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14 Abstract—Calcitonin gene-related peptide (CGRP) is a

potent vasodilator and a neuromodulator implicated in the

pathophysiology of migraine. It binds to the extracellular

domains of calcitonin receptor-like receptor (CLR) and

receptor activity-modifying protein (RAMP) 1 that together

form the CGRP receptor. Antagonist antibodies against

CGRP and its binding site at the receptor are clinically effec-

tive in preventing migraine attacks. The blood–brain barrier

penetration of these antagonist antibodies is limited, sug-

gesting that a potential peripheral site of action is sufficient

to prevent migraine attacks. To further understand the sites

of CGRP-mediated signaling in migraine, we used immuno-

histochemical staining with recently developed antagonist

antibodies specifically recognizing a fusion protein of the

extracellular domains of RAMP1 and CLR that comprise

the CGRP binding pocket at the CGRP receptor in monkey

and man. We confirmed binding of the antagonist antibodies

to human vascular smooth muscle cells (VSMCs) of dural

meningeal arteries and neurons in the trigeminal ganglion,

both of which are likely sites of action for therapeutic

antibodies in migraine patients. We further used one of

these antibodies for detailed mapping on cynomolgus mon-

key tissue and found antagonist antibody binding sites at

multiple levels in the trigeminovascular system: in the dura

mater VSMCs, in neurons and satellite glial cells in the

trigeminal ganglion, and in neurons in the spinal trigeminal

nucleus caudalis. These data reinforce and clarify our

understanding of CGRP receptor localization in a pattern

consistent with a role for CGRP receptors in trigeminal sen-

sitization and migraine pathology. � 2016 Published by

Elsevier Ltd on behalf of IBRO.
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16INTRODUCTION

17Migraine is a painful, disabling neurological disease

18affecting up to 16% of the adult population in Western

19countries (Lipton et al., 2007). While the primary cause

20of migraine is still unknown, scientific research over the

21past three decades has established the neuropeptide cal-

22citonin gene-related peptide (CGRP) as a key player in

23the pathophysiology of migraine (Edvinsson, 2015b;

24Karsan and Goadsby, 2015). Clinical studies have shown

25that CGRP levels are elevated in the plasma and saliva

26during spontaneous migraine attacks (Goadsby et al.,

271990; Goadsby and Edvinsson, 1993; Gallai et al.,

281995; Juhasz et al., 2003) and restored to baseline after

29administration of triptan drugs coincident with pain relief

30(Goadsby and Edvinsson, 1993; Juhasz et al., 2003;

31Cady et al., 2009). Moreover, intravenous injection of

32CGRP induced a delayed migraine-like headache in

33migraineurs (Lassen et al., 2002). These findings led to

34the development and clinical proof of efficacy of

35small-molecule antagonists of the CGRP receptor

36(gepants) (Olesen et al., 2004; Ho et al., 2008, 2010;

37Connor et al., 2009; Diener et al., 2011; Hewitt et al.,

382011) and, more recently, monoclonal antibodies against

39CGRP and its receptor (Dodick et al., 2014a,b; Bigal

40et al., 2015a,b,c; Sun-Edelstein and Rapoport, 2016;

41Sun et al., 2016). Interestingly, even though migraine

42attacks are considered to originate in the brain

43(Akerman et al., 2011; Maniyar et al., 2014), monoclonal

44antibodies are unlikely to penetrate the blood–brain bar-

45rier (BBB) in clinically relevant concentrations (Dolgin,
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46 2013; Eftekhari et al., 2015; Lundblad et al., 2015). Fur-

47 ther, significant brain exposure of the small-molecule

48 antagonist telcagepant was not required for its anti-

49 migraine efficacy (Hostetler et al., 2013). Therefore, the

50 clinical efficacy of the novel CGRP and CGRP receptor

51 antagonists has re-ignited the debate about the site of

52 action of CGRP and its receptor in migraine (Edvinsson,

53 2015a).

54 CGRP and its receptor are widely expressed in the

55 central nervous system (CNS) and throughout the

56 trigeminovascular system (Eftekhari and Edvinsson,

57 2010; Raddant and Russo, 2011; Eftekhari et al., 2015,

58 2016). CGRP receptors are heteromeric complexes con-

59 sisting of the G-protein-coupled receptor calcitonin

60 receptor-like receptor (CLR) and the transmembrane pro-

61 tein receptor activity-modifying protein 1 (RAMP1)

62 (McLatchie et al., 1998; Archbold et al., 2011). A specific

63 CGRP antagonist ligand, 3H-MK3207, has been used for

64 autoradiographic localization of the CGRP receptor com-

65 plex, but does not provide cellular resolution (Eftekhari

66 et al., 2013a, 2016). Co-localization experiments with

67 antibodies against the individual receptor components

68 CLR and RAMP1 have been performed to map the CGRP

69 receptor at a cellular level in rats, rhesus monkeys, and

70 human tissues (Oliver et al., 2002; Marvizon et al.,

71 2007; Lennerz et al., 2008; Eftekhari et al., 2010;

72 Eftekhari and Edvinsson, 2011; Eftekhari et al., 2013a,b,

73 2015, 2016). Species differences and other discrepancies

74 exist between these studies. Therefore, further investiga-

75 tion of the binding sites of CGRP and CGRP receptor

76 antagonists is necessary.

77 In this study, we explored the potential of using

78 functional CGRP receptor antagonist antibodies to map

79 the localization of CGRP binding sites in tissues by

80 immunohistochemistry. We used two monoclonal human

81 immunoglobulin G1 (IgG1) antibodies, AA32 and AA58,

82 raised against a fusion protein of the extracellular

83 domains of CLR and RAMP1, which comprise the

84 CGRP binding pocket of the CGRP receptor (ter Haar

85 et al., 2010). Both antibodies bind to CGRP receptors

86 expressed by cells, inhibit CGRP-induced cyclic adeno-

87 sine monophosphate (cAMP) production in vitro, detect
88 a single band in Western blot, and specifically bind to cells

89 overexpressing CGRP receptors after fixation for

90 immunohistochemistry. We confirm antagonist antibody

91 binding to human dura and trigeminal ganglion. To further

92 map the binding sites of antagonist antibodies in the

93 trigeminovascular system, we used one of these antibod-

94 ies, AA32, on formalin-fixed, paraffin-embedded cynomol-

95 gus monkey tissues to improve resolution and

96 background staining due to non-specific binding to human

97 tissue epitopes.

98 EXPERIMENTAL PROCEDURES

99 Cells, tissues, and antibodies

100 Cell lines. All cell lines were obtained from the

101 American Type Culture Collection (ATCC, Manassas,

102 VA, USA) unless stated otherwise. Human

103 neuroblastoma (SK-N-MC) cells that endogenously

104express CGRP receptors were grown in minimum

105essential medium (MEM) containing 10% fetal bovine

106serum (FBS), 1% glutamine/penicillin/streptomycin,

107MEM non-essential amino acids (NEAA), and MEM

108sodium pyruvate. Michigan Cancer Foundation-7 (MCF-

1097) epithelial cells that endogenously express amylin

110receptors were cultured in Eagle’s MEM plus the same

111additives as for the SK-N-MC cells. Stable human

112CGRP receptor and human adrenomedullin-1 receptor

113expressing cells were generated by co-transfection of

114CLR and RAMP1 into human embryonic kidney (HEK)

115293 cells and CLR and RAMP2 cDNAs into HEK/EBNA

116cells (Amgen Inc., Thousand Oaks, CA, USA),

117respectively. HEK cells were cultured in Dulbecco’s

118modified Eagle’s medium, 5% FBS, 1% glutamine/penicil

119lin/streptomycin, MEM NEAA, MEM sodium pyruvate,

120200 lg/mL ZeocinTM, 250 lg/mL GeneticinTM (G418), and

121200 lg/mL hygromycin. Chinese hamster ovary (CHO)

122cell lines (PerkinElmer, Waltham, MA, USA) stably

123expressing human adrenomedullin-2 receptors were

124grown in Ham’s F12, 10% FBS, 1% glutamine/penicillin/

125streptomycin, 10 lg/mL Blasticidin, and 400 lg/mL

126G418. For immunohistochemistry experiments, 3 � 106

127cells were injected into collaplugsTM (Zimmer Dental Inc.,

128Warsaw, IN, USA) and fixed in ice-cold 4%

129paraformaldehyde in phosphate-buffered saline (PBS),

130pH = 7.4, for 1 h, cryoprotected with 30% sucrose

131overnight at 4 �C, and sectioned at 12 lm using a

132cryostat.

133Frozen human tissue. Human specimens were

134obtained from the University Hospital in Lund. Human

135meningeal vessels were obtained in conjunction with

136neurosurgery operations for tumor removal or epilepsy

137(n= 4: two male and two female patients ages between

13848 and 72 years; diameter 0.6–1 mm), and human

139subcutaneous vessels were obtained in conjunction with

140surgical removal of excess of skin (n= 4). The

141specimens were put in buffer solution and immediately

142transported to the laboratory for fixation in 4% formalin.

143Human trigeminal ganglia were removed at autopsy

144from three patients (who died of a non-cerebral cause)

145within 24 h of death. The vessels with adjacent tissue

146and the trigeminal ganglia were fixed in 4%

147paraformaldehyde in PBS (Sigma–Aldrich, St. Louis,

148MO, USA) for 4 h, cryoprotected by sucrose series, and

149sectioned at 10 lm using a cryostat as described

150previously (Edvinsson et al., 2010; Eftekhari et al.,

1512010). The tissues were removed in accordance with

152the University of Lund Ethics permission (LU99). In addi-

153tion, the resected vessels were used with written consent

154from the living patients as described previously

155(Edvinsson et al., 2010).

156Paraffin cynomolgus monkey tissue. The

157supratentorial dura mater, medulla, and trigeminal

158ganglia, including processes and sphenopalatine

159ganglia, from three adult male cynomolgus monkeys

160(Macaca fascicularis) were procured from Covance

161(Madison, WI, USA). Tissue samples were preserved in

16210% neutral buffered formalin and embedded in paraffin.
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