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Abstract

Accumulating research indicates oxytocin plays a significant role in regulating the behavioral and
neurobiological responses to stress. Evidence from preclinical models suggests the effect of
oxytocin on stress-responsivity appears to be dependent on individual characteristics, including
sex. Although the interaction between oxytocinergic and stress systems has been widely studied in
rodents, recent efforts have been made to examine the interface between these two systems in
humans. This brief review examines how administration of oxytocin can influence the
neuroendocrine, behavioral, and neural responses to stress, explores how sex may impact these
effects, and provides considerations for future work.

Introduction

Oxytocin-i

Over the last 20 years, oxytocin research has largely focused on the neuropeptide’s role in
social behaviors; however, a history of work dating back to the 1950s has investigated the
interaction between oxytocin and stress systems [1]. Oxytocin is released peripherally and
centrally in response to a variety of psychogenic and physical stressors and is an influential
modulator of the neuroendocrine stress response. Consequently, there has been a concerted
research effort to explore oxytocin and its relationship to psychiatric conditions
characterized by stress-system dysregulation such as addiction. Accumulating evidence
indicates oxytocinergic regulation of the stress response is shaped as a function of individual
characteristics and context [2]. In particular, the effects of oxytocin appear to be sexually
dimorphic. The aim of this brief review is to highlight some of the current work being done
to understand how oxytocin can affect the neurobiological and behavioral responses to stress
and how sex differences may impact these processes.

nduced changes in stress-reactivity: rodents

Hypothalamic and neuroendocrine effects

The stress response consists of a series of neural events that stimulate the hypothalamic—
pituitary—adrenal (HPA) axis. Activation of the HPA axis stimulates a neuroendocrine
cascade beginning with the release of corticotropin-releasing factor (CRF) from the
paraventricular nucleus (PVN) of the hypothalamus. CRF promotes secretion of
adrenocorticotropin (ACTH) from the anterior pituitary which in turn stimulates the
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production and release of glucocorticoids from the adrenal glands (Figure 1). Accompanying
this “classic’ neuroendocrine response to stress is the secretion of oxytocin from the
posterior pituitary terminals [3]. Synthesized within magnocellular neurons located within
the PVN, supraoptic nucleus (SON), and accessory magnocellular nuclei (AN) of the
hypothalamus, oxytocin is released into circulation from neurohypophysial terminals in
response to a diverse set stressors (e.g., [4,5]). The mechanisms underlying oxytocin’s
regulatory influence on HPA reactivity are still being uncovered, however, endogenous and
exogenous elevations in oxytocin are associated with reductions in CRF, ACTH, and
Cortisol.

Oxytocin administration can inhibit ACTH and subsequent glucocorticoid secretion in
response to stress [6,7]. Several lines of evidence suggest downstream reductions in HPA
axis reactivity may result from oxytocinergic suppression of CRF neuron activity (Figure 1).
Interactions between oxytocin and CRF systems are well-documented. For example, some
PVN neurons co-express CRF and OT [8,9]. Further, within the PVN small subpopulations
of CRF neurons express oxytocin receptor mRNA and, reciprocally, clusters of oxytocin
neurons contain CRF2 receptors [8]. Central administration of oxytocin reduces
hypothalamic CRF neuron excitability [10], inhibits spontaneous excitatory transmission
onto CRF neurons [10], reduces CRF mRNA expression [4,11°], attenuates stress-induced c-
fos expression, a marker of neuronal activity, in CRF neurons and concomitantly reduces
neuroendocrine responses to restraint stress [7].

During times of stress, glucocorticoids can also modulate oxytocin neurotransmission. For
example, recent work by Torner and colleagues demonstrated adrenalectomized rats display
heightened stress-induced plasma oxytocin secretion but blunted intra-PVN release of
oxytocin following forced swimming [12]. Intravenous infusion of corticosterone prior to
forced swimming rescued the stress-induced intra-PVN increase of oxytocin and slightly
enhanced peripheral plasma concentrations of oxytocin, indicating stress-induced release of
oxytocin within the brain and periphery are both modulated, albeit independently, by
corticosterone [12].

Extrahypothalamic effects

Oxytocinergic modulation of neuronal activity at sites beyond the hypothalamus reduce
behavioral and molecular responses to stress. Oxytocin receptors are widely expressed
throughout the brain including in stress-sensitive brain regions like the hippocampus and
amygdala [13]. Exogenous oxytocin administration is associated with reductions in stress-
related activity within these regions. For example, Windle and colleagues have reported
intra-cerebroventricular infusion of oxytocin reduced restraint stress-induced ACTH and
corticosterone release and attenuated c-fos expression within all subfields of the dorsal
hippocampus [7]. Oxytocin administration can also block stress-induced impairment of
hippocampal-dependent memory and reduce stress-induced alterations in hippocampal
synaptic plasticity. Lee and colleagues demonstrated rodents treated with intranasal oxytocin
prior to being exposed to a restraint-tail shock stress procedure exhibited less impaired
spatial memory and enhanced maintenance of long-term potentiation and reduced long-term
depression within the CA1 of the hippocampus, compared to their vehicle treated
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counterparts; an effect that could be blocked by pretreatment with an oxytocin receptor
antagonist [14].

Oxytocin can also influence activity within the central nucleus of the amygdala (CeA), a
region mediating behavioral responses to fearful stimuli and critical to the formation of
anxiety-like behavior. Acute stressors,like forced swimming, can trigger oxytocin release
within the CeA [15]. Further, stimulated oxytocin release or infusion of oxytocin into the
CeA, reduces CeA signaling via enhancement of local GABAergic interneuron activity, and
is associated with an attenuation of stress, fear, and aggressive behaviors [15-19].

Sex differences

Sex differences in oxytocin system parameters have been noted, though appears to be
species-specific [20°]. However, when sex differences have been noted, oxytocin levels tend
to be higher in females compared to males [20°]. In general, oxytocin inhibits HPA axis
reactivity in both females and males [20°,21], though, oxytocinergic effects on stress system
reactivity is influenced by the activational effects of sex steroids and is dependent on the
reproductive state [22]. For example, modulation of estrogen receptor beta (ERp) activity by
gonadal steroids within the PVN facilitates oxytocin mRNA expression and is associated
with reductions in anxiety-like behaviors and attenuation of ACTH and corticosterone
responses to stress [23,24]. ERp receptors are highly expressed in oxytocin neurons within
PVN and are associated with decreases stress reactivity when activated [24]. The oxytocin
promoter contains a composite response element through which ERB can modulate oxytocin
gene expression. Specifically, actions of estradiol or 3p-diol, a testosterone metabolite, on
ERP receptors stimulate oxytocin promoter activity, which gives rise to increases oxytocin
expression and, subsequently, oxytocin neurotransmission [23,25]. Indeed, it appears that
reductions in stress reactivity by ERp activation is mediated by oxytocinergic activity
[26-28]. Kudwa and colleagues demonstrated treatment with the ERB-selective agonist R-
diarylpropionitrile reduced corticosterone responses to restraint stress and attenuated
anxiety-like behavior in the elevated plus maze test in gonadectomized male and female rats
[28]. Intracer-ebroventricular pretreatment with an oxytocin receptor antagonist blocked
these effects demonstrating an interaction between ERP and oxytocin systems to modulate
behavioral and HPA responses to stress [28]. Some studies suggest females may be more
sensitive to some of ERp effects. For instance, female ERP knockout mice exhibit increased
anxiety behaviors but not their male counterparts [29] and treatment with R-
diarylpropionitrile reduces neuroendocrine responses to stress and anxiety-like behaviors
more effectively in females compared to males [28].

Beyond the PVN, sex-specific oxytocin effects have been noted within other areas of the
brain including the medial prefrontal cortex (MPFC) and the bed nucleus of the stria
terminals (BNST). Recently, Li and colleagues described the presence of an oxytocin-
sensitive, sexually dimorphic mPFC circuit [30*]. Specifically, Li describes the presence of
oxytocinergic interneurons within the mPFC that when stimulated results in the release of
GABA and corticotropin releasing hormone binding protein (CRHBP), a protein which
inhibits the activity of CRF. In male animals, upon stimulation of these oxytocinergic
interneurons, CRHBP is released, CRF activity is inhibited, and this promotes a reduction in
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anxiety; however, in females, perhaps due to higher levels of CRF within the PVN, CRHBP
is unable to effectively reduce CRF activity and, as such, does not result in an anxiolytic
effect. Similar sex-specific oxytocin effects have been noted in the BNST. Steinman and
colleagues demonstrated that exposure to social defeat enhances the activity of oxytocin
neurons within the PVN in both males and females and induces increases in oxytocin neuron
activity and oxytocin mRNA expression in the BNST for up to 10 weeks, but only in
females. Further, treatment with intranasal oxytocin reduced stress-related behavior and
increased social interaction among males, but failed to alter social interaction behavior in
stressed females and produced a context-sensitive reduction in stress-related behaviors,
specifically inducing a greater anxiolytic response when females tested in a familiar
environment compared to an unfamiliar environment [31°]. In sum, these data indicate that
oxytocinergic modulation of stress-reactivity can vary as a result of sexually dimorphic
circuits within the brain.

Oxytocin-induced changes in stress-reactivity: humans

Owing to the methodological limitations of studying humans, systemic pharmacological
challenges have been typically employed to examine the influence of oxytocin on stress
reactivity. Although multiple meta-analyses confirm exogenous oxytocin has a measurable
effect on behavior and neural activity (e.g., [32-34]), the mechanisms by which exogenous
oxytocin exerts its impact are still being investigated. Central mechanisms are suspected. A
recent study by Lee and colleagues [35°] indicates exogenous oxytocin administered by
either intravenous or intranasal routes is detectable within the cerebrospinal fluid (CSF) in
non-human primates. However, this does not rule out the possibility that peripheral
mechanisms, possibly involving oxytocin activity at the adrenal gland, may also contribute
[36].

Hypothalamic and neuroendocrine effects

Similar to what is observed in rodent models, oxytocin administration can attenuate
neuroendocrine responses to stress in humans. A recent meta-analysis indicated that a single
acute dose of intranasal oxytocin can produce reductions in Cortisol within the context of
studies which robustly activate the HPA axis, like intrapersonal stress [34]. Paradigms
utilizing social-evaluative threat (e.g., Trier Stress Test, TSST), elicit strong Cortisol
responses in humans and demonstrate concomitant rises in circulating oxytocin [37].
Stimulated oxytocin release or treatment with intranasal oxytocin prior to intrapersonal
stress is associated with attenuated plasma and salivary Cortisol responses to stress [38-40,
but see 41] and reductions in reported feelings of fear, anxiety, and perceived stress
[38,40-42]. Oxytocin administration also appears to enhance the buffering effect of social
support on stress. Although social support in and of itself can suppress salivary Cortisol
responses to stress (e.g., TSST, [38]), intranasal oxytocin can improve the effectiveness of
the stress-buffering effect of social support, enhancing the attenuation of stress-induced
Cortisol release [38]. Although less is known about oxytocin’s effect on other aspects of the
HPA response, early studies indicated that systemic oxytocin administration could reduce
plasma ACTH responses to a pharmacological stress challenge (e.g., CRF, [43]) and
following social isolation in non-human primates [6].
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Extrahypothalamic effects

Functional magnetic resonance imaging (fMRI) experiments reveal that intranasal oxytocin
can also impact brain activity elicited in response to stress, negative affect, and fear.
Increases in amygdala activity are typically observed in response to viewing negative, fearful
or otherwise threatening stimuli (e.g., [44-46]). Intranasal oxytocin modulates activity within
this area, reducing amygdala activation in response to fear [44-46], anger [45], and in
response to breaches of trust in men [47]. A recent meta-analysis examining intranasal
oxytocin fMRI studies indicates that oxytocin administration reduces amygdala reactivity to
negatively-valenced stimuli but may enhance amygdala activity in response to positive
stimuli [32]. In addition to valence, the effects of oxytocin on amygdala activity may also
depend on the subregion examined. For instance, Gamer and colleagues demonstrated that
oxytocin specifically attenuated activity within the anterior amygdala in response to fearful
faces but enhanced activity in response to happy faces; whereas, oxytocin enhanced activity
within the posterior amygdala in response to gaze changes towards the eyes of faces,
irrespective of valence [48]. These data collectively suggest oxytocin may attenuate
reactivity of the amygdala towards negative stimuli but enhance activity relevant to the
processing of socially relevant information.

Sex differences

Until recently, relatively few studies examining oxytocin in the context of stress have
incorporated female participants into their design or examined sex as a factor of interest
within their data analyses. Although the data is still relatively limited, intranasal oxytocin
can produce anxiolytic effects in both men [38,42,49] and women [42,50]; though, oxytocin
may have distinct sex-specific effects depending on the challenge employed. Perhaps the
most consistently reported example of such an effect is the impact of oxytocin on amygdala
responses to negatively-valenced stimuli. As previously described, oxytocin reduces
amygdala activity in response to negative faces [44,45], threatening scenes [44] and negative
social interactions in men [47]. However, women treated with oxytocin exhibit greater
amygdala responses when viewing angry faces [51,52] and threatening scenes [53]. This
differential modulation of neural activity by oxytocin may serve to promote detection of
socially relevant and potentially threatening stimuli in females, while reducing threat
sensitivity in males [53]. Outside the amygdala, oxytocin can impact activity within the
dorsal anterior cingulate, inferior frontal gyrus, and anterior insula in response to negatively-
valenced face stimuli in a sex-specific manner. Specifically, oxytocin treatment results in
reductions in activity across these regions in men and increases in women [54]. Women also
display reduced coupling of the amygdala to the anterior cingulate and inferior frontal gyrus
during the processing of subliminally presented fearful and angry faces, which may
represent an alteration in prefrontal regulatory control over amygdala activity in women
[54].

Conclusions

Mounting evidence suggests oxytocin can impact stress, anxiety, and the processing of
negative emotional stimuli in a sexually dimorphic manner. As oxytocin is currently being
investigated for use as a treatment option for psychiatric disorders characterized by
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dysregulation within brain stress systems, it will be important to examine whether oxytocin
may be differentially effective in reducing some stress-related features in men and women.
For example, in addictive disorders, oxytocin has been observed to impact activity within
circuits associated with the negative reinforcing effects of substances of abuse [55°].
Oxytocin administration is hypothesized to offset some of the neuroadaptations in brain
stress systems which result from repeated administration and withdrawal from drugs of
abuse which are believed to contribute to the elevated stress responses, negative emotional
states, and increased anxiety associated with acute and protracted drug withdrawal [56]. As
such, oxytocin could counteract the negative motivational state which drives negative
reinforcement to subsequently reduce compulsive drug seeking [55°,57]. Indeed, oxytocin
administration can attenuate withdrawal symptoms, reduce anxiety-like behaviors, and
prevent stress-induced reinstatement of drug self-administration in humans and animals
[55°]. Whether oxytocin has the same impact on these behaviors in females and males is not
currently known. Given that oxytocin can influence stress-related activity differently in
males and females, and, like many other aspects of addiction, negative reinforcement effects
may be different in males and females [58,59], it is important that future studies examine the
extent to which oxytocin can reduce the negative motivational states associated with
addiction and whether these effects differ according to sex.

Much more work is needed to understand under what circumstances oxytocin induces sex-
specific effects and to elucidate the impact sex steroids have on these processes. In the case
of human studies, while more studies are incorporating women into their design, many
studies fail to characterize or utilize less than optimal ways of determining menstrual cycle
phase (e.g., relying on self-reported last menstrual cycle day [60]), do not examine responses
according to specific menstrual cycle phase, do not appropriately account for hormonal
contraceptive use, and very few obtain sex hormone concentrations to either confirm cycle
phase or to examine the potential impact of circulating gonadal hormones. Addressing these
limitations in future studies will help foster a better understanding of the interaction between
oxytocin, stress, and the role of sex.
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Figurel.
(a) Model of hypothesized interactions between oxytocin, gonadal steroids, and stress

systems. In response to acute stress, a neuroendocrine cascade is triggered which promotes
CRF secretion within the PVN of the hypothalamus that leads to the release of ACTH from
the anterior pituitary which ultimately promotes the production and release of
glucocorticoids (GC) from the cortices of the adrenal glands. Centrally, exposure to stress
recruits areas within stress-sensitive neural pathways including the amygdala and
hippocampus, both of which regulate neuroendocrine responses to stress. Oxytocin
administration prior to stress inhibits this neuroendocrine response, reducing the secretion of
CRF and glucocorticoids. In the CNS, oxytocin administration attenuates stress-related
activity within the amygdala and appears to protect against stress-induced alterations in
hippocampal synaptic plasticity. Circulating gonadal hormones including androgens (A),
estrogens (E2), and progesterone (P) have the potential to affect HPA axis activity and
modulate oxytocin neuron functioning which may contribute to sex differences in stress
responsiveness. In general, androgens including testosterone reduce stress-induced
glucocorticoid release, in part via androgen inhibition of CRF expression. Ovarian steroid
effects on HPA axis activity are more complex. In rodents, estradiol and progesterone inhibit
glucocorticoid negative feedback that may impair downregulation of the stress response.
Conversely, estradiol can decrease neuroendocrine responses to stress via its actions on
estrogen receptor beta (ERp). (b) Estrogen receptor beta regulation of oxytocin mRNA
expression. Within the PVN, estradiol binds to nuclear ERB which rapidly dimerizes and
binds to the composite hormone response element (CHRE) of the oxytocin gene. This
enhances oxytocin transcript expression and increases oxytocin peptide levels which can
ultimately lead to overall reductions in stress-related HPA axis activity. Although the
mechanisms are not yet understood, it appears that females may be more sensitive to these
effects.

Adapted from Acevedo-Rodriguez et al. [24].
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