
Anti-CGRP antibodies block CGRP-induced diarrhea in mice

Eric A. Kaisera,1, Brandon J. Reaa, Adisa Kuburasa, Brian R. Kovacevichc,2, Leon F. Garcia-
Martinezc, Ana Recoberb,3, and Andrew F. Russoa,b,d,*

aDepartments of Molecular Physiology and Biophysics, University of Iowa, Iowa City, IA 52242, 
United States

bDepartment of Neurology, University of Iowa, Iowa City, IA 52242, United States

cAlder Biopharmaceuticals Inc., Bothell, WA 98011, United States

dVeterans Affairs Medical Center, Iowa City, IA 52246, United States

Abstract

The multifunctional neuropeptide calcitonin gene-related peptide (CGRP) and its receptor are 

expressed throughout the gastrointestinal tract. Previous studies have shown that CGRP has roles 

in intestinal motility, water secretion, and inflammation. Furthermore, animal studies have 

demonstrated CGRP involvement in diarrhea secondary to C. difficile and food allergies. Diarrhea 

thus provides a convenient bioassay of CGRP activity in the GI system. In this proof of principle 

study, we report that prophylactic administration of an anti-CGRP antibody is able to block 

CGRP-induced diarrhea in mice. As a control, the CGRP-receptor antagonist olcegepant also 

attenuated the diarrhea response to CGRP. This preclinical study indicates that anti-CGRP 

antibodies may provide a new preventative therapy for gastrointestinal disorders involving CGRP.
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1. Introduction

CGRP is a multifunctional neuropeptide involved in a number of physiological and 

pathological processes in the body. CGRP is perhaps best known for its roles in vasodilation, 

nociception, and neurogenic inflammation (Brain and Grant, 2004; Russo, 2015; van 

Rossum et al., 1997; Wimalawansa, 1996). Less appreciated is the fact that CGRP is also a 

potent peptide in the gastrointestinal (GI) system. There are two (Hansson and Ronnback, 

2003) isoforms of CGRP, α and β, which differ by only 3 amino acids in the human 

(Steenbergh et al., 1985), and have essentially identical activity (van Rossum et al., 1997). In 
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the GI system, β-CGRP is the predominant isoform, but both are present (Mulderry et al., 

1988; Schutz et al., 2004). The CGRP receptor is located throughout the GI system, 

including small and large intestines (Cottrell et al., 2012; Ozdemir et al., 1999). Within the 

GI system, CGRP has known roles in visceral nociception, blood flow, inflammation, 

motility, and secretion into the colon (Fargeas et al., 1985; Holzer, 2007; Holzer et al., 1989; 

Plourde et al., 1997; Rasmussen and Olesen, 1992; Rolston et al., 1989). Previous studies 

have demonstrated that CGRP can induce diarrhea in rodents (Bhargava et al., 2013; Keates 

et al., 1998; Yoshikawa et al., 2011).

In this study, we assessed the ability of anti-CGRP antibodies to block CGRP-induced 

diarrhea in both wild-type and CGRP-sensitized transgenic (nestin/hRAMP1) mice that 

overexpress CGRP receptors in the nervous system (Zhang et al., 2007). We reasoned that 

prophylactic pre-treatment with anti-CGRP antibodies could bind exogenous and/or 

endogenous-released CGRP preventing the onset of diarrhea. For comparison, we used acute 

co-administration of olcegepant, a potent antagonist of the CGRP receptor (Doods et al., 

2000), that proved effective as an antimigraine drug in clinical trials (Olesen et al., 2004). 

This proof of principle study demonstrates that blocking CGRP actions is an effective 

pharmaceutical strategy for preventing or reducing diarrhea.

2. Materials and methods

2.1. Animals

C57BL/6J mice (Jackson Labs, Bar Harbor, ME) were either bred in our animal facilities or 

shipped at 9 weeks of age and acclimated for a minimum of 7 days prior to testing. The 

nestin/hRAMP1 mice have been described (Zhang et al., 2007). Approximately equal 

numbers of male and female mice were tested between 10 and 25 weeks of age. All animals 

were housed in groups of 2–5 per cage in standard conditions with access to water and food 

ad libitum. Animal care procedures were approved by the University of Iowa Animal Care 

and Use Committee and performed in accordance with NIH standards.

2.2. Drug administration

For intracerebroventricular (icv) injections, 0.5 nmol (either human or rat) α-CGRP (Sigma) 

was administered in 2.0 μL Dulbecco phosphate-buffered saline (PBS) as the vehicle and 

olcegepant (BIBN-4096BS) was diluted in PBS and 2.5% DMSO (0.5 nmol). The rationale 

for using α-CGRP was that our initial observations of diarrhea were made during light 

aversion experiments with α-CGRP. While β-CGRP is more predominant than α-CGRP in 

the GI system (Mulderry et al., 1988; Schutz et al., 2004), we elected to continue with α-

CGRP since both peptides act on the same receptors with essentially identical activity (van 

Rossum et al., 1997). The icv injections were done as previously described (Recober et al., 

2009, 2010). For intraperitoneal (ip) injections, human α-CGRP was administered at 0.05 

mg/kg. Two humanized anti-CGRP antibodies (Ab3 and Ab6), vehicle, and control antibody 

(anti-digoxin, isotype human IgG1 lacking N-glycosylation) were provided by Alder 

Biopharmaceuticals Inc. (Bothell, WA). Antibodies Ab3 and Ab6 have been described (US 

Patent Application No. 13476104). For experiments with Ab3, antibodies were administered 

via ip injection at 30 mg/kg. For experiments with Ab6, antibodies were administered via ip 
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injection at 50 mg/kg. The two different antibodies were for different experiments based on 

limited antibody availability at the time of experiments; however, they have been shown to 

have same ability to bind CGRP and are effectively equivalent (see US Patent Application 

No. 13476104). Antibody injections were done 24 h prior to CGRP administration.

2.3. CGRP-induced diarrhea assessment

Mice were acclimated to the testing room (~22 °C) for at least 1 h with standard overhead 

fluorescent lighting (~200 lx inside the housing cage). Testing was performed between 0800 

CST and 1430 CST. To assess the percentage of mice with diarrhea following CGRP 

administration, mice were placed on a white paper towel covering the floor of a clean cage 

and observed for 30 min. Their stool was either assessed as normal, formed pellets or as 

non-formed loose stool, which will be referred to as diarrhea, that stuck to the paper.

To quantify diarrhea, Whatman 3MM filter paper was weighed prior to placement in the 

cage. After 30 min, the paper was removed from the cage and dry, formed stools were 

removed by vertical displacement of the paper. The paper with any remaining stool and urine 

was then reweighed, and the initial weight of the paper was subtracted.

2.4. Statistical analysis

A trial refers to an independent experiment with the same experimental parameters, but 

separated by time with a unique cohort mice used for each trial. For calculation of 

differences between treatments, two different analyses were utilized. For analyses of the 

mean percent of mice with diarrhea per trial, a one-way repeated measures ANOVA (factor: 

treatment) was used. Where significant effects were observed, Bonferroni's multiple 

comparison test was used for post-hoc analysis comparing treatment groups. For analysis 

based on total number of mice with diarrhea per treatment regardless of trial, Fisher's exact 

test was used to compare two treatment groups. For mass of urine and stool, a two-way 

ANOVA (factors: icv treatment and ip Ab pre-treatment) was used. Where significant effects 

were observed, a Student's t-test for post-hoc analysis was used to compare between 

treatment groups. Data are reported as either percentage of animals or mean ± range or 

standard error of the mean (SEM). Data were analyzed using Prism software (GraphPad 

Software, San Diego, CA).

3. Results

3.1. CGRP-induced diarrhea in mice

Following icv CGRP administration, wild-type (C57BL/6J), transgenic (nestin/hRAMP1), 

and control littermate mice demonstrated a similar rate of CGRP-induced diarrhea (Table 1). 

Consequently, genotypes were combined. Administration of icv CGRP elicited diarrhea in 

73% of the mice (n = 75) (Table 1). The effect was very consistent when measured between 

multiple trials (n = 7 trials), with 76% of mice per trial having diarrhea (Fig. 1). In contrast, 

no diarrhea was observed with vehicle administration. Consequently, the difference between 

icv CGRP and vehicle administration was significantly different both in terms of total 

number of mice (p < 0.001) and between trials (p < 0.001). However, while we observed 

diarrhea following icv injection of CGRP, this was likely due to peripheral leakage of CGRP 
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during the injection, since diarrhea was not observed when CGRP was slowly injected icv 

via a cannula (not shown). The ability of peripherally administered CGRP to induce diarrhea 

was confirmed by ip CGRP injections, as described below. Thus, we surmise that icv CGRP 

induces diarrhea as the result of leakage of CGRP outside the brain and likely into the 

systemic circulation.

3.2. Olcegepant attenuates CGRP-induced diarrhea

To test the effect of acute treatment with a CGRP receptor antagonist, we used a potent small 

molecule antagonist, olcegepant (Doods et al., 2000; Olesen et al., 2004). Co-administration 

of icv olcegepant with CGRP appeared to reduce the percentage of mice demonstrating 

CGRP-induced diarrhea to 39% of mice per trial (n = 4) (Fig. 1), which is again very 

comparable to the percent of total mice when trials are combined (Table 1). This reduction 

was significant based on number of mice (p < 0.01) and per trial (p < 0.05). No diarrhea was 

observed following icv olcegepant alone. Thus, icv CGRP can induce diarrhea in mice, and 

olcegepant can significantly decrease the percentage of mice with CGRP-induced diarrhea. 

The observation that olcegepant yielded only partial blockage likely reflects the relatively 

low affinity of this antagonist for rodent compared to human CGRP receptors (Doods et al., 

2000). Of note, we suspect that olcegepant efficacy stems from leakage into the peripheral 

circulation and blocks endogenous rodent CGRP-receptors within the GI tract.

3.3. Anti-CGRP antibodies block CGRP-induced diarrhea in mice

To determine if CGRP-binding antibodies could inhibit CGRP-induced diarrhea, animals 

received ip injection of vehicle, control antibody, or anti-CGRP antibody 24 h prior to 

administration of icv CGRP. Both anti-CGRP antibodies used (Ab3 and Ab6) have 

equivalent cross-reaction with rat, mouse, and human CGRP (not shown). One trial was 

performed with wild-type mice and another with nestin/hRAMP1 mice. Since, as in the 

previous study, both genotypes responded to CGRP in the same manner, data have been 

combined. CGRP induced diarrhea in animals pre-treated with vehicle (87%, n = 15 mice, 2 

trials) (Table 2), at comparable levels in both trials (85%) (Fig. 2). Pretreatment with control 

antibody did not significantly affect CGRP activity (Table 2 and Fig. 2). However, anti-

CGRP antibody (Ab3) completely inhibited CGRP-induced diarrhea (0%; n = 22 mice, 2 

trials), which was significantly different from vehicle or control antibody treated animals 

based on analysis by trial and total number of mice (p < 0.001) (Fig. 2, Table 2).

In a follow-up experiment to directly test peripheral administration of CGRP, the wild-type 

mice from one of the trials were re-tested using an ip injection of CGRP. The injection was 

done three days after the prior icv injections at which point any preexisting CGRP-induced 

diarrhea had resolved. There was no additional injection of antibodies. Following 0.05 

mg/kg ip CGRP administration, the mice that had received anti-CGRP antibody 3 days 

earlier did not exhibit any diarrhea (Table 2 and Fig. 2). In contrast, 77.8% of control 

antibody-treated mice had diarrhea, which was significantly more than anti-CGRP antibody-

treated mice (p < 0.005) (Table 2).

To further quantify CGRP-induced diarrhea, we weighed excretions from nestin/hRAMP1 
mice injected with CGRP 24 h after being given either control or anti-CGRP antibodies. 
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After icv CGRP administration, animals were allowed to recover in a clean cage with filter 

paper. After 30 min, dry stools were removed from the paper by vertical suspension of the 

paper, leaving wet and non-formed stools as well as any urine absorbed by the paper. Anti-

CGRP antibody (Ab6) significantly blocked the CGRP-induced increase in excretion mass 

by 76.6% compared to control antibody treated-mice (p < 0.0001) (Fig. 3). The amount of 

excrement in CGRP-treated mice that received anti-CGRP antibody prior was comparable to 

vehicle-treated mice (p = 0.30) (Fig. 3). Based on visual observation and the wet excrement 

weights, nearly all (10 out of 12) mice given CGRP with control antibody had diarrhea, 

which was not observed for any of the mice given CGRP with anti-CGRP antibody, nor for 

any mice given vehicle.

4. Discussion

This proof-of-principle study demonstrates that systemic administration of anti-CGRP 

antibodies prevents the development of CGRP-induced diarrhea. Diarrhea was completely 

blocked by prophylactic administration of anti-CGRP antibodies 24 h prior to CGRP 

administration. As a control, CGRP-induced diarrhea could be attenuated by co-

administration of olcegepant, a CGRP receptor antagonist. Thus, the easily observed 

diarrhea provides a convenient bioassay of CGRP activity in the GI system, which can be 

completely blocked by prophylactic administration of anti-CGRP antibodies.

Our finding that administration of CGRP leads to diarrhea in mice is fully consistent with 

prior reports (Bhargava et al., 2013; Gao and Drew, 2016; Keates et al., 1998; Yoshikawa et 

al., 2011), as well as the ability of CGRP to affect intestinal motility (Fargeas et al., 1985; 

Holzer et al., 1989; Rasmussen and Olesen, 1992) and water secretion (Rolston et al., 1989). 

In this regard, it is important to reiterate that diarrhea following icv CGRP was not due to 

central actions, but rather was a consequence of peripheral leakage during the injection 

procedure. Interestingly, the rate of CGRP-induced diarrhea was similar between wildtype 

mice and nestin/hRAMP mice, despite the latter being sensitized to CGRP. However, nestin/
hRAMP mice have overexpression of human RAMP1, a subunit of the CGRP receptor, only 

within the nervous system, so these findings are consistent with CGRP actions at receptors 

on non-neural cells within the GI system.

Previously, we have used CGRP administration to induce light aversion and cutaneous 

allodynia in mice as a model of migraine (Kaiser et al., 2012; Marquez de Prado et al., 2009; 

Recober et al., 2009, 2010). Multiple Phase 2 clinical trials have recently demonstrated that 

anti-CGRP monoclonal antibodies are safe and efficacious as a preventative agent for 

reducing the headache burden in episodic and chronic migraine (Bigal et al., 2015a, 2015b; 

Dodick et al., 2014a, 2014b; Sun et al., 2016). Diarrhea and other digestive symptoms are 

commonly associated symptoms of migraine, with about 22% of migraineurs reporting 

gastrointestinal issues (Kelman, 2004). Furthermore, increasing headache frequency has 

been found to be associated with a higher prevalence of gastrointestinal symptoms including 

nausea and diarrhea (Aamodt et al., 2008). Our results predict that CGRP may directly play 

a role in migraine-related gastrointestinal symptoms.
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Beyond migraine, the efficacy of anti-CGRP antibodies predicts that blocking CGRP may 

offer a novel means to clinically manage colitis and other inflammatory diseases involving 

diarrhea. Reducing CGRP activity either by knockdown of the CLR subunit of the CGRP 

receptor or pre-treatment with the antagonist CGRP (8–37) reduced intestinal secretion and 

enteritis induced by Clostridium difficile toxin (Bhargava et al., 2013; Keates et al., 1998). 

C. difficile is a frequent hospital-acquired infection secondary to antibiotic use and leads to 

severe diarrhea. Furthermore, mice lacking the RAMP1 subunit of the CGRP receptor had a 

lower incidence of diarrhea induced by ovalbumin in a food allergy model (Yoshikawa et al., 

2011). Moreover, CGRP has been suggested to play a role in visceral nociception (Plourde 

et al., 1997), GI blood flow, inflammation, motility, and secretion into the colon (Holzer, 

2007), which may contribute to chronic conditions including inflammatory bowel diseases 

(Holzer, 1998). In a mouse model of colitis using dextran sodium sulfate, a TRPM8 agonist 

was shown to block CGRP release (Ramachandran et al., 2013). Taken together, these data 

indicate that CGRP is a mediator of colitis and enteritis in inflammatory bowel diseases. In 

addition, a recent study reported that olcegepant prevented post-operative ileus, suggesting 

that blocking CGRP could be useful following GI surgery (Glowka et al., 2015) and that 

CGRP likely plays multiple roles in the GI system. Thus, we predict that attenuating CGRP 

activity in the GI system with CGRP-blocking antibodies could have multiple beneficial 

effects.

5. Conclusion

Overall, this study suggests that CGRP antibodies may provide a novel therapeutic tool in 

the management of diarrhea and other GI pathologies involving CGRP. In particular, the use 

of anti-CGRP antibodies or CGRP receptor antibodies would be ideal for long-term 

treatments, analogous to their role for prophylactic treatment of migraine (Bigal et al., 

2015a, 2015b; Dodick et al., 2014a, 2014b; Sun et al., 2016). This preclinical proof of 

concept study raises the possibility that anti-CGRP antibodies may also diminish diarrhea 

secondary to various gastrointestinal disorders including infections such as C. difficile and 

inflammatory bowel disorders.
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Fig. 1. 
Olcegepant attenuates CGRP-induced diarrhea in mice. Mice administered icv vehicle (Veh) 

did not demonstrate diarrhea (n = 5 trials), whereas a high percentage of mice administered 

icv CGRP had diarrhea (****p < 0.0001; n = 7 trials). Co-administration of olcegepant 

(olceg) (n = 4 trials) reduced the percentage of animals with CGRP-induced diarrhea 

compared to CGRP-treated mice (*p < 0.05; n = 4 trials), and was significantly more (^p < 

0.05) than olcegepant alone (n = 2 ). Means ± range are given. Each trial included 4–18 

mice.
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Fig. 2. 
Anti-CGRP antibody blocks CGRP-induced diarrhea in mice. CGRP-induced diarrhea was 

completely blocked by ip anti-CGRP (anti-C) (30 mg/kg, Ab3) antibody in both wildtype 

mice given human CGRP and nestin/hRAMP1 mice given rat CGRP, which was 

significantly less (*p < 0.001) than mice pre-treated by ip antibody vehicle (Veh) or ip 

control (Con) antibody (n = 2 trials). Anti-CGRP antibody also blocked subsequent CGRP-

induced diarrhea at the 0.05 mg/kg ip human CGRP dose (n = 1 trial). All trials included 9–

12 mice per trial except ip Veh + icv CGRP trials, which included 5–10 mice per trial. 

Means ± range are given.
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Fig. 3. 
Anti-CGRP antibody reduced CGRP-induced excrement. Mass of urine and non-formed 

stool excreted by individual nestin/hRAMP1 mice following icv CGRP or vehicle. 

Prophylactic ip administration of anti-CGRP antibody (50 mg/kg, Ab6) 24 h prior prevented 

rat CGRP-induced diarrhea as compared to control antibody (*p < 0.0001). Both antibody 

and CGRP injection had significant effects (F1,44 = 38.44, p < 0.0001; F1,44 = 80.88, p < 

0.0001, respectively). For all groups, n = 12. Data for individual mice with means ± SEM 

are given.
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Table 1

CGRP induces diarrhea in mice.

Treatmenta Genotype Diarrhea
(n)

Total
(n)

% p b

Veh C57BL/6J 0 21 0

nestin/hRAMP1 0 10 0

Control
littermates

0 15 0

Total 0 46 0 –

CGRP C57BL/6J 18 23 78.3

nestin/hRAMP1 19 26 73.1

Control
littermates

18 26 69.2

Total 55 75 73.3 Veh: p < 0.001

olceg nestin/hRAMP1 0 6 0

Control
littermates

0 6 0

Total 0 12 0 n.s.

olceg +
CGRP

nestin/hRAMP1 8 19 42.1

Control
littermates

6 17 35.3

Total 14 36 38.9 Veh, CGRP: p < 0.001;
olceg: p < 0.05

a
Treatment with icv injection of vehicle (veh), CGRP, olcegepant (olceg), or co-administration of olcegepant and CGRP (olceg + CGRP).

b
p values calculated from Fisher's exact test compared to vehicle treated mice, CGRP-treated mice, or olcegepant-treated mice, as indicated (n.s. = 

not significant).
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Table 2

Prevention of CGRP-induced diarrhea by anti-CGRP antibodies.

Pre-treatmenta Treatmentb Diarrhea
(n)

Total
(n)

% p c

Veh icv CGRP 13 15 86.7 –

Con Ab 15 21 71.4 n.s.

Anti-C Ab 0 22 0 Veh, Con Ab: p <
0.001

Con Ab ip CGRP (0.05
mg/kg)

7 9 77.8 –

Anti-C Ab 0 8 0 Con Ab: p < 0.005

a
Pre-treatment with ip injection of vehicle (Veh), control antibody (Con Ab), or anti-CGRP antibody (anti-C Ab).

b
Treatment with CGRP by icv or ip injections. Note that ip injected animals had been injected with icv CGRP 3 days prior.

c
p values calculated from Fisher's exact test compared to vehicle-treated mice, or control antibody-treated mice, as indicated (n.s. = not significant).
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