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Oxytocin is a neuropeptide that until re-
cently was perhaps best known for its
role in parturition, lactation, and ma-
ternal care. It is now well documented
that oxytocin also influences a wide
range of social and affective behaviors
and is a powerful modulator of physio-
logical and behavioral responses to
stress. Indeed, exposure to a variety of
stressors triggers paraventricular nu-
cleus secretion of oxytocin to limbic
brain regions, brainstem, and spinal
cord, as well as pituitary release into the
blood. Numerous studies in humans
and rodents have demonstrated that
oxytocin suppresses the “classic” stress
hormones of the hypothalamic–pitu-
itary–adrenal (HPA) axis, and as such,
oxytocin is an important regulator of
both the physiological and behavioral
aspects of the stress response and
anxiety-like behavior. Furthermore, the
anxiolytic function of elevated oxytocin
release has been observed both after en-
dogenous elevations in oxytocin during
parturition and lactation and after ex-
ogenous oxytocin administration, re-
sulting in a blunted HPA axis-mediated
stress response (for review, see Neu-
mann, 2008).

The nucleus of the solitary tract
(NTS) contains oxytocin receptors and
receives oxytocinergic input from the
paraventricular nucleus, and recent
work has expanded on the modulatory
role for oxytocin projections onto the
NTS (Higa et al., 2002). Because the
NTS is an important relay center for in-
coming central and peripheral visceral
sensory inputs, second-order NTS neu-
rons are ideally located to integrate
peripheral inputs (i.e., cardiovascular
reflexes) with centrally mediated re-
sponses such as stress. This has led to a
push for the identification of a role for
oxytocin in mediating cardiopulmonary
inputs onto the NTS (Higa et al., 2002).
However, the cellular mechanisms by
which oxytocin mediates incoming pe-
ripheral and central afferents into the
NTS have remained unknown. The
analysis of a role for oxytocin in the NTS
may provide a better understanding of
the significance of oxytocin-mediated
visceral sensory inputs in the context of
stress and anxiety.

In a recent study published in The
Journal of Neuroscience, Peters et al.
(2008) elucidated the cellular mecha-
nisms by which hypothalamic oxytocin
projections enhance visceral afferent
transmission to the NTS. The authors
first identified a population of second-
order NTS neurons in the medial sub-
nucleus of the caudal NTS in brainstem
slices and assessed mEPSC frequency af-
ter application of oxytocin. High con-
centrations of oxytocin increased the

frequency of mEPSCs twofold [Peters et
al. (2008), their Fig. 2], an effect that was
attenuated by coadministration of a se-
lective oxytocin receptor antagonist
[Peters et al. (2008), their Fig. 4]. Im-
portantly, this effect was selective to ap-
proximately half of the second-order
NTS neurons identified within a mixed
distribution of oxytocin-sensitive and
oxytocin-resistant neurons. This diver-
gence in neuronal responses to oxytocin
suggests varied distribution of oxytocin
receptors on NTS neurons, which in
turn suggests that only a subset of
second-order NTS neurons may be se-
lectively influenced by the paraventricu-
lar nucleus via this mechanism.

To better understand the site of oxy-
tocin action, the authors assessed the
synaptic transmission properties of the
oxytocin-sensitive NTS neurons. Al-
though oxytocin application increased
the frequency of mEPSCs in a
concentration-dependent manner, the
amplitude and decay kinetics of the
mEPSCs remained unaltered relative to
the control condition. Because oxytocin
did not influence postsynaptic event
properties, the authors concluded that
the oxytocin actions were presynaptic.
Additionally, neuronal excitability was
increased in oxytocin-sensitive neurons
via inhibition of a K � conductance,
thereby suggesting that oxytocin acts
to enhance afferent transmission to
selective NTS neurons via both presyn-
aptic (increased frequency of EPSCs)
and postsynaptic (depolarization)

Received Jan. 21, 2009; revised Feb. 24, 2009; accepted Feb. 24, 2009.
We thank Dr. A. Courtney DeVries for helpful discussion and editorial

comments on this manuscript.
Correspondence should be addressed to Kate Karelina, Department of

Psychology, The Ohio State University, 29 Psychology Building, 1835 Neil
Avenue, Columbus, OH 43210. E-mail: karelina.1@osu.edu.

DOI:10.1523/JNEUROSCI.0342-09.2009
Copyright©2009SocietyforNeuroscience 0270-6474/09/294687-03$15.00/0

The Journal of Neuroscience, April 15, 2009 • 29(15):4687– 4689 • 4687

http://www.jneurosci.org/cgi/content/full/28/45/11731/F2
http://www.jneurosci.org/cgi/content/full/28/45/11731/F4


mechanisms [Peters et al. (2008), their
Figs. 3, 7].

Finally, Peters et al. (2008) identified
NTS neurons that were responsive to elec-
trical stimulation of the vagus nerve and
activation of cardiopulmonary afferents.
They further measured oxytocin immu-
noreactivity of nearby axons. Among the
doubly responsive NTS neurons, half ap-
peared to receive inputs from oxytocin-
immunoreactive terminals [Peters et al.
(2008), their Fig. 8]. Notably, some
oxytocin-resistant neurons were in close
proximity to oxytocin-sensitive neurons
but remained resistant to oxytocin ac-
tions. Thus, selective modulation of the
NTS is achieved via variation in the oxy-
tocin responsiveness of the second order
NTS neurons and heterogeneous innerva-
tion by oxytocin-containing axons pro-
jecting from the paraventricular nucleus.

The study includes a brief, but inter-
esting, discussion of how innervation of
the NTS by oxytocin-synthesizing para-
ventricular nucleus neurons may mod-
ulate homeostatic reflexes; we propose
that the data from this study may have
much broader behavioral implications,
including alterations in affective and
cognitive processes. Specifically, we will
focus on converging evidence suggest-
ing that oxytocin modulation of NTS
function could influence the develop-
ment of stress and anxiety-like
behavior.

In addition to providing homeostatic
information, somatic afferents can bias
limbic and cortical information pro-
cessing (Berntson et al., 1998). Indeed,
several hypotheses suggest that aberrant
signaling from the viscera to CNS may
play an important predisposing role in
anxiety disorders (Watkins et al., 1998).
The NTS receives afferent signals from
viscera and immune system and trans-
mits them to forebrain regions, such as
the basal forebrain, a structure involved
in regulating cortical processing of anx-
iogenic stimuli (Berntson et al., 1998).
Similarly, NTS projections to the locus
coeruleus, the bed nucleus of the stria
terminalis and amygdaloid structures,
serve as additional conduits through
which NTS activity is able to influence
the processing of anxiogenic stimuli
(Fig. 1). Thus, NTS neurons are ideally
situated to coordinate afferent signaling
to multiple brain regions associated
with emotion. For example, blocking
central afferent neurotransmission,
through inactivation of NTS transmis-
sion, inhibits the stress-induced poten-
tiation of emotional memories (Wil-

liams and McGaugh, 1993) and inhibits
anxiety in rats (Miller et al., 2002).

Whereas Peters et al. (2008) primar-
ily focused on the role of NTS in afferent
signaling, this structure also is an essen-
tial regulator of cardiovascular reactiv-
ity in the context of anxiety and fear.
Direct descending projections from the
central amygdala and medial prefrontal
cortex, two brain regions associated
with the processing of anxiogenic stim-
uli to the NTS, represents a pathway for
the regulation of cardiovascular reactiv-
ity states by telencephalic structures
(Berntson et al., 1998). Together with
the data put forth by Peters et al. (2008),
it is reasonable to propose that oxytocin
may alter anxiety-induced cardiovascu-
lar reactivity via its actions in the NTS,
in addition to its influences within the
limbic system.

As established by Peters et al. (2008),
oxytocin acts on a select group of neu-
rons within the NTS to increase afferent

visceral synaptic transmission. In addi-
tion to the homeostatic processes previ-
ously suggested, oxytocin signaling in
the NTS is well positioned to inform
various structures associated with emo-
tion of peripheral processes. Linking
emotions to homeostatic mechanisms is
a salient way for peripheral processes,
such as infection or sympathetic
arousal, to influence behavior.

In summary, the data presented in
Peters et al. (2008) have broad implica-
tions and are likely to spark new interest
in the NTS among behavioral neurosci-
entists. Whereas numerous reports have
demonstrated anxiolytic effects of oxy-
tocin (for review, see Neumann, 2008),
the findings of Peters et al. (2008) sug-
gest a novel pathway through which
oxytocin may influence anxiety and
other complex behaviors. Given that the
NTS can alter activity at nearly all levels
of the CNS, and that oxytocin has been
implicated in a wide spectrum of behav-

Figure 1. Vagal afferents convey visceral information to the NTS, the major visceral relay nucleus of the brainstem. The NTS
issues a direct projection to forebrain areas such as the amygdala and basal forebrain and can also activate the ascending
noradrenergic system arising in the locus coeruleus noradrenergic system (LC). The LC, in turn, projects to the basal forebrain
cholinergic system as well as to the amygdala and the cortex. There are thus several routes by which oxytocin acting on ascending
visceral information can impact cortical/cognitive processing. Reciprocal interactions between the amygdala and basal forebrain,
together with their overlapping targets in the medial prefrontal cortex, constitute important processing substrates for the pro-
cessing of anxiogenic stimuli. AMY, Amygdala; OT, oxytocin; PVN, paraventricular nucleus; BF, basal forebrain cholinergic system;
BNST, bed nucleus of the stria terminalis.
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iors, it is unlikely that its effects on the
NTS are limited to homeostatic reflexes.
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