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Abstract

Exposure to social and environmental stressors may influence behavior as well as autonomic and 

cardiovascular regulation, potentially leading to depressive disorders and cardiac dysfunction 

including elevated sympathetic drive, reduced parasympathetic function, and ventricular 

arrhythmias. The cellular mechanisms that underlie these interactions are not well understood. 

One mechanism may involve alterations in the expression of Connexin43 (Cx43) and Connexin45 

(Cx45), gap junction proteins in the heart that play an important role in ensuring efficient cell-to-

cell coupling and the maintenance of cardiac rhythmicity. The present study investigated the 

hypothesis that long-term social isolation, combined with mild environmental stressors, would 

produce both depressive behaviors and altered Cx43 and Cx45 expression in the left ventricle of 

prairie voles – a socially monogamous rodent model. Adult, female prairie voles were exposed to 

either social isolation (n=22) or control (paired, n=23) conditions (4 weeks), alone or in 

combination with chronic mild stress (1 week). Social isolation, versus paired control conditions, 

produced significantly (P < 0.05) increased depressive behaviors in a 5-min forced swim test, and 

chronic mild stress exacerbated (P < 0.05) these behaviors. Social isolation (alone) reduced (P < 

0.05) total Cx43 expression in the left ventricle; whereas chronic mild stress (but not isolation) 

increased (P < 0.05) total Cx45 expression and reduced (P < 0.05) the Cx43/Cx45 ratio, measured 

via Western blot analysis. The present findings provide insight into potential cellular mechanisms 

underlying altered cardiac rhythmicity associated with social and environmental stress in the 

prairie vole.
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Introduction

Increased attention has been devoted to understanding the link between affective states, such 

as depression, and cardiovascular disease (CVD). These conditions are bidirectionally 

associated (Glassman 2007; Lichtman et al. 2008). Depression is an important risk factor for 

CVD in medically healthy individuals and in patients with established cardiac dysfunction, 

independent of traditional cardiovascular risk factors (Penninx et al. 2001; Carney and 

Freedland 2003; Frasure-Smith and Lespérance 2003). Conversely, CVD is associated with 

increased levels of mood disorders (Freedland et al. 2003). Disrupted homeostatic 

mechanisms may underlie the association between mood and cardiovascular disorders, 

including, among others, autonomic nervous system dysfunction and cardiac rhythm 

disturbances (Johnson and Grippo 2006; de Jonge et al. 2010).

Further, social and environmental factors, such as actual and perceived social isolation, 

influence the relationships among autonomic dysregulation, mood, and CVD (Cacioppo et 

al. 2002; Kiecolt-Glaser et al., 2010; Grippo 2011; Steptoe et al. 2013). Individuals with 

smaller social networks or who are less socially integrated display increased depressive 

symptomatology compared to those who are more socially integrated (Rutledge et al. 2008). 

Social isolation and fewer social connections also are associated with cardiovascular risk 

factors, including coronary artery calcification, increased blood glucose levels, hypertension, 

and diabetes mellitus; and contribute to increased cardiovascular mortality (Kaplan et al. 

1988; Eng et al. 2002; Rutledge et al. 2004; Kop et al. 2005; Rutledge et al. 2008; Ramsay et 

al. 2008).

Studies with animal models have provided valuable insight into the potential interactions 

among social stressors, mood disorders, and CVD. Of relevance, the socially monogamous 

prairie vole has been used in this context given its display of behavioral, social, and 

physiological traits similar to humans. Unlike most other rodent species, the prairie vole is 

among only 3% of mammalian species that is actively engaged in its social context, 

exhibiting traits of social monogamy such as forming long-term pair bonds, displaying bi-

parental care, and living in extended family groups (Carter and Keverne 2002). This species 

also exhibits autonomic characteristics that mimic those of humans and larger primates (but 

are unlike other rodents such as rats and mice), including high parasympathetic and low 

sympathetic regulation of the heart at rest (Grippo et al. 2007b). Prairie voles are highly 

sensitive, both behaviorally and physiologically, to disruptions in the social environment. 

Social isolation and the disruption of established social bonds in this species result in 

depressive and anxiety-like behaviors, an increased responsiveness to acute stressors, and 

physiological alterations that mirror those observed in CVD, including increased heart rate, 

decreased heart rate variability, impaired vascular relaxation, and autonomic imbalance 

(Grippo et al. 2007c; Peuler et al. 2012; McNeal et al. 2014). These findings provide 
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evidence for the utility of the prairie vole as a model for investigating mechanisms 

underlying responses to social stressors.

Social stressors also produce ventricular and supraventricular arrhythmias in prairie voles 

(Grippo et al. 2010; Grippo et al. 2012). Socially isolated prairie voles exposed to an acute 

swimming stressor exhibit depressive behaviors and a dramatically higher arrhythmic 

burden (resulting from increased ventricular and supraventricular arrhythmias) relative to 

socially paired animals (Grippo et al. 2012). Similarly, social isolation (versus social 

pairing) followed by acute social crowding produces increased arrhythmias and heart rate, 

and reduced heart rate variability (Grippo et al. 2010). The specific processes, however, that 

mediate these cardiac arrhythmias as a function of social stressors are not well understood 

and may be informed by investigations of cellular cardiac mechanisms.

Although there are a number of cellular mechanisms that could be responsible for the 

increased cardiac arrhythmias resulting from social stressors, one possibility includes an 

alteration in the expression of the gap junction protein Connexin43 (Cx43). Cx43 is a 43 

kDa protein highly expressed within mammalian ventricles at the intercalated discs. It plays 

a substantial role in ensuring efficient cell-to-cell coupling and maintaining cardiac rhythms 

(Kanter et al., 1992; Bernstein and Morley 2006; Imanaga 2009). Ventricular arrhythmias 

are more easily provoked in animals deficient in Cx43 (Lerner et al. 2000), while significant 

decreases in the expression of Cx43 have been implicated in the pathogenesis of ventricular 

arrhythmias following infarction (Takamatsu 2008) and heart failure (Ai and Pogwizd 

2005). Interestingly, cardiovascular deconditioning produced through hindlimb unloading 

increases the incidence of ventricular arrhythmias and is associated with increased 

expression of Cx43 in rats (Moffitt et al. 2013), as does forced restraint (Unuma et al. 2010). 

In addition, changes in Cx43 expression and phosphorylation vary considerably over the 

time course of development of heart failure in dogs (Akar et al. 2007). These data taken 

together indicate that changes in Cx43 expression may follow a complex trajectory in a 

number of pathological states, and that disruption of Cx43 expression appears to be a critical 

factor in disrupting cardiac rhythmicity.

Unlike Cx43, another gap junction protein, Cx45, although absolutely required for 

embryonic development, is expressed in relatively low levels in the working myocardium 

(Bao et al. 2011). However, studies have shown that Cx45 expression is increased in human 

heart failure (Yamada et al. 2003) and it increases arrhythmic susceptibility (Betsuyaka et al. 

2006). Since Cx45 can form heterotypic and heteromeric channels with Cx43 (Verheule and 

Kaese 2013), increased expression of Cx45 relative to Cx43 may decrease the size of gap 

junctions (Grikscheit et al. 2008), and a decreased ratio of Cx43/45 may induce a pro-

arrhythmic state under pathological conditions (Yamada et al. 2004).

Given previous findings regarding Cx43 and Cx45 in other species, we examined the 

hypothesis that a combination of social and environmental stressors would produce 

disruptions in Cx43 and Cx45 protein expression in the left ventricle of prairie voles. We 

further hypothesized that social stressors would produce depressive behaviors, confirming 

social isolation as a useful model for the study of depression (Grippo et al. 2007a; Grippo et 

al. 2008), and that the novel combination of social and environmental stressors in this model 
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would exacerbate depressive behaviors. To investigate these hypotheses, adult prairie voles 

were exposed to 4 weeks of social isolation followed by a period of mild environmental 

stressors for one week, after which a behavioral measure of depression (helplessness) and 

analysis of Cx43 and Cx45 protein levels and their ratio in the left ventricle were performed 

in the same animals.

Methods

Animals

Forty-five adult female prairie voles, descendants of a wild stock caught near Champaign, 

Illinois, were used in the present study. Prairie voles had a mean (± standard error of the 

mean, SEM) age of 70±4 days and a body weight of 36±1 grams. All prairie voles were 

maintained on a 14h/10 h light/dark cycle (lights on at 06:00h), with a mean ± SEM ambient 

temperature of 25±2°C and relative humidity of 40±5%. Prairie voles were allowed food 

(Purina rabbit chow) and water ad libitum, unless otherwise noted. Offspring were removed 

from breeding pairs at 21 days of age and housed in same-sex sibling pairs until the 

commencement of the study. For all procedures described herein, one prairie vole from each 

sibling pair was studied. All procedures were conducted according to the National Institutes 

of Health’s Guide for the Care and Use of Laboratory Animals and approved by the local 

University Institutional Animal Care and Use Committees.

Social Isolation

Prairie voles were randomly divided into paired (control; n=23) or socially isolated (n=22) 

groups. Paired control prairie voles were continually housed with the siblings for 4 weeks, 

while isolated prairie voles were separated from their respective siblings and housed 

individually without visual, auditory or olfactory cues. Handling and cage changing were 

matched between the two groups.

Chronic Mild Stress (CMS)

Following the 4-week period of social isolation or pairing, half of the prairie voles in each 

group were exposed to 7 days of chronic mild stress (CMS; n=14 paired and n=11 isolated), 

while the other half remained undisturbed (n=9 paired and n=11 isolated). The CMS 

procedure was a modification of methods which have been used previously to induce 

depressive behaviors in rodents (Grippo et al. 2005). Briefly, all prairie voles were exposed 

to a series of mild stressors on an unpredictable schedule for varying durations throughout 

the light and dark periods (Figure 1 gives details), including: (1) continuous overnight 

lighting; (2) strobe light (300 flashes/min); (3) white noise (90 dB); (4) exposure to an 

empty water bottle following a brief period of water deprivation; (5) tilted cage (40º tilt 

along the vertical axis); (6) damp bedding (100 ml water poured into the bottom of the cage; 

and (7) a foreign object in the cage a brick, 15 cm × 7.6 cm × 6.3 cm; this stressor was used 

in place of the paired housing stressor, which has been employed previously in CMS 

paradigms in other rodents (Grippo et al. 2005) but would have interfered with the social 

housing manipulation in the present study.
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Forced Swim Test (FST)

Twenty-four hours following the last stressor in the CMS paradigm, investigation of 

swimming behavior in the forced swim test (FST) was used as an operational index of 

depressive behaviors. All prairie voles were exposed to a 5-minute FST using procedures 

described elsewhere (Cryan et al., 2005), during the light period (approximately 3–5 hours 

after light onset). Briefly, a clear, cylindrical Plexiglas tank (46 cm height; 20 cm diameter) 

was filled to a depth of 18 cm with tap water (25–26° C). Each prairie vole was placed 

individually into the tank for 5 minutes. The tank was cleaned thoroughly and filled with 

clean water prior to testing each prairie vole. Each prairie vole was returned to its home cage 

(paired or isolated) immediately following the 5-minute swim period, and was allowed 

access to a heat lamp for 15 minutes.

Behaviors during the FST were recorded using a digital video camera, and scored offline 

manually by two trained observers who were blind to the experimental conditions. The 

behaviors were defined as: (1) swimming: directed, coordinated movements of the forelimbs 

and hindlimbs without breaking the surface of the water; (2) struggling: forelimbs breaking 

the surface of water; (3) climbing: attempts to climb the walls of the tank; and (4) 

immobility: no limb or body movements (floating) or using limbs solely to remain afloat 

without corresponding trunk movements. Struggling, climbing and swimming were summed 

to provide one index of active coping behaviors, and immobility was used as the operational 

index of depressive behavior, according to previous tests of validity and reliability (Cryan et 

al., 2005).

Collection of Cardiac Tissue

Five days following the FST, all paired and isolated animals were killed using an overdose 

of a 5:1 ratio of ketamine (67 mg/kg, dissolved at 100 mg/ml in distilled water, sc; NLS 

Animal Health, Owings Mills, MD) and xylazine (13.33 mg/kg, dissolved at 100 mg/ml in 

distilled water, sc; NLS Animal Health), during the light period (approximately 3–5 hours 

following light onset). All prairie voles were anesthetized within 1 minute of being removed 

from the housing room. The heart was immediately removed and sectioned into 4 chambers. 

Each chamber was immediately weighed, and then frozen using liquid nitrogen. The tissue 

was stored at −80° C.

Analysis of Connexin43 (Cx43) and Connexin45 (Cx45) Protein Expression

To determine the levels of Cx43 and Cx45 protein expression, Western blot analysis was 

performed on left ventricle tissue from prairie voles in paired and isolated groups in the 

presence and absence of CMS. Frozen tissue was homogenized on ice with a tissue grinder 

in lysis buffer [10mM Tris, 1% (v/V) Triton X-100, 5mM disodium EDTA, 50mM NaCl, 

30mM Sodium Pyrophosphate, 50mM NaF, 0.1mM Sodium Orthovanadate, 0.3mM PMSF, 

and protease inhibitor cocktail (AEBSF 104 mM, Aprotinin 80 μM, Bestatin 4 mM,E-64 1.4 

mM, Leupeptin 2 mM, Pepstatin A, 1.)]. Subsequently, the homogenates were pulse 

sonicated at 5 watts while on ice for 15 minutes. The lysate was cleared by centrifugation at 

21000 x g for 15 minutes. The supernatant was collected for further analysis and the pellet 

discarded. Lysate was resolved on a 10% polyacrylamide gel and transferred to a 

polyvinylidene fluoride membrane. Membranes were probed for total Cx43 expression using 
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a polyclonal Cx43 antibody (C6219, Sigma Aldrich, St. Louis, MO) or Cx45 antibody 

(Lecanda et al. 1998). To control for loading, membranes were probed for glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) with a polyclonal anti-GAPDH antibody (G9545, 

Sigma Aldrich). To visualize protein, membranes were incubated with an anti-rabbit-HRP 

conjugated secondary antibody (W4011, Fisher Scientific, Pittsburgh, PA) and subsequently 

treated with Super SignalChemiluminescent reagent (Thermo Scientific, Rockford, IL). 

Membranes were exposed to x-ray film. Protein expression was measured as a function of 

optical density using Image Lab (BioRad, Contra Costa, CA). Data are expressed as the ratio 

of Cx43 normalized to GAPDH, Cx45 normalized to GAPDH, and the ratio of the 

normalized Cx43 to Cx45 values. Each sample in the experimental groups (paired + CMS, 

isolated, and isolated + CMS) was then normalized to the average intensity of the control 

group (paired) and expressed as a value relative to the control group.

Data Analyses

Data are presented as means ± SEM for all analyses and figures. A value of P < 0.05 was 

considered to be statistically significant. Two-factor, independent-groups analyses of 

variance (ANOVA) were used for all comparisons between housing (paired or isolated) and 

stress (CMS or no stress). Fisher’s Least Significant Difference post-hoc analyses and 

Student’s t-tests with a Bonferroni correction were conducted for pairwise comparisons.

Results

Depressive Behaviors

Social isolation was associated with increased depressive behaviors in the FST, relative to 

social pairing (control conditions); and CMS exacerbated depressive behaviors in both 

paired and isolated groups (Figure 2). An independent-groups ANOVA yielded main effects 

of both housing [F(1,41) = 30.37, P < 0.001] and stress [F(1,41) = 5.96, P < 0.02]. Fisher’s 

post-hoc analyses, with P < 0.05 defined as the critical probability value, indicated a step-

wise effect of CMS and social isolation, such that all 3 experimental groups displayed 

significantly greater levels of immobility relative to the paired (control) group (P < 0.05 for 

all comparisons); the isolated and isolated + CMS groups displayed significantly greater 

levels of immobility relative to the paired + CMS group (P < 0.05); and the isolated + CMS 

group displayed greater levels of immobility relative to the isolated group (P < 0.05). 

However, the immobility levels of the isolated group did not differ significantly from the 

paired + CMS group (P > 0.05).

Connexin43 (Cx43) and Connexin45 (Cx45) Protein Expression

Social isolation (but not CMS) was associated with reduced Cx43 expression; whereas CMS 

(but not social isolation) was associated with increased Cx45 expression and a reduced 

Cx43/Cx45 ratio in the left ventricle (Figures 3 and 4). An independent-groups ANOVA for 

total Cx43 expression yielded a main effect of housing [F(1,31) = 4.60, P < 0.04]. The 

isolated group displayed significantly lower levels of Cx43 relative to the paired (control) 

group [t(16] = 2.82, P < 0.01].
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An independent-groups ANOVA for total Cx45 expression yielded a main effect of stress 

[F(1,31) = 4.63, P < 0.04]. The paired + CMS group [t(16) = 2.51, P < 0.02] and the isolated 

+ CMS group [t(16) = 3.18, P < 0.006] displayed increased levels of Cx45 relative to the 

paired (control) group.

An independent-groups ANOVA for the Cx43/Cx45 ratio yielded a main effect of stress 

[F(1,31) = 8.13, P < 0.008]. The paired + CMS group displayed a significantly reduced 

Cx43/Cx45 ratio relative to the paired (control) group [t(16) = 2.13, P < 0.05]. The isolated 

+ CMS group displayed a significantly reduced Cx43/Cx45 ratio relative to the isolated 

group [t(16) = 2.31, P < 0.03], and relative to the paired (control) group [t(16) = 2.07, P < 

0.05].

Body Weight and Left Ventricular Weight

Neither social isolation nor CMS affected body weight, left ventricular weight, or left 

ventricular/body weight ratio. There were no significant differences in any of these variables 

among the 4 groups (P > 0.05 for all comparisons; data not shown).

Discussion

The current findings provide novel insight into cardiac Cx43 and Cx45 protein expression, 

and their association with depressive behaviors, in prairie voles exposed to social and 

environmental stressors. Several social stressors, including long-term social isolation, the 

short-term disruption of established social bonds, social crowding, and intersexual 

aggression, have produced behavioral disturbances relevant to mood and cardiovascular 

disorders in prairie voles (Grippo et al. 2007c; Bosch et al. 2009; Grippo et al. 2010; 

McNeal et al. 2014). The present study demonstrates that social stress (but not CMS) alters 

Cx43 expression, whereas CMS (but not social stress) alters Cx45 expression and the 

Cx43/C45 ratio. These findings can inform our understanding of the influence of stress on 

behavior and electrical communication in the heart.

Both social isolation and CMS, separately, have been shown to produce various depressive 

behaviors in rodent models, including anhedonia and helplessness (Grippo et al., 2002; 

Willner 2005; Grippo et al. 2007c; McNeal et al. 2014). This is the first study to investigate 

a combination of CMS and social isolation in the prairie vole, and therefore the FST was 

specifically chosen here as a validated operational measure of depressive behaviors (Cryan 

et al., 2005). The present study indicates that a combination of social isolation and CMS has 

an additive effect on depressive behaviors in the FST. Social isolation led to an increase in 

helpless behavior (immobility) and a reduction in active coping behavior in the FST when 

compared to social pairing (control), similar to previous studies that have investigated the 

effects of social isolation on behavior in prairie voles (Grippo et al. 2008; Bosch et al. 2009). 

However, a combination of social isolation and CMS produced significantly greater levels of 

immobility than social isolation alone. The current findings provide further evidence for the 

behavioral consequences of social stressors in rodents, and indicate that the addition of mild 

environmental stressors is an important consideration in the context of investigating 

behavioral responses to the social environment.
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In contrast to the effects of social isolation and CMS on behavior, the combination of these 

two manipulations did not have the same additive influence on Cx43 and Cx45 expression in 

the left ventricle. Although social isolation was associated with a reduction in Cx43 

expression compared to social pairing (control), the combination of CMS with social 

isolation did not further alter the expression of this protein versus social isolation alone. In 

contrast to Cx43 expression, however, CMS was associated with a significant increase in 

Cx45 expression, as well as a significant decrease of the ratio of Cx43 to Cx45 in the left 

ventricle, but social isolation did not further influence Cx45 or the Cx43/Cx45 ratio. This 

pattern of responses indicates that social isolation and CMS may have differential influences 

on the expression of Cx43 and Cx45 in the left ventricle of the prairie vole. Further 

exploration of these potential differential influences is warranted.

The present results may provide insight into a mechanism through which social isolation and 

CMS have arrhythmogenic effects on the heart, which has been demonstrated in our 

previous studies using both rats and prairie voles (Grippo et al. 2004; Grippo et al. 2010; 

Grippo et al. 2012) The present findings may contribute to the understanding of previously 

demonstrated alterations in electrophysiological functioning following chronic social stress 

in a rodent model of depression (Carnevali et al. 2013). The precise interactions of social 

and environmental stress, depressive behaviors, and altered Cx43 and Cx45 expression are 

not well defined, however previous findings from a number of studies indicate that 

appropriate Cx43 communication is important for maintaining cardiac rhythmicity 

(Beardslee et al. 1998; Lerner et al. 2000; Bernstein and Morley 2006; Mayama et al. 2007), 

and a reduction in the Cx43/Cx45 ratio may induce a pro-arrhythmic state (Yamada et al. 

2003; Yamada et al. 2004; Betsuyaka et al. 2006). The present findings also lend further 

support to previous data indicating that various forms of psychological and physiological 

stressors, such as hindlimb unloading (Moffitt et al. 2013) and restraint (Unuma et al. 2010), 

disrupt Cx43 expression in the heart. However, whether stress influences cardiac function 

directly to alter Cx43 and Cx45 expression, or indirectly via neurocardiac communication, is 

yet to be determined.

One possible explanation is that exposure to stressors alters cardiac autonomic balance 

which then elicits disruptions in Cx43 and Cx45 protein expression in the heart. Previous 

data from rats (Grippo et al. 2002) and prairie voles (Grippo et al. 2007c; McNeal et al. 

2014) indicate that social isolation and/or CMS induces cardiac autonomic imbalance such 

that there is a shift toward sympathetic dominance and away from cardiac parasympathetic 

(vagal) dominance. This cardiac autonomic imbalance has been previously well-documented 

to increase predisposition to cardiac arrhythmias (Verrier and Antzelevich 2004; Zipes 

2008), and this is corroborated by data indicating increased arrhythmogenesis in animal 

models of each chronic stress and isolation (Sgoifo et al. 1998; Grippo et al. 2010; Grippo et 

al. 2012). Previous data suggest that increasing parasympathetic activity through vagus 

nerve stimulation increases the expression and phosphorylation of Cx43 (Ando et al. 2005; 

Yue et al. 2006; Bellafiore et al. 2007; Zhao et al. 2010), while direct cardiac sympathetic 

nerve stimulation decreases the expression of Cx43 in the left ventricle (Jiang et al. 2008). 

Similarly, exposure of cultured cardiomyocytes to acetylcholine up-regulates the expression 

of Cx43 (Ando et al. 2005), while exposure to β-adrenoreceptor agonists increases the non-

phosphorylated form of Cx43 (Xia et al. 2009), which is considered to provoke cardiac 
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arrhythmias (Takamatsu 2008; Imanaga 2009). In addition, human heart failure, a 

pathological condition notorious for sympathetic elevation, results in increased expression of 

Cx45 (Yamada et al. 2003) indicating that this may be part of the pathogenesis of ventricular 

arrhythmias in heart failure since the overexpression of Cx45 in mice induces gap junction 

uncoupling and increased predisposition to ventricular tachycardia (Betsuyaka et al. 2006). 

These data taken together indicate that the stressors associated with isolation and/or CMS 

result in cardiac autonomic imbalance which may in turn serve to alter the ratio of Cx43 to 

Cx45, thereby rendering the heart more vulnerable to sustaining arrhythmias.

While the present study focused exclusively on Cx43 and Cx45 expression in the left 

ventricle, it is possible that social isolation and/or CMS may alter the expression of connexin 

proteins in the brain, thereby impairing neuronal function and disrupting emotion-related 

pathways associated with depressive disorders (Sun et al. 2012). For instance, recent studies 

have demonstrated that chronic unpredictable stress in rats is associated with altered Cx43 

expression in the prefrontal cortex (Sun et al. 2012) and hippocampus (Li et al. 2010); and 

that a Cx43-mimetic peptide infused into the brain, which blocks gap junctions, produces 

depressive behaviors (Sun et al. 2012).

In summary, the present study has demonstrated that social isolation in prairie voles reduces 

Cx43 protein expression in the left ventricle, as well as increasing depressive behaviors, 

which were exacerbated by the addition of CMS. However, CMS increased Cx45 protein 

expression and reduced the ratio of Cx43 to Cx45 in the left ventricle. A combination of 

social isolation and CMS may serve to alter autonomic control of the heart, in turn 

negatively affecting the expression of Cx43 and Cx45, thereby increasing the vulnerability 

to cardiac arrhythmias. Disruptions of connexin proteins in the left ventricle may thus be one 

cellular mechanism through which social stressors are arrhythmogenic and produce a 

cascade of cardiovascular dysfunction. The current study is a first step in the investigation of 

cellular cardiac consequences of social and environmental stressors in the prairie vole 

model. Additional studies are necessary to determine the precise pathways through which 

social and environmental stressors influence connexin protein expression in the heart. For 

example, further investigation of the interactions of behaviors and connexin protein 

expression, both in the brain and the heart, can provide insight into signaling mechanisms 

responsible for Cx43 and Cx45 alterations. Taken together with the present data, these 

additional studies will inform our understanding of the mechanisms through which stress 

contributes to behavioral and physiological alterations associated with mood disorders and 

CVD.
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Figure 1. 
Details of the chronic mild stress (CMS) procedure used in the present study design.
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Figure 2. 
The impact of social isolation and chronic mild stress (CMS) on depressive behaviors in the 

5-min forced swim test (FST). Mean (± standard error of the mean, SEM) duration of 

immobility in the FST in paired (P, n=9), paired + CMS (P+CMS, n=14), isolated (I, n=11), 

and isolated + CMS (I+CMS, n=11). Statistical symbols indicate value is significantly 

different (P < 0.05, using 2-factor, independent groups ANOVA and Fisher’s Least 

Significant Difference post-hoc analyses) from: * = paired group only; # = all other groups. 

Note: the remainder of 300 seconds is composed of active coping behaviors.
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Figure 3. 
A representative Western blot of connexin43 (Cx43) and connexin45 (Cx45) expression in 

the left ventricle, relative to the loading control (glyceraldehyde 3-phosphate 

dehydrogenase, GAPDH), for a set of paired (P) and isolated (I) prairie voles in the presence 

and absence of chronic mild stress (CMS).
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Figure 4. 
The impact of social isolation and chronic mild stress (CMS) on connexin43 (Cx43) and 

connexin45 (Cx45) expression in the left ventricle. Expression levels of Cx43 (A) and Cx45 

(B) were determined by Western blot and normalized to the GAPDH loading control. In 

addition, the ratio of Cx43/Cx45 (C) was determined after normalization of Cx43 and Cx45 

to GAPDH. Data are represented as the mean and standard error of the mean (SEM) for each 

group relative to control (paired). Quantification (mean ± SEM) of Cx43 and Cx45 

expression for paired (P, n=8), paired + CMS (P+CMS, n=9), isolated (I, n=9), and isolated 

+ CMS (I+CMS, n=9). Statistical symbol indicates the value is significantly different (P< 

0.05, using 2-factor, independent groups ANOVA and Student’s t-tests with a Bonferroni 

correction) from: * = paired group; ^ = isolated group.
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