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Abstract
Humans with depression show impaired endothelium-dependent vasodilation, one recent
demonstration of which was in the form of a reduced acetylcholine (ACh)-induced relaxation of
adrenergically-precontracted small arteries biopsied from older depressed patients. Results from
such uses of ACh in general have been validated as the most predictive marker of endothelium-
related cardiovascular diseases. Accordingly, we examined vascular reactivity to ACh in the
socially isolated prairie vole, a new animal model relevant to human depression and
cardiovascular disease. Thoracic aortas were carefully dissected from female prairie voles after
one month of social isolation (versus pairing with a sibling). Only aortas that contracted to the
adrenergic agent phenylephrine (PE) and then relaxed to ACh were evaluated. Among those, ACh-
induced relaxations were significantly reduced by social isolation (p<0.05), with maximum
relaxation reaching only 30% (of PE-induced precontraction) compared to 47% in aortas from
paired (control) animals. Experimental removal of the endothelium from an additional set of aortic
tissues abolished all ACh relaxations including that difference. In these same tissues, maximally-
effective concentrations of the nitric oxide-donor nitroprusside still completely relaxed all PE-
induced precontraction of the endothelial-free smooth muscle, and to the same degree in tissues
from isolated versus paired animals. Finally, in the absence of PE-induced precontraction ACh did
not relax but rather contracted aortic tissues, and to a significantly greater extent in tissues from
socially isolated animals if the endothelium was intact (p<0.05). Thus, social isolation in the
prairie vole may 1) impair normal release of protective anti-atherosclerotic factors like nitric oxide
from the vascular endothelium (without altering the inherent responsiveness of the vascular
smooth muscle to such factors) and 2) cause the endothelium to release contracting factors. To our
knowledge this is the first demonstration of this phenomenon in an animal model of depression
induced solely by social isolation. These findings have implications for understanding
mechanisms involved in depression and cardiovascular disease.
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1. Introduction
Evidence obtained from both epidemiological and clinical investigations in humans and of
experimental investigations in non-human animals suggests that there is a bidirectional
association between mood and cardiovascular dysfunction. Cardiovascular pathophysiology
significantly increases the likelihood of developing depressive disorders; and conversely
depressive disorders are risk factors for cardiac morbidity and mortality [1–5]. The
association between altered mood and cardiovascular disease has been observed in
individuals both with and without a history of cardiac pathophysiology, and is independent
of traditional cardiovascular risk factors such as high cholesterol, increased body mass
index, family history, and disease severity [2, 4, 6, 7].

Despite evidence that a significant relationship exists between mood and cardiovascular
regulation, the precise behavioral and neurobiological mechanisms underlying this
association remain unclear. One proposed mechanism of interaction includes arterial
endothelial dysfunction, an early precursor of atherosclerosis [8, 9]. Further, dysfunction of
the vascular endothelium may interact with behavioral mechanisms, including inappropriate
responses to environmental and social stressors, to mediate the relationship between
depression and cardiovascular disease. Social isolation and perceived loneliness are
associated with maladaptive grief, mood disorders, and autonomic dysfunction, as well as
altered interactions among these variables [10–14]. For example, individuals with smaller
social networks and fewer meaningful social connections show increased depressive
symptomatology [15], cardiovascular risk factors (including coronary artery calcification,
increased blood glucose levels, hypertension, and diabetes) [16, 17], and increased
cardiovascular mortality [15, 16, 18–20]. Experimental investigations with rodents and non-
human primates also demonstrate that negative social experiences (such as acute social
stressors, long-term isolation, and social subordination stress) produce several behavioral
and physiological consequences including depressive behaviors, autonomic dysregulation,
atherosclerosis, immune system activation, oxidative stress, and exaggerated behavioral and
cardiac reactivity to stressors [21–27].

Experimental protocols with valid and reliable animal model systems will promote an
increased understanding of the interactions among negative social experiences, vascular
endothelial dysfunction, and the risk of cardiovascular disease. Recent studies have shown
that the prairie vole (Microtus ochrogaster) may be a useful animal system for the study of
these inter-relationships. The prairie vole is a highly social rodent species that is dependent
on social interactions for the regulation of behavior, endocrine function, and cardiovascular
regulation. This socially monogamous species shares with humans several physiological and
behavioral characteristics including the capacity to form social bonds and to develop
extended families, coupled with a high level of parasympathetic regulation of the heart,
therefore offering a powerful translational model for understanding the mechanisms through
which social experiences influence behavior and cardiovascular function [28, 29]. For
instance, in this species social isolation from family members or opposite-sex partners
induces depression-relevant behaviors that mimic those observed in humans, including
anhedonia (i.e., reduced responsiveness to pleasurable stimuli) and learned helplessness (i.e.,
behavioral “despair”) [21, 30, 31]. Social isolation also sensitizes prairie voles to several
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autonomic and cardiovascular disturbances, including increased heart rate, reduced heart
rate variability, cardiac arrhythmias, and sympathovagal imbalance [22, 32, 33].

Given its relevance to the study of social experiences, mood, and cardiovascular function,
the prairie vole is a useful model system in which to investigate interactions of social
stressors and vascular endothelial dysfunction. One well established marker of vascular
endothelial dysfunction is impaired endothelium-dependent vasodilation [8, 34–41]. The
first evidence of this phenomenon in depressed patients was observed in the form of
impaired flow-mediated dilation of the brachial artery in the forearm [36–39]. More
recently, this same phenomenon was demonstrated in the form of impaired acetylcholine
(ACh)-induced relaxation of adrenergically-precontracted small arteries biopsied from
depressed patients [40, 41] and thoracic aortas removed from a mouse model of depression
induced by exposure to chronic unpredictable stressors [42]. In humans, results from such
uses of ACh have been validated as the most prognostic marker of endothelium-related
cardiovascular diseases [34].

In the present study, we sought to evaluate vascular reactivity to ACh in the abovementioned
socially isolated prairie vole, because of its current status as a newer animal model relevant
to clinical depression and cardiovascular disease [43]. We tested arterial tissues from these
animals not only for impaired ACh-induced relaxation of adrenergically-induced
precontraction as a measure of impaired endothelial release of relaxing substances, but also
for enhanced ACh-induced contractions (detectable only in the absence of adrenergic or any
other form of precontraction) as a measure of abnormal endothelial release of contracting
substances. As a control measure, these same tests were performed in additional arterial
tissues in which the endothelium was deliberately removed. We also examined all tissues for
the ability of the nitric oxide-donor nitroprusside (NP) to relax adrenergically-induced
precontraction, another widely-used control measure in ACh tests (for approximating
endothelium-independent relaxation). Blood samples were collected and analyzed for
elevated cholesterol, a long-recognized risk factor for endothelial dysfunction [35], and
heart-to-body weight ratios were quantified. All these tests were performed after first
exposing the animals to social isolation for four weeks, which has been shown to induce the
depressive signs and cardiac dysfunction described above [22, 31].

2. Methods
2.1 Animals

Fifty-five adult (73 ± 2 days of age) female prairie voles were used for the experiments
described here. All animals were descendants of a wild stock caught near Champaign,
Illinois, and maintained on a 14/10 h light/dark cycle (lights on at 0630 h) with a
temperature of 25 ± 2° C and relative humidity of 30 ± 5 %. All animals were allowed food
(Purina rabbit chow) and water ad libitum. Offspring were removed from breeding pairs at
21 days of age and housed in same-sex sibling pairs until the commencement of the
experimental procedures. For all procedures described herein, only one animal 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.

2.2 Experimental Treatment
Prairie voles were randomly divided into two independent groups of either paired (control;
n=28) or isolated (n=27) conditions. Isolated animals were separated from their respective
siblings and housed individually for four weeks, while paired animals were continually
housed with the same siblings that they had lived with since weaning. This time period was
chosen to be consistent with previous studies demonstrating that four weeks of social
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isolation in female prairie voles results in a disruption of affective behaviors (e.g.,
depression-relevant behaviors) [31, 44] and resting cardiac function [22]. All handling, cage
changing, collection and preparation of samples, and testing of tissues and plasma
(described below) were matched between the two groups.

2.3 Experimental Tissues
All prairie voles were subjected to the following procedures for removal, preparation, and
testing of aortic and other tissues, following 4 weeks of either social isolation or social
pairing (control condition). Anesthesia was achieved with a mixture of ketamine and
xylazine as described previously [31]. Blood was sampled as described previously [31],
centrifuged at 4° C, at 3500 rpm, for 15 minutes to obtain plasma. Plasma was stored for
later analysis of cholesterol as described below. Then the chest of each animal was opened,
lungs and large veins discarded, residual blood in its cavity flushed out with cold
physiological buffer, prepared as described previously [45], and the thoracic aorta removed
with as much care as possible to minimize stretching. Unfortunately, some stretching was
unavoidable as we found that the aorta in this animal was surrounded by considerably more
connective and fat tissue than we have encountered in larger species [46]. The heart was also
removed and weighed for later calculation of heart weight-to-body weight ratio. The aortas
were transported on ice in cold physiological buffer to another laboratory for the vascular
reactivity tests described below. There connective and fat tissue adhering to the outer wall of
each aorta were removed, with as much care as possible to avoid excess stretching of the
vessel (although again some was unavoidable). Each cleaned aorta was then sectioned into a
pair of 3-millimeter cylindrical rings, using a bound set of evenly-spaced scalpel blades to
optimize length uniformity. Each of these rings was mounted between two tungsten wire
stirrups, which are strong enough not to bend during ring contraction yet thin enough not to
damage the inner monolayer of endothelial cells [45, 47]. For a select number of aortas, this
inner endothelial cell layer was deliberately removed from one ring of each pair (before
mounting on stirrups) by rubbing it off with a roughened hypodermic needle inserted
through the lumen of the vessel as described previously [47]. The mounting of each tissue
ring on stirrups allowed for its suspension from a mechanical tension-measuring transducer
(Grass Instruments, West Warwick, RI) down into a conventional muscle bath. Each muscle
bath consisted of 40 ml of physiological buffer warmed to 37° C and gassed to a pH of 7.4
with a regulated delivery of a 95%/5% mixture of O2/CO2. Before beginning any
experimental tests each ring was allowed to equilibrate in such buffer for several minutes,
stretched mechanically to a basal resting (passive loading) tension of 1800 milligrams (mg);
a level shown in preliminary work to optimize potassium (K)-induced contractions. All
tensions for each ring (resting and induced) were recorded (in mg units) with the aid of the
abovementioned tension-measuring transducer connected to a Grass paper chart recorder as
described previously [45].

2.4 Vascular Reactivity Tests
The aortic tissue rings collected from each paired or isolated animal and prepared as
described above were subjected to the following tests. First, each tissue ring from each
animal was repeatedly exposed to a buffer containing 90 millimolar potassium (K), known
to cause maximum K-induced contraction of vascular smooth muscle [45], to verify the
contractile ability of the tissue. After recording these contractions, all rings were returned to
buffer with normal K (6 millimolar) and next treated with multiple graded concentrations of
ACh (administered cumulatively at 2-minute intervals) to evaluate their contractile
responsiveness to ACh, due to stimulation of muscarinic receptors in either endothelium or
smooth muscle [35]. After rinsing the same rings repeatedly with ACh-free buffer, they were
treated again with multiple levels of ACh, except this time after first precontracting their
smooth muscle with the selective alpha-1 adrenergic receptor agonist phenylephrine (PE).
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This allows evaluation of ACh-induced endothelium-dependent relaxation of such smooth
muscle, due to stimulation of muscarinic receptors only in the endothelial layer [35], as
widely conducted in aortic tissues from other species and usually expressed as % of the PE-
induced precontraction [42, 46, 48–50]. We chose a PE concentration of 0.25 micromolar
which in preliminary work caused nearly 50 % of maximum PE-induced contraction in our
prairie vole aortas. We did not use the endogenous alpha adrenergic receptor agonist
norepinephrine, as employed previously in biopsied arteries from depressed patients [40,
41]. In preliminary work, norepinephrine-induced contractions of aortic tissues from our
prairie voles were not as stable as those induced by PE. In addition, norepinephrine lacks the
adrenergic receptor selectivity of PE and is therefore not as highly recommended as PE for
ACh relaxation tests [35]. Norepinephrine can potentially alter endothelial cell function due
to stimulation of endothelial alpha-2 and beta adrenergic receptors [51], thereby
confounding interpretation of responses to ACh (in terms of their dependence on the
endothelium). Finally, all the above aortic rings were rinsed repeatedly once more (with
ACh- and PE-free buffer) and then, after precontracting again with PE, treated with multiple
graded concentrations of the nitric oxide-donor NP to allow estimation of endothelium-
independent relaxation of the underlying smooth muscle (also expressed as % of the PE-
induced precontraction). NP is commonly employed for this purpose as a control measure
for ACh relaxation tests in large conduit arteries like the aorta [46, 48–50]. In such vessels,
the principal relaxing substance released by the endothelium in response to ACh is nitric
oxide [52, 53].

2.5 Plasma Analysis
Total cholesterol was determined by a quantitative colorimetric method (EnzyChrom
ECCH-100, BioAssay Systems, Hayward, CA), according to the kit instructions [54]. This
assay has a lower detection limit of 5 mg/dl. The procedures were first validated to ensure
that the values from prairie vole plasma samples fell along the standard curve when diluted
with assay buffer according to the kit instructions and read at 340 nm.

2.6 Analysis of Data
2.6.1 Designation of n Values (Sample Sizes)—All data analysis of aortic tissue,
cardiac tissue, and plasma was designed to represent individual prairie voles that had been
subjected to either social pairing (control condition; n=28 animals total) or social isolation
(n=27 animals total). All n values presented in Results, Figures and the Table for tests
conducted on these tissues and plasma always refer to the number of individual animals
involved in each test.

2.6.2 Exclusion Criteria—Because this is the first study to our knowledge investigating
endothelial function in prairie vole vascular tissue, and because endothelium-dependent
relaxation of precontracted vascular tissue by ACh (our primary concern) is easily distorted
by tissue handling [53, 55–65], we chose to be as conservative as possible in terms of which
aortic rings were included in data analysis. A few rings simply failed to contract in response
to PE, as encountered before in a small fraction mouse aortic rings [42]. For us, this
occurred in a few prairie vole rings following removal of their endothelium as described
above. Presumably, that procedure also removed too much smooth muscle. Obviously, we
could not calculate either ACh- or NP-induced changes in PE contractions that did not exist.

Data were also disregarded from a number of endothelium-intact aortic tissues that did in
fact contract to PE but then completely failed to demonstrate relaxation to ACh, another
criterion used before to reject mouse aortic tissues [42]. For us, these tissues only further
contracted in response to ACh (at all concentrations tested) but to a similar degree and in a
similar number of aortas for both our experimental groups of animals; n=10 from the 28
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socially paired animals and n=9 from the 27 socially isolated animals (data not shown). We
concluded that the endothelium in such aortas was particularly susceptible to being injured
by the amount of stretching they were exposed to during either 1) their difficult dissection
from the chest cavity, 2) removal of fat and connective tissue from their outer walls, and/or
3) our need to stretch them to achieve the abovementioned desired resting tension of 1800
mg. That conclusion was based not only on results from our own preliminary efforts to
minimize such injury but also on the following previously published findings [53, 55–65].
Excess stretch when deliberately applied is known to impair arterial vascular endothelium-
dependent relaxations (including ACh-induced) [53, 56–59], promote release of endothelium
contracting factors [53, 55, 59–61, 65], and stimulate endothelial production of reactive
oxygen species [53, 62, 63], which in turn contribute to endothelium-dependent contractile
response to ACh [64].

In summary, the total number of aortic rings excluded from data analysis because of either
lack of contraction in response to PE or, despite intact endothelium, the complete failure of
ACh to relax PE contraction was 17 (30%) out of the 56 rings total from the 28 socially
paired animals and 16 (30%) out of the 54 rings total from the 27 socially isolated animals.
Thus, an equivalent number of rings from each group of animals was considered
unresponsive and therefore excluded from data analysis

2.6.3 Statistical Comparisons—Data gathered from all the other aortic tissue rings in
this study (70% of the total for each group of animals) were analyzed in the following
manner. Responses to multiple graded concentrations of ACh and NP were analyzed
separately and after subjecting them to nonlinear regression analysis to compute their
respective half-maximally effective concentration (EC50) values, i.e. for all animals whose
aortic tissues displayed a sufficiently sigmoid relationship between responses and
concentrations for either ACh or NP. These and all other data gathered from the same
animals, including K- and PE-induced aortic contractions, plasma analyses, body weight,
and heart weight, were then summarized in the form of mean ± standard error of the mean
(SEM; per experimental group) and subjected to appropriate forms of analysis-of-variance
(ANOVA) plus mean comparison tests to determine statistically significant main factor
effects, factor interaction effects and individual cell mean differences. In the absence of
repeated measures, independent groups of data were subjected to regular 2-factor ANOVAs
to determine these effects. In the presence of repeated measures, data were subjected to
mixed-design 2-factor ANOVAs with animal group as an independent factor (paired or
isolated) and cumulatively-administered multiple graded concentrations of either ACh or NP
as a repeated measures factor. Differences between ANOVA factor levels and/or
corresponding individual cell means were considered statistically significant if the standard
probability of error (p value) was less than 0.05.

3. Results
3.1 Vascular Reactivities

Initial contractile tensions induced by high (90 millimolar) K buffer in aortic tissues rings
with endothelium intact were 1856 ± 106 mg (n=16) for paired animals and 2009 ± 106 mg
(n=18) for socially isolated animals. In aortic rings with endothelium removed they were
lower, 681 ± 303 mg (n=9) for paired and 811 ± 133 mg (n=11) for isolated animals.
Accordingly, only removal of the endothelium influenced these contractions to a statistically
significant extent, not isolation, as determined by 2-factor ANOVA in which factor 1 =
group (isolated versus paired animals) and factor 2 = endothelium (intact versus removed)
[F(1,50) = 59.88, p<0.0001].
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Figure 1 shows the effect of social isolation (versus pairing) of female prairie voles on
contractile responses of their aortic tissues to ACh. It is important to note that these tissues
were not first precontracted with PE (as illustrated in Figure 2). Most tissues in Figure 1
demonstrated contractile responses to ACh, the mean magnitude of which rose progressively
as the concentration of administered ACh was increased. Social isolation significantly
enhanced ACh-induced contraction in aortic tissues in which the endothelium was intact
[Figure 1, left; significant factor interaction effect from mixed-design 2-factor ANOVA,
with factor 1 (independent factor) = isolated versus paired animals; factor 2 (repeated
measures factor) = ACh concentrations; F (7,224) = 2.10, p=0.04]. Removal of the
endothelium (Figure 1, right) abolished this enhancing effect of social isolation without
altering ACh-induced contraction in aortic tissues from paired animals. Accordingly, this
enhancing effect was dependent on the presence of the endothelium.

ACh half-maximally effective concentration (EC50) values for ACh-induced contractions
would not compute (via nonlinear regression analysis) for some of the tissues represented in
Figure 1. Of those that would compute, the values were not altered to a statistically
significant extent by isolation versus pairing of the animals, in tissues with endothelium
either intact or removed. Removal of endothelium decreased all EC50 values alike for all
animals, as determined by 2-factor ANOVA in which factor 1 = group (isolated versus
paired animals) and factor 2 = endothelium (intact versus removed) [F(1,40) = 20.67,
p<0.0001]. For endothelium-intact tissues, those values were (expressed in nanomolar ACh
concentration units) 2553 ± 456 (n=16) and 2252 ± 319 (n=13) for isolated and paired
animals, respectively. For endothelium-removed tissues, they were 480 ± 80 (n=9) and 533
± 123 (n=6) for isolated and paired animals, respectively.

Figure 2 shows the effect of social isolation (versus pairing) of female prairie voles on ACh-
induced changes in their aortic contractile responses to PE. ACh was not administered until
these PE-induced contractions (i.e. precontractions) were fully stabilized (at the mg tension
values shown in Figure 2). As with K-induced contractions described above, only removal
of the endothelium influenced these contractions to a statistically significant extent, as
determined by 2-factor ANOVA in which factor 1 = group (isolated versus paired animals)
and factor 2 = endothelium (intact versus removed) [F(1,50) = 5.99, p = 0.018].
Accordingly, removal of the endothelium significantly lowered PE-induced contractions
(p<0.05) while isolation tended to increase them although this tendency did not achieve
statistical significance and there was no statistically significant factor interaction detected by
this ANOVA.

In aortic tissues with endothelium intact (Figure 2, left) the PE-induced contractions
appeared to be progressively relaxed with increasing concentration of ACh but only up to
10−6 molar (i.e. 1000 nanomolar). Above 10−6 molar, such ACh-induced relaxation of PE
contraction appeared to be partially reversed. Thus, maximum ACh-induced relaxation of
PE contraction was observed at 10−6 molar. That maximum relaxation was notably less in
aortic tissues from socially isolated versus paired animals (30% versus 47%) and the mixed-
design 2-factor ANOVA revealed a statistically significant attenuating effect of social
isolation (versus pairing) on the overall relaxant responsiveness to ACh across the entire
range of ACh concentrations [Figure 2 left; significant animal group effect from mixed-
design 2-factor ANOVA in which factor 1 (independent factor) = isolated or paired animals
and factor 2 (repeated measures factor) =ACh concentrations; F (1,32) = 4.92, p=0.03]. The
deliberate removal of the endothelium from an additional set of aortic tissues abolished all
this relaxant responsiveness to ACh including the social isolated-related attenuation of it,
and unmasked in its place an ACh-induced enhancement of PE-induced contraction
(similarly so in tissues from both groups of animals).
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ACh EC50 values for ACh-induced changes in PE-induced contractions would not compute
(via nonlinear regression analysis) for some of the tissues represented in Figure 2. For the
ACh-induced relaxations of PE contractions in a few of the endothelium-intact tissues
(Figure 2, left), the ACh EC50 values would only compute when the individual responses to
ACh (employed in the nonlinear regression analysis) were limited to those observed with all
but the highest ACh test concentration administered (i.e. the one above 10−6 molar). Of
those EC50 values that would compute, they were not altered to a statistically significant
extent by isolation versus pairing of the animals, in tissues with endothelium either intact or
removed.

Removal of the endothelium increased all EC50 values alike for all animals, as determined
by 2-factor ANOVA in which factor 1 = group (isolated versus paired animals) and factor 2
= endothelium (intact versus removed) [F(1,47) = 28.84, p<0.0001]. For endothelium-intact
tissues, these values were (expressed in nanomolar ACh concentration units) 183 ± 47
(n=18) and 137 ± 31 (n=16) for isolated versus paired animals, respectively. For
endothelium-removed tissues, they were 454 ± 89 (n=8) and 444 ± 51 (n=9) for isolated
versus paired animals, respectively.

Figure 3 shows the effects of social isolation (versus pairing) of female prairie voles on NP-
induced changes in their aortic contractile responses to PE. NP was not administered until
these PE-induced contractions (i.e. precontractions) were fully stabilized (at the mg tension
values shown in Figure 3). Statistical analysis of these PE-induced contractions with
ANOVA yielded results identical to those described above for the PE-induced contractions
shown in Figure 2.

In all aortic tissues illustrated in Figure 3, all of the PE-induced contractions were inhibited
progressively with increasing concentrations of NP, up to 10−5 molar at which level all PE-
induced contractions were completely eliminated (i.e. ≥ 100% inhibition). Social isolation
did not influence this maximal NP-induced elimination of PE-induced contractions.
However, in aortic tissues with endothelium intact, social isolation did slightly attenuate the
ability of submaximally-effective levels of NP to relax PE-induced contractions [Figure 3,
left; as determined by both a significant main animal group effect and a significant
interaction effect from mixed-design 2-factor ANOVA in which factor 1 (independent
factor) = isolated or paired animal group and factor 2 (repeated measures factor) = NP
concentrations; main effect of animal group: F(1,32)=4.34, p=0.04; interaction: F
(7,224)=2.45, p=0.02]. This attenuating effect was dependent on the presence of the
endothelium (i.e. it was abolished by removal of the endothelium; Figure 3, right).

NP EC50 values for the NP-induced relaxations of PE-induced contractions shown in Figure
3 were increased significantly by removal of the endothelium but only in aortic tissues from
the paired animals, as determined by a significant factor interaction effect from a 2-factor
ANOVA in which factor 1 = group (isolated versus paired animals) and factor 2 =
endothelium (intact versus removed) [F(1,50) = 9.689, p=0.003]. Accordingly, in tissues
from socially paired animals, NP EC50 values (expressed in nanomolar NP concentration
units) were increased over 4-fold by removal of the endothelium, i.e. from 75 ± 8 (n=16
endothelium-intact tissues) to 325 ± 65 (n=9 endothelium-removed tissues). In tissues from
socially isolated animals, NP EC50 values were only increased insignificantly by removal of
the endothelium, i.e. from 162 ± 24 (n=18 endothelium-intact tissues) to 222 ± 28 (n=11
endothelium-removed tissues). Taken together with all data illustrated in Figure 3, these
results indicated 1) that aortic endothelium in the normal (paired) female prairie voles
sensitized the underlying smooth muscle to relaxant effects of intermediate (submaximally-
effective) concentrations of NP (near its EC50 concentration) and 2) that this sensitizing
action was impaired in the aortic endothelium of the socially isolated female prairie voles.

Peuler et al. Page 8

Physiol Behav. Author manuscript; available in PMC 2013 June 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.2 Heart Weights, Body Weights, and Plasma Analysis
Table 1 displays absolute heart and body weights, heart-to-body weight ratios, and total
cholesterol in the paired and isolated groups. Social isolation did not affect body weight
(p>0.05), but it was associated with a significant increase in heart weight [t(32) = 3.19,
p<0.002]. This led to a significant increase in heart-to-body weight ratio in the isolated
group, relative to paired conditions [t(32) = 2.49, p<0.009]. Total cholesterol levels did not
differ between paired and isolated groups (p>0.05).

4. Discussion
The present study was undertaken to investigate endothelial-dependent vascular function in
the socially isolated prairie vole. This animal model has considerable utility for the
investigation of interactions among negative social experiences, mood, and cardiac function
[29, 43]. The most important new finding from the present study was that chronic social
isolation of the adult female prairie vole significantly attenuated endothelium-dependent
relaxation responses to ACh in freshly-isolated adrenergically-precontracted arterial tissue.
The arterial tissue studied was aortic but this finding is nonetheless remarkably similar to the
results recently observed with the small arteries biopsied from adult depressed patients; most
of whom were also female [40, 41]. This finding is also similar to the results with ACh
recently observed with thoracic aortas removed from male mice subjected to unpredictable
chronic mild stressors [42]. This study is the first to describe vascular function in the prairie
vole. The present findings therefore provide a foundation for using the prairie vole model for
additional investigations of vascular dysfunction associated with negative social experiences
and depression.

Another important new finding from the present study was that chronic social isolation of
the adult female prairie vole slightly but significantly attenuated the ability of
submaximally-effective (though not maximally-effective) concentrations of the nitric oxide-
donor NP to relax adrenergically-precontracted aortic tissues; an effect requiring the
presence of the endothelium. Also, the NP-induced relaxations of aortic tissues from the
socially paired control animals exhibited a novel response to removal of the endothelium not
seen before in other species. Removing the endothelium notably decreased their smooth
muscle sensitivity to submaximal NP, as evidenced by a 4-fold greater mean EC50
concentration value for NP’s relaxation of the endothelium-removed versus the
endothelium-intact tissues. This impact of endothelial removal did not occur in tissues from
the socially isolated animals. One explanation for this phenomenon is that normal prairie
vole aortic endothelium spontaneously releases a substance that increases their aortic smooth
muscle sensitivity to the relaxant effects of nitric oxide and nitric oxide- donors in general
and that social isolation impairs that release. It is not likely that this phenomenon relates to
an effect of basally-released endothelial nitric oxide itself, because that is generally
considered to do just the opposite, i.e. not sensitize but rather desensitize smooth muscle to
relaxant effects of exogenous sources of nitric oxide like NP [66–68]. Thus, relaxant
responses to NP in normal aortic tissues from other species (e.g. rat and rabbit) are
sometimes reported to be increased (not decreased) by removal of the endothelium [66–70].
Accordingly, some have suggested that NP-induced relaxations are not entirely independent
of the endothelium [69, 70]. Our results with prairie vole aortic tissue would essentially
suggest the same but only regarding relaxations induced by submaximally-effective, not
maximally-effective, concentrations of NP. But our results would also suggest that the
prairie vole aorta may afford an opportunity to further explore and identify a vasoactive
endothelial-derived substance not yet detected in vascular tissues from other species (thus up
to now escaping recognition).
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One possible, though unlikely, explanation for the attenuated relaxation responses to ACh
demonstrated here is that it was dependent on the magnitude of PE-induced (adrenergically-
mediated) precontraction of the underlying smooth muscle of the aortic tissue. That
precontraction tended to be somewhat greater for the socially isolated animals (i.e. 1040 ±
142 versus 889 ± 134 mg of contractile tension for isolated versus paired animals,
respectively; as shown in Figure 2, left). Although this tendency did not achieve statistical
significance it was nonetheless notable. However, this explanation is highly unlikely for
three reasons. First, the relaxant effects of ACh are expressed as relative (percent) not
absolute changes in the PE-induced precontractions. This is common practice in all vascular
contraction/relaxation experiments involving precontractions [35, 46, 48–50, 71–74] and is
designed to correct for anticipated individual tissue differences in the absolute magnitude of
the precontractile tensions. Second, the statistically significant attenuating effect of chronic
social isolation on ACh-induced relaxation in the endothelium-intact tissues in question
(Figure 2, left) is most noticeable at the maximum level of that relaxation (which occurred at
the same ACh concentration, 10−6 molar, in tissues from both paired and isolated animals).
If that were due to a non-specific difference in the underlying smooth muscle’s maximum
capacity to respond to vasorelaxant agents in general then it should have occurred with
maximum NP-induced relaxation as well. However, there was no difference at all in the
maximum NP-induced relaxation of PE precontractions in the same tissues (Figure 3, left)
even though these tissues exhibited nearly the same statistically insignificant difference in
the PE-induced precontractile tensions (i.e. 996 ± 132 versus 870 ± 117 mg of contractile
tensions for isolated versus paired animals, respectively; as shown in Figure 3, left). Third,
removal of the endothelium clearly abolished the statistically significant attenuating effect of
social isolation on ACh-induced relaxations of the PE-induced precontractions without
abolishing the statistically insignificant difference in those precontractions themselves
(Figure 2, right).

A more likely explanation for the attenuating effect of social isolation on ACh-induced
relaxation is that it specifically impaired endothelial cell function, including normal
endothelial cell responses to ACh, independent of any non-specific changes in smooth
muscle cell function. As in depressed human subjects [40, 41] and the chronic mild stress
model of depression in mice [42], mechanisms responsible for such impairment in the
socially isolated prairie voles of the present study remain to be fully elucidated. In humans
and other animal models, it is widely known that diabetes, hypercholesterolemia and
systemic hypertension are three major risk factors for endothelial dysfunction and
subsequent atherosclerosis, and the effects of all three have been demonstrated repeatedly in
the form of impaired endothelial release of protective relaxing substances in response to
ACh [35]. We did not measure blood glucose in the socially isolated prairie voles of this
study, however water intake measured previously in similar protocols [22, 31, 75] showed
no signs of diabetes (i.e. polydipsea). Circulating cholesterol levels were similar in paired
and isolated animals, however heart-body weight ratios were significantly increased in
isolated animals, as observed in a previous study with identical groups of animals [22]. This
would be consistent with a sustained elevation in systemic arterial pressures over the four-
week period of social isolation, similar to previous findings in human and other animal
models of social isolation [12, 27]. The chamber of the heart that contributes most to heart
weight (i.e. left ventricle) typically enlarges after long-term (chronic) systemic hypertension
[76–80]. Also consistent with this theory, social isolation caused a statistically significant
enhancement of ACh-induced contraction, observed specifically in aortic tissues with
endothelium intact and not first precontracted with PE (Figure 1, left). That enhancement
suggests abnormally excessive release of contracting substances from the endothelium. Of
the three major risk factors mentioned above, hypertension is the one most often reported to
induce excessive release of contracting substances from the endothelium [81–86], i.e. in
addition to impairing its release of relaxing substances. This has been demonstrated
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repeatedly in the form of endothelium-dependent contractile responses to ACh (in
hypertensive versus normotensive arteries neither of which are first precontracted in any
way) [87–89]. Typically, such contractile responses are most notable at concentrations of
ACh higher than those required to stimulate release of relaxing factors from the endothelium
[81–83, 90]. This is remarkably similar to what we observed with the aortic tissues obtained
from the socially isolated prairie voles of the present study. This then suggests elevated
blood pressure as a function of social isolation in the present study.

The endothelial dysfunction demonstrated here in isolated prairie voles may be due to
sustained autonomic imbalance [51, 91]. For instance, a high level of sympathetic activity is
a risk factor for cardiovascular pathophysiology, whereas a high level of parasympathetic
activity can antagonize sympathetic actions and has protective effects on the cardiovascular
system [92, 93]. Previous findings indicate reduced vagal and elevated sympathetic nerve
activities to the heart following 4 weeks of social isolation in this species [22]. If social
isolation were to also elevate sympathetic nerve activity to the vasculature, it could cause
hypertension (as described above) and thus, the endothelial dysfunction observed here.
Clearly this hypothesis requires further investigation with direct blood pressure
measurements. However, autonomic imbalance (with increased sympathetic nerve activity)
may link psychosocial risk factors (including depression) to endothelial dysfunction by way
of other mechanisms [51]. These include sympathetically-mediated changes in endothelial
cell structure, its immunoreactivity, and its uptake of low-density lipoprotein (LDL)
cholesterol [51]. In the prairie vole, altered autonomic regulation of the heart, including both
elevated sympathetic activity and withdrawal of parasympathetic activity, chronically
increases resting heart rate, reduces heart rate variability, and increases the vulnerability to
cardiac arrhythmias [22, 32]. High resting heart rate has emerged as another independent
hemodynamic risk factor for atherosclerosis in humans and is thought to damage vascular
endothelium by the proinflammatory effects of its exposure to more oscillatory shear stress
[94].

Finally, there are reports of unusual responses to ACh in arteries from animals exposed to
other social stressors. For example, exposing male rats or mice to social stress in the form of
chronic crowding [72–74] or complex housing conditions [71] has been shown more often to
enhance than to impair relaxant responses to ACh in precontracted arteries (including aorta
but also femoral arteries). To our knowledge, there are no reports of enhanced endothelium-
dependent relaxations in humans with depression or other affective disorders. Thus, the
relevance of these unusual contrasting findings in rats and mice exposed to social crowding
remains to be determined. Yet mechanisms responsible for them are worthy of investigation
if for no other reason than to serve as control measures for studies with social isolation and
to determine possible species differences in the responses to social stressors. Collectively,
our present results plus all these previous diverse findings from other animals provide a very
broad foundation from which to focus further studies of the vascular endothelium in
different social settings. Further studies focused on social experiences, behavior, and
vascular function using animal models will improve our understanding of behavioral and
neurobiological mechanisms underlying depression and cardiovascular disease.
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Highlights

• We investigated vascular endothelial dysfunction in response to social isolation

• Aortic tissue was studied in female prairie voles following social isolation

• Relaxation of precontracted aortic tissue was reduced by social isolation vs.
pairing

• The findings increase knowledge of social experiences and endothelial function
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Figure 1.
Effect of isolation versus pairing of female prairie voles on contractile responses of their
aortic tissues to acetylcholine (ACh). *Isolation significantly enhanced ACh-induced
contractions in aortic tissues with endothelium intact (left), as determined by a significant
factor interaction effect from mixed-design 2-factor ANOVA in which factor 1 (independent
factor) = isolated or paired animal group and factor 2 (repeated measures factor) = ACh
concentrations [F (7,224) = 2.10, p=0.04]. Removal of the endothelium (right) abolished the
enhancing effect of isolation without significantly altering ACh contractions in aortic tissues
from paired animals. Note: values are shown as mean ± SEM.
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Figure 2.
Effect of isolation versus pairing of female prairie voles on acetylcholine (ACh)-induced
changes in their aortic contractile responses to phenylephrine (PE). ACh was not
administered until PE-induced contractile tensions stabilized. *Isolation significantly
attenuated the ability of ACh to relax PE-induced contractions in aortic tissues with
endothelium intact (left), as determined by a significant group effect from mixed-design 2-
factor ANOVA in which factor 1 (independent factor) = isolated or paired animal group and
factor 2 (repeated measures factor) = ACh concentrations [F (1,32) = 4.92, p=0.03].
Removal of the endothelium (right) not only abolished the effect of isolation but also
unmasked an ACh-induced enhancement of PE-induced contractions (similarly in tissues
from both groups of animals). Note: values are shown as mean ± SEM.
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Figure 3.
Effect of isolation versus pairing of female prairie voles on nitroprusside (NP)-induced
changes in their aortic contractile responses to phenylephrine (PE). NP was not administered
until PE-induced contractile tensions stabilized. *Isolation slightly but significantly
attenuated the ability of submaximally-effective (though not maximally-effective)
concentrations of NP to relax PE-induced contractions in aortic tissues with endothelium
intact (left), as determined by both a significant group effect and a significant interaction
effect from mixed-design 2-factor ANOVA in which factor 1 (independent factor) = isolated
or paired animal group and factor 2 (repeated measures factor) = NP concentrations
[F(1,32)=4.34, p=0.04; interaction [F (7,224)=2.45, p=0.02]. Removal of the endothelium
(right) abolished this effect of isolation. Additional effects of endothelial removal on half-
maximally effective concentration (EC50) values for NP are described in the text. Note:
values are shown as mean ± SEM.
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Table 1

Effect of social isolation versus pairing on body weight, heart weight, and total cholesterol.

Absolute Body Weight (g) Absolute Heart Weight (g) Heart Weight-Body Weight Total Cholesterol (mg/dl)

Paired 32.3 ± 1.2 0.14 ± 0.007 0.0043 ± 0.0002 44.7 ± 9.5

Isolated 34.3 ± 1.0 0.17 ± 0.005* 0.0050 ± 0.0002* 46.3 ± 7.4

Note: values are shown as mean ± SEM for n=16 paired and n=18 isolated animals (except for cholesterol, which includes a subgroup of n=8
paired and n=8 isolated animals).

*
P < 0.05 vs. respective paired value.
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