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Plasticity in the brainstem vagal circuits controlling gastric
motor function triggered by corticotropin releasing factor
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Key points

� The prototypical stress hormone, corticotropin releasing factor (CRF), and the prototypical
anti-stressor hormone, oxytocin (OXT), are known to modulate brainstem neurocircuits
involved in visceral reflexes.

� We demonstrated recently that the brainstem neurocircuits through which OXT exerts its
actions are modulated by vagal afferent fibres; however, it is unknown whether the OXT-induced
modulation of brainstem vagal neurocircuits is also regulated differentially by CRF.

� Here we elucidate the cellular mechanisms and the effects on gastric tone of OXT following
exposure of vagal brainstem neurones to CRF and report that CRF induces short-term plastic
changes in OXT-sensitive vagal neurocircuits.

� The results presented may represent a possible mechanism through which stress alters
the central regulation of gastrointestinal functions and may reflect the vagal dysregulation
occurring as a consequence of stress-exacerbated functional dyspepsia.

Abstract Stress impairs gastric emptying, reduces stomach compliance and induces early satiety
via vagal actions. We have shown recently that the ability of the anti-stress neuropeptide oxytocin
(OXT) to modulate vagal brainstem circuits undergoes short-term plasticity via alterations in
cAMP levels subsequent to vagal afferent fibre-dependent activation of metabotropic glutamate
receptors. The aim of the present study was to test the hypothesis that the OXT-induced gastric
response undergoes plastic changes in the presence of the prototypical stress hormone, cortico-
tropin releasing factor (CRF). Whole cell patch clamp recordings showed that CRF increased
inhibitory GABAergic synaptic transmission to identified corpus-projecting dorsal motor nucleus
of the vagus (DMV) neurones. In naive brainstem slices, OXT perfusion had no effect on
inhibitory synaptic transmission; following exposure to CRF (and recovery from its actions),
however, re-application of OXT inhibited GABAergic transmission in the majority of neurones
tested. This uncovering of the OXT response was antagonized by pretreatment with protein
kinase A or adenylate cyclase inhibitors, H89 and di-deoxyadenosine, respectively, indicating a
cAMP-mediated mechanism. In naive animals, OXT microinjection in the dorsal vagal complex
induced a NO-mediated corpus relaxation. Following CRF pretreatment, however, microinjection
of OXT attenuated or, at times reversed, the gastric relaxation which was insensitive to L-NAME
but was antagonized by pretreatment with a VIP antagonist. Immunohistochemical analyses of
vagal motoneurones showed an increased number of oxytocin receptors present on GABAergic
terminals of CRF-treated or stressed vs. naive rats. These results indicate that CRF alters vagal
inhibitory circuits that uncover the ability of OXT to modulate GABAergic currents and modifies
the gastric corpus motility response to OXT.
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Introduction

Neuroactive peptides play an important role in the
regulation of gastrointestinal (GI) functions and many
studies have reported the central role of both the
prototypical stress hormone, corticotropin releasing factor
(CRF), as well as the prototypical anti-stress hormone,
oxytocin (OXT), in the modulation of GI tone and motility
(Richar et al. 1991; Fujimiya & Inui, 2001; Lewis et al.
2002; Stengel & Tache, 2008; Babygirija et al. 2010b,
2012; Buckinx et al. 2011; Llewellyn-Smith et al. 2012;
Holmes et al. 2013). Specifically, many laboratories have
shown that, in experimental animals, injection of CRF
in the cisterna magna, lateral ventricles, dorsal vagal
complex (DVC; i.e. nucleus tractus solitarius (NTS), dorsal
motor nucleus of the vagus (DMV) and area postrema)
or paraventricular nucleus of the hypothalamus (PVN)
diminishes gastric acid secretion, slows gastric emptying
and small intestine transit but accelerates large bowel
transit (Tache et al. 1983, 1987; Garrick et al. 1988;
Heymann-Monnikes et al. 1991; Monnikes et al. 1992;
Martinez et al. 1997; Lewis et al. 2002; Tsukamoto et al.
2006). This wide range of GI responses to CRF resembles
those induced by stress; indeed, both CRF-induced and
stress-related GI effects are blocked by pretreatment with
CRF receptor antagonists (Stengel & Tache, 2008). Inter-
estingly, CRF does not seem to play a role in controlling
basal GI activity since CRF receptor antagonists do
not modulate GI functions in non-stressed animals,
suggesting that the effects of CRF are restricted to a central
modulation of GI functions in time of stress only (Lenz
et al. 1988; Martinez et al. 1997).

Conversely, intracerebroventricular administration of
OXT antagonists increases gastric motility, suggesting
that oxytocinergic pathways are active tonically and
regulate upper GI motility (Flanagan et al. 1992; Fujimiya
& Inui, 2001). OXT is released from PVN neurones
following ingestion of a meal and, upon activating
oxytocin receptors (OXT-Rs) in the DVC, stimulates
gastric secretion and decreases gastric motility via a
NO-dependent, L-NAME-sensitive vagal pathway; OXT
activation in the caudal brainstem also modulates cardio-
respiratory and feeding functions (Swanson & Kuypers,

1980; Richar et al. 1991; Rinaman, 1998; Peters et al.
2008; Veening et al. 2010; Llewellyn-Smith et al. 2012;
Onaka et al. 2012; Holmes et al. 2013). Interestingly,
hypothalamic OXT plays a major role in the recovery of
gastric and colonic motility following stress adaptation
(Babygirija et al. 2010b, 2012; Zheng et al. 2010), indicating
an anti-stress action of this neuropeptide in the regulation
of GI functions.

We have shown recently that DVC application of OXT
induces a vagally dependent relaxation of the gastric
corpus that is blocked by pretreatment with the nitric
oxide synthase antagonist, L-NAME (Holmes et al. 2013).
Following surgical or pharmacological blockade of vagal
afferent fibres impinging onto DVC neurones, however,
the response of the gastric corpus to OXT application was
attenuated or, in many cases, reversed, i.e. OXT micro-
injected in the DVC now increased corpus tone (Holmes
et al. 2013). We also demonstrated that these effects
were most likely due to trafficking of OXT-Rs resulting
in modulation of the GABAergic synapse; we further
demonstrated that a key feature of this process was the
modulation of cAMP levels by group II metabotropic
glutamate receptors (mGluRs) (Holmes et al. 2013).
This GABAergic synapse, by regulating the firing rate
of DMV neurones (Browning & Travagli, 2001; Babic
et al. 2011), plays an essential role in the vagally
dependent modulation of gastric motility (Sivarao et al.
1998). We then hypothesized that these vagal afferent
inputs may be part of a conditional control mechanism
that regulates the sensory-motor integration of visceral
functions in a metabolically inexpensive manner by
allowing relatively rapid adaptations of the gastric motility
response to environmental and/or pathophysiological
conditions (Holmes et al. 2013). Indeed, it is well
recognized that afferent vagal fibres are activated following
food ingestion and, through adenylate-cyclase-coupled
neurotransmitters and/or neuromodulators, prime the
vagal neurocircuitry to respond appropriately to digestive
processes (Mayo et al. 2003; Berthoud et al. 2006; Drucker,
2006; Dufresne et al. 2006; Tache & Million, 2006).

The aim of the present study was to investigate whether
(i) CRF pretreatment alters selectively the effects of OXT
on the NTS–DMV GABAergic synapse, (ii) pretreatment
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with CRF alters the OXT-mediated decrease in gastric
corpus tone, and (iii) the mechanism of action of OXT
was altered following CRF pretreatment.

Methods

All in vivo and in vitro procedures were conducted
in accordance with the National Institutes for Health
guidelines, with the approval of the Penn State University
College of Medicine Institutional Animal Care and Use
Committee and according to the policies and regulations
of journal policy on animal experimentation.

Retrograde tracing

Gastric-projecting DMV neurones were identified
following application of the fluorescent neuronal tracer
1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine
perchlorate (DiI) to discrete regions of the stomach as
described previously (Browning et al. 1999; Holmes et al.
2009). Fourteen-day-old Sprague–Dawley rat pups of
either sex were anaesthetised deeply (2.5% isoflurane,
600 ml min−1), an abdominal laparotomy was performed
and crystals of DiI were applied to the gastric major
curvature at the level of the corpus. The dye was embedded
in place with a fast-hardening epoxy resin, the surgical
area was flushed with warmed saline and the wound
closed in layers with 5/0 vicryl suture and staples. Rats
were allowed to recover for 10–15 days prior to removal
of the brainstem for electrophysiological recordings.

Electrophysiology

As described previously (Browning et al. 1999; Holmes
et al. 2009), rats were anaesthetised with isoflurane
followed by bilateral pneumothorax before removal of
the brainstem which was placed immediately in chilled,
oxygenated Krebs solution (see below for composition).
Four to six coronal slices (300 μm thick) were cut spanning
the entire rostro-caudal extent of the DVC and brain-
stem slices were incubated in oxygenated Krebs solution
at 30 ± 1°C for at least 90 min prior to use.

A single brainstem slice was placed on a custom-made
perfusion chamber (volume 0.5 ml) held in place
with a nylon mesh, on the stage of a Nikon E600FN
microscope equipped with tetramethylrhodamine iso-
thiocyanate (TRITC) epifluorescent filters. Slices were
maintained at 32 ± 1°C by continuous perfusion
with Krebs solution. DiI-filled neurones were identified
under TRITC epifluorescence and electrophysiological
recordings made under brightfield illumination using
differential interference contrast (Nomarski) optics.

Whole cell patch clamp recordings were made using
pipettes (2–5 M� tip resistance) filled with a potassium

gluconate solution (see below for composition) and a
single electrode voltage clamp amplifier (Axoclamp 1D,
Molecular Devices, Union City, CA, USA). Data were
filtered at 2 kHz, digitized via a Digidata 1320 interface
and analysed utilizing pCLAMP 9 software (Molecular
Devices). Recordings with a series resistance >20 M� were
eliminated from the study.

Electrical stimulation

A bipolar stimulating electrode with a tip separation
of �125 μm (WPI, Sarasota, FL, USA) was placed
in the NTS subnucleus centralis or medialis and used
to electrically evoke either inhibitory or excitatory
postsynaptic currents (eIPSCs or eEPSCs, respectively).
Electrical stimuli (10–500 μA, 0.05–1.0 ms) were applied
every 20 s throughout the recording to evoke submaximal
currents. When recording eIPSCs, the perfusing Krebs
solution contained the non-selective ionotropic glutamate
antagonist kynurenic acid (1 mM) while the GABAA

receptor antagonist picrotoxin (50 μM) was added to the
perfusate when recording eEPSCs.

Miniature synaptic currents

Miniature IPSCs and EPSCs (mIPSCs and mEPSCs,
respectively) were recorded from DMV neurones perfused
with 1 μM tetrodotoxin and 1 mM kynurenic acid or 50 μM

picrotoxin, respectively, and, when recording mIPSCs,
the recording pipettes were filled with a potassium
chloride solution (see below for composition). Recordings
were conducted in the voltage clamp configuration at
−60 mV (mEPSC) or −50 mV (mIPSC). Miniature
events were analysed with Mini Analysis Program Software
(Synaptosoft, Leonia, NJ, USA).

Drug application and statistical analysis

All drugs were dissolved in the perfusing Krebs solution
at concentrations described previously as being effective;
OXT and CRF were used at 100 nM unless specified
otherwise (Browning & Travagli, 2001; Lewis et al. 2002;
Holmes et al. 2013). Agonists were applied for a period of
time sufficient for the response to reach a plateau; neuro-
nes were allowed to recover for at least 5 min prior to drug
re-application. Antagonists were applied for at least 5 min
prior to agonist re-application. Each neurone served as
its own control, that is, the responses of any neurone was
assessed before and after drug application using ANOVA
and paired Student’s t test; inter-group comparisons were
analysed using the χ2 test. A minimum variation of
±10% in eIPSC or eEPSC amplitude and a minimum
variation of ±40% in mIPSC or mEPSC frequency or
amplitude was arbitrarily taken as indication of a response.
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Only responding neurones are included in the statistical
analyses; results are expressed as mean ± SEM with
significance defined as P < 0.05.

In vivo studies: surgical preparations and agonist
applications

Male Sprague–Dawley rats weighing 200–350 g were
fasted overnight (16 h maximum; water ad libitum)
and anaesthetized with thiobutabarbital (Inactin;
120–150 mg kg−1 I.P.). Once a deep plane of anaesthesia
was achieved (absence of the palpebral reflex), rats were
intubated with a tracheal catheter and the anterior gastric
corpus was exposed via a midline laparotomy. A miniature
strain gauge (RB Products, Minneapolis, MN, USA) was
sutured to the serosal surface of the anterior gastric corpus
in alignment with the circular smooth muscle. Animals
were then placed in a stereotaxic frame; rectal temperature
was monitored and maintained at 37 ± 1°C with a heating
pad. The strain gauge signal was amplified (QuantaMetrics
EXP CLSG-2, Newton, PA, USA), filtered (low pass filter
cutoff = 0.5 Hz), recorded on a polygraph (Grass model
79, Quincy, MA, USA) and on a computer using Axotape
10 software (Molecular Devices).

The 4th ventricle was exposed via blunt dissection,
the meningeal membranes above the vagal trigone
were dissected and the exposed brainstem was covered
with pre-warmed saline during a 60 min period of
stabilization. A dual-barrelled micropipette (20–40 μm
tip diameter) was lowered into the left DVC (in
mm: +0.1–0.3 rostro-caudal from calamus scriptorius,
+0.1–0.3 medio-lateral and −0.5 dorso-ventral). After an
additional 30 min of stabilization, baseline values of gastric
tone were determined by calculating the mean value of
the 5 min period immediately preceding drug application.
Drugs were microinjected in 60 nl volumes by picospritzer
(Toohey Co., Fairfield, NJ, USA) or applied to the surface
of the 4th ventricle (2 μl). All drugs were dissolved in
isotonic phosphate-buffered saline (PBS; see composition
below). The drug-induced effects on the gastric corpus
were measured as the average tone displacement over
a baseline of the 30 s period centred around the peak
effect. The basal strain gauge output was monitored for
any changes for a minimum of 10 min following drug
infusion. At the conclusion of the experiment, rats were
killed with a bilateral pneumothorax and perfused trans-
cardially with �200 ml of saline followed by �200 ml
of 4% paraformaldehyde (PFA) in PBS. The brainstem
was removed and postfixed in 4% PFA + 20% sucrose
for 24–48 h, after which the brainstem was frozen,
sliced in 40 μm-thick coronal sections throughout the
rostro-caudal extent of the DVC and counterstained with
cresyl-violet. Injection sites were identified on a Nikon
E400 microscope.

In vivo data and statistical analysis

The gain of individual strain gauges was adjusted to
produce a 0.1 V/100 mg signal with a 1.0 g load applied
externally. The drug-induced effects on corpus tone
were calculated through the interpolation value of the
calibration measures. Basal corpus tone was not preset to a
fixed value, although a small degree of tension (�500 mg)
was applied to the corpus smooth muscle when suturing
the strain gauge; the data reported are thus absolute
values of corpus tone displacement. Data were evaluated
by comparing the change in response between pre- and
post-treatment values within each group by ANOVA or
paired t test (SPSS Inc, Chicago, IL, USA) and are reported
as mean ± SEM. In all instances, significance was set at
P < 0.05.

Immunohistochemistry

Rats were divided into three groups, one group was used
as control (n = 5 rats) while one of the other groups
(n = 5) was restraint-stressed for 120 min after which
rats were anaesthetised, perfused transcardially with saline
followed by a 4% PFA solution in PBS and the brain-
stem was extracted, placed in PFA fixative and stored at
4°C overnight. Brainstems were then transferred into PBS
containing 20% sucrose, stored overnight at 4°C and sliced
at 50 μm thickness.

The third set of rats (n = 4) was anaesthetized, placed in
the stereotaxic frame and the fourth ventricle was exposed
as described above prior to 2 μl of PBS containing CRF
(50 pmol) being applied to the floor of the fourth ventricle.
Twenty minutes later the rats were perfused transcardially
with saline followed by a 4% PFA solution in PBS and the
brainstem was extracted, placed in PFA fixative and stored
at 4°C overnight. Brainstems were then transferred into
PBS containing 20% sucrose, stored overnight at 4°C and
sliced at 50 μm thickness.

Brainstem slices from all sets of experiments were
processed for double-labelling immunofluorescence using
rabbit antisera directed against the oxytocin receptor
(OXT-R; 1:500 dilution; Santa Cruz Biotech, Dallas, TX,
USA) and mouse monoclonal antibodies against glutamic
acid decarboxylase (GAD-67; 1:500 dilution; Millipore,
Billerica, MA, USA).

The diluent used for all antibodies was 0.1 M PBS
(pH 7.4) containing 10% normal horse serum, 0.3% Triton
X-100 and 0.05% Merthiolate. Sections were incubated
with primary antibodies for 3 days at room temperature
(RT), washed in PBS–0.3% Triton X-100 (15 min × 3)
at RT and incubated for 4 h at RT with secondary anti-
bodies (goat anti-rabbit conjugated with Alexa 568 1:500,
OXT-R staining; and goat anti-mouse conjugated with
Alexa 488 1:500, GAD-67 staining). Slices were then rinsed
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with PBS and mounted with Fluoromount G (Southern
Biotechnology, Birmingham, AL, USA).

Confocal microscopic images were collected by using
an Olympus Fluoview confocal scanning laser microscope
equipped with a Kr/Ar ion laser equipped with filters for
the selective visualization of Alexa 488 and Alexa 568.

Quantitative analysis was conducted on a minimum
of one and up to six tissue sections (150–200 μm
apart) for each of the three levels of the DMV (i.e.
caudal to area postrema, at the level of the area post-
rema and rostral to area postrema) to identify labelled
terminals apposing DMV neurons. Profiles were defined
as double-labelled for OXT-Rs and GAD-67 if both labels
appeared in profiles similar in size and geometry that
overlap upon the merging of the images resulting in a
yellow colour. Profiles double-labelled for OXT-Rs and
GAD-67 were counted manually on single optical layer
sections by an investigator unaware of the treatment and
expressed as OXT-R/GAD-67 co-localized profiles in a
200 μm × 200 μm area (i.e. 0.04 mm2). Digital images
were contrast-enhanced using Olympus Fluoview FV1000
software. Data were evaluated by comparing the values
within each group by ANOVA or paired t test (SPSS Inc.,
Chicago, IL, USA) and are reported as mean ± SEM. In
all instances, significance was set at P < 0.05.

Drugs and solutions

Krebs solution (mM): 126 NaCl, 25 NaHCO3, 2.5 KCl,
1.2 MgCl2, 2.4 CaCl2, 1.2 NaH2PO4 and 11 dextrose,
maintained at pH 7.4 by bubbling with 95%–5% O2–CO2.
Potassium gluconate intracellular solution (mM): 128
potassium gluconate, 10 KCl, 0.3 CaCl2, 1 MgCl2, 10
Hepes, 1 EGTA, 2 Na2ATP, 0.25 NaGTP, adjusted to pH
7.36 with KOH. Potassium chloride intracellular solution
(mM): 140 KCl, 1 CaCl2, 1 MgCl2, 10 Hepes, 10 EGTA,
2 Na2ATP, 0.25 NaGTP, adjusted to pH 7.36 with HCl.
PBS (mM): 115 NaCl, 75 Na2HPO4, 7.5 KH2PO4.

DiI, Alexa 488 and Alexa 568 were purchased from
Invitrogen Corp. (Eugene, OR, USA); tetrodotoxin was
purchased from Alomone Labs (Jerusalem, Israel); all
other chemicals were purchased from Sigma Chemical Co.
(St Louis, MO, USA).

Results

Oxytocin did not modulate inhibitory synaptic
transmission to gastric-projecting DMV neurons

As described previously (Holmes et al. 2013), perfusion
of brainstem slices with OXT (100 nM) had no effect on
the amplitude of eIPSCs in any of the 22 neurones tested
(169 ± 15.8 pA in control vs. 170 ± 15.8 pA in the presence
of OXT, i.e. 102 ± 2% of control amplitude, P > 0.05).

Similarly, perfusion of brainstem slices with OXT had
no effect on mIPSC frequency (0.77 ± 0.18 events s−1

in control vs. 0.75 ± 0.15 events s−1 in the presence of
OXT; P > 0.05) or amplitude (68 ± 9.6 pA in control vs.
68 ± 8.4 pA in the presence of OXT; P > 0.05; n = 6;
Fig. 1).

Figure 1. Corticotropin-releasing factor uncovers the
oxytocin-mediated decrease of the evoked IPSC amplitude via
a cAMP/PKA pathway
A, representative traces of evoked IPSCs (eIPSCs) obtained upon
electrical stimulation of the adjacent NTS in a gastric-projecting DMV
neurone voltage clamped at −50 mV. Perfusion with OXT (100 nM)
had no effect upon eIPSCs; however, following perfusion with CRF
(100 nM), a second perfusion with OXT reduced the eIPSC amplitude.
B, summary graph of the effects of OXT after CRF perfusion on the
amplitude of the eIPSC (left) and on the paired pulse ratio (ratio of
the amplitude of paired eIPSCs evoked in rapid succession; right).
Note that OXT perfusion alters both the eIPSC amplitude as well as
the paired pulse ratio. C, summary graph of the normalized effects
of OXT on eIPSC amplitude either alone, or after exposure to CRF,
CRF + DDA or CRF + H89. Note that the ability of CRF to uncover
the effects of OXT were prevented by pretreatment with the
adenylate cyclase inhibitor DDA, or the PKA inhibitor H89. ∗P < 0.05.
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Activation of CRF receptors uncovers presynaptic
actions of oxytocin to inhibit GABAergic synaptic
transmission

In eight neurones in which perfusion with OXT failed to
modulate inhibitory synaptic transmission (131 ± 18.2 in
control vs. 130±13.4 pA in the presence of OXT; P>0.05),
the ability of CRF to modulate eIPSCs was assessed. After
wash-out and recovery from the initial OXT application,
gastric-projecting DMV neurones were perfused with
CRF, which itself increased eIPSC amplitude (135 ± 16 pA
in control vs. 162 ± 16.0 pA in the presence of CRF, i.e.
123 ± 11% of control; P < 0.05). Following wash-out
and recovery, neurones were re-exposed to OXT; in six
of these neurones, OXT now decreased eIPSC amplitude
by 23 ± 3.9% (P < 0.05). OXT had no effect on eIPSC
amplitude in the remaining two neurones (Fig. 1).

Alterations in the paired pulse ratio, i.e. the ratio of the
amplitude of two evoked postsynaptic currents evoked a
few milliseconds apart, is often used to indicate whether
a drug is acting at pre- or postsynaptic sites (Grudt et al.
1995). In neurones in which CRF uncovered inhibitory
actions of OXT, the paired pulse ratio increased from
0.65 ± 0.09 to 0.74 ± 0.08 (P < 0.05), suggesting a pre-
synaptic site of action.

Confirmation of a presynaptic site of action was
obtained from four neurones in which the actions of
CRF to uncover inhibitory actions of OXT on mIPSCs
were assessed. Initially, OXT had no effect upon either
mIPSC frequency (82 ± 14.0% of control) or amplitude
(103 ± 7.97% of control). Following perfusion with
CRF, which itself did not induce a significant increase
in mIPSC frequency (from 0.55 ± 0.15 events s−1

to 0.65 ± 0.15 events s−1; P > 0.05) or amplitude
(64 ± 14.8 pA in control vs. 55 ± 4.7 pA in the
presence of CRF; P > 0.05), re-application of OXT
decreased mIPSC frequency in all four neurones tested
(0.53 ± 0.09 events s−1 following CRF wash-out vs.
0.33 ± 0.06 events s−1 in the presence of OXT;
P < 0.05). The amplitude of mIPSCs was unaffected by
the re-application of OXT (51 ± 6.0 pA following CRF
wash-out vs. 49 ± 5.5 pA in the presence of OXT; P > 0.05;
Fig. 2).

These results suggest that exposure to CRF uncovers
presynaptic actions of OXT to inhibit GABAergic synaptic
transmission.

The actions of CRF to uncover presynaptic inhibitory
actions of oxytocin involve activation of the
adenylate cyclase–protein kinase A pathway

The role of adenylate cyclase activation in the actions of
CRF to uncover presynaptic inhibitory actions of OXT
was investigated using the adenylate cyclase inhibitor,

di-deoxyadenosine (DDA; 10 μM). In six neurones in
which OXT failed to inhibit eIPSC amplitude (136 ± 17 pA
in control vs. 135 ± 17 pA in OXT, P > 0.05), brain-
stem slices were perfused with DDA, which itself had no
effect on eIPSC amplitude (152 ± 23.3 pA in control vs.
141 ± 22.2 pA in the presence of DDA, P > 0.05). In the
continued presence of DDA, brainstem slices were then
perfused with CRF; in these neurones, CRF no longer
increased eIPSC amplitude (141 ± 22 pA in DDA vs.
147 ± 19 pA in the presence of DDA and CRF, P > 0.05).
OXT was re-applied to the same brainstem slices following
wash-out of CRF. In 5 of these 6 neurones, OXT had no
effect on eIPSC amplitude (153 ± 20.2 pA in DDA vs.
152 ± 21.5 pA in the presence of DDA and OXT, P > 0.05;
P < 0.05 vs. effects of OXT in the absence of DDA).

To further investigate the involvement of the adenylate
cyclase–protein kinase A (PKA) pathway in the actions
of CRF to uncover OXT modulation of inhibitory trans-
mission, the ability of the cAMP-dependent PKA inhibitor,
H89 (1 μM) was assessed. In four neurons in which OXT
had no effect on eIPSC amplitude (254 ± 33.1 pA in
control vs. 266 ± 25.2 pA in the presence of OXT, P > 0.05),
brainstem slices were then perfused with H89, which itself
had no effect upon eIPSC amplitude (225 ± 25.4 pA in
control vs. 257 ± 23.9 pA in the presence of H89; P > 0.05).
In the continued presence of H89, CRF no longer increased
eIPSC amplitude (257 ± 23.9 pA in DDA vs. 259 ± 35.6 pA
in the presence of DDA plus CRF, P>0.05). After wash-out
of CRF, re-application of OXT, in the continued presence
of H89, had no effect on eIPSC amplitude in any of the four
neurones tested (221 ± 45.1 pA in H89 vs. 226 ± 45.1 pA
in H89 plus OXT; P > 0.05; P > 0.05 vs. effects of OXT in
the absence of H89; Fig. 1).

These results suggest that, as indicated previously
(Holmes et al. 2013), low levels of cAMP within
GABAergic brainstem terminals prevent OXT from
modulating inhibitory synaptic transmission in brain-
stem neurocircuits. Exposure to CRF activates the
adenylate cyclase–PKA pathway, uncovering the ability
of OXT to inhibit GABAergic synaptic transmission to
gastric-projecting DMV neurones.

CRF does not modulate the oxytocin inhibition of
excitatory synaptic transmission to gastric-projecting
DMV neurones

As reported previously (Holmes et al. 2013), OXT
perfusion decreases excitatory synaptic transmission to
a sub-population of gastric-projecting DMV neurones.
In the present study, the ability of CRF to modulate the
ability of OXT to decrease glutamatergic transmission
was assessed in seven neurones. In three of these neuro-
nes, OXT decreased eEPSC amplitude by 28 ± 1.9%
(168 ± 15.9 pA in control vs. 104 ± 9.8% in the presence

C© 2014 The Authors. The Journal of Physiology C© 2014 The Physiological Society



J Physiol 592.20 Oxytocin and CRF effects in dorsal vagal complex 4597

of OXT; P < 0.05). Upon OXT wash-out, these three
neurones were unresponsive to CRF, i.e. eEPSC amplitude
was 158 ± 16.4 pA in control vs. 167 ± 12.7 pA in the pre-
sence of CRF; P > 0.05. Re-application of OXT decreased
eEPSC amplitude by 31 ± 1.5% (168 ± 14.9 pA in control
vs. 117 ± 12.3 pA in the presence of OXT; P < 0.05;
P > 0.05 vs. effects of OXT in the absence of CRF).

In the remaining four neurones, OXT had no effect
on eEPSC amplitude (185 ± 62.7 pA in control vs.
185 ± 65.4 pA in the presence of OXT; P > 0.05).
Following perfusion with CRF, which had no effect on
eEPSC amplitude (186 ± 64.8 pA in the presence of CRF;
P > 0.05), upon CRF wash-out re-application of OXT
failed to inhibit eEPSC amplitude (147 ± 39.1 pA in
control vs. 151 ± 35.5 pA in the presence of OXT; P > 0.05;
data not shown).

These results suggest that CRF neither uncovered nor
augmented the presynaptic actions of OXT to decrease
glutamatergic synaptic transmission to gastric-projecting
DMV neurones.

CRF pretreatment alters the corpus tone response to
oxytocin microinjection

We then conducted a series of in vivo experiments
to investigate whether CRF pretreatment altered the
OXT-mediated decrease of tone in the gastric corpus.

In vivo recordings of corpus tone were conducted in
anaesthetised rats in which microinjections in the DVC
of PBS (60 nl) did not induce any significant variation in
corpus tone. Microinjection of 150 pmol of OXT in the
DVC induced a −154 ± 13.9 mg decrease in corpus tone,

Figure 2. Oxytocin-mediated inhibition of
miniature inhibitory currents is uncovered
by pretreatment with CRF
A, in a gastric-projecting DMV neurone voltage
clamped at −50 mV, miniature IPSCs (mIPSCs)
were unaffected by perfusion with OXT (100 nM)
unless the slice was pretreated with CRF
(100 nM). B, summary graph of the effects of
OXT, alone and after CRF pretreatment, on the
frequency and amplitude of mIPSCs. Note that
OXT perfusion reduced the frequency, but did
not alter the amplitude significantly, of mIPSCs.
∗P < 0.05. C, cumulative histograms of the
effects of perfusion of OXT, alone and after CRF
pretreatment, on the frequency (left) and
amplitude (right) of mIPSCs from the neurone
illustrated in A.
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Table 1. Corpus tone with oxytocin alone and following CRF
treatment

Oxytocin alone Oxytocin after CRF
(mg) (mg)

All groups (N = 24) −154 ± 13.9 6.5 ± 16.7∗

CRF decreases the
effect of OXT
alone (N = 16)

−174 ± 18.8 −43 ± 12.6∗

CRF reverses the
effect of OXT
alone (N = 8)

−126 ± 12.7 139 ± 42.2∗

The first microinjection of oxytocin (Oxytocin alone) in the DVC
decreases corpus tone. Following CRF pretreatment, a second
microinjection of oxytocin (Oxytocin after CRF) in the DVC
modulates differentially the corpus tone.∗P < 0.05 vs. Oxytocin
alone.

which returned to baseline values after approximately
15 min. In the same group of rats, 4th ventricle application
of CRF (50 pmol) induced a −70 ± 18.2 mg decrease
in corpus tone which returned to baseline values within
10 min (n = 24 rats).

Pretreatment with CRF was also found to modulate
the response to microinjection of OXT (summarized in
Table 1). In one group of rats (n = 8), microinjection of
150 pmol of OXT induced a −126 ± 12.7 mg decrease
in corpus tone. Following a 30 min recovery, CRF was
applied to the floor of the 4th ventricle followed 15 min
later by microinjection of OXT which now induced a
+139 ± 42.2 mg increase over baseline in corpus tone
(P < 0.05 vs. OXT alone). In another group of rats, micro-
injection of 150 pmol of OXT induced a −174 ± 18.8 mg
decrease in corpus tone in naive rats which was reduced to
−43 ± 12.6 mg following pre-treatment with CRF (n = 16
rats; P < 0.05 vs. OXT alone; Fig. 3; Table 1).

These data indicate that application of CRF alters the
corpus tone response to a subsequent microinjection of
OXT in the DVC.

Following CRF, the oxytocin-induced decrease in
gastric tone does not involve a nitric oxide pathway

We then conducted a series of experiments aimed at
investigating the mechanism of the corpus relaxation
induced by OXT following application of CRF.

We reported recently that, in naive rats, the response to
OXT microinjection is antagonized completely by systemic
administration of L-NAME (Holmes et al. 2013). In five
rats, microinjection of OXT induced a −103 ± 8.9 mg
decrease in corpus tone. After a 30 min recovery period,
CRF was applied to the floor of the 4th ventricle and
followed, 15 min later, by I.V. infusion of L-NAME,
which increased gastric tone by 398 ± 136.8 mg. In the

presence of L-NAME, re-application of OXT induced a
similar decrease in gastric tone to that in naive rats, i.e.
−178 ± 31.6 mg; P > 0.05 vs. OXT alone (Fig. 4; Table 2).

These data indicate that, following CRF application, the
OXT-mediated decrease in corpus tone is not mediated
by release of NO by the non-adrenergic non-cholinergic
(NANC) pathway.

We have shown previously that following application of
the group II mGluR antagonist EGLU the OXT-mediated
effect was due to withdrawal of a tonically active
cholinergic pathway (Holmes et al. 2013). To investigate
whether the oxytocin-induced decrease in corpus tone
following CRF was similarly due to an effect on the
vagal cholinergic pathway, we conducted the following
series of experiments. In four rats, microinjection of
OXT in the DVC induced a −108 ± 6.5 mg decrease in
corpus tone. Following CRF administration, I.V. infusion
of bethanechol increased gastric tone by 985 ± 394.1 mg. If
OXT perfusion reduced corpus tone despite the exogenous
stimulation by supramaximal doses of the muscarinic
cholinergic agonist, bethanecol, then we could infer that
the effects of OXT are not mediated by a postganglionic
cholinergic pathway to the stomach but rather by post-
ganglionic NANC pathways. Indeed, in the presence of
bethanechol, the second microinjection of OXT induced
a –311 ± 129.6 mg decrease in corpus tone (P > 0.05 vs.
OXT alone; Fig. 4 and Table 2).

These data indicate that following CRF pretreatment,
the effects on corpus tone of OXT microinjection in the
DVC occur via a mechanism that is unrelated to NO or
cholinergic pathways.

Since vagal inhibitory actions are mediated also by peri-
pheral release of vasointestinal peptide (VIP) (Goyal &
Rattan, 1980; Chang et al. 2003), we tested the effects of
CRF and OXT following pretreatment with VIP antagonist
(50 μg kg−1 I.V.; Krowicki & Hornby, 1996).

In seven rats microinjection of OXT in the DVC induced
a −138 ± 20.5 mg decrease in corpus tone. Following CRF
administration I.V. infusion of VIP antagonist increased
gastric tone by 69 ± 14.6 mg; in the presence of the VIP
antagonist, the second microinjection of OXT induced a
−23 ± 39.6 mg decrease in corpus tone (P < 0.05 vs. OXT
alone) (Fig. 4).

These data indicate that following CRF pretreatment,
the effects on corpus tone of OXT microinjection in the
DVC occur via a mechanism that appears to involve the
peripheral release of VIP. Data are summarized in Table 2.

Immunohistochemistry

Since pretreatment with the prototypical stress hormone
CRF appears to uncover an effect of OXT on otherwise
unresponsive GABAergic vagal neurocircuits and alters
the response of corpus tone to a second microinjection
of OXT, we conducted a series of experiments aimed at
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Table 2. The response of the gastric corpus to microinjection of oxytocin engages different pathways in naive and CRF-exposed rats

Naive rats Rats exposed to CRF

Oxytocin (mg) Repeat oxytocin (mg) Oxytocin (mg) Repeat oxytocin after CRF (mg)

−173 ± 52.5 L-NAME (N = 4)
−8 ± 7.7∗

−103 ± 8.9 L-NAME (N = 5)
−178 ± 31.6

−131 ± 21.3 Bethanechol (N = 4)
−375 ± 88.4

−108 ± 6.5 Bethanechol (N = 4)
−311 ± 129.6

−138 ± 20.5 VIP antagonist (N = 7)
−64 ± 20.9

−138 ± 20.5 VIP antagonist (N = 7)
−23 ± 39.6∗

∗P < 0.05 vs. Oxytocin alone.

testing the hypothesis that CRF pretreatment induces the
expression of OXT-Rs, on GABAergic terminals impinging
onto DMV neurones.

In control conditions very few, if any, instances
of profiles double-labelled for OXT-Rs and GAD-67
apposing DMV neurones were observed (2.7 ± 0.32
OXT-R/GAD-67 profiles/0.04 mm2, n = 5 rats). Following
administration of CRF to the floor of the 4th ventricle,
the number of appositions of profiles with co-localized
OXT-Rs and GAD-67-IR increased to 10.7 ± 3.25, i.e.
402 ± 122.4% of control (n = 4 rats; P < 0.05; not shown).

These data indicate that CRF administration induces the
expression of OXT-Rs on GABAergic terminals apposing
DMV neurones.

We then conducted a series of experiments aimed
at testing the hypothesis that stress itself induces the
expression of OXT receptors on GABAergic terminals
impinging onto DMV neurones. Following 2 h of
restraint stress, the number of appositions of profiles
with co-localized OXT-Rs and GAD-67-IR increased to
20.4 ± 3.57, i.e. 769 ± 134.8% of control (N = 5; P < 0.05;
Fig. 5).

Figure 3. CRF pretreatment alters the corpus tone response to microinjection of oxytocin in the DVC
Representative trace showing that microinjection of OXT in the DVC decreases corpus tone (left panel). Upon
recovery from the OXT-induced corpus relaxation, application of CRF to the floor of the 4th ventricle induced a
decrease in gastric tone (middle panel); upon recovery of baseline tone, a second microinjection of OXT increased
corpus tone (right panel). The data are summarized in a graphic representation in B. C, representative trace showing
that microinjection of OXT in the DVC decreases corpus tone (left panel). Upon recovery from the OXT-induced
corpus relaxation, application of CRF to the floor of the 4th ventricle induced a decrease in gastric tone (middle
panel); upon recovery of baseline tone, a second microinjection of OXT induced a decrease in corpus tone that was
significantly smaller than that obtained upon the first microinjection of OXT (right panel). The data are summarized
in a graphic representation in D. ∗P < 0.05.

C© 2014 The Authors. The Journal of Physiology C© 2014 The Physiological Society



4600 K. N. Browning and others J Physiol 592.20

These data indicate that acute stress, similar to
exogenous application of CRF, increases the expression
of OXT-Rs on GABAergic terminals apposing DMV
neurones.

Discussion

In the present study we report the following findings.
(i) Oxytocin did not modulate inhibitory GABAergic
neurotransmission to gastric-projecting DMV neurones
unless the brainstem slice was pretreated with CRF. Under
these conditions, oxytocin inhibited eIPSC amplitude and
decreased mIPSC frequency in DMV neurones. (ii) The
CRF-mediated uncovering of the oxytocin response was
due to activation of a cAMP–PKA pathway within the
GABAergic NTS–DMV synapse. (iii) CRF had no effect
upon the ability of oxytocin to modulate glutamatergic
synaptic transmission to gastric-projecting DMV neuro-
nes. (iv) Application of oxytocin to the DVC decreased
gastric corpus tone. This action was attenuated or
reversed by pretreatment with CRF. (v) In naive rats,
L-NAME pretreatment decreased the oxytocin-induced
corpus relaxation. Following CRF pretreatment, however,
the effects of oxytocin to modulate gastric corpus tone
no longer involved a NO-dependent pathway but rather a
VIP-dependent pathway. (vi) Following CRF pretreatment
or acute stress, there was an increased expression of
oxytocin receptors in GABAergic puncta apposing DMV
neurones.

Although the pathophysiological changes that occur
in the oxytocinergic hypothalamic-vagal-gastric corpus
pathway as a consequence of stress remain to be elucidated
fully, the present study provides additional information
by presenting new insights into the organization and
plasticity of this neurocircuitry. It is well accepted
that the GABAergic synapse between NTS and DMV
neurones provides the most robust influence over the
spontaneous activity of vagal preganglionic DMV neuro-
nes; indeed, pharmacological blockade of this ongoing
GABAergic activity increases the DMV neuronal firing
rate dramatically and, by consequence, increases gastric
motility (Sivarao et al. 1998; Babic et al. 2011). We have
shown in recent years that the level of activity within this
GABAergic synapse is finely controlled by cAMP levels
within the brainstem, such that when cAMP levels are low,
the tonically active GABAergic synapse is unavailable for
modulation. When cAMP levels are increased, however,
either by pharmacological (e.g. forskolin, CRF, or agents
that increase adenylate cyclase activity), physiological
or pathophysiological (e.g. feeding in previous studies;
Mayo et al. 2003; Berthoud et al. 2006; Drucker, 2006;
Dufresne et al. 2006; Tache & Million, 2006; stress
in the present study) or surgical (e.g. deafferentation)
manipulations, this previously unresponsive synapse can
be modulated by neuroactive agents that influence vagal
outflow to the stomach (Browning & Travagli, 2001,
2009; Browning et al. 2004, 2006; Holmes et al. 2013).
While all vagal preganglionic neurones of the DMV are

Figure 4. Following CRF pretreatment, the oxytocin-induced effects on corpus tone are mediated by
VIP
A, bar graphs showing the effects of OXT on the corpus tone in different conditions. Microinjection of OXT in the
DVC decreased corpus tone in naive animals (white bar); the effect was prevented by administration of the NO
synthase inhibitor L-NAME, but not by the non-selective muscarinic agonist bethanecol. Following pretreatment
with CRF, the corpus response to OXT was not inhibited by L-NAME or bethanechol (grey bar). ∗P < 0.05 vs.
OXT alone in naive rats or vs. oxytocin + CRF. B, data points showing the response of individual animals to
microinjection of OXT alone (left column), the response to the second administration of OXT conducted after CRF
pretreatment (middle column) and the administration of OXT preceded by CRF and VIP antagonist administration
(right column). Black bar represents the mean response; P < 0.05 vs. CRF + OXT.
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cholinergic and, as of now, no readily available tool can be
used to distinguish their functions, gastric postganglionic
parasympathetic neurones can be separated in distinct
pathways, an inhibitory non-adrenergic, non-cholinergic
(NANC) pathway and an excitatory cholinergic pathway.
Neuroactive substances such as OXT which inhibit gastric

tone and motility may do so, therefore, either by activation
of the inhibitory NANC pathway or by inhibition of the
tonic excitatory cholinergic pathway (Travagli et al. 2006).
Our data indicate that a high level of plasticity exists
in the neurocircuits that control preganglionic neuro-
nes and, by consequence, the final vagal output to the

Figure 5. Restraint stress increases the
expression of OXT-R on GABAergic
terminals apposing DMV neurones
Aa, representative micrograph from a control
rat showing GAD-67-IR-positive terminals
(green staining) and OXT-R-positive receptors
(red staining) in the dorsal vagal complex. Ab,
higher magnification of the dotted area in a.
Note that DMV neurones are seen as dark areas
surrounded by the green immunofluorescence.
Ac, single DMV neurone captured at a higher
magnification from the area highlighted in b
shows no co-localization of GAD-67 puncta
(green) with OXT-Rs (red). Ad, graphical
representation of colour intensity around the
DMV neurone traced in Ac. Metamorph
software analysis confirms no overlapping
intensity signals between GAD-67 (green line)
and OXT-Rs (red line). The dashed line
represents the threshold of signal
co-localization. Ba, representative micrograph
showing GAD-67-IR-positive terminals (green
staining) and OXT-R-positive receptors (red
staining) in the dorsal vagal complex from a rat
that has undergone 2 h of acute restraint stress.
Bb, higher magnification of the dotted area in
a. Note DMV neurones are seen as dark areas
surrounded by green immunofluorescence. Bc,
single DMV neurone captured at a higher
magnification from the area highlighted in b
shows several instances of co-localization of
GAD-67 puncta (green) with OXT-Rs (red). Bd,
graphical representation of colour intensity
around the DMV neurone traced in c.
Metamorph software analysis confirms the
presence of overlapping intensity signals
between GAD-67 (green line) and OXT-Rs (red
line). Asterisks in the graph indicate the same
co-localized puncta shown in panel c (arrows).
The dashed line represents the threshold of
signal co-localization. Scale bar: 75 μm for a;
25 μm for b; 5.625 μm for c.
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GI tract. The data presented herein suggest that different
vagal pathways are involved in the OXT-mediated effects
on the gastric corpus tone. In fact, in naive rats corpus
relaxation is achieved via activation of a NO-sensitive
NANC pathway (Holmes et al. 2013). Since pretreatment
with the NO synthase inhibitor L-NAME did not prevent
the corpus relaxation induced by OXT microinjection in
CRF-pretreated rats, the NO-sensitive pathway appears
not to play a role in these animals. This type of plasticity
in response to OXT suggests a shift in the brainstem vagal
pathways engaged after CRF pretreatment; indeed, this
shift in the OXT response of brainstem vagal pathways is
supported by our electrophysiological data.

The electrophysiological data presented herein
demonstrate that the GABAergic synaptic response of
vagal central circuits to OXT is determined by the
prototypical stress hormone CRF. This modulation of
motor outflow to the gastric corpus occurs via cAMP–PKA
signalling, in a manner similar to the recently reported
actions of OXT following blockade of vagal afferent fibre
activity (Holmes et al. 2013). Here we show that in
contrast to the lack of effect of OXT in naive neuro-
nes, after exposure to CRF, OXT inhibited GABAergic
synaptic transmission to gastric-projecting DMV neuro-
nes via actions at presynaptic sites. It is of interest to note
that CRF did not modulate the ability of OXT to affect
glutamatergic synaptic transmission onto DMV neurones,
suggesting once more that excitatory NTS–DMV neuro-
transmission may play a distinctly different role in the
regulation and control of gastric corpus activity or may
not be involved in the regulation of corpus motility under
these circumstances.

Similar to that observed previously in rats that had
undergone vagal afferent fibre removal (Holmes et al.
2013), rats that had undergone either CRF pretreatment
in the 4th ventricle or acute restraint stress showed a
significant increase in the co-localization of oxytocin
receptors on GABAergic puncta apposing DMV neuro-
nes. These data suggest that the acute release of CRF,
such as occurs in response to a stressful event, induces
plasticity within OXT-responsive vagal brainstem neuro-
circuits which has the potential to alter vagal output to
the GI tract. This plasticity is most likely determined
by translocation of OXT-Rs to the synaptic membrane
of GABAergic terminals. The electrophysiological data
reported herein suggest that CRF pretreatment activates
a cAMP–PKA-dependent pathway which induces the
translocation of OXT-Rs on the membrane terminals of
GABAergic neurons. This translocation of the OXT-Rs
on GABAergic neurons impinging onto DMV neurones
allows oxytocin to inhibit the GABAergic current and, by
consequence, increase the vagal output to the stomach, in
a manner similar to that which we described previously
for μ-opioid receptors (Browning et al. 2004, 2006) A
similar mechanism of action, i.e. receptor translocation

upon increase in cAMP–PKA activity, appears to be a
common mechanism to adapt the response of brain-
stem vagal neurocircuitry to different pathophysiological
situations and to different circulating neurotransmitters
and neurohormones, such as was also indicated by our
reports on 5-HT and NPY (Browning & Travagli, 2001,
2009) or a recent paper by Smith’s group (Blake & Smith,
2014). A consequence of this OXT-R translocation is that
GABAergic inputs to a different subset of DMV neuro-
nes are inhibited by OXT resulting in disinhibition of
vagal outputs to the corpus. Indeed, our in vivo data show
that, following brainstem CRF pretreatment, the corpus
relaxation in response to OXT is either reduced or, in
a subset of animals, reversed, such that brainstem OXT
microinjection increases corpus tone.

While, at first instance, the data reported in this paper
may be seen as merely a minor variation of the same
phenomenon reported previously (Holmes et al. 2013),
a fundamental difference is apparent: the CRF-induced
modulation of OXT-responsive brainstem vagal neuro-
circuits appears to engage distinctly different vagal neuro-
circuits such that the OXT-induced corpus relaxation no
longer involves either a postganglionic NO or cholinergic
muscarinic-dependent pathway. Specifically, the response
of the gastric corpus to OXT following brainstem CRF
administration was not antagonized by pretreatment
with L-NAME or by supramaximal doses of bethanechol.
Since neither NO synthase blockade nor muscarinic
receptor activation overcame the response to OXT, we
tested whether the gastric effects of OXT were mediated
by VIP neurotransmission (Chang et al. 2003). Our
data indicate that pretreatment with the VIP antagonist
attenuates the OXT-induced effects on the gastric corpus
significantly.

Our data thus suggest that, despite the similarities
in the brainstem responses to OXT following vagal
deafferentation and stress, there appear to be fundamental
differences in the neural output initiating a functional
response of the gastric corpus. This observation further
strengthens our long-held hypothesis that underlying
differences exist not only in the organization of excitatory
and inhibitory central vagal neurocircuits but also in
their gastric output, such that patterns of specialization
or segregated lines of neuronal specificity are devoted
to delivering the appropriate motor gastric response in
physiological as well as in pathophysiological conditions
(Browning & Travagli, 2007; Babic et al. 2011).

This interaction between CRF and OXT has clear
potential to explain some of the observed GI physio-
logical responses to stress. OXT inputs to the DVC arise
exclusively from the paraventricular nucleus of the hypo-
thalamus and previous studies have demonstrated that
central application of OXT antagonists increases gastric
motility, suggesting that these oxytocinergic pathways
are active tonically (Swanson & Kuypers, 1980; Voorn
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& Buijs, 1983; Richar et al. 1991; Flanagan et al. 1992).
Hypothalamic OXT is important in the normalization
and recovery of gastric and colonic motility following
adaptation to stress (Babygirija et al. 2010a,b, 2011; Bulbul
et al. 2010; Zheng et al. 2010). The present paper provides a
potential mechanism by which this adaptation may occur:
stress is known to induce the release of CRF, which in turn
decreases gastric tone and motility via central brainstem
actions (Lewis et al. 2002; Stengel & Tache, 2008). In the
present study we have confirmed that brainstem micro-
injection of CRF decreases corpus tone but, interestingly,
we have also shown that the subsequent actions of OXT are
attenuated or even reversed. This suggests that, following
exposure to CRF, the endogenous, and tonically active,
oxytocinergic pathway is no longer able to inhibit gastric
motility and tone. Thus, the actions of CRF to decrease
gastric tone and motility are not exacerbated but, rather,
self-limited.

It is important to recognize that the physiological
responses to CRF and OXT investigated in the current
manuscript are most likely an in vivo and in vitro
representation of acute, rather than chronic, stress. Acute
stress may be best considered as a necessary, indeed
vital, homeostatic adaptation to an internal or external
adverse event that is essentially a reflexive protective
mechanism and results in modulation of neural pathways
in a time-limited adaptive manner. In this regard,
we have demonstrated previously that the activation
of the cAMP–PKA pathway (such as following CRF
exposure) modulates GABAergic synaptic transmission
to gastric-projecting DMV neurones for approximately
30–60 min before returning to pre-stimulation levels
(Browning et al. 2004, 2006; Browning & Travagli, 2009).
Thus, the functional GI outcomes of acute exposure
to CRF are relatively temporally restricted and do not
exacerbate the inhibitory gastric actions of the tonically
active oxytocinergic pathway, so as not to result in a
prolonged, and potentially damaging, decrease in gastric
functions.

Chronic or prolonged stress, in contrast, presents a
more serious challenge to allostasis and the ability to
adapt to ongoing internal or external adverse events that
frequently results in GI dysfunction. Given the short-term
adaptations in brainstem vagal neural signalling observed
in response to acute exposure to the stress-peptide CRF,
it is intriguing to speculate that prolonged exposure to
stress or CRF results in more permanent alterations in
these neurocircuits including dysregulation of the tonic
oxytocinergic pathway. Studies in rats have demonstrated
adaptation in the hypothalamic oxytocinergic system in
response to chronic homotypic stress whereas rats exposed
to heterotypic stress fail to adapt (Babygirija et al. 2010b,
2011, 2012; Bulbul et al. 2010; Zheng et al. 2010). Such
a potential dichotomy in neural rewiring presents a
means by which adaptation to stress may be investigated

which may be of importance in understanding why some
humans, but not others, show GI dysfunctions, such as
functional dyspepsia, in response to ongoing stressful
conditions.
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