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Editorial on the Research Topic
Calcitonin Gene-Related Peptide: Novel Biology and Treatments

Calcitonin gene-related peptide (CGRP) is a 37 amino acid neuropeptide originally discovered in 1982 as a product of alternative splicing of the calcitonin gene. It was realised over the next few years that CGRP is primarily localised to sensory nerves and is a potent microvascular vasodilator. During these times evidence started to emerge that CGRP may be of functional importance in the cerebral circulation and consequently of potential relevance to migraine. By comparison it took a surprisingly long time to decipher the unique structure of the CGRP receptor family. This was finally achieved in 1998. So, by the start of the 21st century, CGRP was known to have a range of potent biological activities and to be of potential relevance to the treatment of migraine (Russell et al., 2014). Since then, much has happened in terms of new science and drug discovery. CGRP and CGRP receptor antibodies have been used to benefit those living with migraine for several years and now small molecule CGRP receptor antagonists are beginning to play a role in the therapeutic landscape for migraine. This Frontiers theme showcases and overviews the broader biological discoveries in recent years. Additionally, we report how use of the CGRP antibodies and antagonists for migraine has allowed us to further decipher the wider biological importance of CGRP.
It is perhaps surprising that the expression and localization of these peptides and their receptors are still under study. However, it is only now becoming widely acknowledged that an amylin receptor (calcitonin receptor [CTR]-receptor activity-modifying protein 1 [RAMP1]; AMY1), in addition to the CGRP receptor (calcitonin receptor-like receptor [CLR]-RAMP1), is potently activated by CGRP and therefore, knowledge of their expression is of importance in trigeminal ganglia neurons. Rees et al. show in this theme that unlike CLR, CTR is co-localised in trigeminal C- rather than A-fibres, including in human. Thus, CTR and CGRP are co-localised in a site where CGRP may autoregulate its own expression by a positive feedback loop to influence migraine and other cerebral conditions. Indeed, following along this line Edvinsson et al. discuss signalling within the trigeminovascular system and how important this is in our search for novel ways to treat migraine. Moreover, a review by Balcziak and Russo, emphasises the close link that CGRP has with dural structures including immune cells and genes and discusses their potential to be involved in migraine pathology.
Today, knowledge is continuing to increase concerning the Class B G protein-coupled receptor CGRP receptor family and ways in which the receptors may be targeted in the future. A study by Pearce et al. uses cutting edge technologies to demonstrate biased CLR-RAMP1 receptor signalling. They investigated receptor desensitisation and the downstream pathways to reveal the role of arrestins and associated kinases. There are a number of CGRP blocking antibodies and CGRP receptor antagonists available for the treatment of migraine. Current antagonists are either antibodies or small molecules but peptide antagonists offer a potential alternative. In this theme there is an article by Jamaluddin et al. on their approach to lipidate peptide antagonists to increase their half-life. The results show that whilst the study is at an early stage, there are positive aspects for applying lipidation to create novel peptide antagonists.
The precise mechanisms via which CGRP influences migraine remain unclear. However, the vasodilator effect of CGRP on cranial arteries and link with migraine is established. One mechanism via which CGRP dilates is via KATP channels. Coskun et al. shows that the KATP channel antagonist glibencamide had no effect on CGRP-induced headache or CGRP-induced vasodilation. Whilst interesting, there are questions concerning the dose and selectivity, or whether the CGRP-induced KATP activation is observed in humans. On the other hand, it is striking that whilst CGRP is a potent vasodilator, the use of CGRP antibodies and antagonists for migraine has met with relatively few adverse effects on the cardiovascular system. However, it should be noted that at least one CGRP blocking antibody is linked to an FDA hypertension warning. This could mean that insufficient CGRP is released in humans. An interesting manuscript by Skaria and Vogel suggests that CGRP, known to be released in exercising humans, may be influential in mediating cardiovascular protective effects in both physiological and pathological situations. Furthermore, CGRP antibodies and antagonists, were suggested by these authors to remove the long-term benefit of exercise. Their original data was obtained in exercising WT and CGRP knockout mice. This is complemented by reviews presented in the theme from Argunhan and Brain and the Kumar et al. that emphasise the potential importance of CGRP agonists as therapeutic agents to treat cardiovascular disease. CGRP is also involved as a protective factor in immune disease such as discussed in this theme by Mariotton et al. from Ganor’s lab.
One of the most interesting aspects of CGRP biology is learning about its pathophysiological importance through administration of the CGRP blockers in migraine. Whilst the low incidence of side effects has been acknowledged worldwide, a surprising side effect in some has been constipation. In this issue Holzer and Holzer-Petsche, uses their long-standing experience in this research area to attempt to unravel the mechanisms involved. It is suggested that blocking the role of CGRP in peristalsis and secretion in the intestine underlies this side-effect of CGRP-targeted therapeutics.
The collective works presented in this research theme allow a better understanding of CGRP, both with respect to biological activities and as a druggable target. There are still many answers to find and research on CGRP remains at a high level of interest today.
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Background: Calcitonin gene-related peptide (CGRP) dilates cranial arteries and triggers headache. The CGRP signaling pathway is partly dependent on activation of ATP-sensitive potassium (KATP) channels. Here, we investigated the effect of the KATP channel blocker glibenclamide on CGRP-induced headache and vascular changes in healthy volunteers.

Methods: In a randomized, double-blind, placebo-controlled, cross-over study, 20 healthy volunteers aged 18–27 years were randomly allocated to receive an intravenous infusion of 1.5 μg/min CGRP after oral pretreatment with glibenclamide (glibenclamide-CGRP day) or placebo (placebo-CGRP day). The primary endpoints were the difference in incidence of headache and the difference in area under the curve (AUC) for headache intensity scores (0–14 h) between glibenclamide and placebo. The secondary endpoints were the difference in AUC for middle cerebral artery blood flow velocity (VMCA), superficial temporal artery (STA) and radial artery (RA) diameter, facial flushing, heart rate (HR) and mean arterial blood pressure (MAP) (0–4 h) between glibenclamide and placebo.

Results: We found no significant difference in the incidence of headache between glibenclamide-CGRP day (14/20, 70%) and placebo-CGRP day (19/20, 95%) (P = 0.06). The AUC for headache intensity, VMCA, STA, RA, facial skin blood flow, HR, and MAP did not differ between glibenclamide-CGRP day compared to placebo-CGRP day (P > 0.05).

Conclusion: Pretreatment with a non-selective KATP channel inhibitor glibenclamide did not attenuate CGRP-induced headache and hemodynamic changes in healthy volunteers. We suggest that CGRP-induced responses could be mediated via activation of specific isoforms of sulfonylurea receptor subunits of KATP channel.

Keywords: humans, migraine, glyburide, calcitonin-gene related peptide, cranial arteries


INTRODUCTION

Calcitonin gene-related peptide (CGRP) is a potent vasodilator of cranial arteries (Brain et al., 1985; Falkenberg et al., 2020) and intravenous infusion of CGRP causes headache in healthy volunteers (Petersen et al., 2005b; Falkenberg et al., 2020) and migraine attacks in migraine patients (Lassen et al., 2002; Hansen et al., 2010; Ashina, 2020; Iljazi et al., 2020; Ashina et al., 2021). The molecular mechanisms by which CGRP mediates head pain are still unclear (Ashina et al., 2019). Recent studies suggested KATP channels as downstream effectors in the CGRP signaling pathway (Nelson et al., 1990; Kitazono et al., 1993; Quayle et al., 1994; Kleppisch and Nelson, 1995). KATP channels are expressed in neurons, vascular endothelium, and smooth muscle cells. These channels are involved in diverse physiological processes including insulin secretion, regulation of vascular tone, and protecting against metabolic stress (Al-Karagholi et al., 2017, 2019a, 2020b). In human provocation studies, KATP channel opener levcromakalim induces headache and migraine (Al-Karagholi et al., 2019b, c, 2020a, 2021a).

The widely used antidiabetic drug, glibenclamide, is a non-selective KATP channel inhibitor that belongs to the second-generation of sulfonylurea (Luzi and Pozza, 1997; Hibino et al., 2010). Preclinical evidence has demonstrated that glibenclamide attenuates CGRP-induced cranial artery dilation (Gozalov et al., 2005, 2008; Al-karagholi et al., 2019d) and trigeminal pain transmission (Christensen et al., 2020). In this study, we hypothesized that glibenclamide would inhibit CGRP-induced headache and vascular changes. To investigate this, we conducted a double-blind, randomized, placebo-controlled, crossover study in healthy volunteers.



MATERIALS AND METHODS

Twenty healthy volunteers were recruited through the Danish website1. Written informed consent was obtained from all participants after detailed oral and written study information. The female participants were required to have sufficient contraception [contraceptive pill or intrauterine device/system (IUD/IUS)]. Exclusion criteria were: (1) history of cardiovascular or cerebrovascular disease, diabetes mellitus, or hypercholesterolemia, (2) electrocardiogram (ECG) changes indicative of myocardial ischemia or hypertrophy, (3) hypertension at baseline on an experimental day (defined as a systolic blood pressure above 150 mmHg or a diastolic blood pressure above 100 mmHg), (4) current pregnancy or breastfeeding, (5) daily intake of medication (except oral contraceptives), (6) daily smoking within last 5 years, (7) first-degree relatives with a history of diabetes mellitus, and (8) history of any primary headache disorders (except episodic tension-type headache for <2 days per month during the last year) or first-degree family members with migraine as defined by the third International Classification of Headache Disorders (ICHD) (Vincent and Wang, 2018). A full medical examination and ECG were performed on the day of recruitment.

The study was approved by the Ethics Committee of the Capital Region of Denmark (H-19065735) and the Danish Data Protection Agency, and was conducted according to the Declaration of Helsinki of 1964, with later revisions. The study was also registered at ClinicalTrials.gov (NCT04231617).


Experimental Design and Randomization

In a double-blind, placebo-controlled, crossover design, the participants were in a balanced order randomly allocated to receive an intravenous infusion of 1.5 μg/min CGRP over 20 min, 2 h after oral pretreatment with either 10 mg glibenclamide (Hexaglucon, Sandoz) or placebo (calcium supplement tablet) on 2 days separated by at least 1 week (Figure 1). Preparation of the study drug was performed by the Capital Region Central Pharmacy. Randomization and drug allocation were carried out by personal unrelated to the study to ensure study staff, participants and investigator remained blinded. Investigators had no access to the randomization code until the study was completed.


[image: image]

FIGURE 1. Twenty healthy volunteers (11 women and 9 men) were randomly allocated to receive oral glibenclamide or placebo followed by a 20 min CGRP-infusion. The two study days were separated by at least 7 days to ensure proper wash-out.


Participants arrived non-fasting at the clinic between 8:00 and 9:00 AM on each study day. The participants were placed in the supine position and a venous catheter was inserted into the left and right antecubital vein for drug (CGRP) and 20% glucose infusion. Then, participants rested for at least 30 min before baseline measurements of vital signs were performed. The infusion started using a time and volume-controlled infusion pump. Vital signs including mean arterial blood pressure (MAP), heart rate (HR), respiratory rate, blood oxygen saturation and nasal end-tidal CO2 tension were continuously monitored and recorded every 10 min (ProPac Encore; Welch Allyn Protocol) (Figure 2). Room temperature was continuously monitored and recorded every 5 min. Facial flushing was measured by speckle contrast imager (moorFLPI; Full Laser Perfusion Imager). The contrast imager was placed 30 cm perpendicularly above the face of the participants and measured the skin blood flow automatically every 5 s as previously described (Ghanizada et al., 2020a). Middle cerebral artery blood flow velocity (VMCA), left superficial temporal artery (STA) diameter, left radial artery (RA) diameter, and end-tidal partial pressure of CO2 (PetCO2) were recorded as previously described (Petersen et al., 2005a).
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FIGURE 2. Timeline of the procedure during hospital phase (0–240 min) and post-hospital phase (1–10 h).


MA and HG evaluated eligibility, obtained informed consent, and enrolled the participants. Experiments were carried out at the Danish Headache Center, Department of Neurology, Rigshospitalet Glostrup from February 01, 2020 to September 01, 2020.



Headache and Accompanying Symptoms

Immediately before oral glibenclamide or placebo administration, and every 10 min after the administration, we asked participants specifically about the presence of headache, nausea, photophobia, and phonophobia. The features of headache including intensity, location, throbbing/pressing and aggravation by activity were recorded using a standardized questionnaire. Headache intensity was recorded on a numerical rating scale (NRS 0–10) rating pain from none (NRS 0) to maximum imaginable (NRS 10). The participants completed the headache questionnaires hourly until 10 h (waking hours) after discharge from the clinic (Figure 2). If the symptoms fulfilled ICHD-3 beta criteria C and D for migraine without aura (Vincent and Wang, 2018), they were characterized as migraine-like attacks.



Glucose Infusion

Plasma glucose concentrations were monitored during a 20 min baseline period before the administration of oral glibenclamide/placebo. After the start, and when initial fasting glycaemia had declined by 10%, blood glucose concentrations were clamped around this level (4–7 mmol/L) by 20% glucose infusion. Glucose infusion rates (GIRs) is based on a previous study (Ampudia-Blasco et al., 1994). Infusion rates (IRs) necessary to maintain stable blood glucose after drug intake were registered and adjusted throughout the ensuing 240 min. The following standard formula was used to calculate the IR taking the participants weight into account and ignoring factors such as gender, age and basal metabolic rate:

[image: image]

Twenty-nine blood samples were obtained for the determination of glucose during the experiment period. Blood samples were drawn at 5 min intervals between 30 and 90 min, and at 10 min intervals thereafter. The venous blood samples were drawn from the intravenous catheter using a blood gas aspirator (Radiometer, SafePICO, self-filling blood gas syringe) and the blood glucose concentrations were determined with a blood gas analyzer (Radiometer, ABL90 FLEX).



Statistics and Data Analysis

Baseline was defined as T0 before the start of oral glibenclamide or placebo administration. For glucose measurement, the baseline was defined as T–20 to 0 before the start. Calculation of sample size was based on previous similar studies (Vollesen et al., 2019; Ghanizada et al., 2020b). We aimed to detect a 50% difference at 5% significance with 90% power between glibenclamide compared to placebo. We estimated that 17 participants are needed, and we included 20 subjects to ensure power. Headache intensity scores are presented as median (range). The primary endpoints were the difference in incidence of headache and the difference in area under the curve (AUC) for headache intensity scores between two experimental days: glibenclamide-CGRP day (oral glibenclamide followed by infusion of CGRP) versus placebo-CGRP day (oral placebo followed by infusion of CGRP). The secondary endpoints included: the difference in AUC for VMCA, STA, RA, HR, MAP, and facial skin blood flow between two experimental days. We used the trapezoidal rule to calculate AUC to analyse the differences in response between glibenclamide and placebo. We used Wilcoxon signed rank test to analyse headache intensity scores, paired two-way t-test to analyse other variables, and Mann–Whitney U test and independent t-test to assess period and carry-over effects for all variables. Binary categorical data including the incidence of headache, accompanying symptoms and adverse events were analyzed with McNemar’s test. All analyses were performed with SPSS Statistics version 23 for Windows and a P-value < 0.05 was considered as the level of significance.



Data Availability

The data supporting the findings in the present study are available from the corresponding author, upon reasonable request.



RESULTS

Twenty healthy volunteers (11 women and 9 men) completed both days of the study. The mean age was 23 years (range 18–27) and mean bodyweight was 72 kg (range 51–94, body mass index range 18–25). There was no difference between the right and left-sided MCA, and therefore the average of both sides was used. There was no carry-over or period effect for values of headache, HR, MAP, VMCA, STA, or RA.


Headache and Associated Symptoms

Fourteen participants reported headache on glibenclamide-CGRP day (14/20, 70%) compared to 19 on placebo-CGRP day (19/20, 95%; P = 0.06). The median peak headache intensity score was 1 (range 1–8) (Figure 3) and the median time to peak headache score was 140 min (range 10 min–9 h) on both study days (Table 1). Median headache duration was 105 min on glibenclamide-CGRP day and 95 min on placebo-CGRP day. We found no difference in the AUC0–14 h for headache intensity after glibenclamide (5.08 ± 7.4) compared with placebo (6.18 ± 10.5; P = 0.69). Three participants reported migraine-like attacks after glibenclamide compared with two after placebo (Table 1).
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FIGURE 3. Individual (black lines) and median (red line) headache intensity after glibenclamide and placebo, n = 20. All participants received CGRP-infusion at 120 min. On glibenclamide-CGRP day 14 reported headache and on placebo-CGRP day 19 participants reported headache. We found no difference in headache incidence and intensity between glibenclamide-CGRP and placebo-CGRP day (P = 0.06).



TABLE 1. Clinical characteristics of headache and associated symptoms in healthy volunteers after glibenclamide and placebo (0–14 h observation period).

[image: Table 1]


The Hemodynamic Effects

We observed a 21% decrease in VMCA, 41% dilation of STA and 23% dilation of RA at the end of CGRP infusion (20 min after infusion start) on both days. We found no difference in the AUC0–240 min for VMCA between glibenclamide-CGRP day (83.4 ± 8.5) and placebo-CGRP day (85.5 ± 7.7; P = 0.13) (Figures 4A,B). There was no difference in the AUC0–240 min for STA after glibenclamide (1.4 ± 0.33) compared with placebo (1.4 ± 0.29; P = 0.75) and in the AUC0–240 min for RA after glibenclamide (2.7 ± 0.36) compared with placebo (2.8 ± 0.31; P = 0.24) (Figures 4C,D). Pretreatment with glibenclamide caused no change in HR and MAP compared with placebo (Figures 5A,B). Glucose fluctuations due to glibenclamide treatment were avoided by clamping glucose between 4 and 7 mmol/L (Figure 5D). CGRP increased facial skin blood flow on both days (Figures 5C, 6). We found no difference in the AUC0–240 min for facial skin blood flow after glibenclamide (157.5 ± 15.4) compared with placebo (160.8 ± 14.5; P = 0.3).
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FIGURE 4. (A) Effect of glibenclamide and placebo on middle cerebral artery (MCA) as changes in velocity (cm/s), n = 20. There was no difference in AUC0–240 min for VMCA between glibenclamide-CGRP and placebo-CGRP day. (B) Changes in end-tidal pCO2 were monitored during MCA-measurements. There was no difference in changes in end-tidal PCO2 (PetCO2) between two experimental days. (C) Changes in superficial temporal artery (STA) in diameter (mm). There was no difference in AUC0–240 min for STA between glibenclamide-CGRP and placebo-CGRP day. (D) Changes in radial artery (RA) diameter (mm). No changes in AUC0–240 min for RA diameter was observed between glibenclamide-CGRP and placebo-CGRP day.
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FIGURE 5. (A) Changes in heart rate (bpm) were registered every 10 min. Heart rate did not differ between glibenclamide-CGRP and placebo-CGRP day. (B) Changes in mean arterial blood pressure (MAP) in mmHg. MAP did not differ between glibenclamide-CGRP and placebo-CGRP day. (C) Facial skin blood flow measured with Laser Speckle as changes in flux. No changes in AUC0–240 min for facial skin blood flow were observed between glibenclamide-CGRP (157.5 ± 15.4) and placebo-CGRP day (160.8 ± 14.5; P = 0.3). (D) Blood glucose samples were drawn at 5 min intervals between 30 and 90 min, and at 10 min intervals hereafter. Blood glucose was clamped between 4 and 7 mmol/L.
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FIGURE 6. Facial skin blood flow changes measured with laser speckle on (A) glibenclamide-CGRP day and (B) placebo-CGRP day between T0 and T240 min. Blue areas indicate low blood flow, green moderate blood flow, and red high blood flow (Kazmi et al., 2015; Ghanizada et al., 2020a). Upon CGRP infusion at T120 min facial skin blood flow increased on both days.




Adverse Events

The number of participants who reported flushing, heat sensation and palpitation after glibenclamide did not differ from placebo (P > 0.05). Eleven participants experienced fatigue after glibenclamide compared to 4 participants after placebo, and 5 participants experienced thirst after glibenclamide compared to none after placebo (Table 2).


TABLE 2. Incidence of adverse events 0–14 h after glibenclamide or placebo.

[image: Table 2]


DISCUSSION

The major outcome of the present study was that KATP channel inhibitor glibenclamide did not affect CGRP-induced headache and vascular changes. The CGRP-induced headache and vascular changes reported in the present study were consistent with previous studies (Petersen et al., 2005b; Hansen et al., 2010; Ashina et al., 2018; Falkenberg et al., 2020). Petersen et al. showed that pretreatment with the CGRP receptor antagonist BIBN4096BS inhibited headache and extracranial vasodilation after intravenous infusion of 1.5μg/min CGRP over 20 min.

In vivo studies showed that glibenclamide attenuated CGRP-induced vasodilation in basilar (Kitazono et al., 1993; Faraci and Sobey, 1998), pial (Hong et al., 1996), and dural arteries (Gozalov et al., 2008). The inhibitory effect of glibenclamide on CGRP-induced vasodilation was dose-dependent, and high doses were necessary to observe an effect (Gozalov et al., 2008). Intravenous glibenclamide administration at concentrations of 20–30 mg/kg attenuated CGRP-induced vasodilation (Gozalov et al., 2008), and i.p. injection of 1 and 10 mg/kg glibenclamide attenuated trigeminal pain transmission in rats with spontaneous trigeminal allodynia (Christensen et al., 2020). Since we observed the participants for 5 h, we used 10 mg per oral glibenclamide which is the maximal single dose tested in humans (Williams et al., 1998; Bayerle-Eder et al., 2000; Gori et al., 2005; Hougaard et al., 2020). This corresponds to 0.14 mg/kg, which is substantially lower than doses used in preclinical models. This might explain the insufficient glibenclamide effect to counteract the CGRP-induced vascular changes. However, using equivalent doses in humans would cause severe hypoglycemia and cannot be reasoned.

Interestingly, in vitro studies showed that glibenclamide did not affect CGRP-induced dilation of dural arteries and MCA (Kageyama et al., 1993; Gao et al., 1994; Gozalov et al., 2008). In rat coronary arteries, only the combination of glibenclamide and a calcium-activated K+ (BKCa) channel blocker charybdotoxin could attenuate the effect of CGRP on arteries in vitro (Sheykhzade and Berg Nyborg, 2001) suggesting a dual action of KATP and BKCa channels in CGRP-induced vasodilation. The role of BKCa is recently implicated in headache and migraine patophysiology (Al-Karagholi et al., 2020d, 2021b). Possible involvement of other type of potassium channels in CGRP-induced vasodilation cannot be ruled out. Altogether, these data suggest that interspecies differences are likely to contribute to the discrepancy in the findings of glibenclamide on CGRP-induced vascular effects.

Binding of CGRP to the CGRP-receptor complex on vascular smooth muscle cells (VSMCs) (Eftekhari et al., 2013; Edvinsson et al., 2018) mediates an activation of the cyclic adenosine monophosphate-protein kinase A (cAMP-PKA) pathway resulting in potassium efflux through KATP channels, hyperpolarization, and eventually relaxation and vasodilation (Hong et al., 1996; Williams et al., 1998; Ashina et al., 2021). KATP channels consist of different isoforms of sulfonylurea receptor subunits (SUR1, SUR2A, and SUR2B) (Kokoti et al., 2020). SUR1 are expressed in the pancreas (Babenko et al., 2000), the TG and the trigeminal nucleus caudalis (TNC) (Ploug et al., 2012). The SUR2B isoform is of vascular origin and highly expressed in cranial arteries (Ploug et al., 2008a, b, 2012). Glibenclamide is a non-specific SUR subunit blocker shown to have high affinity for SUR1 and low affinity for SUR2B (Inagaki et al., 1996; Stephan et al., 2006). SUR subunits are downstream molecules in CGRP signaling cascades, and whether CGRP receptors and SUR subunits have a cross-reactivity at the same cellular level is yet to be demonstrated. Thus, the results of the present study might be explained by different affinity of glibenclamide and CGRP signaling pathway to SUR isoforms.

In conclusion, we found that pretreatment with glibenclamide did not affect CGRP-induced headache and vascular responses. Our findings could suggest that: (1) the potency of used glibenclamide concentration is too low to result in any measurable effects on CGRP-induced headache and vasodilation, (2) CGRP-induced headache and vascular responses could be initiated by activation of SUR2B KATP channel (Al-Karagholi et al., 2017), and/or (3) interspecies differences might influence the role of KATP channel in CGRP signaling pathway. To clarify the molecular interaction in the CGRP signaling pathway, more studies on specific isoforms of sulfonylurea receptor subunits of KATP channel in humans are needed.
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1 Laboratory of Mucosal Entry of HIV-1 and Mucosal Immunity, Department of Infection, Immunity and Inflammation, Institut Cochin, Université de Paris, INSERM U1016, CNRS UMR8104, Paris, France, 2 Department of Clinical Experimental Research, Glostrup Research Institute, Copenhagen University Hospital, Copenhagen, Denmark, 3 Emerging Bacterial Pathogens Unit, IRCCS San Raffaele Hospital, Milan, Italy, 4 Pathology Unit, Division of Experimental Oncology, IRCCS San Raffaele Hospital, Milan, Italy, 5 Urology Service, GH Cochin-St Vincent de Paul, Paris, France, 6 Immunobiology of HIV, Division of Immunology, Transplantation and Infectious Diseases, San Raffaele Scientific Institute, Milan, Italy




Edited by: 

Susan D. Brain, King’s College London, United Kingdom

Reviewed by: 

Andrea Introini, University of Milan, Italy

Aisah Aniisah Aubdool, Queen Mary University of London, United Kingdom

*Correspondence: 

Yonatan Ganor
 yonatan.ganor@inserm.fr

Specialty section: 
 This article was submitted to Viral Immunology, a section of the journal Frontiers in Immunology


Received: 29 September 2021

Accepted: 16 November 2021

Published: 08 December 2021

Citation:
Mariotton J, Sams A, Cohen E, Sennepin A, Siracusano G, Sanvito F, Edvinsson L, Delongchamps NB, Zerbib M, Lopalco L, Bomsel M and Ganor Y (2021) Native CGRP Neuropeptide and Its Stable Analogue SAX, But Not CGRP Peptide Fragments, Inhibit Mucosal HIV-1 Transmission. Front. Immunol. 12:785072. doi: 10.3389/fimmu.2021.785072




Background

The vasodilator neuropeptide calcitonin gene-related peptide (CGRP) plays both detrimental and protective roles in different pathologies. CGRP is also an essential component of the neuro-immune dialogue between nociceptors and mucosal immune cells. We previously discovered that CGRP is endowed with anti-viral activity and strongly inhibits human immunodeficiency virus type 1 (HIV-1) infection, by suppressing Langerhans cells (LCs)-mediated HIV-1 trans-infection in-vitro and mucosal HIV-1 transmission ex-vivo. This inhibition is mediated via activation of the CGRP receptor non-canonical NFκB/STAT4 signaling pathway that induces a variety of cooperative mechanisms. These include CGRP-mediated increase in the expression of the LC-specific pathogen recognition C-type lectin langerin and decrease in LC-T-cell conjugates formation. The clinical utility of CGRP and modalities of CGRP receptor activation, for inhibition of mucosal HIV-1 transmission, remain elusive.



Methods

We tested the capacity of CGRP to inhibit HIV-1 infection in-vivo in humanized mice. We further compared the anti-HIV-1 activities of full-length native CGRP, its metabolically stable analogue SAX, and several CGRP peptide fragments containing its binding C-terminal and activating N-terminal regions. These agonists were evaluated for their capacity to inhibit LCs-mediated HIV-1 trans-infection in-vitro and mucosal HIV-1 transmission in human mucosal tissues ex-vivo.



Results

A single CGRP intravaginal topical treatment of humanized mice, followed by HIV-1 vaginal challenge, transiently restricts the increase in HIV-1 plasma viral loads but maintains long-lasting higher CD4+ T-cell counts. Similarly to CGRP, SAX inhibits LCs-mediated HIV-1 trans-infection in-vitro, but with lower potency. This inhibition is mediated via CGRP receptor activation, leading to increased expression of both langerin and STAT4 in LCs. In contrast, several N-terminal and N+C-terminal bivalent CGRP peptide fragments fail to increase langerin and STAT4, and accordingly lack anti-HIV-1 activities. Finally, like CGRP, treatment of human inner foreskin tissue explants with SAX, followed by polarized inoculation with cell-associated HIV-1, completely blocks formation of LC-T-cell conjugates and HIV-1 infection of T-cells.



Conclusion

Our results show that CGRP receptor activation by full-length CGRP or SAX is required for efficient inhibition of LCs-mediated mucosal HIV-1 transmission. These findings suggest that formulations containing CGRP, SAX and/or their optimized agonists/analogues could be harnessed for HIV-1 prevention.





Keywords: CGRP, HIV-1, humanized BLT mice, Langerhans cells, SAX, STAT4



Introduction

CGRP is a 37 amino acid potent vasodilator neuropeptide secreted from peripheral sensory nerves, such as pain nociceptors, which plays important physiological and pathophysiological roles (1). The CGRP receptor is a heteromeric complex, composed of calcitonin receptor-like receptor (CLR), the transmembrane receptor activity-modifying protein 1 (RAMP1), and the intracellular receptor component protein (RCP) that is important for signaling (2). CGRP receptor antagonism has been proven effective against migraine, in which CGRP is detrimental, and several CGRP receptor antagonists and neutralizing antibodies (Abs) are used clinically (3, 4).

However, CGRP-mediated vasodilation is potentially protective, at least during hypertension and cardiovascular complications (5). Indeed, both CGRP and its long-acting metabolically stable analogue SAX (serinyl-CGRP2-37-amide with an albumin binding fatty acid moiety in the N-terminus) (6, 7), exert protective vascular pharmacological effects in-vitro (7) and in-vivo (8). Compared to CGRP, SAX has a longer half-life (6), but decreased potency (6, 7).

CGRP also directly modulates immune function in a vasodilator-independent manner, as part of the neuro-immune dialogue between CGRP-secreting mucosa-innervating nociceptors and resident mucosal immune cells (9). For instance, nociceptors associate with LCs and CGRP shifts LCs-mediated antigen presentation and cytokine secretion from Th1 to Th2/Th17 (10).

We previously reported that LCs are the early cellular targets of HIV-1 upon its mucosal entry in the inner foreskin, and subsequently transfer infectious virus to CD4+ T-cells (11, 12) in a process termed trans-infection. We further discovered that LCs express the components of the CGRP receptor (i.e., CLR, RAMP1 and RCP) (13, 14), and that CGRP modulates a multitude of cellular processes in LCs, which cooperate together to significantly inhibit LCs-mediated HIV-1 trans-infection in-vitro and mucosal HIV-1 transmission ex-vivo (13–15). Accordingly, CGRP increases expression of the LC-specific pathogen recognition C-type lectin langerin, and facilitates efficient viral degradation by diverting HIV-1 from endo-lysosomes towards faster viral proteasomal degradation. CGRP also decreases LCs surface expression of several adhesion molecules, leading to reduced conjugate formation with CD4+ T-cells. Importantly, although CGRP activates the canonical CGRP receptor cAMP/PKA signaling pathway in LCs (16), we found that the anti-HIV-1 effects of CGRP in LCs are mediated via non-canonical NFκB/STAT4 signaling, as pharmacological inhibitors of both NFκB (13) and STAT4 (14) completely abrogate CGRP-induced inhibition of HIV-1 trans-infection. Based on these observations, we suggested that CGRP agonists/analogues might be useful for prevention of mucosal HIV-1 transmission.

The N-terminus (residues 1–7, containing a disulfide bond between the cysteines at positions 2 and 7) and amidated C-terminus (residues 27–37) of CGRP interact independently with the CGRP receptor in a two-domain model, whereby the C-terminus first binds the receptor, facilitating subsequent binding and activation by the N-terminus (17). The N-terminal disulfide loop is crucial for agonistic activity, as the peptide fragment CGRP8–37 is an antagonist, and as several N-terminal peptide fragments of CGRP are low-potency agonists with anti-hypertensive function (18). Other CGRP peptide fragments, containing constrained N-terminus (i.e., truncated loop with only three residues) and/or introduced disulfide bridge in the C-terminus, yield analogues with affinities comparable to native CGRP (19).

Here we evaluated the inhibitory activity of CGRP in pre-clinical experiments, using a mucosal model of HIV-1 infection in humanized mice. We further determined the requirements of CGRP receptor activation for inhibition of HIV-1 trans-infection in-vitro, by comparing the anti-HIV-1 activities of full-length native CGRP, its analogue SAX, and several CGRP N-terminal fragments and N+C-terminal bivalent fragments. Finally, we compared CGRP and SAX for their capacity to inhibit mucosal HIV-1 transmission in human mucosal tissues ex-vivo.



Materials and Methods


Agonists and Antagonists

We used the following molecules: CGRP (1 mM stock solution in water; Sigma), biotinylated CGRP (1 mM stock solution in water; AnaSpec), SAX (1 mM stock solution in DMSO) prepared as we described (7), custom synthesized CGRP peptide fragments (1 mM or 10 mM stock solutions in water, for N-terminal or N+C-terminal fragments, respectively; United Biosystems), and the CGRP receptor antagonist BIBN4096 (10 mM stock solution in DMSO; Sigma).



Cells and Tissues

Peripheral blood mononuclear cells (PBMCs) from healthy HIV-1 seronegative individuals were separated from whole blood by standard Ficoll gradient. CD4+ T-cells and CD14+ monocytes were purified from PBMCs using appropriate negative magnetic selection kits (Stemcell Technologies), according to the manufacturer’s instructions. Monocytes (106 cells/well in 12-well plates) were differentiated into monocyte-derived LCs (MDLCs) in complete RPMI medium [RPMI 1640 medium, 10% fetal bovine serum, 2 mM glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin (Gibco Invitrogen)], supplemented with 100 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF), 10 ng/ml interleukin 4 (IL4), and 10 ng/ml transforming growth factor beta 1 (TGFβ1) (R&D systems) as described (20), and used 7–9 days after differentiation.

Normal foreskin tissues were obtained from healthy adults undergoing circumcision (Urology Service, Cochin Hospital, Paris). Human penile tissues were obtained as part of our previous study (21).



Virus and Infected Cells

Viral stocks of the HIV-1 molecular clones JRCSF and ADA, and the primary isolate 93BR029 (V29), both clade B with R5 tropism (NIH AIDS reagent program), were prepared by transfection of 293T cells or by amplification on phytohemagglutinin (PHA)/IL2-activated PBMCs, respectively, and quantified using the p24 Innotest HIV-1 ELISA (Fujirebio). HIV-1 V29-infected PBMCs were prepared as we reported (11).



CGRP and HIV-1 Infection in Mice

CGRP (10 nM, 100 nM or 1 μM) was diluted in 30 μl sterile phosphate-buffered saline (PBS), alone or in combination with 1% hydrocortisone, and applied intravaginally for 6 h in normal female BALB/c mice (10 weeks old, 25–30 g, synchronized in estrous cycle). Spleen, lymph nodes, gut, liver, kidneys, and female reproductive system were then collected, and hematoxylin and eosin stained 3 μm paraffin sections were examined for histopathological analysis. Selected slides were stained after antigen retrieval with monoclonal Abs (Bio-Rd), including rat-anti-human CD3, rat-anti-mouse B220/CD45R (clone RA3-6B2), and rat-anti-mouse F4/80 (clone CI:A31), followed by rat on rodent horseradish peroxidase (HRP)-polymer, 3,3’-diaminobenzidine (DAB) as chromogen (Biocare Medical) and counterstaining with hematoxylin. Images were acquired with the AxioCam HRc using the AxioVision System SE64 (Zeiss).

Humanized female bone-marrow/liver/thymus (BLT) mice were prepared, inoculated and examined for HIV-1 infection at the Ragon Institute Human Immune System Mouse Program, according to their established protocols (see https://www.ragoninstitute.org/research/services/humanized-mouse/). Expression of human langerin was determined by immunohistochemistry of 4 μm vaginal tissue paraffin sections as we described (12), using goat-anti-human langerin Ab (R&D), the LSAB2-HRP System with DAB as substrate (Dako) and counterstaining with hematoxylin. For infection experiments, CGRP (500 nM or 5 μM) in 30 μl sterile PBS or PBS alone were topically applied onto the vaginal epithelium for 4 h, followed by topical vaginal challenge with 2 × 104 TCID50 HIV-1 JRCSF.



HIV-1 Trans-Infection and Langerin Expression

MDLCs (105/well in 96 round-bottom well plates) were treated for 24 h at 37°C (200 μl/well final) with the indicated molar concentrations of CGRP, SAX or CGRP fragments. The CGRP receptor antagonist BIBN4096 was added 15 min before agonists. For langerin surface expression, MDLCs were washed and stained for 20 min on ice in a final volume of 50 µl PBS with a phycoerythrin (PE)-conjugated mouse monoclonal Ab against human langerin (clone DCGM4, Beckman Coulter), or matched isotype control. For HIV-1 trans-infection, MDLCs were washed and pulsed with HIV-1 ADA (1ng p24 corresponding to multiplicity of infection of 0.2) for 4 h. MDLCs were next incubated with autologous CD4+ T-cells or with green fluorescent protein (GFP)-reporter T-cells, and HIV-1 replication was measured in the co-culture supernatants using p24 ELISA (Fujirebio) or by evaluating GFP fluorescent by flow cytometry, as we described (13–15). Fluorescent profiles were acquired using a Guava easyCite and analyzed with the InCyte software (Merck-Millipore).



STAT4 Western Blot (WB)

For PBMCs, cells (2 × 106/sample) were activated with PHA (5 μg/ml) + IL2 (100 U/ml) for 48 h at 37°C, serum-starved overnight, and stimulated for 30 min at 37°C with either IL12 (10 ng/ml; R&D systems) or interferon alpha (IFNα, 5 × 104 U/ml; pbl Assay Science). For MDLCs, cells (2 × 106/sample) were re-suspended in complete RPMI medium without cytokines and rested overnight at 37°C. MDLCs were next treated for 24 h at 37°C with CGRP (0.1 μM), SAX (0.1 μM), CGRP1–8 (10 μM), or lipopolysaccharide (LPS, 10 μg/ml). The CGRP receptor antagonist BIBN4096 (1 μM) was added 15 min before agonists. The cells were then washed and stimulated for 30 min at 37°C with combination of IL12 + IFNα at the concentrations indicated above. PBMCs/MDLCs were subsequently lysed for 30 min on ice with 100 μl lysis buffer [50 mM Tris buffer pH = 7.5, 150 mM NaCl, 2 mM EDTA, 1% Triton X100, 0.1% SDS, 1:100 dilutions of phosphatase inhibitors II/III and protease inhibitor cocktail (Sigma)], followed by three cycles of 10 s vortex and 10 min incubation on ice. Lysates were centrifuged for 10 min at 4°C/13,200 rpm, and supernatants were collected and stored at −80°C. Protein contents in cell lysates were quantified using the BCA kit (Thermo Fisher) according to the manufacturer’s instructions, and 20 μg proteins were mixed with loading buffer (100 mM Tris pH 7.2, 5% β-mercaptoethanol, 12% glycerol, 5 mM EDTA, 5% SDS, 0.01% bromophenol blue), heated for 5 min at 95°C, run over a 10% SDS-PAGE, and transferred onto nitrocellulose membranes. Blocking was performed for 1 h at room temperature with blocking buffer (Tris-buffered saline (TBS), 0.5% Tween 20, and 0.5% dry milk). The blots were next incubated overnight at 4°C with commercial rabbit polyclonal Abs suitable for WB, directed against human STAT4 (Proteintech #13028-1AP, 0.5 μg/ml) or phosphorylated STAT4 (pSTAT4; R&D systems, #AF4319, 1 μg/ml), followed by 1:1,000 dilution of HRP-conjugated donkey-anti-rabbit IgG Ab (Southern Biotech) for 1 h at room temperature. Loading control was verified by incubation with goat polyclonal Ab to beta actin (abcam, 0.4 μg/ml), followed by 1:5,000 dilution of HRP-conjugated donkey-anti-goat IgG Ab (Promega). All Abs were diluted in blocking buffer, and pre-stained SDS-PAGE standard markers (ThermoFisher) were applied to determine molecular weights. Revelation was performed for 1–10 s with ECL-Prime chemiluminescence detection kit (Amersham). Images were acquired with the Fusion FX camera platform (Vilber Lournmat) and protein expression was quantified with ImageJ software (NIH).



CGRP Entry and HIV-1 Transmission in Human Mucosal Tissue Explants

Polarized penile fossa navicularis tissue explants were prepared as we previously described (21), and exposed for 3 h to 500 nM or 5 μM biotinylated CGRP in 100 μl RPMI 1640 added to the apical side. After incubation, tissue penetration of biotinylated CGRP was examined by histochemistry of 4 μm paraffin sections as we described (21), using HRP-coupled streptavidin (Vector), followed by the red 3-amino-9-ethylcarbazole (AEC) HRP substrate (Dako) and counterstaining with hematoxylin. Images were acquired with an Olympus BX63F microscope using MetaMorph (Molecular Devices) and analyzed with ImageJ software.

For infection experiments, round (8 mm diameter) inner foreskin tissue pieces were placed in 24-well plates and incubated submerged for 24 h at 37°C with 1 ml complete RPMI medium, alone or supplemented with CGRP or SAX (1 μM, four explants per condition). The tissues were next washed, transferred to two-chamber transwell inserts (Sigma), and inoculated in a polarized manner for 4 h at 37°c with either non-infected or HIV-1 (V29)-infected PBMCs (in duplicates), as we described (11, 12).

Epidermal cell suspensions were prepared immediately after inoculation, using enzymatic digestion with dispase/trypsin as we described (11, 12). Pooled cells of each duplicate were resuspended in PBS, transferred to 96 round-bottom well plates and stained for 30 min on ice with 10 μl of fluorescein isothiocyanate (FITC)-conjugated mouse-anti-human CD1a, PE-conjugated mouse-anti-human CD8 and allophycocyanin (APC)-conjugated mouse-anti-human CD3 (BD Pharmingen) Abs, diluted in PBS in a final volume of 50 μl/well.

Dermal cell suspensions were prepared following washing of the explants, additional incubation for three days at 37°C submerged in 1 ml fresh medium, and subsequent enzymatic digestion with collagenase/DNase as we described (11, 12). Pooled cells of each duplicate were surface stained as above using FITC-conjugated mouse-anti-human CD3 Ab (Pharmingen), fixed, permeabilized, and stained for 30 min at room temperature with 1:160 dilution of PE-conjugated mouse-anti-human Ab to HIV-1 p24 and core antigens (Beckman Coulter). Fluorescent profiles were recorded using a Guava easyCyte and InCyte software.



Data and Statistical Analysis

Data was analyzed using Prism software (GraphPad). Concentration-response curves were analyzed with the [log(agonist) vs. response (three parameters)] model for langrin upregulation and the [log(inhibitor) vs. normalized response − variable slope] model for HIV-1 trans-infection inhibition. The -log molar concentrations of agonists generating 50% response represented potencies (i.e., pEC50 and pIC50). Statistical significance was analyzed with the two-tailed Student’s t-test.




Results


CGRP Limits HIV-1 Infection In-Vivo

To test for the possible clinical utility of CGRP receptor agonism, we investigated the effects of CGRP in normal mice and in a mucosal model of HIV-1 infection in humanized mice.

First, as CGRP mediates vasodilator-dependent neurogenic inflammation that can result in immune cell recruitment, we topically applied CGRP onto the vagina of normal BALB/c mice for 6 h and examined potential toxicity and immune cells modulation. These experiments showed that CGRP, tested at 10 nM, 100 nM or 1μM, did not induce signs of toxicity and did not induce overt inflammation. Of note, in our routine experiments, treatment of MDLCs in-vitro with up to 10 μM CGRP for 24 h did not affect cell viability. At its highest concentration tested in-vivo of 1 μM, CGRP did not modify the distribution and/or density of T cells, B cells, and macrophages, neither in the epithelium nor in the stroma (Figure 1A).




Figure 1 | CGRP limits mucosal HIV-1 transmission in-vivo. (A) CGRP (1 μM) or PBS were topically applied intravaginally in normal female BALB/c mice (n = 3 animals per group). Vaginal tissue sections were examined by immunohistochemistry for the presence of CD3+ T-cells, B220+ B cells and F4/80+ macrophages. Shown are mean ± SEM cell densities expressed as cells/mm2 (of n = 3 independent experiments) in either the vaginal epithelium or stroma. (B) Representative image of the vaginal tissue of humanized BLT mice, showing expression of human langerin (arrowheads) in the epithelium; broken line denotes the basement membrane and scale bar = 20 μm. (C) Experimental schedule for preparing humanized female BLT mice, intravaginally applying CGRP or PBS followed by vaginal challenge with high-dose HIV-1 JRCSF, and subsequent blood sampling for measurement of plasma viral loads and CD4+ T-cells counts. (D, E) Shown are mean ± SEM (n = 5 BLT mice per group) of plasma viral loads (HIV-1 RNA copies/ml) or CD4+ T-cells percentages (fold). *p < 0.0500, **p < 0.0050, ***p < 0.0005; two-sided Student’s t-test.



Second, we used humanized BLT mice, which are suitable to study many aspects of HIV-1 infection, prevention and mucosal/vaginal transmission (22). We confirmed the reconstitution and presence of human langerin-expressing LCs within the vaginal epithelium (Figure 1B). We then topically applied CGRP onto the vagina of BLT mice for 4 h, followed by a vaginal challenge with high dose of cell-free HIV-1, as routinely used in this model (23). Such cell-free viral challenge permits to achieve productive infection, which would have been obtained using a much lower inoculum of cell-associated HIV-1 [i.e., that is transmitted more efficiently due to the formation of viral synapses between cell-associated HIV-1 and apical epithelial cells, leading to polarized budding of HIV-1, such as we reported in the inner foreskin (11, 12)]. Subsequently, we sampled blood at different time points for quantification of HIV-1 viral loads and CD4+ T-cell counts (Figure 1C).

These experiments showed that a single CGRP application dose dependently and significantly restricted the increase in plasma viral loads at two early time points (weeks 4 and 6, Figure 1D). CGRP treatment also significantly maintained higher CD4+ T-cells counts, both at the same early time points and also at the latest time points examined (weeks 24 and 26, Figure 1E).

These results show no signs of local CGRP-mediated toxicity in-vivo. In addition, CGRP exerts transient protection against the increase in HIV-1 viral loads, but long-lasting maintenance of higher CD4+ T-cell counts in HIV-1-infected BLT mice, providing proof-of-concept for the utility of CGRP in-vivo.



CGRP and SAX, But Not CGRP Peptide Fragments, Inhibit HIV-1 Trans-Infection and Increase Langerin Surface Expression

To further determine the functional activities of CGRP receptor agonists, we compared the anti-HIV-1 inhibitory potential of CGRP, SAX, and several CGRP peptide fragments (Figure 2). As several CGRP N-terminal fragments are biologically active and exert anti-hypertensive functions (24), we tested the previously described CGRP1–8 (18) and CGRP1–18 (19) fragments, as well as the negative control mutated [Ala2]CGRP1–18 fragment (Figure 2, left). We also designed novel bivalent CGRP peptide fragments (Figure 2, right), by linking the previously described constrained CGRP N- and C-terminal regions (19), containing disulfide bonds either at both N/C-terminal regions or only at the N-terminal, with a tri-glycine spacer. These bivalent fragments were termed according to the number of their cystetin residues, namely 4C, 2C and the control 2Clin devoid of disulfide bonds.




Figure 2 | Sequences of CGRP, SAX and CGRP fragments. Amino acid sequences of the different agonists used in the current study, including full-length native CGRP; the long-acting metabolically stable CGRP analogue SAX; the N-terminal fragments CGRP1–8, CGRP1–18, and control mutated [Ala2]CGRP1–18; the bivalent N+C-terminal fragments 4C, 2C, and control 2Clin lacking disulfide bonds.



MDLCs were treated for 24 h with CGRP, SAX or the different CGRP peptide fragments, pulsed with HIV-1, washed and co-cultured with autologous or GFP-reporter CD4+ T-cells. HIV-1 replication was next determined by measuring the content of the HIV-1 capsid protein p24 in the co-culture supernatant by ELISA or by evaluating GFP fluorescence using flow cytometry. In line with our previous results (13–15), CGRP strongly inhibited MDLCs-mediated HIV-1 trans-infection in a dose-dependent manner (Figure 3A). SAX also significantly inhibited HIV-1 trans-infection in a dose-dependent manner (Figure 3A), but had lower potency than CGRP, with pIC50 values [95% confidence intervals (CIs)] of 8.9 [9.9–7.9] compared to 10.2 [10.9–9.4], respectively. Of note, vehicle control for SAX treatment, i.e., 0.1% DMSO, had no significant effect. These inhibitory effects were mediated via activation of the CGRP receptor, as pre-incubation with the CGRP receptor antagonist BIBN4096 completely abrogated both CGRP- and SAX-mediated inhibition (Figure 3B). In contrast, none of the CGRP N-terminal (Figure 3C) and bivalent (Figure 3D) fragments significantly inhibited MDLCs-mediated HIV-1 trans-infection.




Figure 3 | CGRP and SAX, but not CGRP peptide fragments, inhibit MDLCs-mediated HIV-1 trans-infection. MDLCs were left untreated or treated for 24 h with the indicated molar concentrations of CGRP, SAX or CGRP peptide fragments. In panel (B), the CGRP receptor antagonist BIBN4096 (BIBN, 1 μM) was added 15 min before addition of agonists (0.1 μM). The cells were then pulsed with HIV-1 ADA for 4 h, washed, and incubated for 7 days with autologous CD4+ T-cells (A–C) or 3 days with HIV-1 GFP-reporter T-cells (D). HIV-1 trans-infection and replication in T-cells was evaluated by p24 ELISA in the co-culture supernatants or by GFP expression and flow cytometry. Shown are mean- ± SEM percentages of HIV-1 trans-infection inhibition (A, C, D) or normalized (B), derived from n = 5 (A) and n = 3 (B–D) independent experiments using MDLCs from different individuals. *p < 0.0500, **p < 0.0050, two-sided Student’s t-test.



We previously showed that one of the functional effects of CGRP during inhibition of HIV-1 trans-infection is related to upregulation of langerin surface expression in LCs (13–15). MDLCs were therefore treated with CGRP, SAX or CGRP peptide fragments for 24 h, and langerin surface expression was evaluated by flow cytometry. These experiments showed that both CGRP and SAX increased langerin expression in MDLCs in a dose-dependent manner (Figure 4A). As for inhibition of MDLC-mediated HIV-1 trans-infection, SAX had lower potency than CGRP, with pEC50 values of 8.3 [9.6–6.5] compared to 10.6 [11.5–9.7], respectively. Langerin upregulation was mediated via CGRP receptor activation, as the CGRP receptor antagonist BIBN4096 completely abrogated CGRP- and SAX-mediated increase in langerin expression (Figure 4B). In contrast, all CGRP fragments lacked agonistic activity and did not significantly increase langerin surface expression (Figures 4C, D).




Figure 4 | CGRP and SAX, but not CGRP peptide fragments, increase langerin expression in MDLCs. MDLCs were left untreated or treated for 24 h with the indicated molar concentrations of CGRP, SAX or CGRP peptide fragments. In panel (B), the CGRP receptor antagonist BIBN4096 (BIBN, 1 μM) was added 15 min before addition of agonists (0.1 μM). The cells were then stained for surface langerin and examined by flow cytometry. Shown are mean ± SEM folds increase in the percentages of langerin+ cells, derived from n = 5 (A, C), n = 4 (B) and n = 3 (D) independent experiments using MDLCs from different individuals. *p < 0.0500, **p < 0.0050, ***p < 0.0005, two-sided Student’s t-test.



These results show that CGRP and SAX inhibit HIV-1 trans-infection, which correlate with their ability to activate the CGRP receptor and increase langerin expression in MDLCs. In contrast, CGRP peptide fragments fail to increase langerin and inhibit HIV-1 trans-infection.



CGRP and SAX, But Not CGRP1–8, Increase STAT4 Expression

We previously discovered that CGRP inhibits MDLCs-mediated HIV-1 trans-infection via STAT4 (14), and therefore performed WB experiments to quantify STAT4 levels directly. Using activated PBMCs as positive control, we first confirmed the suitability of our Abs for detection of total STAT4 following cell activation (Figure 5A showing PBMCs from one representative individual of n = 4 tested; Supplementary Figure 1 showing PBMCs from two of the additional individuals), as well as pSTAT4 following cell activation and additional 30 min cytokine stimulation (Figure 5B), using IL12 and IFNα that induce STAT4 phosphorylation (25). Next, we measured total STAT4 in MDLCs treated with CGRP, SAX or CGRP1–8, as well as with LPS as positive control [i.e., LPS increases STAT4 in dendritic cells (26)]. These experiments showed that like LPS, both CGRP and SAX significantly increased total STAT4 expression (Figures 5C, D). In contrast, the CGRP N-terminal fragment CGRP1–8 failed to increase STAT4 expression, which remained comparable to that in untreated MDLCs (Figures 5C, D). As for HIV-1 trans-infection and langerin expression described above, the CGRP receptor antagonist BIBN4096 abrogated CGRP- and SAX-mediated increase in STAT4 (Figure 5E). Finally, we confirmed that CGRP- and SAX-induced increased STAT4 was functional, as it could be readily phosphorylated upon subsequent cytokine stimulation with IL12 + IFNα (Figure 5F).




Figure 5 | CGRP and SAX, but not CGRP1–8, increase STAT4 expression in MDLCs. (A, B) PHA/IL2-activated PBMCs were serum-starved overnight at 37°C, and left untreated (Un) or stimulated for 30 min with either IL12 or IFNα. Shown are representative Western blots (of n = 4 independent experiments using PBMCs from different individuals) of total STAT4 (A) and pSTAT4 (B) expression. (C, D) MDLCs were cytokine-starved overnight at 37°C, and treated with CGRP (0.1 μM), SAX (0.1 μM), CGRP1–8 (10 μM) or LPS (10 μg/ml) as positive control. In panel (C), shown is a representative Western blot (of n = 4 independent experiments using MDLCs from different individuals) of total STAT4 expression. In panel (D), shown are mean ± SEM folds expression of total STAT4, normalized to that of beta actin. *p < 0.0500, **p < 0.0050, two-sided Student’s t-test. (E) MDLCs were cytokine-starved overnight at 37°C and treated with CGRP (0.1 μM) or SAX (0.1 μM). The CGRP receptor antagonist BIBN4096 (BIBN, 1 μM) was added 15 min before addition of agonists. Shown are mean ± SEM (of n = 4 independent experiments using MDLCs from different individuals) folds expression of total STAT4, normalized to that of beta actin. (F) MDLCs were treated as described in panels (C, D) above, and further stimulated for 30 min with combination of IL12 + IFNα. Shown is a representative Western blot (of n = 4 independent experiments using MDLCs from different individuals) of pSTAT4 expression.



These results show that CGRP and SAX, but not CGRP1–8, increase expression of STAT4 that is implicated in inhibition of HIV-1 trans-infection in MDLCs.



CGRP and SAX Inhibit Mucosal HIV-1 Transmission in Human Mucosal Tissues Ex-Vivo

We further tested the anti-HIV-1 activities of CGRP and SAX using our previously described models of human penile and inner foreskin tissue explants (11, 21). In these models, small pieces of human mucosal tissues are placed in two-chamber transwell inserts, and hollow cloning ring cylinders are adhered to their apical side using surgical glue, permitting for subsequent polarized exposure to HIV-1 that mimics viral transmission in-vivo. Of note, HIV-1 entry in these mucosal sites is induced by polarized exposure to HIV-1-infected cells, which form viral synapses with apical epithelial cells that lead to polarized HIV-1 budding. In contrast, cell-free HIV-1 inefficiently enters these epithelia (11, 21).

To test for CGRP mucosal penetration, we prepared tissue explants from the stratified and non-keratinized penile fossa navicularis region that structurally resembles the vaginal epithelium, and added biotinylated CGRP to the apical side for 3 h, followed by histochemistry. These experiments showed that CGRP readily penetrated the epithelium, but not the stroma (Figure 6A).




Figure 6 | CGRP and SAX inhibit mucosal HIV-1 transmission in human mucosal tissues ex-vivo. (A) Entry of biotinylated CGRP into the epithelium of penile fossa navicularis explants, revealed with streptavidin-HRP, AEC peroxidase substrate (red), and hematoxyline counterstaining (blue). Images are representative of n = 3 tissues; broken lines denote the basement membranes and scale bar = 20 μm; E, epithelium and S, stroma. (B, C) Inner foreskin tissue explants were left untreated or pre-treated with CGRP or SAX (1 μM) for 24 h at 37°C. Explants were next inoculated in a polarized manner with either non-infected or HIV-1-infected PBMCs for 4 h, and immediately digested with dispase/trypsin. In panel (B), shown are representative flow cytometry dot plots of epidermal cell suspensions triple stained for surface expression of CD3, CD8, and CD1a and examined by flow cytometry. Cells were gated on CD3+CD8- T-cells, and numbers represent mean ± SEM (of n = 4 independent experiments using tissues from different individuals) percentages of FSChighCD1ahigh conjugates following inoculation with either non-infected or HIV-1-infected PBMCs. In panel (C), graph shows mean ± SEM folds increase in conjugate percentages, calculated as [(% conjugates following inoculation with HIV-1-infected PBMCs)/(% conjugates following inoculation with non-infected PBMCs)]. *p = 0.0252 and **p = 0.0071 for CGRP or SAX vs. untreated, two-sided Student’s t-test. (D, E) Other explants were further incubated for additional three days and digested with collagenase/DNase. In panel (D), shown are representative flow cytometry dot plots of dermal cell suspensions double stained for surface CD3 and intracellular p24 and examined by flow cytometry. Cells were gated on FSClowSSClow lymphocytes, and numbers represent mean ± SEM (n = 4) percentages of CD3+p24+ cells following inoculation with either non-infected or HIV-1-infected PBMCs. In panel (E), graph shows mean ± SEM percentages of HIV-1-infected T-cells, calculated as [(%CD3+p24+ cells following inoculation with HIV-1-infected PBMCs) − (%CD3+p24+ cells following inoculation with non-infected PBMCs)]; *p = 0.0249 and 0.0209 for CGRP or SAX vs. untreated, two-sided Student’s t-test.



We next pre-treated inner foreskin tissue explants for 24 h with CGRP or SAX at 1 μM, i.e., their molar concentration inducing maximal responses at similar efficiencies in-vitro (see Figures 3A and 4A). Explants were next inoculated in a polarized manner with non-infected or HIV-1-infected PBMCs for 4 h. Epidermal cell suspensions were then immediately prepared and the percentages of high forward scatter (FSC) conjugates between LCs and T-cells were determined by flow cytometry. Of note, we focused on CD1ahigh cells that represent the LC1 population, as CD1a+ cells in the inner foreskin include both the LC2 population and epidermal dendritic cells (27–29). In agreement with our previous results (11, 12), polarized exposure to HIV-1-infected PBMCs increased the percentages of FSChighCD1ahighCD3+CD8- conjugates (Figure 6B). As before, CGRP pre-treatment completely abrogated this increase (13), and a similar complete inhibitory effect was observed following SAX pre-treatment (Figure 6C).

In other experiments, dermal cell suspensions were prepared following additional incubation of explants in fresh medium for three days, and the percentages of HIV-1-infected T-cells were determined by flow cytometry. These experiments confirmed that polarized exposure to HIV-1-infected PBMCs resulted in HIV-1 infection of a small proportion of T-cells in the dermis (Figure 6D), and that CGRP completely blocked such infection (Figure 6E), as we reported (13). Similarly, SAX pre-treatment resulted in undetectable levels of HIV-1 p24+CD3+ dermal T-cells (Figure 6E).

These results indicate that both CGRP and SAX are highly effective in preventing mucosal HIV-1 transmission and infection within human mucosal tissues ex-vivo.




Discussion

In the present study, we determined the requirements and utility of CGRP receptor activation, by CGRP receptor agonists, for the inhibition of mucosal HIV-1 transmission. These findings are schematically summarized in Figure 7.




Figure 7 | Summary of the requirements of CGRP receptor activation for inhibition of mucosal HIV-1 transmission. (1) In LCs, HIV-1 binding to langerin induces viral internalization and subsequent degradation, while virions escaping degradation trans-infect CD4+ T-cells. (2) We previously showed that CGRP activates its cognate receptor expressed by LCs and affects a multitude of cellular and molecular process (not shown), resulting in significant inhibition of mucosal HIV-1 trans-infection in-vitro and ex-vivo. (3) We show in the present study that SAX, a long-acting metabolically stable analogue of CGRP, also activates the CGRP receptor. (4) Both CGRP and SAX increase expression of langerin (not shown) and STAT4 (that can be readily phosphorylated upon subsequent cytokine stimulation), which result in inhibition of HIV-1 trans-infection in-vitro and ex-vivo. (5) In contrast, several CGRP peptide fragments fail to activate the CGRP receptor and to increase langerin/STAT4 expression, and accordingly lack anti-HIV-1 activity. (6) CGRP-mediated inhibition of HIV-1 dissemination from LCs to CD4+ T-cells might permit their long-term maintenance in the BLT model of mucosal HIV-1 infection in-vivo.



Our results show that in order to block langerin-mediated HIV-1 trans-infection in MDLCs, CGRP receptor activation requires full-length CGRP or SAX, in contrast to CGRP peptide fragments that are ineffective. While SAX has >10-fold lower potency than CGRP, both agonists are similarly effective at their highest micromolar concentrations tested. We speculate that CGRP peptide fragments, previously reported to be functional (18, 19, 24), are ineffective in our experimental settings due to potential ‘biased signaling’ (30) across the CGRP receptor, which similar to other G-protein coupled receptors, activates multiple downstream signaling pathways (31). Hence, compared to the full-length native CGRP ligand and the analogue SAX, CGRP fragments might have allosteric bias for preferential activation of particular signaling pathways, which are not the ones mediating inhibition of HIV-1 trans-infection. In support of this hypothesis, our results show that activation of the CGRP receptor by CGRP and SAX results in an increased expression of langerin and STAT4, which are involved in the inhibition of HIV-1 trans-infection (14). In contrast, CGRP1–8 fails to increase langerin and STAT4 expression, and accordingly lacks anti-HIV-1 inhibitory activity. We also speculate that our bivalent CGRP peptide fragments might require further optimization to be rendered functional. For instance, the N+C-terminal fragments could be re-designed to better fit into the CGRP receptor binding pockets with higher affinity, by using longer, different and/or more flexible spacer regions.

In the current study we used our previously described model of human inner foreskin tissue explants ex-vivo, which represents an early snapshot of mucosal HIV-1 entry (11, 12). In this model, polarized exposure to cell-associated HIV-1 increases the formation of LC-T-cell conjugates in the epithelium (11, 12). Our results show that CGRP penetration is restricted to the epithelium, and that both CGRP and SAX completely inhibit the increase in LC-T-cell conjugates formation mediated by cell-associated HIV-1. Importantly, although CD4+ T-cells express the CGRP receptor and are CGRP-responsive (32, 33), we previously showed that CGRP treatment of CD4+ T-cells has no effect on HIV-1 trans-infection (13). We therefore speculate that CGRP- and SAX-mediated inhibition of CD4+ T-cells infection with HIV-1, which we further observed ex-vivo, is mediated by CGRP and SAX acting on inner foreskin LCs and reducing their capacity to disseminate HIV-1 to CD4+ T-cells across cellular conjugates.

We also tested the effects of CGRP in-vivo in normal and humanized BLT mice. The latter represents a complimentary model to our ex-vivo tissue explants, as it permits to follow mucosal HIV-1 transmission over time. By combining the results obtained in these different models, we propose potential explanations for CGRP-mediated long-term maintenance of CD4+ T-cells in-vivo. Hence, CGRP transiently controls the increase in viral loads and could inhibit the previously reported process of HIV-1 dissemination from vaginal LCs to CD4+ T-cells (34). In turn, these effects would result in limited HIV-1 infection and elimination of CD4+ T-cells, permitting their long-term maintenance in the BLT model. In contrast, CGRP-mediated effects are not mediated via T-cells recruitment (i.e., as we observed in normal mice), or direct inhibition of CD4+ T-cells infection with HIV-1 [that is one of the reported mechanisms mediating HIV-1 transmission in the vagina (34). Interestingly, both CGRP and SAX completely block HIV-1 transmission in inner foreskin tissue explants ex-vivo, but CGRP exerts only partial protection in BLT mice in-vivo. Such differences might be related to the duration of agonist pre-treatment, i.e., 24 h in tissue explants vs. 6 h in BLT mice.

Pre-exposure prophylaxis (PrEP) is currently available and is highly effective for the prevention of HIV-1 transmission. Yet, important barriers still limit PrEP efficacy and usage, such as adherence, cost, access, stigma, adverse side effects, and drug resistance (35). Therefore, alternative approaches are being developed to increase the range of biomedical HIV-1 prevention options, such as long-acting injectable formulations, broadly neutralizing Abs, vaginal rings, implants, dermal patches, and topical microbicides (36).

Collectively, our results provide proof-of-concept that CGRP receptor agonists are useful in blocking HIV-1 transmission in complex mucosal settings. We suggest that in order to achieve better and long-lasting viremia and CD4+ T-cell control, treatment with CGRP receptor agonists should be longer, with repeated and continuous applications. In parallel, novel HIV-1 prophylactic formulations/devices could be developed, which would permit a slow release of optimized agonists of CGRP and/or higher potency mucosal metabolically stable derivatives. As such, HIV-1 infection should be included within the different pathologies and inflammatory conditions, in which CGRP is beneficial and could be harnessed to exert protective clinical effects.
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Peter Holzer* and Ulrike Holzer-Petsche

Division of Pharmacology, Otto Loewi Research Centre, Medical University of Graz, Graz, Austria

Edited by:
Andrew F. Russo, The University of Iowa, United States

Reviewed by:
TinaMarie Lieu, Monash University, Parkville Campus, Australia
Winfried Neuhuber, University of Erlangen Nuremberg, Germany

*Correspondence: Peter Holzer, peter.holzer@medunigraz.at

Specialty section: This article was submitted to Integrative Physiology, a section of the journal Frontiers in Physiology

Received: 22 November 2021
Accepted: 17 December 2021
Published: 11 January 2022

Citation: Holzer P and Holzer-Petsche U (2022) Constipation Caused by Anti-calcitonin Gene-Related Peptide Migraine Therapeutics Explained by Antagonism of Calcitonin Gene-Related Peptide’s Motor-Stimulating and Prosecretory Function in the Intestine. Front. Physiol. 12:820006. doi: 10.3389/fphys.2021.820006

The development of small-molecule calcitonin gene-related peptide (CGRP) receptor antagonists (gepants) and of monoclonal antibodies targeting the CGRP system has been a major advance in the management of migraine. In the randomized controlled trials before regulatory approval, the safety of these anti-CGRP migraine therapeutics was considered favorable and to stay within the expected profile. Post-approval real-world surveys reveal, however, constipation to be a major adverse event which may affect more than 50% of patients treated with erenumab (an antibody targeting the CGRP receptor), fremanezumab or galcanezumab (antibodies targeting CGRP). In this review article we address the question whether constipation caused by inhibition of CGRP signaling can be mechanistically deduced from the known pharmacological actions and pathophysiological implications of CGRP in the digestive tract. CGRP in the gut is expressed by two distinct neuronal populations: extrinsic primary afferent nerve fibers and distinct neurons of the intrinsic enteric nervous system. In particular, CGRP is a major messenger of enteric sensory neurons which in response to mucosal stimulation activate both ascending excitatory and descending inhibitory neuronal pathways that enable propulsive (peristaltic) motor activity to take place. In addition, CGRP is able to stimulate ion and water secretion into the intestinal lumen. The motor-stimulating and prosecretory actions of CGRP combine in accelerating intestinal transit, an activity profile that has been confirmed by the ability of CGRP to induce diarrhea in mice, dogs and humans. We therefore conclude that the constipation elicited by antibodies targeting CGRP or its receptor results from interference with the physiological function of CGRP in the small and large intestine in which it contributes to the maintenance of peristaltic motor activity, ion and water secretion and intestinal transit.

Keywords: calcitonin gene-related peptide (CGRP), CGRP receptor antagonists (gepants), CGRP antibodies, CGRP receptor antibodies, migraine, constipation, peristaltic motor activity, diarrhea


INTRODUCTION

Calcitonin gene-related peptide was overtaking many a neuropeptide in its path to clinical exploitation, given that only some 20 years after its discovery (Rosenfeld et al., 1983) a landmark paper (Olesen et al., 2004) provided clinical proof of the concept that a small molecule antagonist of CGRP (code name BIBN4096BS, later given the international non-proprietary name olcegepant) is able to prevent and treat migraine. Since then several small molecule antagonists (as a group termed gepants) have been developed for use in migraine management, followed by the successful introduction of monoclonal antibodies targeting CGRP or its receptor (for reviews see Edvinsson, 2019; Hargreaves and Olesen, 2019; Omaer et al., 2021). The results of the randomized controlled trials (RCTs) in phase 3 of clinical development attributed not only satisfactory efficacy but also acceptable safety and tolerability to these CGRP-directed migraine therapeutics. The profile of treatment-emergent adverse effects did not expose any major concern with those compounds that were advanced to regulatory approval. Unexpectedly, though, post-approval real-world surveys revealed constipation to be a major adverse effect of the monoclonal antibodies targeting the CGRP system.

Constipation caused by CGRP antagonism/neutralization is the prime focus of this review article which seeks to provide a mechanistic explanation of this adverse effect which in hindsight was not totally unforeseen. In addressing this issue, we first survey the gastrointestinal adverse effect profile of gepants and monoclonal antibodies targeting either CGRP or the CGRP receptor, collectively termed anti-CGRP migraine therapeutics, that came to light in the phase 3 trials prior to marketing authorization. We then summarize the available data showing constipation to be associated with the use of antibodies targeting CGRP or its receptor in the post-approval stage. Considering the post-approval data we go on to examine the question whether constipation caused by inhibition of CGRP signaling can mechanistically be deduced from the known actions and pathophysiological implications of CGRP in the gastrointestinal tract of laboratory animals and humans. Although we notice that the effects of CGRP in the human gut have insufficiently been studied, we are able to gather plausible evidence that CGRP can stimulate propulsive motility and secretion in the human intestine. If the pharmacological actions of CGRP in the human intestine were to reflect the physiological implications of the peptide, antagonism of CGRP signaling would be expected to cause constipation as shown by the adverse effect of anti-CGRP therapeutics. In addition, we take into account that certain neuroendocrine tumors expressing and releasing CGRP are known to cause watery diarrhea, which indirectly ascribes CGRP a role in promoting propulsive motility in the human intestine. With these considerations in mind we provide a rational explanation why long-term blockade of CGRP signaling results in constipation as a major adverse effect of monoclonal antibodies targeting CGRP or its receptor.



GASTROINTESTINAL SIDE EFFECT PROFILE OF ANTI-CALCITONIN GENE-RELATED PEPTIDE MIGRAINE THERAPEUTICS IN PRE-APPROVAL CLINICAL TRIALS

Although they were efficacious in migraine management, the first gepants including olcegepant (code name BIBN4096BS), MK-3207 and telcagepant (code name MK-0974) did not make it to approval by regulatory authorities for various reasons. One issue was that MK-3207 and telcagepant were liable to enhance serum levels of hepatic aminotransferases and carry a risk of hepatotoxicity (Ho et al., 2008). Concerns about drug-induced liver injury also accompanied the development of further gepants. However, ubrogepant, rimegepant and atogepant have meanwhile been approved as migraine therapeutics by the US Food and Drug Administration (FDA), and other regulatory authorities including the European Medicines Agency (EMA) were following suit in licensing these gepants. The phase 3 trials of these small molecule CGRP receptor antagonists revealed only rare and transient elevations of serum aminotransferase levels (Croop et al., 2019; Dodick et al., 2019; Lipton et al., 2019a,b; Ailani et al., 2020; Omaer et al., 2021) that did not lead to clinically manifest liver injury.

The gepants in clinical use are in general well tolerated as proved in the RCTs during clinical development. Apart from infections of the upper respiratory, urinary and/or gastrointestinal tract, nausea (1.8–4.7% of patients on gepants) was the most common gastrointestinal complaint reported in phase 3 trials of ubrogepant, rimegepant and atogepant (Croop et al., 2019; Lipton et al., 2019a,b; Ailani et al., 2020, 2021; Omaer et al., 2021). Diarrhea was noted in 2.5–2.7% of patients on ubrogepant (Ailani et al., 2020) while constipation was reported in 6.9–7.7% of subjects taking atogepant (Ailani et al., 2021), but were not noticed in the trials of the other gepants. The proven efficacy of gepants in migraine prevention and treatment provided ample evidence for an implication of CGRP in the pathophysiology of migraine and fostered efforts to explore other routes to target the CGRP system.

To avoid the potential hepatic toxicity of some of the gepants, monoclonal antibodies targeting the CGRP system were envisaged as an alternative therapeutic approach. Meanwhile, a number of monoclonal antibodies targeting either the CGRP receptor (erenumab) or CGRP itself (fremanezumab, galcanezumab and eptinezumab) have entered the therapeutic arena. The safety of these monoclonal antibodies during clinical development has been regarded as favorable and to stay within a profile expected for this class of therapeutics (production of anti-drug antibodies, local injection responses, hypersensitivity reactions, infections of the upper respiratory tract). The results of the phase 3 trials also showed that their gastrointestinal adverse effect profile posed no particular concern, although some distinct differences between the antibodies targeting the CGRP receptor and those targeting CGRP emerged.

Fremanezumab appeared to be largely devoid of adverse effects on the gut as the frequency of nausea observed in the antibody-treated patients did not exceed that noted in placebo-treated subjects (Silberstein et al., 2017; Dodick et al., 2018b; Ferrari et al., 2019). No mention of constipation was made in three phase 3 trials (Silberstein et al., 2017; Dodick et al., 2018b; Sakai et al., 2021), whereas one phase 3 study reported constipation occurring in 3% of subjects receiving fremanezumab (675 mg) once every 3 months but not in those receiving fremanezumab (225 mg) monthly (Ferrari et al., 2019). Similarly, constipation and other gastrointestinal adverse effects in individuals on galcanezumab were either not reported or their rate did not exceed that seen in placebo-treated patients (Detke et al., 2018; Skljarevski et al., 2018; Stauffer et al., 2018; Mulleners et al., 2020). Only one phase 3 trial showed nausea to occur in 6.4–7.8% of patients on galcanezumab (Camporeale et al., 2018). Constipation was likewise found to be absent or negligible in five phase 3 studies of eptinezumab (Ashina M. et al., 2020; Lipton et al., 2020; Silberstein et al., 2020; Kudrow et al., 2021; Winner et al., 2021) while low rates of eptinezumab-associated nausea were noted in two phase 3 trials (Lipton et al., 2020; Silberstein et al., 2020).

Unlike the antibodies targeting CGRP (fremanezumab, galcanezumab, eptinezumab), erenumab, an antibody targeting the CGRP receptor, emerged to have some potential to cause constipation in the pre-approval RCTs. Thus, constipation in 1.6–5.1% of patients on erenumab was reported in three phase 3 trials (Goadsby et al., 2017; Tepper et al., 2017; Takeshima et al., 2021) whereas in five other phase 3 trials (Sun et al., 2016; Dodick et al., 2018a; Reuter et al., 2018; Goadsby et al., 2020; Hirata et al., 2021) no mention of constipation was made. Occasional nausea and diarrhea were noted in one phase 3 trial (Goadsby et al., 2020). Taken together, the intestinal adverse effect profile of erenumab was considered to be without substantial concern based on the data collected in the pre-approval trials of the antibody. It is worth mentioning, though, that a constipation rate of 11% was observed when erenumab, but not galcanezumab, was co-administered with ubrogepant in an open-label phase 1b trial of migraine patients (Jakate et al., 2021).



CONSTIPATION AS AN ADVERSE EFFECT OF CALCITONIN GENE-RELATED PEPTIDE AND CALCITONIN GENE-RELATED PEPTIDE RECEPTOR ANTIBODIES IN POST-APPROVAL SURVEYS

As the development of anti-CGRP migraine therapeutics gained momentum, concerns were raised that blockade of CGRP signaling may have adverse effects, especially if used for long term periods that were not covered by phase 3 trials. In view of CGRP’s vasodilator action (for a review see Russell et al., 2014) it was, for instance, argued that comorbidities in the cardiovascular system may enhance the risk of cerebral and cardiac ischemia (MaassenVanDenBrink et al., 2016; Deen et al., 2017). Since CGRP also plays a role in safeguarding gastrointestinal mucosal blood flow in the face of pending injury (Holzer, 1998; Akiba et al., 2002), antagonism of CGRP’s vasodilator action was regarded to potentially compromise gastrointestinal mucosal homeostasis. Indeed, neutralization of CGRP with an antibody or CGRP knockout prevents the protective effect of capsaicin, a stimulant of extrinsic sensory neurons releasing CGRP, against ethanol-induced damage in the rat gastric mucosa (Peskar et al., 1993; Ohno et al., 2008). Likewise, experimental colitis evoked by trinitrobenzene sulfonic acid in rodents is aggravated by the CGRP receptor antagonist CGRP8–37, a CGRP antibody (Reinshagen et al., 1998), and genetic deletion of CGRP (Engel et al., 2011). CGRP antagonism may thus interfere with the protective function of CGRP released from sensory nerve fibers in the gastrointestinal mucosa (Holzer, 1998; Akiba et al., 2002), a function that may include facilitated wound healing and neovascularization (Ohno et al., 2008). Fortunately, this adverse event potential of anti-CGRP therapeutics in the gastrointestinal mucosa has thus far not been substantiated in the RCTs and post-approval surveys.

The concerns raised by Deen et al. (2017) and Hargreaves and Olesen (2019) that CGRP antagonism/neutralization may bear a risk of constipation, though, has been corroborated to a remarkable degree in post-approval studies and surveys. The predictive validity of this concern was uncertain at that time, since any long-term effects of CGRP-targeting migraine therapy were not yet known and the pathophysiological implications of CGRP in humans remained largely unexplored. In addition, the ongoing phase 3 trials did not disclose any substantial gastrointestinal adverse effect potential of the anti-CGRP migraine therapeutics under clinical development. It therefore came as an unforeseen surprise that in post-approval real-world surveys constipation emerged as a major unwanted side effect of monoclonal antibodies targeting the CGRP system. Table 1 summarizes the pertaining reports that have been published to date and shows that the available real-world evidence for constipation relates, at the present time, to the monoclonal antibodies targeting the CGRP system.


TABLE 1. Constipation rates in migraine patients treated with CGRP receptor antagonists or monoclonal antibodies targeting CGRP or its receptor as reported in post-approval surveys (real-world evidence).

[image: Table 1]
The data put together in Table 1 also demonstrate that constipation is a troubling adverse effect independently of whether the antibodies neutralize the CGRP receptor or CGRP itself. As the surveys show, constipation may affect more than 50% of patients receiving erenumab. It is worth noting that the lowest rate of erenumab-associated constipation (7.6%) was found in Spanish patients (Belvís et al., 2021), while the highest rates (32.6–65%) were found in Dutch (de Vries Lentsch et al., 2021) and US (Alex et al., 2020; Kanaan et al., 2020) patients as well as in a Danish cohort of patients with headache attributed to mild traumatic brain injury (Ashina H. et al., 2020). A more detailed analysis indicates that constipation due to erenumab depends on dose (Alex et al., 2020) and is most prominent at the start of treatment (Lambru et al., 2020). Antibodies targeting CGRP itself appear to be equally liable to cause constipation as erenumab (Table 1). Thus, constipation rates of 17.4–23% were reported for galcanezumab and rates of 23–25% for fremanezumab (Alex et al., 2020; Robbins and Phenicie, 2020; Torres-Ferrús et al., 2021).

As regards the small molecule CGRP receptor antagonists, only one post-approval survey has been published, showing that 4.7% of patients on ubrogepant complained about constipation (Chiang et al., 2021). As described in the previous section of this article, no mention of constipation as an adverse effect was made in the phase 3 trials of ubrogepant. Whether the real world constipation rates for other gepants will also be higher than those in the pre-approval RCTs remains to be examined. Such a post-approval evaluation is in particular awaited for atogepant which in one phase 3 trial was reported to cause constipation in 6.9–7.7% of patients (Ailani et al., 2021).

The pre- and post-approval studies/surveys considered here were selected in order to provide valid evidence for constipation being an unwanted action of CGRP migraine therapeutics and to underline the need to explain this unforeseen adverse effect. There are, however, some limitations inherent in these studies. Firstly, gepants are indicated for the acute migraine treatment while antibodies targeting the CGRP system are used for preventive migraine management. Secondly, the post-approval studies/surveys of CGRP-directed antibodies have typically been conducted in migraine patients that had a history of multiple treatment failures. Thirdly, in many studies the concomitant use of one or more preventive headache medications was permitted. If the migraine patients continue treatment by a polypharmacy approach including, for instance, opioid receptor agonists, the rate of constipation may be equally high before and after erenumab therapy (Faust et al., 2021).

The high rates of constipation disclosed by real world evaluation of the efficacy and safety of antibodies targeting the CGRP receptor or CGRP itself emphasize the need to closely monitor their intestinal adverse effect profile and in this way safeguard the success in migraine treatment. In this context it is also important to address the question in which way self-rated constipation can be classified in a clinically meaningful manner. Assessment of drug-induced constipation is not a trivial task because it is important to differentiate between self-reported constipation and constipation assessed by objective criteria as, for instance, proposed for opioid-induced constipation (Lacy et al., 2016; Farmer et al., 2019). Self-assessed constipation is dominated by individual perceptions such as ease of defecation or incomplete bowel emptying and individual expectations in the frequency of bowel movements. This may also in part explain why the rates of self-reported constipation vary considerably among the different surveys listed in Table 1. The use of diagnostic procedures for objective assessment of constipation, e.g., the Rome IV criteria (Lacy et al., 2016) or the functional bowel index (Farmer et al., 2019), may yield results appreciably different from self-reported constipation rates. Apart from differences in individual perception and expectation, patients may also overlook gradual changes in bowel movements that could have taken place before a CGRP-targeting therapy was begun. It should not go unnoticed in this context that migraine as well as non-migrainous headache can be comorbid with gastrointestinal disturbances including constipation (Kelman, 2004; Aamodt et al., 2008). Notwithstanding these considerations, the post-approval survey data indicate that a considerable part of migraine patients treated with antibodies against CGRP or the CGRP receptor suffer from constipation severe enough to curtail their quality of life.



EVIDENCE FOR A ROLE OF CALCITONIN GENE-RELATED PEPTIDE IN STIMULATING INTESTINAL PROPULSION AND SECRETION IN LABORATORY ANIMALS


Innervation of the Gut by Calcitonin Gene-Related Peptide-Expressing Neurons

In our attempt to explain the potential of CGRP antagonism/neutralization to induce constipation we first review experimental studies in laboratory animals for relevant effects of CGRP and CGRP antagonism on gastrointestinal motor activity and secretory processes. The major sources of CGRP in the gut of rodents are extrinsic afferent nerve fibers and intrinsic enteric neurons (for early reviews see Taché et al., 1991; Sternini, 1992; Holzer, 1994, 2000; Maggi, 1995), and this dual CGRP innervation holds also true for the digestive tract of dogs and pigs (Sternini et al., 1992; Rasmussen et al., 2001). Figure 1 provides a schematic diagram of the neuronal sources of CGRP in the rodent gut. In the rat, most of the CGRP expressed in extrinsic sensory neurons is α-CGRP, whereas the peptide found in enteric neurons is β-CGRP (Mulderry et al., 1988; Sternini and Anderson, 1992). In the mouse, β-CGRP appears to be the only form of the peptide occurring in the intestine (Schütz et al., 2004). While the major source of CGRP in the foregut of rat, mouse and guinea-pig are extrinsic afferent neurons, intrinsic enteric neurons constitute the major source of the peptide in the small and large intestine (Sternini et al., 1987; Su et al., 1987; Green and Dockray, 1988; Mitsui, 2011). CGRP-immunoreactive neurons of the myenteric and submucosal plexus in the guinea-pig intestine extend abundant processes to the mucosa (Furness et al., 1985). Similarly, CGRP has been localized to cholinergic secretomotor neurons in the submucosal plexus of the mouse ileum (Mongardi Fantaguzzi et al., 2009). In the rat intestine CGRP-expressing neurons have been found to issue oral or caudal projections within the nerve plexus as well as to the muscle layers and the mucosa (Ekblad et al., 1987; Sternini et al., 1987). CGRP is a particular chemical code of intrinsic primary afferent neurons (IPANs) which originate from the enteric nerve plexus of the mouse, rat and guinea-pig intestine (Figure 2) and have direct connections with both excitatory and inhibitory enteric motor pathways (Furness et al., 2004; Mitsui, 2009, 2011; Hibberd et al., 2018; Smolilo et al., 2020). Likewise, CGRP occurs in more than 90% of IPANs (neurons with a Dogiel type II morphology) in the myenteric plexus of the porcine small intestine, but is also expressed in other types of neuron (Brehmer et al., 2002; Wolf et al., 2007).
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FIGURE 1. Innervation of the rodent gut by extrinsic afferent and intrinsic enteric neurons expressing CGRP. The different types of neuron are depicted by different color codes as explained in the graph. BV, blood vessel; CM, circular muscle; DRG, dorsal root ganglion; IPANs, intrinsic primary afferent neurons; LM, longitudinal muscle; MP, myenteric plexus; NG, nodose ganglion; SMP, submucosal plexus.
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FIGURE 2. Role of CGRP-expressing intrinsic primary afferent neurons (IPANs) in the peristaltic motor activity of the intestine through activation of ascending excitatory and descending inhibitory pathways in the enteric nerve plexus. CGRP-expressing IPANs are stimulated by mechanical or chemical stimulation of the mucosa and intestinal wall. Ascending contraction of the circular muscle above the stimulus is mediated by interneurons and excitatory cholinergic motor neurons, while descending relaxation of the circular muscle below the stimulus is brought about by interneurons and inhibitory motor neurons (expressing nitric oxide synthase and various relaxant mediators). The different types of neuron are depicted by different color codes as explained in the graph. The model shown in the graph takes particular account of the findings reported by Grider et al. (1998) and Smolilo et al. (2020). CM, circular muscle; 5-HT, 5-hydroxytryptamine; LM, longitudinal muscle; MP, myenteric plexus; SMP, submucosal plexus.


The CGRP-expressing extrinsic afferent neurons in the rodent gut (Figure 1) originate primarily from cell bodies in the dorsal root ganglia (Sternini et al., 1987; Green and Dockray, 1988; Mulderry et al., 1988; Sternini and Anderson, 1992; Robinson et al., 2004; Tan et al., 2008; Chen et al., 2016). Within the gastrointestinal tract, they supply primarily the arterial system but also project to the submucosal and myenteric nerve plexus, to the circular and longitudinal muscle layers and the lamina propria of the mucosa (Sternini et al., 1987; Su et al., 1987; Green and Dockray, 1988). CGRP-positive vagal afferents originating from the nodose ganglia make a limited contribution to the CGRP content of the rat foregut, supplying primarily the mucosa but not the muscle layers (Sternini and Anderson, 1992; Bäck et al., 1994; Suzuki et al., 1997; Tan et al., 2009).



Expression of Calcitonin Gene-Related Peptide Receptors in the Gut and Functional Evidence for a Role of Calcitonin Gene-Related Peptide in Stimulating Propulsive Motility

CGRP has been reported to have multiple actions in the gastrointestinal tract, influencing motor, secretory, vascular and immune functions (for a review see Holzer, 2000), these implications depending on the innervation of the target tissues by CGRP-releasing neurons and the expression of CGRP receptors by the effector cells. The localization of specific CGRP binding sites to the enteric nerve plexus and other tissues in the canine and rat digestive tract (Gates et al., 1989; Ozdemir et al., 1999) has been confirmed by the presence of CGRP receptors in the myenteric nerve plexus of the human gastrointestinal tract (Cottrell et al., 2012). The functional implications of CGRP receptors cannot only be studied by the use of CGRP receptor antagonists and antibodies targeting CGRP or the CGRP receptor but also by (genetic) modification of the expression of CGRP receptors. With regard to the elucidation of gastrointestinal CGRP functions, the latter approach has not yet been employed to any significant extent. This may in part be related to the fact that functional CGRP receptors are heterodimers of calcitonin receptor-like receptor (CLR) and receptor activity-modifying protein-1 (RAMP1) (for a review on CGRP receptor pharmacology see Hay et al., 2018). There is still a lack of studies localizing functional CGRP (CLR/RAMP1) receptors to particular effector systems and matching the presence of these receptors with the pharmacological actions of CGRP in the gut.

In explaining the potential of CGRP antagonism/neutralization to cause constipation it is of prime relevance to consider the known pharmacological and physiological roles that CGRP plays in the regulation of gastrointestinal motor activity. Given the multiple sources of CGRP in the gut it is to be expected that the pharmacological actions of CGRP are complex, comprising both excitatory and inhibitory actions on gastrointestinal motility. CGRP causes muscle relaxation in the guinea-pig and rat small and large intestine by a direct action on the muscle (Holzer et al., 1989; Barthó et al., 1991; Barthó and Holzer, 1995; Sun and Benishin, 1995; Maggi et al., 1996; Rekik et al., 1997; Clifton et al., 2007), an effect that is also seen when CGRP is released from extrinsic sensory neurons stimulated by capsaicin (Barthó et al., 1991; Barthó and Holzer, 1995). Defunctionalization of extrinsic CGRP-releasing neurons by capsaicin, however, as well as CGRP antagonism by CGRP8–37 do not modify distension-induced peristalsis in the isolated guinea-pig small intestine (Barthó and Holzer, 1995). In contrast, release of CGRP from extrinsic sensory neurons slows gastric emptying in the rat (Forster and Dockray, 1991) as does intravenous or intraperitoneal administration of CGRP to dogs (L’Heureux et al., 2000) and rats (Lenz, 1988; Raybould et al., 1988; Plourde et al., 1993; Julia and Buéno, 1997) through inhibition of gastric corpus motility (Zittel et al., 1994). The inhibitory action of CGRP released from extrinsic sensory neurons on gastrointestinal motility plays an important role in the ileus following abdominal surgery. Capsaicin-induced ablation of extrinsic spinal sensory neurons, CGRP antagonism by CGRP8–37 or olcegepant, and CGRP immunoneutralization in the mouse, rat and dog are all able to reverse postoperative ileus in terms of inhibition of gastric corpus motility (Zittel et al., 1994), inhibition of gastric emptying (Plourde et al., 1993; Freeman et al., 1999; Trudel et al., 2003) and inhibition of transit through the small and large intestine (Zittel et al., 1998; Freeman et al., 1999; Glowka et al., 2015). The delay in gastric emptying and intestinal transit caused by endotoxin in mice and experimental peritonitis in rats is likewise mitigated by CGRP8–37 (Julia and Buéno, 1997; De Winter et al., 2009).

While CGRP released from extrinsic sensory neurons participates in gastrointestinal motor inhibition under particular pathological conditions, CGRP released from intrinsic enteric neurons plays a physiological role in initiating peristaltic (propulsive) motility in the intestine. This role is at first glance difficult to extract from a multitude of reports describing both excitatory (contractile) and inhibitory (relaxant) motor actions of CGRP in isolated segments or strips of the intestine. However, local effects of the peptide such as muscle relaxation (Holzer et al., 1989; Barthó et al., 1991; Barthó and Holzer, 1995; Sun and Benishin, 1995; Maggi et al., 1996; Rekik et al., 1997; Clifton et al., 2007), inhibition of acetylcholine release from myenteric neurons (Schwörer et al., 1991) or activation of inhibitory neural pathways (Holzer et al., 1989) reflect only stationary aspects of coordinated propulsive motility. Experiments with a more integrated view on intestinal propulsion demonstrate that CGRP stimulates motor patterns that are relevant to the aboral movement of the intestinal contents. Thus, CGRP induces phasic contractions of the circular muscle of the guinea-pig small intestine due to stimulation of cholinergic neurons (Holzer et al., 1989). Close intraarterial administration of CGRP to the canine ileum evokes rhythmic phasic contractions at smaller doses and giant migrating contractions at higher doses, effects that are prevented by CGRP8–37 (Sarna, 2003) although neither CGRP nor CGRP8–37 infused to dogs modifies the duration of the migrating motor complex during the interdigestive period (L’Heureux et al., 2000).

Detailed analysis of the stimulant effect of CGRP on intestinal propulsion has disclosed that CGRP-expressing IPANs in the rodent intestine play a crucial role in initiating those enteric reflexes (ascending contraction and descending relaxation of the circular muscle) that enable peristaltic movements to be triggered and to propagate in an aboral direction (Figure 2). In line with this implication, mechanical or chemical stimulation of the intestinal mucosa leads to release of CGRP from enteric sensory neurons (Grider, 1994; Foxx-Orenstein et al., 1996; Grider et al., 1998; Roza and Reeh, 2001). More specifically, when stimulated by mucosal stroking or 5-hydroxytryptamine (5-HT) released from enterochromaffin cells, CGRP-expressing IPANs lead to activation of ascending excitatory and descending inhibitory pathways in the enteric nerve plexus underlying peristalsis (Figure 2) in the rat, guinea-pig and mouse small and large intestine, this implication of CGRP being prevented by CGRP8–37 (Grider, 1994, 2003; Foxx-Orenstein et al., 1996; Grider et al., 1998; Pan and Gershon, 2000). When muscle stretch is used to stimulate the peristaltic motor pathways, CGRP released from capsaicin-sensitive extrinsic sensory neurons also comes into play (Grider, 1994). The prokinetic action of bile acids in the mouse colon is mediated by a similar mechanism, given that the effect of deoxycholic acid to stimulate peristalsis is inhibited by CGRP8–37 (Alemi et al., 2013). The stimulant effect of CGRP on peristalsis is consistent with the peptide’s action to depolarize enteric neurons and enhance their excitability (Palmer et al., 1986) and to potentiate excitatory neurotransmission to the circular muscle of the guinea-pig colon (Kojima and Shimo, 1995; Maggi et al., 1997).



Functional Evidence for a Role of Calcitonin Gene-Related Peptide in Stimulating Intestinal Secretion and Causing Diarrhea

Motor activity in the gut is intimately related to intestinal ion and water secretion, given that an increase in the intraluminal volume of fluid and chyme will have a mechanical impact on the mucosa as well as gastrointestinal wall, in this way stimulate propulsive motility, and in combination with increased water secretion give rise to diarrhea. The intestinal mucosa is supplied by CGRP-positive intrinsic enteric as well as extrinsic sensory neurons which are strategically located to influence secretory processes. Thus, when these neurons are activated, epithelial ion transport in the mouse colon is enhanced by release of CGRP from submucosal enteric neurons (Tough et al., 2018). CGRP stimulates chloride secretion in the rat colonic mucosa by activating CGRP receptors that are preferentially located on the basolateral surface of epithelial cells (Cox, 1995). In contrast, CGRP’s secretory action in the guinea-pig colon is mediated by enteric neurons (McCulloch and Cooke, 1989). It may be added that the distension-evoked release of CGRP in the mouse colon is accompanied by a release of prostaglandin E2 (Roza and Reeh, 2001), which is known to play a role in intestinal secretion and diarrhea (Rask-Madsen et al., 1990). The prosecretory effect of CGRP is also seen in vivo, given that intravenous administration of the peptide enhances ion and water secretion into the rat colon (Rolston et al., 1989). In addition, evidence for a prosecretory role of CGRP comes from reports that inhibition of endogenous CGRP activity by knockdown of the CLR subunit of the CGRP receptor (Bhargava et al., 2013) or treatment with the receptor antagonist CGRP8–37 (Keates et al., 1998) attenuates intestinal water secretion induced by Clostridioides (previously termed Clostridium) difficile toxin A. In addition, the accelerated gastrointestinal transit evoked by ovalbumin anaphylaxis is blunted in mice deficient in RAMP1, the other subunit of the CGRP receptor (Yoshikawa et al., 2011).

The implications of CGRP in intestinal ion and water secretion are confirmed by the ability of exogenous CGRP to induce overt diarrhea in dogs and mice. Specifically, intravenous infusion of CGRP to dogs causes jejunal electrolyte and water secretion and causes diarrhea in the majority of animals (Reasbeck et al., 1988). Intraperitoneal administration of CGRP to mice likewise triggers diarrhea as assessed by stool consistency and weight, an effect that is reproduced by intracerebroventricular administration of the peptide which appears to cause diarrhea only following leakage to the periphery (Kaiser et al., 2017). Intraperitoneal pretreatment of the animals with CGRP antibodies is able to prevent the CGRP-induced diarrhea, while olcegepant is less efficacious in blunting the laxative action of the peptide (Kaiser et al., 2017).

Taken together, there is substantial evidence from studies in laboratory animals that CGRP can stimulate propulsive motor activity and secretion in the intestine, which leads to diarrhea. If these effects were physiologically relevant, CGRP antagonism/neutralization would be expected to delay gastrointestinal transit and bring about a functional state resembling constipation. Unfortunately, there is only limited information as to whether CGRP receptor antagonists or CGRP antibodies interfere per se with physiological gut function in laboratory animals. Thus, gastric corpus motility (Zittel et al., 1994), gastric emptying (De Winter et al., 2009), gastrointestinal transit (Glowka et al., 2015), and colonic transit (Zittel et al., 1998) in rats and mice remain unaltered by a single administration of CGRP8–37, olcegepant or a monoclonal CGRP antibody. One study, though, has shown that CGRP8–37 delays gastrointestinal transit in mice (De Winter et al., 2009). Notwithstanding these inconclusive observations, the CGRP-induced diarrhea in mice (Kaiser et al., 2017) and dogs (Reasbeck et al., 1988) attests to the peptide’s ability to stimulate intestinal transit and secretion, a contention that has been confirmed in humans (Falkenberg et al., 2020).




EVIDENCE FOR A ROLE OF CALCITONIN GENE-RELATED PEPTIDE IN STIMULATING INTESTINAL PROPULSION AND SECRETION IN HUMANS


Expression of Calcitonin Gene-Related Peptide and Calcitonin Gene-Related Peptide Receptors in the Human Intestine

Although the evidence gathered in experimental studies with laboratory animals attest to CGRP’s activity in enhancing intestinal peristalsis and secretion, species differences between laboratory animals and humans cannot a priori be neglected. Thus, it is important to review the available literature for information as to how CGRP impacts on intestinal motility and secretion in humans. As a matter of fact, however, the presence of CGRP and its physiological and pathophysiological implications in the human digestive tract have not as extensively been studied as in the gut of laboratory animals. The available information indicates that CGRP-like immunoreactivity in the human small intestine occurs not only in neuronal somata and fibers but also in mucosal endocrine cells (Timmermans et al., 1992; Brehmer et al., 2004; Cottrell et al., 2012). CGRP-positive enteric neurons are more abundant in the submucosal plexus than in the myenteric plexus, and some of the neuronal somata containing CGRP in the myenteric plexus of the human small intestine appear to be IPANs with a Dogiel type II morphology (Timmermans et al., 1992; Brehmer et al., 2004). Besides the peptide, CLR and RAMP1, the two subunits of functional CGRP receptors, have also been localized to the human stomach, small intestine and colon (Hagner et al., 2002; Cottrell et al., 2012). CLR-like immunoreactivity occurs in the myenteric and submucosal plexus, in nerve fibers within the circular and longitudinal muscle as well as in mucosal endocrine cells (Hagner et al., 2002; Cottrell et al., 2012). In addition, CLR and RAMP1 have been co-localized in the myenteric plexus where they are thought to form functional cell-surface receptors (Cottrell et al., 2012).



Functional Evidence for a Role of Calcitonin Gene-Related Peptide in Stimulating Intestinal Motility and Secretion and Causing Diarrhea

Only a limited number of studies has addressed the actions of CGRP on motor activity and secretory processes in isolated preparations of the human intestine. CGRP has been reported to have a weak relaxant effect in muscle strips of the human ileum and colon exposed to electrical field stimulation (Maggi et al., 1990; Smith and Smid, 2005). The ability of CGRP to instigate peristaltic motor activity has been studied in segments of the human jejunum. As seen in the rodent gut (Figure 2), mucosal stroking, 5-HT released from enterochromaffin cells or exposure to a 5-HT4 receptor agonist causes the release of CGRP, presumably from IPANs, which gives rise to ascending contraction and descending relaxation of the circular muscle, these motor reflexes being prevented by CGRP8–37 (Foxx-Orenstein et al., 1996; Grider et al., 1998). It is also likely that CGRP can stimulate chloride secretion in the mucosa of the human intestine as deduced from the prosecretory effect of CGRP in two human epithelial cell lines (Cox and Tough, 1994).

In view of the potential of erenumab to cause constipation (occasionally of a severe nature), as seen already in some pre-approval RCTs, Falkenberg et al. (2020) examined the effect of a 2-h intravenous infusion of CGRP (1.5 μg/min) to 30 healthy volunteers on 2 different days. CGRP was found to induce symptoms of gastrointestinal hypermotility in 93% of the participants on both study days. Rumbling, stomach pain, nausea, an urge to defecate and diarrhea were the most commonly experienced adverse effects during the infusion of the peptide. The symptoms were first noted after a delay of 20 min, on average reached a peak after 60 min and, with the exception of nausea, disappeared shortly after the infusion had been stopped. Since the symptoms were not prevented by sumatriptan, Falkenberg et al. (2020) classified the CGRP-induced disturbances of gastrointestinal function as a direct effect of the peptide on the gut.

With regard to the potential of CGRP antagonism/neutralization to cause constipation it is also relevant to ask whether idiopathic chronic constipation (ICC) may involve a change in the gastrointestinal CGRP system. However, this question is not yet possible to answer. While the number of CGRP-immunoreactive nerve fibers in the colonic myenteric ganglia of ICC patients was found to be markedly enhanced in one study (Dolk et al., 1990) it remained grossly unaltered in another study (Sjölund et al., 1997).




DIARRHEA ASSOCIATED WITH NEUROENDOCRINE TUMORS: POSSIBLE INVOLVEMENT OF CALCITONIN GENE-RELATED PEPTIDE

CGRP was discovered when it was realized that alternative processing (tissue-specific splicing) of the mRNA for calcitonin in the parafollicular (C) cells of the rat thyroid leads to production of CGRP, this peptide being widely expressed in neuronal tissue (Rosenfeld et al., 1983). Following the isolation of CGRP from patients with medullary thyroid carcinoma (MTC) (Morris et al., 1984), the peptide was, together with calcitonin, found to be expressed in the majority of MTCs and released into the circulation (Schifter et al., 1986; Takami et al., 1990; Hanna et al., 1997). Watery diarrhea has been reported to occur in some 30% of patients with MTC, this symptom being variously attributed to excess production of calcitonin and other factors (Hanna et al., 1997). CGRP doses administered to dogs mimicking the elevated plasma levels of CGRP found in human patients with MTC are able to stimulate water secretion in the small intestine and elicit diarrhea in 4 of 6 dogs (Reasbeck et al., 1988). The contention that high MTC-derived concentrations of CGRP in the circulation could contribute to the watery diarrhea accompanying MTC has likewise been put forward by Rolston et al. (1989) on the basis of the prosecretory effect of CGRP seen in rats. CGRP and calcitonin are also expressed in other neuroendocrine tumors associated with diarrhea such as carcinoid (Takami et al., 1990) and prostatic adenocarcinoma (Shulkes et al., 1991). The circulating levels of CGRP in prostatic adenocarcinoma correlate with the presence of diarrhea, and both the plasma levels of CGRP and the associated diarrhea have been found to be resistant to octreotide, a somatostatin analog commonly used in an attempt to mitigate tumor-associated symptoms (Shulkes et al., 1991).

Although no direct proof has yet been provided that MTC-associated diarrhea can be mitigated by CGRP antagonism or neutralization, the findings that elevated plasma levels of CGRP are associated with diarrhea indirectly support the contention that CGRP is able to stimulate intestinal motility and secretion. At the same time, this argument raises the possibility that CGRP antagonism could be beneficial in controlling the diarrhea associated with CGRP-producing tumors.



MECHANISTIC BASIS OF CONSTIPATION CAUSED BY ANTI-CALCITONIN GENE-RELATED PEPTIDE MIGRAINE THERAPEUTICS


Evidence Indicating That Constipation Results From Inhibition of Calcitonin Gene-Related Peptide’s Stimulant Effect on Intestinal Peristalsis and Secretion

The information reviewed herein attests CGRP both a motility-stimulating and prosecretory action in the intestine of various mammalian laboratory animals as well as humans (for a schematic summary see Figure 3). As there is evidence that CGRP is involved in the maintenance of peristaltic motor activity in the rodent and human gut, constipation evoked by CGRP antagonism/neutralization can be explained to result from interference with the physiological function of the peptide in the small and large intestine. In the gut, CGRP is expressed by distinct intrinsic enteric neurons and extrinsic primary afferent nerve fibers originating primarily in the dorsal root ganglia. The intrinsic enteric CGRP neurons participate in neuronal pathways that play a role in the initiation of propulsive motor activity and secretion of ions and water into the intestinal lumen (Figure 3). CGRP, in particular, is expressed in IPANs, intrinsic sensory neurons, of the mouse, rat, guinea-pig and pig (Brehmer et al., 2002; Furness et al., 2004; Wolf et al., 2007; Mitsui, 2009, 2011; Hibberd et al., 2018; Smolilo et al., 2020) and has also been localized to IPANs of the human small intestine (Timmermans et al., 1992; Brehmer et al., 2004). The CGRP-expressing IPANs contribute to the effect of mucosal stimulation to initiate peristaltic movements, given that both the ensuing ascending contraction and descending relaxation of the circular muscle in the mouse, rat, guinea-pig and human intestine in vitro are blunted by the CGRP receptor antagonist CGRP8–37 (Foxx-Orenstein et al., 1996; Grider et al., 1998; Pan and Gershon, 2000; Grider, 2003).
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FIGURE 3. Summary of the major effects of CGRP in the gut: stimulation of peristaltic motor activity and increased secretion of ions (primarily Cl–) and water, both effects in combination causing diarrhea. As these effects of the peptide are likely to contribute to the maintenance of propulsive motility, ion and water homeostasis and intestinal transit, inhibition of CGRP signaling by anti-CGRP migraine therapeutics is expected to cause constipation. CM, circular muscle; IPAN, intrinsic primary afferent neuron.


Coordinated peristaltic motility requires a consecutive interplay of (ascending) contraction and (descending) relaxation of the circular muscle so that the contraction can propel the intestinal content aborally to an adjacent segment that is relaxed. The implication of CGRP in this motor pattern may explain why both excitatory (contractile) and inhibitory (relaxant) responses to CGRP have been reported in various isolated preparations of the intestine. It should not go unnoticed in this respect that experimental studies have provided consistent evidence that exogenous CGRP slows gastric emptying in rats (Lenz, 1988; Plourde et al., 1993; Julia and Buéno, 1997) and dogs (L’Heureux et al., 2000). Whether the peptide has a similar action in humans has not yet been examined. If CGRP were to inhibit gastric emptying in humans, this action might be a factor contributing to nausea which is another documented adverse effect of anti-CGRP migraine therapeutics. It is worth noting in this context that an ongoing phase 4 clinical trial investigates in which way treatment of adult migraine patients with erenumab or galcanezumab affects gastric emptying and gastrointestinal transit (ClinicalTrials.gov identifier: NCT04294147)1.

The important clues to CGRP’s role in facilitating intestinal propulsion and ion/water secretion obtained in in vitro investigations have been confirmed by the ability of CGRP to induce diarrhea in vivo as observed in mice (Kaiser et al., 2017), dogs (Reasbeck et al., 1988), and humans (Falkenberg et al., 2020). Thus, the pharmacological and physiological activities of CGRP in the intestine of laboratory animals can be extrapolated to humans. Although pretreatment of mice with CGRP antibodies and olcegepant is able to blunt CGRP-induced diarrhea (Kaiser et al., 2017), there is scarce information as to whether CGRP antagonism/neutralization in laboratory animals has per se an adverse effect on intestinal propulsion in vivo. While one study found CGRP8–37 to delay gastrointestinal transit in mice (De Winter et al., 2009), most studies failed to see gastric corpus motility (Zittel et al., 1994), gastric emptying (De Winter et al., 2009), gastrointestinal transit (Glowka et al., 2015) and colonic transit (Zittel et al., 1998; Glowka et al., 2015) in rats and mice to be altered by CGRP8–37, olcegepant or a CGRP antibody. In classifying these findings two aspects need be taken into account. On the one hand, peptidic antagonists such as CGRP8–37 appear to have insufficient access to endosomal compartments that are also relevant to CLR signaling (Yarwood et al., 2017). On the other hand, in laboratory animals CGRP antibodies and antagonists have been tested only in short-term experiments whereas in humans CGRP-directed migraine therapeutics are used repeatedly for a prolonged period of time.

On the basis of the available evidence it can be concluded that CGRP plays a physiological role in stimulating intestinal propulsion, secretion and transit in humans. Blockade of this function is poised to lead to constipation as shown by the adverse effect of anti-CGRP therapeutics, a finding which at the same time confirms the involvement of CGRP in the maintenance of intestinal transit. In view of this reasoning, constipation cannot be classified as an indirect effect of CGRP-directed migraine therapeutics, as hoped by Haanes et al. (2020), but need be regarded as the result of blockade of CGRP signaling in the neural pathways underlying intestinal motor activity and secretion. In its medical implication this contention poses a major pharmacological challenge: How can the adverse effect of anti-CGRP therapeutics in the intestine be kept in check without compromising their anti-migraine action which is also thought to take place at a peripheral site outside the blood-brain barrier (Raffaelli and Reuter, 2018; Hargreaves and Olesen, 2019; Johnson et al., 2019; Messlinger and Russo, 2019; Christensen et al., 2020; Noseda et al., 2020)? At any rate, the risk of constipation associated with the use of antibodies targeting CGRP or its receptor need be accounted for in therapeutic decision making and treatment monitoring (Deligianni et al., 2021).



Open Questions and Future Challenges

In its quest to explain whether constipation caused by anti-CGRP therapeutics can be explained by antagonism of the physiological role of CGRP in the intestine, this review was based on the disparity between the comparably low rates of constipation seen in the pre-approval RCTs of antibodies targeting CGRP or its receptor and the much higher rates reported in post-approval real-world surveys. Constipation was noted only in one RCT of atogepant (Ailani et al., 2021) and fremanezumab (Ferrari et al., 2019) but in three phase 3 trials of erenumab (Goadsby et al., 2017; Tepper et al., 2017; Takeshima et al., 2021) although in five other RCTs of erenumab (Sun et al., 2016; Dodick et al., 2018a; Reuter et al., 2018; Goadsby et al., 2020; Hirata et al., 2021) constipation went unmentioned. It was unforeseen, therefore, that substantial rates of constipation in patients treated with erenumab, fremanezumab and galcanezumab (see Table 1) were reported in post-approval surveys. This outcome contradicted the initial contention that the adverse effect profile of anti-CGRP migraine therapeutics is favorable and within the limits expected for this class of therapeutics. However, concerns that gastrointestinal adverse effects, particularly constipation, may be underrated and underreported were voiced before the post-approval survey data went public (Hargreaves and Olesen, 2019; Robbins, 2019; Falkenberg et al., 2020).

A straightforward explanation for the significantly higher constipation rates in migraine patients on a CGRP-targeting therapy under real world conditions as compared to RCT conditions is not yet available. Differences in the patient populations in terms of medical history and comorbidities as well as a more detailed assessment of adverse events and disturbances of life quality are likely to be contributory factors (Lambru et al., 2020; Faust et al., 2021). Important information may also be deduced from a future comparison of the real world constipation rates associated with the long-term use of gepants, on the one hand, and antibodies targeting the CGRP system, on the other hand. Differences in the constipation rates may provide clues as to whether pharmacodynamic and/or pharmacokinetic factors play a role. The two classes of anti-CGRP therapeutics differ profoundly in their pharmacokinetic profile, given that gepants have a comparatively short biological half-life (5–11 h) while the CGRP and CGRP receptor antibodies have a biological half-life of 27–31 d (for reviews see Szkutnik-Fiedler, 2020; Omaer et al., 2021). Thus it may make a difference if CGRP signaling in the intestine is continuously blocked by antibody therapeutics for a prolonged period of time as compared to a more intermittent receptor blockade caused by gepant therapy.

In addition, there may also be appreciable pharmacodynamic differences between the different classes of anti-CGRP migraine therapeutics. The CGRP receptors operating in the human intestine that are blocked by the gepant and antibody therapeutics have not yet been characterized in sufficient detail. Together with calcitonin, CGRP, amylin, adrenomedullin and intermedin form a family of peptides that can use different receptors of a related structure for their biological actions (Hay et al., 2018). CGRP is not only an agonist at the CGRP receptor (a CLR/RAMP1 heterodimer) but also at the AMY1 receptor, a heterodimer of CTR (calcitonin receptor) and RAMP1, at which amylin is also an agonist (Hay et al., 2018). It has recently been reported that the available CGRP-directed migraine therapeutics differ in their receptor selectivity and their signaling via cAMP production (Bhakta et al., 2021). While erenumab and telcagepant antagonize not only CGRP but also adrenomedullin and intermedin at cAMP signaling through the CGRP receptor, fremanezumab is a specific antagonist of CGRP at the CGRP receptor (Bhakta et al., 2021). In contrast, erenumab and telcagepant also bind to the AMY1 receptor and inhibit cAMP signaling through this receptor (Bhakta et al., 2021). If different receptors such a CLR/RAMP1 and CTR/RAMP1 were to be involved in the action of CGRP and related peptides on intestinal motor activity and secretion, different classes of anti-CGRP therapeutics may also differ in their propensity to cause constipation. Indeed, the potency of CGRP8–37 in antagonizing the prosecretory response to α-CGRP in the rat and mouse colon and in the human epithelial cell line Colony-29 is very low as compared with other effects of the peptide (Cox and Tough, 1994; Cox, 1995; Esfandyari et al., 2000; Tough et al., 2018), which has been taken to conclude that a different type of receptor mediates the CGRP8–37-insensitive action of CGRP.

An important open question is: what medications are available to control the constipation brought about by anti-CGRP therapeutics while their anti-migraine action is maintained? Arguably this goal may be best achieved by prokinetic and laxative drugs that are suitable for long-term use and have a site of action that is restricted to the gut. In this respect it is reassuring to note that the repository of prescription medications used to treat chronic constipation has been appreciably expanded in the past 15 years (Herbert and Holzer, 2008; Bassotti et al., 2021; Wechsler and Shah, 2021). The drugs at hand include 5-HT4 receptor agonists (e.g., tegaserod, prucalopride), osmotic laxatives (e.g., polyethylene glycols), stimulant laxatives (e.g., bisacodyl) and a number of compounds that act on newly identified gastrointestinal targets. These include lubiprostone (an activator of CIC2 chloride channels), linaclotide and plecanatide (activators of guanylate cyclase C), tenapanor (an inhibitor of the sodium-hydrogen exchanger NHE3) and elobixibat (an inhibitor of the ileal bile acid transporter). It is not possible to judge which of these medications would be particularly suitable for the control of constipation caused by CGRP blockade before any experience based on clinical studies has been gained. Acetylcholinesterase inhibitors such as neostigmine and distigmine which enhance muscle tone are used to treat gastrointestinal pseudo-obstruction disorder but not chronic constipation because they induce muscle spasms at higher dosage, inhibit rather than promote peristalsis (Fruhwald et al., 2004), affect other peripheral cholinergic systems (e.g., in urinary system, heart and lung) and may lead to cholinergic crisis. The gastroprokinetic drugs domperidone (a dopamine D2 receptor antagonist) and metoclopramide (a dopamine D2 and 5-HT3 receptor antagonist and 5-HT4 receptor agonist) are likewise contra-indicated since safety concerns led EMA to restrict these drugs to short-term use.

In a final note, the activity of antibodies targeting the CGRP system to bring about constipation may be exploited therapeutically in intestinal disorders in which endogenous CGRP contributes to diarrhea, as has been suggested by Kaiser et al. (2017). For instance, it would be an option to explore the capacity of anti-CGRP therapeutics to control the diarrhea associated with neuroendocrine tumors such MTC, carcinoid and prostatic adenocarcinoma, in which the overexpression of CGRP results in elevated circulating levels of the peptide (Morris et al., 1984; Schifter et al., 1986; Takami et al., 1990; Shulkes et al., 1991; Hanna et al., 1997). If CGRP were a causative factor, CGRP blockade could be another approach to control diarrhea, complementing established treatment modes including somatostatin analogs such as octreotide. Other pathological conditions in which anti-CGRP therapeutics could have a beneficial effect include diarrhea caused by bacterial infection, given that the intestinal water secretion and inflammation evoked by Clostridioides difficile toxin A in rats depends on endogenous CGRP (Keates et al., 1998; Bhargava et al., 2013). Similarly, the accelerated gastrointestinal transit evoked by ovalbumin anaphylaxis, which is blunted in mice deficient in RAMP1 (Yoshikawa et al., 2011), suggests that food allergy-associated diarrhea could be susceptible to the therapeutic use of CGRP signaling blockers. Inflammatory bowel disease and the diarrhea-predominant form of irritable bowel syndrome (IBS-D) are also pathologies characterized by enhanced intestinal secretion and transit. It is unlikely, however, that inhibition of CGRP signaling is a therapeutic option under inflammatory conditions, given that both exogenous and endogenous CGRP protects from experimentally induced colitis in laboratory animals (Evangelista and Tramontana, 1993; Reinshagen et al., 1998; Mazelin et al., 1999; Clifton et al., 2007; Thompson et al., 2008; Engel et al., 2011; de Jong et al., 2015; Kawashima-Takeda et al., 2017; Yamasaki et al., 2020). In conclusion, the capacity of antibodies targeting CGRP or its receptor to inhibit intestinal secretion and transit offers a new lead for therapeutic exploitation in select pathologies in which CGRP overactivity is a pathophysiological factor.
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The trigeminovascular system (TGV) comprise of the trigeminal ganglion with neurons and satellite glial cells, with sensory unmyelinated C-fibers and myelinated Aδ-fibers picking up information from different parts of the head and sending signals to the brainstem and the central nervous system. In this review we discuss aspects of signaling at the distal parts of the sensory fibers, the extrasynaptic signaling between C-fibers and Aδ-fibers, and the contact between the trigeminal fibers at the nerve root entry zone where they transit into the CNS. We also address the possible role of the neuropeptides calcitonin gene-related peptide (CGRP), the neurokinin family and pituitary adenylyl cyclase-activating polypeptide 38 (PACAP-38), all found in the TGV system together with their respective receptors. Elucidation of the expression and localization of neuropeptides and their receptors in the TGV system may provide novel ways to understand their roles in migraine pathophysiology and suggest novel ways for treatment of migraine patients.

Keywords: trigeminal ganglion, nodes of Ranvier, Remak bundles, vascular neuroeffector site, nerve entry zone, Redlich-Obersteiner zone


INTRODUCTION

There is strong evidence for a role of calcitonin gene-related peptide (CGRP) and the calcitonin receptor-like receptor/receptor activity-modifying protein 1 (CLR/RAMP1, the CGRP receptor elements) in migraine pathophysiology (Edvinsson et al., 2018). CGRP is expressed in small to medium sized neurons in the trigeminal ganglion (TG) that project sensory, afferent non-myelinated C-fibers to both intra- and extracranial structures and centrally to the trigeminal nucleus caudalis (TNC; Edvinsson and Uddman, 2005; Eftekhari et al., 2010, 2013). The TG also harbors larger neurons and satellite glial cells (SGCs) which express the CGRP receptor. These neurons project thinly myelinated afferent sensory Aδ-fibers often in close relation to the C-fibers to the same regions as the C-fibers (Eftekhari et al., 2010, 2013). Early work demonstrated that CGRP is released from the trigeminovascular (TGV) system while more recent work has revealed CGRP release in attacks of primary headaches from sites such as the TG with neuronal bodies (soma), the trigeminal fibers (soma-free parts) and the dura mater and cranial vasculature which represent the most distal parts of the sensory nerve fibers (Edvinsson et al., 2018). Since neither CGRP nor CGRP receptor blocking drugs can pass the blood-brain barrier (BBB) freely, the likely site of anti-migraine action of the novel gepants and monoclonal antibodies (mAbs) is within the TGV system which lacks a BBB (Lundblad et al., 2015).

The aim of this review is to discuss in some detail the close relation between the C- and Aδ-fibers, occurring when the boutons align with or come close to proximal nodes of Ranvier, proposing the hypothesis that this might be a site of action of headache medications. Current data point toward the intimate location here between CGRP containing C-fiber boutons in proximity to the nodes of Ranvier (Figure 1 and Supplementary Video) where recent work has identified location of CGRP receptors on the Aδ-fibers (Edvinsson et al., 2019). Substance P (neurokinin family) (Edvinsson et al., 2021) and the pituitary adenylyl cyclase-activating polypeptide - 38 (PACAP-38) and their receptors in relation to the CGRP system (Edvinsson J. C. A. et al., 2020), has also been investigated in light of the node of Ranvier, and discussed below.
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FIGURE 1. Confocal visualization of the node of Ranvier. Confocal microscopy displaying calcitonin gene-related peptide (CGRP) (red) immunreactive C-fiber boutons flanked by two Aδ-fibers with their paranodal regions marked with contactin associated protein 1 (CASPR, green). This close relationship between the two fiber types display a point of interaction for CGRP signaling within the trigeminovascular (TGV) system (see Supplementary Video). For experimental details on antibodies etc., see Edvinsson et al. (2019).




EXPRESSION AND RELEASE OF CALCITONIN GENE-RELATED PEPTIDE, SUBSTANCE P, AND PITUITARY ADENYLYL CYCLASE-ACTIVATING POLYPEPTIDE FROM THE TRIGEMINOVASCULAR SYSTEM

Studies have examined the release of CGRP, substance P, and PACAP from neuron rich regions the TG, neuron soma poor regions of the TG and the dura mater with its vasculature (Edvinsson J. C. A. et al., 2020; Edvinsson et al., 2021). Along the unmyelinated C-fibers from the TG in both central and peripheral direction the thin C-fibers often appear as a pearl necklace with the “pearls” being the so-called “boutons,” sometimes described also as a pattern “en-passant” in the fibers with accumulations of neurotransmitters. Immunohistochemistry revealed that the C-fibers and TG neurons contain a rich supply of CGRP, while about 15% of these contain substance P (Edvinsson et al., 2021) and PACAP (Edvinsson J. C. A. et al., 2020); even fewer contain neurokinins A and B. Our analysis revealed a minor content of substance P in the CGRP containing C-fiber boutons while there was no observable presence of PACAP. Detailed analysis of other peptides of the CGRP family such as amylin and adrenomedullin revealed a minor contribution, mainly localized in neuronal somas which co-store CGRP (Edvinsson L. et al., 2020). PACAP-38 is expressed in the TG of rat and man, and shown to co-localized with CGRP specifically in the neurons in TG (Frederiksen et al., 2018). In the walls of cerebral arteries there was a rich distribution of CGRP, but some perivascular fibers also contain substance P and PACAP-38 (Edvinsson and Uddman, 2005; Frederiksen et al., 2019). The dura mater with the middle meningeal artery (MMA) and its branches showed CGRP positive fibers but few containing substance P and essentially none with PACAP-38 (Edvinsson J. C. A. et al., 2020). In studies of the C-fiber distribution within the trigeminal nerve, there were C-fiber boutons being enriched with CGRP (Edvinsson et al., 2019); these also expressed some vesicular substance P but no PACAP-38 (Edvinsson J. C. A. et al., 2020). Based on these findings, co-release experiments were performed in different parts of the TGV system.

When stimulating the tissue preparations, it was observed that 60 mM K+ (depolarization) resulted in minor release of substance P from the dura mater but no release from the soma-poor or soma-rich samples (Edvinsson et al., 2021). However, there was abundant release from all three preparations of CGRP as measured in parallel. When adding the TRPV1 agonist capsaicin there was no observed release of substance P from the dura mater samples or soma-rich parts of the TG but a low release was detected from the soma-poor TG. In contrast, all three samples showed high and consistent release of CGRP following capsaicin treatment (Edvinsson et al., 2021). This pattern of release agrees well with the immunohistochemical expression of substance P and CGRP.

The PACAP-38 release data demonstrated that CGRP was released from all three parts of the TGV system; however, PACAP-38 was only released from the soma-rich part of the TG (with the neurons) and showed no differences if it was stimulated with 60 mM K+ or capsaicin (Edvinsson J. C. A. et al., 2020). This finding agrees well with the immunohistochemistry revealing that PACAP is only expressed in a subpopulation of CGRP positive neurons in the TG (Eftekhari et al., 2013; Frederiksen et al., 2018; Edvinsson J. C. A. et al., 2020). Taken together the data strongly suggest that the C-fiber boutons may function as local release sites.

Immunohistochemistry of the major blood vessels, cerebral and MMA, revealed some structural differences. Previous studies revealed a rich distribution of CGRP and substance P in cerebral vessel walls while the perivascular network of these fibers was comparatively sparse in MMA and in dura mater (Edvinsson et al., 1981, 1987). Only few PACAP-38 immunoreactive fibers were observed. All these fibers were observed in the adventitia, sometimes near the outermost part of the medial layer with vascular smooth muscle (VSM) cells. This would represent the far end of the TGV system.



RECEPTORS FOR CALCITONIN GENE-RELATED PEPTIDE, SUBSTANCE P, AND PITUITARY ADENYLYL CYCLASE-ACTIVATING POLYPEPTIDE IN THE TRIGEMINOVASCULAR SYSTEM AND IN INTRACRANIAL VESSEL WALLS

Numerous experiments on various types of vascular preparations, in vivo as well as in vitro, have been performed (Edvinsson and Uddman, 2005). Since migraine is a human disorder this section will focus mainly on human material when possible. CGRP, amylin, and adrenomedullin relax human MMA/branches with CGRP being strongest and the most potent of these agonists. Human cerebral arteries respond even more potently to CGRP than the MMA (Sams et al., 2000; Edvinsson et al., 2007). In perfused middle cerebral artery (MCA) from rat neither CGRP, amylin nor adrenomedullin pass cerebral artery endothelium when given luminally due to the presence of the BBB. However, when given abluminal these peptides elicited concentration-dependent dilatation that could be blocked by gepants or mAbs (Edvinsson et al., 2007).

The parasympathetic peptides: vasoactive intestinal peptide (VIP), peptide histidine isoleucine (PHI), peptide histidine methionine (PHM), and PACAP-38, are members of the secretin/glucagon superfamily of peptides, and have been shown to relax in a concentration-dependent manner, human temporal, meningeal, and cerebral arteries (Jansen et al., 1992; Grande et al., 2014). In a study on the MMA (Chan et al., 2011) it was reported that VIP (pEC50 = 7.4) was more potent than PACAP (<6.9); in addition, neither VPAC1 nor PAC1 receptor blockers antagonized the vasodilator responses to PACAP-38 in the MMA. This is probably due to low blocking capacity in the concentrations used, because both cerebral and MMAs contain mRNA for all three receptors (Knutsson and Edvinsson, 2002; Chan et al., 2011). In this work 30 mM K+ was used for pre-contraction and substance P to evaluate vasodilator capacity and endothelial function (Chan et al., 2011). Substance P is a strong vasodilator that acts via endothelial receptors to induce formation of nitric oxide (NO) which in turn activates guanylyl cyclase in the vascular smooth muscle cells (VSMCs). While several studies with the “infusion model” used NO or an NO donor (Lassen et al., 2003) to elicit migraine-like headache, there is no study on the effects of substance P in this paradigm (Ashina et al., 2017).

The pharmacological approach, has shown that VIP is a more potent vasodilator compared to PACAP-38 in man, both in vivo (Rahmann et al., 2008; Schytz et al., 2009) and in vitro on human MMA (Chan et al., 2011). Subsequent work on the dichotomy of VIP/PACAP infusions with magnetic resonance angiography showed dilatation of the extracranial superficial temporal artery but no effect on the diameter of the intracranial arteries, MMA, or cerebral arteries (Amin et al., 2014). Based on these findings, Tfelt-Hansen suggested that PACAP-38 might have an effect on sites within the CNS. We would as an alternative propose an effect on the sensory afferent nerves since there are receptors for both peptides available (Knutsson and Edvinsson, 2002; Chan et al., 2011). More precisely, the PAC1 receptor is present in the TG satellite cells but not on the Aδ-fibers which explains why the clinical studies with a specific mAb toward the PAC1 receptor was negative in prevention of migraine (Ashina et al., 2021a). The role of PACAP-38 in the TGV is still under scrutiny and the recently developed mAbs toward PACAP-38 will give more final answers on the involvement of PACAP in migraine pathophysiology (Moldovan Loomis et al., 2019).



THE NODES OF RANVIER – A PLACE FOR INTERACTION BETWEEN C- AND Aδ-FIBERS

Nodes of Ranvier are essential for the regeneration of diminishing action potentials in the nervous system (saltatory conduction). Although they have traditionally been regarded as passive contribution to action potential propagation, more recent work has suggest that they may have an active role in regulating neuronal excitability (Edvinsson et al., 2019). The nodal propagation has been suggested to be plastic and hence could excitingly be explaining the sensitization process which is a key element in migraine symptomatology. With the use of different antibodies toward elements of the nodal region we have shown with clarity their dense expression in the trigeminal nerve (Figure 2), both within the ganglion and in the nerve fibers going in central and peripheral directions (Edvinsson et al., 2019).
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FIGURE 2. Schematic illustration of the differential distribution of the CGRP, pituitary adenylyl cyclase-activating polypeptide (PACAP), and Neurokinin signaling compounds in the trigeminal system. The illustration suggests possible site of origin if the various peptides and their associated release. Further, the receptor expression highlights possible receptor targets, following the peptide release. The expression is based on immunology findings from the following studies (Edvinsson et al., 2019, 2021; Edvinsson J. C. A. et al., 2020; Edvinsson L. et al., 2020).


Neurons of the TG project with either thin, unmyelinated C-fibers or larger, myelinated A-fibers. While C-fibers are classically categorized, based on conduction velocity, as a single type, the A-fibers are of three subtypes: Aα, Aβ, and Aδ. Aα-fibers have the largest diameter (13–20 μm) with a conduction velocity of 80–120 m/s, followed by Aβ-fibers (6–12 μm; 30–70 m/s) and last the Aδ-fibers (1–5 μm; 3–30 m/s), while the C-fibers are slow conductors (0.2–1.5 μm; 0.5–2 m/s). This categorization may vary slightly between different species which makes it difficult to morphologically determine or differentiate a small Aβ or a larger Aδ-fiber. C-fibers and Aδ-fibers make up most axons within the trigeminal system and are related to nociceptive signaling. C-fibers are responsible for slow, dull burning pain while Aδ-fibers signal a quicker, sharper pain. This makes them important biological structures to consider when studying headache, pain, or allodynia related to the trigeminal system. Electrophysiology at different parts of the TGV system, mainly the neurons, shows two types of signaling velocities, one is the C-fibers and the other often categorized as Aδ-fiber neurons.

Stimulation of these nerve fibers at TG regions lacking neuronal somas results in the release of CGRP, which supports release from the C-fibers. In relation to the nodes of Ranvier in the trigeminal system we have shown that the C-fiber boutons contain large amounts of CGRP (Edvinsson et al., 2019) and smaller amounts of substance P (Edvinsson et al., 2021) but no PACAP (Edvinsson J. C. A. et al., 2020). This would favor the view that the first two neuropeptides may have a role albeit perhaps at different degrees.

The release from extra synaptic regions such as the varicosities, also referred to as “en-passant boutons,” are characteristic of presynaptic release sites in peripheral nerves (Smolen, 1988). We have postulated that CGRP and substance P could be released from these varicosities, although these areas are not classically understood to be synaptic. There are increasing evidence that neuropeptide release does not typically occur at defined synapses (Torrealba and Carrasco, 2004). Neuropeptides, such as CGRP, are typically stored in large dense-core vesicles, which are typically stored away from the presynaptic membrane, which for example has been shown for orexin (Torrealba et al., 2003). Other exocytosis sites have been suggested also due to the location of receptors for signaling molecules outside of typical synaptic regions (Trueta and De-Miguel, 2012). Although many of the mechanisms are common mechanisms, there are other aspects that are more similar to those of exocytosis from excitable endocrine cells. One such example is related to substance P, where exocytosis from the somata of dorsal root ganglion neurons has been demonstrated (Huang and Neher, 1996). This highlights the possible extra synaptic release of neuropeptides, and we suggest that the varicosities at the nodes of Ranvier provides such a possible release site (Edvinsson et al., 2019).

On the adjacent nodes of Ranvier where the myelin sheath is absent, and the Aδ-fiber is exposed we have demonstrated the presence of the CGRP receptor (Edvinsson et al., 2019) and recently also the neurokinin 1 receptor (NK1R; Edvinsson et al., 2021). This opens for diffusion of the two peptides to reach targets on the Aδ-fiber. The presence of adenylyl cyclase and protein kinase A further add to the activity of this pathway in the Aδ-fiber presumably modifying the activity of potassium K+ and sodium Na+ channels and the saltatory activity within the Aδ-fiber and the pain signaling. The Nav channels have received recent attention in light of their strong link to pain transmission (Hameed, 2019). In the nodes of Ranvier both Nav1.6, Nav1.7, and Nav1.8 have been shown to be expressed specifically in the nodal structure (Caldwell et al., 2000; Devaux and Scherer, 2005; Black et al., 2012), although Nav1.8 typically only do so in disease model (Devaux and Scherer, 2005). For Nav1.6 the dependency of PKA is present but does not have a major influence (Chen et al., 2008). However, Nav1.7 and Nav1.8, when expressed in Xenopus oocytes, are differentially regulated by PKA and PKC. Focusing on the cAMP pathway, PKA activation resulted in a dose-dependent potentiation of Nav1.8 currents and an attenuation of Nav1.7 currents (Vijayaragavan et al., 2004). This work is in its infancy but could potentially add novel understanding to processes of sensitization and as a drug target for headache disorders.



HUMAN DATA IN LIGHT OF THE NODE OF RANVIER

Although the infusion model (Ashina et al., 2017) as a basis of triggering migraine-pain appears to be based primarily on the vascular theory of migraine more specifically on vasodilatation of cranial arteries, we suggest that some of the data can be extrapolated to the nodes of Ranvier. We have previously proposed that some of these data, e.g., when applying a K+ channel opener, could lead to long lasting hyperpolarization that activates Hyperpolarization-activated Cyclic Nucleotide-gated (HCN) Channels (Haanes and Edvinsson, 2020). The fact that both cAMP and cGMP can activate these channels (Momin et al., 2008) and lead to increases in the open-probability and augmented neuronal excitability and firing of the neurons (Momin et al., 2008) supports this notion. Furthermore, injection of CGRP or other migraine triggering molecules, also share the common cAMP pathway (Ashina et al., 2021b). We hypothesize that the key regulators of the node of Ranvier are the cyclic nucleotides, and indeed we have localized the downstream PKA to the nodes (Edvinsson et al., 2019). It cannot be ruled out that local potassium or other secondary messengers following dilation also activate the C-fibers (Al-Karagholi et al., 2021) but we propose nodal or neuronal activation could be the key to understanding the infusion model. It is further worth pointing out that only passive vasodilation of cranial arteries is not the likely inducer of CGRP release, as it was shown that the TGV reflex demonstrated that vasoconstriction of cortex pial arterioles results in activation of the TGV system and release of the stored vasoactive peptides (McCulloch et al., 1986; Edvinsson et al., 1990).



THE REMAK BUNDLES ON C-FIBERS

Schwann cells can either be “myelinating” or “non-myelinating” meaning that they are either specialized in insulating a portion of an A-fiber with myelin, or mainly providing structural stability for a bundle of C-fibers (called Remak bundles) (Aguayo et al., 1976). The myelin sheath provides isolation making the transmission of an electrical signal move faster through the myelinated segments of the axon. Without the nodes of Ranvier, a signal traveling too far would lose energy and fade out or be diminished before reaching its intended terminal, making the signal unable to proliferate. This process is an important prerequisite for adequate function of nerves both in the CNS and in the PNS. As an alternative to the myelin coverings of the Aδ-fibers in the TGV system the C-fibers have been suggested to be partly covered by so-called non-myelinating Schwann cells. The main population of axons surrounded by non-myelinating Schwann cells are the small nociceptive C-type of axons. This also applies for postganglionic sympathetic axons, and some of the preganglionic sympathetic and parasympathetic fibers (Griffin and Thompson, 2008). Remak non-myelinating Schwann cells envelop sections of the axons within troughs on their surface. To our knowledge, no specific antibody exists for differentiating between myelinating and non-myelinating Schwann cells. During our immunohistochemical studies we have therefore, so far, not been able to identify these structures. If Remak bundles are abundant in the TGV system it could limit some of the C-fibers from signaling to adjacent fibers (Edvinsson et al., 2019). However, in our experimental studies on soma-poor trigeminal nerves we observed strong release of CGRP which indicates that peptides located in C-fibers can diffuse outside the Remak bundles and act on the CGRP receptors located on the Aδ-fibers at the nodes of Ranvier. The released CGRP can also be measured in cranial vein plasma as shown in several species including man. With existing information from literature, the Remak bundles usually refer to groups of C-fibers and not, as we often see them, as single C-fibers in the TGV system (Faroni et al., 2014; Miyamoto et al., 2017).

Calcitonin gene-related peptide has been shown to lead to increases in iNOS expression (Vause and Durham, 2009). And although not in the scope of the current review, there is also extensive research showing that nitric oxide can modulate action potentials. Relating to the node of Ranvier, iNOS immunoreactivity has been shown to be expressed in Schwann cells of peripheral nerves and was particularly enriched at the paranodal regions of the nodes of Ranvier (Chen et al., 2010). In addition, activation of cGMP might link to membrane channel activities such as the HCN channel (Momin et al., 2008), which deserves further research.



THE NERVE ROOT ENTRY ZONE – THE REDLICH-OBERSTEINER ZONE

Ever since its discovery 150 years ago much attention has been directed to the Redlich-Obersteiner zone (Savvaidou and Triarhou, 2016). This region exists for all cranial nerves and hence is postulated to be involved in many cranial nerve disorders such as trigeminal neuralgia (Nomura et al., 2019) and other clinical applications (Xenellis and Linthicum, 2003). It represents the” junction zone” of glia and Schwann sheath of the cranial nerves. In this zone, the Schwann cells are abruptly replaced by the more numerous oligodendrocytes and a clearly visible zone between the PNS and the CNS appear. This area is believed to be linked to trigeminal neuralgia caused by compression of the nerve root (Jannetta, 1967). However, many of the functional details remains to be understood; how the PNS and CNS communicates, how the functionality of the BBB is upheld in this region and what role the change of glial cells may have on axonal signaling. Possible cross-talk among fibers in this region may be crucial in understanding parts of the migraine pathology.



CONCLUSION

Here we have discussed the possibility that the nodes of Ranvier, expressed in most parts of the CNS and the PNS may be involved as an important mechanism to modify signaling in the trigeminal system and perhaps even have a role in the sensitization process. CGRP and its receptor represent the most expressed system while substance P is less densely supplied but still may be involved in the headache processes. PACAP has been suggested as a putative novel molecule in headache disorders but future work remains to unravel its role in migraine. While there was no PACAP in the trigeminal nerves we observed some expression in trigeminal ganglion cells and the PAC1 receptor in satellite glial cells in the ganglion. There remain numerous questions to address also for the other members of the CGRP family of peptides and their receptors (Edvinsson L. et al., 2020).
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Alpha-calcitonin gene-related peptide (α-CGRP) is a vasodilator neuropeptide of the calcitonin gene family. Pharmacological and gene knock-out studies have established a significant role of α-CGRP in normal and pathophysiological states, particularly in cardiovascular disease and migraines. α-CGRP knock-out mice with transverse aortic constriction (TAC)-induced pressure-overload heart failure have higher mortality rates and exhibit higher levels of cardiac fibrosis, inflammation, oxidative stress, and cell death compared to the wild-type TAC-mice. However, administration of α-CGRP, either in its native- or modified-form, improves cardiac function at the pathophysiological level, and significantly protects the heart from the adverse effects of heart failure and hypertension. Similar cardioprotective effects of the peptide were demonstrated in pressure-overload heart failure mice when α-CGRP was delivered using an alginate microcapsules-based drug delivery system. In contrast to cardiovascular disease, an elevated level of α-CGRP causes migraine-related headaches, thus the use of α-CGRP antagonists that block the interaction of the peptide to its receptor are beneficial in reducing chronic and episodic migraine headaches. Currently, several α-CGRP antagonists are being used as migraine treatments or in clinical trials for migraine pain management. Overall, agonists and antagonists of α-CGRP are clinically relevant to treat and prevent cardiovascular disease and migraine pain, respectively. This review focuses on the pharmacological and therapeutic significance of α-CGRP-agonists and -antagonists in various diseases, particularly in cardiac diseases and migraine pain.

Keywords: alpha-calcitonin gene-related peptide (α-CGRP), cardiovascular diseases, CGRP-agonist, CGRP-antagonist, heart failure, hypertension, migraine, neuropeptide


INTRODUCTION

Alpha-calcitonin gene-related peptide (α-CGRP) is a regulatory neuropeptide, a potent vasodilator, and belongs to calcitonin gene family (Brain et al., 1985; Russell et al., 2014). It is predominantly produced in the central and peripheral nervous systems, specifically in the dorsal root ganglia (DRG) of Aδ and C sensory neurons. Another form of CGRP also exists, named β-CGRP, which is primarily synthesized in the enteric nervous system, pituitary gland, and immune cells (Steenbergh et al., 1985; Mulderry et al., 1988). On chromosome 11, α-CGRP is produced from the CALC-I gene while β-CGRP is produced from the CALC-II gene. Although, α- and β-CGRP are 94% homologous, α-CGRP is predominantly involved in hemodynamic actions, while β-CGRPs exert gastric effects in humans (Steenbergh et al., 1986). The present review is mainly focused on the pathophysiological function of α-CGRP in normal and disease conditions, particularly cardiovascular disease and migraine, and recent advances in developing CGRP-agonists and -antagonists.



ALPHA-CALCITONIN GENE RELATED PEPTIDE AND ITS RECEPTOR

α-CGRP is a peptide of 37 amino acids that contains a disulfide bond at amino acids 2 and 7, and a phenylalanine amide group at the carboxy-terminal end (Kumar et al., 2019a; Figure 1). The first seven amino acids at the N-terminus end form a ring-like structure (Maggi et al., 1990; Breeze et al., 1991). Deletion of disulfide bond at amino acids 2 and 7 prevents α-CGRP from exerting its physiological actions. A CGRP fragment devoid of first seven amino acids, a.k.a. CGRP8–37, can bind to the CGRP receptor, although its binding affinity for the receptor is 10-fold less than α-CGRP, and does not stimulate any physiologic response. CGRP8–37 acts as a competitive antagonist of the CGRP receptor (Chiba et al., 1989). Thus, the first seven amino acids play an essential role in α-CGRP’s high affinity binding for the CGRP receptor and are responsible for activating this receptor. Amino acid residues from 8 to 18 form an α-helix, while amino acids spanning from 19 to 27 form a β- or γ-twist (Rovero et al., 1992; Howitt et al., 2003). The C-terminal end of α-CGRP containing amino acids 28–37 interacts with N-terminus region of the CGRP receptor (Carpenter et al., 2001; Banerjee et al., 2006). Several biological and mutational studies have established that the N-terminal region of α-CGRP from amino acids 1–7 is responsible for receptor activation, while amino acids 8–37 are needed for binding affinity to the CGRP receptor (Watkins et al., 2013; Figure 1).
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FIGURE 1. Peptide sequence of human and rodent α-CGRP. Rodent α-CGRP differs at four amino acids (*marked) with human α-CGRP. Amino acids 1–7 at N-terminal end of the peptide forms receptor activation domain, while amino acid region 8–37 consists of receptor binding domain.


The CGRP receptor is a heterotrimer of three protein subunits: (1)- Calcitonin receptor-like receptor (CLR), (2)- receptor activity modifying protein 1 (RAMP1), and (3)- receptor component protein (RCP) (Walker et al., 2010; Figure 2). All three protein components are essential to exhibit cellular functions of CGRP receptor. CLR is a member of the class B “secretin-like” family of the G-protein-coupled receptors (GPCR), which also contains the receptors for calcitonin, parathyroid hormone, vasoactive intestinal polypeptide, and pituitary adenylate cyclase activating polypeptide. The ligand-binding CLR is a 461 amino acid protein that contains seven transmembrane-spanning domains, an extracellular N-terminus, and a cytosolic C-terminus (Aiyar et al., 1996). To initiate the signaling cascade, α-CGRP binds to the extracellular N-terminus of CLR. RAMP1 is a member of the RAMP protein family, which also includes RAMP2 and RAMP3 (Hay and Pioszak, 2016; Serafin et al., 2020). The RAMP family shares a similar structural motif even though their amino acid sequences are <30% homologous with one another. RAMP1 is specific to the CGRP receptor, while RAMP2 and RAMP3 are part of the adrenomedullin (AM) receptors (McLatchie et al., 1998; Figure 2). RAMP1 consists of one transmembrane-spanning domain with a long extracellular N-terminal domain (∼100 amino acids) and a short intracellular C-terminus (∼10 amino acids) (Steiner et al., 2002; Udawela et al., 2006; Qi and Hay, 2010). In order for CLR to be transported from the endoplasmic reticulum to the plasma membrane, it must be heterodimerized with RAMP1 as a mature glycoprotein (Hilairet et al., 2001). The heterodimeric complex of CLR and RAMP1 is stabilized via non-covalent interactions between the two proteins. Production of RAMP1 in the absence of CLR inhibits RAMP1 transport to the plasma membrane, resulting in RAMP1 accumulation in the Golgi apparatus as a disulfide-linked homodimer. In RAMP1-KO mice, an increase in BP (but no change in heart rate) was observed suggesting that deletion of RAMP1 disrupted CGRP-mediated cellular signaling (Tsujikawa et al., 2007). Receptor component protein (RCP) is a small (∼17 kDa) cytosolic protein that ionically binds to CLR and is required for G protein coupling (Evans et al., 2000; Egea and Dickerson, 2012). Experiments using RCP-depleted NIH3T3 cells concluded that although loss of RCP levels had no effect between the binding affinity of α-CGRP and CLR, these cells were unable to initiate the CGRP signaling cascade to create a physiologic response due to decreased intracellular cyclic adenosine monophosphate (cAMP) levels (Evans et al., 2000). Therefore, RCP serves as the connection between CLR and the intracellular G protein-mediated signaling pathway, which triggers production of cAMP (Routledge et al., 2020).
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FIGURE 2. α-CGRP receptor structure. Cell-membrane bound α-CGRP receptor is a heterotrimer of three protein subunits: Calcitonin-like receptor (CLR), RAMP1, and RCP. Coupling of RAMP2 or RAMP3 with CLR and RCP subunits form adrenomedullin receptor.


The expression of CGRP receptor is widely reported within the central and peripheral nervous system, and cardiovascular system. Molecular methods like radioligand binding assay, immunohistochemistry, and Northern blot analysis were employed to determine the localization of CGRP receptor in different tissues and organs. Using radiolabelled 125I-CGRP in radioligand binding assays, the specific binding site for the CGRP ligand has been shown in the rat cardiovascular system, human and rat brain, central and peripheral tissues including bronchial and pulmonary blood vessels of human and guinea pig, and the smooth muscle layer of arteries and arterioles of the human urinary bladder (Inagaki et al., 1986; Sexton et al., 1986; Mak and Barnes, 1988; Wimalawansa and MacIntyre, 1988; van Rossum et al., 1997; Burcher et al., 2000). In the cardiovascular system and visceral organs, CGRP-binding sites were detected in the right atrium, and within the intima and media layers of blood vessels, such as the mesenteric artery, aorta, carotid arteries, renal arteries, pulmonary arteries and veins, spleen, lung, and liver (Nakamuta et al., 1986; Wimalawansa and MacIntyre, 1988; McCormack et al., 1989). The mRNA transcripts of CLR (by RT-PCR assay) and RAMP1 (by Northern blot analysis) were detected in myocyte and non-myocyte cells prepared from cardiac ventricles of 1-day-old rat pups (Tomoda et al., 2001). In addition, using immunohistochemistry the expression of CGRP receptor components (CLR and RAMP1) in arterial blood vessels and nerve fibers present in the rodent cranial dura mater, human trigeminal ganglion, myelinated A-fiber axons, and rat cerebellar Purkinje cells were detected (Lennerz et al., 2008; Eftekhari et al., 2010, 2013; Edvinsson et al., 2011). In the rat brain, the immunoreactivity for CLR1 and RAMP1 was detected in the neuronal processes of the cerebral cortex, hippocampus, cerebellum, thalamic and hypothalamic nuclei, and brainstem nuclei (Warfvinge and Edvinsson, 2019). Using human subcutaneous arteries, Edvinsson et al. (2014), detected the immunoreactivity of CLR and RAMP1 in the endothelial and smooth muscle cells, and to a minor extent in the vascular adventitia (Edvinsson et al., 2014). Eftekhari and Edvinsson (2011) performed immunohistochemistry for CGRP, CLR and RAMP1 and compared their expression in the human and rat spinal trigeminal nucleus (STN) and the C1 region of the spinal cord (Eftekhari and Edvinsson, 2011). Immunohistochemistry data demonstrated that CLR and RAMP1 positive fibers were present in the human spinal trigeminal tract region. CLR and RAMP1 were co-localized in this region, but no co-localization of CGRP and CLR or CGRP and RAMP1 was observed. In rat STN, CLR and RAMP1 (but not CGRP and CLR or CGRP and RAMP1) were co-localized in the spinal trigeminal tract region, in both fiber bundles and fibers spanning from the spinal trigeminal tract. In human C1, CLR and RAMP1 signals were detected within laminae I and II, but no co-localization of these receptor components was observed. However, in rat C1, CLR and RAMP1 were co-localized in the laminae I and II region, but no co-localization of CGRP and CLR or CGRP and RAMP1 was observed. In contrast to Eftekhari and Edvinsson (2011) study, one study reported partial co-localization of CGRP and its receptor component CLR and RAMP1 in the rat superficial laminae (Lennerz et al., 2008). The discrepancy in the detection of CGRP, CLR, and RAMP1 in both studies might be due the difference in the recognition sites of the antibodies used and change in methods of the tissue processing. Miller et al. (2016), raised antibodies against a fusion protein of the extracellular domains of RAMP1 and CLR that comprise the CGRP binding site of the CGRP receptor. Using these antibodies, researchers performed immunohistochemistry and confirmed the expression of CGRP receptor in human vascular smooth muscle cells of dural meningeal arteries and neurons in the trigeminal ganglion (Miller et al., 2016). Immunohistology method further confirmed expression of CLR and RAMP1 in human cerebral vasculature particularly in middle meningeal, middle cerebral, superficial temporal, and pial vessels (Oliver et al., 2002). These studies suggested that although immunohistochemistry is a powerful tool to detect regional distribution of proteins in tissue, it has several limitations as well. A variety of antibodies raised against CGRP and CGRP receptor components are commercially available, however, considerations such as consistency in tissue processing, use of validated antibodies specific for the histochemistry, and species specificity of these antibodies are needed while performing immunohistochemistry to detect CGRP and its receptor in the tissue.



SYNTHESIS AND RELEASE OF ALPHA-CALCITONIN GENE RELATED PEPTIDE

The α-CGRP peptide is created via tissue-specific alternative splicing of the pre-mRNA transcript of the calcitonin gene CALC-I on chromosome 11 (Amara et al., 1982). Thyroid C cells produce calcitonin by splicing out exons 5 and 6 from the CALC-I gene transcript, while sensory neurons form α-CGRP via removal of exon 4 from the CALC-I gene pre-mRNA product (Figure 3). To produce mature α-CGRP, it is first translated as a 121 amino acid pro-hormone and then cleaved into a final 37 amino acid polypeptide (Rosenfeld et al., 1983). α-CGRP is primarily stored and released from Aδ- and C-fiber sensory neurons of the afferent nervous system, though it is also distributed in smooth muscle of blood vessels and in regions of the central nervous system (Gibson et al., 1984; Uddman et al., 1986; Kee et al., 2018). α-CGRP synthesis occurs almost exclusively in the dorsal root ganglia (DRG) of sensory neurons, however, endothelial cells and certain immune cells, such as lymphocytes and monocytes, also have the ability to produce the peptide (Doi et al., 2001; Bracci-Laudiero et al., 2002; Wang et al., 2002; Linscheid et al., 2004). Additionally, the trigeminal ganglion releases α-CGRP to regulate cerebral vascular tone, which contributes to the pathology of certain migraines (McCulloch et al., 1986). Aδ- and C-fiber sensory neurons release α-CGRP when stimulated by mechanical, thermal, and chemical stimuli, but because of their efferent function, they can also excrete α-CGRP without any stimulation. It is hypothesized that the efferent release of α-CGRP from these neurons plays an important role in blood flow regulation, as circulating α-CGRP levels are attributable to leakage of the peptide from the synaptic cleft after its release. Once α-CGRP is generated, it is stored in neuronal vesicles with substance P (SP) in the axon terminals until axonal depolarization and calcium-dependent exocytosis trigger its release (Gibbins et al., 1985; Matteoli et al., 1988; Figure 4). In motor neurons, α-CGRP is stored and released with acetylcholine (Ach), which led some to hypothesize that α-CGRP plays a role in Ach receptor synthesis (New and Mudge, 1986; Csillik et al., 1993).
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FIGURE 3. Synthesis of peptide α-CGRP. After tissue-specific alternative splicing of calcitonin gene CALC1, α-CGRP is synthesized in the neuronal cells while calcitonin is formed in the thyroid cells.
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FIGURE 4. Release and mode of action of α-CGRP. After synthesis, α-CGRP remains stored in vehicles at the terminal ends of the nerves. As nerve depolarize, α-CGRP is released form the nerve terminals through the exocytosis process and interacts to its receptor and elicits its cellular effects mainly via the generation of intracellular cAMP. In the circulation, endopeptidases (insulin degrading enzyme, IDE, and endothelin converting enzyme-1, ECE-1) degrades α-CGRP. CGRP-agonists with increased self-life and bioactivity prolong the cellular activity of α-CGRP and might be beneficial to use as therapeutic agents in cardiac diseases. Several CGRP-antagonists that block interaction of α-CGRP to its receptor and, thus, inhibit downstream signaling pathways are employed to treat migraine pain.


α-CGRP is released in response to high levels of angiotensin-II (Ang-II) and norepinephrine to combat the potent vasoconstrictive actions of these compounds, which is why α-CGRP agonists are likely beneficial in hypertensive patients (Supowit et al., 1995b). Capsaicin, nerve growth factor (NGF), brain-derived neurotropic factor (BDNF), low pH, bradykinins, prostaglandins, tissue inflammation, and the renin angiotensin aldosterone system (RAAS) also promote α-CGRP excretion from DRG sensory neurons (Lindsay et al., 1989; Donnerer and Stein, 1992; Andreeva and Rang, 1993; Strecker et al., 2006; Salio et al., 2007; Supowit et al., 2011). Additionally, α-CGRP synthesis increases in the presence of neuronal damage (Donnerer et al., 1992). It is thought that macrophages and keratinocytes excrete NGF in a paracrine-like manner when exposed to inflammation in order to stimulate nearby sensory neurons to release α-CGRP. One study demonstrated that addition of NGF to adult DRG neurons promotes α-CGRP expression through activation of the Ras/Raf/MEK-1/p42/p44 MAPK pathway (Freeland et al., 2000). Another study illustrated that NGF intraperitoneal injections in spontaneously hypertensive rats (SHRs) induced α-CGRP production and release in DRG sensory neurons (Supowit et al., 2001). Stimulation of the transient receptor potential vanilloid 1 (TRPV1) receptor, a type of non-selective cation channel in the TRP family found on sensory nerve axon terminals, prompts α-CGRP release when exposed to noxious heat, capsaicin, and acidic environments (Kichko and Reeh, 2009; Meng et al., 2009; Dux et al., 2020). It has been observed that phenotypically TRPV1-KO mice are not hypertensive, however, these KO mice, after undergoing TAC procedure, exhibit increased LV hypertrophy and fibrosis compared to their wild-type counterparts (Marshall et al., 2013; Zhong et al., 2018). Transient receptor potential ankyrin 1 (TRPA1), another member of the TRP family, induces α-CGRP excretion when exposed to noxious cold, reactive oxygen species (ROS), and cellular stress (Pozsgai et al., 2012; Wang et al., 2019; Gebhardt et al., 2020).

A CGRP-KO mouse strain, where both CGRP and calcitonin genes were deleted, showed an increase in basal BP (Gangula et al., 2000), while no difference in heart rate and BP was observed in another CGRP-KO mouse strain (Lu et al., 1999). Moreover, compared with their WT-counterparts, α-CGRP mice exhibit a higher extent of cardiac fibrosis and inflammation when undergoing TAC-induced pressure overload, and their renal and cardiovascular systems are more susceptible to hypertension-induced end-organ damage (Supowit et al., 2005; Li et al., 2013).



THERAPEUTIC BENEFITS OF ALPHA-CALCITONIN GENE RELATED PEPTIDE AND ITS ANALOGS IN CARDIOVASCULAR DISEASE

The effects of α-CGRP on the cardiovascular system are well-documented: it induces positive chronotropic, ionotropic, and hypertrophic effects on the heart, it mediates blood flow, and it is the most potent vasodilator known to date (Fisher et al., 1983; Brain et al., 1985; Franco-Cereceda and Lundberg, 1985; Struthers et al., 1986; Gennari et al., 1990; Bell et al., 1995; Al-Rubaiee et al., 2013). The positive ionotropic and chronotropic actions of α-CGRP are attributed to reflexive sympathetic activity and direct stimulation of α-CGRP on cardiomyocytes to oppose the hypotensive effects from vasodilation. Specifically, α-CGRP stimulation of cardiomyocytes triggers positive ionotropic effects via the cAMP/PKA or the PKC intracellular messenger pathways. An in vitro study of guinea pig atria found that exposure to capsaicin, a TRPV1 agonist, triggered α-CGRP release and produced positive ionotropic and chronotropic effects in the cardiac cells, but these results were diminished when hearts were infused with capsaicin to desensitize the nerves and induce tachyphylaxis (Lundberg et al., 1984). The vasodilatory capabilities of α-CGRP are ∼1,000 times more potent than acetylcholine, substance P, and 5-hydroxytriptamine, and 10 times more potent than the most powerful vasodilatory prostaglandins (Brain et al., 1985). Additionally, α-CGRP-induced vasodilation persists longer than other vasodilators. Injection of 15 pmol of α-CGRP intradermally in humans augments local blood flow and causes erythema formation of the skin that lasts 5–6 h (Brain et al., 1985). One study carried out by DiPette et al. (1989) demonstrated that a bolus intravenous injection of α-CGRP at doses of 22, 65, 220, and 2,200 pmol in conscious rats reduced mean blood pressure in a dose dependent manner (DiPette et al., 1989). Because of its potency and sustainability, α-CGRP stimulates vasodilation of various vascular beds, including the coronary, cerebral, and renal vessels, and systemic infusion reduces blood pressure in normotensive and hypertensive species (DiPette et al., 1989; Dubois-Rande et al., 1992; Gulbenkian et al., 1993). The vasodilatory actions of α-CGRP are most prominent in small peripheral arteries, as opposed to large vessels, respectively. It has been shown in the rat isolated mesenteric resistance arteries that α-CGRP is used to combat the vasoconstrictive effects of endothelin via interaction with the CGRP receptor and a Gβγ -coupled protein (Meens et al., 2011, 2012).

α-CGRP can stimulate vasodilation of peripheral arteries using either the nitric oxide (NO)-/endothelium-independent pathway or the NO-/endothelium-dependent pathway. However, in most blood vessels, vasodilatation occurs via the NO-/endothelium-independent route (Russell et al., 2014; Kumar et al., 2019b). To initiate the NO-/endothelium-independent pathway, α-CGRP first binds to the CGRP receptor on a vascular smooth muscle cell, which stimulates Gαs to activate adenylate cyclase. Once adenylate cyclase is stimulated, it will synthesize cAMP followed by activation of protein kinase A (PKA). The activated PKA subsequentially induces K+-ATP channels to open, causing smooth muscle relaxation and vasodilation. Administration of glibenclamide, a K+-ATP channel inhibitor, blocks α-CGRP-induced hyperpolarization, and therefore vasodilation, of vascular smooth muscle cells (Edvinsson et al., 1985; Nelson et al., 1990).

There are several reports showing that vasodilation of the rat aorta and pulmonary arteries, and human internal mammary arteries are regulated via the NO-/endothelium-dependent pathway. One study found that delivery of NO synthase (NOS) inhibitors in the rat aorta weakened the vasodilatory capability of α-CGRP (Gray and Marshall, 1992b). Another study demonstrated that treatment of rat aortas with human α-CGRP augmented intracellular cAMP and cGMP concentrations, and induced vasodilation. This occurred only when the endothelium was intact, further supporting the idea that these vessels are NO-/endothelium-dependent (Gray and Marshall, 1992a).

Several studies have highlighted the importance of α-CGRP as a cardioprotective molecule. Specifically, α-CGRP prevents pathologies such as hypertension, myocardial infarctions, heart failure, and ischemia from damaging cardiac cells through vasodilation and inhibition of oxidative stress, inflammation, and apoptosis. The role of α-CGRP in normal and pathophysiological states of these diseases is disused below.


Hypertension

Plasma levels of α-CGRP are elevated in hypertensive patients with primary aldosteronism or on a high-salt diet, but are decreased in patients with secondary hypertension who have undergone an adrenalectomy, suggesting that α-CGRP might act as a compensatory mechanism: first the peptide is released to oppose the effects of high blood pressure, but later CGRP synthesis and/or release may become inhibited as the disorder advances (Masuda et al., 1992). Several models of hypertension have revealed that expression of α-CGRP and its receptor increased in these pathological states (Kawasaki et al., 1990; Supowit et al., 1995a; Li and Wang, 2005). In a number of experimental hypertension models such as deoxycorticosterone (DOC)-salt, subtotal nephrectomy (SN)-salt, the two-kidney one-clip (2K1C), N-nitro-L-arginine methyl ester (L-NAME)-induced hypertension during pregnancy, and chronic hypoxic pulmonary hypertension, α-CGRP blunts blood pressure elevations as a compensatory mechanism (Tjen et al., 1992; Gangula et al., 1997; Supowit et al., 1997, 1998). Depending on the model of hypertension, neuronal levels of α-CGRP are regulated differently. For example, in hypertensive rats induced by either the DOC-salt or the 2K1C model, levels of immunoreactive CGRP in the spinal cord and α-CGRP mRNA in DRG were elevated in order to stimulate vasodilation and combat the developing hypertension (Supowit et al., 1995a,1997, 1998). Administration of capsaicin or the CGRP receptor antagonist, CGRP8–37, in these rats increased the mean arterial pressure (MAP), further supporting the idea that the high α-CGRP levels attenuated the hypertension. Delivery of CGRP8–37 in SN-induced hypertensive rats and L-NAME-induced hypertension during pregnancy also augmented the hypertensive levels (Gangula et al., 1997). In contrast to the DOC-salt model, immunoreactive CGRP concentrations in laminae I and II of the spinal cord and α-CGRP mRNA levels in the DRG were reduced in spontaneously hypertensive rats (SHRs) (Supowit et al., 1993). Further, pre-treatment administration of capsaicin or CGRP8–37 had no effect on blood pressure, indicating that the lack of α-CGRP contributes to the development of high blood pressure due to loss of vasodilatory control.

One study demonstrated that Ang-II-induced hypertensive mice displayed higher amounts of ROS, inflammation, and apoptotic cell death in their hearts and kidneys. Additionally, they showed reduced cardiac function due to Ang-II upregulation of oxidative stress response proteins and downregulation of the anti-oxidative enzyme glutathione peroxidase-1, resulting in disruption of endothelial cell function and vascular hypertrophy (Aubdool et al., 2017). Furthermore, Ang-II induces RAMP1 expression in the cardiovascular system. Delivery of acylated α-CGRP, an α-CGRP agonist, in mice significantly reduced the adverse effects created by Ang-II. A similar study using α-CGRP KO mice with hypertension via Ang-II administration, led to aortic hypertrophy and reduced eNOS expression (Smillie et al., 2014). Therefore, α-CGRP appears to delay the onset and development of hypertension through cardioprotective mechanisms.

A study comparing α-CGRP KO mice to WT mice in a DOC-salt model revealed that the KO mice developed greater amounts of cellular damage and oxidative stress in the cardiovascular and renal systems and had elevated concentrations of pro-inflammatory cytokines and chemokines than the DOC-salt WT mice (Supowit et al., 2005). Baseline blood pressure of α-CGRP KO mice was significantly elevated compared to WT counterparts, indicating that α-CGRP plays a role in preventing hypertension. Therefore, lack of α-CGRP increases the likelihood of hypertension-induced damage to the heart and kidneys. Another basis for α-CGRP KO mice to develop high blood pressure is that they have greater activity of the RAAS, which is a well-known mechanism involved in the development of hypertension (Li et al., 2004). α-CGRP opposes the hypertensive effects of RAAS through vasodilation and by inhibiting Ang-II induced aldosterone secretion. Electric field stimulation of the mesenteric arteries in SHRs triggers a vasoconstrictive response, but the vasodilatory response to α-CGRP was augmented by aldosterone, suggesting that α-CGRP controls blood pressure homeostasis by interacting with the RAAS (Balfagon et al., 2004). Delivery of sub-depressor doses of α-CGRP for 6 days in hypertensive rats induced by Ang-II or norepinephrine decreased blood pressure significantly (Fujioka et al., 1991). Much like α-CGRP KO mice, RAMP1 KO mice develop high blood pressure (Tsujikawa et al., 2007). However, even with exogenous α-CGRP administration, RAMP1 KO mice are hypertensive because α-CGRP is unable to activate its signaling cascade and therefore, vasodilation is unachievable. On the other hand, upregulation of RAMP1 in Ang-II-induced hypertensive mice enhanced the ability of α-CGRP to reduce blood pressure (Sabharwal et al., 2010). Additionally, because the baroreflex sensitivity of RAMP1 transgenic mice was augmented, resulting in a lower blood pressure, suggesting that α-CGRP modulates the baroreflex response to help reduce blood pressure.

α-CGRP is also protective against pulmonary hypertension, likely as the result of the high expression in the lungs and dilatation of pulmonary arteries (Bivalacqua et al., 2002). α-CGRP specifically acts to blunt the effects of hypoxia-induced tissue remodeling that occurs in pulmonary hypertension. Rats affected by pulmonary hypertension have reduced plasma levels of α-CGRP, and these effects are exacerbated by CGRP8–37 infusion (Tjen et al., 1992). Administration of α-CGRP to these rats attenuated the effects of pulmonary hypertension. One study carried out using left-to-right shunt-induced pulmonary hypertensive rats demonstrated that intravenous injection of endothelial progenitor cells modified to secrete α-CGRP reduced the severity of the disease and prevented adverse vascular remodeling (Zhao et al., 2007). These studies demonstrated that α-CGRP is a potent vasopressor and is a potential therapeutic peptide to treat patients suffering from high blood pressure.



Ischemia/Reperfusion Injury

The protective function of α-CGRP against ischemia/reperfusion (I/R) injury has been reported in human and a numerous animal models. α-CGRP KO mice subjected to 30-min ischemic episodes followed by reperfusion to stimulate I/R injury experienced significant deterioration in cardiac function compared to WT mice who underwent the same procedure (Huang et al., 2008). Sensory Aδ- and C-fibers excrete α-CGRP as a cardioprotective mechanism after a cardiac I/R injury. For example, levels of circulating α-CGRP increase in humans following an acute myocardial infarction and isolated hearts of guinea pigs and rats release more α-CGRP after experiencing myocardial ischemia (Franco-Cereceda, 1988; Mair et al., 1990; Lechleitner et al., 1992). During these pathological events, stimuli such as bradykinin, prostaglandins, and low pH activate TRPV1 receptors to induce α-CGRP release. An increased CGRP-immunoreactivity has been reported in principal ganglionic neurons and perineuronal nets in the human stellate ganglia following acute myocardial infarction (Roudenok et al., 2001). Other investigations have revealed that α-CGRP also plays a role in cardiac and remote preconditioning, in which CGRP infusion reduces the cardiac damage caused by an ischemic event in a rat model of I/R injury (Wolfrum et al., 2005). When Langendorff-perfused rat hearts were administered exogenous α-CGRP, the peptide imitated the beneficial preconditioning effects induced by transient ischemia and resulted in increased endogenous α-CGRP release (Wu et al., 2001). Conversely, infusion of the CGRP receptor antagonist BIBN4096BS inhibited all cardioprotective effects of α-CGRP and preconditioning, suggesting that α-CGRP is involved in the physiologic response to cardiac I/R injuries. BIBN4096BS or olcegepant (developed by Boehringer Ingelheim Pharmaceuticals) is a small molecule non-peptide antagonist that exhibits greater antagonism to the human CGRP receptor when compared to rodent CGRP-receptor, and does not show affinity for adrenomedullin receptors (AM1 or AM2 receptor) (Doods et al., 2000; Hay et al., 2003; Arulmani et al., 2004). In addition to the CGRP-receptor, BIBN4096BS is reported to block the binding of CGRP to another distinct CGRP-responsive receptor, the amylin subtype 1 receptor known as the AMY1 receptor, however, BIBN4096BS has higher binding affinity to the CGRP receptor than to the AMY1 receptor and it is a relatively selective antagonist to the CGRP receptor (Hay et al., 2006; Walker et al., 2018). A series of in vitro receptor assays carried out in Cos7 cells transfected with CGRP receptor or AMY1 receptor and in cultured rat trigeminal ganglia neurons demonstrated that BIBN4096BS treatment significantly inhibited α-CGRP-stimulated phosphorylation of cAMP response element-binding protein (CREB) and the accumulation of cAMP in these cells (Walker et al., 2018). A comparison study in the transfected Cos7 cells showed that BIBN4096BS was ∼132-fold more potent at the CGRP receptor than the AMY1 receptor in blocking α-CGRP-stimulated cAMP accumulation and ∼26-fold more potent at the CGRP receptor than the AMY1 receptor in blocking α-CGRP-stimulated CREB phosphorylation (Walker et al., 2018). Moreover, the antagonist selectivity of this molecule has been shown to be pathway-dependent as BIBN4096BS inhibited α-CGRP-stimulated CREB phosphorylation to a greater extent compared to cAMP accumulation in rat trigeminal ganglia neurons and AMY1 receptor transfected Cos7 cells (but not in the CGRP receptor transfected Cos7 cells) (Walker et al., 2018). The AMY1 receptor is a complex of the calcitonin receptor (CTR) and RAMP1 subunit (CTR-RAMP1), and it is responsive to both CGRP and amylin peptides (Muff et al., 1999; Walker et al., 2015; Hay and Walker, 2017). As RAMP1 is a common component in the CGRP receptor and AMY1 receptor, it is thought that binding of BIBN4096BS to RAMP1 might be involved in the antagonism of BIBN4096BS (Mallee et al., 2002). Due to poor oral bioavailability, BIBN4096BS is not considered a viable choice as a therapeutic molecule where inhibition of CGRP-receptor activation is needed, e.g., migraine headache. Adenoviral transfection of cardiac tissue with α-CGRP, in diabetic rodents, increased the ischemic preconditioning response, which is typically reduced in these models (Zheng et al., 2012). Zheng et al. (2012) showed that streptozotocin-induced diabetic mice who underwent ischemia (30 min) and reperfusion (24 h) had increased myocardial infarct size and higher plasma level of lactate dehydrogenase (LDH) compared to their non-diabetic counterparts. However, intramyocardial injection of adenovirus encoding the CGRP gene reduced myocardial infarct size and plasma LDH level in both non-diabetic and diabetic mice (Zheng et al., 2012). α-CGRP has been shown to prevent I/R damage in other tissues such as the intestines, kidneys, and brain (Song et al., 2009; Liu et al., 2011; Lu et al., 2017). When central organs, like the heart and liver, are exposed to ischemia, α-CGRP release may serve to both prevent damage to these organs and protect other organ systems, such as the intestines, from subsequent injury via reflexive neuronal release. In one study, Luo et al. (2016) demonstrated that following the intestinal ischemia or intestinal reperfusion phase in rats, the level of caspase-3 protein (an apoptotic cell death marker) increased. CGRP pretreatment reduced iNOS and caspase-3 levels, and protected against intestinal I/R injury (Luo et al., 2016).

Finally, administration of α-CGRP following a myocardial I/R injury can significantly reverse the developing cardiac dysfunction. In patients with stable angina pectoris, exogenous α-CGRP postponed the onset of myocardial ischemia (Mair et al., 1990). In total, these findings demonstrate that depletion of α-CGRP increases the risk of developing an I/R injury, augments cardiac damage, and delays the recovery process following myocardial ischemia. These results demonstrated that α-CGRP is protective against ischemia-reperfusion injury.



Heart Failure

α-CGRP-producing sensory nerves are found in the perivascular layer of coronary vessels, in the cardiac conduction system, and in myocardium of the ventricles (Gulbenkian et al., 1993). When blood pressure rises or there is a potential of damage to the heart, such as ischemia or oxidative stress, these neurons release α-CGRP to maintain cardiovascular homeostasis. Exogenous administration of α-CGRP enhances cardiac function in humans by stimulating catecholamine release to induce positive ionotropic effects and by increasing stroke volume through reducing afterload via vasodilation (Tortorella et al., 2001). Additionally, α-CGRP infusion in patients with heart disease has been shown to enhance blood flow through vasodilation (Gennari et al., 1990; Shekhar et al., 1991). For these reasons, α-CGRP protects the heart against adverse myocardial remodeling and dysfunction from hypertension and heart failure.

Although patients with heart failure have higher circulating levels of α-CGRP during the initial and middle stages, these levels rapidly fall during the later stages of heart failure as functionality declines (Dubois-Rande et al., 1992). Rats induced with pressure-overload heart failure via constriction of their ascending aorta expressed higher levels of RAMP1 mRNA and its subsequent protein in the cardiomyocytes of their atria and ventricles, indicating that more CGRP receptors were available (Cueille et al., 2002). Another study using rats with isoprenaline-induced heart failure found that delivery of rutaecarpine, a TRPV1 agonist that stimulates α-CGRP release, attenuated cardiac hypertrophy and apoptosis of cardiomyocytes (Li et al., 2010). Pre-treatment capsaicin infusion to these rats diminished the results, further indicating that α-CGRP is cardioprotective against heart failure. Our laboratory previously demonstrated that when α-CGRP KO mice underwent transverse aortic constriction (TAC) to develop pressure-overload heart failure, their survival rates were drastically decreased compared to the TAC-WT mice (Li et al., 2013). Additionally, the TAC-KO mice displayed a greater extent of dysfunctional cardiac remodeling and left ventricular hypertrophy, and they had reduced cardiac functions compared to the TAC-WT mice. Further, cardiomyocytes of the TAC-KO mice exhibited greater amounts of fibrosis, inflammation, and apoptosis, and had lower rates of angiogenesis as opposed to the TAC-WT mice. Our lab also showed that when we deliver native α-CGRP through osmotic mini-pumps for 28 days to the TAC-WT mice, CGRP administration is cardio-protective against pressure-overload induced heart failure (Kumar et al., 2019b). Our data showed that α-CGRP delivery preserved cardiac functions and inhibited left ventricular apoptosis, fibrosis, and cardiac hypertrophy in the TAC mice, and thus protecting hearts from pressure-induced heart failure. Based on our observations in this study, we proposed that TAC-induced pressure overload increased the nuclear level of sirt1 via the direct and/or indirect activation of AMPK and thus impaired mitochondrial function. As a result of mitochondrial dysfunction, there was a significantly higher number of apoptotic cells in the TAC-hearts due to larger amount of ROS produced. Administration of α-CGRP attenuated TAC-induced increased activation of sirt1 and AMPK, and inhibited oxidative stress and apoptotic cell death in TAC mice who received α-CGRP. Together, these events inhibited cardiac hypertrophy and protected hearts at the pathophysiological levels. These results suggest that α-CGRP might be a therapeutic agent to treat and prevent cardiac diseases. However, non-applicability of osmotic mini-pumps in humans and short half-life of α-CGRP in circulation (∼5.5 min in human plasma) limits the use of peptide (as the case with other peptides) in long-term treatment regime. To increase the bioavailability of peptide, we utilized an FDA approved alginate biomaterial as a drug carrier and developed an α-CGRP delivery system (Kumar et al., 2020). Alginate is an immunologically inactive natural biopolymer isolated from the seaweeds and has been used as a delivery vehicle for a number of biological materials, including cells, DNA, proteins, and peptides (Zhang et al., 2011; Moore et al., 2014; Annamalai et al., 2018; Gheorghita Puscaselu et al., 2020). α-CGRP was encapsulated into alginate polymer using an electrospray method and alginate-α-CGRP microcapsules of 200 μm diameter were prepared by passing a mixture of alginate and α-CGRP through a positively charged 30-G blunt end syringe needle at a constant flow rate (60 mm/h) under high voltage current (6 KV) into the 150 mM CaCl2 gelling solution. The distance between syringe needle and bathing soln was kept 7 mm (Kumar et al., 2020; Figure 5). α-CGRP-filled alginate microcapsules released peptide, most likely through diffusion, for an extended period (up to 6 days) where higher concentration was released in first few hours known as a “burst” and then constant but lower concentration for up to 6 days. Alginate-α-CGRP microcapsules were non-toxic to cardiac cells tested (rat H9C2 cardiac myoblast cell line and mouse HL-1 cardiac muscle cell line) in in vitro assays. The efficacy of these microcapsules was tested in the TAC-pressure overload mice. Alginate-α-CGRP microcapsules administered on day-2 or day-15 post-TAC attenuated cardiac hypertrophy and improved cardiac functions in the TAC-mice. Delivery of alginate-α-CGRP microcapsules lowered TAC-pressure induced LV apoptotic cell death, oxidative stress, and fibrosis in the TAC-alginate-CGRP group of mice. Alginate-α-CGRP microcapsules can be dehydrated and reconstituted in an buffered saline solution of distilled water. These capsules can be put in pluronic gels or collagen gels or injected as we have done either IP or sub cutaneious. Although α-CGRP release profile was performed in in vitro assays, the pharmacology and pharmacokinetics of released peptide in different organs and tissues under in vivo conditions are being investigated. The use of alginate is further enhanced due to it being an immunologically inactive polymer hence does not exhibit adverse effects in vivo. The cardioprotective effects of CGRP have been demonstrated in TAC-mice after administering CGRP encapsulated microcapsules via subcutaneous route. However, the oral route is a preferred method for delivery of most therapeutic agents, therefore the cardioprotective effects of alginate-α-CGRP microcapsules delivered through the oral route is of keen interest the lab. Furthermore, numerous additional benefits for using alginate microcapsules are: these microcapsules can be freeze-thawed without losing structural integrity; they can be stored at very low temperature, and they can be lyophilized. These studies indicate that our alginate-based delivery system is a potential approach to increase the bioavailability of CGRP in circulation and this therapeutic modality can be translated to treat cardiac diseases during long term treatment.
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FIGURE 5. Alginate-α-CGRP microcapsules as a peptide delivery system in heart failure mice. Laboratory set up (Ai) and schematic presentation (Aii) showing encapsulation of α-CGRP in alginate microcapsules using an electrospray method. (B) Schematic picture showing α-CGRP encapsulated alginate microcapsule (Bi). Using an electrospray method, alginate-α-CGRP microcapsules were prepared and imaged (Bii). (C) Schematic representation of cardio-protective effect of alginate-α-CGRP microcapsules against heart failure in mice. Transverse aortic constriction (TAC) procedure was performed in wild-type mice. TAC-induced pressure overload stimulated excessive reactive oxygen species generation and induced apoptotic cell death and fibrosis in mice left ventricles (LV). As a result, hearts got enlarged and cardiac functions impaired in the TAC-mice (Ci). Subcutaneous administration of alginate-α-CGRP microcapsules in TAC-mice attenuated increased levels of TAC-induced LV oxidative stress, apoptosis, and fibrosis that, in turn, inhibited cardiac hypertrophy and improved cardiac functions in the TAC-mice (Cii).


Several efforts are also being made in search of more stable bioactive α-CGRP-agonists to address peptide’s low bioavailability in human plasma (Nilsson et al., 2016). Aubdool et al., 2017, tested an acylated form of α-CGRP (half-life ∼7 h) in rodent models of Ang-II-induced hypertension and abdominal aortic constriction (AAC)-induced heart failure (Aubdool et al., 2017). Researchers demonstrated that subcutaneous administration of acylated-α-CGRP significantly reduced cardiac hypertrophy, fibrosis, and inflammation, and improved cardiac function in these disease rodent models. Recently, the cardioprotective effect of a metabolically stable CGRP analog, SAX, has been tested in a constant left anterior descending (LAD) occlusion rat model of acute myocardial infarction (Bentsen et al., 2021). Researchers reported that intraperitoneal administration of SAX (100 nmole/kg bwt per rat) improved myocardial recovery after myocardial infarction. These studies collectively suggest that utilization of α-CGRP (native or its analogs) and their delivery systems can be a potential strategy in preventing harmful cardiac remodeling and dysfunction present in cardiac diseases. As α-CGRP is a potent vasodilator and its higher level in plasma induces migraine, monitoring of blood pressure and migraine-like headache in humans is recommended while administering high doses of the peptide.




THERAPEUTIC VALUE OF ALPHA-CALCITONIN GENE RELATED PEPTIDE-ANTAGONISTS IN MIGRAINE PAIN

Migraine is a chronic neurological disorder. Patients suffering from migraines show an increased level of CGRP in their saliva and plasma suggesting that CGRP plays an important role in the pathophysiology of migraine headache (Gallai et al., 1995; Cady et al., 2009; Hansen et al., 2010; Al-Hassany and Van Den Brink, 2020; Wattiez et al., 2020). It has been shown that the trigeminovascular system (containing the trigeminal ganglion and trigeminal nerves) becomes activated during a migraine episode that leads to the release of CGRP in the external jugular vein resulting in a migraine-like headache (Goadsby et al., 1988, 1990; Edvinsson, 2017). Recently developed CGRP-antagonists, which consist of humanized monoclonal antibodies that either bind to CGRP or its receptor, have been used to relieve the pain in migraine patients (Urits et al., 2019). These well tolerated and FDA-approved antibodies are erenumab, fremanezumab, galcanezumab, and eptinezumab, and are discussed below (Table 1).


TABLE 1. FDA approved anti-CGRP and anti-CGRP receptor antibodies for the treatment of migraine.
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Erenumab (Aimovig)

Erenumab (commercial name Aimovig) is an FDA-approved fully monoclonal IgG2 antibody that selectively blocks the CGRP receptor, and subsequently downstream molecular signaling, to prevent the onset of migraines (Shi et al., 2016; Markham, 2018). It is administered once per month in patients to prevent the onset of migraines. Erenumab’s ability to attenuate migraine symptoms is primarily attributable to its ability to block CGRP receptors on the trigeminal ganglion and its branches. It is also thought that erenumab’s inhibitory actions on cerebral and meningeal blood vessel vasodilation plays a role in migraine treatment and prevention. Additionally, erenumab may block satellite cells from releasing inflammatory modulators and nitric oxide (NO) in response to α-CGRP exposure (Edvinsson et al., 2018).

A randomized, double-blind, and placebo-controlled phase II clinical trial showed that administration of 70 or 140 mg doses of erenumab to 667 chronic migraine patients reduced migraine days per month (Tepper et al., 2017). In a 6 month, randomized, double-blind, placebo-controlled phase III clinical trial (STRIVE trial), erenumab was injected subcutaneously monthly in doses of either 70 mg or 140 mg in 955 patients with episodic migraines to assess its safety and efficacy (Goadsby et al., 2017). Erenumab reduced the average number of migraine days per month by 43.3% (3.2 days) in patients given 70 mg doses and 50% (3.7 days) in patients injected with 140 mg doses, compared to a 26.6% reduction (1.8 days) in the placebo group.

An open-label, 5-year treatment phase followed 383 episodic migraine patients who had enrolled in a 12-week, double-blind, placebo-controlled clinical trial of erenumab (Ashina et al., 2021). These patients began the clinical trial receiving 70 mg doses of erenumab, but 250 patients were later switched to 140 mg doses. This open-label study tested the long-term safety and efficacy of erenumab by investigating changes in baseline monthly migraine days, monthly acute migraine-specific medication days, and health-related quality of life. By year 5 of erenumab use, these patients experienced an average reduction of 62.3% of monthly migraine days (–5.3 days per month), a –4.4 days reduction in acute migraine-specific days per month. This study also found that long-term erenumab use is not associated with increased frequency of adverse side effects. Therefore, the study concluded that erenumab is a safe and effective drug for migraine prevention.



Fremanezumab (Ajovy)

Fremanezumab (TEV-48125) is a fully monoclonal IgG2 antibody that blocks CGRP signaling by binding to α- and β-forms of CGRP to inhibit these ligands from interacting with the CGRP receptor (Hoy, 2018). Approved by the FDA and developed by Teva Pharmaceuticals, fremanezumab (commercial name Ajovy) is administered monthly or quarterly via a subcutaneous injection to prevent migraine attacks (Friedman and Cohen, 2020). In vitro studies found that fremanezumab inhibits CGRP-induced vasodilation of intracranial and abdominal arteries. Fremanezumab is given in doses of 225, 675, or 900 mg, and its maximum concentration in plasma is apparent 5–7 days after administration, which indicates that it is absorbed slowly into the circulation. Fremanezumab has a plasma half-life of ∼31 days (Fiedler-Kelly et al., 2019).

A randomized, double-blind, placebo-controlled, parallel-group clinical trial tested the effectiveness of fremanezumab by administering 225 mg monthly or 675 mg quarterly to episodic migraine patients (Dodick et al., 2018). Patients in the 225 mg group experienced a reduction in mean migraine days per month from 8.9 to 4.9 days. The number of mean migraine days per month in subjects injected with 675 mg of fremanezumab quarterly dropped from 9.2 to 5.3 days, while those in the placebo group reported a reduction of 9.1 migraine days per month to 6.5 days.

Another randomized, double-blind, placebo-controlled, parallel-group study administered fremanezumab monthly or quarterly in chronic migraine patients (Silberstein et al., 2017). Patients who received fremanezumab monthly experienced a 4.6 days reduction of mean number of headache days per month, while those in the quarterly group reported a 4.3 days reduction. Both groups compared to the placebo were significant, as the reduction in number of headache days per month in the placebo group was 2.5 days. Additionally, 41% of patients in the monthly fremanezumab group and 38% in the quarterly group reported a reduction of ≥50% of headache days per month compared to 18% in the placebo group.

A 12-week, phase III clinical trial determined the efficacy of fremanezumab in patients with difficult-to-treat chronic or episodic migraines (Ferrari et al., 2019). Patients with difficult-to-treat migraines were defined by failure to respond to 2–4 of the following migraine preventative medications: beta-blockers, anticonvulsants, tricyclic antidepressants, calcium channel blockers, angiotensin II receptor antagonists, or onabotulinumtoxin A. In this randomized, double-blind, parallel-group study, patients received monthly or quarterly subcutaneous injections of either fremanezumab or a placebo. At the end of the 12 weeks, the study found that patients in both fremanezumab groups experienced a significant reduction in migraine days per month compared to the placebo. The monthly fremanezumab group reported an average of 4.1 fewer migraine days per month, while the quarterly fremanezumab patients experienced a 3.7-day reduction. Fremanezumab also reduced the frequency of monthly headache days of at least moderate severity in both groups (–4.2 days in monthly group; –3.9 days in quarterly group; –0.6 days in placebo group).

The HALO long-term study (LTS), a double-blind, randomized, parallel-group, 12-month, phase III clinical trial, investigated the long-term efficacy of fremanezumab in 1,890 patients with chronic or episodic migraines (Goadsby et al., 2020). At the end of the study, over 50% of patients with chronic migraine and ∼66% of patients with episodic migraine reported a ≥50% reduction in migraine days per month from their baseline levels. This investigation also found that as the study progressed, more patients reported reductions in monthly migraine days, indicating that fremanezumab became more effective with longer treatment duration.



Galcanezumab (Emgality)

Developed by Eli Lilly & Co., galcanezumab (commercial name Emgality) is an FDA-approved humanized monoclonal antibody used for migraine and cluster headache prevention (Lamb, 2018). Galcanezumab has an apparent half-life of ∼27 days in serum and binds to the CGRP ligand to prevent interaction with the CGRP receptor, thus abolishing the biological activity of α-CGRP (Dodick et al., 2014b). Healthy volunteers injected with a single dose of 75–600 mg of galcanezumab experienced significantly more inhibition of capsaicin-induced dermal blood flow compared to a placebo group at all post-dose time intervals (days 3, 14, 28, and 42). Galcanezumab is administered monthly via subcutaneous injection, and it is slowly absorbed into circulation, as it reaches maximum plasma concentration ∼5 days post-injection.

In a clinical trial (EVOLVE), the safety and efficacy of galcanezumab was evaluated in episodic migraine patients treated with 120 mg or 240 mg galcanezumab or a placebo group (Stauffer et al., 2018). By the end of the 6-month period, galcanezumab reduced the number of monthly migraine days by 4.7 and 4.6 days at doses 120 and 240 mg, respectively. Similarly, 65% of patients taking galcanezumab reported a > 50% reduction of mean headache days per month compared to 42% in the placebo group.

A randomized, double-blind, placebo-controlled phase III clinical trial (REGAIN) investigated the efficacy of galcanezumab by injecting monthly doses of 120 mg (with an initial 240 mg loading dose) or 240 mg of galcanezumab or a placebo in chronic migraine patients (Detke et al., 2018). Patients in the 120 mg galcanezumab group experienced a mean reduction in number of headache days per month of –4.8 days. Similarly, the 240 mg galcanezumab group reported a –4.6 day reduction, while patients in the placebo group experienced a –2.7 day reduction in number of headache days per month.

In addition, an 8-week, randomized, double-blind, placebo-controlled phase III clinical trial injected 300 mg doses of galcanezumab once per month in 106 adults with episodic cluster headaches (Goadsby et al., 2019). During weeks 1–3, galcanezumab decreased the number of weekly cluster headaches by 8.7, as opposed to 5.2 in the placebo group. Additionally, by week 3, 71% of patients receiving galcanezumab reported a ≥50% decrease in the incidence of weekly cluster headaches, compared to 53% in the placebo group.



Eptinezumab (Vyepti)

Eptinezumab is a humanized monoclonal antibody that is used to prevent the onset of migraine attacks (Dodick et al., 2014a; Baker et al., 2020). Developed by Lundbeck Seattle BioPharmaceuticals under the commercial name Vyepti, eptinezumab binds to α- and β-forms of CGRP to prevent ligand-receptor interaction, and therefore blocks CGRP signaling. Eptinezumab has a half-life of ∼27 days, and it achieves steady state serum concentrations following its initial administration and subsequentially after each infusion once every 3 months.

PROMISE-1, a randomized, double-blind, multicenter, placebo-controlled phase III clinical trial assessed the efficacy and tolerability of eptinezumab by intravenously administering 30, 100, or 300 mg doses of eptinezumab or a placebo every 3 months for 12 months in 888 adults with episodic migraines (Ashina et al., 2020; Smith et al., 2020). Patients who received 100 mg doses of eptinezumab reported a 3.9 day reduction in monthly migraine days during weeks 1–12, compared to 3.2 days in the placebo group. Similarly, patients who were given 300 mg of eptinezumab experienced a 4.3 day decrease in monthly migraine days during weeks 1–12. Because the 30 mg dose of eptinezumab failed to be statistically significant on the primary efficacy end point, this dosing regimen was not approved by the FDA. Throughout weeks 1–4, the 100 mg and 300 mg eptinezumab groups had significantly higher rates of ≥75% reductions in monthly migraine days from baseline compared to the placebo (31% in 100 mg group, 32% in 300 mg group, and 20% in placebo). During weeks 1–12, significantly more patients who received 300 mg doses of eptinezumab reported ≥50% decrease in monthly migraine days vs. placebo (56 vs. 37%). Additionally, 30% of 300 mg eptinezumab patients reported a ≥75% reduction in monthly migraine days during weeks 1–12, compared to 16% in the placebo group. All eptinezumab dosing regimens decreased the frequency of monthly migraine days compared to the placebo through week 48, and the beneficial effects of eptinezumab persisted throughout the entire study. The number of patients who experienced a ≥50% or a ≥75% reduction in monthly migraine days were significantly higher in those who received 100 or 300 mg doses of eptinezumab compared to the placebo from weeks 1 to 48. By week 48, the average reduction in monthly migraine days was –4.5 and –5.3 days in the 100 mg and 300 mg eptinezumab groups, compared to –4.0 days in the placebo group. Of all the patients treated with eptinezumab, ∼70% experienced a ≥50% migraine response during at least 6 months of the study and >20% reported ≥50% migraine response during all 12 months of the study.

Moreover, a large randomized, placebo-controlled, double-blind, multicenter, phase III clinical trial (PROMISE-2) investigated the safety and efficacy of eptinezumab in 1,072 patients with chronic migraines (Lipton et al., 2020). Patients were randomized to an eptinezumab or a placebo group and received either 100 or 300 mg intravenous doses every 3 months for 6 months. The effects of eptinezumab were apparent after the first day of dosing, as 28.6% of patients who received 100 mg of eptinezumab and 27.8% of patients administered 300 mg of eptinezumab reported having a migraine after the first day of dosing compared to 42.3% of patients in the placebo group. Eptinezumab significantly reduced the frequency of monthly migraine days during weeks 1–12 in both the 100 mg (–7.7 days) and 300 mg (–8.2 days) groups compared to the placebo (–5.6 days). During weeks 1–12, 26.7% of patients who received 100 mg doses of eptinezumab and 33.1% of the 300 mg eptinezumab group reported ≥75% reduction rates in monthly migraine days, compared to 15% in the placebo group. The most common side effect of eptinezumab use was nasopharyngitis, which occurred in 9.4% of patients who received 300 mg of eptinezumab, compared to 6.0% of patients in the placebo group. Less than 1% of patients (7 from eptinezumab group and 3 from placebo group) experienced a serious treatment emergent adverse effect (TEAE), including nervous system disorders, injury, poisoning, and procedural complications. Based on these results, eptinezumab was determined to be a well-tolerated and effective medication for migraine prevention.




CONCLUSION

Numerous biological, pharmacological, and genetic studies carried out in a variety of animal models have established the role of α-CGRP in normal and disease states, particularly in cardiovascular disease and migraine pain. In recent years the development of CGRP-antagonists and their successful use in humans to treat/prevent migraine-like headache is remarkable. Growing evidence suggest that, in addition to classical CGRP-receptor, CGRP can interact with other CGRP-responsive receptors (such as AMY1 receptor) present on the cell surface, hence studying the pharmacological effects of developing CGRP-agonists/-antagonists on these receptor subtypes might be valuable for the successful development of CGRP-based therapy for diseases. Moreover, the ongoing efforts to enhance the bioactivity of CGRP in circulation via CGRP-analogs and delivery systems are promising therapeutic agents to treat patients suffering from cardiovascular diseases. The alginate-based delivery system for α-CGRP is showing promising results to increase the bioavailability of the peptide and protect against pressure-induced heart failure. Further testing of this delivery system is needed in other rodent models of cardiovascular diseases, including hypertension, myocardial infarction, ischemia-reperfusion injury, and also other modes of alginate-CGRP microcapsules delivery is needed to verify in these cardiac diseases. These endeavors are a hopeful avenue for CGRP-based cardiovascular therapeutics in the coming years. Another aspect that is needed to consider in CGRP biology is the accurate measurement of peptide in the biological samples. α-CGRP is a very short-lived peptide making it difficult to measure accurately in samples. Although radio-immunoassay and enzyme-immunoassay are employed, more sensitive detection methods such as high-performance liquid chromatography (HPLC) and mass spectroscopy should be considered to include in the CGRP measurement assays. It is also worthy to mention here that as α-CGRP has an important role in regulating regional organ blood flow in normal and pathophysiological conditions, it might be possible that migraine patients treated with CGRP-antagonists, that block CGRP-signaling, develop adverse side effects on heart and blood vessels. Hence long-term follow-up of these patients in terms of cardiovascular safety is advisable.
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The treatment of hypertension and heart failure remains a major challenge to healthcare providers. Despite therapeutic advances, heart failure affects more than 26 million people worldwide and is increasing in prevalence due to an ageing population. Similarly, despite an improvement in blood pressure management, largely due to pharmacological interventions, hypertension remains a silent killer. This is in part due to its ability to contribute to heart failure. Development of novel therapies will likely be at the forefront of future cardiovascular studies to address these unmet needs. Calcitonin gene-related peptide (CGRP) is a 37 amino acid potent vasodilator with positive-ionotropic and -chronotropic effects. It has been reported to have beneficial effects in hypertensive and heart failure patients. Interestingly, changes in plasma CGRP concentration in patients after myocardial infarction, heart failure, and in some forms of hypertension, also support a role for CGRP on hemodynamic functions. Rodent studies have played an important role thus far in delineating mechanisms involved in CGRP-induced cardioprotection. However, due to the short plasma half-life of CGRP, these well documented beneficial effects have often proven to be acute and transient. Recent development of longer lasting CGRP agonists may therefore offer a practical solution to investigating CGRP further in cardiovascular disease in vivo. Furthermore, pre-clinical murine studies have hinted at the prospect of cardioprotective mechanisms of CGRP which is independent of its hypotensive effect. Here, we discuss past and present evidence of vascular-dependent and -independent processes by which CGRP could protect the vasculature and myocardium against cardiovascular dysfunction.
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INTRODUCTION

The discovery of Calcitonin gene-related peptide (CGRP) mRNA in the rat hypothalamus by Amara et al. (1982) sparked a series of studies exploring the effect of CGRP in the central and peripheral systems, where it is widely distributed. The authors discovered that human CALCA gene, which codes for the thyroid gland hormone calcitonin, can also produce CGRP via alternative splicing in neural tissues. CGRP is a member of the calcitonin family of peptides, that include adrenomedullin, adrenomedullin 2/intermedin and amylin (Russell et al., 2014). Soon after, it was found that CGRP has two structurally similar isoforms – the α and β, which are encoded by two distinct genes (Amara et al., 1985). Both isoforms are primarily located in sensory C- and Aδ-fibers (Gibson et al., 1984), and it is generally accepted that despite 94% sequence identity between the two isoforms, β-CGRP synthesis and expression is concentrated around the enteric nervous system, immune cells and pituitary gland (Steenbergh et al., 1985; Brain and Grant, 2004) whereas α-CGRP is primarily involved in the central and peripheral nervous systems, and consequently, is the more extensively studied isoform in cardiovascular studies. This review aims to discuss past and present literature on CGRP in hypertension and heart failure to stimulate thought on the future of CGRP and cardiovascular research, with a particular focus on α-CGRP.

The current consensus is that, upon neuronal depolarization, α- or β-CGRP is released from sensory neurons via calcium-dependent exocytosis to bind to its receptor situated on the plasma membrane of several cell types including, but not limited to, smooth muscle cells (Argunhan et al., 2021), endothelial cells (Gray and Marshall, 1992a) and cardiomyocytes (Clark et al., 2021). The receptor complex is composed of a seven domain G-protein coupled receptor (GPCR) known as calcitonin receptor-like receptor (CRLR) and a single transmembrane protein recognized as receptor activity modifying protein-1 (RAMP1). RAMP1 is required for trafficking of the receptor to the cell surface to form a heterodimer with CRLR and mediate high-affinity binding to CGRP. Upon activation of the CRLR/RAMP1 receptor, G-protein induced signaling cascade is initiated, with Gαs-induced cyclic adenosine monophosphate (cAMP) being the major secondary messenger involved (McLatchie et al., 1998; Pioszak and Hay, 2020). The CGRP family of receptors also comprise two other RAMP proteins; RAMP2 and RAMP3. There is evidence that CGRP may be able to signal via receptors including these components. The receptors involved comprise the calcitonin receptor (CTR) interacting with RAMP1, commonly called the amylin receptor and CRLR interacting with RAMP2, the adrenomedullin receptor (Hay et al., 2018). The selectivity of CGRP for receptors other than CRLR/RAMP1 is under investigation.

Due to the CRLR/RAMP1 receptor complex being expressed in the plasma membrane of smooth muscle cells and endothelial cells, CGRP-induced vasodilation can manifest via two distinct but related mechanisms. The CGRP ligand can bind directly to the receptor complex in vascular smooth muscle cells to induce PKA-mediated smooth muscle relaxation, or it can interact with its receptor complex in endothelial cells to induce endothelial-dependent relaxation via nitric oxide signaling (Crossman et al., 1990; Gray and Marshall, 1992b). In vascular smooth muscle cells, CGRP-induced PKA phosphorylation leads to: reduced intracellular Ca2+ concentration; reduced binding affinity of myosin light chain kinase (MLCK) to Ca2+-calmodulin complex; and activation of ion channels such as ATP-sensitive potassium channels (KATP). All of these contribute to smooth muscle cell relaxation, and thus vasodilation (Brain and Grant, 2004; Figure 1A). In endothelial cells, PKA phosphorylation of eNOS results in NO generation, which is known to diffuse into neighboring vascular smooth muscles and mediate smooth muscle cell relaxation via guanyl cyclase and protein kinase G (PKG) signaling induction pathways (Russell et al., 2014; Figure 1A). Additionally, there is some evidence for PKC-mediated responses post-CGRP receptor activation (Walker et al., 2010) but the cAMP response is the most established and understood signaling pathway to date. However, it is important to acknowledge the body of in vitro evidence suggesting that the CGRP receptor can couple with other G proteins (Weston et al., 2016). It is also noteworthy that, in addition to its canonical receptor, CGRP has been shown to interact with other receptors from the CGRP family of peptides, albeit with lower affinity (Hay et al., 2018). Recently, the structure and dynamics of the canonical CGRP receptor has been investigated using single-particle cryo-EM (Liang et al., 2018; Josephs et al., 2021), and agonist bias studies have revealed physiological consequences for the CRLR-RAMP1 complex in different cell types (Clark et al., 2021). Thus, this is an area of much interest that is continually evolving, with RAMP proteins being the subject of investigation.
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FIGURE 1. Proposed cardioprotective mechanisms of CGRP in the (A) vasculature and (B) myocardium. (A) In the vasculature, CGRP circulating in the blood or released from sensory neurons can bind on to its canonical receptor, the CRLR-RAMP1 complex, expressed in the plasma membrane of vascular smooth muscle and endothelial cells to initiate Gαs-protein signal transduction and subsequently cause relaxation of smooth muscle cells via nitric oxide (NO)-dependent and -independent mechanisms thus leading to vasodilation. (B) In cardiac tissues, there is evidence for CGRP-stimulated modulation of sympathetic outflow and expression of the CRLR-RAMP1 complex on cardiomyocytes. Hence, CGRP has the potential to induce Gαs-protein signaling from sensory and sympathetic nerves leading to increased cardiac contractility, thus positive inotropy and chronotropy. AC, adenyl cyclase; cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine monophosphate; eNOS, endothelial nitric oxide synthase; GTP, guanosine triphosphate; KATP, ATP-sensitive potassium channels; LTCC, L-type calcium channel; NO, nitric oxide; P, phosphate; PKA, protein kinase A; RyR, ryanodine receptor; sGC, soluble guanylate cyclase. [Images were obtained from smart.servier.com under a Creative Commons Attribution 3.0 Unported License].




CALCITONIN GENE-RELATED PEPTIDE AND VASCULAR TONE – SMALL BUT MIGHTY

Fisher et al. (1983) were the first to demonstrate the hypotensive effects of systemically administered CGRP in rats, whereas Brain et al. (1985, 1986) showed that intradermal injection of CGRP at femtomole doses induces arteriole dilation, thus increasing blood flow locally in animal and human skin. These studies and others indicated that CGRP is a potent vasodilator, leading researchers to further explore its beneficial potential within the cardiovascular system. As a microvascular vasodilator, the potency of CGRP is approximately 10-fold higher than prostaglandins, up to 100 times greater than other well-established vasodilators such as acetylcholine, thus making CGRP the most potent peripheral vasodilator discovered to date (Russell et al., 2014).

Gennari and Fischer (1985) were first to determine the cardiovascular actions of CGRP on hemodynamic parameters in healthy humans. In addition to CGRP’s intrinsic ability to cause vasodilation and consequently hypotension, the authors revealed that CGRP possesses positive chronotropic and inotropic activities. CGRP was reported to increase the force of contractility by stimulating the sympathetic nervous system, which was further supported by Gennari et al. (1990) when patients with congestive heart failure (CHF) demonstrated improved cardiac contractility after receiving β-CGRP infusion for 24 h (12.5 ug/h). Ex vivo experiments reinforce these findings, although the mechanism behind the positive inotropic effect is still to be fully elucidated. Franco-Cereceda et al. (1987) were the first to report the effect of CGRP treatment in isolated human auricles, and interestingly, the authors found both α- and β- isoforms of CGRP to be equally potent in affecting positive inotropy.

Similarly, Struthers et al. (1986) infused hCGRP into healthy patients (545 pmol/min), which, as expected, caused a significant decrease in diastolic pressure accompanied with an increase in heart rate. The authors suggested a potential role for CGRP in modulating vascular tone in humans, and this was supported by findings from Girgis et al. (1985) demonstrating that CGRP concentration is fivefold higher than calcitonin. Given that it is widely expressed in the human body, these results raised the possibility that CGRP is a critical physiological regulator of vascular tone and hemodynamics.

Collectively, these studies laid the foundation for elucidating the biological actions of CGRP, which recently reached fruition in the field of migraine research where CGRP blockers are now used therapeutically (Edvinsson et al., 2018; Kee et al., 2018). Generally, the use of migraine blockers have not been associated with significant cardiovascular effects, indicating that CGRP does not play a major role in cardiovascular regulation in individuals with normal blood pressure (Bigal et al., 2015). Separately, there has been increasing research into elucidating the role of CGRP and of exogenous CGRP, in the cardiovascular system. However, the potential biological importance and underlying mechanisms, particularly with respect to heart failure, will be discussed in later sections.



CALCITONIN GENE-RELATED PEPTIDE IN HYPERTENSION – VASCULAR-DEPENDENT EFFECTS

Shekhar et al. (1991) was one of the first to demonstrate the cardiovascular effects of prolonged CGRP infusion (8 ng/kg/min for 8 h) in CHF patients. In agreement with others, they reported significant decreases in cardiac and arterial pressures, as well as in pulmonary and systemic vascular resistance, and increases in cardiac output and stroke volume. Accordingly, the reported hemodynamic changes were absent 30 min after discontinuation of CGRP infusion, consistent with the short half-life of CGRP (approximately 7–30 min) (Kraenzlin et al., 1985).

Concomitantly, preclinical data from rodents have facilitated human studies. Research in the 1990s focusing on the role of CGRP in blood pressure control was dominated by preclinical hypertension studies carried out in rats that were spontaneously hypertensive (SHR), treated with hypertensive agents, or hypertensive due to surgical intervention. These studies and others reported in vivo evidence that CGRP can protect against hypertension and the vasoconstrictor effects of hypertensive agents including angiotensin-II (AngII) (Itabashi et al., 1988; Fujioka et al., 1991), noradrenaline (Fujioka et al., 1991), deoxycorticosterone-salt (Supowit et al., 1997; Supowit et al., 2005), and the nitric oxide synthase (NOS) inhibitor L-NAME (Gardiner et al., 1991; Gangula et al., 1997), making progress toward understanding the mechanism of action of CGRP (Kumar et al., 2019a). Kawasaki et al. (1990) found that reduced CGRP-containing nerves in SHRs contribute to the development and maintenance of hypertension, further supporting a protective role for CGRP in hypertension. Furthermore, ex vivo experiments, particularly in isolated arterial and mesenteric resistance vessels, have complemented the in vivo data to-date (Nelson et al., 1990; Kawasaki et al., 1998; Kawasaki et al., 1999).

It has been difficult to study α-CGRP in vivo due to its peptide nature, therefore the use of genetically engineered mice has been fitting. Genetic deletion of CGRP has been reported to cause elevated baseline blood pressure in some (Gangula et al., 2000; Oh-hashi et al., 2001; Li et al., 2004; Mai et al., 2014) but not all studies (Smillie et al., 2014; Argunhan et al., 2021). This is likely due to differences in methodology, such as differences in the precise genetic deletion site when generating knockout (KO) mouse lines, particular strains preserving unique hemodynamic phenotypes, and the utilization of various different blood pressure measurement techniques. Most importantly, most preclinical hypertension studies conclude that genetic deletion of CGRP is detrimental, if not in a naïve state, then evidently in a stressed or hypertensive setting. This indicates that endogenous CGRP may only be functionally active in cardiovascular dysfunction. CGRP blockers (antibodies and now CGRP receptor antagonists) have been studied in humans with migraine over several years now (Al-Hassany and Van Den Brink, 2020). The majority of findings from recent clinical trials report little or no change in blood pressure from migraine patients who received anti-CGRP therapy. Additionally, very few cardiovascular side-effects have been observed in migraine patients taking CGRP blockers (Tepper, 2019). Thus, it is not yet known whether CGRP has a functionally important cardiovascular role in humans, apart from the neurogenic vasodilator response observed typically in patients with migraine (Tepper, 2019). However, due to CGRP being widely expressed and the increasing evidence for a cardioprotective role, there are concerns regarding long-term blockade of CGRP in migraine patients who may also suffer from cardiovascular complications (Rubio-Beltran and Maassen van den Brink, 2019). The observation of cardiovascular adverse effects with CGRP blockers in migraine has not been commonly observed. However, a recent study conducted a retrospective analysis of cases reporting a CGRP receptor antagonist (erenumab) associated with elevated blood pressure (BP) (Saely et al., 2021). The authors identified 61 cases of elevated BP between May 2018 and April 2020, of which the median systolic BP increase was 39 mm Hg. Interestingly, 44% of reported cases required anti-hypertensive medication and the elevated BP occurred most frequently within a week of commencing erenumab treatment. Most importantly, the prescribing information for erenumab/Aimovig now includes hypertension. This further supports the need to continue monitoring cardiovascular parameters in those receiving anti-CGRP therapy for migraine, in addition to continuing research within the CGRP and cardiovascular field (Saely et al., 2021).

Much like CGRP KO mice, RAMP1 KO mice develop high blood pressure (Tsujikawa et al., 2007) and knock-in or overexpression of human RAMP1 in all (Sabharwal et al., 2010) or solely neural tissues (Sabharwal et al., 2019) potentiates CGRP-dependent blood pressure reduction in AngII-induced hypertension. Additionally, in the periphery, in tissues such as skin, it is clear that CGRP is a potent vasodilator and is well placed to play a regulatory role, for example in the recovery of blood flow in the cold-induced vascular response (Aubdool et al., 2014), a response that diminishes as aging occurs (Thapa et al., 2021).

Our research group has reported that, despite a lack of vascular tone modulation at baseline, α-CGRP-specific KO mice display elevated blood pressure after AngII or L-NAME treatment (Smillie et al., 2014; Argunhan et al., 2021). α-CGRP KO mice present with hypertrophic vascular remodeling in their aortic tissues and increased mRNA levels of inflammatory and oxidative stress markers after 14 or 28 days of AngII treatment (Smillie et al., 2014). These results indicate a protective role for CGRP in AngII-induced pathophysiology, where the benefits are not limited to one system, but instead multiple processes in order to attenuate the pathophysiological changes induced by AngII.

Intriguingly, Smillie et al. (2014) also showed that AngII-treated α-CGRP KO mice display a significant reduction in protein and mRNA expression of endothelial nitric oxide synthase (eNOS). These findings probed us to investigate whether α-CGRP can protect against hypertension independently of eNOS in vivo. The decreased production of NO in pathological states disrupts the endothelial equilibrium thus leading to endothelial dysfunction. CGRP receptors are expressed in the plasma membrane of both endothelial and vascular smooth muscle cells, hence have the capacity to induce vasodilation via NO-dependent and -independent pathways. However, there is very limited evidence of this in vivo. We demonstrated that α-CGRP KO mice develop exacerbated hypertension and present with dysfunctional blood flow recovery in mesenteric vessels in vivo after chronic L-NAME administration (Argunhan et al., 2021) indicating that α-CGRP can induce vasodilation and hence attenuate hypertension independently of NOS. These findings suggest that α-CGRP may be able to offer protection to compensate for pathophysiological processes such as endothelial dysfunction, which contributes to hypertension and cardiovascular disease. We also found that 2 weeks of α-CGRP infusion (165 ug/kg/day) via osmotic minipumps was able to reverse L-NAME-induced hypertension, left ventricular heart weight gain, and associated increases in mRNA expression of hypertrophic markers in α-CGRP KO mice, providing evidence for the antihypertrophic effects of CGRP. Conversely, this means that the nitric oxide vasodilator pathway theoretically could compensate, in terms of vasodilation, when CGRP is inhibited.

Antihypertrophic effects of CGRP have also been investigated recently by Skaria et al. (2019). The authors examined whether endogenous, physical activity-induced α-CGRP has blood pressure-independent cardioprotective effects in mice which had 1 kidney 1 clip (1k1c) surgery and hence developed chronic hypertension. The authors claimed that exercise has cardioprotective effects in chronic hypertension, which is mediated at least partially through endogenous α-CGRP signaling. They demonstrated αCGRP concentration in plasma is significantly elevated after 7 min of running in hypertensive mice and showed that chronic exogenous CGRP infusion via osmotic minipumps can alleviate hypertension-induced hypertrophy and cardiac dysfunction by suppressing pathological cardiac growth and interstitial fibrosis. Importantly, CGRP was infused at a sub-pressor dose (4 nM/h), suggesting that CGRP administration can help to preserve cardiac function in chronic hypertension independent of its blood pressure lowering effect.



LONG-LASTING AGONIST OF CALCITONIN GENE-RELATED PEPTIDE

While the protective effects of CGRP discussed thus far are detailed and mostly consistent between research groups, they do not constitute a complete record of documented studies demonstrating a cardioprotective role of CGRP. It is apparent that the beneficial effects of CGRP have been limited due to its short peptide half-life. Our group was fortunate to investigate the therapeutic potential of a longer lasting CGRP agonist in AngII-induced hypertension and mice that underwent abdominal aortic constriction surgery, which eventually caused heart failure via increased pressure-overload on the heart (Aubdool et al., 2017). The acylated α-CGRP analog had been characterized by Nilsson et al. (2016) and has a half-life of >7 h in rodents. Our group demonstrated that daily administration of the CGRP analog [50 nmol/kg/day, subcutaneous injection (s.c.)] for 2 weeks in AngII-treated mice led to significant attenuation of AngII-induced hypertension and protected against vascular, renal and cardiac dysfunction. α-CGRP analog-treated mice presented with attenuated hypertrophic and fibrotic markers as well as reduced inflammation and oxidative stress. Furthermore, the α-CGRP analog was effective in preserving ejection fraction, a measure of cardiac function, and protecting against fibrosis and apoptosis in cardiac tissues of mice that had undergone abdominal aortic constriction surgery and consequently developed heart failure. Moreover, α-CGRP-treated mice presented with better vascularization in their hearts and expressed reduced mRNA and protein expression of biomarkers for hypertrophy, apoptosis, oxidative stress and inflammation. These findings agree with other in vivo heart failure studies (Li et al., 2013; Kumar et al., 2019b; Kumar et al., 2020). In vitro experiments have demonstrated similar findings in different cell types. CGRP administration has been shown to: stimulate proliferation of endothelial cells (Haegerstrand et al., 1990), supporting CGRP’s proangiogenic effects in vivo; reduce vascular smooth muscle cell proliferation (Li et al., 1997) and thus vascular hypertrophy; and show antioxidant and antiapoptotic effects in dorsal root ganglion (DRG) neurons (Liu et al., 2019).

However, data from the Aubdool et al. (2017) study suggests these protective effects of CGRP can be long lasting using a novel α-CGRP agonist with an extended half-life. The CGRP agonist can delay the onset and development of hypertension through cardioprotective mechanisms in addition to ameliorating pressure overload-induced heart failure. Interestingly, mice with heart failure that had received the α-CGRP analog or its vehicle presented with comparable blood pressures, indicating that the cardioprotective mechanisms involved are likely to be blood pressure-independent. Furthermore, the same analog has recently been administered to rats that have undergone permanent occlusion of their left coronary artery to investigate coronary perfusion in myocardial infarction. Three injections of the CGRP analog, SAX, at 20 min, 24 and 48 h after coronary ligation, was sufficient to improve myocardial perfusion recovery in rats, indicative of myocardium protection after ischemic damage (Bentsen et al., 2021). An earlier study by Kallner et al. (1998) reported CGRP-mediated improvement in post-ischemic coronary flow early after MI, but whether treatment with the long lasting agonist will increase cardioprotective effects in the long term is still to be investigated.



CALCITONIN GENE-RELATED PEPTIDE IN THE MYOCARDIUM – VASCULAR-INDEPENDENT EFFECTS

The heart is densely innervated by nerve fibers comprised of: the sympathetic trunk, which starts from the base of the skull; parasympathetic nerves, including the right and left vagus nerves; cervical cardiac nerves, which run parallel to the vagus nerves; and the cardiac plexus at the base of the heart. α-CGRP producing sensory nerves have been reported within the perivascular layer of coronary arteries, in the myocardium of ventricles, and within the cardiac conduction system (Gulbenkian et al., 1993). In addition to this, CGRP immunoreactivity has been associated with; myocytes from atria, coronary vessels, local parasympathetic ganglia and with epi-and endocardia (Franco-Cereceda et al., 1987). Therefore, it is likely that CGRP signaling manifests within cardiac cells, in addition to cardiac vessels, and that the sensory, parasympathetic and sympathetic nerves are involved in facilitating CGRP-induced signaling within, and surrounding, the myocardium.

Several in vivo studies of hypertension and heart failure have reported an upregulation of RAMP1 and/or CGRP expression in pathological conditions (Supowit et al., 1995; Li and Wang, 2005; Aubdool et al., 2017; Argunhan et al., 2021). In addition to this, Franco-Cereceda and Liska (2000) have previously reported the presence of a subpopulation of capsaicin-sensitive cardiac C-fiber afferents that store CGRP, substance P and neurokinin A. The C-fibers are likely to express transient receptor potential vanilloid 1 (TRPV1) channel, which upon stimulation by capsaicin lead to CGRP release (Franco-Cereceda, 1991). This finding of local efferent release of CGRP in the heart is consistent with the presence of capsaicin-sensitive receptors on the epicardial surface of rat hearts (Zahner et al., 2003). More recently, Moreira et al. (2021) reported elevated CGRP levels in human atrial tissue lysates and atrial cardiomyocytes obtained from patients with atrial fibrillation, in agreement with Franco-Cereceda et al. (1987) who found between threefold and fourfold higher levels of CGRP-like immunoreactivity in atria compared to ventricles. These studies describe and support a structural basis for CGRP signaling within cardiac tissues.

Furthermore, coinciding with its interactions in vascular smooth muscle and endothelial cells, CGRP has similarly been demonstrated to bind to its canonical receptor complex and activate Gαs-signaling in cardiomyocytes (Huang et al., 1999; Sueur et al., 2005; Schavinski et al., 2021). It is well established that an increase in cAMP concentration followed by PKA activation leads to phosphorylation of key Ca2+-handling proteins including phospholamban, ryanodine receptor, voltage-gated L-type Ca2+ channels, troponin I, and myosin binding protein C; all which play an essential role in cardiac excitability and contraction (Zaccolo, 2009). Earlier studies have reported that activation of the CRLR/RAMP1 complex leads to stimulation of a contractile response in adult rat ventricular cardiomyocytes (Bell and McDermott, 1994; Bell et al., 1995). However, unlike the vascular-dependent effects of CGRP, the precise mechanism of action of CGRP in cardiomyocytes remains to be fully elucidated.

Interestingly, a recent study investigating GPCR agonist bias in CGRP and CGRP-like family peptides demonstrated that, in human ventricular cardiomyocytes, CGRP is more potent than adrenomedullin and adrenomedullin 2/intermedin in generating cAMP (Clark et al., 2021). Acute cAMP elevation is known to compensate for impaired cardiac function by modulating the positive-inotropic, -chronotropic and -lusitropic responses in the heart. Thus, in addition to its vascular dependent actions, it is tempting to speculate that CGRP-induced positive-inotropy and -chronotropy observed in earlier human studies could be a consequence of vascular-independent actions via direct interaction with cardiomyocytes. Chronic cAMP activation, however, has been associated with adverse cardiac remodeling (Triposkiadis et al., 2009). Importantly, cAMP is a pleiotropic secondary messenger and thus able to produce several biological outcomes in response to different stimuli. Moreover, locally accumulated cAMP has been shown to ameliorate cardiac hypertrophy via cAMP-degrading enzyme phosphodiesterase-2 (PDE2; Zoccarato et al., 2015). The regulation and function of local cAMP-PKA signaling remains to be fully understood, and compartmentalized cAMP-PKA has been suggested to play a key role in cardiac physiology and pathophysiology (Surdo et al., 2017).

Coupling of the CRLR-RAMP1 complex to Gαs can lead to other responses such as phosphorylation of ERK1/2 or cell proliferation; a response which has been suggested to be cell type dependent (Clark et al., 2021). Interestingly, the CGRP family of receptors, including CRLR/RAMP1, can couple to Gαi and Gαq subunits too, although there is little evidence of this in cardiomyocytes (Nishikimi et al., 1998; Walker et al., 2010). These findings further support the need to investigate CGRP-signaling in cardiomyocytes and fibroblasts in vitro, which may help to clarify the mechanism of action behind the cardioprotective effects of CGRP reported in whole body physiology studies (Li et al., 2013; Aubdool et al., 2017; Kumar et al., 2019b; Skaria et al., 2019; Kumar et al., 2020; Argunhan et al., 2021), especially in studies that have shown blood pressure independent effects of CGRP (Aubdool et al., 2017; Skaria et al., 2019).

In addition to its direct effect on cardiomyocytes, CGRP has also been shown to modulate sympathetic nervous activity (Figure 1B). Activation of β-adrenoceptors via increased sympathetic nervous activity leads to Gαs-signaling-induced cardiac contractility. Earlier studies suggest that CGRP-induced positive inotropic effects may be, at least partially, due to increased sympathetic activity (Fisher et al., 1983; Gennari and Fischer, 1985; Struthers et al., 1986; Katori et al., 2005). On the other hand, Kawasaki (2002) reported that exogenous CGRP treatment can impair noradrenergic-induced constriction in rat mesenteric vessels. Thus, it is thought the activation or increased sympathetic activity reported in some studies is part of a compensatory reflex system to combat CGRP-induced hypotension. Considering that exogenous administration of CGRP primarily lowers blood pressure, its ability to stimulate the sympathetic nervous system is likely to be minimal and secondary to its primary action of inducing vasodilation. Evidence suggests that stimulation of the sympathetic nervous system may be one of the mechanisms CGRP is able to stimulate in situations where inotropic support is necessary (Figure 1B).

It is unclear whether the aforementioned inotropic effects of CGRP are solely a consequence CGRP directly binding to its receptor complex found on myocardial cells (Bell and McDermott, 1994), modulation of the sympathetic nervous system, or an as yet unknown mechanism. A combination of these pathways is likely, with the choice dependent on the pathophysiological setting. It is important to acknowledge that selective and non-selective β-blockers, which target β-adrenoreceptors, constitute well-established therapeutics for cardiovascular diseases such as hypertension, coronary artery disease and severe tachycardia. They decrease contractility, thus reducing cardiac output and oxygen demand (Chatterjee et al., 2013; McDonagh et al., 2021), and are therefore part of the evidence-based long-term management of heart failure with reduced ejection fraction (HFrEF). β-blockers are, however, concurrently used with ACE inhibitors, and in many cases, an aldosterone inhibitor or diuretic, to off-set other symptoms of heart failure. Despite being generally well tolerated and recommended as pharmacological therapeutics for heart failure patients who require long-term management of their medical symptoms, there remains an unmet therapeutic need for better management of HF pathophysiology.

Contrary to the above, increasing inotropy can also be of benefit in heart failure patients (Page et al., 2016). However, this is specifically for those who require inotropic- or short-term hemodynamic support due to suffering with decompensated HFrEF, presenting with low cardiac output and hypotension or evidence of end-organ hypoperfusion (McDonagh et al., 2021). Sympathetic cardiac stimulants such as dopamine and dobutamine are therefore still recommended for use in such cases (Bistola et al., 2019) and vasodilator therapeutics are also first-line agents for acute HF with elevated blood pressure (McDonagh et al., 2021). Human studies suggest that CGRP administration is protective in patients who require short-term inotropic support, whilst long-term pre-clinical studies indicate CGRP can improve cardiovascular function parameters in pressure-overload-induced heart failure.

However, whether a sub-pressor dose of CGRP can protect against the development and progression of hypertension and heart failure needs to be investigated further. If CGRP can indeed protect against cardiovascular disease without lowering blood pressure, this answers one query but raises further questions regarding its mechanism of action. Vasodilators are known to primarily reduce total peripheral resistance via vasodilation in blood vessels, thus lowering blood pressure. This in turn acutely enhances sympathetic stimulation due to the baroreceptor reflex, hence increasing heart rate and cardiac contractility (positive-chronotropy and -inotropy) in the short-term. The dilation of venous and arterial vessels also leads to a reduction in venous return to the heart (pre-load), which reduces congestion and after-load, therefore increasing stroke volume, cardiac output and subsequent relief of symptoms. It is for these reasons that vasodilators such as nitrates or nitroprusside are recommended for management of acute heart failure (AHF) in patients with elevated blood pressure (McDonagh et al., 2021). If a dilator such as CGRP does not affect blood pressure but is able to improve cardiac function, this adds complexity to our understanding of how vasodilators can modulate cardiac function. The recent data from Aubdool et al. (2017) and Skaria et al. (2019) suggests that CGRP can regulate cardiac function independently of blood pressure, thus via vascular-dependent and -independent pathways.

Collectively, these studies propose vascular-independent mechanisms for CGRP in cardiac tissues and may be the primary mechanism by which CGRP elicits protection in the absence of vascular tone changes. There is evidence supporting that CGRP can act locally on cardiomyocytes to elicit some of its cardioprotective actions, and future studies should aim to clarify the precise mechanism(s) involved in cardiac pathophysiology.



DISCUSSION

A wide spectrum of in vitro, ex vivo, in vivo and human studies have highlighted the therapeutic potential of CGRP in various pathophysiological conditions within the cardiovascular system. Genetic tools such as transgenic mouse lines combined with pharmacological agents including CGRP peptide administration systems and delivery of selective receptor antagonists, means that researchers are well-equipped to investigate the effects of reduced, enhanced and lack of CGRP signaling in whole body pathophysiology studies. More recently, anti-CGRP therapies for treatment of migraine have proven to be successful with generally minimal adverse effects reported. Additional follow-up clinical trials will be welcomed by all to clarify whether long-term CGRP blockade leads to hypertension-related side effects. Meanwhile, long lasting agonists have emerged as a promising avenue for CGRP-therapy in cardiovascular disease, which will facilitate research into the intrinsic proliferative and angiogenic characteristics of CGRP, in addition to its anti-inflammatory and anti-apoptotic effects reported in vivo. Future studies should aim to investigate the blood pressure-independent cardioprotective mechanisms of CGRP treatment in PO-induced heart failure, and whether treatment with the long-lasting agonist could improve outcome after ischemic heart failure. Collectively, these findings further demonstrate the importance of continuing CGRP research to fully elucidate the physiological influence of CGRP in the cardiovascular system, as well as in migraine pathophysiology.
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Signaling through calcitonin gene-related peptide (CGRP) receptors is associated with pain, migraine, and energy expenditure. Small molecule and monoclonal antibody CGRP receptor antagonists that block endogenous CGRP action are in clinical use as anti-migraine therapies. By comparison, the potential utility of peptide antagonists has received less attention due to suboptimal pharmacokinetic properties. Lipidation is an established strategy to increase peptide half-life in vivo. This study aimed to explore the feasibility of developing lipidated CGRP peptide antagonists that retain receptor antagonist activity in vitro and attenuate endogenous CGRP action in vivo. CGRP peptide analogues based on the archetypal CGRP receptor antagonist, CGRP8-37, were palmitoylated at the N-terminus, position 24, and near the C-terminus at position 35. The antagonist activities of the lipidated peptide analogues were tested in vitro using transfected Cos-7 cells expressing either the human or mouse CGRP receptor, amylin subtype 1 (AMY1) receptor, adrenomedullin (AM) receptors, or calcitonin receptor. Antagonist activities were also evaluated in SK-N-MC cells that endogenously express the human CGRP receptor. Lipidated peptides were then tested for their ability to antagonize endogenous CGRP action in vivo using a capsaicin-induced dermal vasodilation (CIDV) model in C57/BL6J mice. All lipidated peptides except for the C-terminally modified analogue retained potent antagonist activity compared to CGRP8-37 towards the CGRP receptor. The lipidated peptides also retained, and sometimes gained, antagonist activities at AMY1, AM1 and AM2 receptors. Several lipidated peptides produced robust inhibition of CIDV in mice. This study demonstrates that selected lipidated peptide antagonists based on αCGRP8-37 retain potent antagonist activity at the CGRP receptor and are capable of inhibition of endogenous CGRP action in vivo. These findings suggest that lipidation can be applied to peptide antagonists, such as αCGRP8-37 and are a potential strategy for antagonizing CGRP action.
Keywords: CGRP, lipidation, AMY1, peptide, migraine, vasodilation, GPCR
INTRODUCTION
Calcitonin gene related peptide (CGRP) is a 37 amino acid neuropeptide peptide belonging to the calcitonin family of peptides comprising adrenomedullin (AM) 1 and 2, amylin and calcitonin (Hay et al., 2018). CGRP exists as αCGRP and βCGRP isoforms, differing by three amino acids in humans and two amino acids in rodents. Both peptides are expressed in the central and peripheral nervous systems, with βCGRP having a particular prominence in the enteric nervous system (Mulderry et al., 1988; Sternini, 1992).
The receptors that mediate the actions of the calcitonin peptide family are heterodimeric and comprise either the calcitonin receptor-like receptor (CLR) or calcitonin receptor (CTR) in complex with one of the three receptor activity-modifying proteins (RAMPs). The CGRP receptor (CLR:RAMP1) is considered the canonical receptor, and signals primarily through the adenylyl cyclase pathway (Bailey and Hay, 2006). Other combinations produce additional receptors such as AM1 (CLR/RAMP2), AM2 (CLR/RAMP3), AMY1 (CTR/RAMP1), AMY2 (CTR/RAMP2) and AMY3 (CTR/RAMP3) receptors (Hay et al., 2018). CGRP also binds and activates the AMY1 receptor with equal potency to the amylin peptide. By comparison, CGRP is significantly less potent at the AM1 and AM2 receptors and has very weak activity at the CTR (Hay et al., 2018; Garelja et al., 2020).
Of the two CGRP isoforms, attention has mostly focused historically on αCGRP and its role in diverse physiological processes such as vasodilation (Greenberg et al., 1987; Gray and Marshall, 1992), inflammation (Brain and Williams, 1985; Basbaum et al., 2009), cardiovascular conditioning (Liu et al., 2011; Mishima et al., 2011; Smillie et al., 2014), energy homeostasis (Walker et al., 2010; Bartelt et al., 2017; Liu et al., 2017) and sensory nerve functions (Walker et al., 2015; Eftekhari et al., 2016). αCGRP is a potent vasodilator, producing skin reddening in vivo evoked by intradermal administration of αCGRP (Brain and Williams, 1985). This vasodilatory effect is mediated through cAMP-dependent pathway signaling (Brain and Grant, 2004). Of particular clinical significance is CGRP’s etiological role in migraine (Edvinsson, 2018). Systemic administration of αCGRP can provoke migraine-like attacks in migraineurs (Lassen et al., 2002; Hansen et al., 2010; Asghar et al., 2011; Guo et al., 2016).
A range of CGRP antagonist therapeutics comprising monoclonal antibodies, and small molecules are now approved clinically for the treatment of migraine. Currently, there are four approved monoclonal antibodies that block CGRP activity as preventative treatments for migraine. The first approved human monoclonal antibody, erenumab (AMG-334), targets the canonical CGRP receptor (Shi et al., 2016) with clinical efficacy (Sun et al., 2016; Goadsby et al., 2017). This was soon followed by approval of fremanezumab (LBR-101/TEV-48125) targeting CGRP itself (Bigal et al., 2015; Dodick et al., 2018). Two other monoclonal antibodies targeting the CGRP peptide, galcanezumab (LY2951742) and eptinezumab (ALD403) are also approved for preventative treatment of migraine. These antibody therapies are now complemented with the small molecule CGRP receptor antagonists, rimegepant (Croop et al., 2019), ubrogepant (Ailani et al., 2020) and atogepant (Schwedt et al., 2021) as approved acute treatments.
In addition to the development of antibodies and small molecules as CGRP antagonists, there may be opportunities to develop a new class of therapeutics with peptide-based antagonism. CGRP is modified post-translationally with a C-terminal amide and a cysteine-bridge between position 2 and 7 to confer a cyclic N-terminus. Truncation of the first seven amino acid residues of αCGRP yields αCGRP8-37, the archetypal competitive peptide antagonist to the CGRP receptor (Chiba et al., 1989). Shorter peptide fragments have also been reported with αCGRP27-37 being the shortest that retains antagonist activity at the CGRP receptor (Yan et al., 2011).
Peptide therapeutics that have similar properties to endogenous peptides are a particularly attractive drug class due to their safety profile (Muttenthaler et al., 2021). Nevertheless, there are intrinsic translational difficulties with CGRP peptide antagonists due to the short plasma half-life of CGRP and metabolic instability of αCGRP8-37 (Kraenzlin et al., 1985; Miranda et al., 2008; Struthers et al., 1986; Srinivasan et al., 2022). In attempts to overcome these deficiencies, analogues based on αCGRP8-37 and αCGRP27-37 have been developed ranging from N-terminal modification (Taylor et al., 2006) through to systematic amino acid substitutions, utilization of unnatural amino acids, peptide cyclization (Srinivasan et al., 2022), chimeric CGRP species and PEGylation (Struthers et al., 1986; Miranda et al., 2008). However, despite some reported improvements in pharmacokinetic profile compared to αCGRP8-37 (Miranda et al., 2013; Srinivasan et al., 2022), no CGRP peptide-based antagonist therapeutics have progressed to human clinical trials.
Peptide lipidation offers another attractive strategy of extending peptide half-life and has been used successfully in therapeutic development (Davies et al., 2015). In the present study we investigated whether it is possible to develop lipidated analogues based on CGRP8-37 that retain antagonist activities at the CGRP receptor in vitro and also attenuate CGRP action in vivo. We report the characterization of several cysteine-substituted CGRP8-37 analogues modified at various positions with a palmitoyl fatty acid sidechain. Our findings show that it is possible to lipidate αCGRP8-37 and retain antagonist activity at CGRP and AMY1 receptors but also increase potency in some cases. We also demonstrate successful antagonism of CGRP action in vivo by lipidated αCGRP8-37 analogues using a dermal vasodilatory model, suggesting lipidation of peptide antagonists could be a potential strategy to antagonize CGRP action.
MATERIALS AND METHODS
Commercial Peptides and Antagonists
The following peptides were purchased commercially: human (h) and mouse (m) αCGRP, hAM and hAM22-52 (American Peptide, Sunnyvale, CA, United States, or Bachem, Bubendorf, Switzerland); calcitonin and salmon (s) calcitonin8-32 (sCT8-32) (American Peptide); αCGRP8-37 (American Peptide). Commercial αCGRP8-37 was used as a control to validate in-house synthesized αCGRP8-37. Olcegepant was purchased from AbaChemScene (NJ, United States).
In House-Peptide Synthesis
hαCGRP8-37 together with cysteine-substituted analogues were synthesized with an amidated C-terminus using Fmoc solid-phase peptide synthesis (SPPS). Lipidation of peptides was synthesized by Solid-Phase Cysteine Lipidation of Peptides or Amino acids (SP-CLipPA) (Williams et al., 2018) or through the building block method (Lu et al., 2020). hβCGRP8-37, hαCGRP8-37 R11C-palmitate (R11C-palmitate), and hβCGRP8-37 V8C-palmitate (βV8C-palmitate) synthesis information can also be found in the Supplementary Data. All peptides were purified by RP-HPLC to ≥90% purity before lyophilization. For in vitro studies, non-lipidated hCGRP8-37 analogues and small molecule compounds were reconstituted as stock solutions in water or dimethyl sulfoxide (DMSO). Lipidated hCGRP8-37 analogues were reconstituted as stock solutions in 100% DMSO.
Cell Culture and Transfection
Cos-7 cells and SK-N-MC cells were cultured in Dulbecco’s Modified Eagle Medium supplemented with 7.5% heat-inactivated fetal bovine serum. Cells were grown in a humidified incubator at 37°C and 5% CO2 and seeded into 96-well plates at a density of 20,000 cells/well. The following day, Cos-7 cells were transiently transfected using Polyethylenimine (PEI) using a 1:1 ratio of receptor:RAMP DNA. HA-tagged hCLR (Hay et al., 2003) or HA-tagged hCTR (CT(a) splice variant, Udawela et al., 2006) in combination with either myc-tagged hRAMP1 (Qi et al., 2008), FLAG-tagged hRAMP2 (Qi et al., 2013), or untagged hRAMP3 (Hay et al., 2003) were transfected to express the desired calcitonin-family receptor. Untagged mCT(a), mCLR, mRAMP1, mRAMP2 and mRAMP3 were purchased from Origene and transfected in an identical method to the human receptors into Cos-7 cells (Garelja et al., 2021).
cAMP Assay Measurement
Transfected Cos-7 cells were incubated with agonist in the presence or absence of antagonist at 37°C for 15 min. cAMP production was terminated by aspirating all the media in the wells, followed by the addition of 50 μl of ice-cold ethanol. Cell lysates were then prepared for cAMP measurements using LANCE cAMP assay kit (Perkin Elmer, Waltham, MA, United States), as previously described (Woolley et al., 2017).
In one modification of the experimental design, cAMP content was investigated under conditions where the antagonist was added but then removed prior to agonist stimulation by αCGRP. Here, media in the 96-well plate was replaced with 50 μl serum-free DMEM containing 1 mM IBMX and 0.1% w/v bovine serum albumin (BSA) for 30 min at 37°C. After this period, 25 μl of the selected antagonist or media was added and pre-incubated with the transfected Cos-7 cells for 15 min at 37°C. The pre-incubated mixture was then removed by aspirating media from the selected wells, which were then washed once with 50 μl of phosphate-buffered saline and replaced with 75 μl of new serum-free DMEM containing 1 mM IBMX and 0.1% w/v BSA. Finally, 25 μl of the αCGRP agonist was added to each well, to a maximum volume of 100 μl and incubated for a further 15 min at 37°C. The agonist profiles were then compared to the condition-matched antagonist profiles.
Animal Welfare and Ethical Statement
All studies involving animals were approved by the University of Auckland Animal Ethics Committee and conducted in accordance with the New Zealand animal welfare act (1999). Prior to the experiments, mice were housed in environmentally enriched cages under climatically controlled conditions and kept in a 12-h day/night cycle. Mice had ad libitum access to standard chow (Teklad TB 2018; Harlan, Madison, WI, United States) and water.
Capsaicin-Induced Dermal Vasodilation - Laser Doppler Imaging Overview
Experimental design is outlined in Figure 1. Male and female C57BL/6J mice were recruited at 10–12 weeks of age at 20–30 g bodyweight. Animals were randomly allocated to each treatment group. Antagonists were diluted from respective stock solutions into 37°C pre-warmed sterile 0.9% saline containing 0.1% BSA and DMSO at a final amount of 3.2%. The vehicle was 0.9% saline supplemented with 0.1% BSA and 3.2% DMSO. Antagonist or vehicle was administered subcutaneously at a volume of 10 ml/kg. The anesthetic was: ketamine at 10 mg/ml and xylazine at 1 mg/ml, dissolved in sterile 0.9% saline. This was administered via the intraperitoneal route at 10 ml/kg and the anesthetized mouse placed onto a heating pad to maintain constant body temperature. The head was positioned for the dorsal region of both ears to be aligned to the LDI2-HIR Laser Doppler Imager (Moor Instruments) above it. The imager scanned 40 cm from the ear at a scan speed of 4 ms/pixel, with a scan area of approximately 11.0 cm × 4.1 cm and 256 × 45 pixels resolution. This provided a scan rate of approximately 1 scan/min for both ears. Both ears were simultaneously scanned for 3 min to generate the baseline blood flow prior to capsaicin-challenge (Figure 1). Guided by earlier research (Grant et al., 2002), capsaicin (Sigma-Aldrich, St. Louis, MO, United States) dissolved in absolute ethanol was applied topically to the ear (60 μg/ear; 10 μl on both dorsal and ventral side). On the contralateral ear, ethanol was applied as a negative control. Both ears were then immediately scanned with the Laser Doppler imager for a continuous 15-min period to capture changes in blood flow (Figure 1). The 15-min duration measurement period was chosen based on pilot trials and the literature (Grant et al., 2002), which indicated that a maximal and sustained increase in blood flow was achieved by this timepoint.
[image: Figure 1]FIGURE 1 | Schematic showing the laser doppler experimental protocol to measure capsaicin-induced dermal vasodilation (CIDV) and antagonist effect of peptide and small molecule antagonists. (A) Antagonist screening, dose ranging and dose-duration studies. (B) Onset study at 0 min.
Capsaicin-Induced Dermal Vasodilation – Antagonist Screening and Dose-Ranging Study
Mice were administered subcutaneously with vehicle or antagonist (Figure 1A). Ten minutes later mice were anesthetized and placed on a heating pad. Ten minutes after anesthesia induction, measurement of dermal blood-flow commenced. Either a single dose of antagonist as specified in the figures was used or a dose-ranging study was conducted. For the dose-ranging study, either hαCGRP8-37 or hαCGRP8-37 V8C-palmitate (V8C-palmitate) at a dose of 320, 960 or 3,200 nmol/kg was used. Doses were selected based on existing literature and our own pilot trials to characterize optimal (and maximal/minimal) effective dose within the bounds of solubility limits (Saxen et al., 1994; Grant et al., 2002; Gohin et al., 2015; Aubdool et al., 2016).
Capsaicin-Induced Dermal Vasodilation - Dose-Duration Study
Mice were administered subcutaneously with vehicle or either hαCGRP8-37 (960 nmol/kg) or V8C-palmitate (960 nmol/kg) at 10, 20, 30 or 60 min prior to anesthesia and baseline read (Figure 1A). Ten minutes after anesthesia induction, measurement of dermal blood-flow began. To study the time of onset of antagonist activity, a shorter period between treatment administration and capsaicin challenge was utilized (T0) (Figure 1B). Here, mice were anesthetized and placed on the heating pad prior to peptide administration. Immediately after peptide administration, measurement of dermal blood-flow began.
Data Analysis
Data were analyzed using GraphPad Prism versions 7–9 (GraphPad Software Inc., San Diego, CA, Unite States). Concentration-response cAMP data were fitted via non-linear regression using a four-parameter logistic equation. An extra sum-of-squares F-test was conducted to determine whether the Hill slope was equal to one. Where it was not significantly different to one, the data were fitted using a three-parameter logistic equation instead. An extra sum-of-squares F-test was also conducted to determine if two curves fitted onto two distinct datasets were significantly different from a single curve fit applied to both datasets to confirm if curve shifts are legitimate. The maximal (Emax) and minimal (Emin) responses were not constrained between independent experiments to obtain the pEC50 value.
For single concentrations of antagonist or global Schild analyses, the data were fitted to a concentration-response curve via non-linear regression using the Gaddum/Schild EC50 shift equation (Arunlakshana and Schild, 1958). The Hill slope was constrained to one following agonist analyses. The Schild slope was also constrained to one. The pA2 and pKB values were obtained from the Schild analysis. For washout experiments, the same method of analysis was applied to the antagonists, but with minor revisions. The Schild analysis relied on the matched control agonist curves i.e. those derived from the same experimental conditions as the agonist + antagonist curves. Normalization was also specific to the matched control agonist curves.
Independent experiments were converted into a combined concentration-response graph by normalizing to control agonist Emax as 100% and control agonist Emin as 0%. Mean pEC50, pKB and pA2 values from at least three independent experiments before normalization were also presented as mean ± SEM. pEC50, pKB and pA2 values from independent experiments were grouped and compared by unpaired Student’s t-test or by one-way ANOVA. Alternatively, Student’s t-test comparisons between washout and no washout pA2 values of a particular antagonist were paired instead of unpaired, as the two conditions were always tested side-by-side.
For laser doppler imaging (LDI) scans, mean flux values of the whole scanned ear region for both ethanol (control) and capsaicin-treated ears at each time point (per minute) were analyzed using the MoorLDI Review 6.1 software. Mean flux values were normalized to the mean flux values averaged from the three continuous baseline scans and a time course is generated. Area under the curve (AUC) of the % flux mean after capsaicin application (t ≥ 0) was measured for each animal, grouped and compared between different ears or treatment arms. For statistical analysis and comparisons of treatment or sex, AUC values from different mice were grouped and compared using an unpaired Student’s t-test or by one-way ANOVA following a Shapiro-Wilk normality test. Time courses and time points were compared using repeated measures two-way ANOVA with Bonferonni’s multiple comparisons test.
RESULTS
We first utilized the human αCGRP8-37 peptide backbone as a template to develop palmitoylated derivatives (Figure 2). CGRP possesses two native cysteine residues at amino acid positions 2 and 7, which are absent in αCGRP8-37. The synthesis route first required the synthesis of cysteine-substituted peptides (Figure 2) in order to provide a free thiol group for attachment of the palmitoyl moiety (Williams et al., 2018). We selected three positions on the αCGRP8-37 peptide backbone, Val-8, Lys-24, and Lys-35, for cysteine substitution sites and subsequent palmitoylation based on prior data that they could support modification without sacrificing binding affinity (Rist et al., 1999; Watkins et al., 2013; Booe et al., 2015; Liang et al., 2018). In addition, we selected the truncated peptide antagonist, αCGRP7-37, which retains the native Cys-7 residue for palmitoylation (Figure 2).
[image: Figure 2]FIGURE 2 | Amino acid sequences of human αCGRP8-37 and truncated cysteine-substituted peptide analogues. Red cysteine residues were subsequently modified by palmitoylation to yield the corresponding lipidated αCGRP8-37 analogues. αCGRP7-37 retains the native cysteine amino acid at position 7.
αCGRP7-37 and Cysteine-Substituted αCGRP8-37 Analogues Retain Antagonist Activities at Human CGRP and AMY1 Receptors
αCGRP8-37 is the most characterized peptide antagonist at CGRP-responsive receptors (Hay et al., 2018). We therefore first validated hαCGRP8-37 as a reference antagonist with our human assay systems (Supplementary Table S1). Agonist stimulation by αCGRP in the presence or absence of αCGRP8-37 was performed in Cos-7 cells transfected with either CGRP or AMY1 receptors. As expected, αCGRP8-37 caused a rightward shift in the respective concentration-response curves with no discernible effects on maximal responses, allowing for pA2 values to be measured. The pEC50 and pA2 values derived for αCGRP agonism and hαCGRP8-37 antagonist activity (Supplementary Table S1) are consistent with literature values (Bailey and Hay, 2006; Hay et al., 2018). We then investigated antagonist activities of each cysteine-substituted analogue together with αCGRP7-37 at CGRP and AMY1 receptors. Each antagonist at a 30 nM concentration evoked a rightward shift in the respective agonist concentration-response curve, again with no significant change in maximal response at either CGRP (Supplementary Figure S1) and AMY1 receptor (Supplementary Figure S2). Compared to αCGRP8-37, K24C αCGRP8-37 and K35C αCGRP8-37 showed similar antagonist activities while αCGRP7-37 and V8C αCGRP8-37 were 4.5-fold and 25-fold less potent, respectively, at the CGRP receptor (Supplementary Table S1). At the AMY1 receptor, only V8C αCGRP8-37 displayed reduced antagonist activity compared to αCGRP8-37 (Supplementary Table S1).
Palmitoylation at the N-Terminus or at Position 24 but not at the C-Terminal Region (Position 35) Retains Antagonist Activities Comparable to αCGRP8-37 at CGRP and AMY1 Receptors
We next proceeded to investigate the antagonist activities of the respective palmitoylated peptides (Figure 3). Pilot experiments with a single 30 nM concentration of each lipidated hαCGRP8-37 analogue revealed apparent differences in antagonist activities and effects on agonist maximal response (data not shown). Therefore, full Schild analyses were conducted. These experiments confirmed that hαCGRP8-37 as the reference antagonist displayed competitive antagonism at both human CGRP and AMY1 receptors (Figure 3). Similarly, all lipidated hαCGRP8-37 analogues showed competitive antagonist behavior (Figure 3) with derived pKB values shown in Table 1. Attachment of the palmitoyl moiety at the N-terminus (hαCGRP7-37-palmitate and hαCGRP8-37 V8C-palmitate; V8C-palmitate) or at position 24 (hαCGRP8-37 K24C-palmitate; K24C-palmitate) of hαCGRP8-37 had little effect on antagonist activity as compared to hαCGRP8-37 at the CGRP receptor (Figures 3A–C and Table 1). At the AMY1 receptor, these lipidated peptides displayed significantly stronger antagonist activity than hαCGRP8-37 (Figures 3A–C and Table 1). Interestingly, attachment of the palmitoyl moiety near the C-terminus of hαCGRP8-37 (hαCGRP8-37 K35C-palmitate; K35C-palmitate) substantially decreased antagonist activity as compared to hαCGRP8-37 at CGRP (∼70-fold reduction) and AMY1 receptors (∼12-fold reduction) (Figure 3D and Table 1).
[image: Figure 3]FIGURE 3 | Antagonism of CGRP-stimulated cAMP production by lipidated αCGRP8-37 analogues at human CGRP or AMY1 receptors expressed in Cos-7 cells. Concentration-response curves were generated in the absence or presence of (A) αCGRP7-37-palmitate, (B) V8C-palmitate, (C) K24C-palmitate, and (D) K35C-palmitate at one or multiple different concentrations. Data points are plotted as a percentage of maximal CGRP-stimulated cAMP production as mean ± SEM of four to five independent experiments.
TABLE 1 | Antagonist activities of lipidated αCGRP8-37 analogues at calcitonin-family receptors expressed in Cos-7 cells or SK-N-MC cells with endogenous CGRP receptor expression.
[image: Table 1]Lipidated αCGRP8-37 Analogues Display Enhanced Antagonist Activities at the Human CGRP Receptor Endogenously Expressed in SK-N-MC Cells
We measured antagonist activities in human SK-N-MC cells which endogenously express the CGRP receptor (Choksi et al., 2002). The αCGRP agonist pEC50 in SK-N-MC cells was 9.26 ± 0.05 (n = 13). The derived pA2 value for hαCGRP8-37 antagonist activity in SK-N-MC cells was similar to the pKB value calculated in Cos-7 cells expressing the CGRP receptor (Table 1). Similar to the findings with transient CGRP receptor expression, all lipidated hαCGRP8-37 analogues displayed measurable competitive antagonist activity at a single concentration with no observable decrease in maximal response (Figure 4). Interestingly, compared to hαCGRP8-37, the derived pA2 values for αCGRP7-37-palmitate and V8C-palmitate were significantly higher than hαCGRP8-37 demonstrating increased antagonist activity (Table 1). Consistent with data from transient CGRP receptor expression, the derived pA2 for K35C-palmitate was significantly lower than hαCGRP8-37 (Table 1).
[image: Figure 4]FIGURE 4 | Antagonism by αCGRP8-37, αCGRP7-37, and lipidated analogues in SK-N-MC cells. CGRP concentration-response curves were generated in the absence or presence of (A) αCGRP8-37, (B) αCGRP7-37, (C) αCGRP7-37-palmitate, (D) V8C-palmitate, (E) K24C-palmitate, or (F) K35C-palmitate. Data points are plotted as a percentage of maximal CGRP-stimulated cAMP production with mean ± SEM of five to six independent experiments.
Lipidated αCGRP8-37 Analogues but not αCGRP8-37 Exhibit Behavior Consistent With Delayed Dissociation at CGRP and AMY1 Receptors
As addition of a lipid moiety could affect membrane or receptor residence time (Ray et al., 2017; Fletcher et al., 2021) we investigated whether pre-incubation and wash-out of either hαCGRP8-37 or lipidated peptides with either CGRP and AMY1 receptors transfected in Cos-7 cells affected the observed pharmacology. For these experiments, the peptide antagonist was pre-incubated with cells for 15 min prior to agonist stimulation by αCGRP.
Interestingly, we identified altered pharmacological behaviors unique to αCGRP7-37-palmitate, V8C-palmitate, and K24C-palmitate but not for K35C-palmitate or hαCGRP8-37 (Figure 5). Consistent with previous experiments, hαCGRP8-37 displayed similar antagonist activity under these experimental conditions (Figure 5A, solid red versus black lines; Table 2). However, the addition of a 15 min pre-incubation step for either αCGRP7-37-palmitate (Figure 5B), V8C-palmitate (Figure 5C), or K24C-palmitate (Figure 5D) resulted in increased antagonist activity at CGRP and AMY1 receptors compared to previously measured pKB values (Table 2 versus Table 1).
[image: Figure 5]FIGURE 5 | Effect of antagonist with pre-incubation and a washout step on agonist concentration-response curves at human CGRP and AMY1 receptors expressed in Cos-7 cells. (A) αCGRP8-37, (B) αCGRP7-37-palmitate, (C) V8C-palmitate, (D) K24C-palmitate, (E) K35C-palmitate. Solid and dashed lines indicate agonist concentration-response curves performed in the absence or presence of a washout step prior to agonist stimulation. Data points are plotted as a percentage of maximal CGRP-stimulated cAMP production and show mean ± SEM of five independent experiments.
TABLE 2 | Effect of antagonist with pre-incubation and a washout step on pA2 values for lipidated αCGRP8-37 analogues at hCGRP and hAMY1 receptors expressed in Cos-7 cells.
[image: Table 2]Most notably, with the exception of K35C-palmitate, significant antagonist activity remained when a washout step was incorporated prior to agonist stimulation (Figures 5A–E, dashed red versus black lines). For comparison, the corresponding control agonist in each case also incorporated a wash out step comprising agonist stimulation performed in the absence of antagonist (dashed black line). Despite discernible and persistent antagonism, there was a reduction in pA2 values for V8C-palmitate and K24C-palmitate at both CGRP and AMY1 receptors. αCGRP7-37-palmitate only had reduction at the CGRP receptor (Table 2). By comparison, no retention of antagonist activity occurred for hαCGRP8-37 when a washout step was included at CGRP and AMY1 receptors (Figure 4A). These findings suggest that the palmitoyl moiety may delay peptide dissociation from the receptor or membrane.
Lipidated αCGRP8-37 Analogues Display Antagonist Activities at AM1, AM2, and CT Receptors
Given the pharmacological overlap between the calcitonin family receptors (Hay et al., 2018), we also investigated antagonism by lipidated αCGRP8-37 analogues at AM1, AM2, and CT receptors. Receptor identities were confirmed pharmacologically with control antagonists (Table 1 and Supplementary Figure S3). In all cases, antagonist activity was observed at a single antagonist concentration (Table 1 and Supplementary Figure S4). At the AM1 receptor, all lipidated hαCGRP8-37 analogues with the exception of K35C-palmitate displayed higher antagonist activities compared to αCGRP8-37 (Table 1). Likewise, αCGRP7-37-palmitate and K24C-palmitate displayed increased antagonist activity at the AM2 receptor (Table 1). Consistent with previous findings, derived pA2 values for K35C-palmitate were significantly lower than αCGRP8-37 at both AM1 and AM2 receptors (Table 1). At the CTR, the lipidated hαCGRP8-37 analogues displayed measurable but otherwise weak antagonist activity (Table 1).
Lipidated αCGRP8-37 Analogues Display Comparable Antagonist Activities Between Human and Mouse CGRP and AMY1 Receptors
Antagonist activities of lipidated hαCGRP8-37 analogues were also tested at mCGRP and AMY1 receptors as a bridge to in vivo studies in mice. The control agonist in this case, mαCGRP, displayed a potency of 9.59 ± 0.22 (n = 5) at the mCGRP receptor, and 7.82 ± 0.11 (n = 5) at the mAMY1 receptor, which was slightly lower than the mαCGRP pEC50 in Garelja et al. (2021). The comparatively lower potency of mαCGRP at the mAMY1 receptor versus the CGRP receptor is different to hαCGRP which is equipotent at both human receptors. However, there is some variation in the potency of mαCGRP at this receptor (Bohn et al., 2017). All lipidated αCGRP8-37 analogues displayed antagonist activity at the mCGRP receptor (Table 3 and Supplementary Figure S5). At the mAMY1 receptor, it was difficult to derive measurable pA2 values for the lipidated hαCGRP8-37 analogues due to the relatively low potency of the mCGRP peptide, however antagonism was observed for most of the peptides (Table 3 and Supplementary Figure S5).
TABLE 3 | pA2 values for αCGRP8-37 and lipidated αCGRP8-37 analogues at mCGRP and AMY1 receptors expressed in Cos-7 cells.
[image: Table 3]Effects of Antagonists on the Capsaicin-Induced Dermal Vasodilatory Response
Establishing the Capsaicin-Induced Dermal Vasodilatory Model
Male and female mice were recruited to measure blood flow as an effect of topical capsaicin. Vehicle was injected subcutaneously followed by induction of anesthesia after 10 min. Capsaicin (in ethanol) evoked a robust increase in dermal blood flow over baseline by approximately five-fold over the 15 min measurement window (Figures 6A,B). By comparison, ethanol alone applied to the contralateral ear at the same time yielded no discernible vasodilatory response (Figures 6A,B). The rate of increase in vasodilatory responses between male and female mice diverged over the first ∼8 min (Figure 6A). However, both groups reached the same maximum response, and the overall absolute vasodilatory response was not significantly different as measured by AUC (Figure 6C). It is noted that female mice generated greater variability in vasodilatory response.
[image: Figure 6]FIGURE 6 | Capsaicin-induced dermal vasodilation in mouse ears of saline-treated male (n = 8) and female mice (n = 8). (A) Vasodilatory responses of ears following application of either capsaicin or ethanol (control). (B) Representative laser doppler flux images captured over the 15 min time course. (C) Corresponding area-under-curve (AUC) mean values over the 15 min time course for capsaicin-applied ears of male and female mice. Time points are marked where data points differ significantly between sex. ns p > 0.05, *p < 0.05, **p < 0.01.
Lipidated hαCGRP8-37 Analogues Antagonize CGRP Action in vivo
Using these conditions we then undertook an investigation of the effect of antagonists on capsaicin-induced dermal vasodilatory (CIDV). Peptide antagonists were tested as well as the small molecule CGRP antagonist, BIBN4096BS (olcegepant) as an additional control. These exploratory studies were also conducted in male and female mice to explore if sex bias is present with respect to their effects on CIDV. Antagonist or vehicle was injected subcutaneously followed by induction of anesthesia after 10 min. For these experiments we used hαCGRP8-37 (Figure 7A), olcegepant (Figure 7B), V8C-palmitate (Figure 7C), and K24C-palmitate (Figure 7D). The K35C-palmitate peptide was not used due to its decreased receptor antagonism. The maximum dose that we could use for K24C-palmitate was 320 nmol/kg based on its limited solubility at high concentrations. All four antagonists attenuated the CIDV response (representative LDI scans shown in Supplementary Figures S6), but the effect was more pronounced in male versus female mice as shown by the relative time courses and mean AUC values between saline and antagonist-treated groups (Figure 7). Additionally, examination of the raw data indicated that there was no effect on basal blood flow by administration of saline or any of the antagonists.
[image: Figure 7]FIGURE 7 | CGRP receptor antagonists attenuate CGRP action in vivo. Effects of (A) αCGRP8-37, (B) olcegepant, (C) V8C-palmitate and (D) K24C-palmitate on CIDV in male (left) and female (right) mice. Inset graphs show corresponding AUC mean values over the 15 min measurement timeframe following capsaicin application to the ear. ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001. Each treatment group comprises four to five mice with corresponding saline controls.
In parallel, we also developed two further lipidated antagonists. These were R11C-palmitate and βV8C-palmitate. They were tested in vitro (Supplementary Figure S7) and then in the CIDV model, together with βCGRP8-37. These, and subsequent CIDV experiments, were only conducted in male mice due to the apparently greater variance in vasodilatory response in female mice and because our intent was to investigate target engagement which could be achieved from the males. αCGRP7-37-palmitate (Supplementary Figure S8A), R11C-palmitate (Supplementary Figure S8B), βCGRP8-37 (Supplementary Figure S8C), and βV8C-palmitate (Supplementary Figure S8D) were administered at a lower dose (mass-matched dosage) to prior experiments. Compared to V8C-palmitate and K24C-palmitate (Figure 7), these peptides displayed weaker antagonist activities versus the matched vehicle group.
Dose-ranging experiments were next conducted with V8C-palmitate, at 320, 960, and 3,200 nmol/kg (Figure 8). For comparison, hαCGRP8-37, was the reference antagonist at molar-matched dosages (Figure 8). V8C-palmitate did not have a significant antagonist effect on CIDV at the lowest administered does of 320 nmol/kg (Figures 8A,D). However, at 960 nmol/kg, V8C-palmitate significantly reduced CIDV, comparable to hαCGRP8-37 (Figures 8B,E). At the highest dose of 3,200 nmol/kg, V8C-palmitate again had a significant antagonist effect, comparable to that evoked by hαCGRP8-37 (Figures 8C,F). All three doses for both peptides are compared in Figures 8G,H.
[image: Figure 8]FIGURE 8 | Dose-dependent effects of αCGRP8-37 and V8C-palmitate on CIDV in male mice. Peptides were administered at doses of 320 nmol/kg (A,D), 960 nmol/kg, (B,E) or 3,200 nmol/kg (C,F). Combined data for αCGRP8-37 and V8C-palmitate are shown in (G,H), respectively. ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001. Each treatment group comprised six mice with corresponding saline controls.
To determine whether there were any temporal differences between the behavior of these antagonists, hαCGRP8-37 and V8C-palmitate were each administered at a dose of 960 nmol/kg, at T0, T-10, T-20, T-30, and T-60 timepoints prior to anesthesia and capsaicin application (Figure 9). hαCGRP8-37 attenuated the CIDV response immediately at the T0 time point (Figures 9A,F) after which antagonist activity waned completely by the T-60 time point (Figures 9E,J). By comparison, V8C-palmitate displayed a delayed effect on the CIDV response with attenuation evident only at T-10 (Figures 9B,G) before again disappearing by the T-60 timepoint (Figures 9E,J).
[image: Figure 9]FIGURE 9 | Comparison between αCGRP8-37 and V8C-palmitate for antagonism onset of CGRP action in vivo. αCGRP8-37 (960 nmol/kg) and V8C-palmitate (960 nmol/kg) were administered at 0 min (A,F), 10 min (B,G), 20 min (C,H), 30 min (D,I) and 60 min (E,J) prior to anesthesia and capsaicin application. ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001. Each treatment group comprised six mice with corresponding saline controls.
DISCUSSION
Lipidated hαCGRP8-37 Analogues Retain Antagonist Activity In Vitro
Our findings show that it is possible to attach a palmitoyl moiety at selected positions of the CGRP8-37 peptide backbone and still preserve antagonist activity. We initially generated hαCGRP8-37 cysteine-substituted analogues to assess the effect of cystine-substitution at these residues prior to palmitoylation. The findings suggested that these residues were somewhat amenable to modification with cysteine. However, cysteine-substitution had only limited utility in predicting the effect of cysteine-lipidation (palmitoylation) at the same residues on hαCGRP8-37 pharmacology. Except for position 35, the resulting lipidation at cysteine positions 7, 8, and 24, generated analogues that retained antagonist activity at human CGRP and AMY1 receptors and at the human CGRP receptor endogenously expressed in SK-N-MC cells. Our analyses indicated that antagonism of these lipidated hαCGRP8-37 analogues at the human CGRP and AMY1 receptor was competitive as the respective Emax values were not significantly different. For V8C-palmitate, apparent competitive antagonism was demonstrated directly by increasing the concentration of agonist by an additional log unit to enable full curves to be achieved (Figure 3B). Nevertheless, we cannot fully discount the possibility of non-surmountable antagonism by hαCGRP7-37-palmitate and K24C-palmitate due to the lipid moiety preventing full dissociation from the receptor. More detailed investigation such as receptor binding studies would be required to resolve the precise mode of antagonism.
We also noted differences in antagonist activity by the lipidated hαCGRP8-37 analogues between Cos7 cells expressing the CGRP receptor and SK-N-MC cells expressing endogenous CGRP receptors. We speculate this difference could be due to cellular features specific to each experimental system such as receptor expression and distribution on the cell surface or cell membrane composition affecting lipidated peptide kinetics. Evidence also suggests that antagonist potency can differ depending on the signaling pathway measured (Walker et al., 2018). Thus, if the CGRP receptor couples to a different protein complement of signaling pathways between transfected Cos7 cells and SK-N-MC cells, then measurement of only cAMP could explain the differences in antagonist activity.
The positional effect of palmitoylation can be interpreted by considering the two-domain model of class B G protein-coupled receptor peptide ligand binding and receptor activation, along with receptor structures (Hoare, 2005; Booe et al., 2015; Liang et al., 2018). The peptide C-terminus plays an important role in binding, whereas the N-terminus is crucial for receptor activation. Attachment of a lipid moiety to most positions was able to preserve antagonism, whereas attachment to position 35 in the C-terminus substantially reduced antagonism. Lys-35 faces outwards into unoccupied space when CGRP is bound to the CGRP receptor (Liang et al., 2018) suggesting it is amenable to modification. However, the attached palmitoyl moiety appears to obstruct the peptide from initiating proper contact and binding to the CGRP receptor binding pocket (Booe et al., 2018). The effect of palmitoylation was generally similar between receptors.
Lipidated hαCGRP8-37 Peptide Antagonists May Have Altered Receptor Binding Kinetics
Lipidated peptide analogues, except for K35C-palmitate, displayed unique pharmacological characteristics. First, there was increased antagonism when lipidated peptide analogues were pre-incubated with transfected CGRP and AMY1 receptors for a 15-min period prior to stimulation with agonist. This was not observed with hαCGRP8-37 which suggests an effect specific to some lipidated peptides. Second, some antagonists retained activity following washing of the cells. These findings suggest that the palmitate moiety may alter the receptor or membrane residence time of the peptide antagonist, which could also potentially explain the observed improved antagonist activities of αCGRP7-37-palmitate, V8C-palmitate, and K24C-palmitate, at AM1 and AM2 receptors compared to hαCGRP8-37. A similar outcome was observed in the pharmacological characterization of lipidated amylin analogues (Fletcher et al., 2021), where an extended receptor residence time was correlated with their prolonged duration of action. Although receptor residency time and binding kinetics are not the sole contributor to the efficacy of an agonist, they may have a strong influence on antagonist activity. One potential mechanism by which this could occur is through compartmentalization of the lipidated peptide with the cell membrane. Membrane partitioning and membrane trafficking of lipidated proteins have been reported to influence protein activity (Zacharias et al., 2002; Ostrom and Insel, 2004; Ray et al., 2017). Potentially, the palmitoyl moeity facilitates association of the peptide with the cell membrane and increases its local concentration within the vicinity of the target membrane receptors to alter kinetics and receptor residence time, and improve their antagonist activity.
Lipidated αCGRP8-37 Peptide Antagonists Attenuate CGRP Action In Vivo
We utilized a CIDV animal model to demonstrate in vivo target engagement by the lipidated peptide antagonists. The vasodilatory response within the ear following application of capsaicin was robust with minimal response in the ethanol-treated contralateral ear, which was used as an internal control. The magnitude of the CIDV response at the capsaicin dose used (60 μg/ear) is similar to that used in previous studies (Grant et al., 2002; Starr et al., 2008). We validated this experimental system by demonstrating attenuation of the CIDV response by the reference antagonists, hαCGRP8-37 and olcegepant, showing successful target engagement with the CGRP receptor in vivo.
Female mice appeared to show an earlier vasodilatory onset compared to male mice although the respective total integrated responses as analyzed by AUC were comparable. This observation is consistent with reported differences in CGRP activity and vascular responses between male and female mice (Lee et al., 2003; Peng et al., 2011). Female mice also display a greater endothelium-dependent vasodilatory response to acetylcholine (Zuloaga et al., 2014). It is possible that female mice respond physiologically to capsaicin differently due to differences in CGRP receptor or peptide expression. Alternatively, responses could be influenced by the oestrus cycle phase. There is evidence that hormonal variations as part of the oestrus cycle modulates TRPV1, which is the major cation channel responsible for the capsaicin-evoked vasodilatory response (Artero-Morales et al., 2018). Thus, hormonal levels could potentially modulate intrinsic vasodilatory responses through TRPV1 expression and activity, and subsequently, affect the release of neurotransmitters or neuropeptides, including CGRP. Additionally, CIDV is an indirect measurement of CGRP activity, since CGRP release is dependent upon TRPV1 activation. It is possible that other substances are involved in the CIDV response, which could influence the effect of CGRP antagonists on CIDV.
The cellular mechanisms of CGRP vasodilatory effect can primarily be divided into endothelium-independent vasodilation or endothelium-dependent vasodilation (Brain and Grant, 2004). This adds a layer of complexity as the literature suggests differences in tissue and species specificity for these two mechanisms (Sohn et al., 2020). It is therefore possible that the temporal and sex differences observed stem from differential CGRP activity. Sex-specific differences in CGRP receptor expression could also impact on CGRP action in vivo. The receptor component protein (RCP) expression, which is a component of the CGRP receptor signaling complex (Ji et al., 2019), as well as CLR and RAMP1 expression have been shown to differ between male and female rodents (Stucky et al., 2011). Our study did not account for oestrus cycling or potential differences in CGRP receptor expression, so these remain interesting parameters to explore for future vasodilatory studies involving CGRP.
Peptide lipidation is a useful tool for developing efficacious peptide therapeutics by increasing peptide half-life and decreasing elimination rate. Peptide lipidation as a strategy has been explored previously with CGRP. Here, a modified αCGRP analogue with an albumin binding fatty acid moiety showed protracted pharmacokinetic properties (Nilsson et al., 2016; Sheykhzade et al., 2018) and demonstrated positive utility in alleviating or reversing cardiovascular disease in rodents (Aubdool et al., 2017). Another study reported modification of αCGRP with a fatty acid-dibenzylcyclooctyne (DIBO) moiety at position 24, which improved its plasma stability (Demin, 2018).
By comparison, the current lipidation strategy produced the V8C-palmitate and K24C-palmitate analogues that attenuated CIDV response in vivo. We confirmed that the mouse model was an appropriate translational model as the antagonist activities of hαCGRP8-37 and the lipidated hαCGRP8-37 analogues were comparable across mouse and human CGRP receptors. Dose-ranging experiments showed that a higher dose of V8C-palmitate was required compared to hαCGRP8-37 to reach a similar attenuation of the CIDV response. Likewise, time to onset experiments indicated that V8C-palmitate displayed a longer onset of action compared to hαCGRP8-37, although attenuation of CIDV was lost after 60 min in both cases. These observations for V8C-palmitate could reflect a depot effect resulting in delayed drug absorption into the blood through the subcutaneous injection route or a slower distribution to the tissue region from plasma compared to hαCGRP8-37. This raises the possibility of sustained slow release of the V8C-palmitate analogue into the systemic circulation and/or site of action compared to hαCGRP8-37.
CONCLUSION
hCGRP8-37 peptide analogues were palmitoylated at different locations on the peptide sequence. Excluding the C-terminally modified analogue, K35C-palmitate, the lipidated analogues behaved as competitive antagonists at the CGRP and AMY1 receptor in vitro. There was evidence that the palmitoyl moiety on the peptide antagonist confers altered residence time compared to hαCGRP8-37 as observed by increased antagonist activity with prolonged incubation of lipidated peptide analogues with CGRP and AMY1 receptors prior to agonist stimulation and retention of antagonist activity when a washout step was included prior to agonist stimulation.
For the translational studies in mice, V8C-palmitate and K24C-palmitate significantly attenuated the CIDV response, demonstrating successful target engagement of the CGRP receptor in vivo. However, there was a difference in dose-response profile and onset indicating the presence of a depot effect for the lipidated analogue. Overall, these findings show it is possible to generate palmitoylated peptides based on the hαCGRP8-37 peptide backbone that retain both antagonist activity at CGRP and AMY1 receptors, and attenuate CGRP action in vivo. Although dedicated pharmacokinetic studies are required, these findings suggest that lipidation may offer a route to develop a new class of CGRP peptide antagonists as therapeutics.
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Signalling of the calcitonin-like receptor (CLR) is multifaceted, due to its interaction with receptor activity modifying proteins (RAMPs), and three endogenous peptide agonists. Previous studies have focused on the bias of G protein signalling mediated by the receptor and receptor internalisation of the CLR-RAMP complex has been assumed to follow the same pattern as other Class B1 G Protein-Coupled Receptors (GPCRs). Here we sought to measure desensitisation of the three CLR-RAMP complexes in response to the three peptide agonists, through the measurement of β-arrestin recruitment and internalisation. We then delved further into the mechanism of desensitisation through modulation of β-arrestin activity and the expression of GPCR kinases (GRKs), a key component of homologous GPCR desensitisation. First, we have shown that CLR-RAMP1 is capable of potently recruiting β-arrestin1 and 2, subsequently undergoing rapid endocytosis, and that CLR-RAMP2 and -RAMP3 also utilise these pathways, although to a lesser extent. Following this we have shown that agonist-dependent internalisation of CLR is β-arrestin dependent, but not required for full agonism. Overexpression of GRK2-6 was then found to decrease receptor signalling, due to an agonist-independent reduction in surface expression of the CLR-RAMP complex. These results represent the first systematic analysis of the importance of β-arrestins and GRKs in CLR-RAMP signal transduction and pave the way for further investigation regarding other Class B1 GPCRs.
Keywords: GPCRs (G protein-coupled receptors), signalling bias, CLR, β-arrestins, RAMPs, internalisation, GRK (G protein receptor kinase)
INTRODUCTION
Most G protein-coupled receptors (GPCRs) are capable of trafficking to the plasma membrane and signalling in the absence of accessory proteins. The calcitonin like receptor (CLR), however, requires one of three receptor activity modifying proteins (RAMP1-3) for functional membrane expression. Each combination forms a distinct receptor, with a different signalling profile (Weston et al., 2016). RAMP and CLR expression vary across different tissues, creating a diverse profile of signalling from just one GPCR. These CLR-based receptors can respond to three endogenous agonists: calcitonin gene-related peptide (CGRP), adrenomedullin (AM), and adrenomedullin 2 (AM2) (Clark et al., 2021). CLR in complex with RAMP1 generates the CGRP receptor (CGRPR), as CGRP, an abundant neuropeptide that also plays roles in the cardiovascular system, is the most potent agonist for this receptor in generating cAMP. CLR-RAMP2 generates the adrenomedullin 1 receptor (AM1R), with AM (a potent vasodilator) being the most potent at this receptor, and CLR-RAMP3 produces the AM receptor 2 (AM2R), where AM and AM2 are equipotent agonists. The cognate receptor for AM2 is unknown but the peptide, analogous to AM and also a vasodilator, is highly expressed in the heart (Clark et al., 2021).
The G protein and downstream signalling bias in response to all three agonists has been well documented for all CLR-RAMP complexes (Weston et al., 2016; Clark et al., 2021). However, the signalling of GPCRs is not limited to membrane G protein signalling. There is significant evidence that GPCRs are able to signal via β-arrestins, originally identified as terminators of G protein signalling (reviewed Gurevich and Gurevich, 2019). Furthermore, GPCRs, including CLR, are able to signal once internalised, from endosomes (Cahill et al., 2017; Yarwood et al., 2017; Nguyen et al., 2019). It is therefore important to consider β-arrestin recruitment and receptor internalisation when investigating the signalling bias of CLR.
Previously, GPCR signalling was thought of as binary, with agonists activating the receptor before being “turned off”; this is now deemed an oversimplification of the process. G protein-coupled receptor kinases (GRKs), which phosphorylate the receptor following prolonged stimulation, enable the recruitment of β-arrestins. This forms the start of the pathway for homologous desensitisation, leading to receptor internalisation via clathrin-coated pits. There are 7 GRKs, with GRK2-6 ubiquitously expressed and GRK1/7 restricted to photoreceptors. The extent to which each promotes β-arrestin recruitment at different receptors varies. Each phosphorylates different serine and threonine residues on the intracellular region of the GPCR (primarily the C terminal tail), leading to the so-called phosphorylation barcode (Nobles et al., 2011). This barcode, together with the recruitment of β-arrestins, can mediate β-arrestin-dependent signalling. However, it is not possible to predict the pattern in which GRKs phosphorylate receptors, as the consensus sequence for these phosphorylation sites is not fully established. Different patterns of phosphorylation are thought to convey different receptor conformational states, correlating with different downstream signalling pathways (Liggett, 2011). Similarly, activation of different G proteins can correlate with receptor phosphorylation by different GRKs; Gαq activity has recently been inversely linked with GRK5/6-mediated phosphorylation of the angiotensin receptor 1 (AT1R) (Kawakami et al., 2022). In addition to their canonical function, GRKs can be activated by GPCRs but subsequently phosphorylate non-GPCR targets, leading to further signalling cascades (Gurevich et al., 2012; reviewed; Gurevich and Gurevich, 2019). Furthermore, some GRKs have been shown to phosphorylate and sequester the β2-adrenoceptor in an agonist independent manner, primarily GRK4, 5, and 6 (Ménard et al., 1996; Andresen, 2010).
To add further complexity to the mechanism of receptor desensitisation, there are two β-arrestin proteins, each with different signalling profiles. Following recruitment to the GPCR, β-arrestins were classically thought to sterically hinder the G protein, blocking further signalling mediated by this pathway and promote desensitisation through clathrin-mediated internalisation. However, recently it has become apparent that some GPCRs can continue to signal once internalised from the endosome. It is now appreciated that the GPCR-β-arrestin complex can assume two distinct conformations. The first is where the β-arrestin only binds to the phosphorylated tail of the GPCR, so facilitating internalisation without blocking G protein signalling; a so called GPCR-G protein-β-arrestin megaplex (Thomsen et al., 2016; Cahill et al., 2017; Nguyen et al., 2019). In the second conformation, the β-arrestin adopts a closed conformation binding to the intracellular core of the GPCR, blocking G protein access (Nguyen et al., 2019). Beyond their role in blocking G protein signalling and mediating internalisation, β-arrestins are believed to act as scaffold proteins, eliciting further signalling pathways. These signalling pathways are distinct from those which are G protein-mediated, and in some cases therapeutically favourable. Some orthosteric (Wisler et al., 2007) and allosteric (Slosky et al., 2020) ligands for GPCRs exploit this β-arrestin-biased signalling in order to exert their favourable pharmacological profiles.
The role of each β-arrestin and GRK in GPCR signalling is poorly understood. Some characterisation of the different isoforms’ roles has been performed, primarily on certain class A GPCRs (Palczewski et al., 1995; Fredericks et al., 1996; Nash et al., 2018; Møller et al., 2020). Recently work has looked at the cannabinoid 2 (CB2) receptor, identifying very little effect when expressing each GRK in turn on the signalling capacity of this receptor (Patel et al., 2021). Previous work has shown roles for GRK2, 3, and 4 in increasing CLR-RAMP2 internalisation when stimulated with AM (Kuwasako et al., 2010) and a role for GRK6 in mediating desensitisation of CLR-RAMP1 (Aiyar et al., 2000), but no investigation of the role of GRKs on desensitisation of CLR-RAMP3 has been conducted. We therefore sought to fully characterise the β-arrestin recruitment and internalisation profile of CLR in complex with each of the RAMPs and identify the role of GRKs in the aforementioned.
Here, we examined signalling bias for cAMP, β-arrestin recruitment, and internalisation for each CLR-RAMP complex. Furthermore, we investigated the role of β-arrestins in agonist dependent internalisation, through chemical inhibition with barbadin, and genetic manipulation of β-arrestin expression. The effects of barbadin were inconclusive, with no effect on receptor internalisation, but a significant decrease in cAMP accumulation. We determined that agonist-stimulated internalisation is dependent on β-arrestins, but cAMP accumulation appeared relatively independent of any internalisation. We then looked at increasing GRK expression, in an attempt to increase β-arrestin recruitment. However, we found that increasing GRK expression (in particular GRK4, 5, and 6) led to an agonist-independent decrease in receptor surface expression, likely due to constitutive phosphorylation and internalisation.
METHODS
Materials
CGRP, AM, and AM2 were purchased from Bachem and dissolved at 1 mM in water with 0.1% BSA w/v. Barbadin (Aobious, Gloucestershire, United Kingdom) was dissolved at 10 mM in DMSO.
Constructs and Sources
CLR containing a direct C-terminal inframe fusion to NanoLuc was generated in pcDNA3.1(−) (pcDNA3.1(−)-CLR-Nluc) using standard molecular cloning techniques by Sabrina Carvalho (University of Cambridge). pcDNA3.1(+)FLAG-RAMPs and pcDNA3.1-HA-CLR have been described previously (Weston et al., 2016; Harris et al., 2021). pcDNA3.1(+)-hGRKs (Patel et al., 2020) were donated by Professor Michelle Glass and Dr David Finlay (University of Otago). β-arrestin1/2-YFP (Mackie et al., 2019) were donated by Professor Kathleen Caron (Chappell Hill, North Carolina). RIT-Venus (Jimenez-Vargas et al., 2018), Rab5a-Venus, Rab7-Venus, and Rab11-Venus (Jimenez-Vargas et al., 2020) were donated by Luke Pattinson (University of Cambridge).
Transfection and Cell Culture
HEK293T, HEK293, and HEK293Δβ-arrestin1/2 (donated by Dr Asoka Inoue, Tokyo University) cells were grown in DMEM/F12 Glutamax (ThermoScientific) supplemented with 1% antibiotic-antimycotic solution (AA) and 10% Foetal Bovine Serum (FBS) v/v. Cells were grown at 37°C with 5% CO2 in a humidified incubator. Cells were transfected using polyethylenimine (PEI, Polyscience Inc.), at a 6:1 ratio of PEI:DNA v/w, diluted in 150 mM NaCl.
Measurement of Intracellular cAMP Accumulation
cAMP accumulation was measured in the HEK293 cell lines as previously described (Knight et al., 2016; Weston et al., 2016). Briefly, cells transfected with CLR-Nluc, FLAG-RAMP1/2/3, GRK2/3/4/5/6, and β-arrestin1/2-YFP (or pcDNA3.1(+) substitutes) in a 1:1:4:5 ratio were harvested using Trypsin-EDTA to bring into single cell suspension, before being resuspended in stimulation buffer (SB, phosphate buffered saline containing 0.1% BSA w/v). Cells were plated at 500 cells per well of a 384-well optiplate (PerkinElmer) and stimulated with agonist for 30 min cAMP accumulation was detected using the LANCE ultra cAMP detection kit on a Mithras LB 940 multimode microplate reader (Berthold Technologies). For experiments looking at changing β-arrestin expression, in HEK293T, HEK293 or HEK293Δβ-arrestin1/2 cells, cells were incubated in stimulation buffer containing 500 μM isobutylmethylxanthine (IBMX). For experiments utilising barbadin, cells were preincubated with 10 μM barbadin, or 1% DMSO v/v for 30 min prior to stimulation. Data were normalised to the maximal level of cAMP accumulation from cells stimulated with 100 μM Forskolin (Sigma).
Quantification of β-arrestin Recruitment to CLR-RAMP Complexes
β-arrestin recruitment assays were performed as previously described (Marti-Solano et al., 2020). Briefly, HEK293T cells were transfected with CLR-Nluc, FLAG-RAMP1/2/3, GRK2/3/4/5/6, and β-arrestin1/2-YFP (or pcDNA3.1(+) substitutes) in a 1:1:4:5 ratio. 24 h later cells were seeded onto 0.01% Poly-L-lysine coated white 96-well CulturPlates (Perkin Elmer) at 50,000 cells per well in growth media. After 24 h, media was removed, and cells washed in PBS. Cells were then incubated in the dark in buffer containing PBS, 0.49 mM MgCl2.6H2O, 0.9 mM CaCl2.2H2O, 0.1% BSA w/v and 5 μM of coelenterazine-h (Nanolight Technology) for 10 min, before addition of agonist in the range 1 μM to 10 pM. β-arrestin recruitment was recorded for at least 20 min, at 60 s intervals, and measured via a change in the BRET ratio between the donor (λ = 460 nm) and acceptor (λ = 530 nm), using a Mithras LB 940 multimode plate reader.
Quantification of CLR-RAMP Internalisation and Localisation to Endosomal Compartments
HEK293T, HEK293, or HEK293Δβ-arrestin1/2 cells were transfected with CLR-Nluc, FLAG-RAMP1/2/3, and a Venus tagged membrane GTPase (RIT), or endosomal markers Rab5a, Rab7, or Rab11, at a 1:1:5 ratio. After 24 h, cells were seeded onto 0.01% Poly-L-lysine coated white 96-well CulturPlates in growth media. Following a further 24 h, media was removed, and cells washed with Krebs (125 mM NaCl, 2.5 mM KCl, 25 mM NaHCO3, 1.2 mM NaH2PO4, 1.2 mM MgCl2, 2.5 mM CaCl2) containing 0.1% BSA w/v before being incubated in 0.1% NanoGlo reagent (Promega) v/v for 5 min. Where barbadin was used, cells were incubated in KREBs buffer containing 10 μΜ inhibitor for 30 min prior to addition of NanoGlo reagent. Agonists were added in the range 1 μM to 0.1 nM and internalisation measured over 60 min at 120 s intervals via a change in the BRET ratio between the donor (λ = 460 nm) and acceptor (λ = 530 nm), using a Mithras LB 940 multimode plate reader.
Reverse Transcriptase PCR to Determine Endogenous Expression of GRKs in HEK293 Cells
RNA was extracted from HEK293 and HEK293T cells using RNeasy mini kit (Qiagen) as per the manufacturer’s protocol. Complementary DNA was generated using the QuantiTect reverse transcription kit (Qiagen) following the manufacturer’s instructions with minus Reverse Transcriptase negative controls performed simultaneously. PCR amplification was performed as previously described (Bailey et al., 2019; Safitri et al., 2020) using the following gene-specific primers: GADPH, forward (5′-TGC​ACC​ACC​AAC​TGC​TTA​GC-3′) and reverse (5′-GGC​ATG​GAC​TGT​GGT​CAT​GAG-3′); GRK1, forward (5′-GGA​GTT​TGA​GAG​TGT​GTG​CTT-3′) and reverse (5′-GCT​TCT​CTG​CCG​ATT​GTA​GGA-3′); GRK2, forward (5′-TCC​AGC​CAT​ACA​TCG​AAG​AGA-3′) and reverse (5′-CAA​AAC​CGT​GTG​AAC​TTA​TCG​C-3′); GRK3, forward (5′-CCG​ATG​TCA​GTT​ACC​TGA​TGG​C-3′) and reverse (5′-GCA​GGA​CGA​TCC​TCT​TGC​T-3′); GRK4, forward (5′-GGA​AAG​GCA​ACC​CGT​AAC​AAA-3′) and reverse (5′-AGG​CGC​AAA​CCT​CTC​CAA​ATC-3′); GRK5 forward (5′-CCA​ACA​CGG​TCT​TGC​TGA​AAG-3′) and reverse (5′-TCT​CTG​TCT​ATG​GTC​CTT​CGG-3′); GRK6, forward (5′-GAG​AAC​ATC​GTA​GCG​AAC​ACG-3′) and reverse (5′-CAG​GCT​GTG​ATA​GTC​ACG​CTC-3′); β-arrestin1, forward (5′-AAA​GGG​ACC​CGA​GTG​TTC​AAG-3′) and reverse (5′-CGT​CAC​ATA​GAC​TCT​CCG​CT-3′); β-arrestin2, forward (5′-TCC​ATG​CTC​CGT​CAC​ACT​G-3′) and reverse (5′-ACA​GAA​GGC​TCG​AAT​CTC​AAA​G-3′); RAMP1, forward (5′-CTG​CCA​GGA​GGC​TAA​CTA​CG-3′) and reverse (5′-GAC​CAC​GAT​GAA​GGG​GTA​GA-3′); RAMP2, forward (5′- GGG​GGA​CGG​TGA​AGA​ACT​AT-3′) and reverse (5′-GTT​GGC​AAA​GTG​GAT​CTG​GT-3′); RAMP3, forward (5′-AAC​TTC​TCC​CGT​TGC​TGC​T-3′) and reverse (5′- GAC​GGG​TAT​AAC​GAT​CAG​CG-3′); CLR, forward (5′-ACC​AGG​CCT​TAG​TAG​CCA​CA-3′) and reverse (5′-ACA​AAT​TGG​GCC​ATG​GAT​AA-3′). Products were resolved on a 2% agarose gel and imaged using a G:Box iChemi gel documentation system. Densitometry was performed using GeneTools (Syngene) and data were normalized to GAPDH expression.
Quantification of Cell Surface Expression
For CLR surface expression, HEK293 or HEK293Δβ-arrestin1/2 cells were transfected with HA-CLR, FLAG-RAMP1/2/3 and GRK2/3/4/5/6 at a 1:1:4 ratio. After 48 h, 300,000 cells were washed twice with FACS buffer (PBS supplemented with 1% BSA and 0.03% sodium azide) before and after incubation with phycoerythrin (PE)-conjugated mouse anti-HA monoclonal antibody (BioLegend, diluted 1:200 in FACS buffer) for 1 h at room temperature in the dark. Samples were analysed using a BD Accuri C6 flow cytometer, Ex. λ 488 nm and Em. λ 585 nm. Data were normalised to the median APC intensity of cells transfected with pcDNA3.1 as 0% and HA-CLR + FLAG-RAMP1+ pcDNA3.1 as 100%. For RAMP cell surface expression in the presence and absence of agonist, HEK293T cells were transfected with either HA-CLR or CLR-Nluc and FLAG-RAMP1/2/3 at a 1:1 ratio. After 48 h, cells were washed and treated with appropriate agonist (CGRP for CLR-RAMP1 and AM for CLR-RAMP2/3) or vehicle for 30 min. Cells were then washed with ice cold PBS, harvested, assayed as described above and kept at 4°C throughout. Data were normalized to the median APC intensity of cells transfected with pcDNA3.1 as 0% and vehicle treated HA-CLR + FLAG-RAMP2 cells as 100%. Percentage internalisation is expressed relative to vehicle treated cells and cells expressing pcDNA3.1 + FLAG-RAMP.
Data Analysis
Pharmacological data was analysed in GraphPad Prism v9.0 (GraphPad Software, San Diego). Data were fitted using the three-parameter logistic equation to obtain concentration-response curves and estimates for values of Emax and pEC50. Emax was constrained to below 100 for cAMP accumulation assays, and to below the highest response observed in β-arrestin and internalisation assays, which corresponds to CGRP at CLR-RAMP1. Statistical differences were analysed using either a one-way ANOVA followed by Dunnett’s post-hoc, a Kruskal-Wallis One-Way ANOVA test with Dunn’s post-test was used or a two-way ANOVA followed by a Tukey’s multiple comparisons test (for comparisons amongst more than two groups) as appropriate. Where comparisons are made between two groups a two-tailed Student’s t-test was used. cAMP data was normalised to 100 μM forskolin stimulation. The means of individual experiments were combined to generate the concentration-response curves displayed in the figures. Heatmaps were generated using the pEC50 values calculated from concentration-response curves of the mean of the data, or using the Emax values from the same data, normalised to the response of the cognate ligand at a given receptor. Where no response was observed in the absence of GRK, the maximal change in pEC50 was assumed, and the normalised Emax value used.
RESULTS
Quantifying Agonist-dependent Desensitisation Bias at the Three CLR-RAMP Complexes
G protein-mediated signalling bias has been well documented for CLR when co-expressed with each of the RAMPs. However, we wanted to examine the bias pattern regarding β-arrestin recruitment and internalisation, as both are important factors in functionality of Class B1 GPCRs, and there is yet to be a global study looking at the desensitisation of each CLR-RAMP complex with all three agonists. We have previously demonstrated HEK293T cells endogenously express low levels of CLR and RAMPs (Bailey et al., 2019), which yields a small response to CGRP and AM (and an even lesser response to AM2), at a far lower potency than would be expected of CLR in complex with any of the three RAMPs (Supplementary Figure S1A). We then determined the suitability of the C-terminal Nluc-tagged CLR with individual FLAG-tagged RAMPs for measuring cAMP accumulation. FLAG-RAMPs have previously been shown to signal comparably to other N terminally tagged RAMPs when coexpressed with CLR (Harris et al., 2021). When compared to HA-CLR, which has previously been used to characterise G protein signalling of the CLR-RAMP complexes (Weston et al., 2016; Harris et al., 2021), CLR-Nluc displayed a reduced potency (∼10-fold compared to HA-CLR), but the same rank order of potency of the three peptides at the different RAMP complexes was observed (Compare Figure 1A with Supplementary Figure S1B).
[image: Figure 1]FIGURE 1 | Only cognate agonists of CLR-RAMP complexes recruit β-arrestins and induce internalisation. HEK293T cells expressing CLR-RAMP complexes were assayed for cAMP accumulation (A), β-arrestin1 (B), β-arrestin2 (C) recruitment, and internalisation (D) at CLR in complex with RAMP1, RAMP2, and RAMP3. (E) Responses to 10 μM or 1 μM CGRP, AM, and AM2 at cAMP, β-arrestin1, β-arrestin2, and internalisation. Statistical significance between RAMPs for each peptide was determined, at p < 0.05, through One-Way ANOVA with Dunnett’s post-test (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). Data are shown as mean with error bars indicating the SEM of n repeats where n ranges between 3 and 5 duplicates.
Given the suitably similar potency profile observed with CLR-Nluc, we next quantified cAMP accumulation, β-arrestin1/2 recruitment (using arrestins each containing an in-frame fusion with a C-terminal YFP) and agonist-dependent internalisation (assayed using a Venus-YFP tagged plasma membrane GTPase RIT) of CLR-Nluc expressed with each FLAG-RAMP (Figures 1A–D; Supplementary Figure S2; Supplementary Table S1). Consistent with our previous reports for cAMP accumulation, CGRP was the most potent agonist at the CGRPR and AM at the AM1R, although all three peptides were observed to be reasonably equipotent at the AM2R. Significantly, these rank orders of potency also translated to both β-arrestins with CGRP being the most potent at RAMP1 (pEC50 of 7.56 ± 0.06 at β-arrestin1 and 7.49 ± 0.06 at β-arrestin2), AM at RAMP2 (pEC50 of 7.57 ± 0.17 at β-arrestin1 and 7.48 ± 0.09 at β-arrestin2), and all three agonists being equipotent at β-arrestin2 recruitment at RAMP3 (pEC50 of 7.31 ± 0.45, 7.49 ± 0.14, and 7.31 ± 0.46 for CGRP, AM, and AM2 respectively). Unlike cAMP accumulation assays, not all agonists were able to elicit β-arrestin recruitment at all CLR-RAMP complexes, with no response observed for CGRP at CLR-RAMP2, and no β-arrestin1 recruitment observed for CGRP at CLR-RAMP3.
In contrast to the cAMP accumulation assays where each CGPR-based peptide was able to act as a full agonist irrespective of the CLR-RAMP complex expressed, only the cognate agonists were able to elicit full β-arrestin recruitment within the concentrations tested. Furthermore, comparison of the overall magnitude of agonist-mediated β-arrestin1/2 recruitment at the respective CLR-RAMP complexes highlighted that all three agonists at CLR-RAMP1 induced significantly higher maximal responses compared to the RAMP2 and RAMP3 complexes (p < 0.0001) (Figure 1E). This trend continued in the agonist-induced CLR internalisation assays, suggesting a direct correlation between β-arrestin recruitment and receptor internalisation.
In order to validate the observed internalisation of the three CLR-RAMP complexes, we measured the internalisation of FLAG-RAMP1-3 when co-expressed with HA-CLR or CLR-Nluc. CLR-RAMP complexes are thought to exist in a 1:1 stoichiometry (Hilairet et al., 2001), and internalise as a complex, as such FLAG-RAMP surface expression can be considered a proxy for CLR internalisation. Although FLAG-RAMP1 displayed a higher cell surface expression when co-expressed with HA-CLR than CLR-Nluc, each complex displayed significant internalisation, which was broadly similar across all three RAMPs (Supplementary Figure S3).
Tracking CLR-RAMP Subcellular Trafficking With Endosomal Markers
Previous studies have focused on the internalisation and trafficking of a single CLR-RAMP complex. CLR-RAMP1 has been shown to internalise as a complex in a β-arrestin dependent manner (Hilairet et al., 2001; Gingell et al., 2020). Similarly, in response to AM, CLR-RAMP2 underwent internalisation, in a manner dependent on the C terminal tail of the receptor, implicating GRKs and β-arrestins in its internalisation (Kuwasako et al., 2010). The role of the PDZ-interacting domain, found at the C-terminus of RAMP3, on CLR subcellular trafficking has been studied previously; this region is able to interact with subcellular proteins such as the Na+/H+ exchanger regulatory factor-1 (NHERF-1) (Bomberger et al., 2005b) and N-ethylmaleimide-sensitive factor (NSF) (Bomberger et al., 2005a) to regulate internalisation and recycling of the CLR-RAMP3 complex respectively. Comparisons looking at the relative internalisation and trafficking of each CLR-RAMP complex in response to all three peptides have yet to be performed. We utilised RIT as a marker for the plasma membrane, the early endosomal marker Rab5a, as well as the late endosomal marker Rab7 and the recycling endosomal marker Rab11 (Figure 2A), each tagged with Venus-YFP to measure colocalisation with the C-terminal Nluc-tagged CLR.
[image: Figure 2]FIGURE 2 | CLR-RAMP1 in the only complex to undergo appreciable internalisation and trafficking, leading towards degradation. Schematic (created with BioRender.com) showing the internalisation and subcellular trafficking of CLR in complex with a RAMP, identifying the different membrane GTPases used (A). Change in colocalisation of CLR over 60 min stimulation with each peptide as determined in HEK293T cells, for RIT, Rab5a, Rab7, and Rab11 when in complex with RAMP1, RAMP2, and RAMP3 (B). Data are shown as mean with error bars indicating the SEM of n repeats where n = 3 duplicates.
Consistent with the signalling data, the cognate ligand for each CLR-RAMP complex displayed the greatest internalisation (as quantified by loss of a BRET signal between CLR-Nluc and Venus YFP-RIT) and subcellular trafficking, as determined through colocalization with each GTPase in turn (Figure 2B). This translated across all compartments. Due to the dynamic nature of the passage through the early endosome (rapid entry and departure), only for the cognate agonists at CLR-RAMP1 and -RAMP2 could any substantial change in colocalisation over time be observed. The increase in colocalization with Rab7 suggests CLR is degraded as a means of desensitisation, although colocalization with Rab11 indicates it is capable of recycling back to the membrane. The AM2R (RAMP3-CLR complex) displayed very little change in colocalization with RIT at the plasma membrane or with Rab5a when stimulated with any of the peptides, however some increase in colocalization with Rab7 and Rab11 was observed, indicating a very small level of internalisation does occur.
Use of the Small Molecular Inhibitor Barbadin Reduces cAMP Accumulation Independently of Internalisation
The canonical role of β-arrestins is the desensitisation of G protein signalling; steric hindrance to disrupt G protein-receptor association and acting as scaffolds for proteins which decrease the G protein activity and output e.g. phosphodiesterases (PDEs) (Perry et al., 2002). Additionally, β-arrestins mediate agonist dependent internalisation at many GPCRs, through the recruitment of β2-adaptin (AP2) and subsequently clathrin, to mediate endocytosis. Hence, we attempted to decouple these two mechanisms, using the small molecule inhibitor barbadin. Barbadin is an inhibitor of the β-arrestin-AP2 interacting domain, therefore inhibiting clathrin-mediated endocytosis without inhibiting β-arrestin recruitment (Beautrait et al., 2017) (Figure 3A). In order to validate barbadin, we measured its effects on internalisation of the Glucagon-like peptide-1 receptor (GLP-1R), another Class B1 GPCR which undergoes clathrin-mediated endocytosis following β-arrestin recruitment (Fletcher et al., 2018). A 30 min preincubation with 100 μM barbadin was found to inhibit GLP-1R internalisation (Figure 3), therefore showing it is active at this concentration (Figure 3B).
[image: Figure 3]FIGURE 3 | Barbadin significantly impairs cAMP accumulation at CLR-RAMP complexes in an internalisation independent manner. (A) Schematic (created with BioRender.com) indicating the role of barbadin, a small molecule inhibitor of the β-arrestin-AP2 complex. (B) Effects of barbadin on another Class B1 GPCR, the GLP1R. (C) cAMP accumulation mediated by each peptide agonist following a 30 min pretreatment with DMSO (closed symbols, solid line) or 100 μM barbadin (open symbol, dotted line), for RAMP1, RAMP2, and RAMP3. Differences in, and potency values are reported on the adjoining scatter plots. (D) Effect of 30 min pretreatment with DMSO (closed symbols) or barbadin (open symbols) on internalisation of CLR-RAMP1, RAMP2, or RAMP3. Statistical significance between vehicle (DMSO) and barbadin treated cells was determined, at p < 0.05, using Student’s t-test (*, p < 0.05; **, p < 0.01). Data are shown as mean with error bars indicating the SEM of n repeats where n = ranges between 3 and 6 duplicates.
Barbadin appeared to reduce cAMP accumulation for all agonists at the three CLR-RAMP complexes, although in some instances (e.g. for CGRP at the CLR-RAMP1 complex) these effects did not reach significance (Figure 3C, Supplementary Table S3). At the CLR-RAMP1 complex, the biggest differences were observed when AM2 was used as the stimulating agonist, with barbadin inhibiting signalling, and reducing both the potency and maximal response (pEC50 from 6.34 ± 0.13 to 4.93 ± 0.29; p = 0.0021, Emax from 79.8 ± 4.5 to 47.2 ± 8.9; p = 0.02). When looking at CLR-RAMP2, although the response to CGRP was again unaltered, the response to AM was significantly impaired (pEC50 reduced from 7.49 ± 0.36 to 5.33 ± 0.18; p = 0.0017). Again, the response to AM2 was far smaller when pretreated with barbadin. At CLR-RAMP3, all three agonists showed reduced potencies at stimulating cAMP accumulation when treated with barbadin (Figure 3C; Supplementary Table S3).
Finally, we then investigated the actions of barbadin treatment of CLR-RAMP complex internalisation (Figure 3D, Supplementary Table S4). Surprisingly, and in contrast to the actions observed at cAMP accumulation, barbadin treatment did not block agonist-mediated CLR internalisation for any CLR-RAMP complex when used at the concentration that blocked GLP-1R internalisation (Figure 3B). This data would suggest that barbadin could not be used to decouple CLR-RAMP internalisation from β-arrestin recruitment.
CLR Requires β-arrestins to Internalise, and This Internalisation Is Important for the Receptor to Achieve Maximal Signalling
Due to the inconclusive nature of the effects of barbadin, we then looked at the signalling in cells genetically modified to express different levels of β-arrestins. We used HEK293 cells and a modified line devoid of β-arrestin1 or 2 (O’Hayre et al., 2017), which displayed a similar expression of CLR and RAMPs as HEK293T cells (Supplementary Figure S4). No agonist-induced internalisation was observed in this cell line, leading us to conclude that CLR-RAMP internalisation is β-arrestin-dependent, despite observing no effect of barbadin (Figure 4A, Supplementary Figure S5A, Supplementary Table S5). We repeated the cAMP accumulation experiments in the presence of barbadin in these β-arrestin KO HEK293 cells, and an agonist dependent reduction in cAMP accumulation was again observed (Supplementary Figure S5B), suggesting at least part of the effects of barbadin occur independently of the β-arrestin.
[image: Figure 4]FIGURE 4 | Expression of β-arrestins reduced potency and efficacy of cAMP signalling for all CLR-RAMP complexes. (A) Changes in CLR internalisation in complex with RAMP1, RAMP2, or RAMP3 in HEK293 cells expressing (closed symbols) or lacking (open symbols) β-arrestin1/2. Statistical significance between responses in WT and β-arrestin1/2 KO cells was determined, at p < 0.05, through Student’s t-test (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). (B) Effect of knocking out β-arrestin1/2 on cAMP in cells expressing CLR-RAMP1, RAMP2, or RAMP3. (C) Bar charts showing the potency and maximal response of the peptides at CLR with each RAMP in turn, in cells overexpressing β-arrestin1 or 2. All data are mean ± SEM of n repeats where n ranges between 3 and 4 duplicates. Statistical significance of responses in the presence of overexpressed β-arrestins was compared to the response in the absence of β-arrestin, at p < 0.05, using a Two-Way ANOVA.
Having considered the effects of deleting β-arrestins on CLR-RAMP internalisation, we next considered their impact on agonist-dependent cAMP accumulation. In HEK293 cells with β-arrestin knocked out, there was a significant trend towards increasing the potency when β-arrestins were knocked out (p < 0.0001) (Figure 4B, Supplementary Table S6). This was the greatest for CGRP at CLR-RAMP2 and CLR-RAMP3 (RAMP2, p = 0.002, RAMP3, p = 0.007). Finally, we determined the effects of overexpression of either β-arrestins on cAMP accumulation from the three CLR-RAMP complexes (Figure 4C Supplementary Figure S5C, Supplementary Table S7). Overall, there was a significant trend towards β-arrestin overexpression decreasing the potency of cAMP accumulation, indicating a small increase in desensitisation (p < 0.0001). Whilst this was not significant in most individual cases, there was a significant decrease in potency observed for AM2 at CLR-RAMP2 when β-arrestin2 was overexpressed (p = 0.02). It is likely that these effects are only small as HEK293T cells endogenously express high levels of β-arrestin1/2 (Supplementary Figure S6A). Overall, our data is supportive of the notion that RAMP-CLR complexes require β-arrestins to undergo receptor internalisation, and that modulation of β-arrestin expression can influence the potency and magnitude of the signalling response when stimulated with the CGRP-family of peptide agonists.
Overexpression of GRKs Induces Agonist-independent Internalisation of CLR-RAMP Complexes
There is growing evidence to suggest that different GRKs are responsible for mediating different levels of β-arrestin recruitment. Thus, having established that β-arrestin expression is important for CLR-RAMP complex signalling, we sought to determine which GRKs may be responsible for mediating these effects (Figure 5A). Analysis of GRK expression, using semi-quantitative rt-PCR, indicated that GRK2/3/4/5/6 were all expressed in all HEK293 cell lines in the study (Supplementary Figure S6B). Since both GRK1 and GRK7 expression is restricted to the retina neither was included in our analysis, nor were they included in the functional studies. We then strove to determine the effects of GRK overexpression on cAMP accumulation and β-arrestin recruitment at each CLR-RAMP complex with all three agonists (Supplementary Figures S7–S9). Strikingly, and somewhat surprisingly, overexpression of many of the GRKs appeared to significantly attenuate cAMP accumulation and recruitment of β-arrestins to the CLR-RAMP complexes upon agonist stimulation (Figure 5B, Supplementary Table S8–S10). Of the three CLR-RAMP complexes, CLR-RAMP1 appeared most resistant to GRK-mediated attenuation of signalling. The negative effects of GRK expression were most pronounced for GRK5 and GRK6 at all three CLR-RAMP complexes, with recruitment of β-arrestins to the CLR-RAMP2 or -RAMP3 complexes being abolished. The effects were least prevalent for GRK2 and GRK3, which in some cases enhanced signalling. In general, the cAMP responses were more resistant to GRK overexpression than β-arrestin-recruitment. This is not surprising, as accumulation of cAMP is a result of signal amplification from the agonist-activated GPCR, while β-arrestin recruitment to the GPCR occurs at a 1:1 ratio. As a result, any loss of CLR-RAMP cell surface expression would be considered to have more of a deleterious effect upon β-arrestin recruitment than cAMP signalling. We therefore speculate that overexpression of GRKs might be leading to a reduction in CLR cell surface expression prior to agonist application.
[image: Figure 5]FIGURE 5 | GRK overexpression impairs CLR-RAMP complex signalling through constitutive receptor internalisation. (A) Schematic (created with BioRender.com) showing the role of GRKs in mediating GPCR desensitisation and internalisation, and highlighting how we manipulated this system for the experiment. (B) Heat maps illustrating the effects of overexpression of each GRK on the potency (left) and Emax (right) on cAMP accumulation, and β-arrestin1/2 recruitment at the three CLR-RAMP complexes when stimulated with CGRP, AM and AM2. $ Maximal change in pEC50 was assumed where no response was observed in the absence of GRK. (C–D) Cell surface expression of HA-CLR, measured using a phycoerythrin (PE)-conjugated anti-HA antibody, following overexpression of GRKs prior to addition of agonist in HEK293 cells (C) and HEK293Δβ-arrestin1/2 cells (D). All data are mean ± SEM of n repeats where n ranges between 3 and 4 experiments.
To investigate this hypothesis, we investigated CLR cell surface expression in HEK293 cells using flow cytometry. CLR membrane expression was highest for CLR-RAMP1, and lowest for CLR-RAMP3, which showed only a small (∼1.5 fold) increase above the expression in the absence of RAMP. For all three CLR-RAMP complexes, we observed reductions in CLR cell surface expression when each GRK was overexpressed (Figure 5C, Supplementary Table S11). Consistent with the signalling data, CLR expression was reduced the least when GRK2 and GRK3 were overexpressed for each RAMP complex. We next wondered if the GRK-induced agonist-independent CLR internalisation was dependent upon β-arrestins. CLR cell surface expression was still reduced when GRKs were overexpressed in the absence of β-arrestins although there was not difference between the GRKs, suggesting the more detrimental effects of GRK4/5/6 are in part dependent upon β-arrestins (Figure 5D, Supplementary Table S11). Overall, these data confirm that CLR is able to undergo GRK-mediated internalisation in an agonist independent manner, via a mechanism which is largely independent of β-arrestins.
DISCUSSION
While G protein mediated signalling at CLR has been extensively studied for the three endogenous peptide agonists at each CLR-RAMP complex (Weston et al., 2016; Clark et al., 2021), studies investigating G protein independent events, such as β-arrestin recruitment and internalisation have only been investigated for specific CLR-RAMP-peptide combinations (Chang and Hsu, 2019; Hendrikse et al., 2020). Here we provide the first global characterisation of β-arrestin recruitment, internalisation and endosomal sorting of the three CLR-RAMP complexes when stimulated with CGRP, AM and AM2. Our results for the β-arrestin recruitment to CLR-RAMP1 and -RAMP2 when stimulated with their cognate ligands are consistent with previous studies in terms of potency, despite the use of different cell backgrounds and CLR constructs (Chang and Hsu, 2019; Hendrikse et al., 2020). Furthermore, we suggest that CLR undergoes internalisation by context-dependent mechanisms, with our results providing important implications for other class B1 GPCRs. Finally, we highlight that GRK overexpression is deleterious to both G protein-dependent and independent signalling and thus caution must be applied when GRKs are routinely expressed to increase β-arrestin recruitment.
Initially, we determined that the rank order of potency for the CGRP-based peptides at each CLR-RAMP complex was consistent across the different assays e.g., the most potent peptide at cAMP was the most potent at β-arrestin recruitment and internalisation. Whilst all peptides were able to elicit maximal responses in the cAMP accumulation assay (with their relative potencies largely agreeing with previous observations (Figure 6), this was not the case for β-arrestin recruitment or receptor internalisation. Across all combinations, CLR-RAMP1 seemed the most capable of recruiting β-arrestins and internalising, followed by CLR-RAMP2 (∼25%) and CLR-RAMP3 (∼15%). The 1:1 nature of β-arrestin recruitment and internalisation means that the cell surface expression level of the different CLR-RAMP complexes may largely explain this observed difference between RAMPs; CLR-RAMP2, and -RAMP3 expression was 52 and 28% of CLR-RAMP1 respectively. When looking at the RAMP instead, each displayed comparable surface expression, which then correlated with comparable levels of internalisation. Furthermore, it is likely that all three agonists reached a maximal level of cAMP accumulation due to the substantial amplification in the pathway, indicating a receptor reserve. Correspondingly, only CLR-RAMP1 displayed substantial detectable subcellular trafficking, in agreement with previous studies (Yarwood et al., 2017), with the other complexes only displaying small colocalisation with each of the endosomal markers. It was found for CLR-RAMP1 and CLR-RAMP2 that there was an increase in Rab7 and Rab11 colocalisation after receptor internalisation, suggesting that both slow recycling and degradative pathways are employed. Little colocalization with these endosomal markers was observed for CLR-RAMP3, presumably due to its lack of significant internalisation.
[image: Figure 6]FIGURE 6 | Agonist potency rations for CGRP, AM and AM2 at the three different CLR-RAMP complexes. The log Potency ratios (as determined from cAMP accumulation assays) are defined as log(EC50 AM2/EC50 agonist). Data compiled from Weston et al., (2016), Garelja et al., (2020), Clark et al., (2021) and Harris et al., (2021). HEK293T cells expressing CLR-Nluc are shown in cyan, HEK293 expressing CLR-Nluc are shown as magenta and HEK293T cells expressing HA-CLR are shown in brown.
The receptor internalisation was confirmed to be β-arrestin dependent through the use of a cell line where β-arrestin1 and 2 were genetically KO. However, inhibition of the β-arrestin-AP2 interaction, using barbadin, had no effect on receptor internalisation. Furthermore, it was determined that whilst barbadin was able to significantly reduce cAMP accumulation, a major part of its action was independent of the β-arrestin. This is supported by the observation that the effects of barbadin were similar in β-arrestin KO HEK293 cells and were agonist dependent, with no effect on CGRP at CLR-RAMP1, which undergoes the greatest internalisation. cAMP signalling was enhanced by the removal of β-arrestins (and therefore loss of internalisation), and correspondingly decreased by their overexpression, suggesting β-arrestin recruitment and internalisation is utilised by CLR as a traditional desensitisation pathway, as observed for many Class A GPCRs. This agrees with previous findings that reducing internalisation of CLR-RAMP2 through C terminal tail deletions increases cAMP accumulation by the receptor (Kuwasako et al., 2010).
The final part of this study has considered the effects of increasing GRK expression on CLR β-arrestin recruitment and cAMP accumulation. Here, we have shown that over-expression of GRKs had detrimental effects on receptor signalling. In particular, GRK5 and 6 significantly impaired β-arrestin recruitment and ablated the majority of the cAMP response. This was found to be agonist-independent, with reduced surface expression of CLR observed when GRKs were overexpressed, as had been previously observed for CLR-RAMP2 (Kuwasako et al., 2016). Interestingly, there was still a reduction in CLR surface expression in the HEK293Δβ-arrestin1/2 cells indicating β-arrestin independency. Some GPCRs have been shown to use endophilin to mediate dynamin-dependent internalisation that is independent of AP2, β-arrestin and clathrin (Boucrot and Ferreira, 2017). This mechanism is unlikely for CLR since it is mediated via a proline rich motif in the intracellular loop 3, which is absent from CLR. Other Class B1 GPCRs are known to internalise via caveolae (Thompson and Kanamarlapudi, 2015; Fletcher et al., 2018), and it has been noted that GRKs are able to interact with caveolin-1, indicating a potential role in caveolae-mediated endocytosis (Carman et al., 1999). Furthermore, CLR has been shown to co-immunoprecipitate with caveolin-1, with stimulation with CGRP reducing membrane localisation of caveolin-1 (Tang et al., 2013). Our analysis of the C-terminal tail identifies a potential motif (I394/8.53bLRRNWNQY402) which conforms to one of the consensus caveolin-1 interacting domains (φXXXXφXXφ motif where X = any amino acid and φ = hydrophobic amino acids) (Couet et al., 1997). Thus, it is possible that the GRK-mediated agonist-independent internalisation of CLR could occur through caveolae. There is further precedent for context dependent mechanisms of internalisation as exemplified by the CB1 cannabinoid receptor where agonist-induced internalisation is β-arrestin mediated, but agonist-independent internalisation is clathrin-dependent, but β-arrestin-independent (Gyombolai et al., 2013).
These studies have significance for other investigations into GPCR β-arrestin recruitment/internalisation. If the magnitude of β-arrestin recruitment is weak to the GPCR of choice, addition of GRKs is often used to increase the signal (Mackie et al., 2019; Harris et al., 2021). As demonstrated for CLR, this is not always appropriate as it can lead to the opposite effects if agonist-independent phosphorylation of GPCRs occurs.
The data we have obtained related to agonist-dependent internalisation of CLR in the presence of barbadin (Figure 3C) appear contradictory when compared to our results obtained with the HEK293∆β-arr1/2 cell lines (Figure 4A). Barbadin has been suggested to block the interaction between β-arrestin and AP2 thereby inhibiting clathrin-dependent internalisation (Beautrait et al., 2017). It therefore seems unusual that barbadin did not block CLR internalisation. Barbadin has been shown to successfully block 5-HT2CR internalisation (He et al., 2021); β2-adrenergic (β2AR), V2-vasopressin (V2R), angiotensin-II type-1 (AT1R) receptors (Beautrait et al., 2017), free fatty acid receptor 2 (FFAR2) (Wang et al., 2020), protease-activated receptor 2 (PAR2) (Jung et al., 2021) and GLP-1R in our hands (Figure 3A). In the present study, we have used barbadin at the same concentrations as described previously and therefore we are unsure why it does not block agonist dependent CLR endocytosis. However, our observations that barbadin significantly attenuated cAMP signalling might provide some explanation. It is plausible that barbadin forces the β-arrestins to adopt a closed conformation on the agonist-occupied CLR which results in the G protein being unable to access the receptor, thus preventing signalling. This closed complex may then use an AP2 independent mechanism for internalisation, e.g. via caveolae. The studies from Yarwood et al., suggest that CLR-RAMP1 can also form a megaplex with both the G protein and the β-arrestins present to enable signalling from endosomal compartments (Yarwood et al., 2017). Presumably this complex uses AP2 for internalisation. As such our data suggests that the mechanism of CLR-RAMP internalisation may depend upon the conformation the β-arrestins adopt on the activated CLR. Further analysis will be required to determine the precise nature of barbadin’s action, since it also displayed some activity in the HEK293Δβ-arrestin1/2 cells suggesting off target effects. Significantly, the differences observed between small molecular inhibitors and genetic manipulation highlighted here demonstrate the need for complimentary approaches to enable a more complete picture of the processes used for GPCR signal transduction.
Our study has highlighted the differences between the GRK subtypes in their ability to presumably phosphorylate non-agonist bound CLR. The effects, in the absence of agonist, were least detrimental to signalling with GRK2 and GRK3. This is probably not surprising since these two GRKs contain a pleckstrin homology (PH) domain which binds Gβγ domains (Pitcher et al., 1992; Koch et al., 1993). The interaction with Gβγ aids GRK2/3 recruitment to the plasma membrane. Thus, generally only active GPCRs will bring about recruitment of GRK2/3. The fact that GRK2/3 expression still results in a small attenuation to signalling may be explained by the endogenous expression of constitutively active GPCRs in the HEK293 cells used in this study. GRK4/5/6, on the other hand, do not contain the PH domain and associate with the plasma membrane through palmitoylation of C-terminal cysteine residues or through an amphipathic helix that interacts with the phospholipids found in the membrane (Gurevich et al., 2012; reviewed; Gurevich and Gurevich, 2019). As such, these GRKs have the potential to interact with and phosphorylate GPCRs independently of agonist binding. Prior to our study, GRK4 has been shown to constitutively phosphorylate the dopamine D1 receptor (Rankin et al., 2006), and both GRK5 and GRK6 have been reported to phosphorylate inactive GPCRs in vitro and in vivo (Tran et al., 2004; Baameur et al., 2010; Li et al., 2015). Our data directly aligns with these reports and appears to be the first example of agonist independent GRK phosphorylation for Class B1 GPCRs. Indeed, given these previously documented examples, it does seem unusual as to why only a limited set of inactive GPCRs are phosphorylated by GRK4/5/6.
It is important to highlight that when we investigated cell surface expression of CLR in the presence of the different RAMPs in our HEK293 and HEK293Δβ-arrestin1/2 cells, little cell surface expression above background was detected when RAMP3 was co-expressed with HA-CLR. Despite this low expression, it was sufficient to enable a full cAMP response to be detected upon agonist stimulation, which showed equivalent potency to other reports using equivalent HEK293 cells lines (Weston et al., 2016; Clark et al., 2021). However, the reduced expression of CLR with RAMP3, and to a lesser extent RAMP2 will almost certainly explain why it may have been hard to detect β-arrestin recruitment and internalisation, and why the overexpression of GRKs had such a dramatic effect on these two complexes. It will be interesting to determine if this low CLR expression in the presence of RAMP3 is observed in other cell lines and endogenous cells such as those found in the cardiovascular system.
To the best of our knowledge, the data described here is the first documented evidence of CLR-RAMP complexes undergoing agonist-independent internalisation. Early reports have demonstrated agonist-dependent internalisation for the CLR-RAMP1 complex (Kuwasako et al., 2000; Hilairet et al., 2001), but this was not observed in the absence of an agonist. Detailed reports related to AM1R and AM2R internalisation are rarer in the literature (Schönauer et al., 2015) and as such our study is the first comprehensive analysis of these events for all three CLR-RAMP complexes.
Overall, our study has highlighted that CLR internalisation is complex, being dependent on β-arrestins but apparently independent of AP2. Future work would need to investigate any potential AP2 interacting domain on CLR, or identify if RAMPs themselves are able to mediate internalisation in a β-arrestin dependent manner. Whilst C terminal phosphorylation by GRKs is important for receptor desensitisation, it appears the intense over expression, used to amplify β-arrestin recruitment, can result in agonist independent internalisation of the receptor, so caution must be exercised when overexpressing these proteins.
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Migraine is the most common neurological disorder in the world, affecting 12% of the population. Migraine involves the central nervous system, trigeminal nerves and meninges. Recent advances have shown that targeting calcitonin gene-related peptide (CGRP) through either antibodies or small molecule receptor antagonists is effective at reducing episodic and chronic migraine episodes, but these therapeutics are not effective in all patients. This suggests that migraine does not have a singular molecular cause but is likely due to dysregulated physiology of multiple mechanisms. An often-overlooked part of migraine is the potential involvement of the immune system. Clinical studies have shown that migraine patients may have dysregulation in their immune system, with abnormal plasma cytokine levels either during the attack or at baseline. In addition, those who are immunocompromised appear to be at a higher risk of migraine-like disorders. A recent study showed that migraine caused changes to transcription of immune genes in the blood, even following treatment with sumatriptan. The dura mater is densely packed with macrophages, mast and dendritic cells, and they have been found to associate with meningeal blood vessels and trigeminal afferent endings. Recent work in mice shows activation and morphological changes of these cells in rodents following the migraine trigger cortical spreading depression. Importantly, each of these immune cell types can respond directly to CGRP. Since immune cells make up a large portion of the dura, have functional responses to CGRP, and interact with trigeminal afferents, CGRP actions on the dural immune system are likely to play key roles in migraine.
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INTRODUCTION

Migraine is a highly common neurological disorder characterized by intensive headaches. While almost everyone has headaches from time to time, what separates migraine is the duration, intensity and symptoms associated with the headache. It has been estimated that roughly 12% of the global population experiences migraine annually (1, 2). The International Headache Society (IHS) defines migraine as a recurring headache that lasts between 4 and 72 h. The headache occurs on one side of the head, and is accompanied by “pulsating quality, moderate or severe pain intensity, and aggravation by or causing avoidance of routine physical activity" (3). Additional diagnostic symptoms occur during the migraine attack, including vomiting, nausea, photophobia and phonophobia. Migraine patients experiencing an attack have a higher sensitivity to light (photophobia) and sound (phonophobia) that can cause discomfort, and this is one quality of migraine that makes it much worse than normal headache. Another important fact is that migraine is 2 to 3 times more common in women than men, suggesting a sex difference impacting the neurological environment (4). Approximately 20–30% of migraine patients also experience a disconcerting sensory phenomena called an aura prior to the headache (5).

Migraine is a multifaceted disorder involving the peripheral and central nervous systems (CNS) and the meninges, particularly the dura mater (6). There are many potential triggers of migraine, so migraine shouldn't be seen as having a singular cause but rather, migraine represents a spectrum of triggers, symptoms, and potential treatments (7). Within this complexity, it is generally accepted that trigeminal neurons are responsible for the pain of migraine. These neurons sense modalities such as pain, touch, temperature and mechanoreception (8, 9). Trigeminal sensory neurons innervate the face, jaw, and anterior portion of the head and dura mater (9). The nerve endings also innervate the sutures of the skull and can even be found to traverse the sutures into extracranial tissue (10, 11). The interface of nerve endings with both extracerebral and extracranial targets add to complexity studying the TG.

One trigger associated with migraine with aura is cortical spreading depression (CSD) (12). CSD causes an increase in trigeminal ganglion (TG) firing following application in animal models (13). A recent study found that migraine with aura patients have increased uptake of a radiolabeled inflammation-associated protein into the meninges and occipital skull bone (14). This provides strong evidence that CSD-induced meningeal inflammation in rodent models also occurs in migraine patients. The role of CSD and meningeal immune cells will be further discussed below.

The afferent endings of the TG interface with the dura mater, and the complex microenvironment composed of nerve endings, blood vessels, fibroblasts, and immune cells (15, 16). Early hypotheses of migraine were that migraine was caused by a vascular component (17, 18). Proponents of such theories date back to the classical Greek physician Galen. In the 1950's, Wolff postulated that migraine was due to distention of cranial vessels and vasodilation. He found that treatment with ergotamine compounds reduced the pulsing and partially restored function. Ergotamine is a serotonergic vasoconstrictor that also inhibits trigeminal nerve transmission (19). This helped lead to development of more specific acute treatments. One of the main acute treatments of migraine, sumatriptan (a 5HT1B/D agonist) alleviates migraine pain and causes vasoconstriction (20). Sumatriptan also reduces synaptic release of neurotransmitters of trigeminal neurons (21). A counter to the argument that migraine is a vascular disorder comes from the development of non-vasoactive serotonergic medication such as lasmiditan. Lasmiditan is a 5HTF agonist with no vasoconstriction side effect, at least in vitro (22). The efficacy of lasmiditan with no significant vascular effects suggests that blood vessels are only partially involved. An additional argument was based on the observation that while some vasodilators like nitroglycerin induce headache in migraine patients, another dilator, vasoactive intestinal peptide failed (23, 24). However, this argument has lost weight since a recent study with prolonged infusion of vasoactive intestinal peptide showed that it can induce migraine in patients (25).

Recent advances in the field have involved the neuropeptide CGRP. It is a 37 amino acid peptide released from trigeminal ganglion neurons that can induce vasodilation, nociception, and neurogenic inflammation (26–28). CGRP is released both in the periphery and centrally (26, 29, 30). Researchers noted that CGRP can induce migraine-like headache in migraine patients following infusion, including symptoms such as photophobia (31). Jugular vein CGRP is higher during migraine onset than in control subjects (32). Chronic migraine patients also have elevated levels of plasma CGRP at baseline compared to healthy controls (33). Using the preclinical and clinical evidence, scientists developed treatments targeting either CGRP or its receptor complex. The FDA has approved both CGRP-blocking or receptor blocking antibodies, as well as small molecule antagonists against the CGRP receptor (34, 35). Monoclonal antibodies result in a 50% reduction in migraine days in 50% of episodic migraine patients (36). The antibodies can also be partially effective in drug resistant migraine by reducing migraine headache days (4.2 fewer headache days in a month compared to baseline) (37). CGRP antibodies have fewer adverse side effects compared to other prophylactics (38).

Despite the success of recent CGRP-targeting medications, CGRP is not the only component of migraine induction and pathogenesis. The failure to ablate migraine, and only provide a reduction in migraine headache days suggests that CGRP is merely one player in the complex physiology of migraine. The physiology of the meninges should be taken into consideration, due to the complexity of migraine and headache disorders. This review will focus on clinical evidence of immune dysfunction in migraine patients, the anatomical and physiological relationships of the immune cells in the dura mater and their potential regulation by CGRP, and pre-clinical evidence implicating the immune system in migraine-like symptoms.



CLINICAL EVIDENCE OF THE IMMUNE SYSTEM DYSREGULATION IN MIGRAINE

Over the years evidence has emerged that migraine patients may have immune system dysfunction. Peripheral cytokine levels have been used to show a shift in the general inflammatory state of the body. One study showed that migraine patients have higher levels of interleukin 1-beta (IL1-β) and interleukin-6 (IL6), and lower levels of interleukin-10 (IL10) compared to healthy control patients (39). A 2015 study noted that migraine patients had higher IL6 levels compared to healthy controls (40). Tumor necrosis factor α (TNF-α) was elevated during attack in migraine patients with aura, and baseline levels were increased in general migraine patients. A 2021 study measured cytokine levels in the blood in migraine patients and healthy controls and discovered that TNF-α was elevated, but IL1-β was not compared to controls (41). Cerebrospinal fluid (CSF) protein measurements indicate that migraine patients have significantly different levels of transforming growth factor beta (TGF-β) 1, interleukin-1 receptor antagonist and monocyte chemoattractant protein 1 compared to controls (42). It is important to note that this is within the confines of the CNS, vs. peripheral blood levels that the previous studies have represented. Finally, while cytokine dysfunction in migraine is indicated by numerous studies, there are conflicting reports (39, 41).

Serum CGRP has been noted as either a potential biomarker or a poor marker due to variability in concentrations, patient conditions and diagnostic criterion. For example, Lee et al. found that healthy controls had a mean serum level of 75.7 picograms/mL CGRP, while episodic migraine patients showed 67.0 picograms/mL. In that study, chronic migraine patients had no increase in interictal levels of CGRP (43). But another study found that interictal CGRP levels were significantly elevated in chronic migraine patients (74.9 picograms/mL) compared to 46.37 picograms/mL in healthy patients (33). This discrepancy is highlighted in a Lancet review from 2021 (44). The lack of reproducibility could be explained in part due to different exclusion criteria, different ELISA sources, time of extraction, or methodology. The study by Cernuda-Mellon et al. and the one by Lee et al. did use similar timeframes, collection conditions, and measurement techniques (33, 43). More studies should be done to determine if CGRP is a valid biomarker of migraine.

Other evidence that doesn't rely on peripheral markers are comorbidities with immune disorders and migraine. Meta-analysis noted that headache had overlap with several autoimmune diseases like multiple sclerosis, rheumatoid arthritis, vasculitis, and allergic diseases (45). The authors hypothesize that headache or migraine phenotypes may be a “consequence of general inflammatory mechanisms involving meningeal vessels and activating trigeminal terminals, especially in individuals with a previous history of headache…” (45). A study investigating irritable bowel disorder (IBS) gave some evidence of a causal relationship between IBS and migraine (46). The potential dysfunction in cytokines in migraine patients, and abnormal CGRP activity may influence the gut-brain axis (47). It is important to note that CGRP doesn't just signal in the meninges, but all over the body, including the gastrointestinal (GI) tract. CGRP is postulated to influence the gut microbiome through interaction with resident GI tract immune cells as well as on gastroenteric motility (48, 49). This in turn may explain the correlation with migraine/headache in IBS disorders (47). There is also a significant association between celiac disease, an immune disease of the GI tract, and migraine (50).

Genome-wide association studies and single nucleotide polymorphism (SNP) studies provide additional evidence of the involvement of immune dysregulation in migraine. In a Jordanian population of 198 migraine patients and 200 controls, there was a significant association with two SNPs regarding TNF-α gene (51). There was also a decrease in circulating lymphocytes in the blood. Lymphocytes include cell types such as T and B cells (52). This is supported by a 2021 study showing that there is a significant decrease in peripheral regulatory T cells in migraine patients compared to controls (53). Changes to the immune system through different genes and SNPs may influence the environment of the dura mater, in parallel with the trigeminal afferent endings. In migraine patients, an RNA sequencing study in 2021 examined blood RNA levels during migraine attack or during the baseline period. Genes involved with the immune system, along with fat metabolism and signaling pathways were implicated in the study (54).

Measurement of peripheral gene expression through qPCR hints at immune dysfunction in migraine as well. A group of researchers examined migraine patients with or without aura compared to healthy controls and extracted jugular venous blood to measure gene expression of various cytokines (41). Migraine patients had elevated levels of interleukin-4 (IL4), TGF-β, TNF-α and interferon gamma. Some cytokines that were previously found to have higher circulating protein levels such as IL1-β were not significantly different from controls.

The evidence for immune system involvement is diverse, but not concrete enough to pinpoint a distinct role of these cells. But there does appear to be an involvement of this system, at least for part of the pathogenesis of migraine. The following section will highlight the immune cells present in the meninges, their actions, relation to trigeminal afferents and influence on neurons and blood vessels.



DURA MATER RELEVANCE AND OVERVIEW

The dura mater is the outermost layer of the meninges that contains extracerebral blood vessels, fibroblasts, trigeminal afferent endings, sympathetic and parasympathetic efferent endings, and numerous immune cells (55–60). The trigeminal afferents extensively innervate the blood vessels and other regions of the dura mater, and interface with the extracellular matrix (ECM) (61). The interplay between afferent endings, vessels, immune cells, and ECM is hypothesized to be one way in which migraine is induced, particularly by neuropeptides like CGRP as well as other small molecules. This is referred as the trigeminovascular hypothesis of migraine (62). It is thought that there is initial trigeminal activation, resulting in release of neuropeptides like CGRP and Substance P into the trigeminovascular space. The trigeminal afferents also release small molecules such as glutamate (63). CGRP directly binds to vascular smooth muscle cells and causes hyperpolarization through metabotropic signaling and downstream phosphorylation of KATP channels by protein kinase A (64). This results in relaxation and thus vasodilation. CGRP also acts on resident immune cells such as macrophages and mast cells. The macrophages may become activated, and the mast cells degranulate (65, 66). This degranulation involves release of inflammatory chemicals such as histamine, proteases and various cytokines that are implicated in headache (67). Many of the compounds released can sensitize trigeminal afferents, leading to an increase in firing (68). Macrophage activation may result in release of cytokines that could further sensitize afferents (69). It should be noted that CGRP itself can sensitize afferent endings to compounds such as ATP, so there could be a synergism with cytokines and CGRP regarding afferent sensitization (70). The following section will discuss each of the immune cells present in the dura mater, interactions with trigeminal afferents and CGRP, and how they could be involved in migraine. Figure 1 provides a general overview of the immune cells present in the meninges as well as CGRP's actions on these cells.
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FIGURE 1. CGRP actions on immune cells in the dura mater of the meninges. Cells of both the innate and adaptive immune systems are present. Mast cells and macrophages represent the immediate frontline defense against pathogens and harmful compounds, while dendritic cells help move parts of the harmful pathogen/protein to the adaptive immune cells (71–73). The B cells can produce antibodies against the antigens, and the T cells can differentiate to either kill cells or aid fellow B and T cells for enhanced immune response. Most of the work of CGRP's effect on these cells has been done in culture, but it appears that CGRP induces neurogenic inflammation through mast cell degranulation, while enhancing anti-inflammatory macrophage function when stimulated with an inflammatory compound (27, 65, 66, 74). CGRP appears to reduce dendritic cell presentation of antigens (75). CGRP's effect in B cells and T cells is not well-studied but may drive the adaptive immune system to undergo physiological changes upon presence of certain triggers.




IMMUNE CELLS IN THE MENINGES


Macrophages

Macrophages are monocytic lineage cells that act as frontline defenders through the innate immune system (71). In the dura mater, the macrophages are derived from bone marrow and replenish over time (76). They are highly mobile and engage in phagocytosis of pathogens or dying cells (77). Other functions of macrophages include tissue repair and remodeling and cytokine release (78). A 2017 study by McIlvried et al. found that in the rodent dura mater, over 17% of cells present are immune cells, and of these almost two-thirds are macrophages (79). The high proportion of cells in the dura being immune cells (roughly 1 in 10 dural cells being a macrophage) represents a dynamic and ever-changing portion of the dura. Research has shown that mouse macrophages interact with cultured trigeminal ganglion cells in either a genetic model or wild type mice (80). They found that macrophages underwent more phagocytosis of particles in co-culture with TGs of either genotype compared to no co-culture. This suggests that macrophages may have a physiological relationship with TG neurons.

Macrophage function is intertwined with its cell surface receptors, cytokines that are released and morphology (81). In the past macrophages have been thought as “undifferentiated,” then respond to stimuli around them. Following activation, they were thought to shift to an inflammatory M1 phenotype or an anti-inflammatory M2 phenotype (82). The M1 inflammatory phenotype is typically characterized by anti-microbial and anti-tumor functions (Figure 2). An early study found that upon stimulation with interferon gamma, cultured human macrophages produced increased levels of hydrogen peroxide (84). This became known as the M1 phenotype. M1 macrophages produce other reactive oxygen species (ROS), release cytokines such as IL1-β to recruit other immune cells and change expression of genes to respond appropriately to the threat (85, 86). The release of ROS-related compounds can harm pathogens (86). When macrophages shift to the M1 phenotype, they change to a more circular appearance and may have reduced mobility (87).
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FIGURE 2. Macrophages polarize toward different phenotypes depending on the stimuli. Triggers like pathogen-associated molecular patterns (PAMPs) including LPS, double-stranded DNA or RNA can induce M1 polarization. This phenotype is characterized by production of inflammatory cytokines and an increase in ROS production to help break down targets. The M2 spectrum of polarization is activated by cytokines such as IL4 or IL13. The result is a transformation into the M2 spectrum (M2a, b, c, and d) which is characterized by enhanced phagocytosis, anti-inflammatory cytokine release and increase in production of the ECM. These are associated with tissue repair (82, 83). The ability of macrophages to rapidly shift based upon of stimuli represents a potential target for migraine, especially since they have functional CGRP receptors.


The M2 phenotype of macrophage activation is generally thought of as anti-inflammatory. These macrophages function to ensure wound repair, engulf debris through phagocytosis, promote neovascularization and interact with the ECM (83, 88). M2 macrophages also express cytokines that are thought to fight inflammation. Compounds released by M2 macrophages include IL10and TGF-β (89). There have been significant advancements in understanding the complexity of activation state. Macrophages have multiple M2 sub phenotypes such as M2a, M2b, M2c and M2d (81). In fact, it is possible to manipulate the cell shape and cause more characteristics of the phenotype associated with the shape (90).

The adaptability of macrophages and their constant change in location, morphology and cell processes might be one way in which the dysregulated trigeminovascular space is caused. A preclinical study sought to examine macrophage activity through in-vivo two photon imaging (91). This was done in anesthetized animals under a two-photon scope. The macrophages and other CX3CR1-expressing cells produced green fluorescent protein, allowing visualization of the cells and their morphology. The team found that macrophages adopted an increased circularity following CSD in the mouse brain. They also saw a reduction in movement of dendritic cells. Changes in morphology is a potential but not absolute sign that the macrophages are being activated into one of the phenotypes (92). The macrophages were closely associated with transient receptor potential vanilloid receptor 1-positive nerve endings, suggesting close association with the trigeminal afferents (92, 93). This corresponds with in vitro work showing functional communication between cultured trigeminal neurons and macrophages (80). Similar association was also found in immunohistochemical analysis of rat dura maters. Macrophages appeared near dural vessels, and a portion were associated with afferent nerve endings (94). All this points to macrophages having possible crosstalk with trigeminal afferents, especially given the high portion of dural cells being macrophages (79).

In the context of migraine, macrophages can respond to several compounds released by trigeminal afferent endings, such as CGRP. Macrophages in culture have been shown to express the CGRP receptor and treatment of cells with CGRP causes an increase in cAMP (indicative of CGRP receptor activation) (95). If there is an initial CGRP release from trigeminal afferents, then that could potentially activate the dural macrophages. Reciprocal release of cytokines from the now-activated macrophage could sensitize the nearby afferent endings. This is known as neurogenic inflammation (27). This type of inflammation via endogenous compounds such as cytokines or CGRP is also referred to as sterile inflammation since there is a lack of an exogenous pathogenic trigger such as microbial membrane components (96).

The ultimate question is that even if CGRP binds to macrophages and increases cAMP levels, what is this doing to the macrophage itself regarding polarization? A recent pattern in studies observing macrophages is that CGRP appears to be preventing inflammation when cells are pretreated with a compound such as lipopolysaccharide (LPS) (97). In a study of mouse lung cells in vitro, lung macrophages were treated with LPS, and treatment with CGRP afterwards significantly reduced expression of inflammatory genes NLR family pyrin domain containing 3 and the pre-spliced IL1-β (97). Another study examined the role of CGRP-deficiency in bone marrow derived macrophages in the context of surgical implants (98). Cultured cells in the CGRP-knockout group had a far higher portion of CD86-expressing macrophages. This is generally considered a marker for M1 polarization (99). Supplementation in the knockout mice with CGRP reduced the M1 population and increased the M2 population, closer to those found in the wildtype controls. The results suggest that CGRP may be necessary for basal macrophage functioning, and a loss of CGRP results in a shift toward inflammation.

Another hint at CGRP's involvement in macrophages is with wound healing. In a recent study, CGRP's role in recovery was examined in corneal tissue. Cultured trigeminal ganglion neurons were co-cultured with macrophages in a rodent model with bacterial infection of the corneal nerves by P. aeruginosa (74). The research team found CGRP release from both macrophages and trigeminal ganglion cells when cultured separately following LPS administration. Together, they had a higher level of CGRP production following LPS than alone. CGRP prevented inflammation by promoting macrophages to express anti-inflammatory cytokines and markers. CGRP appears to be beneficial following infection of corneal afferents, and may help the local immune function, at least in the cornea. Another study found that CGRP levels were elevated in premolars from patients suffering from occlusion trauma in addition to orthodontic trauma (100). Other peptides were elevated, such as substance P and vascular endothelial growth factor. CGRP may be essential for tissue remodeling and wound healing acting as an activator or signal to macrophages in damaged tissue.



Mast Cells

Mast cells are another major portion of the innate immune system, and the dura mater hosts these cells (67, 101). These cells originate from bone marrow precursors, like macrophages, but are not of monocytic lineage (102, 103). They are referred to as granulocytes due to their ability to release granules containing compounds such as histamine, tryptase, heparin, substance P and numerous cytokines (72). These chemicals are thought to mediate part of the neurogenic inflammation portion of migraine (60, 104). These compounds can act on subtypes of trigeminal afferents to sensitize them directly (105, 106).

In the context of migraine neurobiology, both CGRP and substance P are capable of directly acting on mast cells to induce degranulation (107–109). However, CGRP didn't activate human mast cells in the study by Kulka in 2008 while substance P did (108). Treatment of single mast cells with immunoglobulin E potentiated CGRP-induced degranulation, but not substance P-induced degranulation in culture (66). It is possible that while CGRP is indeed capable of inducing degranulation in mast cells, a priming event is needed. Since substance P is released along with CGRP from trigeminal afferents, it could be that substance P and CGRP are working synergistically to cause sustained degranulation. More studies are needed to assess the role of CGRP-induced degranulation. Components of the CGRP receptor have been colocalized to mast cells, but the degree of functional receptor presence is not well-known.

Even if CGRP's role in degranulation is less clear than other neuropeptides, it still can interact and induce neurogenic inflammation. Preclinical work in rodents found that treatment of animals with the mast cell degranulating agent 48/80 given via intraperitoneal injection at 2 mg/kg increased firing of trigeminal afferent endings present in the dura mater (67). The C fibers, which are unmyelinated afferents that release CGRP, had a higher increase in firing than the A delta afferent fibers. Increased firing of C fibers could release more neuropeptides and thus have a bidirectional relationship with the local dural mast cells. Besides CGRP or substance P, mast cells respond to numerous compounds such as allergens, cytokines, LPS, chemokines and others (110). The diversity of agonists for mast cells is important for the innate immune system, but in the case of migraine patients and immune disorders it may negatively affect the trigeminovascular space. A common irritant acrolein is capable of degranulating mast cells and is a known headache trigger (111, 112).

Degranulation of mast cells releases a diverse number of chemicals and enzymes into the extracellular space (Figure 3). The most understood, histamine, is a known vasodilator (118). However, culture work on trigeminal afferents shows that treatment with histamine only resulted in a small increase in firing rate compared to compounds such as serotonin (113). Histamine was also found to promote an M2 phenotype like those seen in tumor associated macrophages, and prevention of histamine receptor H1 alleviates this shift in phenotype (119).
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FIGURE 3. CGRP actions on dural mast cells. Compounds such as CGRP, substance P or inflammatory cytokines can bind to mast cells via a diverse array of receptors (66, 108). Following activation, the mast cell releases granules that contain compounds such as histamine, heparin, enzymes like tryptase, many different cytokines and serotonin (68, 72, 113). The effect of these compounds is diverse. Among the most prominent are histamine and serotonin. Histamine can cause vasodilation and immune activation. Serotonin has mixed vascular activity depending on the site of action. It has been found to dilate middle meningeal arteries (114). It can also modulate cytokine release from monocytes (115). Tryptase is a protease that can cleave other proteins, such as protease-activated receptor (PAR) 2. PAR-2 activation is thought to sensitize transient receptor potential channels present on sensory afferents, so downstream protease activity could possibly result in TG sensitization (116). The cytokines found in mast cells are incredibly diverse, and both pro- and anti-inflammatory cytokines have been found but degranulation is believed to drive further inflammation and sensitization of afferents (117).


Other components released from mast cell degranulation include serotonin, heparin, tryptase, and numerous cytokines. Serotonin's effects on the dura and trigeminal neurons are complex, but can be summarized as increase in trigeminal firing, both vasoconstriction and dilation (depending on receptor subtype and concentration) and various immune actions, including secretion of specific cytokines (113, 115, 120, 121). For example, serotonin was found to dilate the feline middle meningeal artery, while triptans (5HT1B/D agonists) caused vasoconstriction (20, 114). Tryptase is of interest because it is a serine-threonine protease capable of inducing changes to the extracellular environment and inducing nociception (122, 123). Researchers found that tryptase can induce mechanical allodynia is a mouse paw, and it does this through cleavage of proteinase-activated receptor (PAR) 2 (123). Antibodies against PAR-2 have shown beneficial effects in rodent models of pain and will be discussed later (124). Cytokines found in mast cells are conflicting, in part because of differences of measuring mRNA vs. functional protein (117). Numerous pro- and anti-inflammatory cytokines have been identified but more work needs to be done to parse out their relevance. Of the cytokines potentially released from mast cells, IL-1β and IL-6 have the potential to activate TG neurons or induce prolonged sensitization. In cultured rat TG cells, IL-1β increased prostaglandin 2 synthesis and subsequent CGRP release (125). In rodents, dural injection of IL-6 induced both facial and hind paw allodynia, demonstrating that local actions of cytokines in the dura can also apparently lead to central sensitization (126).



Dendritic Cells

Dendritic cells are another type of monocyte lineage cell found throughout the body, including the dura mater (127). While they are in far lower proportion to macrophages, at least in rodents, they still have a substantial presence (79). These cells are involved in the antigen presentation process for B and T cells for adaptive immunity (128). They are a type of antigen presenting cell (APC). APCs take fragments of viruses and bacteria and return them to T cells. The T cells recognize fragments of the epitope and can differentiate accordingly (73). Dendritic cells treated with CGRP have a change in cell surface receptors and a decrease in proliferation, suggesting a functional CGRP receptor on these cells (75). Cultured dendritic cells have reduced cell migration following application of CGRP (129). In the skin, aggregation of dendritic cells in the lymph nodes was inhibited by CGRP, consistent with previous studies (130). A recent review summarizes CGRP's inhibitory effect on dendritic cells, reduced migration and antigen presentation (131).

Dendritic cells may be a potential target for headache and migraine treatment. A group in 2019 found that when dendritic cells were cultured from rats and exposed to interferon gamma, the exosome extract reduced spreading depression in hippocampal slices in vitro (132). The reduced electrical activity suggests that mild exposure of dendritic cells to specific cytokines may suppress neuron firing downstream, and they suggest that this could be one way to help patients with migraine.



B Cells

B cells are another part of the adaptive immune system and can produce antibodies against specific antigens presented to them. Until recently, it was not known if the meninges had a substantial portion of B cells. In 2021, two papers reported a surprising abundance of B cells in the meninges, at least in rodents (133, 134).

CGRP's involvement with B cells is not well-studied, but CGRP was found to be expressed in these cells upon stimulation by nerve growth factor (NGF) (135). Levels were much lower in inactivated cells. B cells also appear to have CGRP receptors. B cells can respond to treatment with CGRP in vitro, and CGRP hinders development of B cell precursors. Blocking CGRP receptors with the peptide antagonist CGRP8-37 prevented this CGRP-driven inhibition (136).



T Cells

Part of the adaptive immune system, T cells are responsible for circulating throughout the body and attacking antigens based upon antibody recognition and absorbing fragments of the pathogen. These cells are found in the dura. Based upon cell surface receptors, they can be divided into CD4 and CD8 cells (137). The CD4 T cells can be further subdivided into Th1 or Th2 (137, 138). Th1 is seen as pro-inflammatory, primarily through interferon gamma. Th2 is anti-inflammatory. The baseline level of dural T cells remains relatively low, while in bacterial infection there is a significant increase (139). Immunohistochemical analysis found that T cells were present around dural sinuses, with multiple phenotypes, such as Th1 or Th2 (140). Dural T cells increased as mice aged and had differentially expressed transcripts, such as interferon gamma. Multi-photon imaging confirmed the accumulation of T cells in the dura mater in transgenic mice (140). The researchers postulate that the accumulation of T cells at sinuses may represent an avenue for peripheral meningeal immunity through interactions with the CNS.

Dural T cells recognize centrally derived antigens. APCs in the dura such as dendritic cells and macrophages are capable to transport proteins in the CSF to T cells (140). T cells appear to be able to respond to CGRP, suggesting presence of a functional receptor (141). CGRP-stimulated dendritic cells also can shift T cells to the Th2 phenotype (130). So CGRP may have multiple avenues to influence T cell functioning.




DISCUSSION

The immune system within the dura mater is extensive and dysregulation is likely to contribute to migraine pathophysiology. CGRP is a multifaceted neuropeptide that can modulate these dural immune cells. CGRP can induce neurogenic inflammation through mast cell degranulation and subsequent inflammatory chemical release. CGRP actions are likely to extend beyond mast cells, with recent articles hinting at CGRP being vital for shifting macrophages toward an anti-inflammatory phenotype following stimulation with either LPS or injury. CGRP also has a generally inhibitory effect on dendritic cells through reductions in migration and antigen presentation. Hence, CGRP cannot be pigeonholed as either a pro- or anti-inflammatory peptide since it is inflammatory via mast cells and anti-inflammatory through macrophages and dendritic cells. Figure 4 presents a potential model for the role of CGRP and other neuropeptides on dural mast cells and macrophages. These are the two most well-studied immune cells in the context of CGRP. However, a caveat of this model is that most studies on CGRP and immune cells have been with either cell lines or bone marrow-derived immune cells, not immune cells in the meninges. Whether meningeal immune cells will respond in the same manner to CGRP remains to be determined.


[image: Figure 4]
FIGURE 4. Model of CGRP involvement with the dural immune system in migraine. TG-produced CGRP may drive dural mast cell degranulation that could sensitize nearby TG afferent endings. It could also result in vasodilation and activation of macrophages and other resident immune cells. Beyond the direct activation of TG afferents by inflammatory compounds, vasodilation via histamine or neuropeptides might activate mechanoreceptors present on TGs. Mechanoreceptor activation such as Piezo2 present on sensory neurons could be one way sensitization of TG neurons occurs. Macrophages could change the extracellular makeup on the dura following polarization from neuropeptides or cytokines. in vitro work shows that CGRP shifts either LPS-treated macrophages or tissue damage macrophages toward an M2 tissue-remodeling phenotype (65, 97). Changes to the interaction of the TG endings and the dura superstructure could potentially cause dysregulated firing via mechanoreceptors.


CGRP-targeting medication is effective in 50% of chronic and episodic migraine patients, but some recent studies have brought on concerns about potential immune effects. A series of 8 case studies from Australia and Ireland found potential immune complications from the CGRP antibodies erenumab or galcanezumab (142). Patients had complications such as a man who suffered from rheumatoid arthritis. After taking the antibody treatment, he had hepatitis. Cessation of erenumab helped him recover, along with steroid treatment. Another patient had psoriasis upon treatment with CGRP antibody. Another case study examined a 51-year-old woman who following erenumab treatment had skin infiltration of lymphocytes and thrombosis. While these are only case studies, this provides hints at CGRP's multifaceted, and nuanced role in human immune physiology.

Another aspect to consider is the response of the immune system to CGRP's blockage over time. We don't yet know the impact on the immune system if CGRP is blocked for years, but within a year timeframe of CGRP antibody usage there are apparently no major complications in most patients (143). A further complication of CGRP's role on dural immune cells is the ability of the immune cells to both respond to CGRP, and to also release it upon stimulation by certain chemicals. Studies have found that macrophages and B cells can produce CGRP (135, 144). So neural-produced CGRP might affect downstream CGRP production in these cell types, resulting in a potential feedback loop between neurons and immune cells. It is unknown if immune cell produced-CGRP has a physiological role but it does represent another layer of complexity of the system. In addition, other cell types may produce CGRP besides immune cells (145). Thus, both neural and locally expressed CGRP in the meninges is well-poised to modulate the activities many types of immune cells and possibly contribute to migraine pathogenesis.



CONCLUSION

The complexity of the neurobiology of migraine perplexed researchers for years, yielding the vascular vs. neuronal debate. While the neuronal side is favored as of late, it is only a part of the system. The neuropeptide CGRP is clearly involved in the genesis and continuation of migraine headache for many patients. Therapeutics targeting CGRP or the receptor are effective, but only in ~50% of episodic or chronic migraine patients, which illustrates the need for a better understanding of how CGRP contributes to migraine pathogenesis. CGRP has primarily been viewed as a pro-inflammatory molecule in most migraine literature, but it also has anti-inflammatory and tissue repairing functions through macrophages, dendritic cells, B and T cells. CGRP is cardioprotective and helps healing following injury. There is evidence of immune dysfunction in migraine. More work should be done examining CGRP's role in not just migraine neurobiology, but also its function in the immune system. Targeting CGRP's role in migraine immune dysfunction could both augment CGRP therapeutics and possibly help patients who are non-responders to drugs that target only CGRP or its receptor.
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Regular physical activity exerts cardiovascular protective effects in healthy individuals and those with chronic cardiovascular diseases. Exercise is accompanied by an increased plasma concentration of α-calcitonin gene-related peptide (αCGRP), a 37-amino acid peptide with vasodilatory effects and causative roles in migraine. Moreover, mouse models revealed that loss of αCGRP disrupts physiological adaptation of the cardiovascular system to exercise in normotension and aggravates cardiovascular impairment in primary chronic hypertension, both can be reversed by αCGRP administration. This suggests that αCGRP agonists could be a therapeutic option to mediate the cardiovascular protective effects of exercise in clinical setting where exercise is not possible or contraindicated. Of note, FDA has recently approved αCGRP antagonists for migraine prophylaxis therapy, however, the cardiovascular safety of long-term anti-CGRP therapy in individuals with cardiovascular diseases has yet to be established. Current evidence from preclinical models suggests that chronic αCGRP antagonism may abolish the cardiovascular protective effects of exercise in both normotension and chronic hypertension.
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INTRODUCTION

Cardiovascular diseases (CVD) including hypertensive heart disease, heart failure (HF), peripheral arterial disease, and stroke represent the main cause of morbidity and mortality. During the past decades, the number of deaths due to CVD increased steadily and it is estimated that CVD may cause more than 230 million deaths across the globe in 2030. Moreover, more than 10% of world’s annual total healthcare expenditure is spent for CVD (Roth et al., 2020; Amini et al., 2021).

Cardiovascular diseases is attributed to factors such as hypertension, unhealthy diet, heavy alcohol drinking, overweight, diabetes mellitus and physical inactivity (Amini et al., 2021). Numerous studies reveal that physical activity (PA) or reversal of sedentary lifestyle reduces the risk of cardiovascular events including HF and stroke (Virani et al., 2021). PA or exercise not only reduces the risk of CVD in healthy subjects but is also a central part of cardiac rehabilitation program recommended for subjects with CVD to reduce secondary events, hospital admissions and mortality (Virani et al., 2021). In fact, the ability of regular PA to increase cardiorespiratory fitness (CRF), an indicator of metabolic health, and thus to decrease CVD is well demonstrated (Kodama et al., 2009). Additionally, regular PA lowers the incidence of typical CVD risk factors such as systemic hypertension, hyperlipidemia, and diabetes mellitus. It also exerts direct beneficial effects on the structure of blood vessels and myocardium, improves autonomic balance and attenuates tissue damaging chronic proinflammatory responses (Fiuza-Luces et al., 2018). Thus, there is no doubt that exercise is beneficial in reducing CVD risk in healthy subjects and improving cardiovascular function in cardiovascular-compromised patients.



α-CALCITONIN GENE-RELATED PEPTIDE: A DRUGGABLE MOLECULAR MEDIATOR OF CARDIOVASCULAR PROTECTIVE EFFECTS OF EXERCISE

Myokines, the peptides secreted by exercising skeletal muscles or nerve fibers innervating the contracting muscles, play important roles in mediating some of the structural and functional cardiovascular benefits of exercise (Pinckard et al., 2019). Myokines with prominent effects on cardiovascular system include C1q/TNF-related protein-1, neuron-derived neurotrophic factor, follistatin-like 1, IL-6 (Pinckard et al., 2019) and α-Calcitonin Gene-Related Peptide (αCGRP). Whether C1q/TNF-related protein-1, neuron-derived neurotrophic factor, follistatin-like 1 and IL-6 are indispensable for cardiovascular protective effects of exercise, i.e., whether their deficiency adversely affect the cardiovascular system during exercise, and their druggability still need to be defined by preclinical studies. αCGRP is a 37-amino acid druggable peptide released by nerve fibers of exercising skeletal muscles, trigeminal and perivascular nerves, endothelium, adipocytes, activated B lymphocytes, macrophages and keratinocytes. It differs from its isoform βCGRP by only three amino acids in humans. Sensory neurons preferentially express αCGRP (3–6-times higher than βCGRP) while in enteric neurons, βCGRP is upto 7-times more abundant than αCGRP [extensively reviewed by Russell et al. (2014) and Mulderry et al. (1988)]. αCGRP interacts with the receptor formed of calcitonin receptor-like receptor (CLR), receptor activity modifying protein (RAMP) and receptor component protein. Association of RAMP1 with CLR forms the specific receptor for CGRP whereas that of RAMP2 with CLR constitute the receptor for adrenomedullin [extensively discussed by Russell et al. (2014) and Liang et al. (2018)]. αCGRP, recently shown to mediate physiological cardiovascular adaptations to exercise in normotension and cardiovascular protective effects of exercise in chronic hypertension in preclinical models, is the focus of this review.


Plasma and Muscle Tissue Concentrations of α-Calcitonin Gene-Related Peptide Increase During Exercise

A previous study observed highly increased plasma αCGRP concentrations in response to exercise in human runners before a training break, following 3 weeks of physical inactivity, and 2 and 4 weeks after recommencement of training, which showed positive correlation with heart rate (Schifter et al., 1995). Others found progressive increase in plasma αCGRP concentration during exercise in normal humans, hypertensives and diabetes patients and highest αCGRP concentration was observed at maximum exercise (Lind et al., 1996). A recent study has shown increased circulating αCGRP concentration in response to maximal exercise in 2/3 of study subjects who were healthy adults (Aracil-Marco et al., 2021). In an another study on subjects suffering from headache and headache-free subjects, endurance exercise increased plasma αCGRP concentration, and the post-run variation of circulating αCGRP was inversely related to running time (Tarperi et al., 2020). Moreover, graded exercise was shown to increase plasma αCGRP concentration in normal healthy subjects and those with coronary heart disease (CHD) with an additional, interesting finding that lower workload results in highest αCGRP concentrations in subjects with CHD. Increased oxygen demand in CHD might cause an earlier αCGRP release from sensory neurons during exercise (Lechleitner et al., 1994). Another study found increase in circulating αCGRP concentrations in close linear correlation to lactate in response to exercise in healthy sea level natives at sea level and subsequently after 24 h and 5 days in high altitude hypoxia. αCGRP release was not associated with increase in catecholamines or sympathetic vasoconstrictors like noradrenaline, rather it was strongly correlated with increased lactate levels only (Hasbak et al., 2002).

The major fraction of circulating immunoreactive αCGRP comprises the intact neuropeptide, suggesting exercise-induced αCGRP production and excluding the possibility that the increase in concentrations of immunoreactive αCGRP detected during exercise is caused by molecule degradation products (Schifter, 1991; Schifter et al., 1995; Hasbak et al., 2002). Both endurance and resistance training are capable of increasing αCGRP content in skeletal muscle tissues (Parnow et al., 2012) and increased αCGRP content is detectable in motor neurons and skeletal muscle tissues even 2 days after exercise (Homonko and Theriault, 1997).



Putative Release Mechanism and Source of α-Calcitonin Gene-Related Peptide During Exercise

During exercise, group-III and group-IV afferent neurons containing metaboreceptors and mechanoreceptors within the contracting skeletal muscles are activated. This leads to activation of sympathetic nervous system causing exercise pressor reflex that regulates blood pressure (BP) and heart rate changes during exercise (Cooper et al., 2016). The vanilloid receptor transient receptor potential vanilloid subtype-1 (TRPV1), a ligand-gated non-selective cation channel expressed abundantly in group III afferent neurons, is a metaboreceptor mediating exercise pressor reflex and is activated by capsaicin, noxious heat (43°C), and protons. Lactic acid formation and consequent drop in pH activates TRPV1, leading to both neuronal exocytosis of αCGRP and activation of the nociceptive transcription factor ‘cAMP response element-binding protein’ which in turn enhances αCGRP expression (Figure 1). On the other hand, αCGRP expression is inhibited by an inhibitor of Ca2+/calmodulin-dependent protein kinase (CaMK), thereby suggesting the involvement of CaMK in the downstream signaling associated with TRPV1-mediated αCGRP expression (Nakanishi et al., 2010). Lowering the pH or lactic acid alone triggered the release of αCGRP in rat spinal cord slices, and a combination of lactic acid with low pH, a condition mimicking strenuous exercise, caused more than additive stimulation of αCGRP release, suggesting lactic acid potentiates low pH-triggered αCGRP release (Wang and Fiscus, 1997). However, the underlying molecular mechanism involved in lactic acid-potentiated αCGRP release remain still undefined.
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FIGURE 1. Mechanism of αCGRP release associated with exercise pressor reflex. During exercise, group III and IV afferent neurons within skeletal muscles are activated. This activates the sympathetic nervous system resulting in exercise pressor reflex (lower part of the figure). During exercise, tissue acidification (lactate production and drop in pH) induces αCGRP release from group III afferents through activation of transient receptor potential vanilloid subtype 1 (TRPV1) channels (dashed arrow, upper part of the figure). Post release, αCGRP entering the circulation may trigger physiological cardiac hypertrophy in normotension and mediate cardio-protection during pressure overload. ASICs, acid sensing ion channels, HR, heart rate, BP, blood pressure, CO, cardiac output.




Cardiovascular Protective Effects of Exercise-Activated α-Calcitonin Gene-Related Peptide Signaling in Physiological States

α-calcitonin gene-related peptide enhances the synthesis of acetyl choline receptors and activates Na+/K+ pump to counteract exercise-induced K+ depletion in myocytes. Therefore, an increase in circulating αCGRP concentrations may enhance both these processes at neuromuscular junctions during exercise (Schifter et al., 1995). Increase in αCGRP during exercise may also counteract the vasoconstrictor responses mediated by increased noradrenaline and neuropeptide-Y concentrations during sympathetic activation (Lind et al., 1996). αCGRP induces vasorelaxation through both endothelium- and NO-dependent and -independent pathways but does not regulate systemic BP in normal individuals (Russell et al., 2014). αCGRP may activate cAMP-dependent signaling pathways to mediate the cardiovascular protective effects of exercise. αCGRP protects cardiomyocytes from stress-induced apoptosis (Sueur et al., 2005) and triggers physiological cardiomyocyte growth in vitro, and produces positive inotropy and chronotropy (Bell et al., 1995; Al-Rubaiee et al., 2013; Schuler et al., 2014) which are the main cardiac adaptations to exercise. Exercise training caused fetal gene reactivation in the heart of adult, normotensive αCGRP knock out mice, resembling the pathological cardiac phenotype typically seen in hypertension. Moreover, treatment with the αCGRP receptor antagonist CGRP8-37 blunted exercise-induced physiological cardiac hypertrophy in normal mice. Furthermore, exercise performance was attenuated in normotensive, αCGRP knock out or CGRP8-37-treated wild-type mice but enhanced in transgenic mice overexpressing calcitonin receptor-like receptor (Table 1). This suggests that αCGRP augments maximum exercise capacity not only by acutely triggering positive chronotropy and inotropy but also by exerting direct hormonal protective effects on the heart to drive physiological cardiac hypertrophy (Schuler et al., 2014).


TABLE 1. Cardiovascular effects of exercise-activated endogenous, aCGRP signaling.
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In accordance with lipolytic effects observed in muscles after CGRP administration (Danaher et al., 2008), an acute increase in plasma αCGRP concentration enhanced adipose tissue lipolysis during exercise in rats, and this effect was inhibited by pretreatment with CGRP8-37 (Aveseh et al., 2018). This evidence supports the notion that exercise-induced αCGRP may exert hormonal effects (Table 1). An association of endogenous αCGRP with exercise-induced physiological cardiac hypertrophic growth is yet to be demonstrated in human subjects. However, a recent study has shown that healthy humans exhibiting an increase in circulating CGRP concentration also show a higher CRF, carbohydrate oxidation and work performance compared with those showing unaltered plasma CGRP concentrations post-exercise, suggesting CGRP release may be associated with physiological responses related to exercise (Aracil-Marco et al., 2021; Table 1).



Cardiovascular Protective Effects of Exercise-Activated α-Calcitonin Gene-Related Peptide Signaling in Hypertension

A recent study has shown markedly reduced survival of αCGRP knock out mice following induction of chronic hypertension. Moreover, it was shown that inhibiting endogenous αCGRP signaling by gene knock out or treatment with CGRP8-37 does not further increase the systemic BP in mice with stable chronic hypertension. However, chronic hypertensive αCGRP knock out mice exhibited reduced voluntary running activity and cardiac function compared with chronic hypertensive wild type (wt) mice. Four weeks of voluntary exercise or systemic administration of αCGRP peptide increased cardiac function and suppressed myocardial fetal gene reactivation as well as cardiac fibrosis in chronic hypertensive wt mice. However, the cardioprotective effects of voluntary exercise in chronic hypertensive wt mice was abolished by CGRP8-37 treatment. Moreover, only systemic administration of αCGRP peptide but not voluntary running could suppress adverse myocardial remodeling and improve cardiac function in chronic hypertensive αCGRP knock out mice (Skaria et al., 2019; Table 1).

The aforesaid studies that investigated the role of endogenous αCGRP signaling in normotension (Schuler et al., 2014) and chronic hypertension (Skaria et al., 2019) used αCGRP knock out mice with unaltered, baseline systemic BP and calcitonin expression (Lu et al., 1999). Other αCGRP knock out mice with combined deletion of αCGRP and calcitonin, and altered baseline cardiovascular variables apparently due to calcitonin deficiency also exhibit impaired survival and cardiac function upon pressure stress (Supowit et al., 2005). Collectively, these findings from mice models suggest that even basal αCGRP concentration is important for survival and maintaining cardiac function in chronic hypertension, and myocardial protective effects of voluntary exercise in hypertension is mediated by endogenous αCGRP signaling. Moreover, these findings also suggest that αCGRP agonism may be a potential alternative or supplemental therapeutic strategy to mimic some of the therapeutically relevant cardioprotective effects of exercise in clinical conditions where patients are mobility impaired or exercise is otherwise contraindicated, i.e., αCGRP agonists could be used as an exercise mimetic.

Despite several independent previous studies reporting increased plasma αCGRP concentrations in response to exercise in humans (Schifter et al., 1995; Lind et al., 1996; Hasbak et al., 2003; Aracil-Marco et al., 2021), evidence for a direct effect of increased plasma αCGRP in mediating cardiovascular benefits of exercise and the molecular pathway(s) involved in these protective effects in humans is still scant and should be the focus of further studies. The intensity of exercise required to increase plasma αCGRP concentration, and whether there could be a correlation between circulating αCGRP concentrations with improvements in cardiovascular function in human subjects with chronic hypertension should be addressed.

A recent study employing endogenous αCGRP inhibition by gene knock out or by the αCGRP receptor antagonist BIBN4096 BS found that endogenous αCGRP can protect against elevated BP when nitric oxide synthase is inhibited. Moreover, it was shown that systemic αCGRP administration can reduce systemic BP and suppress pathological cardiovascular remodeling during states where vascular endothelial/nitric oxide system is dysfunctional. It suggests that αCGRP agonism may exert protective effects in pathological states associated with impaired nitric oxide production such as systemic hypertension (Argunhan et al., 2021). αCGRP exerts direct antifibrotic action by suppressing myofibroblast differentiation of cardiac fibroblasts through the activation of cAMP signaling pathway in the presence of hypertensive peptides such as Angiotensin-II (Skaria et al., 2019). αCGRP’s direct effects on inhibiting pathological collagen synthesis in cardiac fibroblasts (Skaria et al., 2019; Li et al., 2020) is in accordance with BP-independent protective effects of αCGRP in various cell types including cardiomyocytes (Bell et al., 1995; Sueur et al., 2005; Schuler et al., 2014).

Efficiency and druggability were the two major issues encountered while translating the previously discovered different, cardioprotective exercise signaling pathways to therapeutic regimen in the clinical setting (Vega et al., 2017). Intravenous administration of αCGRP improves myocardial contractility in patients with congestive HF (Gennari et al., 1990; Shekhar et al., 1991), thereby confirming αCGRP’s cardioprotective efficiency in clinical setting. The problem of the short plasma half-life (T1/2) of naive αCGRP peptide (<6 min) may be circumvented by using a new CGRP-analog (α-Analog) with extended T1/2 (>7 h) (Nilsson et al., 2016). The systemic administration of this acylated α-Analog with improved pharmacokinetics prevented end organ damage, and was well-tolerated in murine model of hypertension and HF (Aubdool et al., 2017).



Potential Cardiovascular Adverse Effects of Anti-α-Calcitonin Gene-Related Peptide-Based Migraine Prophylaxis

It is well-established that αCGRP, through vasodilation and regulation of cerebrovascular nociception, plays a critical role in the pathophysiology of migraine (Russell et al., 2014), a highly devastating neurovascular disorder affecting upto 16% of the population worldwide. Therefore, there is un-waning interest in recently approved, αCGRP antagonism-based migraine prophylaxis. The monoclonal antibodies developed against αCGRP or its receptor (with long biological half-life of >45 days) are presumed to have no side effects due to toxic metabolites formation (Vollbracht and Rapoport, 2013; Bigal and Walter, 2014). Several phase-II and phase-III trials conducted to date could not find an increase in cardiovascular adverse effects following treatment with CGRP monoclonal antibodies compared with placebo (Sun et al., 2016; Skljarevski et al., 2018; Ashina et al., 2019; Ferrari et al., 2019; Silberstein et al., 2019; Xu et al., 2019). However, the safety of long-term CGRP antagonist therapy in cardiovascular-compromised patients (e.g., chronic primary hypertension) or those with major cardiovascular risk is not established yet.

A single iv. infusion of the anti-CGRP-receptor monoclonal antibody Erenumab did not affect exercise time in patients with stable angina due to coronary artery disease, prompting the authors to conclude that CGRP receptor blockade may not worsen myocardial ischemia (Depre et al., 2018). However, a serious concern about this study is that it does not provide insights to long-term effects of αCGRP antagonism. Such studies should observe patients for many years after administering antibodies to block αCGRP pathways. To the best of our knowledge, studies observing patients longer than 5 years (Ashina et al., 2019) haven’t been reported yet. Moreover, the study population of Depre et al. (2018) consisted of subjects with stable angina pectoris, often caused by stenosis of the epicardial conducting portions of the coronary artery. Actions of αCGRP are known to be limited in proximal, epicardial parts of the coronary artery bed whereas it is well-known that αCGRP is a potent vasodilator in the intramyocardial, smaller (distal) parts of the coronary artery bed. Another limitation of the study population is that 78% of the subjects were male despite the fact that majority of migraine sufferers are females. In female patients with angina pectoris, coronary artery disease is typically diffuse atherosclerosis with coronary microvascular dysfunction but without arteriographically-detectable stenosis. Therefore, it is likely that compared with males, females may respond differently to inhibition of αCGRP signaling. Furthermore, exercise treadmill test was conducted approximately 30 min after intravenous administration of the Erenumab, which may be a too short time period for the large molecular size Erenumab to reach the smooth muscle cells inside the vessels and bind to the CGRP receptor to effectively block it [extensively reviewed by Maassen van den Brink et al. (2018) and Rivera-Mancilla et al. (2021)].

α-calcitonin gene-related peptide deficient mice are resistant to develop diet-induced obesity and exhibit improved glucose handling and insulin sensitivity (Liu et al., 2017) whereas it was shown that treatment with CGRP receptor antagonist olcegepant does not affect systemic glucose and lipid metabolism but impair bone formation in mice model of diet-induced obesity (Köhli et al., 2021). This warrants further investigations on clarifying the role of endogenous CGRP signaling in regulating lipid and glucose metabolism in humans in physiological and pathological conditions and assessing bone status in patients treated with CGRP antagonists.

Strong evidence from preclinical models suggest that αCGRP, through nitric oxide- and vasodilation- dependent and independent mechanisms, protects against hypertension and hypertension-induced end organ damage including HF, and ischemic stroke (Aubdool et al., 2017; Skaria et al., 2019; Mulder et al., 2020). A recent single case study reported the development of a right thalamic infarction following the first dose of Erenumab in a 41-year-old woman with migraine without aura and with a history of long-term use of oral contraceptives (Aradi et al., 2019). As suggested by independent groups across the world, long term inhibition of αCGRP (e.g., for several years in humans) may severely impair cardiovascular function [Maassen van den Brink et al., 2016; Aubdool et al., 2017; Danser and Maassen van den Brink, 2017; extensively reviewed by Rivera-Mancilla et al. (2020)] and may invalidate therapeutically important beneficial cardiac effects of exercise in hypertensive subjects (Skaria et al., 2019).




CONCLUSION

Exercise or regular PA undoubtedly reduces the risk of CVD and improves cardiovascular function in individuals with clinically diagnosed CVD. However, prevalence of PA did not increase considerably over the last decade, and physical inactivity was responsible for more than 800000 deaths in the year 2019. Moreover, subjects with contraindications for exercise or those with disabilities may fail to meet the PA requirements and thus may not derive the cardiovascular benefits of exercise which necessitates the need for an exercise mimetic. αCGRP could potentially be such an exercise mimetic because findings from preclinical models suggest that activation of endogenous αCGRP signaling may be one of the mechanisms by which exercise improves cardiovascular function in physiological conditions and cardiovascular diseases such as chronic hypertension. On the other hand, αCGRP’s cardiovascular protective effects raise concerns about the potential cardiovascular risks associated with chronic αCGRP antagonism, which has been recently approved by FDA for migraine prophylaxis.
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The neuropeptide calcitonin gene-related peptide (CGRP) is expressed in the trigeminal ganglia, a key site in craniofacial pain and migraine. CGRP potently activates two receptors: the CGRP receptor and the AMY1 receptor. These receptors are heterodimers consisting of receptor activity-modifying protein 1 (RAMP1) with either the calcitonin receptor-like receptor (CLR) to form the CGRP receptor or the calcitonin receptor (CTR) to form the AMY1 receptor. The expression of the CGRP receptor in trigeminal ganglia has been described in several studies; however, there is comparatively limited data available describing AMY1 receptor expression and in which cellular subtypes it is found. This research aimed to determine the relative distributions of the AMY1 receptor subunit, CTR, and CGRP in neurons or glia in rat, mouse and human trigeminal ganglia. Antibodies against CTR, CGRP and neuronal/glial cell markers were applied to trigeminal ganglia sections to investigate their distribution. CTR-like and CGRP-like immunoreactivity were observed in both discrete and overlapping populations of neurons. In rats and mice, 30–40% of trigeminal ganglia neurons displayed CTR-like immunoreactivity in their cell bodies, with approximately 78–80% of these also containing CGRP-like immunoreactivity. Although human cases were more variable, a similar overall pattern of CTR-like immunoreactivity to rodents was observed in the human trigeminal ganglia. CTR and CGRP appeared to be primarily colocalized in small to medium sized neurons, suggesting that colocalization of CTR and CGRP may occur in C-fiber neurons. CGRP-like or CTR-like immunoreactivity were not typically observed in glial cells. Western blotting confirmed that CTR was expressed in the trigeminal ganglia of all three species. These results confirm that CTR is expressed in trigeminal ganglia neurons. The identification of populations of neurons that express both CGRP and CTR suggests that CGRP could act in an autocrine manner through a CTR-based receptor, such as the AMY1 receptor. Overall, this suggests that a trigeminal ganglia CTR-based receptor may be activated during migraine and could therefore represent a potential target to develop treatments for craniofacial pain and migraine.
Keywords: CGRP—calcitonin gene-related peptide, migraine, headache, G protein-coupled receptor, trigeminal ganglia, amylin, amylin 1 (AMY1)
1 INTRODUCTION
Migraine is one of the most disabling neurological conditions and is estimated to affect 15–20% of people worldwide (Agosti, 2018). The discovery of calcitonin gene-related peptide (CGRP), a neuropeptide with potent vasodilatory and neuromodulatory activity, and its role in migraine pathogenesis led to the development of several breakthrough therapeutics (Edvinsson et al., 2018). These include humanized antibodies and small molecules which target CGRP and its canonical receptor, the CGRP receptor, to reduce receptor activation and signaling in migraine relevant structures (Dubowchik et al., 2020).
The precise pathophysiology of migraine is unclear, however, the trigeminovascular system appears to play a major role in the generation, processing, and modulation of migraine pain, particularly the trigeminal ganglia (TG) and the trigeminal nerves (TN) (May and Goadsby, 1999; Buzzi et al., 2003; Edvinsson J. C. A. et al., 2020). The trigeminovascular system is part of the peripheral nervous system, located outside the blood-brain barrier, and can be modulated by circulating or locally released molecules. CGRP and the molecular subunits of the canonical CGRP receptor, the calcitonin receptor-like receptor (CLR) and receptor activity-modifying protein 1 (RAMP1), are all expressed within the TG where they may contribute to migraine pathogenesis (Eftekhari et al., 2010; Eftekhari et al., 2013; Eftekhari et al., 2015; Hay et al., 2018; Rees et al., 2021b).
The AMY1 receptor, which comprises RAMP1 together with the calcitonin receptor (CTR), is another CGRP-responsive receptor that can be potently activated by CGRP and amylin (Bower et al., 2018; Hay et al., 2018). AMY2 and AMY3 receptors use RAMP2 or RAMP3 with CTR to form other amylin receptor subtypes (Bower et al., 2018; Hay et al., 2018). Amylin, a peptide hormone secreted from pancreatic islet β-cells in response to food intake, is closely related to CGRP (Hay et al., 2015). A recent provocation study demonstrated that infusion of an amylin analogue, pramlintide, was sufficient to induce headache and migraine-like attacks in migraineurs (Ghanizada et al., 2021). This highlights a possible role for amylin-responsive receptors, like the AMY1 receptor, in headache and migraine pathogenesis, through peripheral migraine-relevant structures such as the TG.
Pharmacological and protein data suggest that CTR and RAMP1 are expressed in the TG. Both subunits are co-expressed in some neurons, indicating potential expression of the AMY1 receptor (Walker et al., 2015; Bohn et al., 2017; Edvinsson L. et al., 2020). However, mRNA studies of CTR expression are conflicting, with little mRNA detected (Manteniotis et al., 2013; Flegel et al., 2015; Walker et al., 2015; LaPaglia et al., 2018; Edvinsson L. et al., 2020). This lack of correlation between protein and mRNA may be because mRNA abundance is not necessarily proportionally linked to protein expression (Vogel et al., 2010; Vogel and Marcotte, 2012; Gingell et al., 2020). Transcriptome and proteomic studies propose that translation efficiency and the rate of protein degradation make a significant contribution to overall protein expression levels (Vogel et al., 2010; Vogel and Marcotte, 2012). Additionally, G protein-coupled receptors (GPCR) like the CTR have highly amplified and carefully regulated signal transduction cascades and do not need to be expressed at high levels to produce functional effects. Measures of protein expression with validated antibodies are therefore important. Previous immunohistochemical studies localizing CTR in the TG used antibodies that were uncharacterized or later found to be unable to detect CTR in a particular species (Walker et al., 2015; Edvinsson L. et al., 2020; Hendrikse et al., 2022). Therefore, it is necessary to conduct additional studies with well-validated, species-appropriate antibodies to substantiate these prior reports.
Several studies report that CGRP can promote its own expression in an autocrine manner. In the TG, this autoregulatory mechanism has been linked to migraine chronification (Zhang et al., 2007; Guo et al., 2020). However, the underlying mechanism by which CGRP exerts this effect is unknown because CLR and CGRP tend to be expressed in distinct neuronal subpopulations (Lennerz et al., 2008; Eftekhari et al., 2013; Edvinsson et al., 2019). This suggests that other CGRP-responsive receptors, such as the AMY1 receptor, could instead act as an autoregulatory CGRP-receptor. Of note, there are species differences in the number of potential CGRP-responsive receptors. More rat and mouse CLR or CTR-based receptors are responsive to CGRP, as compared to their human counterparts (Hay et al., 2003; Bailey et al., 2012; Bohn et al., 2017; Garelja et al., 2021a). Therefore, it is important to understand where CTR might be found in relation to CGRP-expressing structures in pre-clinical model species, and in humans.
The present study was therefore designed to investigate the protein expression of the CTR, and its spatial relationship to CGRP expression in the TG of rats, mice and humans using well-validated antibodies. Histology was complimented with immunoblotting to provide an orthogonal method for determining the presence of the CTR in the TG.
2 MATERIALS AND METHODS
2.1 Antibodies
All primary and secondary antibodies are detailed in Supplementary Table S1.
2.2 Plasmids
The N-terminally HA-tagged human CLR and CTR (CT(a) splice variant, leucine polymorphic variant), myc- or untagged human RAMP1 constructs in pcDNA3.1 were as previously described (Qi et al., 2013). Untagged rat CLR, CTR and RAMP1 constructs in pCMV6 were from Origene (Rockville, United States). The untagged mouse CLR, CTR and RAMP1 in pCMV6 plasmids were as previously described (Garelja et al., 2021a). Rat and mouse CTR were the CT(a) variant.
2.3 Cell Culture and Transfection
HEK293S cells were cultured and transfected as previously described (Gingell et al., 2020). Cells were plated into poly-D-lysine coated Cell-Carrier Ultra plates (PerkinElmer, Waltham, MA) at 10,000 cells per well and transfected 36 h after plating with 0.25 µg of DNA, using polyethylenimine as previously described (Gingell et al., 2020). Immunocytochemistry was performed 24–36 h after transfection. For western blotting, HEK293S cells were grown in 15 cm2 dishes and transfected with 60 µg of DNA when ∼70% confluent. Cells were harvested for whole cell lysate preparations 48 h after transfection. In all cases, CLR or CTR were transfected in a 1:1 ratio with either RAMP1 or pcDNA3.1. Rat, mouse and human CT(a) splice variants were used as controls for immunocytochemistry and immunoblotting. However, the antigenic sequences for mAb8B9, pAb188 and mAb31-01 are present in both the CT(a) and CT(b) variants. Therefore, these antibodies are expected to detect both variants.
2.4 Immunocytochemistry
Transfected HEK293S cells were fixed with 4% paraformaldehyde (PFA) and washed with Tris-buffered saline (TBS) containing 0.1% Tween20 (TBS-T). Cells were blocked with 10% donkey serum (Abcam, Cambridge, United Kingdom) in TBS-T for 1 h at room temperature (RT). Cells were then incubated with primary antibody (Supplementary Table S1) in 1% serum/TBS-T overnight at 4°C. Cells were washed twice with TBS-T then incubated with secondary antibody (1:200, Supplementary Table S1) and DAPI (ThermoFisher Scientific, Waltham, MA) in 1% serum/TBS-T for 1 h at RT. Cells were then washed twice in TBS-T and imaged.
2.5 Peptides
All peptides were synthesized as previously described (Bower et al., 2018; Ghanizada et al., 2021). Human αCGRP (hαCGRP) and rat αCGRP (rαCGRP) were made as 1 mM stocks in water. Human amylin (hAmy) and rat amylin (rAmy) were made up as previously described as 13 mM stocks in 100% DMSO or water, respectively (Bower et al., 2018; Ghanizada et al., 2021). All peptides were stored as aliquots in protein LoBind tubes (022431081, Eppendorf, Hamburg, DE) at−30°C.
2.6 Immunoblotting (Dot Blotting)
Dot blotting was performed as previously described (Rees et al., 2021a). Briefly, stock solutions of hAmy, rAmy, hαCGRP, and rαCGRP peptides were serially diluted in sterile water to give the required concentrations. The species and peptide order were randomized. Two microliters containing the total amount of each peptide required was loaded as a single spot on 0.45 µm nitrocellulose membranes (Bio-Rad, Hercules, CA). Membranes were then incubated for 1 h at RT in TBS-T with 5% (w/v) low-fat milk (assay buffer). This buffer was removed, and the membranes were then incubated with primary anti-CGRP antibodies (Supplementary Table S1) diluted in assay buffer for 1 h at RT. Membranes were then washed twice for 5 min in TBS-T and incubated with secondary antibodies diluted 1:1,000 in assay buffer for 1 h at RT. Membranes were then washed twice before the blots were developed with SuperSignal West Pico PLUS (34577, ThermoFisher Scientific) for ∼5 min. Blots were imaged using an Amersham A600 imager (GE Healthcare, Chicago, IL). Image acquisition was performed using the automated exposure function with the high dynamic range setting. All blots presented are representative of consistent results from at least three independent experiments.
As the 100 µg hAmy stock was dissolved in 100% DMSO, comparisons were made to 100% DMSO alone to determine whether it affected immunoreactivity. This was performed on both nitrocellulose and polyvinylidene fluoride (PVDF) membranes (Cat# LC 2,005 Life Technologies, Carlsbad, CA). For nitrocellulose membranes, the addition of 2 µl of 100 µg hAmy (in 100% DMSO) or 100% DMSO alone was performed as above. For the PVDF membranes, 2 µl of hAmy (in 100% DMSO) or 100% DMSO alone was added to membranes pre-wet with methanol. Fifty ng of rαCGRP was included as a positive control. Membranes were then incubated at RT for approximately 5 min while being kept moist with TBS-T. Membranes were then incubated with assay buffer and immunoblotting was performed as above.
2.7 Tissue Collection—Mouse and Rat
All procedures involving the use of animals were conducted in accordance with the New Zealand Animal Welfare Act (1999) and approved by the University of Auckland Animal Ethics Committee. Rodents of the same sex were housed with littermates in Tecniplast Greenline IVC with Sealsafe Plus GM500 cages (mice) or as pairs in Teciplast Conventional 1500U cages (rats) in a controlled environment (12-h light-dark cycle; room temperature, 22 ± 2°C) with ad libitum access to standard chow (Teklad TB 2018; Harlan, Madison, WI) and water. Cages also contained an additional enrichment item (house or toy). Tissue was collected from available animals culled as part of routine colony maintenance. The estrous cycle phase was not assessed or recorded for female rats or mice. Animal details are provided in Supplementary Table S2.
Anesthesia was induced with 5% isoflurane in 2 L/min O2, and the animals euthanized by cervical dislocation. Tissues were dissected quickly from male and female Sprague-Dawley (SD) rats and C57BL/6J mice. Tissues collected for western blotting were snap-frozen in liquid nitrogen and stored at −80°C. Tissues collected for immunohistochemistry were washed with phosphate-buffered saline (PBS) and placed in 4% PFA for 24 h at 4°C. After fixation, tissues were cryoprotected with 10%, then 20% sucrose (w/v) in PBS and embedded in optimal cutting temperature compound (Sakura Tissue-Tek, 4583). Pancreata and TG were cryo-sectioned transversely or sagittally, respectively, at a thickness of 12 µm using a Leica CM1850 microtome (Leica Biosystems, Wetzlar, Germany). Sections were mounted onto slides and then stored at −80°C.
2.8 Tissue Collection—Human
For immunohistochemistry, postmortem human TG were obtained from the University of Auckland Human Anatomy Laboratory, with informed consent by the donor before death and next of kin after death as part of the University of Auckland Human Body Bequest Program for teaching and research. This program and its procedures operate under the Human Tissue Act of 2008 and are overseen by the New Zealand Police Inspector of Anatomy. For western blotting, fresh-frozen postmortem human TG and trigeminal nerve (TN) was obtained from the NIH NeuroBioBank. Case details are provided in Supplementary Table S3.
After dissection from the cadaver, TG specimens were fixed with 15% formaldehyde in 0.1 M phosphate buffer for 24 h at 4°C. Specimens were then dehydrated in sequential incubations of 70%, 80%, 95%, and 100% ethanol, followed by clearing with xylene as per a standard, pre-set ‘biopsy’ cycle in a tissue processor (ASP6025, Leica Biosystems) at RT under vacuum. Specimens were then embedded in paraffin wax and sectioned sagittally (10 μm) on a rotary microtome (Leica Biosystems, HI 2235). Sections were floated in a water bath set at 38°C (Leica Biosystems, HI1210), mounted individually on SuperFrost slides, and allowed to dry at RT for at least 18 h before storage at RT indefinitely.
2.9 Histology—Mouse and Rat
Rat and mouse histology was performed as previously described (Rees et al., 2021a; Ghanizada et al., 2021). Briefly, sections were thawed at RT, washed twice with TBS-T, then blocked with TBS-T containing 10% normal donkey serum (v/v) for 1 h at RT. Sections were then incubated with primary antibodies, diluted in TBS-T with 1% (v/v) normal donkey serum (immunobuffer), and incubated overnight at 4°C. For TG histology, sections were co-incubated with primary antibodies (pAb188, 1:100 (mouse) or 1:200 (rat); pAb36001, 1:500; β tubulin III, 1:500 or NF200, 1:200). Sections were then washed with TBS-T twice and incubated with secondary antibodies (1:200) in immunobuffer with DAPI for 1 h at RT. After secondary antibody incubation, sections were washed twice with TBS-T and coverslips mounted with ProLong Diamond Antifade (P36965, ThermoFisher Scientific).
Primary and secondary antibody details are outlined and compared in Supplementary Table S1. For all experiments, sections from each individual mouse or rat were processed separately in independent experiments. TG sections were obtained from the middle third of the ganglia in the sagittal plane. Sections were observed under a light microscope to check for morphology, tissue quality and neuron numbers. Sections displaying good tissue condition and sufficient neuron numbers (visually estimated to be > 200 neurons) were selected for staining. Triple staining of CGRP and CTR with β tubulin III or NF200 was performed in parallel on serial sections, generating two technical replicates of CGRP and CTR co-staining per animal. Sections were imaged using an Operetta high-content imaging system in non-confocal mode (rat pancreas) or confocal mode (mouse and rat TG) using a 20x high-numerical-aperture (0.75) objective (Perkin Elmer Life and Analytical Sciences, Waltham, MA). Some rat TG sections were also imaged with a 20x (0.8) lens on an LSM 710 laser scanning confocal microscope (Zeiss, Oberkochen, Germany).
2.10 Histology—Human
Postmortem human TG histology was performed as previously described (Ghanizada et al., 2021). Briefly, sections were heated at 60°C for 1 h, then dewaxed and rehydrated in xylene for 2 × 20 min, followed by 2 × 10 min of 100% ethanol, and 5 min each of 95%, 80%, and 75% ethanol. Sections were then washed for 3 × 5 min in water. Rehydration of tissue sections was performed at RT. Antigen retrieval was performed using 10 mM sodium citrate buffer, pH 6.0, at 121°C for 20 min. Sections were permeabilized with PBS + 0.2% Triton X-100 (v/v) (PBS-T) for 5 min, washed twice with PBS, then incubated with PBS containing 10% normal donkey serum for 1 h at RT. After blocking, sections were co-incubated with primary antibodies (mAb31-01, 1:250; pAb36001, 1:500; β tubulin III, 1:500 or S100, 1:200), diluted in PBS-T + 1% normal donkey serum (v/v) (human immunobuffer) overnight at 4°C. After primary antibody incubation, sections were washed once with PBS-T, twice with PBS, then incubated with secondary antibodies in human immunobuffer (1:250, Supplementary Table S1) for 3 h at RT. Sections were then washed with PBS, incubated with Hoechst (1:10,000) for 10 min at RT, washed again with PBS and the coverslips mounted with ProLong Diamond Antifade.
For all experiments, sections from each human case were processed separately as independent experiments. Sections were observed under a light microscope to check for morphology, tissue quality and neuron numbers. Sections displaying good tissue condition and sufficient neuron numbers (visually estimated to be > 150 neurons) were selected for staining. Triple staining of CGRP and CTR with β tubulin III or S100 was performed in parallel on serial sections, generating two technical replicates of CGRP and CTR co-staining per human case. Sections were imaged using an Operetta high-content imaging system in confocal mode using a 20x high-numerical-aperture (0.75) objective.
2.11 Immunoblotting (Western Blotting)
Preparation of whole cell or whole tissue lysates and western blotting were performed as previously described (Hendrikse et al., 2022). Transfected HEK293S cells in 15 cm2 dishes were washed with ice-cold PBS. The cells were harvested on ice in 10 ml of ice-cold PBS using a cell scraper. Cells were pelleted by centrifugation (1,000 x g, 10 min, 4°C) and the supernatant removed. One 15 cm2 dish corresponded to one whole cell lysate preparation. Transfected HEK293S cell pellets, fresh-frozen mouse (C57BL/6J), rat (SD) or human tissue were homogenized using a 1 ml Dounce glass homogenizer in immunoprecipitation buffer (Tris-NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100, pH 8.0) containing a complete mini EDTA-free protease inhibitor cocktail tablet (Cat #4693159001, 1:10,000; Roche Applied Science). The homogenized samples were then left to solubilize for 2 h at 4°C. Samples were centrifuged (16,000 x g, 20 min, 4°C), and the supernatant was aliquoted into protein LoBind tubes and stored at -80°C. The protein concentration of a sample was quantified using a bicinchoninic acid protein assay kit (ThermoFisher Scientific).
Protein samples were incubated for 1 h at 37°C in 4x loading dye (2.5 ml 1 M Tris-HCL, 4 ml 20% sodium dodecyl sulfate, 4 ml 100% glycerol, 0.04 mg bromophenol blue) and 0.1 M DTT. Protein samples (0.1–20 µg, Supplementary Table S4) were loaded alongside the ab116027 (Abcam) or PrecisionPlus (BIORAD, 1610373) protein ladders onto 4–12% SurePage SDS gels (GenScript, Piscataway, NJ) and run at 180 V in MOPS buffer. Due to availability issues multiple protein ladders were used. The Abcam and PrecisionPlus ladders displayed comparable apparent molecular weights and were in line with each other (Supplementary Figure S1). Proteins were transferred to 0.45 µm PVDF (mouse/rat TG) or nitrocellulose membranes (human TG/TN) (Life Technologies and BIORAD) and were blocked with 5% low-fat milk in TBS-T for 1 h at RT. Blots were incubated with primary antibody (mAb8B9, 1:500; pAb188, 1:500; mAb31-01; 1:500) overnight at 4°C, washed twice with TBS-T, then incubated with secondary antibody (1:2,000, Supplementary Table S1) for 1 h at RT. Blots were washed twice with TBS-T, developed with Supersignal West Pico Plus ECL (ThermoFisher Scientific) and imaged using an Amersham Imager A600 (GE Healthcare). Image acquisition was performed using the automated exposure function with the high dynamic range setting. All blots presented are representative results from at least three independent experiments.
2.12 Image Preparation and Processing
Representative immunocytochemistry, western blotting and immunohistochemistry images are presented from at least three independent experiments performed using separate antibody dilutions. Independent immunocytochemistry experiments are defined as the immunoreactivity detected in cells from independent transfection and staining experiments performed with two technical replicates. Western blotting experiments are defined as independent experiments generated using one transfected cell lysate preparation or different tissue lysates prepared from three individual rodents and two human cases. Independent immunohistochemistry images are defined as the immunoreactivity detected in tissue from individual rodents or human cases.
Images were minimally processed using the FIJI open-source imaging platform to adjust color and brightness for presentation purposes (Schindelin et al., 2012). Any processing was uniformly applied across each image and all conditions for an antibody. Brightness and contrast, unless otherwise stated, were adjusted to the top and bottom of the histogram to allow visualization of staining across all intensities and prevent loss of data (Johnson, 2012). Therefore, minimally processed images are presented for most figures. However, for some figures, as noted in their legends, adjustment of contrast and brightness was made via the histogram (contrast stretching) to enhance visualization of positively stained cells with varying intensities. This did not affect the study conclusions.
2.13 Image Analysis and Statistical Analysis
To determine the size of neuronal cell bodies and quantify the proportion of stained neuronal cell bodies, image analysis was performed on multiple fields of view (20x high NA lens, Operetta) on each section from individual animals; three fields of view for mice and five for rats. Each field of view contained between ∼50–150 neurons. In total 1967 and 2205 neurons were analyzed for mouse and rat, respectively. All images were analyzed as unedited 16-bit TIFFs in greyscale. Image analysis was performed using FIJI and was partially automated using the macro function to generate counts and the mean diameter (mean of Feret diameter and minimum diameter for each neuron) of neurons demonstrating immunostaining for β tubulin III, CGRP, CTR and CTR/CGRP (see Supplementary Material: Supplementary method and Supplementary Figure S2A).
Graphing and statistical analysis was performed using Prism GraphPad 8.0.2 (GraphPad Software, La Jolla, CA). For each section/animal, neuronal cell body diameter data from all three or five fields of view were center binned in 2.5 µm increments for the four different neuron subsets (β tubulin III, CGRP, CTR and CTR/CGRP). These data were then plotted to generate histograms to visualize the combined data from each species, presented as mean ± standard error of the mean (s.e.m.) from six individual animals. A cubic spline was applied to help visualize the distribution.
The validity of the image and data analysis procedures were confirmed using staining of the pan neuronal marker β tubulin III (Supplementary Figure S2B). The neuronal cell body size distribution histograms generated for rat and mouse β tubulin III were consistent with the literature (Ambalavanar and Morris, 1992; Ruscheweyh et al., 2007; Lennerz et al., 2008). This indicated that the analysis was robust and analysis of the CGRP and CTR sub-populations within the total β tubulin III population was appropriate. NF200 immunoreactivity was not amenable to this analysis approach and therefore image quantification was restricted to β tubulin III.
For each section/animal, the proportion (percentage) of neurons expressing CGRP or CTR were determined for each of the fields of view. These were combined to give a mean percentage value for each animal. The mean percentage values were combined for each sex and species as appropriate and presented as mean ± s.e.m from three (sex) or six (species) individual animals. The same approach was used to assess the proportion of CTR + neurons which co-expressed CGRP. For statistical analysis, the combined mean values from three (sex) or six (species) individual animals were compared using Student’s t-tests. Statistical significance was defined as p < 0.05. Image analysis and quantification was not performed for human TG due to the lower number of human cases and variability in staining patterns between the different cases.
3 RESULTS
3.1 Distribution of CTR and CGRP in Rat and Mouse TG
To examine the spatial relationships between CTR and CGRP, we first needed to identify and characterize an anti-CGRP antibody. Four anti-CGRP antibodies were tested (Supplementary Figure S3). In immunoblotting, all four anti-CGRP antibodies detected rat and human CGRP. Interestingly, immunoreactivity was more intense for rat, than for human CGRP (Supplementary Figure S3A). There was no cross-reactivity in immunoblotting with high amounts of amylin and no immunoreactivity in rat pancreatic islets for three of the CGRP antibodies, pAb36001, mAb81887 and pAbC8198 (Supplementary Figure S3A, C). However, mAbABS 026–05-02 displayed cross-reactivity with 100 µg of rat amylin in dot blots and immunoreactivity in rat pancreatic islets (Supplementary Figure S3A, C). All four anti-CGRP antibodies displayed similar patterns of immunoreactivity in rat TG neuronal cell bodies (Supplementary Figure S3D).
The primary anti-CGRP antibody pAb36001 was selected for further studies based on a combination of factors. It was able to detect CGRP with sufficient sensitivity in immunofluorescence and immunoblotting and did not cross-react with amylin under the conditions used (Supplementary Figure S3, Supplementary Table S5). Additionally, as pAb36001 was raised in goat it enabled colocalization with antibodies against CTR and other cellular markers, which were raised in rabbit or mouse. For CTR, we used pAb188 for these experiments. pAb188 has been knockout validated in several studies and displays robust immunoreactivity in several regions in rodent nervous tissue (Goda et al., 2018; Coester et al., 2020; Hendrikse et al., 2022).
To localize the CTR-like and CGRP-like immunoreactivity (LI) in the TG, sections were co-incubated with anti-CGRP, anti-CTR and primary antibodies for neuronal cell markers, β tubulin III (pan-neuronal) and NF200 (rodent A-fiber neuronal marker) (Shiers et al., 2020; von Buchholtz et al., 2020). For the purposes of stepwise description of the data, CGRP and CTR results are first presented individually with cellular markers, and then they are presented together to examine their spatial relationship.
3.1.1 CGRP-like Immunoreactivity
CGRP-LI was present in the cell bodies of 44 ± 3.9% of rat and 33 ± 3.1% of mouse TG neurons. The size distribution was consistent with that of small to medium-sized neurons (Rat: 15–35 µm; Mouse: 10–30 µm), as indicated by β tubulin III staining (Figures 1A,B) (Messlinger and Russo, 2019). Immunoreactivity was usually observed as puncta in medium-sized neurons, indicating the expression of CGRP in vesicles, or dense/intense staining in smaller neurons (Figures 1A,B, Supplementary Figures S4–S5). No notable CGRP-LI was observed in satellite glia surrounding the neurons, nor the myelinating Schwann cells (Figures 1A,B). Visually, CGRP-LI appeared to be more frequent in mice than rats. However, this is likely due to lower signal intensity above background in mice, in combination with the limited histogram adjustment during image processing.
[image: Figure 1]FIGURE 1 | Immunohistochemical localization and quantification of CGRP (pAb36001, 10 µg/ml) or CTR (pAb188, 10 or 20 µg/ml) individually with β tubulin III (2 µg/ml) in adult rat and mouse TG. (A) CGRP and β tubulin III in rat (B) CGRP and β tubulin III in mouse (C) CTR and β tubulin III in rat and (D) CTR and β tubulin III in mouse. Filled white arrowheads indicate examples of positive staining; empty arrowheads indicate examples of an absence of staining. Image brightness and contrast were adjusted for presentation purposes and merged in FIJI. Scale bar = 100 μm. Images are representative of six rats and six mice (three male and three female). The size distribution (diameter) of neuronal cell bodies expressing CGRP or CTR for each species are displayed as histograms. The distribution of neuron size was quantified relative to the total β tubulin III (pan-neuronal marker) expressing neuron population and then relative to either CTR or CGRP expression. Data are the mean ± s.e.m, combined from six individual rats or mice (three male and three female).
CGRP-LI did not notably overlap with NF200 (Figures 2A,B). “Pearl-like” or varicose CGRP-LI was observed in neuronal fibers, as indicated by β tubulin III, but not those expressing NF200, suggesting that CGRP is more commonly expressed in unmyelinated C-fibers (Supplementary Figures S4–S5). These data are strongly in agreement with previous publications, which indicate that CGRP is expressed in approximately 30–50% of neurons (Lennerz et al., 2008; Eftekhari et al., 2010; Eftekhari et al., 2013; Edvinsson et al., 2019; Edvinsson L. et al., 2020; Guo et al., 2020).
[image: Figure 2]FIGURE 2 | Immunohistochemical localization of CGRP (pAb36001, 10 µg/ml) or CTR (pAb188, 10 or 20 µg/ml) individually with NF200 (3 µg/ml) in adult rat and mouse TG. (A) CGRP and NF200 in rat (B) CGRP and NF200 in mouse (C) CTR and NF200 in rat and (D) CTR and NF200 in mouse. Filled white arrowheads indicate examples of positive staining; empty arrowheads indicate examples of an absence of staining. Image brightness and contrast were adjusted for presentation purposes and merged in FIJI. Scale bar = 100 μm. Images are representative of six rats and six mice (three male and three female).
3.1.2 CTR-like Immunoreactivity
CTR-LI was observed in the cell bodies of 38 ± 4.1% of rat and 32 ± 3.8% of mouse TG neurons (Figures 1C,D). These CTR-positive neurons tended to be small to medium in size. The intensity of the CTR staining was variable, with some occasional bright cells, whereas other positively stained neurons were more moderate in intensity. CTR staining was often diffuse and present throughout the cytoplasm of the neurons, rather than clearly localized to the cell surface. CTR staining did not appear to commonly overlap with NF200 staining (Figures 2C,D). CTR-LI did not appear to overlap with either β tubulin III or NF200 stained neuronal fibers, nor was any CTR-LI observed in satellite glia or Schwann cells (Figures 1C,D). Like CGPR-LI, CTR-LI visually appeared to be more intense in mice than rats but this is again due to lower signal to background and limited image processing.
3.1.3 Relative Distribution of CGRP-like and CTR-like Immunoreactivity
The distributions of CTR and CGRP-LI relative to one-another are shown in Figures 3, 4. CGRP-LI and CTR-LI was observed both in distinct and in overlapping populations of β tubulin III-positive neuronal cell bodies, indicating that there are neurons which express CGRP alone, CTR alone and co-express CGRP and CTR together. No notable co-staining of CTR and CGRP was observed in neuronal fibers, satellite glia or Schwann cells (Figures 3A,B).
[image: Figure 3]FIGURE 3 | Immunohistochemical localization and quantification of CGRP (pAb36001, 10 µg/ml) and of CTR (pAb188, 10 or 20 µg/ml) together with β tubulin III (2 µg/ml) in adult rat and mouse TG. (A) CGRP and CTR in rat and (B) CGRP and CTR in mouse. β tubulin III is shown for reference. Filled white arrowheads indicate examples of positive staining; empty arrowheads indicate examples of an absence of staining; yellow arrowheads indicate expression in adjacent neurons. Image brightness and contrast were adjusted for presentation purposes and merged in FIJI. Scale bar = 100 μm. Images are representative of six rats or mice (three male and three female). The size distribution (diameter) of neuronal cell bodies expressing CGRP and CTR for each species are displayed as histograms. The distribution of neuron size was quantified relative to the total β tubulin III (pan-neuronal marker) expressing neuron population and then relative to CTR/CGRP expression. The percentage of (C) rat or (D) mouse β tubulin III TG neurons expressing CGRP or CTR and the proportion of CTR expressing neurons which also express CGRP TG. Data are the mean ± s.e.m, combined from six individual rats or mice (three male and three female). Percentage of the (E) total neuronal population (β tubulin III) which express CGRP alone without overlapping with CTR, CTR alone without overlapping with CGRP, or co-express CTR and CGRP in rat or mouse TG. Negative neurons refers to the neuronal population (β tubulin III) which do not express CGRP or CTR. Data are the mean, combined from six individual rats or mice (three male and three female).
[image: Figure 4]FIGURE 4 | Immunohistochemical localization of CGRP (pAb36001, 10 µg/ml) and CTR (pAb188, 10 or 20 µg/ml) together with NF200 (3 µg/ml) in adult rat and mouse TG. (A) CGRP and CTR in rat and (B) CGRP and CTR in mouse. NF200 is shown for reference. Filled white arrowheads indicate examples of positive staining; empty arrowheads indicate examples of an absence of staining; yellow arrowheads indicate expression in adjacent neurons. Image brightness and contrast were adjusted for presentation purposes and merged in FIJI. Scale bar = 100 μm. Images and quantification are representative of six rats and six mice (three male and three female).
Interestingly, 30 ± 4.3% and 25 ± 3.9% of all rat and mouse TG neurons, respectively, exhibited overlapping CGRP-LI and CTR-LI (white filled arrowheads), suggesting co-expression in these neurons. These neurons were typically small to medium in size (Figures 3A,B). The proportion of CTR-stained neurons that also exhibited CGRP-LI was 80 ± 4.6% of rat and 78 ± 1.7% of mouse TG neurons (Figures 3C,D).
Some neurons were positive for only CGRP or CTR (Figure 3E). In rat TG, the presence of neurons which exclusively expressed CGRP was more common than those which exclusively expressed CTR, with 13% of β tubulin III neurons expressing CGRP alone, compared to 8% for CTR alone. In mouse TG, exclusive expression of CGRP or CTR was 8 and 7%, respectively (Figure 3E). Neurons which displayed CTR-LI alone were often located next to neurons that expressed CGRP (yellow filled arrowheads). Co-staining of CTR and CGRP did not notably occur in NF200-expressing neurons (Figure 4).
There were no significant differences in the proportion of CGRP-LI or CTR-LI between rats and mice, nor the proportion of CTR-positive neurons which co-expressed CGRP (Table 1; Figures 3C,D). Similarly, there were no significant differences in CGRP-LI and CTR-LI, or CTR and CGRP co-expression between the female and male mice or rats (Table 2). The individual data points for each male or female rat or mouse are plotted in Figures 3C,D, to show the range and scatter of the data for each sex.
TABLE 1 | Comparison of CGRP and CTR expression and CTR/CGRP co-expression between rat and mouse.
[image: Table 1]TABLE 2 | Comparison of CGRP and CTR expression and CTR/CGRP co-expression between female and male rat and mouse.
[image: Table 2]3.2 Immunoblotting - CTR Expression in Rat and Mouse TG
An orthogonal method, western blotting, was employed to gain additional molecular insight into CTR expression in rodent TG. The predicted molecular weight of the rat and mouse CT(a) splice variant is approximately 52–53 kDa, although the CTR can also exist as other molecular forms due to alternative splicing, dimerization and post-translational modifications (Albrandt et al., 1995; Quiza et al., 1997; Harikumar et al., 2010). Rodent CTR protein expression was profiled using the monoclonal anti-rat CTR antibody mAb8B9, which has been well-validated and is suitable for western blotting (Hendrikse et al., 2022). In addition, the polyclonal anti-rat CTR antibody pAb188 was also used to allow a direct parallel to the immunohistochemistry data, although this antibody has been previously shown to be less suitable for western blotting (Hendrikse et al., 2022).
The mAb8B9 and pAb188 antibodies were both tested in the same tissue lysates from a mixture of male and female rodents. All blots for the mAb8B9 antibody are shown in Figure 5. In mCT(a) and rCT(a) transfected HEK293S cell lysates, mAb8B9 detected a clear immunoreactive band at ∼53 kDa and a weaker band at ∼100 kDa (Figure 5). Additionally, an immunoreactive smear from ∼65-70 kDa was also commonly observed. In rat and mouse TG lysate, a strong immunoreactive band was observed at ∼53 and ∼120 kDa with an additional band at ∼100 kDa present in mouse TG lysate, but not rat. Three lower molecular weight bands of less than 30 kDa were also observed in both species. Interestingly, a band at ∼56 kDa was observed in male but not in female rat and mouse TG lysate (Figure 5). Too few animals of each sex were used for any definitive conclusions to be made but this observation is reported so that future studies could be designed to formally test this. Additionally, the effect of estrous cycle on expression could be considered.
[image: Figure 5]FIGURE 5 | CTR-like immunoreactivity in rat and mouse TG lysate using immunoblotting with mAb8B9. (A) Immunoblots using lysate preparations from adult rat TG (20 µg) and HEK293S cells (10 µg) transfected with rat CT(a) or vector alone (pcDNA). (B) Immunoblots using lysate preparations from adult mouse TG (20 µg) and HEK293S cells (10 µg) transfected with mouse CT(a) or vector alone. Blots were probed with mAb8B9 (2 µg/ml). MW markers are shown on the left of each blot, with apparent MW in kDa. This image shows western blots of samples from individual mouse or rat TG. Images were adjusted uniformly for brightness and contrast for presentation purposes.
For pAb188, the band pattern was consistent between sexes and blots are representative of both sexes (Figure 6). In the mCT(a) and rCT(a) transfected HEK293S cell lysates, pAb188 detected an immunoreactive band at ∼52 kDa and a weaker band at ∼110 kDa. Additionally, an immunoreactive smear from 52–70 kDa was also commonly observed (Figure 6). Generally, pAb188 displayed similar immunoreactivity patterns to mAb8B9 in transfected cells, rat TG and mouse TG lysates. However, a greater number of non-specific bands were observed for pAb188, likely due to its polyclonal nature (Figure 6). The bands between 100 and 120 kDa seen for mAb8B9 were absent in rat and mouse TG lysates (Figure 6). Similarly, the wide, strong band at ∼52 kDa was absent in mouse TG lysate. Several additional strongly immunoreactive bands were observed at approximately 60 and 230 kDa. However, the ∼60 kDa band was also present in the vector-transfected cell lysate when a higher amount of protein was loaded, suggesting that it could be non-specific (Supplementary Figure S6, Supplementary Table S4).
[image: Figure 6]FIGURE 6 | CTR-like immunoreactivity in rat and mouse TG lysate using immunoblotting with pAb188. (A) Immunoblots using lysate preparations from adult rat TG (20 µg) and HEK293S cells (0.1 µg) transfected with rat CT(a) or vector alone (pcDNA). (B) Immunoblots using lysate preparations from adult mouse TG (20 µg) and HEK293S cells (0.3 µg) transfected with mouse CT(a) or vector alone. Blots were probed with pAb188 (4 µg/ml). MW markers are shown on the left of each blot, with apparent MW in kDa. This image is representative of three western blots using TG lysate from three individual mice or rats (mixed sex) displaying results from a female (A) rat and (B) mouse. Images were adjusted uniformly for brightness and contrast for presentation purposes.
Collectively, the data with pAb188 and mAb8B9 indicate that protein is present in rat and mouse TG at molecular weights consistent with that expected for CTR. Interestingly, the band sizes were not always directly comparable to the transfected cell samples.
3.3 Validation of Anti-Human CTR Antibodies
We next proceeded to test human samples. To examine the expression of CTR in human TG the anti-human CTR antibody mAb31-01 was selected as it has been reported to detect human CTR in immunohistochemistry and immunoblotting, whereas our recent results suggest that pAb188 is not suitable for detecting human CTR (Wookey et al., 2008; Wookey et al., 2012; Ostrovskaya et al., 2019; Hendrikse et al., 2022). The mAb31-01 antibody was validated using immunocytochemistry and immunoblotting (Figure 7). The immunocytochemistry controls are provided in Supplementary Figure S7. The predicted molecular weight of non-glycosylated human CT(a) is approximately 52 kDa (Nygaard et al., 1997; Quiza et al., 1997; UniProt, 2021).
[image: Figure 7]FIGURE 7 | Validation of the anti-human CTR mAb31-01 antibody in transfected HEK293S cells. (A) Immunocytochemistry, with immunoreactive staining in greyscale, and nuclear DAPI staining in blue. Scale bar = 100 μm h, human; r, rat; m, mouse. Images are representative of three independent experiments in duplicate wells. (B) Immunoblots using cell lysate (10 µg) preparations from HEK293S cells transfected with HA-tagged human CTR or vector alone (pcDNA). Lanes were loaded with 10 μg of protein. Blots were probed with anti-HA (1 µg/ml) or mAb31-01 (2 µg/ml). MW markers are shown on the left of each blot, with apparent MW in kDa. This image is representative of four technical replicates using the same lysate preparations. The brightness and contrast of these images have been enhanced uniformly for presentation purposes.
In immunocytochemistry, mAb31-01 displayed strong immunoreactivity in cells transfected with human CTR, in the presence and absence of RAMP1 but little to no immunoreactivity in the vector control (Figure 7A). There was no visible detection of rat or mouse CTR or apparent cross-reactivity with CLR for any of the species tested. In immunoblotting, mAb31-01 displayed immunoreactivity at ∼50 kDa and a wider intense band at ∼53–63 kDa, similar to the HA control (Figure 7B). This is consistent with its ability to detect human CTR using immunoblotting in the existing literature (Wookey et al., 2012;Furness S. et al., 2016;Furness S. G. B. et al., 2016). Two bands at ∼100 and 120 kDa were also observed.
An additional two antibodies reported in the literature or by their commercial supplier to detect human CTR were also tested in immunocytochemistry in transfected cells to determine their potential suitability for studying CTR expression (Fu et al., 2017). pAbPA1-84457 displayed diffuse background staining and was unable to robustly detect human CTR, whereas pAb230500 could detect human CTR, but had a lower signal compared to background than mAb31-01 (Supplementary Figures S8–S9). Therefore, based on these results in transfected cells, we used mAb31-01 for subsequent experiments due to its strong detection of human CTR, low background staining, and its previous use in human tissue or primary cell lines.
3.4 Expression of CTR and CGRP in Human TG
To localize CTR-LI and CGRP-LI in human TG, sections were co-incubated with anti-CGRP pAb36001 (as rat and mouse studies), anti-CTR mAb31-01 and anti-β tubulin III antibodies. NF200 could not be used as a marker for A-fiber neurons as it is not discriminatory for these neuronal subpopulations in humans (Shiers et al., 2020). Pilot results indicated that CTR-LI and CGRP-LI may be present in glia, therefore, co-staining with S100, a glial marker, was also performed. CGRP and CTR results are initially described individually to allow comparisons with the cellular markers, then together to examine their spatial relationship.
3.4.1 CGRP-like Immunoreactivity
CGRP-LI was observed in the cell bodies of small to medium-sized neurons and as varicose fibers, overlapping with β tubulin III (Figure 8, Supplementary Figure S10). CGRP-LI was diffuse in the soma of smaller to medium-sized neuronal cell bodies or as puncta, indicating presence in vesicles (Figure 8; Supplementary Figure S10). Qualitative assessment of β tubulin III neuronal size suggests that CGRP-LI neurons are likely C-fiber neurons. Overlapping CGRP-LI and S100-LI was observed for some fibers in all four human cases. This suggests that either a subset of neuronal fibers co-express CGRP and S100 or that a subset of CGRP expressing neuronal fibers is encased by S100 expressing Schwann cells (Supplementary Figure S10). CGRP-LI was not observed in the satellite glia surrounding neuronal cell bodies for three of the four human cases, however, overlap of S100, and CGRP was observed in case 15A (Supplementary Figure S11). Overall, CGRP staining was relatively consistent across the human cases and agreed with previous studies (Del Fiacco et al., 1991; Eftekhari et al., 2010; Ghanizada et al., 2021).
[image: Figure 8]FIGURE 8 | Immunohistochemical localization of CGRP (pAb36001, 10 µg/ml) and CTR (mAb31-01, 4 µg/ml) together with β tubulin III (1.2 µg/ml) in human TG. CGRP and CTR in four human cases (3A, 4A, 8A and 15A). β tubulin III is shown for reference. Filled white arrowheads indicate examples of positive staining; empty arrowheads indicate examples of an absence of staining; yellow arrowheads indicate expression in adjacent neurons. *Indicates examples of autofluorescence due to lipofuscin. Image brightness and contrast were adjusted for presentation purposes and merged in FIJI. Scale bar = 100 μm. Images are from each of the four human cases.
3.4.2 CTR-like Immunoreactivity
CTR-LI was present but was variable across the human cases (Figure 8). In case 3A, a female, intense CTR-LI was observed primarily in smaller neurons with more diffuse and less frequent staining in medium neurons. For cases 4, 8A, males, staining was more commonly observed in medium neurons than smaller neurons. A similar pattern was observed for case 15A, male, however staining of what appeared to be satellite glia was also observed (Supplementary Figure S11). No CTR-LI was observed in the neuronal fibers for any of these human cases.
3.4.3 The Relative Distribution of CGRP-like and CTR-like Immunoreactivity
Image analysis and quantification was not possible due to the inherent variation in staining patterns between different human cases. However, apparent colocalization of CTR-LI and CGRP-LI was observed in neuronal cell bodies for all four human cases (Figure 8). Neurons that expressed CTR but not CGRP were sometimes located next to neurons that expressed CGRP. CGRP-LI together with CTR-LI followed the pattern of CTR staining, where colocalization was mostly seen in smaller neurons of case 3A and medium neurons for case 4A, 8A, 15A (Figure 8). Additionally, colocalization of CTR and CGRP staining was observed in the probable satellite glia of case 15A (Supplementary Figure S11).
3.5 Immunoblotting - CTR Expression in Human TG and TN
Western blotting (with mAb31-01) was also used as an orthogonal method to explore CTR expression in human samples. In human TG and TN, bands were observed at ∼52, 90 and 130 kDa, with the 52 kDa band having the most intense immunoreactivity of the three (Figure 9). Between the 22 and 37 kDa markers, two additional bands were present in the TN but not the TG lysate (Figure 9). Interestingly, the immunoreactive bands in the human TG and TN lysates did not directly overlap with the bands in the hCT(a) control lysate. A potential explanation for this is splice variation, which is discussed below.
[image: Figure 9]FIGURE 9 | CTR-like immunoreactivity in human TG and TN lysate using immunoblotting. Immunoblots using lysate preparations from human TG and TN (20 µg) or HEK293S cells (10 µg) transfected with HA-tagged human CT(a) or vector alone (pcDNA). Blots were probed with mAb31-01 (2 µg/ml), comparing immunoreactivity in (A) TG (case 1322) and (B) TN (case 1543). MW markers are shown on the left of each blot, with apparent MW in kDa. This image is from one western blot for two human cases. Images were adjusted uniformly for brightness and contrast for presentation purposes.
3.6 CGRP-like and CTR-like Immunoreactivity Distribution Across Species
Images of CGRP-LI and CTR-LI across species are collated in Figure 10 to enable comparison of staining patterns in the TG of rats, mice and humans. These images underwent additional adjustment of contrast and brightness via the histogram (contrast stretching) to enable greater visualization of positively stained cells of varying intensities, in line with acceptable image processing guidelines (Johnson, 2012).
[image: Figure 10]FIGURE 10 | Comparison of CGRP-like and CTR-like immunoreactivity across species. CGRP and CTR in rat, mouse and human TG. White arrowheads indicate colocalization; yellow arrowheads indicate expression in adjacent neurons. *Indicates examples of autofluorescence due to lipofuscin. Image brightness and contrast were adjusted for presentation purposes and merged in FIJI. Additional histogram adjustment (contrast stretching) was performed for these images to convey the frequency and variation in the intensity of the immunoreactivity. Scale bar = 100 μm. Images are representative of six rats and mice (three male and three female). Human case 3A was used for this comparison.
Figure 10 shows that staining in all three species is similar, with some cells displaying intense immunoreactivity and others with more moderate immunoreactivity, suggesting varying levels of protein expression. Colocalization of CTR-LI and CGRP-LI in neuronal cell bodies, with occasional immunoreactivity in adjacent neurons, was observed for all three species. Overall, the distribution and colocalization of CGRP-LI and CTR-LI appear to be consistent in the TG of rats, mice and humans.
4 DISCUSSION
4.1 CTR Is Expressed in the Cell Bodies of TG Neurons
In this study, CTR-LI was observed in the TG of three species when examined by immunohistochemistry and western blotting. This extends previous work which detected CTR in the TG of humans and rats and is the first report of CTR expression in mouse TG (Walker et al., 2015; Edvinsson L. et al., 2020). Additionally, this the first report quantifying the proportion of TG neurons that express CTR and provides the novel finding that CGRP may be co-expressed with CTR in individual neurons.
The distribution of CTR-LI in the cell bodies of small to medium-sized TG neurons is consistent with previous reports in rats and humans (Walker et al., 2015; Edvinsson L. et al., 2020). The CTR-LI distribution was similar in mouse TG. The size of neuronal cell bodies in the TG is known to be loosely correlated with the different neuronal subpopulations (Messlinger and Russo, 2019). The size of the CTR-LI neurons, in combination with the less frequent colocalization with NF200, suggests that CTR is expressed predominantly in C-fiber neurons in the TG (Ruscheweyh et al., 2007; Shiers et al., 2020). These data provide further evidence supporting the expression of CTR in the TG, however, the relative distribution across the whole TG remains unknown and should be considered in future studies. CTR-LI was not present in all cells, potentially explaining why studies examining CTR mRNA expression have given variable results (Barrett et al., 2013; Manteniotis et al., 2013; Flegel et al., 2015; Walker et al., 2015; LaPaglia et al., 2018).
The pattern of CTR expression was relatively consistent between individual rats and mice, however, there were differences between human cases, particularly in relation to the size of neurons that contained CTR-LI. A greater variation is not unexpected in the human samples. The case history of migraine in these individuals is unknown. Recently, it was reported that for some migraineurs an amylin agonist, pramlintide, but not CGRP, was able to induce migraine-like attacks (Ghanizada et al., 2021). It is possible that for these patients an amylin receptor, such as the AMY1 receptor, may make a greater contribution to migraine genesis. Populations of neurons which express amylin-responsive receptors could underlie this sensitivity. However, the sample size in this study was small and further research is required. Future studies should also investigate the presence of RAMP1 and other RAMPs, together with CTR (Walker et al., 2015; Hendrikse et al., 2019). This relies on the availability of antibodies that pass rigorous validation tests. It is also possible that CTR without RAMPs has a role to play in the TG because administration of calcitonin and activation of CTR alone has previously been shown to be anti-nociceptive, including in migraine sufferers (Micieli et al., 1988; Ustdal et al., 1989; Humble, 2011; Ito et al., 2012). It is important to note that in interpreting the presence of CTR in the TG, that CTR pharmacology differs between species with mouse CTR being more responsive to CGRP, especially βCGRP, than human and rat CTR (Garelja et al., 2021a).
In western blotting, the apparent molecular weight of the bands was consistent with the predicted molecular weight of CTR and previous reports (Quiza et al., 1997; Tikellis et al., 2003; Wookey et al., 2012; UniProt, 2021). This also indicated the presence of multiple molecular forms of CTR in the TG, which could be due to splice variants, dimers, post-translational modifications or translation and degradation products (Gorn et al., 1992; Anusaksathien et al., 2001; Seck et al., 2003; Harikumar et al., 2010; Gilabert-Oriol et al., 2017). For example, the size of some of the bands in the TG lysates suggests that the insert positive CT(b) variant, which is approximately 2–5 kDa larger than CT(a) in humans and rodents, may also be present in addition to the CT(a) variant (Albrandt et al., 1993; Moore et al., 1995; Quiza et al., 1997). In addition to several distinct bands which could correspond to specific splice variants, immunoreactivity at approximately 50–52 kDa was often observed as a wide band. This suggests that there may be multiple CTR forms of similar molecular weights, such as CT(a) and CT(b), present in the TG. The observation of potential CTR variants in the trigeminovascular system provides an avenue for future investigation because different CTR splice variants have different pharmacological and cell signalling profiles (Houssami et al., 1994; Moore et al., 1995; Qi et al., 2013; Yu et al., 2013; Wnorowski and Jozwiak, 2014; Dal Maso et al., 2018). Interestingly, some differences in immunoreactivity were observed for mAb8B9 and pAb188 in rat and mouse TG lysates which may be due to their monoclonal and polyclonal nature (Lipman et al., 2005).
4.2 CTR and CGRP Colocalize in C-Fiber Neurons
The expression of CGRP was consistent with prior reports. CTR and CGRP colocalized in the cell bodies of several neurons or were observed in adjacent neurons. A similar pattern of CGRP-LI and CTR-LI was evident in mouse, rat and human TG. This cross-species consistency provides support for a conserved mechanism being at play in the function of these proteins. Notably, a similar distribution of CTR-LI was observed in all species, even though a distinct antibody was used in the human samples. Colocalization tended to occur in small to medium sized neurons, suggesting that colocalization occurs in C-fiber neurons (Messlinger and Russo, 2019). This was supported by qualitative assessment indicating that colocalization did not tend to occur in NF200 (an A-fiber marker) expressing neurons (Ruscheweyh et al., 2007). Additionally, single cell mRNA expression data from a TG atlas indicates that CGRP and CTR mRNA are both present in non-A-fiber, peptidergic and non-peptidergic nociceptor neurons in the mouse TG (Yang et al., 2022).
This contrasts with previous studies examining the relative distribution of CLR-LI and CGRP-LI, which consistently report that these are present in distinct neuronal populations (Lennerz et al., 2008; Eftekhari et al., 2010; Eftekhari et al., 2013; Edvinsson et al., 2019). The presence of CTR-LI in or nearby to cells with CGRP-LI suggests that CGRP could act as the local agonist for CTR-based receptors, such as the AMY1 receptor, in the TG. This implies that CTR-based receptors could mediate some aspects of CGRP function in the TG. It is also possible that other CTR agonists, calcitonin and amylin, could act via this receptor in the TG. However, the source of these agonists is more likely to be systemic than locally produced because the TG is not a notable source of these peptides, compared to that of CGRP (Rosenfeld et al., 1983; Goadsby et al., 1990; Manteniotis et al., 2013; Flegel et al., 2015; Irimia et al., 2020; Rees et al., 2021b; Ghanizada et al., 2021).
The presence of CGRP either in the same neurons as CTR or in neurons close in proximity to CTR-expressing neurons supports the potential involvement of a CTR-based receptor in pain modulation. Their size is consistent with C-fiber neurons, which are reported to have a greater contribution to the long-term potentiation of pain and sensitization in migraine than A-fiber neurons (Henrich et al., 2015; Levy et al., 2019). In particular, the activation of meningeal and dural afferent C-fibers, which project from the TG, have been linked to sensitization (Bartsch and Goadsby, 2003). Additionally, CGRP may possibly promote cortical spreading depression, which has been linked to the development of migraine and its symptoms, via both C- and A-fiber neurons (Charles and Baca, 2013; Close et al., 2019; Filiz et al., 2019).
4.3 A CTR-Based Receptor Could Underlie CGRP’s Autoregulatory Action
Autocrine regulation of CGRP in the TG has been speculated for many years (Messlinger et al., 2020). Several studies have reported that genes upregulated by CGRP can, in turn, upregulate CGRP itself (Durham and Russo, 2003; Bellamy et al., 2006; Durham, 2006; Zhang et al., 2007). Furthermore, gold labelled-CGRP appeared to bind to neurons that expressed CGRP and stimulation of TG neuronal cultures with CGRP increases CGRP mRNA (Segond von Banchet et al., 2002; Zhang et al., 2007). Interestingly, in an animal model of chronic migraine, mice chronically treated with nitroglycerine (NTG) have increased CGRP expression in the TG (Iversen and Olesen, 1996; Dieterle et al., 2011; Pradhan et al., 2014; Dallel et al., 2018). TG neuron cultures from this mouse model were also more responsive to CGRP than those treated with vehicle (Guo et al., 2020). However, chronic NTG treatment did not increase the number of neurons expressing CGRP. This suggests that the upregulation of CGRP mRNA previously observed may be primarily within neurons which already express CGRP (Messlinger et al., 2012). Additionally, this increased responsiveness to CGRP appeared to primarily be regulated via C-fiber neurons. How this apparent autoregulation of CGRP is mediated has remained unanswered as CLR and CGRP are not reported to commonly colocalize in TG neurons (Lennerz et al., 2008; Messlinger et al., 2020). It has therefore been previously speculated that co-expression of CTR and CGRP might occur (Guo et al., 2020; Messlinger et al., 2020). Our data indicating co-expression of CTR and CGRP in C-fiber neurons support the hypothesis that a CTR-based receptor, with a strong candidate being the AMY1 receptor, could mediate CGRP upregulation and response in the TG (Guo et al., 2020).
Differences in the degree of autocrine signaling could occur between individual migraine patients, where enhanced autocrine signaling of CGRP in TG neurons could account for some patients who are unresponsive to anti-CGRP antibody therapy. Although this is speculative, it is based on estimates that significantly more anti-ligand antibody, in the realm of four to eight orders of magnitude greater than the peptide-receptor binding affinity, is required to inhibit autocrine signaling (Forsten and Lauffenburger, 1992a). In these cases, a receptor-targeted approach would be preferable (Forsten and Lauffenburger, 1992b). Currently, erenumab is the only approved anti-receptor antibody for the prevention of migraine, which targets the CGRP receptor, but does some have some ability to block the AMY1 receptor (Garelja et al., 2021b; Bhakta et al., 2021). Erenumab can potently block CGRP receptor activation of A-fiber neurons to inhibit firing (Melo-Carrillo et al., 2017). However, erenumab does not appear to lower the firing rate of activated C-fiber neurons in response to CGRP (Melo-Carrillo et al., 2017). This raises the question of whether erenumab is sufficient to inhibit the potential autocrine activation of CTR-based receptors, such as the AMY1 receptor, in C-fiber neurons. The gepants should also be considered for their potential effects, given that they also have affinity for the AMY1 receptor (Garelja et al., 2021b).
5 CONCLUSION
In this study, we identified that CTR and CGRP can be co-expressed in TG neurons. This may underpin the reported autocrine actions of CGRP, which have been linked to migraine chronification. Additionally, multiple molecular forms of CTR were present in TG, indicating that multiple pharmacologically unique receptors could contribute to craniofacial pain. Although current migraine treatments which target CGRP and the canonical CGRP receptor provide relief for many migraine patients, there are patients who do not respond, suggesting that there is scope to develop further treatments (Edvinsson et al., 2018; Dubowchik et al., 2020). CTR-based receptors, such as the AMY1 receptor, have been proposed as potential targets (Walker et al., 2015; Irimia et al., 2020; Ghanizada et al., 2021). Our study supports the hypothesis that such receptors may contribute to migraine and highlights the importance of developing specific antibodies or antagonists targeting CTR-based receptors, such as the AMY1-receptor, to probe the drug development potential of this receptor in the treatment or prevention of migraine.
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exercise test up to exhaustion cardiorespiratory fitness as indicated by increase in VOo, VCOo,
carbohydrate oxidation rate and relative power in 2/3 of subjects
(Aracil-Marco et al., 2021).
Mice Adult mice globally deficient for aCGRP or CGRP receptor Attenuated exercise performance, reactivation of myocardial foetal gene
antagonist-treated WT mice with baseline hemodynamic variables expression program (Schuler et al., 2014).
including normal systemic blood pressure, subjected to treadmill exercise
Adult mice overexpressing the calcitonin receptor-like receptor with Enhanced exercise performance (Schuler et al., 2014).
baseline hemodynamic variables including normal systemic blood
pressure, subjected to treadmill exercise
Adult mice globally deficient for aCGRP or CGRP receptor Impaired survival, reduced voluntary wheel running activity, loss of
antagonist-treated WT mice subjected to one-kidney one-clip model of beneficial effects of exercise on chronic hypertension-induced
chronic hypertension, subjected to 4 weeks of voluntary wheel running myocardial foetal gene reprogramming, pathological hypertrophic
growth, fibrosis and function (Skaria et al., 2019).
Rats 6 weeks old rats underwent training protocol for 12 weeks and then Attenuation of phospholipase C (PIPLC/IP3) pathway-mediated adipose

treated with CGRP receptor antagonist prior subjected to single session
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tissue lipolysis during exercise (Aveseh et al., 2018).
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tubulin Il neurons) tubulin Il neurons) neurons)
Rat 44 +39 38 4.1 80+4.6
Mouse 3331 32:38 7817

Data are the mean = s..m, combined from six indiviclual rats or mice (three male and
three female). Comparisons of the percentage of CGRP+ neurons, CTR+ neurons and
the percentage of CTR+ neurons that co-express CGRP between rat and mouse were
made by unpaired Student’s t-test. There were no significant differances.
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tubulin IIl neurons) tubulin IIl neurons) neurons)
Rat Female 43559 35:82 74547
Male 45+ 6.4 41128 8670
Mouse Female 31+£53 31x72 79+ 04
Male 34141 3344 78+38

Data are the mean + s.6.m, combined from three indivicual female or mae rats or mice. Comparisons between females and males of the percentage of CGRP+ neurons, CTR+ neurons
and percentage of CTR+ neurone that co-express CGRP in rats or mice were made by unpaired Student's t-test. There were no sioniicant diferances.
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539 +0.30 (3
7.78 £ 0.25 (6

Values are mean + SEM of () independent experiments. pKg or pA, comparisons to aCGRPs.s; were analyzed by one-way ANOVA followed by Dunnett’s multiple comparison test.

p < 0.001.
° < 0,05

“aCGRPs.57 was 100 weak to generate a pA2 in the pilot experiments and SCTs.s, was used as a positive control for the CT receptor.
“Denotes that five experiments were conducted but only (n) repeats elicited measurable pA, values.

°n < 0.01





OPS/images/fphar-13-832589/fphar-13-832589-t002.jpg
aCGRPg. 57 ACGRP7.o7-palmitate V8C-palmitate K24C-palmitate K35C-palmitate

CGRPr No washout 9.21+021 9.86 + 0.14 9.85 + 0.08 10.28 £ 0.12 6.74 £+ 0.16
Washout <7.5 9.34 +0.28" 8.67 +0.20° 9.13 +0.14° <5.5¢

AMY 1 No washout 7.23+0.10 9.39 £ 022 8.98 + 0.25 943020 -
Washout <6 869 +027 854 +0.31% 845 + 0.23% -

Values are mean + SEM of five independent experiments. Comparisons between no washout and washout conditions were analyzed by paired Student’s t-test.

< 0.05.

°0 < 0.001.

p < 0.01.

dhanates that anly two ot of five expariments afciled messurable pA, valuss, averaging 5.60 £ 0.04.
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aCGRPg.or aCGRP;.;-palmitate V8C-palmitate K24C-palmitate K35C-palmitate

mCGRPr 9.00 0.40 (5) 989+ 035 (5) 9.70 £ 0.40 (4 908 + 1.00 3 7.56 + 0.18 (4)°
mAMY, 7.61 £ 0.93 (3 7.72 £ 0.28 (4)° 7.61 £ 0.20 (5) <6 (3P 6.78 + 0.14 3

Comparisons to «CGAPs.; were analyzed by one-way ANOVA followed by Dunnett's multiple comparison test. Values are mean + SEM (n)
"Denotes that five experiments were condlucted but only (n) repeats elicited measurable pAy values.
bTwo repeats elicited pA. values of 7.92 and 5.93.
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Compound Target Recommended Treatment duration Constipation rate References
dosing
Ubrogepant Small molecule CGRP 50 or 100 mg p.o.  1-3 Months after prescription (50 or 4.7% Chiang et al., 2021
receptor antagonist twice daily 100 mg)
Erenumab Monoclonal anti-CGRP 70 or 140 mg s.c.  6-month follow-up (70 mg optionally 65% de Vries Lentsch et al., 2021
receptor antibody once a month followed by 140 mg after 3 months)
8-month survey period (70 or 140 mg) 43% Kanaan et al., 2020
3-month survey period (140 mg) 34% Ashina H. et al., 2020
6-month follow-up (70 or 140 mg) 20% (70 mg Alex et al., 2020
erenumab), 32.6%
(140 mg erenumab)
6-month follow-up (70 mg optionally 23. 9% Russo et al., 2020
followed by 140 mg after 3 months)
3-month treatment (70 mg) 23.8% Scheffler et al., 2020
6-month survey period (70 or 140 mg) 23.6% Robblee et al., 2020
16-month survey period (data combined 23% Robbins and Phenicie, 2020
for erenumab, galcanezumab and
fremanezumab, doses not specified)
13-month survey period (at least 21% Faust et al., 2021
3 months on erenumab, 70 or 140 mg)
3-month treatment (data combined for 21% Scheffler et al., 2021
erenumab, 70 mg, galcanezumab and
fremanezumab)
Duration and specific dose not specified 20% Robbins, 2019
6-month follow-up (70 mg, with the 20% at month 1 Lambru et al., 2020
option to increase dose to 140 mg in 11% at month 3
months 4-6) 5% at month 6
3-month survey period (data combined 20% Torres-Ferrus et al., 2021
for erenumab, 140 mg, and
galcanezumab, 120 mg, after loading
dose of 240 mg)
6-month follow-up (70 mg optionally 20% Silvestro et al., 2021
followed by 140 mg after 3 months)
12-month survey period (70 or 140 mg) 16.7% Eghtesadi et al., 2021
6-month survey period (70 mg optionally 13.5% Ornello et al., 2020
followed by 140 mg after 3 months)
18-month survey period (70 or 140 mg) 7.6% Belvis et al., 2021
Galcanezumab Monoclonal anti-CGRP 120 mg s.c. once a  16-month survey period (data combined 23% Robbins and Phenicie, 2020
antibody month, with a first ~ for erenumab, galcanezumab and
loading dose of fremanezumab, doses not specified)
240 mg s.c.
3-month survey period (data combined 20% Torres-Ferrus et al., 2021
for erenumab, 140 mg, and
galcanezumab, 120 mg, after loading
dose of 240 mg)
6-month follow-up (240 mg loading dose 17.4% Alex et al., 2020
followed by 120 mg once a month)
Fremanezumab Monoclonal anti-CGRP 225 mg s.c. once a  6-month follow-up (225 mg once a 25% Alex et al., 2020
antibody month or 675 mg  month)
s.c. every 3 months
16-month survey period (data combined 23% Robbins and Phenicie, 2020

for erenumab, galcanezumab and
fremanezumab, doses not specified)
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antagonists

Manufacturer

Mode of action

Dose regime

Response in migraine patients

Potential side effects

Erenumab
(Aimovig)

Fremanezumab
(Ajovy)

Galcanezumab

(Emgality)

Eptinezumab
(Vyepti)

Amgen/ Novartis

Teva
Pharmaceuticals

Eli Lilly

Lundbeck Seattle
BioPharmaceuticals

Blocks CGRP
receptor

Binds to a- and g-
forms of CGRP

Binds to a- and g-
forms of CGRP

Binds to a- and g-
forms of CGRP

S.C., once monthly

s.c., once
monthly/quarterly

S.C., once monthly

Intravenously (i.v.),
once quarterly

Reduced monthly migraine days in
patients with chronic and episodic
migraines

Reduced migraine days by an average
of 5 days a month in patients with
chronic migraine and reduced migraine
days by an average of 3.5 days a
month in patients with episodic
migraine

Cut the number of monthly migraine
days by 50% or more for some people

Reduced monthly migraine days in
patients with chronic and episodic
migraines

Pain and redness at
injection site, and
constipation

Injection site reactions. May
cause allergic reactions,
such as itching, rash, and
hives

Injection site reactions. May
cause allergic reactions,
such as itching, rash, hives,
and trouble breathing
Nasopharyngitis and
hypersensitivity
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