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Abstract

Objective: The trigeminovascular system plays a central role in migraine, a

condition in need of new treatments. The neuropeptide, calcitonin gene-related

peptide (CGRP), is proposed as causative in migraine and is the subject of

intensive drug discovery efforts. This study explores the expression and func-

tionality of two CGRP receptor candidates in the sensory trigeminal system.

Methods: Receptor expression was determined using Taqman G protein-cou-

pled receptor arrays and immunohistochemistry in trigeminal ganglia (TG) and

the spinal trigeminal complex of the brainstem in rat and human. Receptor

pharmacology was quantified using sensitive signaling assays in primary rat TG

neurons. Results: mRNA and histological expression analysis in rat and human

samples revealed the presence of two CGRP-responsive receptors (AMY1: calci-

tonin receptor/receptor activity-modifying protein 1 [RAMP1]) and the CGRP

receptor (calcitonin receptor-like receptor/RAMP1). In support of this finding,

quantification of agonist and antagonist potencies revealed a dual population of

functional CGRP-responsive receptors in primary rat TG neurons. Interpreta-

tion: The unexpected presence of a functional non-canonical CGRP receptor

(AMY1) at neural sites important for craniofacial pain has important implica-

tions for targeting the CGRP axis in migraine.

Introduction

Migraine is a painful and debilitating neurological disorder,

which is estimated to affect 11–15% of people worldwide.1

It is characterized by severe headache, nausea, and hyper-

sensitivity to light and sound. Migraine also exhibits many

forms, including chronic, frequent episodic, acute, with or

without aura. Each of these potentially requires distinctive

clinical management. Developing new treatments for

migraine is an important clinical goal because there are few

existing migraine treatments and the majority of sufferers

have limited options, tending to utilize non-steroidal anti-

inflammatories or the triptans, currently the major class of

anti-migraine drug.2

The triptans target the serotonin (5-hydroxytrypta-

mine) subclass of G protein-coupled receptors (GPCRs).

As proven targets for ~30% of medicines, including exist-

ing pain medications, GPCRs are a logical choice for

further interrogation in the development of new drugs.3

The calcitonin gene-related peptide (CGRP) receptor is a

GPCR that has attracted considerable interest for treating

migraine. CGRP receptor antagonists were developed that
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progressed into phase II/III clinical trials for acute

migraine and migraine prophylaxis.4 Whilst these mole-

cules were efficacious, the overall response to them was

lower than predicted and some suggested that central ner-

vous system (CNS) penetration might be required for

improved efficacy.5,6 This suggestion was tested in a

recent study which quantified, in vivo, CGRP receptor

occupancy by telcagepant in the CNS. This study

suggested that at efficacious doses for migraine therapy,

telcagepant displayed low receptor occupancy in the CNS.

They concluded that telcagepant is unlikely to block

CGRP action in the CNS and that CNS penetration is

unlikely to be required for efficacy.7 However, the possi-

bility that CNS blockade of CGRP receptor sites may offer

enhanced efficacy cannot be ruled out. Recent positive

clinical trials with anti-CGRP monoclonal antibodies for

chronic or frequent episodic migraine indicate that effi-

cacy can be achieved via actions at the periphery alone.8,9

The CGRP axis clearly has immense potential as a target

in various forms of migraine but a greater understanding

of its mechanism of action is required to exploit this

system to its fullest.

Target engagement for molecules targeting the CGRP

axis has utilized dermal vasodilation models and shown

that these molecules effectively block vascular CGRP

receptors. Although useful models, CGRP-induced dermal

vasodilation is not altered in migraine sufferers10 and

vasodilation and migraine pain appear to be discon-

nected.11 Neural models have not routinely been

employed because the key neural migraine pain circuitry

is much more challenging to study. This has resulted in a

relative paucity of information regarding the pharmacol-

ogy of neural CGRP receptors, their sensitivity to CGRP

receptor antagonists and fundamental mechanisms of

pain processing involving CGRP.

Although the precise pathophysiology of migraine is

unclear, the trigeminal (fifth cranial or V) nerve appears

to play a major role in processing signals of migraine

pain.12,13 The cell bodies for sensory trigeminal neurons

reside in the trigeminal ganglia (TG), with central projec-

tions descending into the brainstem via the spinal trigem-

inal tract (sp5) and terminating within the spinal

trigeminal nucleus (Sp5) and at the C1–C2 levels in the

spinal cord; we refer to these as the spinal trigeminal

complex.14 Neurons derived from the TG therefore pro-

vide a useful model for studying molecular mechanisms

of pain processing.

We isolated TG neurons and conducted GPCR arrays

to identify potential CGRP receptor candidates and also

novel GPCR targets for migraine and other forms of head

pain. Our ensuing pharmacological and histological char-

acterization revealed that in addition to the CGRP recep-

tor, a second CGRP-responsive receptor was expressed.

This finding offers a potential explanation for the modest

clinical efficacy of available CGRP receptor antagonists

and potential therapeutic opportunities for the future.

Subjects/Materials and Methods

Isolation and culture of TG neurons

Isolation and culture of TG neurons was as previously

published.15 All procedures involving the use of animals

at the University of Auckland were conducted in accor-

dance with the New Zealand Animal Welfare Act (1999)

and approved by the University of Auckland Animal Eth-

ics Committee.

RNA extraction and array methods

TG neurons were prepared from 12 Wistar rat pups as

previously published15 and cultured in poly-D-lysine/lami-

nin-coated 3.5 cm dishes. RNA was extracted using Trizol

(Sigma-Aldrich, St. Louis, MO) using the manufacturer’s

protocol and further purified using an RNeasy kit with

DNaseI treatment (Qiagen, Valencia, CA). RNA was con-

verted to cDNA using SuperScript III reagent (Invitrogen,

Grand Island, NY) according to the manufacturer’s proto-

col. As previously described,16 GPCR expression was

determined with Taqman GPCR Arrays (Applied Biosys-

tems, Life Technologies Corp., Carlsbad, CA) using 1 ng/

lL cDNA according to the recommended protocol, run

on an ABI Prism 7900HT system (Applied Biosystems),

and analyzed with the Sequence Detection System soft-

ware and RQ Manager 1.2.1 (Applied Biosystems). For

quantification, GPCR expression was expressed relative to

18S rRNA as DCt (cycle-threshold values). The DCt above

which gene expression was considered undetectable repre-

sents the difference between 40 cycles (the maximum

number of PCR cycles run) and the 18S Ct value. The

DCt that defined the “undetectable” cutoff value varied

among arrays, according to the 18S Ct value, and was

between 25.5 and 28.8. Data shown are the average of

four independent arrays. Appendix S1 provides the aver-

age expression [D C(t)] data (with SD) for all GPCRs,

control genes, and GPCR-associated genes, in addition to

the array-specific identification number, formal gene

name (U.S. National Center for Biotechnology Informa-

tion [NCBI] Reference Sequence [RefSeq], GenBank) and

the number of samples in which each transcript was

detected.

Gene expression in human TG

The expression of genes in human TG was determined

from eight microarray experiments (four males and four
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females) deposited by Richard Roth (Neurocrine

Biosciences, Inc., San Diego, CA). Data were accessed from

the NCBI GEO database accession number GSE7307.17,18

Data are expressed as the mean log 2RMA � SEM.

Cell culture and transfection

Culture of Cos7 and HEK293S cells was performed as

previously described.19 Cells were cultured in Dulbecco’s

Modified Eagle Medium (DMEM) supplemented with 8%

heat-inactivated fetal bovine serum and 5% (v/v) penicil-

lin/streptomycin and kept in a 37°C humidified 95% air,

5% CO2 incubator. Cells were seeded into 96-well plates

at a density of 15,000 cells per well (determined using a

Countess CounterTM, Invitrogen) 1 day prior to transfec-

tion. Cells were transiently transfected using polyethyleni-

mine as described previously.20 Rat calcitonin receptor

(CTR) in pcDNA1 was kindly provided by Professor Pat-

rick Sexton (Monash Institute of Pharmaceutical Sci-

ences). All other vectors were pcDNA3 or 3.1. Rat

calcitonin receptor-like receptor (CLR) and rat receptor

activity-modifying protein 1 (RAMP1) vectors were used

as previously described.20 Hemagglutinin-tagged human

CTR and myc-tagged human RAMP1 were used as previ-

ously described.21

cAMP assays in rat TG neurons and

transfected cells

cAMP assays were performed in TG neurons as previously

described.15 Briefly, TG neurons were stimulated by ago-

nist with or without antagonists for 30 min at room

temperature. cAMP assays were performed with 1 mmol/L

3-isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich, St.

Louis, MO). cAMP content was determined using the

LANCE ultra cAMP detection kit (Perkin Elmer Life and

Analytical Sciences, Waltham, MA). cAMP was measured

in transfected Cos7 cells using the AlphaScreen cAMP

assay kit (Perkin Elmer) as described.22 These cAMP assays

were also performed with 1 mmol/L IBMX. For both

assays, plates were read using an Envision plate reader

(Perkin Elmer). All peptides were purchased from Ameri-

can Peptide (Sunnyvale, CA) or Bachem (Bubendorf,

Switzerland). Olcegepant was kindly provided by Boehrin-

ger-Ingelheim (Ingelheim, Germany). Telcagepant was

purchased from Suzhou Rovathin Pharmatech Co. (Ji-

angsu, China). Forskolin (Tocris, Bristol, UK) was used as

a positive control.

Histology in cultured cells

Cultured TG neurons or transfected cells were fixed

using 4% paraformaldehyde (PFA) in phosphate-buffered

saline (PBS) for 30 min (TG neurons) or 10 min

(HEK293S cells) at room temperature in cell culture

plates. Cells were washed twice with PBS and stored at

4°C. For the detection of CLR and RAMP1, antigen

retrieval was performed by incubating cells overnight fol-

lowed by microwaving cells for 1 min in 0.1 mol/L citric

acid (pH 4.5). Antigen retrieval was not required for

CTR staining. Irrespective, cells were incubated in PBS

containing 0.6% hydrogen peroxide at room temperature

for 20 min. Cells were washed twice with PBS and

blocked with 10% goat serum or rabbit serum (depend-

ing on the species of the secondary antibody) for 1 h.

Cells were incubated at 4°C overnight with specific pri-

mary antibodies (Table S1) in PBS containing 1% serum.

These primary antibodies were selected as they are well

characterized and recognize their target proteins with

high specificity23–27 (and Fig. S1). Cells were washed

with PBS and incubated with secondary antibody (Table

S1) at room temperature with gentle shaking for 1 h.

Cells were washed in PBS and incubated with streptavi-

din HRP-polymer (1:1000; Sigma-Aldrich) diluted in

PBS containing 5% serum and incubated at room tem-

perature for 1 h. Cells were washed twice in PBS and

visualized by incubation for 5 min in SIGMAFAST 3,30-

Diaminobenzidine tablets (Sigma-Aldrich, St. Louis, MO)

pre-dissolved in PBS. Cells were washed twice with PBS

and then imaged under PBS using a Nikon Ti-E inverted

microscope at 2009 magnification.

Histology in rat TG

Rat TG histology was performed as described previ-

ously.23 Briefly, TG were removed from four male

Sprague-Dawley rats weighing 300–350 g (Scanbur, Stock-

holm, Sweden). The ganglia were placed in 4% PFA and

fixed for 2–4 h. After fixation the tissues were rinsed in

raising concentrations of sucrose in S€orensen0s phosphate

buffer, embedded, sectioned and stored as the human

samples (below). The experiments were approved by the

University Animal Ethics Committee (M8-09), Lund

University, Sweden. Antibody details and detailed immu-

nostaining methodology are described in Table S1.

Human histology

We used post-mortem human tissue from New Zealand

and Europe. Details of source, gender and post-mortem

delay are specified in Table S2. Tissue samples were pro-

cessed and stained according to the full methodological

details provided in Data S1. In New Zealand, human

brainstems were obtained from the Neurological Founda-

tion of New Zealand Human Brain Bank in the Centre

for Brain Research at the University of Auckland and
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ethical approval was obtained from the University of

Auckland Human Participants ethics committee. These

brains had no history of neurological disease and showed

no neurological abnormalities on pathological examina-

tion. In Europe, human brainstem and TG samples were

obtained at autopsy from adult subjects in accordance

with the Faculty of Medicine University of Szeged guide-

lines for ethics in human tissue experiments and were

approved by the local Hungarian Ethics Committee. The

procedures for the human samples were conducted

according to the principles outlined in the Declaration of

Helsinki. None of the subjects had a CNS disorder.

Data analysis

All statistical analysis was performed using GraphPad

Prism 5.0 or 6.0 (GraphPad Software, San Diego, CA).

Maximal cAMP responses (Emax) were determined and

the data expressed as a percentage of the Emax or the

response given by the highest agonist concentration.

pEC50 values were obtained by fitting a four-parameter

logistic equation to the concentration-response curve

data. To determine if the Hill slope was significantly

different from one for agonist potency curves, F-tests

were performed. For the majority of experiments, the Hill

slope was not significantly different to unity. The agonist

potency curves were therefore re-fitted with a Hill slope

constrained to one and pEC50’s obtained. pA2 values were

calculated from pEC50 values obtained in the presence or

absence of antagonist. Separate experiments comprise

individual TG neuron preparations performed in triplicate

or individual transient transfections. For statistical analy-

sis, pEC50 and pA2 values from individual experiments

were combined and determined using Student’s t-tests or

one-way analysis of variance (ANOVA) with post hoc

Tukey’s tests. Statistical significance was defined as

P < 0.05. All data points represent the mean � SEM

combined from n separate experiments.

Results

GPCR microarray and expression of CGRP

receptor components in rat TG neurons

We first determined the expression of CGRP receptors in

rat TG neurons. To do this we used a Taqman GPCR

array to determine the global expression profile of non-

chemosensory GPCRs in four independent samples of TG

neurons from neonatal rats.16 In addition to providing

CGRP receptor expression, this approach gives greater

insight into the expression profile of receptors and G pro-

teins in the TG, and may be a useful resource for those

investigating novel trigeminal GPCR drug targets.

Of the 318 GPCRs in this array, detectable expression

ranged between 242 and 277 GPCRs across the four sam-

ples. GPCR accessory proteins were also detected. The G

protein linkage of the detected GPCRs was 97 Gi/o, 37 Gs,

85 Gq/11, 12 G12/13, 10 “other” (e.g. gustducin, transdu-

cin)–coupled receptors; a further 60 have unknown

coupling. Some receptors reportedly couple to more than

one pathway and are listed with multiple G proteins.

Table 1 reports the 30 highest expressed GPCRs, most of

which have been implicated in neural development, pain

or sensory neuron function; including GPR56, which is

involved in neuron development and polymicrogyria28

and the prostacyclin receptor (IP1), whose activation can

induce migraine.29 Thirteen of the 30 most highly

expressed GPCRs are classified as orphan receptors, that

is, receptors without known physiologic agonists. The full

data set is provided in Appendix S1.

Although not amongst the mostly highly expressed

GPCRs, 11 of 12 serotonin receptors, including 5-HT1B,

5-HT1D, and 5-HT1F were expressed. Other GPCRs that

are potential targets for anti-migraine drugs, currently in

phase II (or later) clinical trials were also present.30 Nota-

bly, this includes Calcrl, the gene for the CGRP receptor

component, the class B GPCR CLR and its essential acces-

sory protein (RAMP1) (Table 1). The CGRP receptor has

been heralded as one of the most promising migraine tar-

gets, although no agents are as-yet approved that target

this receptor.4,31

Other class B GPCRs were also expressed, including

Calcr – the CTR (Table 1). This receptor can act as a

CGRP receptor in the presence of RAMP1 and has been

proposed to be a candidate for the “elusive” CGRP2
receptor; the CTR/RAMP1 complex is known as the

AMY1 receptor.
32 Using specific antibodies (Table S1, Fig.

S1), we confirmed the expression of CLR, CTR, and

RAMP1 in isolated neonatal rat TG neurons (Fig. 1A)

and in the adult rat TG (Fig. 1B) (Table S1). In adult rat

TG, we observed co-localization of CTR and RAMP1 but

not of CLR and CTR (Fig. 1C and D). In light of these

findings, we pursued the hypothesis that CTR and

RAMP1 form functional CGRP-responsive complexes in

the trigeminovascular system and that the AMY1 receptor

may be a potential mediator of actions related to CGRP.

Functional characterization of CGRP-

responsive receptors in primary cultured rat

TG neurons

We recently established methodologies to measure GPCR

signaling in primary TG neurons in 384 well plates,

thereby facilitating far more comprehensive pharmacolog-

ical analysis in these neurons than has been possible with

earlier methodologies.15,33 Using these techniques, we
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characterized putative CGRP-responsive receptors in rat

TG neuron-enriched cultures by measuring cAMP, a sig-

naling pathway to which both CLR and CTR robustly

couple.34,35 We selected agonists and antagonists that can

distinguish between different populations of CGRP-

responsive receptors.

In TG neurons, rat (r) aCGRP (a potent agonist of

both CLR/RAMP1 and CTR/RAMP120) and rat amylin

(rAmy, a selective agonist of CTR/RAMP complexes20,21)

were both effective agonists (Table 2, Fig. 2). Two other

agonists of CGRP-responsive receptors, rat adrenomedul-

lin (AM) and rat calcitonin, increased cAMP accumula-

tion with lower potency in the TG neurons (Table 2).

The key pharmacological discriminator is rAmy. In trans-

fected cells that express human or rat CLR/RAMP1,

CGRP has significantly higher potency than rAmy (~250-

fold, Fig. 2 and Table 2). In contrast, in cells transfected

with CTR/RAMP1, CGRP and rAmy are equipotent

(Fig. 2, Table 2). Therefore, the pharmacological profile

of the TG neurons (equipotent CGRP and rAmy) is

Table 1. Thirty highest expressed GPCRs (top) and the expression of calcitonin-family receptor components (bottom) from Taqman GPCR arrays

in rat TG neurons.

Receptor name Gene Primary transduction GPCR class Average DC(t) SD

GPR56 Gpr56 Gq/11, G12/13 Adhesion (O) 12.9 0.5

GABAB1 Gabbr1 Gi/0 [Requires Gabbr2] C 13.1 0.4

IP1 Ptgir Gs A 13.3 0.6

D2 Drd2 Gi/0 A 13.4 1.5

CD97 Cd97 G12/13 Adhesion (O) 13.6 0.7

LPHN1 Lphn1 Gq/11 Adhesion (O) 13.6 0.6

A1 Adora1 Gi/0 A 13.8 0.8

LPHN3 Lphn3 Unknown Adhesion (O) 14.1 0.8

LPA1 Lpar1 Gi/0, Gq/11, G12/13 A 14.4 1.0

S1P3 S1pr3 Gi/0, Gq/11, G12/13 A 14.4 0.8

LGR4 Lgr4 Unknown A (O) 14.5 0.8

GPR161 Gpr161 Unknown A (O) 14.6 0.8

PAR3 F2rl2 Unknown A 14.7 0.6

mGlu7 Grm7 Gi/0 C 14.7 0.7

CELSR3 Celsr3 Unknown Adhesion (O) 14.7 0.8

FZD3 Fzd3 WNT F 14.8 0.6

PKR2 Prokr2 Gq/11 A 14.8 0.8

MRGPRX3 Mrgprx3 Gq/11 A (O) 14.8 1.0

FZD8 Fzd8 Unknown F 15.0 0.9

GPR68 Gpr68 Gi/0, Gq/11 A (O) 15.0 0.7

GPR158 Gpr158 Unknown C (O) 15.0 0.8

PKR1 Prokr1 Gq/11 A 15.0 0.8

GABAB2 Gabbr2 Gi/0 [Requires GABBR1] C 15.1 0.5

LPA5 Lpar5 Gq/11, G12/13 A 15.2 1.0

B2 Bdkrb2 Gs, Gi/G0, Gq/11 A 15.3 0.7

CELSR2 Celsr2 Unknown Adhesion (O) 15.3 0.4

MRGPRE Mrgpre Unknown A (O) 15.3 0.5

Y1 Npy1r Gi/0 A 15.4 0.8

GPR149 Gpr149 Unknown A (O) 15.4 0.5

ETB Ednrb Gs, Gi/0, Gq/11 A 15.4 0.6

Calcitonin-family receptor components

CTR Calcr Gs B 21.2 0.8

CLR Calrl Gs B 19.5 0.6

RAMP1 Ramp1 NA Accessory 18.2 1.0

RAMP2 Ramp2 NA Accessory 15.9 0.7

RAMP3 Ramp3 NA Accessory 15.7 0.9

RCP Crcp NA Accessory 17 0.7

Selected housekeeping genes

ACTB Actb NA Housekeeping 7.2 0.6

GAPDH Gapdh NA Housekeeping 8.0 0.8

GPCR, G protein-coupled receptor; TG, trigeminal ganglia; NA, not applicable; O, orphan; CLR, calcitonin receptor-like receptor; CTR, calcitonin

receptor; RAMP, receptor activity-modifying protein.
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Figure 1. Immunostaining of CGRP-responsive receptor components in rat TG. (A) Expression of CLR, CTR, and RAMP1 (CGRP and AMY1

receptor components) in isolated TG neurons by immunostaining. Images are representative of those obtained in at least three independent

preparations. (B) Expression of CGRP receptor components in rat TG. CTR is expressed in small to medium sized cells (small arrows) and some

larger neurons (large arrows). CLR and RAMP1 are expressed mostly in larger neurons (arrows) and thick nerve fibers (asterisks). Arrowheads

indicate negative neurons. (C) Double-staining of CTR and CLR in rat TG. No clear co-expression is found between CTR (red) and CLR (green) in

the TG neurons. CTR-positive neurons and fibers (arrowheads) lacking CLR expression are found. Arrows point at neurons only expressing CLR.

DAPI, (blue) staining nuclei, is used in the merged picture. (D) Double-staining of CTR and RAMP1 in rat TG. Large arrows indicate CTR and

RAMP1-positive neurons and their co-localization in the merged pictures. Large neurons only expressing RAMP1 are found (small arrows).

Neurons only expressing CTR are also found (arrowheads). DAPI, (blue) staining nuclei, is used in the merged pictures. For (B–D), data are

representative images from four rats. CGRP, calcitonin gene-related peptide; TG, trigeminal ganglia; CLR, calcitonin receptor-like receptor; CTR,

calcitonin receptor; RAMP1, receptor activity-modifying protein 1; DAPI, 4’6-diamidino-phenylindole.

Table 2. Summary of agonist potencies (pEC50) for cAMP accumulation in response to agonists in neuron-enriched rat TG cultures and Cos7 cells

transfected with rat or human CGRP receptor components.

Rat TG neurons1 Rat CLR/RAMP1 Rat CTR/RAMP1 Human CLR/RAMP1 Human CTR/RAMP1

aCGRP 8.07 � 0.09 (12) 10.04 � 0.05 (8) 8.44 � 0.23 (4) 9.92 � 0.06 (4) 9.63 � 0.12 (4)

rAmy 7.69 � 0.06 (6) 7.66 � 0.07 (6) *** 8.37 � 0.13 (4) 7.40 � 0.14 (4) *** 9.46 � 0.05 (4)

rAM 6.68 � 0.25 (3) ***,++ 9.40 � 0.17 (9) **,+++ 7.20 � 0.15 (4) **,++ – –

rCT 7.25 � 0.24 (4) ** – – – –

Data represent mean � SEM of n individual experiments. Comparisons were performed by one-way ANOVA followed by post-hoc multiple

comparisons tests. TG, trigeminal ganglia; CGRP, calcitonin gene-related peptide; CLR, calcitonin receptor-like receptor; CTR, calcitonin receptor;

RAMP, receptor activity-modifying protein; rAmy, rat amylin; rAM, rat adrenomedullin; rCT, rat calcitonin; –, not performed.
1The amount of cAMP produced in TG neurons was as follows (Emax fmol/well [n]): raCGRP 144.4 � 24.7 (12); rAmy 108.3 � 11.3 (6); rAM

123.5 � 47.5 (3); rCT 179.8 � 51.8 (4). There were no significant differences between these values.

**P < 0.01, ***P < 0.001 versus aCGRP.
++P < 0.01, +++P < 0.001 versus rAmy.
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consistent with CTR/RAMP1 being the principal receptor

that mediates CGRP-stimulated cAMP production in

these cells. However, this does not exclude the possibility

that CLR/RAMP1 is also responsible for CGRP responses,

especially given the immunohistochemistry data showing

the presence of this receptor (Fig. 1). Therefore, to

Figure 2. Pharmacological characterization of CGRP responses in rat TG neurons and transfected cells. Cyclic AMP accumulation of rat TG

neurons (solid box) or Cos7 cells transfected with rat (dashed box) or human (dotted box) CLR/RAMP1 or CTR/RAMP1. Elevation in cAMP

accumulation in response to rat (r) or human (h) aCGRP and rAmy in the absence or presence of raCGRP8–37, olcegepant or AC187. Data are

expressed as a percentage of the maximum cAMP response and are mean � SEM of 3–12 combined experiments, performed in duplicate or

triplicate. CGRP, calcitonin gene-related peptide; TG, trigeminal ganglia; CLR, calcitonin receptor-like receptor; CTR, calcitonin receptor; RAMP,

receptor activity-modifying protein.
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further evaluate the relative contributions of CLR/RAMP1

and CTR/RAMP1 to the observed agonist responses, we

tested a series of antagonists against both receptor com-

plexes in TG neurons and transfected cells.

We used olcegepant and telcagepant, which are small

molecule CLR/RAMP1 antagonists that have been evaluated

in clinical trials for the treatment of migraine.36 These

antagonists are more selective for the CLR/RAMP1 CGRP

receptor (Table 3). We also tested the classic peptidic CGRP

antagonist CGRP8–37, which can antagonize both recep-

tors,20 and AC187, which is a higher affinity antagonist of

CTR/RAMP1 (Table 3, Fig. 2).19–21 For most antagonists,

we determined their relative affinities using both raCGRP

and rAmy as agonists in separate experiments; the results

are shown in Table 3. Olcegepant and AC187 showed the

greatest ability to discriminate between the receptors. In TG

neurons, AC187 and olcegepant were equally effective as

antagonists when raCGRP was the agonist (Table 3, Fig. 2).

This profile changed with rAmy as the agonist, for which

AC187 was significantly more effective than olcegepant.

These results were akin to those we obtained in cells trans-

fected with rat receptors (Fig. 2, Tables 2, 3) and support

the conclusion that both CLR/RAMP1 and CTR/RAMP1

are functional in TG neurons. To assess the translatability of

these findings, we examined the pharmacology of human

CLR/RAMP1 and CTR/RAMP1 in transfected cells and

found that the antagonism of haCGRP by AC187 at human

CLR/RAMP1 and CTR/RAMP1 mirrored that in rat recep-

tors (Fig. 2). Olcegepant had ~260-fold higher affinity at

human CLR/RAMP1 than human CTR/RAMP1. On the

other hand, Telcagepant had less selectivity and had only

40-fold higher affinity at human CLR/RAMP1 compared to

human CTR/RAMP1 (Table 3).

Expression of CTR and RAMP1 in the human

sensory trigeminal system

Our data from rat TG prompted us to question whether

CTR/RAMP1 complexes might also be present in relevant

loci in adult humans, especially given the clinical impor-

tance of CGRP in migraine.31 CLR and RAMP1 have pre-

viously been identified in post-mortem human tissue

from TG and the spinal trigeminal complex of the brain-

stem; functionally significant locations for pain processing

in migraine.23,37

Available GEOset (Gene Expression Omnibus reposi-

tory data, National Centre for Biotechnology Informa-

tion) data suggested that mRNA for CTR is expressed in

adult human TG at similar levels to that for CLR

(Fig. 3A). We observed CTR and RAMP1 staining in

human TG (Fig. 3B–D). The RAMP1 staining was similar

to that observed in previous studies23 and co-localized

with CTR in discrete neurons (Fig. 3E). In the brainstem,

we found CTR and RAMP1 expression in multiple

regions, including the spinal trigeminal complex (Fig. 4).

Specifically, CTR was expressed in the fibers of sp5 and

around fiber bundles in Sp5 (Fig. 4B). Interestingly, blood

vessels were also stained for CTR and RAMP1. RAMP1-

positive fibers were mostly observed in sp5 (Fig. 4C). We

detected co-expression of CTR and RAMP1 in fibers of

sp5 and in the vessels. The detection of RAMP1 in Sp5

depended on the samples used. Those used for DAB

staining showed some evidence for RAMP1 in Sp5

(Fig. 4A), but immunofluorescence techniques did not

detect RAMP1 in the nucleus, as has been reported previ-

ously.37 It is possible that this relates to the sampling

point within the medulla. Thus, for DAB staining we

Table 3. Summary of ability of antagonists to block aCGRP or rAmy-stimulated cAMP accumulation in neuron-enriched rat TG cultures and Cos

7 cells transfected with rat or human CGRP receptor components.

Rat TG neurons Rat CLR/RAMP1 Rat CTR/RAMP1 Human CLR/RAMP1 Human CTR/RAMP1

raCGRP haCGRP

AC187 7.54 � 0.36 (3)*** <6 (4) 8.21 � 0.57 (3)** <6 (4) 8.22 � 0.16 (4) *,++

Olcegepant 7.79 � 0.21 (6) *** 7.95 � 0.12 (4) *** <6 (4) 9.65 � 0.26 (5) 7.23 � 0.14 (4)

Telcagepant 5.72 � 0.14 (4) 5.34 � 0.14 (4) 4.17 � 0.65 (3) 9.00 � 0.17 (10) 7.36 � 0.12 (3)

raCGRP8–37 8.12 � 0.07 (5) *** 8.12 � 0.27 (3)1 7.20 � 0.16 (3)1 7.79 � 0.14 (6)***,+++ 7.72 � 0.18 (6)

rAmy

AC187 8.07 � 0.21 (4)+++ <6 (4) 8.06 � 0.29 (4)*** – –

Olcegepant 6.26 � 0.06 (3) 7.46 � 0.16 (4) ** <6 (3) – –

Telcagepant – 5.84 � 0.30 (4) 4.27 � 0.31 (3) – –

raCGRP8–37 7.64 � 0.18 (4)++ – 7.07 � 0.15 (4)1 – –

Data are pA2 values, representing antagonist potency. Where pA2 values could not be determined they are defined as less than the highest con-

centration of antagonist used. Data represent mean � SEM of n individual experiments. Comparisons were performed by Student’s t-test or one-

way ANOVA followed by Tukey’s tests. TG, trigeminal ganglia; CGRP, calcitonin gene-related peptide; CLR, calcitonin receptor-like receptor; CTR,

calcitonin receptor; RAMP, receptor activity-modifying protein; –, not performed.
1CGRP8–37 data in transfected cells as previously reported.20 Previously reported data were not included in statistical analysis.

Comparisons shown are against telcagepant (**P < 0.01, ***P < 0.001) or olcegepant (++P < 0.01, +++P < 0.001).
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tended to use sections from higher up in the medulla, as

compared to immunofluorescence. There could be dis-

crete differences in RAMP1 expression, and thus co-local-

ization with CTR between these regions and different

sub-nuclei of Sp5. Details of antibodies can be found in

Table S1.

Figure 3. Expression of AMY1 receptor components in human TG. (A) GEOset data showing CTR family mRNA expression. (B and C) CTR

expression is found in neurons and nerve fibers (arrows). Not all neurons express CTR (arrowheads). Asterisks point at auto-fluorescent lipofuscin

in some neurons, which is visible in both filter channels. (D) Expression of RAMP1 in human TG neurons (arrows). Some neurons are negative for

RAMP1 (arrowheads). Asterisks point at auto-fluorescent lipofuscin in some neurons, which is visible in both filter channels. (E) Double-staining of

CTR and RAMP1 showing co-expression in human TG neurons (small arrows). Arrowheads indicate negative neurons for CTR and RAMP1. Lower

panel shows RAMP1-positive neurons that lack CTR expression (large arrows). Auto-fluorescent lipofuscin is found in some neurons (asterisks).

Nuclei staining (DAPI, blue) is used in the merged pictures. Data represent mean (min to max) of eight combined postmortem human samples (A)

and representative images from three postmortem human samples (B–E). TG, trigeminal ganglia; CTR, calcitonin receptor; RAMP, receptor

activity-modifying protein; DAPI, 4’6-diamidino-phenylindole.
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Discussion

New migraine treatments are vital to improve the quality

of life for sufferers worldwide.31 The 37 amino acid neu-

ropeptide CGRP has been a subject of intense scrutiny as

a potential mediator of migraine pain. Several antagonists

of the CGRP receptor (CLR/RAMP1) have been devel-

oped and entered clinical trials.4 Although showing great

promise for the treatment of acute migraine, questions

regarding the efficacy of the “gepants” (as these agents

are termed) have been raised.6,38 It has been proposed

that factors, other than CGRP, may be involved in

migraine.5 Our data question whether the path chosen so

far – the CGRP receptor (CLR/RAMP1) – is the only one

and suggest that a closer examination of CGRP receptor

biology is required to exploit the CGRP system to its full-

est potential.

Two CGRP receptors have been proposed: the CGRP1
receptor (CLR/RAMP1) which is now classified as the

“CGRP receptor” and the CGRP2 receptor which is not

officially recognized by IUPHAR.32,35 These two CGRP-

responsive receptors were originally described primarily

on the basis of the relative sensitivity of the CGRP antag-

onist CGRP8–37, which shows greater antagonism of the

CGRP1 receptor.
35 This receptor is present in the vascula-

ture, the TG and the spinal trigeminal complex of the

brainstem and has hence been the subject of drug-discov-

ery efforts for migraine.23,37,39–41

The relatively CGRP8–37-insensitive CGRP2 receptor has

not been studied as a potential mediator of CGRPs

Figure 4. Identification of AMY1 receptor components in human brainstem. (A) Whole brainstem images. From left to right; Nissl, CTR and

RAMP1 staining. The spinal trigeminal nucleus (Sp5) is labeled. (B) Hematoxylin-Eosin staining of a whole brainstem section; spinal trigeminal tract

(sp5) and spinal trigeminal nucleus, caudal part (Sp5C), central canal (CC). Fluorescence image shows CTR expression in vessels (arrowheads) (bv).

Beneath these images CTR expression in sp5 and Sp5C is shown; CTR expression is found in fibers and around fiber bundles (arrows). In Sp5C,

CTR is expressed around fiber bundles (arrows). Asterisks identify examples of auto-fluorescent lipofuscin, visible in both filter channels. (C) CTR

and RAMP1 double-staining in the sp5 region. Co-expression is observed in the fibers (arrows). Co-expression of CTR and RAMP1 is also observed

in adjacent vessels (arrows). DAPI, (blue) staining nuclei, is used in the merged picture. CTR, calcitonin receptor; RAMP, receptor activity-modifying

protein; DAPI, 4’6-diamidino-phenylindole.
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actions in migraine, or elsewhere, perhaps because the

molecular components of this receptor have been harder

to identify. It has been speculated that CTR/RAMP1 is a

particularly strong candidate for this receptor.32 This

complex is currently classified as an amylin receptor –

AMY1 – based on its high affinity for amylin.35 However

this receptor also has similarly high affinity for CGRP as

the CGRP receptor and is antagonized by CGRP8–37.
20,21

Our GPCR array, protein expression and functional

analysis of receptors in TG neurons suggest that the

AMY1 receptor could be a relevant target for CGRP, and

perhaps should be considered as a dual CGRP/amylin

receptor.

Our agonist potency data in rat TG neurons showed

that CGRP and amylin are equipotent in this preparation,

and results with the amylin receptor antagonist AC187

imply that CGRP can act via the AMY1 receptor in rat

TG neurons. This idea was supported by detection of

CTR and RAMP1 mRNA and protein in the rat TG, and

co-localization of CTR with RAMP1, presumably generat-

ing AMY1 receptor complexes, in both rat and human

TG. On the other hand, expression of CLR protein and

antagonism by olcegepant (~200-fold more selective for

the CGRP receptor) implicate the CGRP receptor in the

response to CGRP. Therefore, populations of both recep-

tors may be important for CGRP actions in the TG, per-

haps in individual neurons, as supported by the lack of

co-localization of CLR and CTR in the rat TG. Moreover,

we found expression for both CTR and RAMP1 in the

spinal trigeminal complex, potentially also implicating the

AMY1 receptor in the central processing of CGRP signal-

ing.

CGRP has been implicated in nociception and in many

painful human conditions, including arthritis,42 tumor-

associated pain43 and chronic lower back pain.44 CGRP

induces pain, and can be blocked by capsaicin-induced

desensitization or administration of CGRP8–37.
45 The

endogenous role of CGRP was elegantly confirmed in

mice deficient in aCGRP (attenuated pain and inflamma-

tion responses).46 However, the receptor involved in these

responses to CGRP remains unclear and is difficult to

study, due to the dimeric nature of these receptors.

Hence, no pain-related studies have been conducted in

CGRP or AMY1 receptor-deficient animal models. Since

CGRP8–37 is frequently used at concentrations that can

block both CGRP and AMY1 receptors, most studies

using this peptide cannot effectively distinguish between

the actions of these receptors.32 Even studies with olcege-

pant and telcagepant can be difficult to interpret because

both antagonists are often used at concentrations that can

antagonize the AMY1 receptor as well as the CGRP recep-

tor. This is clearly evident from our functional data show-

ing that telcagepant is only 40-fold selective for the

human CGRP receptor over the human AMY1 receptor.

There is only one other report of the affinity of telcage-

pant at the AMY1 receptor; in this binding study, telcage-

pant had a Ki of 190 nmol/L.36 Therefore there is

currently insufficient data on the receptor selectivity of

this compound. Efficacious doses of olcegepant and

telcagepant used in clinical trials apparently achieve blood

concentrations of 200 nmol/L and 4–6 lmol/L, respec-

tively.6 These concentrations are sufficient to antagonize

the CGRP receptor and potentially also peripheral AMY1

receptors.36 In interpreting these studies, other factors

including target accessibility, the antagonist-free fraction

and alternative receptors should be considered. The

results of clinical trials using small molecules or antibod-

ies with greater specificity for the CGRP receptor may

help elucidate this complexity.

The relative role of the AMY1 receptor in CGRP and/or

amylin biology is not yet clear because ours is the first

study to co-localize CTR and RAMP1 protein in any tis-

sue. Identifying precisely where this receptor is expressed

and how expression may be altered in disease will be

important for future studies. We identified the AMY1

receptor in the TG and brainstem of normal subjects but

it is possible that migraine sufferers, who display an aber-

rant response to CGRP,31 may have altered patterns of

expression that contribute to the disease. In support of

this idea, RAMP1 overexpression enhanced responses to

both CGRP and amylin.33,47 Our results raise the possibil-

ity that CGRP and amylin may have cooperative activities

in migraine, although this will depend on whether either

peptide is able to access its receptor(s). Amylin has been

detected in a subset of CGRP-positive neurons in the TG,

the brainstem and in nerve fibers innervating the pial vas-

culature.48,49 There has been no attempt to localize amy-

lin-binding sites in the TG. Efforts to identify amylin-

binding sites in the brainstem are inconclusive regarding

the spinal trigeminal complex.50,51 On the other hand,
125I-salmon calcitonin, which labels both calcitonin and

amylin-binding sites,52 shows binding in this region of rat

and monkey brain.50,53

Despite the importance of CGRP in migraine and other

painful conditions, the precise CGRP-responsive receptor

(s) involved in each aspect of these conditions has not

been well characterized. We report the presence of the

AMY1 receptor, a CGRP-responsive receptor, at sites

important for craniofacial pain. If the AMY1 receptor

(CTR and RAMP1) is a genuine (patho)physiological

target for CGRP it has important and far-reaching impli-

cations for targeting the CGRP system in migraine and

other forms of pain. A greater understanding of the role

of each receptor to CGRP biology is urgently required.

Furthermore, our results obtained using a GPCR

array identify many additional GPCRs within the TG as
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potential pharmacological targets for migraine than have

been previously appreciated.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Data S1. Supplementary methods.

Figure S1. 9b4 antibody controls. The specificity of the

anti-human CTR antibody (9B4; N-terminal epitope) was

confirmed in transfected HEK 293S cells. Cells transfected

with human CTR, human CLR/RAMP1 or pcDNA3.1

(vector) underwent antigen retrieval (citric acid and micr-

owaving). The receptors were probed with 9B4 antibody

(1:100) and visualized using DAB (brown). Similar results

were obtained with HA-tagged human CLR and CTR.

Images are representative of at least three independent

transfections.

Table S1. Details of antibodies used in this study.

Table S2. List of human cases used in this research.

Appendix S1. Expression [DC(t)] data for all GPCRs,

control genes and GPCR-associated genes.
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