HR compared to baseline HR and that of co-housed vehicle-injected animals.
&p < 0.05 vs. saline administration; *p < 0.05 vs. respective baseline HR value.
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Pearson’s r correlation coefficients in co-housed animals administered either saline or L-368,899, comparing

behavioral and cardiac variables.

Saline  L-368,899
HR Following Injection vs. HR During EPM 0.34 0.02
HR Following Injection vs. HR During FST -0.03 -0.01
HR During EPM vs. Open Arm Duration in EPM -0.38 -0.26
HR During FST vs. Immobility Duration in FST 0.26 0.36
HR During EPM vs. HR During FST 0.05 -0.47
Duration in Open Arms During EPM vs. Immobility Duration During FST ~ —0.09 -0.54

Note: probability values for all correlations are greater than 0.05.
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