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ABSTRACT
Irritable bowel syndrome (IBS) is a brain-gut disorder character-
ized by abdominal pain and altered bowel habits. Although the
etiology of IBS remains unclear, stress in adulthood or in early
life has been shown to be a significant factor in the development
of IBS symptomatology. Evidence suggests that aberrant calci-
tonin gene-related peptide (CGRP) signaling may be involved in
afferent sensitization and visceral organ hypersensitivity. Here,
we used a monoclonal anti-CGRP divalent antigen-binding frag-
ment [F(ab0)2] antibody to test the hypothesis that inhibition of
peripheral CGRP signaling reverses colonic hypersensitivity
induced by either chronic adult stress or early life stress. A cohort
of adult male rats was exposed to repeated water avoidance
stress. Additionally, a second cohort consisting of female rats
was exposed to a female-specific neonatal odor-attachment
learning paradigm of unpredictable early life stress. Colonic sensi-
tivity was then assessed in adult animals via behavioral responses
to colorectal distension (CRD). To analyze spinal nociceptive sig-
naling in response to CRD, dorsal horn extracellular signal–regu-
lated kinase (ERK) 1/2 phosphorylation was measured via

immunohistochemistry. Repeated psychologic stress in adulthood
or unpredictable stress in early life induced colonic hypersensitivity
and enhanced evoked ERK1/2 phosphorylation in the spinal cord
after CRD in rats. These phenotypes were reversed by administra-
tion of a monoclonal anti-CGRP F(ab0)2 fragment antibody. Stress-
induced changes in visceral sensitivity and spinal nociceptive sig-
naling were reversed by inhibition of peripheral CGRP signaling,
which suggests a prominent role for CGRP in central sensitization
and the development of stress-induced visceral hypersensitivity.

SIGNIFICANCE STATEMENT
Targeting peripheral calcitonin gene-related peptide (CGRP)
with a monoclonal anti-CGRP divalent antigen-binding frag-
ment antibody reduced central sensitization and attenuated
colonic hypersensitivity induced by either chronic adult stress
or early life stress. CGRP-targeting antibodies are approved for
migraine prevention, and the results of this study suggest that
targeting CGRP may provide a novel treatment strategy for irri-
table bowel syndrome–related, stress-induced visceral pain.

Introduction
Irritable bowel syndrome (IBS) is a common brain-gut

disorder estimated to affect 10%–20% of the North American
population. IBS features a constellation of clinical symptoms,
including abdominal pain and discomfort, bloating, and abnor-
mal bowel habits (Saito et al., 2002; Longstreth, 2005, 2006).
Currently, the etiology of this disorder remains unclear,
although evidence suggests that stress is a trigger for the
development of IBS symptomatology. Clinical studies have
demonstrated that patients with IBS frequently report high
levels of lifetime stress, which correlates with worsening of
symptoms (Prusator et al., 2016). Early life stress (ELS) has
also been implicated as a potential risk factor for IBS, with a

substantial percentage of diagnosed patients reporting instan-
ces of childhood trauma or abuse (Drossman, 1997; Nickel et
al., 2011; van Tilburg, 2011; Bradford et al., 2012; Tran et al.,
2013). These findings are supported by several preclinical
studies in animal models linking both adult stress and ELS to
IBS symptomatology (Coutinho et al., 2002; Bradesi et al.,
2005; Myers and Greenwood-Van Meerveld, 2012; Tran et al.,
2012; Chaloner and Greenwood-Van Meerveld, 2013; Acker-
man et al., 2015; Prusator and Greenwood-VanMeerveld, 2015;
Mohammadi et al., 2016; Wang et al., 2017). Because of the
extraordinarily complex etiology of IBS, there is currently a
paucity of effective therapies for the treatment of this chronic
pain disorder. Given the negative impact of IBS on quality of
life and its financial burden on society, there is an obvious need
for additional therapeutic options for relief of IBS-associated
abdominal pain (Drossman et al., 2002; Pare et al., 2006; Davis
et al., 2014).
Calcitonin gene-related peptide (CGRP) is a 37-amino-acid

member of the calcitonin family of peptides produced in both
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peripheral and central neurons, which functions as a potent
vasodilator and plays a role in the transmission of nocicep-
tion (Rosenfeld et al., 1983; Brain et al., 1985; Chen et al.,
2010). In the gastrointestinal (GI) tract specifically, CGRP is
widely distributed throughout the enteric nervous system
from the esophagus to the rectum in both intrinsic and
extrinsic primary afferent neurons of various mammalian
species, although it should be noted that CGRP expression
levels vary significantly depending on the species and the
subregion of the GI tract (Sundler et al., 1991; Domoto et al.,
1992; Timmermans et al., 1992; Wolf et al., 2007; Makowska
and Gonkowski, 2018). Furthermore, CGRP is known as an
important factor in the transmission of sensory and pain
stimuli and numerous other aspects of GI physiology, includ-
ing motility, secretion, and neuroprotection (Timmermans et
al., 1992; Rytel and Calka, 2016; Makowska et al., 2017).
Current evidence suggests that CGRP-mediated visceral
organ afferent sensitization may contribute to abdominal and
pelvic pain associated with inflammatory conditions, such as
colitis and cystitis (Qiao and Grider, 2007; Pan et al., 2010;
Ceuleers et al., 2018; Utsumi et al., 2018). For instance, in a
rodent model of colitis, CGRP-immunoreactive nerve density
is significantly increased in rat primary afferent pathways
(Qiao and Grider, 2009). Additionally, in inflammatory
models that exhibit visceral hypersensitivity, administration
of a CGRP receptor antagonist [human CGRP-(8-37)] has
demonstrated reduction in visceral hypersensitivity (Plourde
et al., 1997; Delafoy et al., 2006). However, it remains
unknown whether a peripheral CGRP-mediated mechanism
is involved in stress-induced visceral pain in models lacking
overt GI inflammation as observed in patients with IBS.
Thus, to gain a better understanding of the involvement of
peripheral CGRP in visceral pain associated with stress, we
examined the effect of an anti-CGRP divalent antigen-binding
fragment [F(ab0)2] antibody on enhanced visceral nociception in
two clinically relevant rodent models of stress-induced visceral
pain. In one model, colonic hypersensitivity was induced in
adult male rats via exposure to a repeated psychologic stressor
(Bradesi et al., 2005; Tran et al., 2013). In a second model, these
same phenotypes were induced in adult female rats after
exposure to an unpredictable odor-attachment learning para-
digm during the neonatal period (Chaloner and Greenwood-
Van Meerveld, 2013; Prusator and Greenwood-Van Meerveld,
2015). In both models, peripheral CGRP blockade attenuated
stress-induced pain behaviors and inhibited evoked spinal

extracellular signal–related kinase (ERK) 1/2 phosphorylation
[phosphorylated ERK (pERK)], which suggests that CGRP
plays a significant role in stress-induced visceral nociception
and central sensitization.

Methods
Preparation of F(ab0)2 Fragment Antibody

F(ab0)2 fragment antibody was used as a tool to investigate
the selective targeting of peripheral CGRP without the possible
immunomodulatory effects of the fragment crystallizable (Fc)
region of the full-length antibody in the tested animal models.
Briefly, fremanezumab (fully humanized anti-CGRP monoclo-
nal antibody; Teva Pharmaceuticals, Redwood City, CA) and
isotype control antibody (Teva Pharmaceuticals) were digested
with pepsin, and affinity chromatography purification of F(ab0)2
using Kappa-Select columns was performed. Purity and integ-
rity of the F(ab0)2 were analyzed by SDS-PAGE under reducing
and nonreducing conditions. Similar binding affinity of anti-
CGRP F(ab0)2 to CGRP compared with full-length anti-CGRP
was confirmed by surface plasmon resonance.

Pharmacokinetics of Anti-CGRP F(ab’)2
Human anti-CGRP F(ab0)2 (30mg/kg) was administered once

via intraperitoneal route to male Sprague-Dawley rats pur-
chased from Charles River Laboratories (Wilmington, MA).
Serial blood samples were collected into serum tubes and stored
at room temperature for at least 30 minutes to allow for
clotting. Samples were processed to serum by centrifugation
(3500 rpm for 10 minutes at 4�C) within 1 hour of collection,
and serum was stored at �80�C until analysis. The concentra-
tion of anti-CGRP F(ab0)2 in the serum was quantified using a
Human Kappa ELISA Kit (Abcam, Cambridge, MA).

Chronic Adult Stress Induced by Water Avoidance Stress

Animals. Experiments were performed on male Fischer 344
rats (250–350 g) purchased from Charles River Laboratories
(Wilmington, MA). Rats were housed two per cage with free
access to food and water at 21–23�C and 12-hour light/dark
cycle within the University of Oklahoma Health Sciences Center
Department of Comparative Medicine animal facility in Okla-
homa City, OK. All animals were acclimated to facility housing
for a minimum of 1 week before experimentation. To further
minimize experimental stress, the rats were brought to the labo-
ratory for an additional week to acclimate to the laboratory

Fig. 1. Generation and pharmacokinetic characterization of human anti-CGRP F(ab0)2. (A) Schematic representation of full-length antibody diges-
tion with pepsin. (B) Pharmacokinetic profile of human anti-CGRP F(ab0)2 in rats (n 5 5 per group). Serum concentrations of the anti-CGRP
F(ab0)2 fragments were measured by ELISA after a single intraperitoneal administration of 30 mg/kg. Data are expressed as the mean (S.E.M.).
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environment and animal handlers. All experimental procedures
were approved by the University of Oklahoma Health Sciences
Center Institutional Animal Care and Use Committee (Protocol
20-001-FH).
Water Avoidance Stress Paradigm. Rats in the water

avoidance stress (WAS) group were placed on a square platform
(8 × 8 × 8 cm) mounted in the center of a white semitranspar-
ent plastic container (50 × 35 × 33 cm) filled with fresh, room-
temperature water to 1 cm below the surface of the platform.
Animals in the SHAM stress group were placed in containers
without water. All animals were left undisturbed for 60
minutes, and the number of fecal pellets produced during the
WAS or SHAM stress was recorded to evaluate stress-induced
autonomic outflow (unpublished data). The WAS or SHAM pro-
cedure was repeated for 10 consecutive days.

Odor-Attachment Learning Model of ELS

Animals. Timed-pregnant Long-Evans rats were purchased
from Charles Rivers Laboratories (Wilmington, MA) to arrive
on embryonic day 9. The dams were housed on aspen wood
shavings at 23�C on a 12-hour light/dark cycle (7:00 AM to 7:00
PM). Food (5053 Irradiated PicoLab Rodent Diet; LabDiet, St.
Louis, MO) and water were available ad libitum. One day after
parturition, designated postnatal day (PND) 1, litters were
sexed, crossfostered, and culled to a maximum of 12 female
pups, with a minimum of 8 pups, per litter. From PND 8–12,
female pups were exposed to an odor-shock conditioning para-
digm as previously described (Chaloner and Greenwood-Van
Meerveld, 2013). In this study, pups were classically condi-
tioned by an unpaired (unpredictable) odor-shock presentation
or by an odor-only presentation (control). The exposure to an
unpredictable stressor during the neonatal period induces
colonic hypersensitivity in adult female rats only, whereas other
ELS models, such as maternal separation or limited nesting
material, seemingly produce hypersensitivity exclusively in
adult male animals.
ELS Paradigm. An ELS daily conditioning paradigm

consisted of 11 trials of a 30-second peppermint odor presenta-
tion with a 4-minute interval. Peppermint odor was adminis-
tered using peppermint oil (Thermo Fisher Scientific, Waltham,
MA) vaporized at a 1:10 odor concentration in a flow dilution

olfactometer (Med Associates, Georgia, VT) set to a delivery
rate of 2 l/min. Unpredictable odor-shock pups received a 0.5-
mA shock (Coulbourn Instruments, Whitehall, PA) to the base
of the tail 2 minutes after odor presentation. Odor-only pups
were exposed to a 30-second peppermint odor presentation with
no subsequent shock. The behavioral activation of the pups was
recorded during each conditioning trial. A scale of 0–5 was used
to score behavioral activation, in which 0 represented no move-
ment and 5 represented movement of all four limbs and the
head. Preodor activation scores were compared with odor acti-
vation scores as an indication of a learned response. Y-maze
testing was used on PND 13 to assess the development of a
learned odor preference. Pups underwent five trials wherein
they were placed in one arm of the maze and given 1 minute to
choose between an arm containing fresh aspen shavings and an
arm containing peppermint odor. Failure to make a choice
would be scored as “no choice,” and pups that accumulated
three “no choice” scores would be removed from the study. In
the current study, no animals were removed because of the
failure to make an odor choice. Animals were weaned on
PND 22 and housed two per cage according to ELS treat-
ment. All experimental procedures were approved by the
University of Oklahoma Health Sciences Center Institu-
tional Animal Care and Use Committee (Protocol 20-001-
FH).

Colonic Sensitivity

Colonic sensitivity in adult animals (�PND 90) was assessed
as a measurement of the visceromotor response (VMR) to colo-
rectal distension (CRD) as described previously (Johnson et al.,
2015; Prusator and Greenwood-Van Meerveld, 2016a). After
overnight fasting, animals were anesthetized with 2%–5% iso-
flurane, and a 5-cm latex balloon catheter was inserted up to 11
cm beyond the anal verge and secured to the base of the tail
with surgical tape. After a 30-minute recovery period, the cath-
eter was connected to a Distender Series IIR barostat (G & J
Electronics Inc., North York, Canada) for controlled, isobaric,
colonic distensions at randomized pressures of 0, 20, 40, and
60 mmHg. Each colonic distension period lasted 10 minutes
each with a 10-minute recovery period between each distension.
Colonic compliance was assessed in each rat by using the
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Fig. 2. Effect of repeated WAS on visceral sensitivity. (A) Number of abdominal contractions exhibited by adult male rats receiving CRD after 10
days of WAS was significantly (P < 0.0001) higher than those in animals exposed to SHAM (n 5 10 per group). (B) Rats with colonic hypersensi-
tivity after exposure to WAS showed decreased VMR upon administration of anti-CGRP F(ab0)2 at 30 mg/kg, i.p., 24 hours prior to the CRD
assessment compared with VEH and isotype F(ab0)2 control–dosed rats (P < 0.0001) (n 5 10 per group). (C) Administration of anti-CGRP F(ab0)2
does not alter colonic compliance. Pressure-volume curves, as a measure of colonic compliance, were similar in all groups. Data are expressed as
the mean (S.E.M.). Statistical significance was determined using two-way ANOVA followed by a Bonferroni post-test. 1111P < 0.0001 compared
with SHAM 1 VEH, ****P < 0.0001 compared with WAS 1 VEH, and ††††P < 0.0001 compared with WAS 1 isotype F(ab0)2 control.
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pressure-volume data generated by the Distender Series IIR
barostat. All experiments occurred between 10:00 AM and
2:00 PM.
pERK Immunohistochemistry. Immediately after the

final CRD, the rat was anesthetized with isoflurane (5%) and
underwent transcardial perfusion with ice-cold PBS, which
was followed by ice-cold 4% paraformaldehyde in PBS. After
transcardial perfusion, the thoracolumbar [thoracic (T) 10 to
lumbar (L) 1] regions of the spinal cord were removed and
postfixed for 18 hours at 4�C in 4% paraformaldehyde in PBS.
After fixation, the spinal cord was cryoprotected in 30%
sucrose in PBS overnight at 4�C and then block-frozen in
optimal cutting temperature compound. Frozen sections (10
mm) were cut using a cryostat and placed on Fisherbrand
Superfrost Plus Microscope Slides (Fisher Scientific, Pittsburg,
PA) for future immunohistochemical analysis. Frozen sections
were air-dried for 20 minutes, postfixed in 4% paraformalde-
hyde for 10 minutes, and then washed three times with PBS.
The sections were incubated with Biocare’s Rodent Block R
(Catalog# RBR962H, Biocare Medical, Pacheco, CA) for 20

minutes at room temperature to block nonspecific binding of
antibodies. After blocking, the sections were washed three
times with 0.2% Triton-X-PBS and then incubated overnight
at 4�C with anti–phospho- p44/42 mitogen-activated protein
kinase (ERK1/2) (Thr202/Tyr204) antibody (pERK; 1:400,
4370; Cell Signaling Technology, Danvers, MA) diluted in Bio-
care Da Vinci Green Diluent (Cat# PD900H, Biocare Medical,
Pacheco, CA). Sections were then washed three times with
0.2% Triton-X-PBS prior to incubation for 1 hour at room tem-
perature with secondary donkey anti-rabbit IgG HRP antibody
diluted in Biocare Da Vinci Green Diluent (donkey anti-rabbit
IgG; 1:500, Cat# 711-035-152, Jackson ImmunoResearch Lab-
oratories Inc. West Grove, PA). Sections were washed three
times with PBS, incubated with Betazoid DAB chromogen kit
(Cat# BDB2004H, Biocare Medical, Pacheco, CA) at room tem-
perature for 5 minutes, washed with PBS, and rinsed in deion-
ized water. Sections were counterstained with hematoxylin.
Two sections per region of the spinal cord (T10–T12; T13–L1)
per animal were randomly selected, and pERK-immunoreac-
tive cells in the dorsal horn of each section were identified and

Fig. 3. Effect of repeated WAS on nociceptive signaling in the dorsal horn of the spinal cord. After repeated exposure to WAS, there was a sig-
nificant increase (P < 0.001) in neuronal activation in the dorsal horn of the spinal cord in response to noxious CRD when compared with that
in SHAM (n 5 10 per group). (A–D) Administration of anti-CGRP F(ab0)2 at 30 mg/kg, i.p., 24 hours prior to CRD assessment significantly
reduced the number of pERK-IR–activated neurons (black arrows) in the T10–T12 (A and B) and T13–L1 (C and D) spinal cord compared with
that in VEH and isotype F(ab0)2 control–dosed rats (P < 0.0001) (n 5 10 per group). Data are expressed as the mean (S.E.M.). Statistical signif-
icance was determined using two-way ANOVA followed by a Bonferroni post-test. ***P < 0.001 and ****P < 0.0001 compared with WAS 1
VEH; †††† P < 0.0001 compared WAS 1 isotype F(ab0)2 control.
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counted using a Zeiss Axiovert epifluorescence microscope (Zeiss,
Jena, Germany).

Drug Administration

Anti-CGRP F(ab0)2, isotype F(ab0)2 control, and vehicle were
supplied by Teva Pharmaceuticals and stored at 4�C. To
reduce possible immunomodulatory effects of the Fc region of
the full-length antibody in the tested animal models, F(ab’)2
fragment antibody prepared through pepsin digestion of the
full-length antibody was used. F(ab0)2 fragment antibodies
have two F(ab) portions linked together by disulfide bonds and
have a molecular mass of �110 kDa (Fig. 1A). Rats received
a single intraperitoneal administration of anti-CGRP F(ab0)2
(30 mg/kg), isotype F(ab0)2 control (30 mg/kg), or vehicle
(saline) 24 hours prior to measuring colonic sensitivity.

Statistical Analysis and Experimental Rigor

All data are presented asmean ± S.E.M. A power analysis was
performed to determine the minimum number of animals
required for the study. A single experimenter followed all
animals during the study and was anonymized to treatments.
All experiments were conducted in a randomized order. Colonic
sensitivity was recorded as the average number of abdominal
contractions and analyzed with a two-way ANOVA followed by a
Bonferroni multicomparison post-test. Spinal cord signaling was
quantified as the average number of pERK-immunoreactive (IR)
neurons observed in the dorsal horn region of each section of the
spinal cord. Statistical significance was determined using two-
way ANOVA, which was followed by a Bonferroni post-test. A
two-way repeated-measures ANOVA was used to analyze the
mean behavioral activation during conditioning with odor pre-
sentation and trial number as factors. An unpaired t test was
used to analyze odor preference, and a one-way ANOVA was
used to analyzeweaningweights (n5 10–11 per group).

Results
Pharmacokinetics of Anti-CGRP F(ab0)2
To reduce possible immunomodulatory effects of the Fc region

of the full-length antibody in the tested animal models, F(ab0)2
fragment antibody was used as an experimental tool to deter-
mine the specific effect of peripheral CGRP inhibition. Fremane-
zumab (anti-CGRP antibody) and isotype control were digested
with pepsin, and the resulting F(ab0)2 fragments containing two
antigen-binding–fragment portions normally linked together by
disulfide bonds at the hinge were purified (Fig. 1A). Human anti-
CGRP F(ab0)2 (30 mg/kg, i.p.) was administered to rats, and
F(ab0)2 concentrations were measured in serial serum samples
byELISA (Fig. 1B).

Anti-CGRP F(ab0)2 Inhibits Colonic Hypersensitivity Induced
byWASwithout an Effect onColonic Compliance

For our first series of experiments, we employed a rodent
model of repeated WAS to investigate whether peripheral
CGRP blockade with anti-CGRP F(ab0)2 could inhibit stress-
induced visceral nociceptive behaviors. We demonstrated
that 24 hours after the final stress procedure induced by
water avoidance, there was a significant increase in a VMR
to CRD quantified as the number of abdominal contractions
during the distention period when compared with SHAM-
treated animals (F[3, 64] 5 108.3, P < 0.0001) (Fig. 2A). In a

second cohort of rats pretreated with anti-CGRP F(ab0)2
(30mg/kg, i.p.), there were a significantly reduced number of
abdominal contractions induced by WAS when compared
with vehicle or isotype F(ab0)2 control groups (F[9, 140] 5
18.88, P < 0.0001) (Fig. 2B). Compliance of the colonic mus-
culature was assessed in each rat via the pressure-volume
relationship; in rats previously exposed to WAS, colonic com-
pliance was similar to that in rats exposed to SHAM treat-
ment, with a nonsignificant effect of drug/vehicle (VEH)
treatment on colonic compliance (F[2,65] 5 0.09; P 5 0.41.)
(Fig. 2C). Furthermore, no significant change in CRD-evoked
VMR responses and colonic compliance was observed in
SHAM animals treated with anti-CGRP F(ab0)2, isotype
F(ab0)2 control, and vehicle (unpublished data).

Anti-CGRP F(ab0)2 Inhibits Thoracolumbar Spinal Cord
Signaling Induced by CRD in Rats Previously Exposed to
WAS

To investigate the effect of anti-CGRP F(ab0)2 on spinal cord
dorsal horn neuronal signaling in response to CRD, we ana-
lyzed neuronal responses via pERK immunohistochemistry in
the adult male rats previously exposed to WAS or SHAM stress
controls. Our findings revealed that there was a significant
increase in pERK-IR neurons in the thoracolumbar segment of
the spinal cord, which innervates the colon via the lumbar
splanchnic nerve (Brierley et al., 2018), immediately after noxious
CRD in rats exposed to WAS compared with SHAM (F[2, 90] 5
18.91, P < 0.0001) and anti-CGRP F(ab0)2 pretreatment signifi-
cantly reduced the number of pERK-IR neurons compared with
vehicle and isotype F(ab0)2 control–treated rats, as illustrated in
Fig. 3, A–D (F[2, 90]5 11.75,P< 0.0001).

Rodent Model of ELS: Behavioral Activation, Odor Preference,
and Weaning Weights

Female pups underwent neonatal conditioning from PND
8–12. The conditioning paradigm involved an assessment of
behavioral activation scores prior to and during presentation
of the conditioned peppermint odor (Davis et al., 2014). The
pups in the odor-only control and unpredictable odor-shock
conditioning groups showed no differences in behavioral acti-
vation upon exposure to the odor, which indicates that no
association was made between the odor and the aversive stim-
uli (Fig. 4, A and B). Y-maze testing revealed no significant
effect of ELS treatment on odor preference in both odor-only
animals and unpredictable ELS animals, which confirms a
lack of a learned odor preference in both groups (Fig. 4C).
Upon weaning, pups were weighed to ensure that the neonatal
conditioning had no effect on body weight. No significant dif-
ferences between weaning weights were observed between
odor-only controls and pups subjected to unpredictable ELS,
which indicates the animals exposed to unpredictable ELS
showed no association between odor-shock and did not develop
an odor preference (Fig. 4D).

Anti-CGRP F(ab0)2 Inhibits Colonic Hypersensitivity in
Adult Animals after Neonatal Unpredictable ELS without
an Effect on Colonic Compliance

We next investigated whether anti-CGRP F(ab0)2 treatment
would affect the increased VMR to CRD in adult female rats
previously exposed to unpredictable ELS. Colonic sensitivity
was assessed in freely moving adult female rats after a single
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administration of anti-CGRP F(ab0)2 (30 mg/kg, i.p.), isotype
F(ab0)2 control (intraperitoneal), or vehicle. Analysis of the
behavioral response to distension of the colon of vehicle-
treated animals revealed a significant main effect of disten-
sion pressure (F[3, 57] 5 341.3, P < 0.0001) and ELS (F[1, 19] 5
108.3, P < 0.0001) with a significant interaction between the
two factors (F[3, 57] 5 60.71, P < 0.0001). As shown in Fig. 5A,
vehicle-treated animals previously exposed to unpredictable
ELS exhibited a significantly higher number of abdominal
contractions at distension pressures of 40 (P < 0.0001) and 60
mmHg (P < 0.0001) when compared with odor-only controls,
which confirms that unpredictable ELS induces colonic hyper-
sensitivity. In animals previously exposed to unpredictable
ELS, a main effect of distension pressure (F[2.1, 94.8] 5 437.6,
P < 0.0001) and drug treatment (F[4, 46] 5 26.87, P < 0.0001)
was observed. Post hoc analysis revealed that animals treated
with anti-CGRP F(ab0)2 demonstrated significantly fewer
abdominal contractions in response to CRD at distension pres-
sures of 40 (P < 0.001) and 60 mmHg (P < 0.05) compared
with vehicle-treated animals and those in the isotype F(ab0)2
control, and there was no effect on animals in odor-only con-
trols (Fig. 5B). The colonic compliance as assessed via pres-
sure-volume relationships in rats previously exposed to
unpredictable ELS were similar to that in rats exposed to

odor-only controls with a nonsignificant effect of drug/VEH
treatment (F[1,76] 5 1.22; P 5 0.27.) (Fig. 5C). Furthermore,
no significant change in CRD-evoked VMR responses and
colonic compliance was observed in SHAM animals treated
with anti-CGRP F(ab0)2, isotype F(ab0)2 control, and vehicle
(unpublished data).

Anti-CGRP F(ab0)2 Inhibits Thoracolumbar Spinal Cord
Signaling Induced by CRD in Rats Previously Exposed to
Neonatal Unpredictable ELS

Our next series of experiments were designed to probe
the effect the anti-CGRP F(ab0)2 on CRD-induced spinal
cord pERK expression in adult female rats previously
exposed to an unpredictable ELS. Our findings revealed
that there was a significant increase in pERK-IR neurons
in the thoracolumbar segment of the spinal cord immediately
after noxious CRD in rats exposed to an unpredictable ELS
compared with those in the odor-only control (F[2, 90] 5 18.91,
P < 0.0001). In rats treated with the anti-CGRP F(ab0)2,
there was a significant reduction (F[2, 90] 5 11.75, P <

0.0001) in the number of pERK-IR neurons compared with
those in vehicle and isotype F(ab0)2 control–treated rats as
illustrated in Fig. 6, A–D.
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Fig. 4. Neonatal learning acquisition in response to classic conditioning. Neonatal behavioral activation was recorded during each trial from PND
8–12 during odor presentation for pups experiencing (A) odor only (n 5 10) and (B) unpredictable odor-shock (n 5 11) and compared with their
prestimulus score on that same day. Animals experiencing odor-only control or unpredictable odor-shock exhibited no increases in behavioral acti-
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Discussion
The aim of this study was to evaluate whether antibody-

mediated peripheral blockade of CGRP prevented stress-
induced visceral pain in adulthood. Using clinically relevant
rodent models of repeated WAS and unpredictable ELS previ-
ously reported to induce visceral hypersensitivity (Camp and
Rudy, 1988; C�amara-Lemarroy et al., 2016), we provide evi-
dence that peripheral CGRP blockade attenuates colonic hyper-
sensitivity and inhibits neuronal activation in the dorsal horn
of the thoracolumbar spinal cord in response to noxious colonic
distension as assessed via quantification of pERK-IR neurons.
These findings suggest that peripheral CGRP plays a key role
in the development of stress-induced colonic hypersensitivity.
Previous studies have reported that prolonged psychologic

stress is associated with a myriad of chronic pain conditions,
including disorders that feature visceral pain, such as IBS
(Lampe et al., 2003; Blanchard et al., 2008; Johnson and Green-
wood-Van Meerveld, 2014). Stress exposure is believed to
induce a “top-down” sensitization of the central nervous system
resulting from maladaptive changes in signaling pathways that
modulate nociception. These signaling pathways interact with a
multitude of neurotransmitters, including glucocorticoids, corti-
cotropin-releasing factor, serotonin, glutamate, GABA, and
endocannabinoids, to promote enhanced pain perception (Mora
et al., 2012; Timmermans et al., 2013; Grace et al., 2014; John-
son and Greenwood-Van Meerveld, 2014). However, the role
CGRP plays in stress-induced chronic pain is less clear, particu-
larly in visceral pain. In this study, we sought to determine the
involvement of CGRP signaling in the development of stress-
induced colonic hypersensitivity, a key feature observed in
patients with abdominal pain. To accomplish this, we used
repeated, daily exposure to WAS, a well validated chronic-stress
paradigm that has been shown to alter stimulus-evoked neuro-
nal activation and nociceptive signaling pathways and induces
long-lasting visceral hypersensitivity in adult rats (Eutamene
et al., 2010; Myers and Greenwood-Van Meerveld, 2012; Nash
et al., 2012; Tran et al., 2013). It should be noted that WAS is a
homotypic stressor, and therefore, rats exposed to repeated

WAS may potentially habituate to the stressor. However, meas-
urements of fecal pellet output during stress exposure suggest
that the WAS paradigm induces sustained stress axis
activation.
CGRP has been implicated in the pathogenesis of several

chronic pain conditions, including arthritis, IBS with diar-
rhea, and fibromyalgia (Walsh et al., 2015; Liang et al., 2016;
Iyengar et al., 2017; Schou et al., 2017). Recent approval of
anti-CGRP ligand antibodies and anti-CGRP receptor mono-
clonal antibodies for migraine prevention has increased inter-
est in CGRP-targeted–pathway treatment strategies for
chronic pain. Taking advantage of the use of an anti-CGRP
ligand binding F(ab’)2 fragment antibody, we report that
peripheral CGRP plays a key role in stress-induced visceral
pain. In agreement with previous studies, we found that
repeated WAS exposure induced colonic hypersensitivity in
adult male rats. Anti-CGRP F(ab’)2 treatment 24 hours prior
to CRD assessment completely inhibited colonic sensitivity
compared with vehicle treatment. Moreover, building on ear-
lier work performed in rodent models of visceral hypersensi-
tivity demonstrating increased spinal ERK phosphorylation
in response to noxious CRD (Castro et al., 2013; Mohammadi
et al., 2018), we observed a significant increase in pERK
immunoreactivity in the thoracolumbar dorsal horn of the
spinal cord in rats exposed to a repeated WAS compared with
those in SHAM controls. Next, we investigated whether
blockade of peripheral CGRP signaling resulted in inhibition
of peripheral sensory signaling to the spinal cord to reduce
central sensitization and thus visceral hypersensitivity. In
rats exposed to WAS, administration of anti-CGRP F(ab0)2
decreased CRD-induced pERK expression in the thoracolum-
bar spinal cord, specifically in the superficial lamina of the
dorsal horn, which is the major site of afferent terminations
responding to nociceptive input from the colon. These find-
ings suggest that repeated stress may modulate neuronal
activation in response to stimuli via a CGRP-related mecha-
nism to increase transmission of nociceptive signals to the
spinal cord, resulting in visceral hypersensitivity.
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Fig. 5. Effect of unpredictable ELS on visceral sensitivity. After unpredictable ELS, there was a significant increase (P < 0.001) in visceral sensi-
tivity (n 5 10). (A) VEH-treated rats previously exposed to unpredictable ELS exhibited an increased number of abdominal contractions compared
with those in VEH-treated odor-only controls (P < 0.0001) in response to CRD. (B) In animals exposed to neonatal unpredictable ELS, treatment
with anti-CGRP F(ab0)2 (30 mg/kg, i.p.) in adulthood significantly reduced the number of abdominal contractions in response to CRD when com-
pared with that in isotype F(ab0)2 and vehicle control–treated animals (n 5 10–11 per group). (C) Administration of anti-CGRP F(ab0)2 does not
alter colonic compliance. Pressure-volume curves, as a measure of colonic compliance, were similar in all groups. Data are expressed as the mean
(S.E.M.). Statistical significance was determined using two-way ANOVA followed by a Bonferroni post-test. 1111P < 0.0001 compared with
SHAM 1 VEH; *P < 0.05, ***P < 0.001, and ****P < 0.0001 compared with ELS 1 VEH; and †P < 0.05, ††P < 0.01, and ††††P < 0.0001 compared
ELS 1 isotype F(ab0)2 control.
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ELS is also an important risk factor for chronic pain later in
life, especially in females (Talley, 1991; Bradford et al., 2012).
Specifically, childhood adversity increases the likelihood of
developing adult GI disorders, such as IBS (Whitehead et al.,
1990; Talley et al., 1991). However, although the link between
ELS and functional pain disorders, such as IBS, is apparent,
the mechanisms by which ELS promotes chronic visceral pain
remain unclear. Thus, a second goal of this study was to inves-
tigate the role that CGRP signaling plays in ELS-induced
visceral hypersensitivity. Exposure to an unpredictable stressor
during the neonatal period induced colonic hypersensitivity in
adult female rats only (Prusator and Greenwood-Van Meerveld,
2016b). The ELS model used in this study utilizes Pavlovian
conditioning and relies upon conditioned responses to an
unpaired odor-shock stimulus to mimic what is considered an
attachment to an abusive caregiver (Camp and Rudy, 1988;
Sullivan et al., 2000). Using this paradigm, we have previously
shown that when compared with a paired odor-shock or odor-
only stimulus, unpaired (i.e., unpredictable) neonatal condition-
ing induces visceral hypersensitivity in adult female rats (Tyler
et al., 2007; Chaloner and Greenwood-Van Meerveld, 2013).
In the next experiments, we used the same anti-CGRP

F(ab0)2 to evaluate the effect of peripheral CGRP inhibition on

ELS-induced visceral hypersensitivity and stimulus-evoked
neuronal activation in the spinal cord. Similarly to the results
observed in the WAS model, CGRP inhibition reduced the
VMR to CRD to a level resembling nonstressed controls. In
agreement with our findings in the WAS model, after CRD,
we observed a significant increase in pERK-IR neurons in the
thoracolumbar dorsal horn of the spinal cord of vehicle-treated
adult animals previously exposed to unpredictable ELS when
compared with odor-only controls. Moreover, peripheral anti-
CGRP F(ab0)2 led to a robust inhibition of CRD-induced pERK
expression in this model. Our results suggest that peripheral
CGRP may play a significant role in central sensitization and
resultant visceral hypersensitivity not only in models of repeated
stress in adulthood but also in models of early life adversity.
Although our findings demonstrate a role of CGRP in stress-

induced visceral hypersensitivity, little is currently known about
the precise mechanisms by which stress, both in adulthood and
in early life, modulates CGRP. One potential mechanism may
involve CGRP’s role in transmission of nociceptive information.
Immunohistochemical studies show an abundance of CGRP-con-
taining fibers in the lower thoracic and the lumbar level of the
dorsal horn of the spinal cord. Ablation of these inputs results in
a loss of CGRP-positive neurons in the dorsal horn, consistent

Fig. 6. Effect of unpredictable ELS on nociceptive signaling in the dorsal horn of the spinal cord. After unpredictable ELS, there was a significant
increase (P < 0.0001) in nociceptive signaling in the dorsal horn of the spinal cord in response to noxious CRD when compared with that in
SHAM (n 5 10 per group). (A–D) Administration of anti-CGRP F(ab0)2 at 30 mg/kg, i.p., significantly reduced the number of pERK-IR neurons
(black arrows) in the T10–T12 (A and B) and T12–L1 (C and D) spinal cord compared with VEH and isotype F(ab0)2 control–dosed rats (P <
0.0001) (n 5 10 per group). Data are expressed as the mean (S.E.M.). Statistical significance was determined using two-way ANOVA followed by
a Bonferroni post-test. ***P < 0.001 and ****P < 0.0001 compared with ELS 1 VEH; ††††P < 0.0001 compared ELS 1 isotype F(ab0)2 control.
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with the role of CGRP as a primary afferent neurotransmitter
communicating with second-order neurons in the dorsal horn
(Iyengar et al., 2017). CGRP-mediated neurotransmission occurs
through the cAMP-dependent phospho-ERK signaling cascade
that modulates neuronal excitability and neurotransmitter
release. This potentially explains the decrease in CRD-evoked
spinal phospho-ERK immunoreactivity in response to anti-
CGRP F(ab0)2 treatment observed in the current study. Thus, it
is possible that peripheral CGRP inhibition directly attenuates
the transmission of nociceptive signals from the gut to the cen-
tral nervous system.
Alternatively, CGRP’s role in immune function and inflam-

mation may underlie the analgesic effects of CGRP blockade.
Two studies using partial wrap restraint stress and maternal-
separation models of visceral hypersensitivity demonstrated
an increased number of mast cells in close proximity to CGRP-
IR fibers in the gut (Barreau et al., 2008; Traini et al., 2016).
Furthermore, CGRP is thought to have an antimicrobial
impact on several bacteria strains that are part of a healthy
gut microbiome, which suggests stress-altered CGRP signaling
may have effects on the microbiota-gut-brain axis (Holzer and
Farzi, 2014). Thus, it is conceivable that both adult stress and
ELS increase CGRP expression resulting in abnormal immune
cell activation and dysbiosis that drives sensitization of colonic
afferents. CGRP inhibition may therefore prevent activation of
immune mediators to attenuate sensitization of these affer-
ents and reverse colonic hypersensitivity.
Given the clinical efficacy of CGRP pathway therapeutics for

migraine, there are some possible similarities between migraine
and IBS. For example, both conditions are chronic prevalent disor-
ders predominantly affecting women with visceral and thermal
cutaneous hypersensitization (Chang and Lu, 2013). Additionally,
stress is linked to IBS symptomatology and is a predisposing factor
and trigger in patients with migraines (Sauro and Becker, 2009).
Also, studies have revealed comorbidities betweenmigraine/tension
headache and IBS; however, the mechanisms that underlie this
association are unclear (Arzani et al., 2020). Our finding that
peripheral CGRP blockade reduces stress-induced visceral hyper-
sensitivity suggests that anti-CGRP ligand antibodies may not
only offer treatment for migraine but also concurrent treatment of
comorbid IBS or other visceral pain conditions.
In conclusion, although IBS is a multifaceted disorder, evidence

suggests that stress, both in early life and in adulthood, is a sig-
nificant contributing factor for the development and exacerbation
of the disorder. Here we used two clinically relevant rodent mod-
els in which a repeated stressor in adulthood or early life induces
hallmark features of IBS, including colonic hypersensitivity and
abnormal neuronal activation. We report that administration of a
F(ab0)2 fragment antibody targeting CGRP inhibits stress-induced
colonic hypersensitivity and stimulus-evoked spinal ERK1/2 phos-
phorylation, which emphasizes the role of CGRP in the regulation
of persistent visceral pain seen in adult rats exposed to repeated
stress in adulthood or ELS.
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