
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

 

 
 

 

 

King’s Research Portal 
 

DOI:
10.1016/j.tips.2023.07.003

Document Version
Peer reviewed version

Link to publication record in King's Research Portal

Citation for published version (APA):
Rees, T. A., Labastida-Ramírez, A., & Rubio-Beltrán, E. (2023). Calcitonin/PAC

1
 receptor splice variants: a blind

spot in migraine research. Trends in Pharmacological Sciences, 44(10), 651-663.
https://doi.org/10.1016/j.tips.2023.07.003

Citing this paper
Please note that where the full-text provided on King's Research Portal is the Author Accepted Manuscript or Post-Print version this may
differ from the final Published version. If citing, it is advised that you check and use the publisher's definitive version for pagination,
volume/issue, and date of publication details. And where the final published version is provided on the Research Portal, if citing you are
again advised to check the publisher's website for any subsequent corrections.

General rights
Copyright and moral rights for the publications made accessible in the Research Portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognize and abide by the legal requirements associated with these rights.

•Users may download and print one copy of any publication from the Research Portal for the purpose of private study or research.
•You may not further distribute the material or use it for any profit-making activity or commercial gain
•You may freely distribute the URL identifying the publication in the Research Portal
Take down policy
If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing details, and we will remove access to
the work immediately and investigate your claim.

Download date: 26. Dec. 2024

https://doi.org/10.1016/j.tips.2023.07.003
https://kclpure.kcl.ac.uk/portal/en/publications/6f5ea67d-e6d4-48d8-a4a6-b03020520f1e
https://doi.org/10.1016/j.tips.2023.07.003


Highlights  

• Amylin, pituitary adenylate cyclase-activating polypeptide (PACAP) and their 

receptors contribute to migraine pathogenesis and are additional novel targets 

yet to be clinically exploited.  

• The amylin receptor subunit, the calcitonin (CT) receptor, and the PACAP 

receptor (PAC1) splice variants are expressed in migraine-relevant sites in the 

central and peripheral nervous system.  

• The CT and PAC1 splice variants display unique structural, pharmacological 

and behavioral properties. However, there are limited studies examining how 

drugs (approved and in development) targeting these receptors act 

comparatively at their variants. 

• Tissue- and disease-specific expression of the receptor variants has been 

observed and expression may be influenced by sex hormones.  

• Targeting specific CT or PACAP receptor splice variants could provide 

additional therapeutic benefit to migraine patients.  

 

Highlights



Outstanding Questions  

● Which splice variants are present in migraine-relevant structures? 

● Do the variants activated and targeted in preclinical models translate to migraine 

patients? 

● Do splice variants contribute to migraine pathophysiology equally, or do specific 

variants have a greater involvement? 

● Would targeting specific variants improve therapeutic safety, as both PACAP and 

CGRP have protective roles in the cardiovascular system? 

● Do the variants display different signalling or behavioral profiles, such as biased 

signalling or upregulation in disease states, which can be exploited to improve 

clinical outcomes? 

 

Outstanding Questions
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Abstract: 19 

The neuropeptides calcitonin gene-related peptide (CGRP), pituitary adenylate cyclase-20 

activating peptide (PACAP), and their receptors are linked to migraine neurobiology. Recent 21 

antimigraine therapeutics targeting these neuropeptides signaling are effective, however, some 22 

patients respond sub-optimally, indicating an incomplete understanding of migraine 23 

pathophysiology. The CGRP- and PACAP-responsive receptors can be differentially spliced. It 24 

is known that receptor splice variants can have different pathophysiology in other receptor-25 

mediated pain pathways. Despite considerable knowledge of the structural and pharmacological 26 

differences of the CGRP- and PACAP-responsive receptor splice variants and their expression 27 

in migraine-relevant tissues, their role in migraine is rarely considered. Here we shine a spotlight 28 

on the calcitonin and PAC1 receptor splice variants and examine what implications they may 29 

have for drug activity and design. 30 

31 
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Calcitonin and PAC1 receptor splice variants, emerging antimigraine targets 33 

In the last 30 years, two key neuropeptides, calcitonin gene-related peptide (CGRP) and pituitary 34 

adenylate cyclase-activating polypeptide (PACAP; see glossary), have been identified as 35 

playing a role in craniofacial pain modulation and migraine pathophysiology  [1, 2] (Box 1). The 36 

past five years have seen the rapid development and approval of several antimigraine drugs 37 

targeting CGRP or its receptor, providing relief for many individuals [3]. However, up to 40-50% 38 

of migraine patients do not benefit from CGRP-targeted therapies. Furthermore, despite 39 

promising data in pre-clinical models, an antibody targeting the PAC1 receptor failed to show 40 

efficacy in human trials [4-6]. This highlights that our current understanding of migraine 41 

pathophysiology is incomplete, and that further research into the molecular mechanisms could 42 

address this significant unmet clinical need. 43 

44 

Studies have shown that a subunit of a CGRP-responsive receptor, the calcitonin receptor 45 

(CTR), and the PAC1 receptor (see glossary) are promising targets for the treatment of migraine. 46 

However, it is important to consider that both of these receptors can be differentially spliced, with 47 

variants observed or speculated to be expressed in migraine-relevant tissues (Figure 1) [7-9]. 48 

Despite this, the presence and potential role of these splice variants in pain and migraine are 49 

rarely considered. Given that the splice variants differ between species and have differences in 50 

pharmacology, regulation, and signaling, we believe the lack of consideration is an oversight in 51 

the current field of migraine research, both in the context of pharmacological tools and 52 

therapeutic design [10-12]. Additionally, many splice variants have differences in structure, 53 

including the absence and addition of amino acids in the extracellular and juxtamembrane 54 

domains, which could affect the efficacy of novel therapeutics targeting these regions [13, 14]. 55 

Recently, research of other G protein-coupled receptors (GPCR, see glossary), such as the μ-56 

opioid receptor, has proven to be a successful strategy to reveal and refine analgesic targets 57 

with fewer side effects [15-17]. 58 

59 

Given the rapid development of CGRP-targeted therapies and the recent failure of the anti-PAC1 60 

receptor antibody, AMG301, here we aim to shine a spotlight on the importance of researching 61 

CGRP- and PACAP-responsive receptor splice variants. We hope that highlighting the presence 62 

of these splice variants and their possible role in migraine will encourage the scientific community 63 
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and pharmaceutical companies to consider these receptor splice variants when researching the 64 

underlying mechanisms of migraine pathophysiology and in the drug development pipeline. 65 

66 

Calcitonin receptor splice variants in migraine 67 

Beyond the canonical CGRP receptor 68 

Studies consistently support the role of CGRP in migraine headache pathophysiology [18]. 69 

However, the CGRP signaling pathway is complex, and current therapies only target one 70 

receptor, whereas multiple receptors can be activated by CGRP (Figure 2A). The key CGRP-71 

responsive receptors in humans are: the "canonical" CGRP receptor, a heterodimer of calcitonin 72 

receptor-like receptor (CLR) and receptor activity-modifying protein  (RAMP) 1, and the amylin 73 

1 (AMY1) receptor (see glossary), comprised of the CTR and RAMP1, which form high-affinity 74 

receptors for CGRP [19]. Interestingly, the AMY1 receptor is a dual receptor that is also potently 75 

activated by amylin, a neuroendocrine hormone closely related to CGRP, which has recently 76 

been linked to migraine pathophysiology [19-21]. The adrenomedullin receptors (AM1 and AM2) 77 

and AMY receptors (AMY2 and AMY3), comprised of RAMP2 and RAMP3 with CLR and CTR, 78 

respectively, can also be activated by CGRP but to a much lesser extent (Figure 2A), and their 79 

physiological relevance is currently unclear. 80 

81 

Several recent discoveries suggest that the AMY receptors, such as the AMY1 receptor, play a 82 

role in migraine pathophysiology. The AMY1 receptor subunits are reported to be expressed in 83 

many migraine-relevant sites, including trigeminal fibers, trigeminal ganglia (TG) and spinal 84 

trigeminal nucleus (STN) neurons and vasculature [7, 22, 23]. Infusion of an AMY receptor 85 

agonist, pramlintide, can induce migraine-like attacks, and pharmacological data indicate the 86 

presence of functional amylin receptors in rodent trigeminal ganglia cultures [20, 24]. 87 

Interestingly, AMY receptors may not be acting solely as CGRP-responsive receptors, as there 88 

is emerging evidence suggests that amylin itself could also play a role in migraine. For example, 89 

amylin was elevated in the plasma of chronic migraine patients, indicating that it may be released 90 

during migraine attacks, similar to CGRP [21, 25]. Therefore, it is possible that AMY receptors 91 

may underlie both CGRP-dependent and -independent mechanisms in migraine. 92 

93 

The exact mechanism by which AMY receptors contribute to trigeminovascular activation and 94 

sensitization is yet to be elucidated, however, recent studies are beginning to provide clues. For 95 
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example, pramlintide infusion in migraine patients induced limited facial flushing and temporal 96 

artery dilation [20]. In addition, an increase in mean arterial pressure was observed [20]. Overall, 97 

this indicates pramlintide infusion had minimal vasodilatory effects, and the resultant migraine-98 

like attacks were not exclusively reliant on dilation of the cranial vasculature [20]. Another clue 99 

to determining the molecular contributions of AMY receptors in migraine is the frequent co-100 

expression of CTR with CGRP in TG C-fiber neurons [7]. This suggests that CGRP could activate 101 

these AMY receptors in an autocrine fashion to mediate trigeminovascular activation and/or 102 

sensitization [7]. Furthermore, CGRP has previously been shown to upregulate its expression in 103 

an autoregulatory and autocrine way [25, 26]. The upregulation of CGRP is involved in migraine 104 

chronification and cannot be eliminated by CGRP receptor-specific antagonists [25-27]. AMY 105 

receptors could mediate this process. Overall, the evidence suggests that multiple potential 106 

mechanisms drive AMY receptor-mediated activity in the trigeminovascular system, providing 107 

novel targets for migraine therapeutics. 108 

109 

Unfortunately, at present, there are no AMY receptor-specific antagonists under development 110 

for the treatment of migraine. Many of the current therapeutics, such as erenumab and the 111 

gepants, target the canonical CGRP receptor, potently blocking receptor activation. Remarkably, 112 

these drugs also have some ability to act at the AMY1 receptor, although they are 30- to 270-113 

fold less potent at blocking CGRP at the AMY1 receptor than at the CGRP receptor [28-30]. 114 

Circulating concentrations of erenumab and gepants are unlikely to effectively block the AMY1 115 

receptors present in migraine-relevant sites; although, it is worth noting that the concentration at 116 

the site of action is unknown [31]. This may explain why some patients have a limited response 117 

to these therapeutics, particularly if there is any individual variation in the AMY or CGRP 118 

receptors contribution to trigeminovascular activation and sensitization [20]. The development of 119 

therapeutics which specifically target the AMY1 receptor to block the nociceptive actions of 120 

CGRP, and potentially amylin, could be an exciting area of opportunity to address the gaps in 121 

existing migraine treatments, particularly for the patients who experience limited relief from their 122 

current regiment. 123 

124 

Considering CTR splice variants in migraine therapeutic design 125 

Unlike the CLR gene (CALCRL), there are several human (hCTR) and rodent (rCTR) CTR 126 

isoforms which arise from alternative splicing of the CALCR gene (Figure 2B, C). These CTR 127 
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splice variants exhibit a wide array of structural variations, including longer (o-hCT) or shorter 128 

extracellular domains (hCT(Δ1-47)), inserts in the intracellular (hCT(b)) or extracellular (rCT(b)) 129 

loops, and premature terminations in the transmembrane helices (hCT5, hCT6) [32-36]. The 130 

existence of a diverse complement of CTR isoforms has long been established in the literature; 131 

however, the majority of studies focus on the human and rodent CT(a) variant, which contains no 132 

insertions or deletions and is considered the "reference" sequence (Figure 2B, C). Consequently, 133 

the physiological relevance of each isoform is yet to be elucidated. It is also unclear whether 134 

targeting one or more variants is optimal or inhibiting the activity of a particular variant could 135 

have unintended side effects. 136 

137 

CTR splice variants display not only unique structural differences but also complex 138 

pharmacological and behavioral profiles, alone and as part of AMY receptors [7, 34, 37, 38] 139 

(Figure 2D, Table 1). These isoforms could make distinct contributions to nociceptive signaling 140 

that could mechanistically underlie different sensitivities to amylin, CGRP, and antimigraine 141 

treatments. For example, when the hCT(Δ1-47) variant is part of an AMY1 receptor, it has a 142 

significantly increased activation of cAMP signaling in response to CGRP and amylin, compared 143 

to when an AMY1 receptor is formed with hCT(a) [32]. AMY1(Δ1-47) receptors expressed in 144 

migraine-relevant tissues could mediate amylin or CGRP sensitivity through elevated hyper-145 

excitability of neurons, resulting from increased cAMP signaling [32, 39, 40]. In addition, 146 

antagonists have reduced efficacy at the AMY1(Δ1-47) receptor, likely due to the absence of the 147 

first 47 amino acids containing residues and a glycosylation site important for binding [32, 41]. 148 

Therefore, AMY1(Δ1-47) receptors may also underlie the poor effect of antagonists for some 149 

migraine patients. 150 

151 

Another variant speculated to play an important role in the trigeminovascular system is the hCT(b) 152 

variant [7]. This variant maintains agonist affinity but has reduced cAMP and calcium signaling, 153 

likely due to the additional 16 amino acids in ICL1 sterically interfering with G-protein binding 154 

[14, 29, 37]. Interestingly, the 16 amino acid insert does not appear to impact the potent induction 155 

of ERK1/2 phosphorylation [33]. Phosphorylated ERK is reported to be a key signaling molecule 156 

in CGRP-induced nociception, with ERK1/2 specific inhibitors suppressing neuronal excitation 157 

in rat spinal neurons [42, 43]. Activation of hCT(b)-based AMY receptors may promote and bias 158 

signaling towards this pro-nociceptive molecule. Interestingly, the hCT(b) receptor isoform has 159 
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lower rates of internalization relative to hCT(a) [33, 44], which have been reported to be important 160 

in CGRP receptor-mediated nociceptive signaling [42]. Nevertheless, the dimerization of hCT(a) 161 

with RAMP1 significantly decreases receptor internalization with no reduction in activation of 162 

signaling pathways [30, 45, 46]. Therefore, it is unclear what effect the different regulatory 163 

profiles of the CTR isoforms might have on AMY receptor function in vivo. 164 

165 

While multiple CTR isoforms have been observed in the sites important to migraine, such as the 166 

trigeminovascular system of rodents (including the TG), as well as the brainstem, hypothalamus 167 

and cortex, the expression profiles of the CTR splice variants largely remain unknown [7, 34, 168 

37]. Determining the relative distribution and abundance of the CTR throughout the body could 169 

help shed light on which isoform(s) are the best candidates to target and which may lead to 170 

unwanted side effects. For example, hCT(Δ1-47) mRNA was identified in multiple brain regions 171 

and in the kidney, where it is involved in calcium secretion [39]. This suggests that blocking this 172 

variant could have off-target effects on kidney function and calcium homeostasis. Future studies 173 

should focus on delineating where each of the specific variants is expressed and may be 174 

potentially contributing to pain transmission or sensitization. In addition, most studies examining 175 

isoform expression focus on rodents that do not express human CTR variants, making 176 

translational inferences difficult [34, 38]. Research using humanized CTR rodent models could 177 

bridge this translational gap, allowing in-depth examination into the distribution of human CTR 178 

isoforms and analysis of the impact of activation or inhibition of these isoforms on nociception in 179 

health and disease [47]. 180 

181 

PACAP: an emerging target in migraine 182 

Despite the great advances in our understanding of migraine headache pathophysiology, a high 183 

percentage of patients do not benefit from current antimigraine treatment options; therefore, 184 

novel pharmacological targets are needed. Due to the ability of PACAP to induce migraine-like 185 

attacks and its location in structures previously associated with migraine pathophysiology 186 

(Figure 1), attention was drawn to this neuropeptide and its potential role as a promising target 187 

for migraine treatment [48-51]. 188 

189 

AMG301, a cautionary tale 190 
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In order to develop effective drugs that target the PACAP-signaling pathway, it is important first 191 

to understand its pharmacology. PACAP belongs to a wider family of peptides that also 192 

comprises the Vasoactive Intestinal Peptide (VIP) [52]. These peptides act via three receptors, 193 

the PAC1, VPAC1 and VPAC2 receptors [52, 53]. While PACAP and VIP bind to both VPAC1/2 194 

receptors with similar affinity, PACAP has exhibited a 100-fold higher activity than VIP at the 195 

PAC1 receptor (Figure 3A). As PACAP, but not VIP, induced migraine-like attacks in the initial 196 

infusion studies, it was widely accepted in the field that the receptor involved in migraine was 197 

the PAC1 receptor [54], and an antibody against this receptor (AMG301) was developed for the 198 

preventative treatment of migraine, with no positive results [51, 55]. 199 

200 

Even though the failure of AMG301 in Phase II trials was unfortunate [55], it was not entirely 201 

unexpected. Alternative splicing of the PAC1 receptor gene results in several receptor variants 202 

with different ligand-binding properties (Table 1, Figure 3B, C) [56, 57]. Currently, more than 12 203 

variants have been described, characterized by shorter extracellular domains (PAC1s, PAC1vs), 204 

inserts in an intracellular loop important for G-protein interaction (PAC1hip, PAC1hop1, PAC1hop2, 205 

PAC1hiphop1, PAC1hiphop2) and/or discrete sequences located in transmembrane domains 206 

(PAC1TM4); yet, most studies focus on PAC1null, a receptor variant with no insertions or deletions 207 

[56]. Therefore, while the amino acid sequence recognized by AMG301 was never disclosed, 208 

one could speculate that if this antibody was developed based on the structure of the PAC1null 209 

receptor variant, expression of a variant with a shorter extracellular domain in migraine-relevant 210 

structures would result in a lack of binding and, subsequently, of efficacy. In line with this, studies 211 

have reported the presence of mRNA of the PAC1s receptor variant in the trigeminal ganglion of 212 

rodents [58]. It would be interesting to assess whether the infusion of PACAP or VIP triggers 213 

vasodilation of the middle meningeal artery, correlating with the onset of a migraine-like attack, 214 

in patients who did not respond to AMG301. This could further suggest that the antibody does 215 

not bind the receptor due to the presence of receptor variants with deletions in the extracellular 216 

domain (i.e., PAC1s/vs). 217 

218 

A question that arises from the lack of efficacy of AMG301 is whether pre-clinical studies could 219 

have predicted this. Interestingly, intravenous administration of a rodent-specific PAC1 receptor 220 

antibody (Ab181) inhibited the nociceptive responses to dural stimulation [6], a model that has 221 

proven highly predictive for pharmacological screening of potential antimigraine compounds. 222 



8 

Nonetheless, similar to AMG301, the amino acid sequence recognized by Ab181 was not 223 

disclosed, and the splice variant involved was never evaluated. Based on mRNA studies, PAC1s 224 

and PAC1hiphop receptor variants have been described in the rodent trigeminovascular system; 225 

however, it is not yet clear whether these variants are expressed in the trigeminovascular system 226 

of humans and, more specifically, of migraine patients. This adds a new layer to the complexity 227 

of targeting receptor splice variants, since it is not yet known whether there are species-specific 228 

expression differences in migraine-relevant structures, which may have also contributed to this 229 

translational challenge. 230 

231 

Refining our understanding of the role of PAC1 receptor variants in migraine 232 

Alternative splicing of the PAC1 receptor results in different profiles of ligand-binding properties 233 

(Table 1, Figure 2D). Understanding this can improve our knowledge of the role of the PACAP-234 

responsive receptors in migraine pathophysiology. In line with this, recent studies have shown 235 

that VIP is a more potent agonist at the PAC1s receptor than at the PAC1null receptor (Figure 3D) 236 

[59], suggesting that, in fact, PACAP is not as selective for the PAC1 receptor as previously 237 

thought. Remarkably, a recent study showed that infusion of VIP also provokes migraine-like 238 

attacks [4], which could be mediated via activation of the VPAC1/2 receptors or a splice variant 239 

of the PAC1 receptor with affinity for VIP. Since all three receptors have been reported in 240 

trigeminal ganglia [60], this broadens the therapeutic target options but requires properly 241 

designed studies to evaluate the receptor(s) behind the actions of these peptides. For this, it is 242 

important to consider the properties and limitations of current pharmacological tools. For 243 

example, all the antagonists of the VPAC1/2 and PAC1 receptors (i.e. PG 97-269, PACAP6-38 and 244 

M65) have displayed ligand-dependent antagonism, being more effective at inhibiting VIP-245 

mediated responses than PACAP-mediated [59]. More importantly, for the PAC1 receptor, M65 246 

and PACAP6-38, have long been considered its antagonists [61, 62]; however, in rodent trigeminal 247 

ganglia primary cultures both have been shown to behave as agonists [63]. Therefore, for studies 248 

in pre-clinical models of migraine, where the trigeminovascular system is fundamental, there is 249 

an urgent need for novel pharmacological tools that allow us to characterize the different 250 

PACAP-responsive receptors. 251 

252 

Besides the differences in ligand-binding properties, the PAC1 receptor splice variants couple to 253 

different signaling pathways (Figure 3D). While binding to Gs protein is considered the 254 
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predominant pathway, the PAC1 receptor can also couple to Gq proteins [59]. This is particularly 255 

relevant in migraine where cAMP accumulation can lead to vasodilation, whereas hydrolyzation 256 

of phosphatidylinositol phosphate would result in vasoconstriction. Although the role of 257 

vasculature in migraine headache is still a highly debated topic, provocation studies have 258 

consistently shown vasodilatory responses after PACAP and, more recently, after continuous 259 

VIP infusion [4, 54, 64], suggesting that in migraine patients activation of a Gs-coupled receptor 260 

variant is likely. Future studies should not only assess the splice variants expressed in the 261 

different components of the trigeminovascular system, but also determine the predominant 262 

signaling pathways since it is not unlikely that more than one receptor splice variant is expressed 263 

in the same structure. 264 

265 

Are neuropeptide-targeting antibodies the solution? 266 

Due to the promising role of PACAP in migraine pathophysiology and the failure of AMG301 in 267 

clinical trials, an antibody against PACAP was developed (Lu AG09222) with positive preliminary 268 

results [65]. As seen with the antibodies against CGRP, neuropeptide-targeting antibodies offer 269 

a novel therapeutic approach when receptor pharmacology is complex. However, this should not 270 

discourage the development of novel antagonists for scientific and therapeutic reasons. As seen 271 

with the μ-opioid receptor [16], understanding the pharmacology and expression profile of the 272 

PAC1 receptor splice variants and their role in migraine pathophysiology could lead to the 273 

successful refinement and development of novel antimigraine drugs with fewer adverse effects. 274 

275 

Further considerations and unanswered questions regarding the CTR and PAC1 splice 276 

variants in migraine 277 

There is currently limited information on which isoforms are expressed in migraine-relevant sites, 278 

with even less known about their presence in the vasculature (Figure 3). However, it would not 279 

be unexpected for multiple variants to be present or for the expression of particular variants to 280 

change during disease [8]. Indeed, tissue-, pain- and disease-specific expression of the PAC1 281 

isoforms has previously been observed [8, 66, 67]. If a drug has varying ability to interact with 282 

different splice variants, then sub-optimal or excess efficacy could occur. This might also 283 

contribute to the diverse side-effect profiles between similar groups of drugs (e.g., CGRP 284 

receptor antagonists have different constipation rates [68]). Targeting a predominantly neuronal 285 

splice variant might be beneficial for treating migraine, especially in patients with preexisting 286 
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cardiovascular risk factors, where blocking vascular neuropeptide receptors, such as the CGRP 287 

and PACAP receptors, is not recommended. 288 

289 

It is important to consider the full complement of receptor splice variant expression in tissues, 290 

not just their individual expression. Combinatorial expression of receptor isoforms appears to 291 

modify signaling profiles, with different combinations of receptor variants demonstrating 292 

synergistic enhancement in the amount and rate of signaling or promoting bias, which could 293 

result in a different pharmacological action compared to that expected if characterized at the 294 

"canonical" receptor alone [8]. Under this paradigm, for example, co-expression of hCT(a) and 295 

hCT(b) receptors could bias signaling towards ERK1/2, a pro-nociceptive molecule. 296 

297 

Data indicating sex-dependent responses to CGRP, amylin and PACAP are beginning to emerge 298 

in migraine and other conditions [20, 69-72]. There may be different populations of receptor 299 

variants expressed in males and females that could mediate this susceptibility in both healthy 300 

and diseased states. In line with this, differences in the expression of CTR and PAC1 receptor 301 

variants between the sexes have been observed [7, 73]. Certainly, female sex hormones play a 302 

role in migraine pathophysiology, with hormonal fluctuations influencing CGRP release and 303 

migraine attack occurrence during different reproductive milestones, such as menstruation, 304 

pregnancy, and menopause [74, 75]. However, this may also be partially mediated by changes 305 

in receptor expression, as upregulation of CT and PAC1 receptors in response to sex hormones 306 

has recently been observed [76, 77]. Given the profound differences in migraine prevalence in 307 

males and females, it is crucial to determine what population of receptors, including variants, are 308 

present and whether they mechanistically contribute to migraine pathophysiology. 309 

310 

Another consideration is how environmental factors, such as circadian rhythm, sleep, other 311 

medications, and age, may affect the expression or signaling of the receptor variants and 312 

whether this alters the efficacy of migraine drugs. For example, pain sensitivity appears to be 313 

closely linked to circadian rhythm and sleep debt, with a greater sensitivity observed at night 314 

[78]. Interestingly, patients who primarily experience migraine in the evening had greater brain 315 

activity during a migraine attack than those who experience migraine in the morning [79]. It is 316 

unknown whether this is due to neurons regulated by circadian rhythm altering the integration of 317 

sensory information in the brain or changes in receptor expression and signaling. 318 
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319 

Finally, several animal models of migraine have been developed throughout the last decades, 320 

which allowed us to increase our understanding of migraine pathophysiology and successfully 321 

identify drug targets, such as CGRP, and evidence of the translation potential of these models 322 

[80]. Although mice and rats are the most used pre-clinical models, the rodent CT and PAC1 323 

receptor isoforms are poorly characterized. This may lead to incorrect inferences between 324 

species and non-significant antimigraine properties. Humanized rodent models of migraine 325 

harboring CGRP- or PACAP-responsive receptor splice variants might reduce these 326 

translational issues. Previously, humanized CTR mice have been generated; however, splice 327 

variants were not examined [47]. 328 

329 

Concluding Remarks and Future Perspectives 330 

The past years have marked an exciting time for the research of GPCRs and migraine with the 331 

approval of several CGRP system-targeted treatments and the positive preliminary results of 332 

LU AG09222, an antibody directed against PACAP. Equally, there have been disappointments, 333 

such as the AMG301 antibody against the PAC1 receptor being ineffective in migraine 334 

prevention. Despite these advances, there is still a limited understanding of the molecular 335 

contributions of these receptors in migraine pathophysiology or why some patients receive little 336 

to no benefit from the currently approved therapeutics. In this review, we have looked beyond 337 

the "canonical" CGRP and PACAP-responsive receptor variants and considered the role(s) the 338 

other splice variants may have in migraine (Figure 4). 339 

340 

Determining which variants are expressed in migraine-relevant sites and how they might 341 

contribute to trigeminal nociceptive transmission or sensitization is a major gap in our knowledge 342 

(see Outstanding Questions). Investigating the expression of these receptors is complicated as 343 

tools, such as antibodies and ligands, tend not to be sufficiently selective between the splice 344 

variants or are poorly validated and characterized. Techniques including mass spectrometry and 345 

single-cell RNA-Seq have proven effective in illuminating the distribution of GPCR splice 346 

variants, identifying disease-, tissue- and cell-specific receptor expression [8, 81, 82]. They could 347 

be employed to determine the relative abundance of splice variants in migraine-relevant sites. 348 

Similarly, genetic approaches such as tissue-specific knockdown or upregulation of splice 349 

variants in animal models could help untangle the contribution of each isoform. 350 
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 351 

Understanding the role of each receptor variant is important not only for migraine but also for 352 

other conditions where these peptides and receptors are clinically relevant, such as 353 

cardiovascular and metabolic diseases. Determining which variant(s) can be best exploited for 354 

therapeutic gain could enhance efficacy, reduce off-target effects and lead to more personalized 355 

medicine. In conclusion, it is essential to consider receptor variants not only when developing 356 

therapies targeting the amylin and PACAP receptors but all GPCRs with isoforms. 357 
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Highlights  566 

• Amylin, pituitary adenylate cyclase-activating polypeptide (PACAP) and their receptors 567 

contribute to migraine pathogenesis and are additional novel targets yet to be clinically 568 

exploited.  569 

• The amylin receptor subunit, the calcitonin (CT) receptor, and the PACAP receptor (PAC1) 570 

splice variants are expressed in migraine-relevant sites in the central and peripheral 571 

nervous system.  572 

• The CT and PAC1 splice variants display unique structural, pharmacological and behavioral 573 

properties. However, there are limited studies examining how drugs (approved and in 574 

development) targeting these receptors act comparatively at their variants. 575 

• Tissue- and disease-specific expression of the receptor variants has been observed and 576 

expression may be influenced by sex hormones.  577 

• Targeting specific CT or PACAP receptor splice variants could provide additional 578 

therapeutic benefit to migraine patients.  579 

 580 

Outstanding Questions  581 

● Which splice variants are present in migraine-relevant structures? 582 

● Do the variants activated and targeted in pre-clinical models translate to migraine patients? 583 

● Do splice variants contribute to migraine pathophysiology equally, or do specific variants have 584 

a greater involvement? 585 

● Would targeting specific variants improve therapeutic safety, as both PACAP and CGRP have 586 

protective roles in the cardiovascular system? 587 

● Do the variants display different signaling or behavioral profiles, such as biased signaling or 588 

upregulation in disease states, which can be exploited to improve clinical outcomes? 589 

 590 

Glossary 591 

AMY1: formed by CTR and RAMP1 and is a dual receptor for CGRP and amylin.  592 

Amylin: 37 amino acid hormone that is co-secreted from the pancreas in response to food intake 593 

to promote satiety and hypoglycemia.  594 

CGRP: 37 amino acid neuropeptide that is highly expressed in sensory nerves. Two variants of 595 

CGRP exist, α and β, which are derived from distinct genes.  596 



18 

CLR: the calcitonin-like receptor is a class B GPCR, closely related to the CTR. Has no known 597 

splice variants. 598 

Cranial meninges: refers to the three layers of membranes that envelope and protect the brain. 599 

From superficial to deep, the meninges are the dura mater, arachnoid mater, and pia mater. 600 

CTR: the calcitonin receptor, which has multiple splice variants. It can interact with the three 601 

RAMPs to generate three amylin receptors. Has multiple splice variants. 602 

GPCR: G protein-coupled receptor, a family of ~ 800 members characterized by seven 603 

transmembrane domains, an extracellular N-terminus, three extracellular and intracellular loops, 604 

and an intracellular C terminal region. Class B GPCRs have a comparatively large N-terminus 605 

which participates in peptide hormone binding. The juxtamembrane domain (extracellular loops 606 

and transmembrane helices on the extracellular face) contains the residues which interact with 607 

the peptide to activate the GPCR. The intracellular loops, C-terminus and transmembrane 608 

helices 609 

PAC1: pituitary adenylate cyclase-activating polypeptide 1 receptor. Has multiple splice variants 610 

and can interact with intracellular signaling molecules to exert their (patho)physiological effects. 611 

PACAP: a neuropeptide that is highly expressed in sensory nerves. Two variants exist, a 38 612 

amino acid (PACAP-38) and 27 amino acid (PACAP-27) variant encoded by the same gene. 613 

Receptor splice variants: Alternative splicing of the exons encoding a receptor results in different 614 

exon combinations at the mRNA level and, consequently, multiple isoforms of the receptor when 615 

translated to protein. 616 

RAMP: receptor activity-modifying protein, a single transmembrane protein with a large 617 

extracellular N-terminus and small intracellular C-terminus. Three known RAMPs (RAMP1, 618 

RAMP2 and RAMP3) interact with GPCRs and alter their pharmacology and behavior. 619 

Sensitization: refers to an increased responsiveness of sensory neurons to either normal or 620 

sub-threshold afferent inputs 621 

Trigeminal afferents: refers to trigeminal neurons that carry sensory information from the face, 622 

mouth, nasal sinuses and meninges. 623 

Trigeminovascular system: consists of pseudounipolar neurons peripherally innervating the 624 

cranial meninges and their associated blood vessels, whose somas are in the trigeminal ganglion 625 

and centrally projecting axons to the trigeminocervical complex that transmits nociceptive signals 626 

to the thalamus and higher-order cortical areas. 627 

628 
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Box 1: Current understanding of migraine 629 

Migraine is a neurological disorder that affects approximately 15% of the population, with a 630 

twofold or threefold higher prevalence in females than males [83]. According to the Global 631 

Burden of Disease initiative, migraine is highly disabling and represents the second cause of 632 

global disability and first among women under 50 years of age [83, 84]. Although the exact 633 

mechanisms underlying the onset of migraine remain unclear, it has been established that the 634 

development of a migraine headache is mediated by the activation and sensitization of the 635 

trigeminovascular system [18, 85], a functional pathway of sensory neurons innervating the 636 

cranial meninges (see glossary).637 



20 
 

Tables 

Receptor Variation Effect Comment Reference 

 hCTR (hCT(a) reference) 

hCT(b) 16 amino acid insert in ICL1 

- peptide binding 

↓ signaling (cAMP/Ca2+) 

- signaling (ERK1/2) 

↓ internalization 

+ RAMPs: amylin and CGRP 

binding and potency similar to 

hCT(a) + RAMPs 

[33, 86] 

hCT(Δ1-47) 
Deletion of first 47 amino acids 

from the N-terminus 

↓ Peptide binding 

↓/↑ signaling (cAMP) 

↓ expression  

+ RAMP1: amylin and CGRP 

potency similar/increased 

compared to hCT(a)+RAMP1 

[32] 

o-hCT 
Extended signal sequence (18 

amino acids) 

↑ peptide binding 

↓ signaling (cAMP) 

Reduced potency and maximal 

cAMP response. 

Interaction with RAMPs unknown 

[36] 

hCT5 Premature stop codon in TM4 
↓ peptide binding 

↓ signaling (cAMP) 
Interaction with RAMPs unknown [35] 

hCT6 
Premature stop codon in TM + 

16 amino acid insert in ICL1 

↓ peptide binding 

↓ signaling (cAMP) 
Interaction with RAMPs unknown [35] 

 rCTR (rCT(a) reference) 

rCT(b) 37 amino acid insert in ECL1 
↓ peptide binding 

↓ signaling (cAMP) 
Interaction with RAMPs unknown [34, 87] 

 hPAC1 (hPAC1n reference) 

hPAC1 SV1 28 amino acid insert in ICL3 
↑ peptide binding (VIP) 

-/↑ signaling (cAMP, VIP) 
In rodents PAC1hip [11, 56] 
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hPAC1 SV2 28 amino acid insert in ICL3 
- peptide binding 

↑ signaling (Ca2+) 
In rodents PAC1hop [14, 56] 

hPAC1 SV3 56 amino acid insert in ICL3 
- peptide binding 

↓ signaling (cAMP/ Ca2+) 
In rodents PAC1hiphop [56, 88] 

hPAC1 δ5,6  
Deletion of 21 amino acid from 

N-terminus 

- ↑ peptide binding (VIP) 

- signaling 
In rodents PAC1short 

[11, 56, 

59] 

hPAC1 δ5,6 

hip 

Deletion of 21 amino acid from 

N-terminus + insertion of 28 

amino acid in ICL3 

↓ signaling (cAMP/ Ca2+)  [11, 56] 

hPAC1 δ5,6 

hop 

Deletion of 21 amino acid from 

N-terminus + insertion of 28 

amino acid in ICL3 

↑ signaling (cAMP/ Ca2+)  [11, 56] 

hPAC1 δ4,5, 6 
Deletion of 21 amino acid from 

N-terminus 

↓ signaling (cAMP/ Ca2+) 

 
In rodents PAC1veryshort [11, 56] 

hPAC1 δ5 
Deletion of 7 amino acid from N-

terminus 

- ↑ peptide binding (VIP) 

↑/↓ signaling (cAMP/ 

Ca2+) 

 [11, 56] 

hPAC1 δ5 hip 

Deletion of 7 amino acid from N-

terminus + insertion of 28 amino 

acid in ICL3 

↓ signaling (cAMP/ Ca2+)  [11, 56] 

hPAC1 δ5 

hop 

Deletion of 7 amino acid from N-

terminus + insertion of 28 amino 

acid in ICL3 

↓ signaling (Ca2+)  [11, 56] 
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rPAC1 (rPAC1n reference) 

rPAC1 hop2 27 amino acid insert in ICL3 
↑ peptide binding 

- signaling 
Similar affinity for PACAP and VIP [88] 

rPAC1 3a 

24 amino acid insertion in 

N-terminal 

↑ peptide binding 

↓ signaling (cAMP/IP) 
 [89] 

rPAC1 TM4 

Substitution and deletion of two 

amino acid in the TM4 + 

substitutions in N-terminal and 

TM2 

↓ VIP binding  

No cAMP/IP signaling 
Activation of L-type Ca2+ channels [90] 

Table 1. Summary of CT and PAC1 receptor splice variant differences. Structural, pharmacological and behavioral comparison 

of each variant to the reference receptor variant for each species (hCT(a), rCT(a), hPAC1n or rPAC1n). ↓ decrease, ↑ increase, - no 

change, when compared to the reference variant.



23 
 

Figure Legends 

 

Figure 1: Expression of CGRP, amylin, PACAP and their splice variant receptors in the 

peripheral and central trigeminovascular system, as well as central nervous system locations. 

Expression profiles based on overall data for mRNA and/or protein with relative levels of 

expression not indicated. h/rCTR (?) indicates the reported expression of human or rat CTR, but 

the specific splice variant is unknown. PAC1 (?) indicates the reported expression of PAC1, but 

the specific splice variant is unknown. PAC1 receptors may contain the "hip" and "hop" inserts 

and expression of both inserts in a region may indicate expression of a PAC1hiphop1 receptor. LC, 

locus coeruleus; PAG, periaqueductal gray; PBN, parabrachial nucleus; TCC, trigeminocervical 

complex; TG, trigeminal ganglia. Data summarized from [9, 56, 91, 92]. 

 

Figure 2: Calcitonin receptor splice variants. (A) The human calcitonin (CT) receptor family 

subunits, receptors and pharmacology. Solid arrows indicate relatively potent activity compared 

with dashed arrows, which indicate weaker activity. AM, adrenomedullin; AM2, adrenomedullin 

2 or intermedin; CLR, calcitonin receptor-like receptor; RAMP, receptor activity-modifying 

protein. Adapted from [92]. (B) Schematic indicating which exons (blue boxes with numbers) 

code for which portions of the CT receptor variants. hCT, human CTR; o-hCT, ovarian-human 

CTR; r/mCT, rat/mouse CTR; ECD, extracellular domain; H, transmembrane helix; I, intracellular 

loop; E, extracellular loop; ICD, intracellular domain. (C) Location of variation for each splice 

variant and the structural difference compared to CT(a) receptor. (D) Known pharmacology of the 

CTR splice variants. hCT peptide, human calcitonin; sCT peptide, salmon calcitonin; rCT 

peptide, rat calcitonin. 

 

Figure 3: PAC1 receptor splice variants. (A) The human PACAP receptor family and 

pharmacology. Solid arrows indicate relatively potent activity compared with dashed arrows, 

which indicate weaker activity. PACAP, Pituitary adenylate cyclase-activating polypeptide; VIP, 

Vasoactive intestinal peptide. (B) Schematic indicating which exons (blue boxes with numbers) 

code for which portions of the PAC1 receptor variants. h, human CTR; r/m, rat/mouse; ECD, 

extracellular domain; H, transmembrane helix; I, intracellular loop; E, extracellular loop; ICD, 

intracellular domain. (C) Location of variation for each splice variant and the structural difference 

compared to PAC1n receptor. (D) Known pharmacology of the PAC1 splice variants. In the case 
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of receptor variants with species-specific nomenclature, the rodent nomenclature has been 

included between brackets. 

Figure 4: Overview of antimigraine drugs targeting the activity of the CGRP, AMY1 and PAC1 

receptors, which have multiple splice variants and exhibit differences in therapeutically relevant 

properties. Solid lines indicate relatively potent activity compared with dashed lines, which 

indicate weaker activity. 



Figure Click here to access/download;Figure;Figure 1.jpg

https://www.editorialmanager.com/tips/download.aspx?id=95682&guid=d0a49e94-e439-42df-9254-3e707ebf209b&scheme=1
https://www.editorialmanager.com/tips/download.aspx?id=95682&guid=d0a49e94-e439-42df-9254-3e707ebf209b&scheme=1


Figure Click here to access/download;Figure;Figure 2.jpg

A)

t ^ u  v ^ - i u . c o m  ti>n  »  ~  U HJ to K> a  »  U  x r  C H ^ U .

hCT. -.u- 
hLT ?. r 
ohCT

r/mCL C 3 jJ t O C T E 3 X y j [ : iL ; « '*11—H_>
r/mCTt * II *~; ’ ‘ ' ♦ ' >« " >'i '»M w »

ECL1 variant
■ 4M.i»nal 3? * ”■ no 

r i i j r / n C T j

KL1 w M 
■ M teo nM Ib

anUMi aodc n d  J

"IM h r l li  ?v.n:.inl
■ "J .. u 6t.- i:l 

b itte n 
(iD K r^.F

EI UK«IMJM (kwn*n variuiti: 
■ FolnNil4Mtx!HDf 1t 

*m*nO a r f t  hi ■ gn# 
n q d tM t ( W )

■ AhftnMM H W I (drian 
Cuu3w ddilkMi of fru 
47toM»addF0hC7 ..I

https://www.editorialmanager.com/tips/download.aspx?id=95683&guid=5b455ba3-4bcb-4681-b365-547a202f6aef&scheme=1
https://www.editorialmanager.com/tips/download.aspx?id=95683&guid=5b455ba3-4bcb-4681-b365-547a202f6aef&scheme=1


Figure Click here to access/download;Figure;Figure 3.jpg

B)
ftrJirPiC--.

IKI ' ^ L  r . i__ 

Ni.mlRAC- HI  ̂ u 

Rl J ^ L  i . I-KMCI 

Iq i^ C -n . . .

hP^C "  । ■.

b K n u P A X '- '- .L  ■•■■■■ 

R i SWC: j ' -  .

M W  Hi
M ^  .. 

l i P f C - ^ i 

hPAC MM>

m awrrirTir

CdSHCnCiCL

। . , „  „  „
[ Z I I l ’C E i r T f ( j ! l l3 ®

s  r n  COEZCJ । ■■ ^ 11 i^ ir ii in i'i 
H  m  S LZO I Z * :  t M  ®  R A

r T i rT ii T H ”  y "

t a l M H h d I C f i  K i  I1 .H .- [ 1  113 ru t i l  C t  a r t  J t  HA j j  r l f  L B H n M  l£ u

i M C „ - 

| W C .  .
m  rann

T । *nim*^brmu domain 
r t t t tb :

■ AITWM jo e  iM t'co . 
lut'di1i^<n ■ Ib t 
t tM fn M ^  W l  * < 
TMAdomMunPiC „ j

EMM U M U  d o iM ln  o d i M i
■ ? 4 n * ^ n 4 d 4 ^  ' m f t i M ; . I
■ 21 mu . : . -  :!r;> ■ . F  khan 

H iB k D x -u  J
•  ^  P'Ti^o krb j ^rlFUc-fi . ' r  iT T I ^ ' l 

lM i|W C  . ..„ ..J
*  M o m n > *c 4 d k M r iK > il> A A C i ,i

’ ll? ^■■TFflF
■ 2 £ a in r 4  a C id ^ il ilK V i 

|H H P*C  . -:l

D)

Dt 3 '
S g t 

n n rs e r

Hop u i l l H f
+ IS  SHUM. W r f  *X4TlKit 

^ ■ . - j v / :  |
-  ^T MTWH * ± r l  < w n > M 

|rP*C , . l

https://www.editorialmanager.com/tips/download.aspx?id=95684&guid=e0e016d4-f97a-4047-a3b6-cfcdb3a1e626&scheme=1
https://www.editorialmanager.com/tips/download.aspx?id=95684&guid=e0e016d4-f97a-4047-a3b6-cfcdb3a1e626&scheme=1


Figure Click here to access/download;Figure;Figure 4.jpg

Overview of CGRg AMY] and PAC। receptors CT and PAC, receptors have splice variants

Alternative splicing of CALCR/ADCYAP1R1 mRNA 
generates multiple receptor variants

CTR and PAC,R splice variants have different properties 

0  Binding ©Signalling ©Antagonism 0  Expression

https://www.editorialmanager.com/tips/download.aspx?id=95685&guid=e293c9d0-dfc0-4c6d-af2c-8e66bd681f2f&scheme=1
https://www.editorialmanager.com/tips/download.aspx?id=95685&guid=e293c9d0-dfc0-4c6d-af2c-8e66bd681f2f&scheme=1

