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Accumulation of daily life stress (chronic stress) often causes functional gastrointestinal
diseases. Central oxytocin plays an important role in attenuating stress responses and
regulating positive social interactions. Adult male rats were either paired or singly housed
1 week prior to the stress loading. Solid gastric emptying was measured after 7 consecutive
days of chronic heterotypic stress. To study whether endogenous oxytocin is involved in
restoring the delayed gastric emptying after paired housing, an oxytocin antagonist was
injected intracerebroventricularly (icv) before the gastric emptying study. CRF and oxytocin
mRNA expression in the paraventricular nucleus (PVN) and supraoptic nucleus (SON) was
evaluated by real time RT-PCR. In singly housed rats, chronic heterotypic stress significantly
delayed gastric emptying (35.1±2.8%, n=6, P≤0.01), compared to that of non-stressed rats
(53.2±1.3%, n=6). Delayed gastric emptying observed in singly housed rats induced by
chronic heterotypic stress was significantly improved by paired housing (54.8±3.5%, n=8,
P<0.05). Central-administration of oxytocin antagonist attenuated the restored gastric
emptying in paired housed rats (33.2±4.1%, n=6) following chronic heterotypic stress.
Increased CRF mRNA expression at the PVN and SON observed in singly housed rats was
significantly reduced in paired housed rats following chronic heterotypic stress. In contrast,
oxytocinmRNA expression at the PVN and SONwas significantly increased in paired housed
rats. Social attachment restores delayed gastric emptying following chronic heterotypic
stress, via down-regulating CRF expression and up-regulating oxytocin mRNA expression.
Our study may provide the scientific benefit of social attachment in our daily life.
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1. Introduction

Social living has been thought as one of the most significant
and evolutionary mechanisms by which this world has
survived. Absence of positive social interactions is associated
with both physical and mental illness (House et al., 1988).
Studies have shown that people with a higher quality of social
relationships are shown to be at a lower risk of death (Seeman,
Center, 5000 West Nation
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1996), while social isolation has been shown as a major risk
factor for mortality (House et al., 1988). However the biological
mechanisms underlying the effects of social attachment have
not been yet fully understood.

Social interactions have a profound effect on health.
Studies on male monogamous mice showed that paired
housing facilitates wound healing through a mechanism
involving the hypothalamic–pituitary–adrenal (HPA) axis
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Fig. 1 – Effects of chronic heterotypic stress on gastric
emptying in singly and paired housed rats. In singly housed
rats, restraint stress significantly delayed gastric emptying
following chronic heterotypic stress. In paired housed rats,
delayed gastric emptying was significantly improved (SH:
singly housed rats; PH: paired housed rats, n=6, **P<0.01
compared with controls).
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activity (Glasper and Devries, 2005). Paired housing in adult
male and female mice before and after stroke was shown to
decrease ischemic damage and thereby improving the behav-
ioral outcome (Craft et al., 2005).

Oxytocin is released from the neurohypophysial terminal
into the blood stream and within distinct brain regions in
response to stressful or social stimuli. Besides its well-known
reproductive functions such as lactation and induction of
labor, oxytocin plays an important role in regulating social
behavior and positive social interactions in nonhuman
mammals (Neumann, 2008). Centrally administered oxytocin
was shown to induce partner preference and accelerate the
formation of social contact in both male and female prairie
voles (Cho et al., 1999). Central administration of oxytocin
antagonist showed delayed wound healing in socially housed
hamsters, while central administration of oxytocin enhanced
woundhealing in isolated hamsters (Detillion et al., 2004). This
suggests that central oxytocin mediates the wound healing
process.

Corticotropin-releasing factor (CRF) in the brain plays a
significant role in the central nervous system mediation of
stress-induced inhibition of upper GI through activation of
brain CRF receptors. Acute restraint stress delays gastric
emptying via central CRF and peripheral autonomic nerves
in rats (Nakade et al., 2005; Tache and Bonaz, 2007). Restraint
stress is known to increase CRF mRNA in the paraventricular
nucleus (PVN), supraoptic nucleus (SON) and amygdala
resulting in altered GI motor function. Social isolation
significantly elevated the activity of CRF in the hypothalamus
(Plotsky et al., 2005).

Central oxytocin has an anxiolytic and anti-stress effect.
Oxytocin is released in the PVN in response to various
stressors such as shaker stress (Nishioka et al., 1998) and
forced swimming stress in rats (Wotjak et al., 1998). Released
oxytocin attenuates CRF expression and HPA axis (Windle
et al., 2004), our recent study showed that hypothalamic
oxytocin is up-regulated in response to chronic restraint
stress and thereby play an important role in mediating the
adaptation (habituation) mechanism against chronic stress
(Babygirija et al., 2010).

Although previous studies in monogamous rodents have
demonstrated that social attachment is important for normal
behavior, HPA activity, and stress reduction, little is known
about the effects of paired housing on gastrointestinal
functions in rats. Our recent study showed that 5 consecutive
days of repeated restraint stress (chronic homotypic stress)
up-regulates hypothalamic oxytocin mRNA expression and
restores delayed gastric emptying (Babygirija et al., 2010). In
contrast, 7 consecutive days of varying types of stress (chronic
heterotypic stress) fails to up-regulate oxytocin mRNA ex-
pression, resulting in maladaptation and delayed gastric
emptying in rats (unpublished observations).

In our current study, we investigated the effects of paired
housing on gastric emptying during chronic heterotypic stress
in rats. The gastric emptying was compared between singly
housed and paired housed rats in response to chronic
heterotypic stress. We also studied whether oxytocin and
CRF mRNA expression of the hypothalamus are altered
following paired housing in response to chronic heterotypic
stress.
2. Results

2.1. Effects of chronic heterotypic stress on gastric
emptying in singly housed and paired housed rats

In singly housed rats, restraint stress significantly delayed
gastric emptying (35.1±2.8%, n=6, P<0.01) following 7 days of
chronic heterotypic stress, compared to that of non-stressed
rats (53.2±1.3%, n=6). In contrast, delayed gastric emptying
observed in singly housed rats induced by chronic heterotypic
stress was significantly improved in paired housed rats (54.8±
3.5%, n=8, P<0.05) (Fig. 1).

In another set of experiment, one of the pair-housed rats
was loaded chronic heterotypic stress while another rat was
not subjected to any stress loading. The stressed rats paired
with the non-stressed rats showed restored gastric emptying
following chronic heterotypic stress (57.0±2.9%, n=5, P≤0.01
compared to singly housed rats).

Icv-administration of an oxytocin antagonist, [d(CH2)51,
Tyr(Me)2,Orn8]-oxytocin (100 ng), significantly attenuated
gastric emptying to 33.2±4.1% (n=6) in paired housed rats,
compared with the saline-injected paired housed rats (52.6±
0.8%, n=6, P≤0.01). In singly housed rats, icv administration of
an oxytocin antagonist did not affect gastric emptying
following chronic heterotypic stress loading (Table 1).

2.2. Effects of chronic heterotypic stress in singly housed and
paired housed rats on hypothalamic CRF mRNA expression

CRF mRNA expression in the PVN and SON was significantly
increased in response to chronic heterotypic stress in singly
housed rats, compared to that of non-stressed group. In



Table 1 – Effects of oxytocin antagonist on gastric emptying
in single housed (SH) and paired housed (PH) rats following
chronicheterotypic stress. Icv-administrationof anoxytocin
antagonist, [d(CH2)51,Tyr(Me)2,Orn8]-oxytocin (100 ng),
significantly delayed gastric emptying 33.2±4.1% in paired
housed rats, compared to saline-injected paired housed rats
(n=6, **P<0.01).

Gastric emptying (%)

Saline [d(CH2)51,Tyr(Me)2,Orn8]-oxytocin

SH 34.0±2.4% 38.5±1.9%
PH 52.6±0.8% ⁎⁎ 33.2±4.1% ⁎⁎
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contrast, CRF mRNA expression was significantly reduced to
the control levels in paired housed rats following chronic
heterotypic stress (Fig. 2).
Fig. 2 – Effects of chronic heterotypic stress in singly and
paired housed rats on hypothalamic CRF mRNA expression.
CRF mRNA expression showed a significant increase in
response to chronic heterotypic stress in singly housed rats,
compared to that of non-stressed group in the PVN (a) and
SON (b). In contrast, CRF mRNA expression reduced to the
control levels in paired housed rats following chronic
heterotypic stress. The mRNA expression was standardized
with the ratio of internal control, β-actin (SH: singly housed
rats; PH: paired housed rats, n=6, *P<0.05 compared with
controls).
2.3. Effects of chronic heterotypic stress in singly housed and
paired housed rats on hypothalamic oxytocin mRNA expression

Oxytocin mRNA expression in the PVN and SON was not
significantly increased in response to chronic heterotypic
stress in singly housed rats, compared to that of non-stressed
group. In contrast, oxytocin mRNA expression was signifi-
cantly increased in response to chronic heterotypic stress in
paired housed rats (Fig. 3).

2.4. Effects of oxytocin antagonist on CRF mRNA
expression in single housed and paired housed rats

Icv-administrationofanoxytocinantagonist, [d(CH2)51,Tyr(Me)2,
Orn8]-oxytocin (100 ng) significantly increasedmRNAexpression
Fig. 3 – Effects of chronic heterotypic stress in singly and
paired housed rats on hypothalamic oxytocin mRNA
expression in the PVN (a) and SON (b). Oxytocin mRNA
expression did not show any significant increase in response
to chronic heterotypic stress in singly housed rats, compared
to that of non-stressed group. In contrast, oxytocin mRNA
expression was significantly increased in paired housed rats
following chronic heterotypic stress. The mRNA expression
was standardized with the ratio of internal control, β-actin
(SH: singly housed rats; PH: paired housed rats, n=6, *P<0.5,
**P<0.01 compared with controls).

image of Fig.�2
image of Fig.�3
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ofCRF/β-actin ratio inpairedhousedrats to1.1±0.07and1.4±0.08
when compared to saline injected rats (0.7±0.06 and 0.8±0.07,
n=5, P≤0.05) in the PVN and SON, respectively.
3. Discussion

We have recently showed that icv-injection of oxytocin
significantly antagonized the inhibitory effects of acute stress
ongastric emptying inmice (Babygirijaetal., 2010).Wehavealso
shown that delayed gastric emptying induced by acute restraint
stress is no longer observed following chronic homotypic stress
in rats (Zheng et al., 2009) and mice (Babygirija et al., 2010). The
restored gastric emptying following chronic homotypic stress
was antagonized by icv-injection of oxytocin antagonists in
mice (Babygirija et al., 2010). These suggest that central oxytocin
is involved in mediating restored gastric emptying following
chronic stress in rodents.

Incontrast to chronichomotypic stress, gastricemptyingwas
still delayed following chronic heterotypic stress. Our current
study showed that social attachment antagonized the inhibitory
effects of chronic heterotypic stress on gastric motility, via
upregulating oxytocin mRNA expression in the hypothalamus.

Social contact has been shown to play an integral role in
psychological and physiological well-being for several species.
Open field test showed that individual housing increased
anxiety like behavior in rats when compared to group housed
rats (Stern et al., 1960). Paired housing has been shown to
reduce the long-term adverse behavioral and physiological
effects of social defeat on cardiovascular, neuroendocrine and
behavioral responses in rats (Ruis et al., 1999; Sharp et al.,
2002). Studies on rabbits showed that group housing enriched
their preference for microenvironment compared with the
single housed rabbits (Whary et al., 1993).

Oxytocin has been implicated in a number of social
behaviors, including maternal care, affiliation and social
attachment (Carter et al., 1992). It has been shown that the
social interaction of daily life aswell as a positive environment
continuously activates the system of oxytocin release in both
males and females (Uvnas-Moberg and Petersson, 2005). In
various animal models, oxytocin has been shown to increase
social contact between individuals and there by facilitating
bonding or attachment (Babygirija et al., 2010; Carter et al.,
1992; Uvnas-Moberg, 1996). Chronic, centrally infused oxyto-
cin significantly enhances adult social (non-sexual) interac-
tions in male rats (Witt et al., 1992). Mice mutant for the
oxytocin gene (Oxt−/−) fails to develop social recognition,
whereas wild-type (Oxt+/+) mice show intact social recogni-
tion. Treatment with oxytocin rescues social recognition in
Oxt−/− mice, while treatment with an oxytocin antagonist
produced a social amnesia-like effect in Oxt+/+mice (Ferguson
et al., 2000). These suggest that social attachment in daily life
can increase oxytocin expression and thereby modulate the
psychological and physiological behavior.

Central oxytocin has been described as an important
regulator of the stress response and is believed to attenuate
the response of the HPA axis. Stressors with a psychological
component evoke both, central and peripheral secretion of
oxytocin in rodents (Amico et al., 2004). There is a species
variation in the behavioral effects and neuroanatomical
distribution of oxytocin (Winslow et al., 1993), yet a common
function is the facilitation of social and affiliative behaviors
like parenting, mating and pair bonding (Insel, 1992).

In response to psychological stressors, there is a dose
dependent effect of oxytocin in attenuating stress-induced
HPA activation on neural circuits including the PVN and dorsal
hippocampus. Oxytocin administration significantly attenu-
ated the release of ACTH and corticosterone and the increase
in CRF mRNA expression in the PVN in response to acute
restraint stress (Windle et al., 2004). Acute or chronic central
administration of oxytocin has been shown to reduce stress
both in female and male rats (Windle et al., 1997) and mice
(Ring et al., 2006). Paired housing facilitates wound healing via
attenuating the activity of HPA axis in male monogamous
mice (Glasper and Devries, 2005). In paired housed hamsters,
the treatment with oxytocin antagonist delayswound healing.
In contrast administration of oxytocin promotes wound
healing in isolated hamsters (Detillion et al., 2004). Thus, it is
highly likely that social interactions upregulate hypothalamic
oxytocin expression resulting in attenuation of HPA axis.

When animals are subjected to stress, CRF is secreted from
the hypothalamus, which results in the secretion of cortico-
sterone from the adrenal cortex to guard against stress
disorders. Social isolation is known to be a potent stressor.
In juvenile prairie voles it has been shown that social isolation
during post weaning increases CRF and corticosterone levels
(Ruscio et al., 2007). Social isolation followed by an acute
stressorwas shown to be associatedwith increased CRF, ACTH
and corticosterone in adult male prairie voles as well as
oxytocin (Grippo et al., 2007).

We demonstrated that 7 consecutive days of varying types
of stress (chronic heterotypic stress) failed to up-regulate
oxytocin mRNA expression, resulting in maladaptation and
delayed gastric emptying in singly housed rats. Delayed
gastric emptying in singly housed rats was no longer observed
in paired housed rats. The stressed rats paired with the non-
stressed rats showed restored gastric emptying following
chronic heterotypic stress. This may exclude the possibility
that attenuation of stress response by paired housing is not
due to sharing the same experience of stress.

To further investigate the mechanism of restored gastric
emptying in paired housed rats, we studied the changes in
hypothalamic oxytocin and CRF mRNA expression in paired
and singly housed rats following chronic heterotypic stress. A
significantly increased CRFmRNA expression in singly housed
rats was no longer observed in paired housed rats following
chronic heterotypic stress, In contrast, oxytocin mRNA
expression was significantly increased in paired housed rats.

To elucidate the role of central oxytocin in restored gastric
emptying induced by paired housing, an oxytocin antagonist
was administered (icv) following chronic heterotypic stress.
An oxytocin antagonist reversed the effect of paired housing
on gastric emptying. We also found that in paired housed rats
CRF mRNA expression was significantly increased in the PVN
and SON after the icv-administration of oxytocin antagonist.
Our study reveals that social attachment restores gastric
motility following chronic heterotypic stress in rats. This
is, at least in part, due to down-regulated CRF mRNA
expression and up-regulated oxytocin mRNA expression at
the hypothalamus.
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Stress is widely believed to play an important role in
developing functional gastrointestinal disorders (FGID).
Patients with FGID often report symptoms that are more
associated with negative life changes. Our current study
suggests that social attachment is able to overcome the daily
stressful events and improve the impaired gastric motor
function via up-regulating central oxytocin expression. Our
study may provide the scientific benefit of social attachment
in our daily life.
4. Experimental procedures

4.1. Animals

Adult male Sprague–Dawley (SD) rats weighing 250–300 g were
housed in individual cages under conditions of controlled
temperature (22–24 °C) and illumination (12-h light cycle
starting at 6:00 AM) for at least 7 days before the experiment.
Rats were given ad libitum access to food and water. All
experiments were started at 9:00 am every day.

Protocols describing the use of rats were approved by the
Institutional Animal Care and Use Committee of Zablocki VA
Medical Center atMilwaukeeand carried out in accordancewith
the National Institute of Health “Guide for the Care and Use of
Laboratory Animals.” All efforts weremade tominimize animal
suffering and to reduce the number of animal in experiments.

4.2. Chronic heterotypic stress

The stress paradigms used for chronic heterotypic stress
loading are restraint stress (RS), water avoidance stress (WAS),
forced swimming stress (FSS) and cold restraint stress (CRS).
Rats were exposed to two different stressors each day for a
period of 7 days.

RS: Rats were placed on a wooden plate with their trunks
wrapped in a confining harness consisting of a bandage
fabricated for 90 min, as previously reported (Babygirija et al.,
2010). The animal was able to move its limbs and head but
not its trunk. This restraint stress has been used as a physical
and psychogenic stress model in rodents (Lenz et al., 1988;
Williams et al., 1988). WAS: The procedure involves placing
the animals on a platform (3×6 cm) in the middle of a plastic
container (50 cm×30 cm×20 cm) filled with RT (room tem-
perature) water to 1 cm below the height of the platform for
90 min. Control rats were placed on the same platform in a
waterless container for 90 min. FSS: Animals were placed
individually in a plastic tank (52 cm×37 cm×20 cm) filled
with RT water to the depth of 15 cm for 20 min. The depth of
the water made the animal to swim or float without the hind
limbs touching the bottom of the tank. Control rats were
placed individually in a in a waterless container tank for
20 min. CRS: The animals were restrained and kept at 4 °C for
45 min. Control rats were kept at RT for 45 min.

4.3. Social attachment

Rats were housed in same-sex (male) pairs for 1 week before
starting the chronic heterotypic stress. These rats were also
housed in pairs after finishing each stress loading every day.
To study the possibility whether the stress effect is reduced
because the another rat shares same experience of stress, one of
thepairedhousedratwas loadedwithchronicheterotypicstress
for 1 week while another rat was not subjected to any stress.

In another set of experiment, male rats were housed singly
for 1 week prior to chronic heterotypic stress. The rats were
also housed singly during, before and after the chronic
heterotypic stress loading for 1 week.

4.4. Measurement of solid gastric emptying

After 7 days of chronic heterotypic stress, the rats were fasted
for 24 h. Pre-weighed pellets (1.6 g) were given as previously
reported (Ishiguchi et al., 2001). The rats that did not consume
1.6 g of food within 10min were excluded from the study.
Immediately after finishing the feeding, the rats were subjected
to the restraint stress. After the restraint stress loading for
90 min, the rats were sacrificed by pentobarbital (200mg/kg, IP).
The stomach was surgically isolated and removed. The gastric
content was recovered from the stomach, dried, and weighed.
Solid gastric emptying was calculated, as previously described
(Nakade et al., 2005).

4.5. Intracerebroventricular (icv) administration of
oxytocin antagonist

Rats were placed in a stereotaxic apparatus and a 24-gauge
guide cannula was implanted into the left ventricle, as
previously reported (Ishiguchi et al., 2001). Rats were allowed
to recover for 1 week. To investigate whether endogenous
oxytocin is involved to restore gastric emptying in paired
housed rats, an oxytocin antagonist [d(CH2)51,Tyr(Me)2,Orn8]-
oxytocin (100 ng in 5 μl) was injected (icv) 30 min prior to the
restraint stress loading on the 7th day of chronic heterotypic
stress protocol via an icv-cannula using a microsyringe
attached to polyethylene tubing. [d(CH2)51,Tyr(Me)2,Orn8]-
oxytocin (1–100 ng) has been shown to inhibit the action of
oxytocin in sexual physiological stimuli in rats (Argiolas et al.,
1987; Melis et al., 1999).

After the experiment, rats were euthanized using pentobar-
bital (200mg/kg; ip). The implantation site of icv-cannula was
confirmedby visualization after injection of Evans blue (5%, 1 μl)
via the catheter, as previously reported (Ishiguchi et al., 2001).

4.6. Quantitative RT-PCR

Rats were sacrificed by pentobarbital (200 mg/kg, IP) and
decapitation. The brain tissue of the hypothalamic PVN and
SON was surgically isolated and removed. Left and right SON
(0.6 mm caudal to bregma, 1.8 mm lateral to the midline, 9.4,
below the surfaceof the skull), or the left and right PVN (1.6 mm
caudal, 1.8 mm lateral, 9.1 mm deep) was removed. Total RNA
was extracted from the brain tissues using Trizol (Invitrogen,
Carsbad, CA) according to manufacturer's instructions. Trace
DNA contamination was removed by DNase digestion (Pro-
mega, Madison, WI). cDNA was synthesized from 3 μg total
RNA using Superscript III reverse transcriptase (Invitrogen,
Carsbad, CA). The following primers were designed to amplify
rat oxytocin (351 bp; accession no. M25649.1), according to
previously reported (Melis et al., 1999). Sense primer: 5'-
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GAACACCAACGCCATGGCCTGCCC-3' antisense primer: 5'-
TCGGTGCGGCAGCCATCCGGGCTA-3'. For the internal control,
the following primers were designed to amplify a rats β-actin
fragment (106 bp; accessionno. gi:118505324). Senseprimer: 5'-
TGGCACCACACCTTCTACAATGAG-3' antisense primer: 5'-
GGGTCATCTTTTCACGGTTGG-3', as previously reported
(Zheng et al., 2009).

Quantitative PCRwas performed using SYBR Premix Ex Taq
(TakaraBIO, Madison, USA) according to manufacturer's
instructions. Amplification reactions were performed using a
Light Cycler 480 (Roche Diagnostics). Initial template denatur-
ation was performed for 30 s at 95 °C. The cycle profiles were
programmed as follows: 5 s at 95 °C (denaturation), 20 s at
60 °C (annealing) and 15 s at 72 °C (extension). Forty-five cycles
of the profile were run, and the final cooling step was
continued for 30 s at 40 °C. Quantitative measurement of
each mRNA was achieved by establishing a linear amplifica-
tion curve from serial dilutions of each plasmid containing the
amplicon sequence. The relative amount of each mRNA was
normalized by the amount of β-actin mRNA. Amplicon size
and specificity were confirmed by melting curve analysis and
2% agarose gel electrophoresis.

4.7. Statistical analysis

Comparison between group values was performed by one way
ANOVA for gastric emptying. Students t-test was used to
determine the significance between single housed and paired
housed groups. A P-value<0.05 was considered to be statis-
tically significant. Results were shown as means±SE.
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