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Modulation of enteric neurons by interleukin-6 and
corticotropin-releasing factor contributes to visceral
hypersensitivity and altered colonic motility in a rat model
of irritable bowel syndrome
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Key points

e Hyperactivity of the stress system and low-grade immune activation characterize the functional
bowel disorder irritable bowel syndrome (IBS).

e These studies show that interleukin (IL)-6 and IL-8 and the stress hormone corti-
cotropin-releasing factor (CRF), present in IBS plasma, have functional effects on gastro-
intestinal activity by stimulating myenteric neurons and colonic contractions.

e Moreover, in the Wistar Kyoto rat model of IBS, which exhibits altered gastrointestinal motility
and visceral pain sensitivity, blocking IL-6 and/or CRF1 receptors alleviates these IBS-like
symptoms.

e Underlying these effects are altered colonic protein expression of tight junction proteins which
regulate gut barrier function and the T-type calcium channel Cay3.2, which has been linked
to visceral pain.

® These findings demonstrate the importance of the enteric nervous system and intestinal physio-
logy in bowel dysfunction.

Abstract The search for effective therapeutic strategies for irritable bowel syndrome (IBS)
is hampered by an incomplete understanding of its underlying pathophysiology. Stress and
altered plasma cytokine profiles indicative of immune activation are characteristic of the disorder.
The neuromodulatory effects of interleukin-6 (IL-6) and corticotropin-releasing factor receptor
(CRFR) 1 in visceral pain and stress-induced defecation in the Wistar Kyoto (WKY) rat model of
IBS were investigated. Sprague Dawley and WKY rats were administered anti-IL-6 receptor anti-
bodies (xIL-6R, 0.5 mg kg~ 1.p) with or without the CRFR1 antagonist antalarmin (10 mg kg™
L.p). Post-intervention, the pain threshold to colorectal distension and stress-induced faecal
output were compared and changes in colonic mucosal protein expression were investigated.
The neuro-stimulatory effects of IBS plasma on the myenteric plexus is mediated by IL-6, IL-8
and CRE The stimulatory effects of these soluble factors on myenteric neuron excitability and
colonic contractility were additive. Moreover, inhibition of IL-6 and CRF1 receptors in vivoin the
WKY IBS rat model normalized stress-induced defecation (P < 0.01) and visceral pain sensitivity
(P < 0.001) with associated changes in protein expression of the tight junction proteins occludin
and claudin 2, the visceral pain-associated T-type calcium channel Cay3.2 and intracellular
signalling molecules STAT3, SOCS3 and ERK1/2. These studies demonstrate the additive effects
of immune and stress factors on myenteric neuronal excitability. Moreover, combined targeting
of peripheral IL-6 and CRF1 receptors is effective in alleviating IBS-like symptoms in the WKY
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rat. Thus, crosstalk between stress and immune factors during IBS flares may underlie symptom

exacerbation.
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Abbreviations CRD, colorectal distension; CRF, corticotropin-releasing factor; CRFR, CRF receptor; CRP, C-reactive
protein; ELISA, enzyme-linked immunosorbent assay; ERK-MAPK, extracellular signal-regulated kinase-mitogen
activated protein kinase; GI, gastrointestinal; HPA, hypothalamic-pituitary-adrenal; IBS, irritable bowel syndrome;
IKK,, IkappaB kinase,; IL, interleukin; IL-6R, interleukin-6 receptor; JAK-STAT, janus tyrosine kinase and signal
transducers and activators of transcription; LMMP, longitudinal muscle myenteric plexus; NF«B, nuclear factor
k-light-chain-enhancer of activated B cells; OF, open field; SD, Sprague Dawley; SOCS, suppressor of cytokine signalling;
TER, trans-epithelial resistance; WKY, Wistar Kyoto; xIL-6R, anti-IL-6R.

Introduction

Irritable bowel syndrome (IBS) is a highly prevalent
functional gastrointestinal (GI) disorder affecting up
to 15-20% of the population (Lovell & Ford, 2012).
Characterized by chronic episodic bouts of abdominal
pain, bloating and altered bowel habit (Longstreth et al.
2006), IBS substantially impairs sufferers’ quality of life
and confers a heavy economicand social burden on society.
The underlying pathophysiology of this functional bowel
disorder is poorly understood and a lack of reproducible
biomarkers hampers diagnosis and therapeutic target
identification. Nonetheless it is generally accepted that
dysfunction of the bidirectional communication system
between the brain and the gut contributes to symptom
manifestation (Shanahan & Anton, 1988; Cryan &
O’Mahony, 2011). Integral to the initiation, prolongation
and persistence of IBS symptom flares is activation of
the hypothalamic—pituitary—adrenal (HPA) stress axis
(Bohmelt et al. 2005; Dinan et al. 2006; Chang et al. 2009).
Indeed, mimicking the effects of stress, the hypothalamic
hormone corticotropin-releasing factor (CRF) induces
pathophysiological changes in GI function (Mawdsley &
Rampton, 2005). CRF exerts its biological effects through
activation of the CRF1 and CRF2 receptors (CRFRI and
CRFR2), which are expressed in both the CNS and the
enteric nervous system of the GI tract (Tache & Bonaz,
2007; O’Malley et al. 20105, 2011b).

The importance of immune system activation in
the development of IBS is well recognized with a
bout of inflammatory gastroenteritis conferring increased
susceptibility to develop IBS (Spiller & Garsed, 2009). IBS
mucosal biopsies display more immune infiltrates such
as T-cells, intra-epithelial lymphocytes and mast cells
(Chadwick et al. 2002) and soluble mediators secreted
from IBS biopsies have excitatory actions on human
enteric neurons (Buhner ef al. 2009). Moreover, we pre-
viously demonstrated that colonic secretions from the
Wistar Kyoto (WKY) rat model of IBS stimulated naive
submucosal neurons to a greater extent than secretions
from low anxiety Sprague Dawley (SD) controls, an

effect mediated in part by the pro-inflammatory cyto-
kine interleukin-6 (IL-6) (O’Malley et al. 2011a). IL-6,
along with other cytokines such as IL-18 and tumour
necrosis factor «, are elevated in IBS peripheral mono-
nuclear cells (Liebregts et al. 2007) and circulating levels
of IL-6 and IL-8 have reproducibly been found to be raised
in IBS patients (Dinan et al. 2006; Liebregts et al. 2007;
Dinan et al. 2008). However, more than simply being a
biomarker for IBS (Clarke et al. 2009), IL-6 activates sub-
mucosal secretomotor neurons (Xia et al. 1999; O’Malley
et al. 2011¢) and modulates mucosal ion transport and
epithelial permeability (Natale et al. 2003; Kindt er al.
2010) suggesting a causative role for IL-6 in this disorder.

Both psychological stress and immune activation have
been proposed as contributory factors in symptom
flares, and therefore crosstalk between these systems may
exacerbate symptoms (O’Malley et al. 2011d, 2013). In
support of this, low-grade inflammatory changes correlate
with alterations in the stress axis in IBS (Heitkemper et al.
1996; Bohmelt et al. 2005; Dinan et al. 2006) and IBS
patients often exhibit concurrent increases in markers of
a hyperactive stress response and immune upregulation
(Dinan et al. 2006). To test the hypothesis that crosstalk
between stress and immune factors results in exacerbation
of IBS-like symptoms, such as visceral pain and altered
bowel habit, the WKY rat model of IBS was treated with
monoclonal anti-IL-6 receptor (xIL-6R) antibodies with
and without the CRFR1 antagonist antalarmin.

Methods
Ethical approval

All experiments involving animals were conducted in
full accordance with the European Community Council
Directive (86/609/EEC) following University College Cork
animal ethics committee approval.

The study protocol (APC020, 2009) for collecting blood
samples from IBS patients and healthy volunteers was
approved by the University College Cork Clinical Research
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Ethics committee of the Cork University Hospital.
Informed consent was obtained from all participants.

Animals and chronic treatments

SD and WKY rats (200-250 g), purchased from Harlan,
Derbyshire, UK, were group-housed six per cage and
maintained on a 12/12 h light—dark cycle (08:00-20:00 h)
with a room temperature of 22 &+ 1°C. Rats were handled
for at least 5 days by the same researcher prior to
behavioural assessment. Food and water were available
ad libitum. For the in vivo open field and colorectal
distension (CRD) studies, SD and WKY rats were allocated
to one of three groups: control, xIL-6R or xIL-6R plus
antalarmin (n = 12 per group). All animal groups received
an LP. injection of anti-IgG (Jackson Immunoresearch,
Westgrove, PA, USA, 1 mg kg~!) on day 0 to induce
antibody tolerance. Group 1 were administered saline
and acted as the control group. Group 2 received an L.p.
injection of monoclonal xIL-6R antibodies (1 mg kg™!
on day 0 and 0.5 mg kg~! on days 3 and 10). Group 3
also received xIL-6R on days 0, 3 and 10 but additionally
received the CRFR1 antagonist antalarmin (10 mg kg™')
1 h prior to the open field trial on day 10 and CRD on day
14. Following CRD, all animals were killed by decapitation.
Trunk blood samples were centrifuged at 1600 g. and
plasma samples were stored at —80 °C for later analysis.
Sections of colon (2 cm long) were excised and snap frozen
in liquid nitrogen for Western blotting analysis. Tissue was
stored at —80 °C for later processing.

Study participants and plasma samples

IBS patients aged 18-65 years who satisfied Rome II
criteria for the diagnosis of IBS (Thompson et al.
1999) were recruited from gastroenterology clinics at
Cork University Hospital, Cork, Ireland. Healthy controls
were recruited from the research institute (Alimentary
Pharmabiotic Centre) or hospital staff. Bowel habit for
IBS patients was defined as constipation-predominant
(IBS-C), diarrhoea-predominant (IBS-D) or alternating
(IBS-A). Individuals with a history of psychiatric
illness, inflammatory bowel disease, celiac disease, lactose
intolerance, immunodeficiency or abdominal surgery
were excluded. No patient was categorized as having
post-infectious IBS. Each individual was evaluated with
a full review of their family history, details of current
and recent medications, a physical examination and
documentation of body mass index. Plasma samples
were selected from a larger study previously published
(McKernan et al. 2011b).

Twenty millilitres of venous blood was donated between
11:00 and 13:00 h to avoid diurnal variations. Whole blood
(15 ml) was added to an equal volume of Histopaque
1077 (Sigma, St Louis, MO, USA) and centrifuged at
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400 g (30 min, room temperature). Consistent with pre-
vious studies in the laboratory (Dinan et al. 2006, 2008),
plasma was collected and stored at —80 °C. To maintain
a consistency of response, pooled plasma samples (n = 6
samples in each group) from both healthy volunteers and
IBS patients (IBS-D, IBS-C and IBS-A) were applied to the
neurons and the responses collated.

Behavioural measurements

Open field trial. Aspreviously described (O’Mahony etal.
2009, 20104), animals were exposed to the psychological
stress of being placed in the centre of a brightly illuminated
(~800 lux), white open field (OF) arena (0.9 m in
diameter, 38 cm in height) for a 10 min trial. Trials were
conducted daily between 09:00 and 13:00 h and the arena
was cleaned with 70% ethanol between trials. The number
of faecal pellets excreted during the 10 min exposure was
recorded as an indication of stress-induced defecation.
Trials were recorded and the distance and velocity of
movement was analysed offline.

Colorectal distension. Rats were fasted for 24 h before
CRD and acclimatized to the testing room for 30 min prior
to being lightly anaesthetized (Isoflurane, Abbott Animal
Research, Ireland). As previously described (O’Mahony
et al. 2009), a latex balloon (6 cm in length, Durex, Union,
NJ, USA) was inserted into the colon, 1 cm from the anus.
The animals were permitted a recovery time of 10 min
before the CRD procedure was initiated. A ramp distension
protocol was used where the balloon was distended from 0
to 80 mmHg over an 8 min period (increasing by 10 mmHg
each minute). During this period two parameters were
measured. The first was the threshold pressure that evoked
visibly identifiable pain behaviours. Behaviours included
were stretching, abdominal retractions and/or abdominal
withdrawal reflex as previously described (O’Mahony et al.
2010). Secondly, the cumulative number of visceral pain
behaviours over the course of the trial was counted. The
animals were tested in a random fashion by a single blinded
investigator.

Immunoassays

Western blotting. As previously described (O’Malley
et al. 2011b), the supernatants from homogenized colonic
mucosal samples taken from rats 1 h post-CRD were
separated on 12% SDS polyacrylamide gels. Proteins
were electro-transferred to polyvinylidene fluoride
(PVDF) membranes, which were blocked and incubated
with primary antibodies against phosphoERK1/2, total
ERK1/2, phosphoSTAT3, total STAT3 (all Cell Signaling
Technology, Danvers, MA, USA), occludin (Abcam,
Cambridge, UK), claudin 2 (Santa Cruz Biotechnology,
Dallas, TX, USA) (all at 1:1000), suppressor of cytokine
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signalling 3 (SOCS3; Everest Biotech, Upper Heyford, UK)
(1:500) and Cay 3.2 (Merck Millipore, Temecula, CA, USA)
(1:200, overnight at 4 °C). Complimentary horseradish
peroxidase-conjugated secondary antibodies (Jackson
ImmunoResearch) (1:5000) and an ECL detection system
(Pierce ECL Western Blotting Substrate, Rockford, IL,
USA) were used to visualize the protein bands. S-Actin
(Cell Signaling Technology) (1:1000) was used as a
reference protein for occludin, claudin 2, SOCS3 and
Cay3.2. Images were captured using a GelDoc Image
Reader (Las3000; Fujifilm, Tokyo, Japan) and analysed
using Multigauge v2.2 (Fujifilm) software. Protein
densitometry was used to measure expression levels in
arbitrary units as a ratio of the loading controls. Protein
bands are comparable only between each sub-group which
was analysed at the same time, under identical conditions.
Protein samples for each experimental group (SD saline,
WKY saline, WKY xIL-6R, WKY xIL-6R & antalarmin)
were run in a single tank and probed under identical
conditions.

ELISA. Asandwich ELISA (Legend Max™ Rat IL-6 ELISA
kit; BioLegend, San Diego, CA, USA) was carried out
to determine IL-6 levels in plasma samples from control
WKY (n = 7) and SD (n = 7) animals, and from WKY
rats treated with either anti-IL-6R (n = 8) or anti-IL-6R
and antalarmin (n = 12), according to the manufacturer’s
guidelines. The test was carried out in duplicate and the
plate read on a fluorescent plate reader (Biotek Synergy
HT plate reader, Gen5 data analysis software). A standard
curve was generated from known IL-6 concentrations and
sample IL-6 concentrations were extrapolated from the
curve.

Calcium imaging in myenteric neurons. During
an action potential, Ca’" enters the neuron via
voltage-gated channels and at the post-synaptic
membrane neurotransmitters induce an influx of calcium
via receptor-mediated receptors such as N-methyl-
D-aspartate (NMDA) receptors, thereby contributing
to dendritic action potentials. Thus, neuronal changes
in calcium levels as imaged using a calcium-sensitive
dye (Fura-2AM) are indicative of changes in neuronal
excitability. Changes in intracellular calcium were
recorded from myenteric neuronal cell bodies as reported
(O’Malley et al. 2011¢), SD rats were killed via an overdose
of CO, and the distal colon (<4 cm from the anus) was
excised and placed in ice-cold, 95% O,/5% CO, bubbled
Krebs saline solution consisting of (mmol 17!): NaCl, 117;
KCl, 4.8; CaCly, 2.5; MgCl,, 1.2; NaHCO;3, 25; NaH, POy,
1.2; and D-glucose (11 with 1 uM nifedipine to inhibit
smooth muscle contractions). Whole mount preparations
of longitudinal muscle myenteric plexus (LMMP) were
prepared by removing the mucosa and circular muscle,
pinning the tissue out in Sylgard-lined petri dishes and
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loading with Fura-2AM (7 M, 1 h). Images were acquired
at 3 Hz using a xenon/mercury arc burner (Olympus,
Melville, NY, USA), a charge-coupled device digital
camera (F-view II; Olympus Soft Imaging Solutions,
Munster, Germany) and a 40 x water-immersion objective
on a fixed stage upright microscope (Olympus BX51WTI).
Ganglionic neurons were identified based on morphology
and responsiveness to 75 mMm KCl. Cell R software
(Olympus Soft Imaging Solutions, 1986-2009) was
used to record excitation and emission wavelengths of
340/380 and 510 nm, respectively, permitting ratiometric
imaging. Responses are reported as a change in ratio.
Responding neurons were defined as those with increases
in intracellular calcium [Ca?*]; greater than two standard
deviations from baseline (calculated as the average ratio
during the 150 s preceding stimulus application). A
perfusion system continuously superfused the colonic
tissue with carbogen-bubbled Krebs-buffered saline.

Antibody neutralization of IBS plasma (pooled from all
IBS subtypes) with human neutralizing anti-IL-6 (1:100),
anti-IL-8 (1:250), anti-C-reactive protein (anti-CRP,
1:200) and anti-IgG (1:200, all from R&D systems,
Minneapolis, MN, USA) antibodies (1 h at 37 °C) was
carried out prior to neuronal application.

Colonic contractile function. To measure circular muscle
contractile activity from SD distal colons, mucosa
was removed and, with the circular muscle orientated
lengthwise, the tissue was suspended from a tension trans-
ducer under 1 g of tension in a bath of carbogen-bubbled
Krebs saline at 37°C and allowed to equilibrate
(20-30 min). Changes in tension were amplified, recorded
and analysed using Powerlab and LabChart7 (both AD
Instruments, Colorado Springs, CO, USA). Responses are
reported as a percentage of the maximal response evoked
by the muscarinic agonist carbachol (100 uMm) in each
experiment.

Statistics

Data are represented as mean £ SEM. Student’s t-tests
and repeated measures one-way or two-way ANOVAs
with Neumann Keuls post-hoc tests and Chi squared tests
were used where appropriate. P < 0.05 was considered
significant.

Results

IL-6 and CRF activate myenteric neurons and
stimulate colonic contractility

We  have previously demonstrated that the
pro-inflammatory cytokine IL-6 stimulates increases in
[Ca*"]; in the submucosal plexus (O’Malley et al. 2011c¢)
and that this is further modulated by the presence of
CRF (O’Malley et al. 2013). We have interpreted this

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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rise in Ca®", which regulates the release of synaptic
neurotransmitters and post-synaptic excitability, as an
indicator of neuronal excitability. In total, 46% of LMMP
neurons (n = 35 neurons from three rats) prepared
from naive SD rats were activated by IL-6 (1 nM, 3 min).
Moreover, CRF (100 nM, 3 min), which has a higher
affinity for CRFR1, activated 34% of the same neurons
and co-application of IL-6 plus CRF activated 54% of
these neurons and evoked a larger calcium response on
average than either reagent alone (Fig. 1A).

The functional consequences of activating myenteric
neurons on colonic contractility were investigated.
Control experiments using the cholinergic agonist
carbachol (100 pMm) at the beginning and the end of the
experiment demonstrated that the evoked contractions
were not diminished following multiple stimulations
(0.074 £ 0.004 vs. 0.076 £ 0.008, P > 0.05). IL-6- and
CRF-evoked contractions were expressed as a percentage
of this maximal carbachol response. IL-6 (10 nM, 20 min)
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induced a small but robust increase in circular muscle
contractile activity (n = 5), whereas CRF evoked a larger
contraction (n = 4). However, unlike the results in
the LMMP, addition of both agonists did not have an
additive effect on muscle contractility (n = 4, P > 0.05,
Fig. 1B). Consistent with a neuronal contribution to
contractile activity, the Na* channel blocker TTX (100 nm,
20 min) diminished the IL-6 (n = 5, P < 0.01, Fig. 10)
and CRF (n = 4, P < 0.01, Fig. 1D) effects, although
incomplete abolition of the responses suggests additional
direct actions of IL-6 and CRF on the musculature.

IL-8 activates myenteric neurons and stimulates
colonic contractility

The chemokine IL-8 is also elevated in IBS plasma (Dinan
et al. 2006; McKernan et al. 2011b) and like IL-6 it also
has functional effects on colonic neurons. IL-8 (1 nM,
3 min) increased [Ca’"]; in 58% of myenteric neurons
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(n = 33) tested. The amplitude of the response was
similar to CRF-mediated effects (P > 0.05). In total,
34% of neurons responded to CRF alone, whereas 71%
of neurons were activated by the co-application of IL-8
and CRE, resulting in a significantly enhanced response
(P < 0.01, Fig. 2A). When compared with recombinant
IL-6, IL-8 evoked a calcium response of similar amplitude
but the number of neurons sensitive to IL-8 (58%, n = 33)
was greater than the percentage sensitive to IL-6 (46%;
x> = 4.8, d.f. = 2, P < 0.05). However, the combination
of IL-8 and IL-6 activated an even greater percentage of
neurons (65%; x> = 6.2, d.f. = 2, P < 0.05) and increased
the amplitude of the calcium response compared with
either IL-6 (P < 0.001) or IL-8 (P < 0.01, Fig. 2B) alone.
Application of IL-6, IL-8 and CRF stimulated 55% of the
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neurons (n = 33) and, although the amplitude of the
response was greater than IL-6 plus IL-8 (P < 0.05), it was
similar to the response evoked by IL-8 plus CRF (P> 0.05).

IL-8 evoked large, repetitive colonic contractions (n=>5,
Fig. 2C). While the amplitude of contractions was
attenuated in the presence of TTX, the frequency of
contractions increased from 0.48 4 0.1 to 0.84 + 0.1 Hz
(n=15, P < 0.01). The amplitude of IL-8-evoked contra-
ctions (n = 5) was greater than IL-6-evoked contractions
(n =5, P < 0.001) but no further change was noted
when IL-8 and IL-6 were co-applied (n = 5, P > 0.05,
Fig. 2D). However, the amplitude of contractions evoked
by co-application of IL-6, IL-8 and CRF together (n = 4)
was larger than IL-6 (P < 0.001), IL-8 (P < 0.001) or CRF
(P < 0.001) responses alone (Fig. 2E).
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(D, n = 5) as a percentage of a maximal
contraction evoked by carbachol (100 wm).
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circular muscle contractile responses to IL-6,
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Soluble factors in IBS plasma activate myenteric
neurons

Thus far, we have demonstrated neuro-immune and
neuro-endocrine interactions between IL-6, IL-8 and CRF
in myenteric neurons and on colonic contractile activity.
To relate these findings to human IBS, SD rat myenteric
neurons were exposed to patient and healthy control
plasma samples. Soluble factors in plasma samples from
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healthy controls (# = 6 pooled samples) induced a small
increase in [Ca’*]; in naive rat myenteric neurons (1= 43,
Fig. 3A). However, IBS plasma (1 = 6 pooled samples from
all subtypes) evoked a larger response (1 = 43, P < 0.001,
Fig. 3A).

As cytokine profiles in plasma from IBS patients are
altered (McKernan et al. 2011b), we investigated whether
the aforementioned immune molecules contributed to the
neuroexcitatory effect of IBS plasma. Control experiments,
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where IgG was neutralized, had no effect on the calcium
responses evoked by IBS plasma (n =45, P> 0.05, Fig. 3B).
However, neutralization of 1L-6 (n = 71, P < 0.001,
Fig. 3C) and IL-8 (n = 70, P < 0.001, Fig. 3D) attenuated
the initial IBS plasma-evoked response. The inflammatory
marker CRP is also elevated in these plasma samples
(McKernan et al. 2011a) and neutralizing antibodies
directed against this protein also reduced the IBS-evoked
response (n = 38, P < 0.05, Fig. 3E) although to a lesser
extent than the cytokines. Antalarmin (1 uM, 10 min), the
CRFRI antagonist, blocked IBS plasma-evoked neuronal
activation (n = 44, P < 0.001, Fig. 4A), whereas astressin
2B, a CRFR2 inhibitor, had no effect (n = 53, P > 0.05,
Fig. 4B).

Incubation of myenteric neurons with the specific
STAT?3 inhibitor WP1006 (10 uM, 10 min) attenuated the
IBS plasma-evoked response (n = 48, P < 0.01, Fig. 5A)
as did the extracellular signal-regulated kinase-mitogen
activated protein kinase (ERK-MAPK) inhibitor PD98059
(10 uM, 10 min, n = 40, P < 0.001, Fig. 5B). In contrast,
the phosphatidyl 3-kinase inhibitor wortmannin (10 uMm,
10 min) had no effect on the IBS plasma responses (n =48,
P > 0.05, Fig. 5C). Finally the role of nuclear factor
k-light-chain-enhancer of activated B cells (NFxB) was
tested using the NF«B antagonist I«B Kinase, (IKKj)
(5 uM, 10 min). Interestingly, IKK, stimulated an increase
in the amplitude of the IBS plasma-evoked calcium
response (n =37, P < 0.05, Fig. 5D).

Monoclonal xIL-6R antibodies and antalarmin inhibit
defecation in WKY rats

The above studies demonstrate a functional role for IL-6
and CRF at a cellular level, but in vivo studies were
necessary to determine if these observations had trans-
lational potential. Thus, stress-sensitive WKY rats, which
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defecate more in the anxiogenic OF arena compared with
SD controls (O’Malley et al. 2010a) and display visceral
hypersensitivity to CRD (Gunter et al. 2000; O’Mahony
et al. 2010) were treated with neutralizing xIL-6R anti-
bodies and antalarmin. Control IgG- and saline-treated
WKY rats excreted more boli in the OF than SD rats
(n =12, P < 0.001, Fig. 6A). The previously described
anxious phenotype of WKY rats (O’Malley et al. 2010a)
was further evidenced by decreased exploration of the
exposed inner zone of the OF arena compared with SD
(P < 0.001). Targeting IL-6 signalling with xIL-6R mono-
clonal antibodies did not affect stress-induced defecation
in SD rats in the OF but the number of faecal pellets
excreted by WKY rats was reduced (n = 12, P < 0.05).
However, this remained higher than the low-anxiety SD
comparator (n =12, P < 0.01, Fig. 6A). Co-application of
xIL-6R with the CRFR1 antagonist antalarmin, which can
modulate GI function (O’Malley et al. 2013), decreased
faecal output further (n = 12, P < 0.001) to levels
equivalent to SD controls (P > 0.05, Fig. 6A).

xIL-6R and antalarmin improve visceral pain
sensitivity

CRD (0-80 mmHg over 8 min) evoked pain behaviours
at lower pressures in control WKY as compared with SD
rats (n = 10, P < 0.001, Fig. 6B). However, neutralizing
IL-6Rs increased the pain threshold to CRD in WKY rats
(n=29, P < 0.05, Fig. 6B) and this was further improved
by co-application of antalarmin with xIL-6R (n = 12,
P < 0.01), such that visceral sensitivity in WKY rats was
equivalent to SD controls (n = 10, P> 0.05). Interestingly,
pain thresholds in SD rats following treatment with xIL-6R
(n =38, P < 0.01) and xIL-6R plus antalarmin (n = 8§,
P < 0.01) were also increased (Fig. 6B).
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Figure 4. Stress factors in human IBS
plasma activate myenteric neurons

Bar charts and original traces illustrating the
effects of the CRFR1 antagonist antalarmin
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astressin 2B (B, n = 53) on IBS
plasma-evoked calcium responses in SD
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ELISA analysis of plasma IL-6 concentrations revealed
no differences between saline-treated control WKY and SD
rats (P > 0.05) and no changes following treatment with
xIL-6R (P > 0.05) or xIL-6R plus antalarmin (P > 0.05,
data not shown).

Colonic mucosal protein expression is altered by
xIL-6R and antalarmin treatment

Underlying the beneficial effects of treatment of GI
function were changes in colonic protein expression.
Depletion of the tight junction protein occludin is linked
with increased intestinal barrier permeability (Al-Sadi
et al. 2011), and thus the observed increase in occludin
expression in WKY control tissues (P < 0.05) suggests
tighter barrier control. This was unchanged by combined
treatment with xIL-6R plus antalarmin, although xIL-6R
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treatment alone reduced occludin expression levels
(P < 0.05, n = 5 rats, Fig. 7A). In contrast, increased
expression of another tight junction protein, claudin 2,
is thought to reduce barrier tightness (Amasheh et al.
2002) and expression of this protein was also elevated in
WKY colons (P < 0.05) but reduced following treatment
with xIL-6R alone or xIL-6R and antalarmin (P < 0.05,
n = 5 rats, Fig. 7B). Given that we have previously
found that transepithelial resistance, as an indicator of
colonic permeability, is comparable between SD and
WKY rats (O’Malley et al. 2012) it may be that the sum
effect of increased expression of claudin 2 and occludin
is no net change in permeability. Consistent with the
viscerally sensitive phenotype of the WKY rat, Ca,3.2,
T-type calcium channels linked to visceral pain sensitivity
(Marger et al. 2011), were also elevated in WKY tissue
(P < 0.01). Moreover, consistent with amelioration of the
visceral sensitivity following treatment with xIL-6R alone
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Figure 6. IL-6R neutralization and antalarmin inhibit defecation in WKY rats

A, bar chart illustrating the number of faecal pellets excreted by SD (n = 7, 7 and 9) and WKY (n = 10, 9 and
11) rats in the OF when administered saline, anti-IL-6 receptor antibodies (xIL-6R) or xIL-6R and antalarmin. B,
bar chart showing the pressure (mmHg) at which SD (n = 7, 7 and 9) and WKY (n = 10, 9 and 11) rats display
pain behaviours in response to colorectal distension when treated with saline, xIL-6R or xIL-6R and antalarmin. C,
schematic illustration of potential intracellular signalling mechanisms activated by CRF and IL-6 binding to their
receptors. Asterisks indicate *P < 0.05, **P < 0.01 and ***P < 0.001.
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and xIL-6R plus antalarmin, expression of Ca, 3.2 was also
reduced (P < 0.01, n =5 rats, Fig. 7C).

IL-6 activates the intracellular janus tyrosine
kinase and signal transducers and activators of
transcription (JAK-STAT) signalling cascade and indeed
phosphorylation of STAT3 was elevated in WKY rats which
have elevated levels of IL-6 as compared with SD colons
(P < 0.05). Treatment with xIL-6R had no effect on
pPSTAT3 expression (P> 0.05), whereas co-administration
of xIL-6R and antalarmin suppressed pSTAT3 expression
(P < 0.05, n = 5 rats, Fig. 7D). SOCS3, a suppressor of
cytokine signalling, was also elevated in WKY controls
(P < 0.01), and was reduced to levels equivalent to SD
controls following xIL-6R (P > 0.05) and xIL-6R plus
antalarmin (P > 0.05, n = 5 rats, Fig. 7E) treatment. IL-6
binding also activates the intracellular signalling molecule
PERK1/2 and this was greater in control WKY compared
with SD colons (P < 0.05), but was markedly reduced by
xIL-6R (P < 0.001) and xIL-6R plus antalarmin (P < 0.001,
n =5 rats, Fig. 7F) treatment.

Discussion

Neuroimmune and neuroendocrine interactions
contribute to IBS pathophysiology

The importance of immune factors such as IL-6 (Liebregts
et al. 2007), IL-8 (Dinan et al. 2006, 2008; McKernan
et al. 2011b) and the stress hormone CRF (Mayer, 2000;
Bohmelt et al. 2005; Dinan et al. 2006; Chang et al.
2009) in the aetiology of human IBS has been reported.
Moreover, we have previously reported the effects of these
factors on the excitability of submucosal neurons leading
to functional changes in secretory activity (O’Malley et al.
2011¢, 2013). The studies reported here have identified
that the pro-inflammatory cytokines IL-6 and IL-8 are
acting as neuromodulators, which is consistent with
the work of Kelles et al. (2000), who described the
stimulation of guinea-pig ileum myenteric neurons by
IL-18 and IL-6. However, we have also determined that
the stress factor CRF activates myenteric neurons and
that interaction between the immune and stress factors
may occur, thereby contributing to bowel symptom flares.
Myenteric neurons are associated with GI motility and
in terms of pathophysiology, GI spasm and abdominal
pain (Sarna, 2007). Indeed, consistent with recent reports
describing how recombinant IL-6 (Zhang et al. 2013) and
an acute stressor (Liang ef al. 2012) increased contra-
ctile activity, we found that IL-6, IL-8 and CRF induced
colonic contractions. IL-8, which had minimal effects on
submucosal excitability (O’Malley et al. 2011c¢), evoked
robust responses in myenteric neurons and stimulated
large colonic contractions. The amplitude of contractions
evoked by IL-6 and IL-8 was greatly reduced by TTX,
whereas the inhibitory effect was less for CRF-evoked
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contractions, which may be acting directly on smooth
muscle cells or interstitial cells of Cajal. The observed
increase in the frequency of GI smooth muscle basal
contractility in the presence of TTX may due to end-
ogenous inhibitory neural tone (Huizinga et al. 1990).
Furthermore, the stimulatory effects of the immune and
stress factors were additive, with the largest neuronal and
contractile response being evoked by the combined pre-
sence of all three factors. These findings are consistent
with our proposal that hyperactivity of the stress response,
in conjunction with low-grade immune activation, may
underlie symptom flares in functional bowel disorders
(O’Malley et al. 2011d).

To test this hypothesis further, an LMMP preparation
was exposed to clinical plasma samples from IBS patients
and healthy controls. The much larger neuronal responses
to IBS plasma indicates that certain soluble mediators
present in this plasma have neuroexcitatory effects.
Neutralizing IL-6 and IL-8 and the CRFR1 antagonist
antalarmin attenuated the IBS plasma-evoked neuronal
responses, thereby demonstrating the importance of these
factors to the neuroexcitatory actions of IBS plasma.
Indeed, IL-6 has previously been shown to act as a neuro-
modulator in myenteric S and AH neurons (Kelles et al.
2000). Although others have described the neuroexcitatory
effects of other mucosally secreted soluble factors, such as
serotonin, histamine and proteases in submucosal neurons
(Buhner et al. 2009, 2012), our findings demonstrate that
blood-borne IL-6, CRF, IL-8 and, to a lesser extent, CRP
activate the myenteric neurons.

IBS plasma also activated JAK-STAT and ERK-MAPK
intracellular signalling cascades. Interestingly, inhibiting
the NF«B signalling pathway, which normally induces
transcription of immune and inflammatory factors,
potentiated the neuroexcitatory actions of IBS plasma,
contrasting with its inhibitory effects on recombinant IL-6
in submucosal neurons (O’Malley et al. 2011¢). This may
be due to an interaction with one of the other neuro-
excitatory mediators present in the plasma.

Inhibiting both IL-6 and CRF1 receptors improves
IBS-like symptoms in WKY rats

Consistent with the variable phenotype and
multi-factorial nature of IBS, our studies have identified
several elements which contribute to altered bowel
motility and visceral pain sensitivity in the WKY rats.
As previously reported (Martinez et al. 2007; O’Mahony
et al. 2010; O’Malley et al. 2010b), WKY rats defecated
more in the anxiogenic OF arena and have lower pain
thresholds to CRD, thereby mimicking symptoms of
altered bowel habit and visceral pain in humans. However,
these IBS-like symptoms were ameliorated by blocking
IL-6R signalling and normalized to control levels when
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both xIL-6R and antalarmin were co-administered.
Moreover, consistent with evidence that psychological
stress elevates IL-6 in humans, our findings illustrate the
intricate relationship between immune and stress factors
(O’Malley et al. 2011d, 2013). Perhaps overlooking the
importance of pro-inflammatory cytokines in symptom
flares may account for the disappointing outcomes of
clinical trials of CRFR1 antagonists in IBS patients (Tache
et al. 2009).

Underlying the improvements in GI function caused
by xIL-6R and antalarmin co-treatment, were dramatic
changes in mucosal protein expression. Figure 6C
summarizes a potential signalling cascade underlying the
[BS-like symptoms exhibited by WKY rats. Downstream
of IL-6Rs, which comprise «-chains and the signal trans-
duction gp130 subunit, is the JAK-STAT signalling cascade
(Hemmann et al. 1996). STAT3 phosphorylation was
elevated in WKY colonic tissue, perhaps due to raised
mucosal levels of IL-6 (O’Malley et al. 2011a). However,
other cytokines or growth factors may also activate this
transcription molecule as STAT3 phosphorylation was
not altered following blockade of IL-6 signalling. Inter-
estingly, given that CRFR1 activation is not associated
with JAK-STAT signalling, co-treatment with antalarmin
normalized pSTAT3 levels, demonstrating a complex
interaction between the immune and stress factor. SOCS3,
which terminates JAK/STAT signalling via negative feed-
back following STAT3 activation (Croker et al. 2003),
was elevated in control WKY colons, and expression
of this downstream regulatory molecule was inhibited
by treatment with xIL-6R or xIL-6R plus antalarmin.
Activation of the ERK 1/2 signalling cascade by either
CRF (Stengel & Tache, 2009) or IL-6 (Hoffmann et al.
2002) was evident in the WKY colonic mucosa and this
was reduced following treatment with xIL-6R or xIL-6R
plus antalarmin. This is consistent with previous studies in
submucosal neurons which demonstrated that CRF tends
to drive IL-6-mediated signalling via the ERK/MAPK
cascade (O’Malley et al. 2013), possibly due to ERK
activation antagonizing JAK-STAT signalling (Bonni ef al.
1997).

Both JAK-STAT and ERK/MAPK signalling evoke
transcription and de novo protein synthesis. In WKY
colonic mucosa, expression of two tight junction proteins,
occludin and claudin 2, which are crucial to GI
barrier function and permeability, were both increased.
Functionally, transepithelial resistance (TER) is equivalent
between WKY and SD rats (O’Malley et al. 2012) but given
that increased expression of occludin is thought to induce
tighter barrier control and claudin 2 is thought to reduce
barrier tightness (Amasheh et al. 2002) the sum effect
of elevated mucosal levels of both proteins may be no
net change in permeability, although with the presence
of many additional tight junction proteins, this requires
further research. Expression of claudin 1 and 2 is also
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increased in IBS (Martinez et al. 2013). Conversely, others
have demonstrated decreased expression of occludin in
bowel inflammation (Poritz et al. 2011) and, in caco cells,
exposure to IL-6 decreased claudin 2 expression resulting
in decreased TER (Suzuki et al. 2011). We have pre-
viously demonstrated that acute administration of IL-6
increases TER in WKY colons (O’Malley et al. 2012)
and others have shown that chronic exposure to IL-6
increases gut permeability (Natale et al. 2003). Our study
has provided evidence that blocking IL-6Rs decreased
expression of both occludin and claudin 2, and the
addition of antalarmin reduced expression of claudin 2.
The decreases in tight junction protein expression indicate
a possible change in TER, although functional studies will
be required to certify this.

Finally, expression of the T-type calcium channel
Cay3.2, which is linked to visceral pain in a rodent
model of IBS (Marger et al. 2011), was increased in WKY
colons. Consistent with improvements in pain threshold
to CRD, treatment with xIL-6R and antalarmin resulted in
reduced expression of Ca,3.2. CRFR1 antagonists alleviate
visceral sensitivity in the WKY rat and CRFRI has been
shown to functionally couple to Ca,3.2 in a cell line,
inhibiting the calcium current (Tao et al. 2008). Thus,
as has recently been proposed (Beyder et al. 2014), specific
ion channelopathies may contribute to visceral pain in
some IBS patients. However, to our knowledge, this is the
first study to link IL-6 signalling with Ca,3.2 expression
and visceral pain sensitivity.

Thus, in a multifactorial disorder such as IBS, where
the stress system is chronically activated and cytokine
levels of IL-6 and IL-8 are elevated, interaction and
crosstalk between these biologically active factors results
in increased stimulation of myenteric neurons, which
subsequently affects contractile activity. Indeed, the
demonstrated effectiveness in ameliorating IBS-like
pathophysiology, such as defecation patterns and visceral
pain sensitivity, in the WKY rat by targeting IL-6 and CRF1
and possibly also IL-8 receptors establishes that these
immune and stress molecules do indeed contribute to
these symptoms. Moreover, we have determined that the
neuroexcitatory effects of human IBS plasma are evoked
primarily by the immune mediators IL-6 and IL-8 and the
stress hormone CRE. These studies in the WKY rat, which
mimics symptoms of IBS, offers proof of principle that
combined targeting of both immune and stress factors
may be a viable therapeutic strategy for the treatment of
IBS.
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