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Calcitonin gene-related peptide (CGRP) is a 37-amino-acid neuropeptide belonging to the calcitonin gene peptide superfamily.
CGREP is a potent vasodilator with potential therapeutic usefulness for treating vascular-related disease. This peptide is primarily
located on C- and Ad-fibers, which have extensive perivascular presence and a dual sensory-efferent function. Although CGRP
has two major isoforms (a-CGRP and 3-CGRP), the a-CGRP is the isoform related to vascular actions. Release of CGRP from
afferent perivascular nerve terminals has been shown to result in vasodilatation, an effect mediated by at least one receptor (the
CGRP receptor). This receptor is an atypical G-protein coupled receptor (GPCR) composed of three functional proteins: (i) the
calcitonin receptor-like receptor (CRLR; a seven-transmembrane protein), (ii) the activity-modifying protein type 1 (RAMP1), and
(iii) a receptor component protein (RCP). Although under physiological conditions, CGRP seems not to play an important role
in vascular tone regulation, this peptide has been strongly related as a key player in migraine and other vascular-related disorders
(e.g., hypertension and preeclampsia). The present review aims at providing an overview on the role of sensory fibers and CGRP
release on the modulation of vascular tone.

1. Introduction

Blood pressure is mainly regulated by vascular peripheral
resistance and cardiac output. From a physiological perspec-
tive, vascular peripheral resistance depends (at least 50%)
on the vascular tone which, in turn, is maintained by the
interaction between several systems and mechanisms (auto-
nomic, endocrine, and local). In normal conditions, vascular
tone is mainly modulated by the autonomic nervous system
(ANS), with a predominant function of the sympathetic divi-
sion. Certainly, the parasympathetic vagus nerve has strong
influence on the heart rate during baroreflex. Blood pressure

is regulated at different levels; for example: at the periphery,
several receptors can detect changes in the vascular resistance
(baroreceptors) or changes in the chemical concentrations
(chemoreceptors). These sensory extensions of the peripheral
nervous system send afferent impulses to the brainstem
where the neuronal activity of the efferent sympathetic nerves
is controlled in order to adjust cardiac output and vascular
resistance. At the central level, the activity of the ANS
is regulated by the integration of neuronal reflexes in the
brainstem and hormonal secretion from the pituitary gland.
The actions of the ANS are classically mediated by the release
of noradrenaline (NA) or acetylcholine (ACh) [1]. In the case
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TABLE 1: NANC neuromediators. Some NANC neuromediators identified on autonomic and sensory fibers. It is important to point out that
several of these neuromediators are coreleased with other neurotransmitters. ADM, adrenomedullin; ATP, adenosine triphosphate; cAMP,
cyclic adenosine monophosphate; cGMP, cyclic guanosine monophosphate; CGRP, calcitonin gene-related peptide; IP5, inositol triphosphate;
K* yrp» ATP-sensitive potassium channel; K* 2+, calcium-activated potassium channel; NO, nitric oxide; NPY, neuropeptide Y; PAF, primary
afferent fibers; PKC, protein kinase C; SP, substance P; VIP, vasoactive intestinal peptide.

Neuromediator Localization Receptor Second Functional response
messengers
CGRP, ADM, amylin Sensory neurons (PAF) CGRP CéMP Vasodilatat?on
K' arp tachycardia
P Ca™ Smooth muscl
ATP Sympathetic postganglionic neurons b, IP,, Ca?* I?ggtraftlil:rf e
4 PKC, NO
. AMP Vasodilatation
VIP P thet VPAC ¢
arasytipathetic nietrons ! K" bronchodilatation
. .. Y, Ca** -
NPY Sympathetic postganglionic neurons Vasoconstriction
Y, cAMP
IP.. Ca2* Vascular extravasation,
SP Enteric sensory neurons NK, 3P’Ké depolarization of PAF,
vasodilatation
NO Parasympathetic neurons — CGN£P Vasodilatation
PGs, K™ 2+

Data from [11, 21].

of resistance blood vessels, NA is tonically released by the
sympathetic fibers exerting a tonic vasoconstriction [2].

In the last 25 years, the role of afferent sensory nerves
modulating the vascular tone has emerged. Indeed, sensory
nerves may have a direct effect on regulating blood pressure
rather than the simple afferent role which had been initially
thought. In fact, the neuronal mechanisms associated with
regulation of the vascular tone are mediated not only by the
sympathetic nervous system, but also by the nonadrenergic
noncholinergic (NANC) neurotransmission [3]. Certainly,
this NANC neurotransmission is mediated by the autonomic
and sensory (afferent) nervous system.

2. A Short Overview of the Nonadrenergic
Noncholinergic (NANC) Neurotransmission

The role of NANC neurotransmission on the vascular tone
regulation is derived from a number of studies showing that,
apart from NA and ACh, several neuromediators released
by the ANS participate in the regulation of smooth muscle
contractility (for a historical perspective, see [4]). Initially,
this NANC neurotransmission had been mainly related to
purinergic [5] and nitrergic [6] transmission. Indeed, this
NANC neurotransmission was primarily associated with the
role of ATP as an inhibitor cotransmitter at the level of
neuroeffector junction of the intestinal smooth muscle [7].
Later on, it was demonstrated that ATP could be coreleased
not only from the autonomic sympathetic fibers, but also
from the NANC fibers [8, 9]. In the 80s, several NANC medi-
ators modulating neurotransmission were described [10].
Currently, this neurotransmission involves neuromediators
released by the autonomic and sensory nerves (Table 1).

The role of NANC neurotransmission in the resistance
vascular function has a predominant vasodilator compo-
nent, an effect opposite to the contractile effect induced by
sympathetic adrenergic stimulation. In this case, the most
important vasodilator neuromediators are calcitonin gene-
related peptide (CGRP), substance P (SP), nitric oxide (NO),
and adenosine triphosphate (ATP) (see [11]). All these neu-
romediators are expressed in sensory and autonomic fibers.
One important finding about this type of neurotransmission
is the fact that activation of sensory NANC fibers can
modulate the activity of sympathetic neurons [12]. In this
context, Kawasaki et al. [13] and Han et al. [14] suggested that
the electrically induced release of CGRP from perivascular
sensory fibers deriving from the dorsal root ganglia (DRG)
is responsible for relaxation of the arterial mesenteric bed.
Accordingly, the neural control of cardiovascular function is
mainly associated not only with activation of autonomic post-
ganglionic nerve fibers, but also with activation of primary
afferent (peptidergic) sensory fibers (Figure 1) [3, 15, 16].

3. The Sensory CGRPergic Neurons and
Vascular Tone

Classically, the nerves deriving from dorsal root ganglia
(DRG) have been classified as sensory nerves, the functions of
which are mainly related to the detection, transduction, and
transmission of peripheral stimuli. However, these sensory
nerves also seem to exert an efferent function (i.e., respond
intrinsically to specific stimuli). For example, stimulation
of the peripheral ends of cut DRG results in a vasodilator
response by an antidromic conduction [17]. Similar results
are obtained with strong stimuli on the human skin [18], an
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FIGURE 1: Vascular sympathetic and CGRPergic neurotransmission.
The vascular tone is mainly regulated by the autonomic nervous
system (ANS) innervation, but the sensory nerves play a pivotal role
not only as sensors but also as effector. In the case of the ANS, the
sympathetic branch exerts a tonic vasoconstriction by noradrenaline
release whereas the sensory fibers release the calcitonin gene-related
peptide and evokes vasodilatation. It is interesting to note that CGRP
release from sensory nerves could be induced by (i) an axonal reflex
and (ii) a dorsal root reflex inducing an antidromic conduction on
the primary afferent fiber.

effect mediated by the so-called axon reflex. Based on velocity
nerve conduction, fibers of DRG are classified into four types,
namely: (i) Aa-fibers, (ii) AB-fibers, (iii) Ad-fibers, and (iv)
C-fibers [19, 20].

It is noteworthy that the main type of fibers involved in
sensory NANC neurotransmission are the nociceptive fibers
(i.e, AS- and C-fibers). These primary afferent fibers (PAF)
are classically related to the transmission of the nociceptive
information to the superficial (I-II) and deep (V-VI) layers
of the spinal dorsal horn [33]. In this context, one important
molecular marker in these sensory neurons is CGRP. This
neuropeptide is mainly expressed in the small unmyelinated
fibers (C-fibers), but also (in minor proportion) in the
medium (Ad-fibers) and large (Aa-fibers and Ap-fibers)
myelinated fibers.

In the cardiovascular system, the activation of PAF has
been associated with the changes in (i) vascular tone, (ii)
autonomic neurotransmission at ganglionic level, and (iii)
cardiac function [11], an effect probably mediated in all cases
by CGRP release. Indeed, several blood vessels (including
the coronary arteries) are highly innervated by peptidergic
(CGRP and substance P) sensory fibers [34]. Moreover, some
studies using knockout mice have suggested that CGRP plays
a key role to maintain blood pressure [35]. At cardiac level,
the 8-methyl-N-vanillil-6-noneamide or capsaicin (the pun-
gent component of chili pepper) increases the chronotropic,
inotropic responses [3] and induces coronary vasodilatation
[36]. Furthermore, intracutaneously administered capsaicin

increases the skin blood flow [37]. In both cases, this effect is
due to release of CGRP from the sensory fibers by activation
of transient receptor potential vanilloid receptors (TRPV1) on
capsaicin-sensitive fibers (i.e., C-fibers) [38].

4. Calcitonin Gene-Related Peptide

4.1. CGRP Distribution. Since its discovery, CGRP has been
involved with actions on blood vessels [39]. This neuropep-
tide is extensively distributed in the central nervous system
(CNS) and peripheral nervous system (PNS) [39, 40]. In
the CNS, CGRP is highly expressed in the spinal dorsal
horn, cerebral cortex, gyrus dentatus, substantia nigra, and
in minor proportion in the neocortex, globus pallidus, hip-
pocampus, amygdala, thalamus, hypothalamus, and sympa-
thetic ganglia [41]. At vascular level, the terminal CGRPergic
sensory fibers are located in all layers of the vascular smooth
muscle [39, 42, 43]. Indeed, the localization of CGRP in
perivascular neurons is common to all vascular beds, at
the adventitial-medial border, passing into the muscle layer,
having a higher localization in arterial than venous tissues
(in this case on human epicardial coronary arteries) [44].
Receptors for CGRP have been identified in both media and
intima of resistance vessels and in endothelial cells [40, 42].
Due to a wide distribution of CGRP and its receptor in
the vascular system, this peptide seems to be relevant as a
potential drug target.

4.2. CGRP: Synthesis, Release, and Receptors. CGRP has two
isoforms, namely, a-CGRP and B-CGRP, both are present
in humans and rodents. These isoforms are constituted by
37 amino acids [45]. The main difference in the primary
structure of «-CGRP and -CGRP in humans lies in three
amino acids (Figure 2) whereas in the rat only one amino acid
is changed. One important issue about these isoforms is their
distribution; «-CGRP is mainly found in sensory neurons,
whereas 3-CGRP is found in the enteric nervous system and
the pituitary gland [45-47]. Although the biological activity
mediated by the CGRP receptor is similar for both isoforms,
in the cardiovascular system the «-CGRP is the isoform that
plays a key role.

These neuropeptides are synthetized in the CNS and
PNS and form part of the calcitonin peptides family, which
comprises at least six members, namely: (i) calcitonin, (ii)
amylin, (iii) «-CGRP, (iv) -CGRP, (v) adrenomedullin, and
(vi) intermedin [46-48]. CGRP can be released from the
A$- and C-fibers after activation of TRPV1 channels; if this
stimulation is strong enough, an antidromic conduction may
be induced, and probably also an axonal reflex, as previously
suggested [49]. In this respect, Holzer and Maggi [50] pro-
posed that CGRP is released tonically from sensory nerves.
This hypothesis implied (i) that perivascular CGRPergic
sensory neurons play an important role in the modulation
of vascular tone and (ii) the existence of a CGRP receptor
in the vasculature. These views were subsequently supported
by other lines of evidence showing circulating plasma con-
centrations of CGRP (picogram/picomolar concentrations)
in different species [51, 52].
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FIGURE 2: Protein primary structure of human CGRP. The calcitonin gene-related peptide (CGRP) is neuropeptide composed of 37 amino
acids and could be expressed in two isoforms, «-CGRP and -CGRP (in humans and rodents). It is interesting to note that in the case of
human isoforms, the difference in the polypeptide sequence is observed in three amino acids in the position 3, 22, and 25. One major difference
is the fact that a-CGRP is primary found in the sensory neurons whereas 3-CGRP is mainly found in the enteric nervous system and the
pituitary gland.

Early, two types of CGRP receptors were described,
the CGRP; and CGRP, receptors [47]. More recently, the
International Union of Basic and Clinical Pharmacology
(IUPHAR) has recognized the existence of only one receptor
[53]. Nevertheless, new evidence seems to suggest the pres-
ence of a second receptor, at least in coronary arteries [54]. In
any case, the CGRP receptor(s) belongs to the metabotropic
G-protein coupled receptor (GPCR) superfamily. This recep-
tor is coupled to G, proteins (which activate adenylyl cyclase)
and can interact with amylin and adrenomedullin (ADM)
[55]. In addition, this receptor is considered an atypical
GPCR, since apart from the calcitonin receptor-like receptor
(CRLR; the seven-transmembrane protein) it requires the
presence of an accessory protein named receptor activity-
modifying protein 1 (RAMP1). This accessory protein gives
the specificity to be activated by CGRP [55-57]. Finally, a
third cytoplasmic or membrane protein required for signal-
ing mechanisms has been identified, the RCP or receptor
component protein [58]. In brief, to be functional, the CGRP
receptor is composed by tree proteins forming a CRLR-
RAMPI-RCP complex (Figure 3).

5. CGRP and Vascular Tone Modulation

5.1. Overview. CGRP has several effects on the cardiovascular
system (see Table 2) and is a potent microvascular vasodilator.
Indeed, this neuropeptide is 100-1000 times more potent as
vasodilator than adenosine, SP, or acetylcholine [59], and its
effects can be specifically blocked by the peptide fragment
CGRPg_s, [60]. Furthermore, CGRP also induces significant
and selective hemodynamic effects such as increases in blood
flow and/or decreases in vascular resistance in multiple
vascular beds [61]. However, in anaesthetized rats, intra-
venous olcegepant (a CGRP receptor antagonist) produced
no change in baseline mean arterial blood pressure [62].
Furthermore, in healthy humans [63, 64], or in humans

TABLE 2: Physiological functions of CGRP in humans and rodents.

Function Species Tissue [reference]
Rat Vascular bed [14, 22]
Kidney [23]
Vasodilatation Cerebral arteries [24]
Human  Middle meningeal artery
(25]
Artery segments from
thymus [26]
Human Myocardium [27]
Inotropic positive effects Ventricular
Rat cardiomyocytes [28]
Ingest inhibition Rat In vivo [29]

. . . Cellular culture (smooth
Antiproliferative Rat muscle) [30]
Suppression of aldosterone Zona glomerulosa cells

Rat
release [31]
Thermal hyperalgesia Mouse Skin [32]

Spinal cord [32]

with coronary artery disease [65], CGRP receptor antagonists
do not seem to have significant effects; thus, CGRP does
not seem to play a primary role in the regulation of basal
blood pressure (see Section 7, “Final considerations about
the relevance of CGRPergic transmission on blood pressure
regulation”). Admittedly these studies were performed under
a single administration or during a short treatment period.
In this regard, the recent advent of monoclonal antibodies
against CGRP will shed further light on this issue [66].
Indeed, two two-phase studies [67, 68], showed that subcu-
taneous administration of TEV-48125 (an antibody against
CGRP) given once every month for 3 months for treatment of
either high-frequency episodic (297 participants) or chronic
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FIGURE 3: CGRPergic neurotransmission at the vascular level. (a) CGRPergic sensory neurons play an important role in the modulation of
vascular tone. Indeed, CGRP (from perivascular sensory neurons) can be released from primary afferent fibers. Certainly, CGRP can be also
released after activation of TRPV1 channels by capsaicin; if this stimulation is strong enough, an antidromic conduction may be induced and
probably also an axonal reflex. Furthermore, a strong stimulus in the periphery could reach the spinal dorsal horn by PAF and consequently
could be sent to supraspinal sites. (b) The CGRP release induced by antidromic stimulation, axonal reflex, or activation of TRPV1 channels can
be modulated by several heteroreceptors. Most of the heteroreceptors are described as GPCR. Certainly, prejunctional activation of e, -
adrenoceptors, 5-HT 5, D,-like, H; and probably Y, , receptors inhibits the CGRPergic neurotransmission in the systemic vasculature.
These heteroreceptors are coupled to G ;, proteins and activation of this system is classically related to inhibition of neurotransmitter release.
It is interesting to note that activation of a, ,,-adrenoceptors and Y, receptors supports the role of the sympathetic nerves modulating
CGRPergic transmission by noradrenaline and neuropeptide Y (a cotransmitter of sympathetic nerves). (c) At cellular level, the responses to
CGRP are mainly mediated by an increase in cAMP by activation of CGRP receptors coupled to G, proteins. This atypical receptor belongs
to the metabotropic GPCR superfamily and to be functional the CGRP receptor are composed of tree proteins forming a CRLR-RAMPI-
RCP complex. At vascular level, the increase in cAMP induces vasorelaxation by a direct (vascular smooth muscle cell) and indirect (K" ypp
channels) effect. Furthermore, the NOS pathway can be activated. In addition, recruitment of several intracellular signaling involving ERKs
or CREBs may be related to the fact that CGRP has protective properties by attenuation of vascular smooth muscle proliferation, hyperplasia
inhibition, and stimulation of endothelial cell proliferation. AC, adenylyl cyclase; cAMP, cyclic adenosine monophosphate; CGRP, calcitonin
gene-related peptide; CRLR, calcitonin receptor-like receptor; CREB, cAMP response element-binding protein; GPCR, G-protein-coupled
receptors; ERKs, extracellular signal-related kinases; K* yp, ATP-sensitive potassium channel; NOS, nitric oxide synthase; PAF, primary
afferent fibers; PKA, protein kinase A; RAMPI, receptor activity-modifying protein 1; RCP receptor component protein; TRPV], transient
receptor potential vanilloid 1.

(264 participants) migraine was effective and safe (with no
hemodynamic or cardiovascular changes being recorded).
Nevertheless, in addition to the small number of participants,
there was no longer duration of follow-up of the participants
after the last dose of TEV-48125. Therefore, no definitive

conclusions can be drawn regarding the potential for cardio-
vascular side effects in the longer term (i.e., for longer than 3
months).

Currently, the cardiovascular effects related to a long-
term blockade of the CGRP system are unknown and studies



regarding this issue (along-term disruption of the CGRPergic
system) maybe in large clinical trials (e.g., phase IV studies)
could unmask potential vascular unwanted effects. Notwith-
standing, under pathophysiological conditions, CGRP has
protective properties in cardiovascular disease [69], by
attenuation of vascular smooth muscle proliferation [70],
hyperplasia inhibition [71], and stimulation of endothelial cell
proliferation or endothelial progenitor cells [72].

Moreover, considering the selective perivascular CGRP
innervation in some vascular beds [44], it is reasonable
to suggest that CGRPergic fibers (apart from mediating a
potent vasodilatation) could produce local effects (without
reaching plasma). Furthermore, in pathological conditions
where plasma CGRP levels are increased (such kidney dial-
ysis), it is possible that CGRP is acting as a compensatory
mechanism [73] or to produce a protective effect against
myocardial infarction [69]. Since the vascular system is inner-
vated by perivascular sympathetic and sensory nerves, both
systems interact controlling the vascular tone, the first one
by inducing a vasoconstrictor tone whereas the activation of
peptidergic sensory nerves induces vasodilatation mediated
by CGRP (which is considered a potent arterial and venous
vasodilator).

The role of CGRP on sensory vasodilatation was ele-
gantly demonstrated in a series of experiments performed by
Kawasaki et al. [13]. Using the mesenteric resistance blood
vessels of the rat under a continuous infusion of methoxam-
ine (a «,-adrenoceptor agonist) and guanethidine (an adren-
ergic neuronal blocker), electrical stimulation of the periar-
terial nerves induced a vasodilator response which was (i)
of neuronal origin (as it was abolished by pretreatment with
tetrodotoxin) and (ii) NANC in nature (as it was unaffected
by anticholinergic drugs and f-adrenoceptor antagonists).
In addition, this response was dose-dependently mimicked
by exogenous CGRP [13, 61]. Together, these data led to
hypothesize that CGRP is a key endogenous neuromediator
modulating the vascular tone. This hint was corroborated by
the use of the CGRP receptor antagonist, CGRPg_, and an
antibody against the CGRP receptor [14, 22].

Furthermore, using the pithed rat model under the phar-
macological conditions used by Kawasaki et al. [13] (i.e., auto-
nomic blockade and artificial vasoconstriction), Taguchi et al.
[74] showed that selective electrical stimulation of the spinal
Ty-T,, segments evoked frequency-dependent vasodepres-
sor responses without affecting the heart rate. These elec-
trically induced vasodepressor responses (mimicked by
CGRP, but not by SP, acetylcholine, or isoproterenol [a f3-
adrenoceptor agonist]) were (i) abolished by tetrodotoxin; (ii)
resistant to blockade by atropine (a muscarinic agonist), pro-
pranolol (a 3-adrenoceptor antagonist), or the combination
of pyrilamine plus cimetidine (H, and H, receptor antago-
nists, resp.); (iii) markedly inhibited by capsaicin pretreat-
ment (in order to destroy sensory neurons); and (iv) com-
pletely blocked by the antagonist CGRPg_,, (at doses equally
blocking the vasodepressor responses to exogenous CGRP).
Together, these data showed that the neurogenic vasodepres-
sor (i.e., systemic vasodilator) responses induced in pithed
rats are mainly mediated by CGRP release from perivascular
sensory nerves [74]. In direct connection with this, there is
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evidence showing that sensory CGRPergic nerves innervate
perivascularly the rat mesenteric arterial bed [13].

5.2. Mechanisms Involved in the Vasodilator Responses to
CGRP. At cellular level, the vasodilator responses to CGRP
are mainly mediated by an increase in cyclic adenosine
monophosphate (cAMP) [45]. At vascular level, CGRP exerts
its vasodilator effects by endothelial-dependent [75-78] and
endothelial-independent mechanisms [79] (Figure 4). In
general, the increase in cAMP reflects the fact that CGRP
receptors are coupled to Gy« proteins, although the role of
Gy (with the consequent activation of phospholipase C,
PLC) has been suggested [80, 81]. On this basis, the increase
in cAMP induces vasorelaxation by a direct effect, an effect
favored by the activation of the ATP-sensitive potassium
channels (K" yrp channel) [82]. This vasodilator mechanism
is achieved in several blood vessels with the exception
of the aorta and pulmonary artery (where the vasodilator
effect is endothelial-dependent). In this case, the response
is attenuated by endothelial nitric oxide synthase (eNOS)
inhibitors [77, 78, 83], suggesting that the endothelium-
induced vasodilatation is mediated by activation of guanylyl
cyclase. In fact, an increase in cAMP in endothelial cells
favors the activity of eNOS leading to an increase in nitric
oxide (NO). Certainly, the activation of eNOS is mediated by
activation of protein kinase A (PKA) [84], but it also could be
activated by Gy« proteins [60].

5.3. CGRPergic Neurotransmission and Interactions with
“Hypertensive” Systems. The role of CGRPergic neurotrans-
mission in the modulation of other systems related to the
control of cardiovascular function has been demonstrated,
particularly with the renin-angiotensin-aldosterone system
(RAAS) and the sympathetic nervous system.

In the specific case of the RASS, CGRP inhibits aldos-
terone secretion induced by angiotensin II (Ang II) [85, 86],
suggesting an interaction between these two systems. This
idea has been reinforced since, in neonate rats, pretreatment
with capsaicin (at doses that destroy the sensory peptidergic
fibers) enhanced the induction of hypertension by a high
sodium diet [87]. In this case, the mechanism involved is
related to suppression of control of the renin-aldosterone
secretion [87-90]. Furthermore, in CGRP knockout mice,
an increase of the RASS is observed, supporting the above
hypothesis [91]. Finally, in perfused mesenteric vascular beds,
activation of Ang II receptors inhibits the vasodilatation
induced by CGRP release [92]. This effect is probably medi-
ated by a prejunctional (on the sensory perivascular nerves)
activation of Ang II type 1 receptor (AT1) [93], since the
long-term blockade by losartan (an AT1 receptor preferring
antagonist) in spontaneously hypertensive rats (SHR) pre-
vents the reduction of the CGRPergic neurotransmission
[92]. In the case of the sympathetic nervous system, the
destruction of sensory nerves by capsaicin or the blockade of
CGRP receptors by CGRPg_5; enhanced the vasoconstriction
induced by noradrenaline without modifying its release [94-
96], suggesting that the antihypertensive effect of CGRP is
lost.
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(a) Vascular smooth muscle cell

(b) Endothelial vascular cell
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FIGURE 4: Cellular mechanisms involved in the CGRP-induced vasodilation. The vasodilation induced by «-CGRP is mediated by activation
of the CGRP receptor, a seven-transmembrane domain receptor coupled generally to a G, protein that under activation induces the activity of
adenylate cyclase. The a-CGRP induce vasodilation by two mechanisms: a direct effect on the smooth vascular muscle (a) and by endothelial-

dependent mechanism (b).

5.4. CGRP Release Modulation at the Neurovascular Junction
in the Mesenteric and Systemic Vasculature. Since CGRP
seems to play a pivotal role modulating the vascular tone,
several mechanisms/receptors have been described to be
involved in the modulation of the release of this neuropep-
tide. Indeed, this CGRPergic neurotransmission could be
modulated by heteroreceptors (inhibiting or enhancing the
CGRPergic outflow) [94] and autoreceptors (inhibiting the
CGRP release) [97] at prejunctional sensory level. In this
context, it is interesting to point out that most of the heterore-
ceptors involved belong to the G-protein-coupled receptors
(GPCR) which, among other functions, are classically related
to the presynaptic modulation of the neuronal input [98].
Briefly, activation of a G protein promotes the release of a
neuromediator whereas a G, inhibits such release.

One of the first evidence showing that CGRP release
from sensory perivascular nerves could be modulated by
others systems was observed in the mesenteric resistance bed.
In this case, Kawasaki et al. [94] showed that neurogenic
CGRPergic vasodilation induced by periarterial stimulation
was smaller when the vessels where precontracted with NE
(a nonselective «, - and «,-adrenoceptor agonist) instead of
methoxamine (a selective «;-adrenoceptor agonist). These

results not only suggest that activation of a,-adrenoceptor
inhibits the CGRP release but also point out the role
of sympathetic adrenergic nerves modulating the sensory
vasodilator function. Indeed, Supowit et al. [99] showed
that UK 14,204 (an «,-adrenoceptor agonist) inhibits the
CGRP expression in DRG neurons. However, we need to
keep in mind that a,-adrenoceptors exist in three phar-
macologically and structurally subtypes, namely, a,,-, oty5-
, and ay--adrenoceptors all coupled to G;;, protein [100].
In this context, Villalén et al. [101] showed that CGRPergic
neurotransmission is modulated by prejunctional activation
of oy, - and «,--adrenoceptors.

In addition, the sympathetic adrenergic nerves could
release other neurotransmitters as cotransmitters (e.g., neu-
ropeptide Y; NPY). Indeed, in perfused mesenteric vascular
beds, NPY inhibits the neurogenic release of CGRP [102,103],
but the NPY receptor subtype involved remains unknown.
Furthermore, perivascular adrenergic nerves could take 5-
HT and under electrical stimulation this 5-HT could be
released producing not only a vasoconstrictor response (by
vascular 5-HT,, receptor activation) [104] but also an inhi-
bition of the CGRPergic vasodilatation by inhibition of CGRP
release [105]. Certainly, antimigraine drugs such triptans and



ergots (compounds with high affinity for 5-HT receptors)
not only inhibit the neurogenic vasodilation produced by
trigeminal release of CGRP at the level of cranial blood
vessels (and consequently the dilatation in the headache
phase; see Section 6.3) [106-109], but also the CGRPergic
systemic vasodilatation [110]. This effect is partly mediated
by prejunctional activation of 5-HT, and 5-HT, receptors
[111, 112]. In addition, we need to keep in mind that classical
drugs for migraine treatment like dihydroergotamine (an
ergot) have affinity not only for 5-HT), receptors, but also for
(i) - and a,-adrenoceptors; (ii) 5-HT,, 5-HT,, 5-HT5, 5-
HTj, and 5-HT, receptors; and (iii) D,-like receptors.

In this sense, prejunctional activation of sensory 5-
HT, receptors can also inhibit the release of CGRP by
an endothelium-dependent mechanism since the inhibition
induced by AS-19 (a 5-HT, receptor agonist) was blocked
not only by pimozide (5-HT, receptor antagonist), but also
by sulfisoxazole (an ET, receptor antagonist) [113]. Further-
more, prejunctional D,-like receptors inhibit the CGRPergic
outflow in the systemic vasculature [114]. These data may be of
particular relevance when considering potential cardiovascu-
lar side effects by antimigraine drugs as previously suggested
[110].

Since histamine can be released from adrenergic nerves in
the mesenteric bed [115], the potential role of histamine (H)
receptors has been investigated. In this case, histamine plays a
dual role on the CGRP release where prejunctional activation
of H; receptors inhibits the neurogenic vasodilation [116, 117],
whereas H, receptors enhance the CGRP nerve-mediated
vasodilation possible by an enhancement of prejunctional
activity of TRPV1 receptors [118]. In any case, these pro- and
antivasodilator effects by the same molecule could reflect a
fine tuning of the CGRP release by the sympathetic nerves.

Finally, a complex interaction between the ANS and the
sensory nerves modulating vascular tone has been described.
Presynaptic activation of nicotinic ACh receptors in the
perivascular adrenergic nerves is able to release protons (H")
as a cotransmitter which in turn is able to activate TRPV1
receptors in the sensory nerves and consequently the release
of CGRP [119, 120] suggesting a paracrine control of the
vascular tone [121]. In addition, it is widely documented that
sex steroid hormones regulate several biological functions
[122] and in ovariectomized rats treatment for 1-3 weeks with
17 B-estradiol potentiated the CGRP-induced relaxation in the
mesenteric, caudal arteries [123], and the middle meningeal
artery (a vessel involved in the pathophysiology of migraine)
[124]. These results could explain (at least partially) the fact
that hypertension is more common in men than women and
why migraine is more common in women.

6. The Role of CGRP on Some Vascular-
Related Diseases

6.1. CGRP and Hypertension. Hypertension or high blood
pressure (a persistently high value at/or above 140/90 mm Hg)
is a major worldwide health problem and can be classified as
primary or essential hypertension (due to nonspecific lifestyle
and genetic factors) and secondary hypertension (due to an
identifiable cause) [125]. This pathology is ranked as the third
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cause of age-dependent disability (its prevalence is higher in
older adults) [126]. Furthermore, both primary hypertension
and secondary hypertension are considered a risk factor
for cardiovascular associated diseases (stroke, heart failure,
peripheral vascular disease, vision loss, etc.) [127]. Despite all
these important facts, the mechanisms involved in the onset
of hypertension remain unclear.

Using experimental models of hypertension, it has been
reported that CGRP-containing nerves in mesenteric arteries
are decreased [128]. In addition, capsaicin-induced hyper-
tension can be mediated by decreased vasodilatation (CGRP,
kinin, or prostaglandin) or by a direct action on vascu-
lar smooth muscle [129]. There is increased evidence that
the sensory nervous system plays an important role in
experimental hypertension [5, 130-133]. For example, CGRP
administration may significantly decrease high blood pres-
sure in humans [134] and early reports demonstrated that
CGRP attenuated chronic hypoxic pulmonary hypertension
[135]. In addition, one genetic study has shown that CALC
I (a gene that encodes CGRP and calcitonin) is associated
with a polymorphism that is maybe correlated to essential
hypertension susceptibility [136]. However, this was a small
study and the functional significance of this polymorphism
is not yet known.

Certainly, Mai et al. [131] showed in a-CGRP knockout
mice an increase in mean arterial pressure (using telemetry),
an effect due to an enhancement of the sympathetic discharge,
as previously suggested [137], supporting the hypothesis that
CGRPergic nerves modulate the sympathetic activity [16].
However, this increase in blood pressure contrasts with the
findings reported by Smillie et al. [138], who found that basal
blood pressure in wild-type and a-CGRP knockout mice are
similar (using the tail cuff method). Thus, the CGRPergic
system seems to play a protective role against hyperten-
sion, vascular hypertrophy, and oxidative stress induced by
angiotensin II [138]. It is important to point out two key
experimental differences between these contrasting studies:
(i) Mai et al. [131] used a global knockout a-CGRP/calcitonin
mice whereas Smillie et al. [138] used a selective a-CGRP
knockout mice and (ii) the method to measure blood pres-
sure, that is, telemetry (a continuous recording of blood
pressure) against tail cuff method (one measure at one time
in a day). Certainly, as reported by Mai et al. [131], the mean
arterial pressure in the CGRP™/~ mice was not significant at
any individual 12-hour data point (as reported by Smillie et al.
[138]); however, the global average daytime was significantly
higher in these knockout mice, suggesting that, in addition
to the transgenic mice used, the method and protocol to
measure blood pressure could be relevant to find differences.
In any case, both studies support the notion that sensory
CGRPergic nerves could be acting as a protective system
modulating the activity of “hypertensive” systems as observed
in other hypertension animal wild-type models [45, 130, 139].

Although exogenous administration of a-CGRP in
healthy humans decreases blood pressure, one important
issue about the role of CGRPergic neurotransmission in
the development of hypertension remains unclear, in part
because plasma concentrations of CGRP are inconsistent
[126, 130, 139]. In this case, the heterogeneous results may be
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due to the compensatory mechanisms involved at the stage
that the plasmatic concentration is measured. For example,
some studies have shown a decrease [134], an increase
[140], or no change in plasma CGRP concentrations [141].
Moreover, in a-CGRP knockout mice, SHR, dahl-salt, or
phenol-induced hypertension, a decrease in plasma CGRP is
observed [32, 35, 142, 143], whereas in models like Doc-salt or
blockade of NO activity by Nw-nitro-L-arginine methyl ester
(L-NAME) the plasma levels of CGRP are enhanced [144-
146] (for an extensive detail about CGRP and hypertension
see [126, 139]).

In addition, some data seem to support the role of CGRP
during hypertension. For example, chronic administration of
captopril reverses the reduced CGRPergic responses, at least
in SHR [147] where the function of CGRP is reduced [148].
Furthermore, it has been shown that chronic hyperinsu-
linemia (a condition associated with hypertension) not only
enhances adrenergic vasoconstriction, but also decreases the
CGRPergic function [149-151] and the use of pioglitazone
(an antihyperglycemic drug used in diabetics) can restore
the sensory nerve-induced vasodilation by CGRP release
[152]. Indeed, acute hyperglycemia and hyperinsulinemia
have been associated with an increase of the sympathetic
vasoconstrictor function and a decrease of the CGRPergic
vasodilation [153]. Certainly, the role of CGRP in hyperten-
sion seems to be relevant, but future research on the potential
use of a compound to treat this disorder remains a challenge.

6.2. CGRP and Preeclampsia. Preeclampsia (PE), a preg-
nancy-specific syndrome affecting 3-5% of pregnancies, is
one of the main causes of maternal, fetal, and neonatal
mortality [154-156] and is associated with an increased risk
to develop cardiovascular disease and stroke in the future
[157,158]. Though the pathogenesis of PE still remains poorly
understood, this disorder is characterized by an increase of
maternal blood pressure (beginning during the Ist trimester)
and proteinuria [154], and strong evidence suggests that
disturbances in placentation leading to generalized inflam-
mation and progressive endothelial damage are one of the
major causes of PE [159, 160]. Certainly, PE is a multisystemic
syndrome characterized by increased vascular resistance
(>140/>90 mm Hg on two occasions that are 4-6 h apart).
Apart from the delivery as the cure for PE, the use of anti-
hypertensive drugs («-adrenoceptors agonists, [3-blockers,
Ca®* channels blockers, vasodilators, ketanserin, and glyceryl
trinitrate) to stabilize the blood pressure is the currently
used pharmacotherapy (see the WHO guidelines, [132]).
Certainly, the increase in blood pressure in preeclampsia is
associated with (i) an increase in the plasma concentrations
of vasoconstrictor agents such as thromboxane and prosta-
cyclins [161], serotonin [162], and noradrenaline [163]; (ii) a
decrease in the plasma concentrations of vasodilator agents
such as CGRP and ADM (164, 165]; and (iii) an increase
in vascular reactivity to Ang II [166]. In this context, it has
been suggested that CGRP plays a key role in the control of
human fetoplacental vascular tone [167] and it is interesting
to note that two components of the CGRP receptor (CRLR
and RAMPI) are expressed (mRNA) in fetoplacental vessels
(umbilical artery and vein, chorionic artery and vein) [168].

Interestingly, during PE, the expression of CRLR and RAMPI
is reduced in these vessels [168] suggesting a disruption of
CGRPergic vasodilator function.

With this in mind, Yallampalli et al. [169] showed that,
in animals with PE-like condition, where the hypertension
during pregnancy was induced by chronic inhibition of NO
with L-NAME, coadministration of CGRP prevented not
only the L-NAME-induced hypertension, but also the pup
mortality. Furthermore, since blockade of CGRP receptor
with CGRPg_;, enhances the L-NAME-induced hyperten-
sion, a compensatory vasodilator effect of CGRP is supported
[144]. This hypothesis is reinforced by the fact that, in
humans, CGRP levels in umbilical cord blood are increased
in PE [170] probably to counteract the reduction in the
CRLR and RAMPI proteins in the chorionic plate [165] and
the fetoplacental vessels [168]. However, other studies in
pregnant women found that the plasmatic levels of CGRP
(in maternal serum or umbilical serum) are diminished in
the PE patients [164]. Although, this difference could be
due to the site of sample extraction, tissue, and technique
used to measure CGRP, these studies point out the potential
relevance of CGRPergic neurotransmission during PE [171].

An interesting finding about the role of CGRP in PE was
the fact that magnesium sulfate (MgSO,) therapy (a standard
treatment to avoid eclampsia, a serious complication of PE)
can modulate several molecules implicated in PE, including
CGRP, ADM, the angiogenic factor of soluble intracellular
adhesion molecule-1 (sICAM-1), and the prooxidant factor
of total homocysteine (hHcy) [172]. In this sense, MgSO,
increased CGRP levels in the maternal circulation [164, 173]
and the CRLR and RAMP1 components in the placental tissue
[174]. More recently, it has been suggested that maternal
circulating CGRP could serve as a biomarker for early
detection of PE [175].

In summary, these findings may have important clinical
implications in view that CGRP may contribute to the low
fetoplacental vascular resistance in normal pregnancies, and
CGRP-dependent vascular relaxation appears to be compro-
mised during PE.

6.3. CGRP and Migraine. Migraine is a complex neurovas-
cular disorder [176, 177] associated with disturbances in the
CGRPergic system at trigeminal level (for references see
[52]). The neurobiology behind migraine involves the role
of CGRP and its receptors which are highly expressed in
the trigeminovascular system [178]. Current stablished or
potential pharmacotherapy to treat migraine attacks includes
the use of triptans (e.g., sumatriptan), ergots (e.g., dihy-
droergotamine), gepants (e.g., olcegepant), and more recently
nezumabs (antibodies against CGRP) [179, 180]. Triptans and
ergots inhibit CGRP release at peripheral (on vasculature)
and central level, whereas gepants prevent the actions of
CGRP by blocking the CGRP receptors [52] and nezumabs
by acting as CGRP scavengers [180].

At peripheral level, the trigeminal nerve innervates sev-
eral tissues in the head by three branches: (i) ophthalmic,
(ii) maxillary, and (iii) mandibular [181]. The ophthalmic
branch senses information from the blood vessels which
irrigate meninges [182]. Furthermore, blood vessels from
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dura mater are rich in expressing CGRP receptors, specifically
on the smooth muscle cells [183]. Hence, expression of
CGRP receptors at the peripheral level seems to be mainly
postjunctional. Moreover, experimental hyperactivation of
sensory fibers innervating dura mater in animal models
induces neurogenic vasodilation (mediated by CGRP) and
plasma protein extravasation (PPE) (mediated by tachykinins
and endothelins); both components are related to the “neu-
rogenic inflammation theory of migraine” [184]. Although
in animal models both conditions seem to participate in
sensitization of nociceptors and subsequently hyperalgesia,
only blockade of the neurogenic vasodilation [185], but not of
PPE [184] was effective in the acute treatment of migraine. In
addition, the action mechanism of some prophylactic drugs
seems to be related to the inhibition of CGRP release at the
perivascular level since in a migraine animal model fluoxetine
administration (for 3 weeks) inhibits the capsaicin-induced
vasodilatation [186]. These results point out the relevance
of CGRPergic transmission in the trigeminovascular system
during migraines.

More recently, Vilotti et al. [187] reported that experi-
mental mutations in Ca,2.1 Ca®" channels in mice (altered
in familial hemiplegic migraineurs) result in higher release
of CGRP rather than changes in CGRP receptor expression.
Hence, peripheral release of CGRP (which induces vasodi-
latation) into the trigeminovascular system is regulated by
several mechanisms of neuromodulation at the neurovas-
cular junction and almost all these systems and receptors
are also modulating the afferent input to the trigeminal
nucleus [188]. Examples of the above are the ergots (5-HT|,
a,-adrenergic, and D,-like receptor agonists) and triptans
(selective 5-HT;,p)1r receptor agonist) [186,189-191]. In fact,
treatments to specifically block the function of CGRP recep-
tors are the targets of the pharmacological therapies under
clinical review which promise to decrease the side effects
of classic antimigraine drugs (i.e., cardiovascular effects).
However, the potential risk for unmasking and/or boosting
hypertensive mechanisms is a topic that needs to be deeply
explored as previously suggested [66,110]. Indeed, LY2951742
(antibody against CGRP) administration potently inhibited
the capsaicin-induced dermal blood flow [192], suggesting
that these compounds can block the systemic CGRPergic
system (for more detailed information on antibodies against
CGRP see [66, 132]).

7. Final Considerations about the Relevance of
CGRPergic Transmission on Blood Pressure
Regulation

Regarding the use of animal experimental models, an intact
or even an anaesthetized animal should be a closer model for
assessing the physiological importance of olcegepant’s (CGRP
receptor antagonist, an antimigraine compound) actions.
Indeed, intravenous administration of 3 mg/kg olcegepant,
which markedly blocked the vasodepressor responses to
CGRP in anaesthetized rats, produced no change in baseline
mean arterial blood pressure [51]. These results, in addition to
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indicating that exogenous CGRP produces systemic vasodi-
latation by activation of CGRP receptors, might suggest that
endogenously produced CGRP does not play an important
role in modulating both the systemic vascular tone and blood
pressure under physiological conditions. However, some
aspects of the haemodynamic actions of CGRP and CGRP
receptor antagonists can be detected only in the absence of
central reflexes, as in pithed rats. In this respect, 3 mg/kg
olcegepant (IV) in pithed rats, which abolished the vasode-
pressor sensory CGRPergic outflow and the vasodepressor
responses to exogenous CGRP, potentiated the neurogenic
(perivascular sympathetic) and nonneurogenic (by exoge-
nous noradrenaline) vasopressor responses, an effect that
might result in a prohypertensive action [193].

The above findings suggest that, in intact or anesthetized
rats, central reflexes (e.g., the baroreceptor reflex) might
be compensating for the changes in blood pressure and/or
heart rate produced by olcegepant. If these changes occur
chronically (e.g., when taking olcegepant frequently), they
may result in cardiovascular disease. Consistent with the
above suggestions, blood pressure determined by telemetry
was increased in unrestrained CGRP knockout mice [91, 131].
However, Lu et al. [194] found no difference in the systemic
blood pressure of a-CGRP knockout mice, but blood pressure
was measured with a catheter inserted into the carotid
artery and recorded for 2min of integration time. These
apparent discrepancies most probably reflect differences in
the experimental conditions.

8. Final Remarks

The CGRPergic system seems to exert a significant effect on
the modulation of vascular tone. Endogenous CGRP released
from PAF is a potent vasodilator. Certainly, CGRP and its
receptor have emerged as an interesting target involved in
vascular tone modulation under physiological conditions and
during some vascular-related diseases. The increasing under-
standing in the receptors/mechanisms involved in regulation
of CGRP release under normal or pathological conditions
suggests that the CGRP receptor should be considered as
a relevant target in the development of therapeutic alter-
natives to treat pathologies related to the cardiovascular
system as hypertension (agonists), preeclampsia (agonists),
and migraine (antagonists).
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