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Russell FA, King R, Smillie S-J, Kodji X, Brain SD. Calcitonin Gene-Related
Peptide: Physiology and Pathophysiology. Physiol Rev 94: 1099–1142, 2014;
doi:10.1152/physrev.00034.2013.—Calcitonin gene-related peptide (CGRP) is a
37-amino acid neuropeptide. Discovered 30 years ago, it is produced as a conse-
quence of alternative RNA processing of the calcitonin gene. CGRP has two major

forms (� and �). It belongs to a group of peptides that all act on an unusual receptor family. These
receptors consist of calcitonin receptor-like receptor (CLR) linked to an essential receptor activity
modifying protein (RAMP) that is necessary for full functionality. CGRP is a highly potent vasodilator
and, partly as a consequence, possesses protective mechanisms that are important for physio-
logical and pathological conditions involving the cardiovascular system and wound healing. CGRP is
primarily released from sensory nerves and thus is implicated in pain pathways. The proven ability
of CGRP antagonists to alleviate migraine has been of most interest in terms of drug development,
and knowledge to date concerning this potential therapeutic area is discussed. Other areas
covered, where there is less information known on CGRP, include arthritis, skin conditions,
diabetes, and obesity. It is concluded that CGRP is an important peptide in mammalian biology, but
it is too early at present to know if new medicines for disease treatment will emerge from our
knowledge concerning this molecule.
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I. INTRODUCTION

Calcitonin gene-related peptide (CGRP) is a 37-amino acid
peptide, which is primarily localized to C and A� sensory
fibers. These fibers display a wide innervation throughout
the body, with extensive perivascular localization, and have
a dual role in sensory (nociceptive) and efferent (effector)
function (261, 339). CGRP is also localized in nonneuronal
tissues, of which less is known at present. The role of CGRP
remains unclear, despite excellent and previous reviews in-
cluding (28, 41, 86, 430, 435).

Originally, CGRP was shown to mediate sympathetic out-
flow from the brain (123). However, it was soon established
that the major cardiovascular activity of CGRP is its potent
vasodilator activity that is obvious when exogenous CGRP
is administered at femtomolar doses to the skin of human
and animal species (45), and supported by evidence that
CGRP has a vascular protective role through studies mainly

carried out in rodent models. It has been suggested that
CGRP may have potential as a therapy for treating cardio-
vascular diseases, but progress here has been limited. How-
ever, the sensory fibers that CGRP is contained in are also
associated with pain processes, and the development of
CGRP antagonists has revealed the pivotal role that CGRP
plays in migraine, and with it the therapeutic potential of
CGRP receptor antagonists, which has led to a vibrant drug
discovery program (302, 311). The aim of this review is to
summarize the current understanding of the role of CGRP
in physiology and pathophysiology, with special reference
to the cardiovascular system.

CGRP was discovered when it was realized that alternative
processing (tissue-specific splicing) of the mRNA for calci-
tonin in the thyroid of the ageing rat leads to CGRP pro-
duction, and CGRP was found to be widely expressed in
neuronal tissue (11, 338, 339). It was then isolated from the
thyroid of patients with medullary thyroid carcinoma
(294). The gene family is comprised of adrenomedullin,
adrenomedullin 2 (intermedin), and amylin, in addition to
the calcitonin gene. There are two major CGRP isoforms,
which have similar structures and biological activities but
are formed by separate genes (10).

The realization that CGRP was present in sensory nerves led
to studies with the chili extract capsaicin, which is now
known to activate transient receptor potential vanilloid 1
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(TRPV1) receptors, commonly found on sensory C and A�-
fibers. Capsaicin has long been known to cause pain and
redness on acute application; thus its ability to release
CGRP and the colocalized neuropeptide substance P (SP),
characterized a few decades earlier, was not surprising
(139, 255, 448). There were also two key indicators of
future importance. First, CGRP was found to be released
and active in the cerebral circulation (162). Second, CGRP
was not only a potent vasodilator, but also had a close
reciprocal interaction with the sympathetic nervous system
in the periphery (212, 394). Other aspects, such as the role
of CGRP in inflammation, have been debated with evidence
for both a pro- and anti-inflammatory role, depending on
situation (see Ref. 39).

II. SYNTHESIS

A. The Two Isoforms of CGRP: �CGRP and
�CGRP

The two forms of CGRP, � and �CGRP, otherwise known
as CGRPI and II, are synthesized from two distinct genes at
different sites on chromosome 11 in the human (436). The
CALC I gene can undergo alternative splicing to produce
either calcitonin or �CGRP (FIGURE 1), whereas �CGRP is
known to be transcribed from its own distinct CALC II gene
(7, 371). �CGRP and �CGRP share �90% homology (FIG-
URE 1A) and differ by only three amino acids in the human;
thus it is perhaps not surprising that they share similar
biological activities (10, 294, 371). Traditionally, it has
been considered that �CGRP is the principal form found in
the central and peripheral nervous system, whereas �CGRP
is found mainly in the enteric nervous system (41, 297).

To produce calcitonin from the CALC I gene, it is necessary
for exon 4 within the gene to be expressed in the mature
protein. This is the situation that occurs predominantly in
the thyroid where calcitonin is the major gene product.
Conversely, expression of exons 5 and 6 results in produc-
tion of �CGRP mRNA, which is first translated into a 121-
amino acid pro-hormone, and then subsequently cleaved to
create the mature 37-amino acid peptide (FIGURE 1B).
�CGRP is predominantly expressed throughout the central
and peripheral nervous system. However, the mechanism
that determines this alternate splicing remains unclear
(249).

B. Structure of CGRP

The structure of human �CGRP has been revealed to con-
tain four clear domains, similar to that of �CGRP (75). The
first seven residues of the NH2 terminus make up the first
domain and form a ringlike structure, held together by a
disulfide bridge. The peptide CGRP antagonist, CGRP8–37,
is formed from the removal of this first domain. Residues

8–18 make up domain 2, which consists of an � helix,
deletion of which causes a 50- to 100-fold decrease in affin-
ity (341). In particular, residues 11 and 18 within the hy-
drophilic face of the �-helix play a crucial role in promoting
high-affinity binding (190). Residues 19–27 make up do-
main 3 of CGRP and form either a �- or �-twist (75). The
final fourth domain contains the COOH terminus and the
remaining residues from 28–37, and has two turn regions
that are thought to form a binding epitope (46, 59). The
species differences and structure-activity relationships for
CGRP have been extensively investigated, and key amino
acids playing pivotal roles in receptor binding and activa-
tion have been identified (429). FIGURE 1A shows the amino
acid sequences of human, rat, and mouse � and �CGRP.

C. Regulation of Synthesis and Release of
CGRP

The regulation of CGRP synthesis is still poorly under-
stood. CGRP synthesis is known to be upregulated in mod-
els of nerve damage, such as peripheral axotomy, and it is
thought that synthesis of the peptide is enhanced in tissues
that are undergoing an inflammatory response (98). This
may be linked to local release of nerve growth factor (NGF)
from cells such as macrophages and keratinocytes. NGF is
vitally important for the growth of sensory nerves and for
the maintenance of function of mature nerves (393). After
the depletion of sensory neuropeptides from nerve termi-
nals following treatment with the TRPV1 agonist capsaicin,
NGF is required for the synthesis of new peptide (97).
Moreover, NGF has been linked to the upregulation of
CGRP production within the dorsal root ganglia (DRG)
and promotion of CGRP expression in the genetically bred
spontaneously hypertensive rat (SHR) (384) and is now
considered to be involved in influencing both the sensory
and sympathetic nervous systems in a complex manner dur-
ing cardiovascular dysfunction (167). Increased levels of
both NGF and CGRP are also observed in the plasma and
saliva from migraine patients, a condition which CGRP is
heavily implicated in, as will be discussed later in this review
(199). There is also the potential for other factors, e.g.,
brain-derived neurotrophic factor (BDNF) to influence
CGRP release and activity (346).

After synthesis, CGRP is stored in large, dense-core vesicles
within the sensory nerve terminal (273). Following neuro-
nal depolarization, CGRP is released from the terminal via
calcium-dependent exocytosis mediated by classical exocy-
totic pathways that involve members of the SNARE (solu-
ble N-ethymalemide-sensitive factor attachment protein re-
ceptor) family of proteins (284). The release of CGRP from
sensory neurons was first demonstrated using capsaicin.
The TRPV1 receptor is an ion channel that is also activated
by noxious heat (�43°C) and sensitized by low pH as well
as various endogenous lipids and other soluble mediators
acting through a range of receptors on the nerve terminal
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(60, 415). However, the actual importance of specific en-
dogenous agonists in releasing CGRP is still being defined.
Substantial work has been carried out with the compound
rutaecarpine isolated from the plant, Evodia rutaecarpa,

which is used to treat hypertension in traditional Chinese
medicine (236). Rutaecarpine is a reported TRPV1 agonist
that releases CGRP and acts in a hypotensive, cardiovascu-
lar protective manner in humans (236). It is likely that en-
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FIG. 1. A: amino acid residues of human, rat, and mouse �- and �-CGRPs. The secondary structure regions
and disulfide bonds are indicated. The residues in bold are nonidentical homologs to the human-�-CGRP. In
italics are the residues that are nonidentical homologs between the �- and �-CGRP of the same species.
B: processing of the calcitonin CALC I gene leading to either primarily calcitonin in the thyroid or �-CGRP in
sensory neurons.
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dogenous agonists/stimuli might be more relevant in terms
of TRPV1 activation and subsequent CGRP release in vivo,
especially in areas of inflammation that are likely to have
raised local temperature and increased proton concentra-
tions (9). One possible endogenous TRPV1 agonist is anan-
damide, an endocannabinoid. Anandamide has been shown
to release CGRP to produce vasodilatation in tissues that
include the mesentery (320, 462). Peroni et al. (320) have
suggested that this pathway is under the regulatory control
of estrogen, with isoflavones acting to promote mesenteric
CGRP levels as estrogen levels are lost in ageing females. In
general support of this concept, it has been shown that
plasma levels of CGRP are reduced in postmenopausal
women, but restored by hormone replacement therapy
(409). Aside from TRPV1, other members of the TRP fam-
ily have been shown to release CGRP following stimulation,
such as transient receptor potential ankyrin 1 (TRPA1).
TRPA1 is often coexpressed alongside TRPV1 in certain
populations of sensory neurons. Indeed, it is estimated that
60–75% of TRPV1-expressing neurons also express
TRPA1 (412). In our hands, the topical application of
TRPA1 agonists (including a lipid peroxidation product,
4-ONE) leads to an increase in cutaneous blood flow due to
CGRP release. However, TRPA1 agonists do not appear to
modulate blood pressure regulation, in the mouse at least
(151, 326). The gas hydrogen sulfide is also involved in
TRPA1-mediated CGRP release (327, 433).

The release of CGRP also occurs in response to known
pressor agents [e.g., angiotensin II (ANG II) and norepi-
nephrine], possibly as a direct consequence of receptors
activated at the level of the perivascular sensory nerve, and
of potential relevance to the pathophysiology of hyperten-
sion as discussed later (213). There is evidence that norepi-
nephrine acts via the �2-adrenoceptors to inhibit activation
of sensory nerves as NGF-induced release of CGRP was
restored by the �2-adrenoceptor antagonist yohimbine in
DRG (86, 210, 380). The relevance of this to hypertension
will be discussed in due course.

Angeli’s salt generates nitroxyl anion (HNO), which acts
via CGRP to mediate positive ionotrophic effects on the
heart, and also vasodilatation (53, 114, 317). The endoge-
nous relevance of this release mechanism is not yet known.
However, a new HNO donor (1-nitrosocyclohexyl acetate,
NCA), which has a longer half-life and predominantly re-
leases HNO, has been suggested as a potential therapeutic
agent due to its ability to counteract contractile effects and
block platelet aggregation (99).

D. CGRP Metabolism

Several aspects concerning the regulation of CGRP activity
are well understood, but it is still unclear as to how the
peptide is metabolized following release from the cell. Ini-
tial studies investigating the capacity of the neuropeptide SP

to elicit neurogenic inflammation showed that low concen-
trations of CGRP were able to potentiate plasma extrava-
sation induced by SP in rat abdominal skin (129). Undoubt-
edly, this result may have been as a result of many different
pharmacological effects, but it was later suggested that
CGRP was capable of inhibiting SP degradation and there-
fore augmenting its bioactivity by competing for degrada-
tion by the same endopeptidase, although the identity of
this molecule was not determined (231, 232). The lack of an
identified candidate for this effect may be attributed to a
false interpretation of data from these groups. Indeed, it is
perhaps more likely that the potentiation of edema forma-
tion in this model was due to the potent vasodilator activity
of CGRP working in synergy with the potent endothelial
junctional destabilization activity of SP (43). To determine
mechanisms involved in the breakdown of CGRP, experi-
ments were performed in skin. CGRP was hydrolyzed fol-
lowing mast cell activation, implicating tryptase in this sys-
tem (44). Subsequent to this study, the identity of a shared
removal enzyme common to both SP and CGRP has been
identified as neutral endopeptidase, more commonly
known in the field of neurodegenerative disease as neprily-
sin (208). More recently, a proteomic approach has been
used to identify novel CGRP fragments in mouse tissue and
to reveal the endogenous cleavage sites within the primary
sequence of the peptide. Mass spectrometry revealed the
presence of 10 endogenously produced peptide fragments in
murine spinal cord homogenates that highlighted two pri-
mary cleavage sites in vivo: Ser17-Arg18 and Asn26-Phe27.
Subsequent biochemical assays identified a role for a met-
alloprotease in the regulation of CGRP proteolysis, of
which insulin-degrading enzyme (IDE) was found to be par-
ticularly important in processing of the peptide at the afore-
mentioned cleavage sites (221). Endothelin-converting en-
zyme-1 (ECE-1) also degrades CGRP, and this has been
suggested to be of functional importance in murine pulmo-
nary fibrosis (164).

An alternative mechanism has been proposed to exist to
regulate CGRP removal. In the mouse vas deferens, appli-
cation of the TRPV1 agonist capsaicin was shown to atten-
uate electrically induced twitch responses, an effect that was
attributable to the release of CGRP from the sensory nerve
terminal. However, following a second exposure to capsa-
icin, its ability to blunt muscle twitch was markedly re-
duced, suggesting sensory afferents had depleted their
stores of CGRP following the first stimulation. This effect
was rescued by preincubating the preparation for a short
time with exogenous CGRP. The authors suggest that this
restoration of function is attributable to reuptake of CGRP
into the neuron by an active transport system (350). Indeed,
this aspect of reuptake is similar to the reuptake process in
sympathetic nerves (264). Similar results for CGRP have
been shown in the guinea pig basilar artery and in rat dura
mater encephali, where reuptake may prove to be an impor-
tant mechanism by which CGRPergic signaling is regulated
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in conditions such as migraine (158, 350). In summary, a
wide range of removal mechanisms have been proposed to
be important in the removal or breakdown of CGRP fol-
lowing its release from nerves or vascular cells. Specific
targeting of each of these mechanisms may yield a novel
means by which to augment or suppress CGRP bioactivity
for therapeutic gain.

III. CENTRAL AND PERIPHERAL
DISTRIBUTION OF CGRP

CGRP is widely distributed in discrete areas of the central
and peripheral nervous system (339) and was shown at an
early stage to be released from trigeminal ganglion cells
(270) and DRG, both major sites of neuropeptide synthesis
(140). The primary association of CGRP with sensory neu-
rons, especially the unmyelinated C fibers and thinly my-
elinated A� fibers, is clear. It is commonly colocalized with
SP (139). CGRP is also coexpressed with ACh in motor
neurons and may be involved in acetylcholine receptor syn-
thesis (305).

Of importance for the vasodilator activity of CGRP is the
finding that CGRP is contained in perivascular nerves, pro-
viding a major link with the cardiovascular system (449).
Immunohistochemical localization of CGRP indicates a
perivascular innervation that can extend from the adventi-
tia to the medial muscle layers of blood vessels. The local-
ization of CGRP in perivascular neurons is common to all
vascular beds, with perhaps a higher localization in arterial
than venous tissues, and some have suggested that levels
may be lower in human than laboratory species (28, 41,
186, 297, 405). Perivascular nerves have been suggested to
be a major source of plasma CGRP, that has been found to
become deficient in certain types of hypertension (86, 367,
435). However, the understanding of when and how CGRP
is released in hypertension remains poor. There is a dense
perivascular innervation of CGRP, for example associated
with the resistance vessels of the mesentery (212) and the
kidney (414), and these sites may be key to release. This
again links the sites of CGRP neuronal innervation with
cardiovascular regulation. Indeed, CGRP can be readily re-
leased into the plasma under certain circumstances, includ-
ing pregnancy, some flushing syndromes, kidney dialysis,
certain cardiovascular states (where it also may become
depleted) and migraine, all of which will be discussed in
later sections (41, 168, 373). Generally, however, CGRP
plasma levels are low, and it is likely that CGRP can medi-
ate its biological effects, without the need to circulate in
plasma. Moreover, it is considered that plasma CGRP is the
result of an “overspill” from perivascular sensory neurons,
and the major effects of CGRP are exerted locally, in the
vessel wall, close to its site of release. Of importance, there
is a dense perivascular innervation in the trigeminal system
that is related to CGRP release during migraine and sub-
arachnoid hemorrhage (104, 312), although again mecha-

nisms involved in its release remain unclear. A deficiency of
CGRP release has also been suggested to be involved in the
lack of reflex vasodilatation observed in Raynaud’s disease
and, indeed, here CGRP administration was shown to have
a beneficial effect (55).

The �-CGRP form is considered to be the primary neuronal
form, both centrally as well as peripherally. It has been
suggested that �CGRP immunoreactivity is severalfold
higher than that for �CGRP, and the �CGRP form is pri-
marily subject to capsaicin depletion (298, 359). Histori-
cally, �CGRP was suggested to be mainly found in the
intestine, with up to seven times more expression detected
than �CGRP (298). However, more recently �CGRP has
been observed in the adventitia of mesenteric branch arter-
ies in rat, in the myenteric plexus and mucosa (369). In
addition, �CGRP has been shown to be released alongside
�CGRP in the vascular system (235). Thus it is now becom-
ing clear that both isoforms can be expressed in the nervous
system, depending on situation.

CGRP was discovered as a consequence of its nonneuronal
upregulation in the thyroid of ageing rats and in medullary
thyroid carcinoma. Whilst the nerves are its primary source,
it is now clear that CGRP is located in nonneuronal cells,
such as endothelial cells and adipocytes (57, 159, 315).
There is also some evidence that CGRP is produced by
several types of immune cells, including activated B-lym-
phocytes, peripheral blood mononuclear cells, and macro-
phages (38, 248, 421). Perhaps surprisingly, the release of
CGRP from nonneuronal cells has also been linked to the
activation of TRPV1 [e.g., in endothelial cells (257)]. Both
� and �CGRP have also been found in endothelial progen-
itor cells that repair damaged endothelium and influence
vascular remodeling (453). It has been suggested that CGRP
expression is more abundant in early rather than late endo-
thelial progenitor cells (113).

Finally, there is increasing evidence that CGRP is localized
to keratinocytes. There are several papers that suggest low
levels of CGRP are found in keratinocytes from immuno-
histochemical studies. Recently, it has been shown that
�CGRP mRNA and to a lesser extent �CGRP are expressed
in keratinocyte cultures derived from human and rodents
(189).

IV. RECEPTORS

A. Discovery of CLR

Early radioligand binding studies mapped out tissue prepa-
rations that had the capacity to bind CGRP and therefore
expressed a CGRP receptor. Early studies revealed the ex-
istence of two “receptors”: CGRP1 and CGRP2. The linear-
ized CGRP analog [Cys(ACM)2,7]hCGRP was found to be
a potent agonist in the rat vas deferens bioassay, but not
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guinea pig atrial preparations. Furthermore, the truncated
peptide fragments hCGRP12–37 and CGRP8–37 had antago-
nist properties in atrial preparations but not in the vas de-
ferens (69). Generally speaking, receptors that are antago-
nized by CGRP8–37 with a pKb of �7.0 are considered to be
CGRP1 receptors, while those that are blocked with a pKb

of 6.0 or less are considered to be CGRP2 receptors. While
the existence of CGRP1 and CGRP2 receptors was debated
for many years, it is now accepted that only one true CGRP
receptor exists, and the apparent existence of additional
receptors for CGRP may be explained by the peptide having
some affinity (albeit low) for other related receptors of dis-
tinct molecular composition, such as receptors for adre-
nomedullin and intermedin (124, 169).

The molecular nature of the CGRP receptor took some
years to understand as it is composed of two subunits. In
addition, some supposed CGRP receptor structures were
suggested that are now known to be incorrect (see Ref.
171). Studies by Chang et al. (67) and Fluhmann et al. (124)
in the early 1990s hinted at the discovery of a “calcitonin
receptor-like receptor” (CLR) in both rat and human that
were unresponsive to CGRP stimulation when expressed in
cell lines. The human protein was found to be 461 amino
acids in length and had 7 transmembrane domains as part
of its structure (FIGURE 2). The receptor was found to have
96% sequence homology with the rat protein and around
56% homology with human calcitonin receptor (124). In
1996, Aiyar et al. (5) discovered that in human embryonic
kidney (HEK293) cells, the same cloned receptor as Chang
and Fluhmann surprisingly produced a 60-fold increase in
cAMP generation following CGRP stimulation, and this
could be blocked by CGRP8–37. This response was attrib-
uted to the HEK293 cells endogenously expressing a hith-
erto unknown protein that, when coexpressed with CLR,
responded to CGRP. This protein was christened a “recep-
tor activity modifying protein,” or RAMP. Three RAMPs
are now known: RAMP1, RAMP2, and RAMP3 (280). The
heterodimerization of both CLR and one of the single trans-
membrane RAMP peptides is required if the mature protein
is to be exported from the endoplasmic reticulum and in-
serted into the plasma membrane, a mechanism dependent
on the glycosylation status of the receptor (280). When
RAMPs are expressed in isolation, they are retained by the
Golgi apparatus in the form of a disulfide-linked ho-
modimer (179). However, when the RAMP translocates to
the cell membrane, it is stabilized in a heterodimeric com-
plex with the CLR facilitated by noncovalent interactions.
The terminology was quickly agreed upon that coexpres-
sion of CLR and RAMP1 creates a CGRP receptor with a
high affinity for CGRP, while dimerization of the CLR and
RAMP2 creates a receptor that is highly responsive to the
related peptide adrenomedullin (AM1 receptor). The
RAMP3 receptor confers a second adrenomedullin receptor
(AM2 receptor) that has some selectivity for CGRP (70,
296).

B. CLR and RAMPs

The CLR belongs to the class B “secretin-like” family of G
protein-coupled receptors (GPCRs), which also includes re-
ceptors for calcitonin, vasoactive intestinal polypeptide
(VIP), pituitary adenylate cyclase activating polypeptide
(PACAP), and parathyroid hormone (PTH). The RAMP
family of proteins is comprised of three members: RAMP1,
RAMP2, and RAMP3, each with �30% sequence homol-
ogy but sharing a similar structure. They are small mem-
brane proteins that possess a large extracellular NH2 termi-
nus of �100 amino acids, a single transmembrane domain,
and a short intracellular domain of 10 amino acids. Het-
erodimerization of RAMP1 and CLR produces a receptor
for CGRP (FIGURE 2) that can be antagonized by the trun-
cated peptide CGRP8–37 and nonpeptide CGRP antagonists
(e.g., BIBN4096BS). Association of CLR and RAMP2 leads
to the formation of a receptor for adrenomedullin (AM1

receptor), which is blocked by AM22–52, and association
with RAMP3 produces the second adrenomedullin receptor
(AM2 receptor). As the CLR is widely expressed, it has been
proposed that the tissue-specific expression of the RAMPs
regulates the site-specific bioactivity of the CGRP-related
peptides (160). It is still unclear how the dimerization of
RAMPs with the CLR is regulated, especially in cell types
that coexpress more than one RAMP isoform. It is proposed
that RAMPs compete with each other to interact with CLR,
and studies in rabbit aortic endothelial cells have shown
that cotransfection of different RAMPs can change the po-
tency of CGRP at the receptor (296). It is suggested that in
cells that coexpress both RAMP2 and RAMP1, a preference
for RAMP1 to colocalize with the CLR is established, to
form a receptor for CGRP (52).

While the true receptor for CGRP is considered to be
formed by the CLR/RAMP1 complex, it has been shown in
vitro that CGRP has some affinity for the CGRP/RAMP3
complex (the AM2 receptor). Hay et al. (170) showed that,
as expected, �CGRP was �15 times less potent than AM at
the CLR/RAMP3 complex present in COS-7 cells, whilst
�CGRP was only �2.5 times less potent than AM (170). It
is unclear whether this finding reflects the action of �CGRP
in vivo, but it certainly presents an interesting alternative
mechanism by which CGRP might mediate its effects.

C. Discovery of Receptor Component
Protein

An additional third protein, receptor component protein
(RCP), is required to form an optimally functional CGRP
receptor (FIGURE 2). RCP is a small (�17 kDa), hydrophilic,
membrane-associated protein that has little homology to
other known protein sequences. RCP was first identified in
the guinea pig organ of Corti, where an isolated cDNA was
shown to encode for a protein that conferred specific phar-
macological sensitivity to CGRP, and not other related li-
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gands (254). Indeed, when antisense RNA was constructed
against RCP and transfected into NIH3T3 cells, cAMP gen-
eration subsequent to CGRP receptor stimulation was lost.
Disruption of RCP synthesis had no effect on the ability of
CGRP to bind to its receptor but significantly attenuated
cAMP generation. The RCP was shown to coimmunopre-

cipitate with the CLR protein, confirming that association
of RCP with the CGRP receptor is important for optimal
signal transduction (111). In addition, this unique protein
has since been shown to be important in the regulation of
AM receptor-driven signaling (328). A potentially impor-
tant role for RCP in vivo has recently been uncovered in the
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FIG. 2. CGRP receptor-mediated intracellular signaling. Binding of CGRP ligand to the CLR/RAMP1 receptor
can cause activation of multiple signaling pathways and subsequent recruitment of many more downstream
effectors. Perhaps the best known is 1) where the activation of adenylate cyclase (AC) by G�s provokes the
elevation of intracellular cAMP, thereby activating protein kinase A (PKA), resulting in the phosphorylation of
multiple downstream targets. These targets may include potassium-sensitive ATP channels (KATP channels),
extracellular signal-related kinases (ERKs), or transcription factors, such as cAMP response element-binding
protein (CREB). Nitric oxide generation following CGRP receptor activation may be secondary to phosphoryla-
tion of nitric oxide synthase (NOS), although this has not been directly shown. Alternatively, the CGRP receptor
may couple to G�i/o, thus attenuating AC activity and decreasing intracellular cAMP, resulting in a loss of PKA
activity (2). Reports in osteoblasts have also shown evidence of G�q/11-mediated signaling (3), involving
activation of PLC-�1, cleaving phosphatidylinositol 4,5-bisphosphate (PIP2) to form inositol trisphosphate (IP3)
and diacylglycerol (DAG). IP3 binds to the IP3 receptor (IP3R) on the endoplasmic reticulum (ER), causing
calcium release and thus raising cytoplasmic concentrations. DAG may activate PKC-�, which in turn phos-
phorylates proteins further downstream. Finally, there is evidence to suggest G protein-independent signaling
pathways (4) that require the translocation of scaffolding proteins such as �-arrestins (�-Arr) to the activated
receptor. Additionally, �� G protein subunits may signal in a unique way to specifically terminate endothelin
(ET)-mediated effects. Solid arrows represent known pathways, and broken arrows represent potential new
pathways. CGRP, calcitonin gene-related peptide; CLR, calcitonin receptor-like receptor; RAMP1, receptor
activity-modifying protein 1; RCP, receptor component protein.
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setting of a hypertension model. Rats rendered hypertensive
via subtotal nephrectomy surgery and saline consumption
were found to have an augmented depressor response to
intravenous CGRP compared with sham-operated animals,
and isolated resistance vessels from these animals were
found to be more sensitive to exogenous CGRP. This was
an effect that was suggested to be directly attributable to an
increased expression of RCP protein within the resistance
vasculature of the hypertensive rats, whereas expression of
other CGRP receptor proteins was found to be unchanged
(381). It is therefore conceivable that the fine-tuning of RCP
expression in disease conditions may drastically change
CGRP-mediated responses.

D. Tachyphylaxis of Receptors

An important feature of GPCR signaling is that of tachy-
phylaxis, or desensitization. Whilst receptor desensitization
has been extensively studied in typical class A GPCRs, such
as the �2-adrenergic receptor, the kinetics of class B recep-
tor tachyphylaxis are now being investigated. Early studies
investigating signal desensitization showed that cAMP re-
sponses in a variety of cell types were indeed attenuated
after a second exposure to CGRP and that this decrease in
signal was dependent on the activity of PKA (101, 102).
Other studies have highlighted an additional role for PKC
in this process (323). After agonist stimulation, the CLR
component of the receptor is rapidly phosphorylated and
subsequently internalized via the recruitment of �-arrestins
and movement of the receptor complex to clathrin-coated
pits for endocytosis (178). Therefore, in spite of its atypical
heterodimeric composition, the CGRP receptor appears to
behave similarly to other seven transmembrane receptors in
terms of the mechanisms by which it becomes desensitized.
Duration of stimulus can also affect receptor fate: transient
stimulation of the receptor with CGRP induces internaliza-
tion of the receptor to endosomes, which allows rapid recy-
cling back to the plasma membrane for another round of
agonist challenge. Chronic exposure of the agonist initiates
a distinct desensitization pathway whereby the internalized
receptor is trafficked from the endosome to the lysosome for
degradation (80). Recovery from this desensitized state is
therefore slow, as it requires the de novo synthesis of recep-
tor protein. An additional layer of complexity has been
added to CGRP receptor cycling, whereby it has been dis-
covered that isoforms of ECE-1 cointernalize with the
CGRP receptor to the early endosome where they degrade
CGRP. Degradation of CGRP promotes receptor cycling,
and if ECE-1 activity is inhibited, receptor complexes re-
main trapped within the endosomal compartment (281,
316). Therefore, regulation of ECE isoforms may prove an
attractive drug target for the treatment of migraine through
maintenance of the acute vasoregulatory effects of CGRP
while abrogating the nociceptive effects of sustained CGRP
receptor stimulation.

E. CGRP Receptor Antagonists

The removal of the first seven amino acid residues of CGRP
yields the peptide antagonist CGRP8–37, used since 1989
until today, as a valuable experimental tool to interrogate
CGRP-derived responses (69). Other peptide antagonists
have also been investigated [e.g., CGRP27–37, which is the
minimal fragment required for binding (441)]. While these
peptide fragments have been useful for probing the calci-
tonin family of receptors, there are issues related to selec-
tivity. Furthermore, the nature of peptides mean they do not
readily lend themselves to complex in vivo assays. There-
fore, there was a great need to develop small molecule an-
tagonists of the CGRP receptor to fully explore its biologi-
cal and translational relevance. Development of selective
nonpeptide antagonists of the CGRP receptor (and, indeed,
other class B GPCRs) has met with difficulty owing to the
fact that the endogenous ligand of the receptor is a peptide.
Therefore, a low-molecular-weight antagonist working at
the orthosteric site would have to prevent the binding of a
much larger molecule that is likely to have a complex inter-
action with its receptor. Furthermore, the heterogeneity of
the CGRP family of receptors begets further complexity;
namely, the design of novel antagonists must overcome
structural differences between CLR/RAMP heteromers.
However, much progress has been made in drug discovery
programs.

The first reported small molecule CGRP receptor antago-
nist was SB-273779, developed by SmithKline Beecham.
This molecule was found to inhibit CGRP binding with an
IC50 of 0.31 �M and could inhibit 50% of CGRP-induced
cyclase activity at a similar concentration (4). Following
this, evidence for the first potent CGRP receptor antagonist
was published in 2000 by Boehringer Ingelheim. They pat-
ented the new chemical entity BIBN4096BS, or, olcegepant:
1-piperidinecarboxamide,N-[2-[[5-amino-1-[[4-(4-pyridinyl)-
1-piperazinyl]carbonyl]pentyl]amino]-1-[(3,5-dibromo-4-hy-
droxyphenyl)-methyl]-2-oxoethyl]-4-(1,4-dihydro-2-oxo-
3(2H)-quinazolinyl)-[R-(R*,S*)] (100). This novel noncom-
petitive antagonist of the CGRP receptor blocked binding of
the endogenous ligand to receptor in both cells and tissue
preparations and also produced a rightward shift in cAMP
accumulation curves. Indeed, it has an affinity of 14.4 � 6.3
pM for human CGRP receptors in SK-N-MC cells and 3.4 �
0.5 nM for CGRP receptors found in spleen (109). This is a
striking difference compared with the 1.3 nM affinity of
CGRP8–37 for CGRP receptors in SK-N-MC cells (109). In
vivo preparations demonstrated that the antagonist, although
not orally active, was further capable of inhibiting increases in
dermal blood flow following trigeminal ganglion stimulation
in the marmoset (69, 100). While this antagonist has been
shown to have increased potency over the peptide antagonist,
it is considered to have 200-fold increased potency in humans
and non-human primates than in rodent tissue (100).
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Based on the promising pharmacology of olcegepant, an
additional member of the “gepant” family was identified by
Merck via high-throughput screening. Originally termed
“compound 2,” the benzodiazepine-like lead structure was
shown to possess low affinity for the human CGRP recep-
tor, with a Ki of 4.8 �M. Optimization of this structure led
to the development of telcagepant, which was considerably
more potent at the same receptor. This compound was
found to have good oral bioavailability (319). Early char-
acterization studies showed that telcagepant had a Ki of 1.1
nM at CGRP receptors expressed in HEK293 cells and
could inhibit capsaicin-induced increases in blood flow in
the rhesus forearm (347). Merck continued with the success
of telcagepant with the development of a more potent an-
tagonist, MK-3207. This compound displayed a Ki of 0.024
nM at human and rhesus CGRP receptors but again this
high potency was not conserved in species other than hu-
mans and primates (349).

Other less well-characterized antagonists have also been
developed to block CGRP activity. A second compound
was filed under the Boehringer patent WO98/11128, (4-(2-
oxo-2,3-dihydro-benzoimidazol-1-yl)-piperidine-1-carb-
oxylic acid [1–3,4-dibromo-4-hydroxyl-benzyl)-2-oxo-2-
(4-phenyl-piperazin-1-yl)-ethyl]-amide) or “compound 1.”
Compound 1 was shown to have pKi values of 7.8 in SK-
N-MCcells (comparedwith thatofaround8.9 forCGRP8–37). It
was shown to be a weak antagonist of CGRP responses in
human cerebral and guinea pig basilar arteries (109), but
not in porcine coronary arteries (166). Interestingly, com-
pound 1 also antagonizes the effects of CGRP in the coro-
nary vasculature, albeit from humans (165), demonstrating
the species difference for CGRP in receptor pharmacology.
There has also been a range of cyclic nonpeptide antagonists
based on CGRP27–37 with potencies in the nanomolar range
(441).

More recently, Bristol-Myers Squibb (BMS) have published
data on a novel set of non-peptide antagonists at the CGRP
receptor. With accumulating evidence for many small mol-
ecule CGRP receptor antagonists unfortunately being po-
tent inhibitors of hepatic CYP3A4 (leading to the with-
drawal of telcagepant from clinical trials; see below), BMS
have developed compounds that possess modified benzthio-
phene side chains to circumvent these issues, including
BMS-694153, a compound with high affinity for the human
CGRP receptor (Ki � 13 pM). Significantly, this compound
was shown to have excellent intranasal bioavailability in
the rabbit, a physicochemical characteristic that may suit
the treatment of an acute migraine attack (85). For an ex-
cellent and thorough review of all major CGRP receptor
antagonists, including their pharmacological characteriza-
tion, see Reference 293.

A feature common to the small molecule CGRP receptor
antagonists appears to be their increased selectivity for re-

ceptors derived from humans and non-human primates ver-
sus rodents. Clearly, this points to differences in the molec-
ular composition of CGRP receptors between species that
may confer functional changes in pharmacology. Definitive
work in 2002 by Mallee et al. (263) utilizing receptor chi-
meras described how the RAMP molecule of the receptor
was most likely to confer species selectivity, rather than the
CLR. A series of elegant experiments showed that olcegep-
ant had similar potencies on receptors comprised of rat
CLR and human RAMP1 compared with those comprised
of human CLR and human RAMP1. This equivalence in
potency was lost when rat RAMP1 was introduced. Follow-
ing from this finding, Mallee et al. (263) were able to find a
region within the primary amino acid sequence of RAMP1
that was required for species selectivity, specifically residues
66–112 (263). Strikingly, they found that mutagenesis of
rat RAMP1 residue 74 from lysine to tryptophan recapitu-
lated the human phenotype and restored potency of olce-
gepant to that similar to its pharmacology at the human
receptor. This residue is critical for small molecule antago-
nist binding. Kusano et al. (226) made progress in resolving
the crystal structure of the extracellular domains of human
RAMP1 in 2008, which uncovered four additional residues
that potentially could be important for antagonist binding:
Arg67, Asp71, Glu78, and Trp84. Validation of these key
residues in conferring antagonist affinity uncovered for the
first time a key role for Trp84 in the regulation, of not only
affinity for small molecule antagonists, but also affinity for
peptide fragment antagonists and peptide agonists alike
(292). This residue exists as part of the binding interface
between RAMP1 and the CLR, indicating that the ligand-
binding domain of the CGRP receptor is formed of a hy-
drophobic pocket located between both structures. Interest-
ingly, mutation of Trp84 to alanine results in a lowered
membrane expression of the receptor, bolstering the role for
RAMP1 as a molecular chaperone for CLR to reach the
plasma membrane and supporting the role of Trp84 in me-
diating RAMP1:CLR interactions.

Antagonist binding is not solely dictated by critical residues
present within the RAMPs. Certain aspects of the CLR
structure also appear to be important in regulating affinity.
The rationale for investigating the role of the CLR in antag-
onist binding came from the observation that CLR:RAMP1
and calcitonin receptor CTR:RAMP1 heterodimers pos-
sessed different affinities for CGRP antagonists, indicating
a role for the CLR. Indeed, formation of CTR/CLR chime-
ras implicated a role for amino acids 37–63 of the CLR in
the high-affinity binding of gepant-like antagonist struc-
tures, whilst aspects of transmembrane domain 7 appeared
to be important for a second class of RAMP-independent
antagonists (e.g., compound 4; Ref. 348). Having an antag-
onist that is dependent on binding to a site that is so far
removed from the CLR:RAMP1 interface may be indicative
of a site of allosteric modulation. Collectively, however,
identification of two distinct regions of the extracellular
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domain of CLR critical for antagonist binding further high-
lights the complexity of this receptor family and the chal-
lenges that are faced by pharmacologists who wish to design
drugs targeted against them.

The mechanism by which CGRP binds to its receptor is
commonly described as part of the “two-domain model,”
proposed by Hoare (183). In this model, the COOH termi-
nus of the peptide ligand interacts with high affinity with
the NH2 terminus of the extracellular domain of the recep-
tor to form an “affinity trap.” This initial high-affinity bind-
ing greatly increases the local concentration of the ligand at
the receptor complex, which facilitates the delivery of the
NH2 terminus of the ligand to its typically low-affinity
binding site as part of the juxtamembrane region of the
receptor. This secondary binding event allows for receptor
activation (183). This model is strengthened by the obser-
vation that truncated CGRP peptides (CGRP8–37, for ex-
ample) are capable of binding the receptor but not activat-
ing it, and therefore act as competitive antagonists. It is
thought that the small molecule antagonists work in a dif-
ferent manner by blocking access to the peptide-binding
cleft at the interface between RAMP1 and CLR, preventing
the initial ligand capture event, thereby explaining their
higher antagonistic potency compared with the peptide
class of antagonists (392).

While molecular determinants of both agonist and antago-
nist binding to the CGRP receptor have been identified, it
has been difficult to determine the crystal structure of this
family of receptors. Early ab initio modeling of RAMP1
predicted a structure composed of three �-helices (362).
Kusano et al. (226) developed this prediction by scrutiniz-
ing the soluble extracellular domains of the RAMP1 mole-
cule and confirmed that the structure was trihelical. As pre-
viously mentioned, Trp74 is an important residue as part of
this structure and forms part of a hydrophobic cleft that
exists between the CLR and RAMP1 that is essential for
forming a ligand-binding domain. Alongside Arg67,
Asp71, and Glu78, Trp74 was found to exist within the
structure of the second �-helix of RAMP1 whilst the afore-
mentioned Trp84 was found to exist on the loop adjoining
helix two and three, with its side-chain oriented in the same
direction as Trp74, towards the solvent-exposed side of the
structure.

However, these isolated resolutions of the RAMP1 extra-
cellular domain shed no light on how CLR and RAMP1
complex together, and this is clearly critical for function. To
address this issue, Koth et al. (223) created a construct
consisting of both extracellular regions of RAMP1 and
CLR to study drug interactions with the shared ligand-
binding domain between both molecules. This construct
was validated by its ability to compete with wild-type
CGRP receptors for CGRP in SK-N-MC cells. However, the
construct displayed a lower affinity for CGRP than the full-

length receptor (IC50 � 12 �M) but was shown to retain
high-affinity binding for each of the small molecule antag-
onists (223). Resolution of the crystal structure of the ex-
tracellular domain in the liganded and unliganded state may
pave the way for rational drug design. Whilst difficulties do
exist in resolving complex GPCR crystal structures, only
with the full structure will we be able to gain a full under-
standing of how CGRP receptors interact with their endog-
enous ligands and exogenous drug molecules.

F. Intracellular Signaling Pathways

RAMP1 binding 1:1 to CLR causes the relocation of CLR
to the plasma membrane, but the RAMP also functions to
modulate glycosylation state and influence ligand binding
of CGRP and antagonist, as discussed above. In addition,
CLR:RAMP interactions are essential for conformational
changes following ligand binding and coupling to intracel-
lular signaling pathways. The synthesis of the common
marker of CGRP receptor activation, cAMP, is increased
following G�s-dependent stimulation of adenylate cyclase.
This is directly linked with CGRP’s effect on the vasculature
(see Ref. 41), especially in vascular smooth muscle (224)
and in neuronal cells (e.g., DRG; Ref. 13), as well as in a
wide range of other cells including lymphocytes (278). Ev-
idence soon became available that CGRP-induced increases
in cAMP led to activation of protein kinase A and in some
cases the opening of ATP-sensitive K� channels, which is
now considered an important pathway leading to vasodila-
tation (303). Other K� channels have also been suggested to
be involved, such as large-conductance Ca2�-activated K�

channels in pial arteries (188), with little evidence of other
calcium-dependent pathways. CGRP has also been shown
to mediate endothelial-dependent vasodilatation, and this
also involves cAMP (41). Indeed, CGRP may have a posi-
tive influence on the nitric oxide pathway as it protects
against its loss in a model of hypertension (368).

CGRP did not affect intracellular calcium concentrations in
the DRG, but increased cAMP that led to phosphorylation
of the cAMP response element binding (CREB) protein, via
a PKA-dependent pathway, indicating that CGRP is able to
affect gene transcription (13). In lymphocyte cell lines,
McGillis et al. (279) have shown that inhibition of PKA
blocked c-fos induction by CGRP, via a mechanism that
involved nuclear AP-1 binding. This again demonstrates
that CGRP can influence gene expression via this pathway
(279). This has implications for pain sensitization, as dis-
cussed later.

CGRP has been shown to activate the mitogen-activated
protein kinases (MAPKs), which are phosphorylated in
some tissues following CGRP activation. This can lead to
the proliferation of gingival fibroblasts (215), via PKA-de-
pendent and -independent pathways (214). CGRP can pro-
tect cultured vascular smooth muscle cells from oxidative
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stress-induced apoptosis by a signaling pathway involving
activation of extracellular signal-regulated kinase 1/2
(ERK1/2) and p38 MAPKs (354). This protective effect of
CGRP was also observed in response to the effect of CGRP
on ANG II-induced proliferation of rat vascular smooth
muscle cells (VSMC) (331). In neuronal cells morphine tol-
erance involves CGRP, which acts via ERK and p38 signal-
ing. This occurs via CGRP regulating the activity of neu-
ronal calcium/calmodulin-dependent protein kinase II
(CaMKII)-CREB, microglial p38-NF�B and astroglial
ERK-STAT1/3 pathways (427). Additionally, CGRP in-
creases the transcription of a large range of MAPK reporter
genes in trigeminal ganglion cells, enriched with glia, as
determined by microarray analysis (411).

CGRP intracellular signaling is a complex area, for which
more work is required. While there is a common intracel-
lular signaling pathway involving G�s cAMP, PKA and
CREB, as cited throughout this review, a range of down-
stream signaling factors and also other pathways (involving
G�i/a, G�q/11, and �-arrestin signaling) have been reported
(FIGURE 2). These have been implicated, usually in a cell-
specific manner, and have been comprehensively reviewed
elsewhere (416).

V. PHYSIOLOGICAL ACTIONS OF CGRP

A. Vasodilator Activities of CGRP

CGRP as a microvascular vasodilator has a potency that is
�10-fold higher than the most potent prostaglandins and
10–100 times greater than other vasodilators such as ACh
and SP. This makes CGRP the most potent microvascular
vasodilator currently known (45). Injections of femtomole
amounts of CGRP cause reddening due to increased blood
flow in the cutaneous microcirculation (45). As well as hav-
ing high potency, the vasodilatory effects of CGRP appear
to be more enduring than other vasodilators. When injected
into human skin, picomole amounts of CGRP result in an
erythema lasting for 5–6 h (42). The action of CGRP as a
selective potent dilator is seen in cerebral, coronary, and
kidney vascular beds (41); this vasodilator activity is sub-
stantially inhibited by selective CGRP receptor antagonists
(e.g., Ref. 388). The cardiovascular activity of CGRP has
previously been reviewed extensively (28, 41, 86, 267, 329,
367, 430, 435).

Due to its high potency, the vasodilator effect of CGRP has
been studied intensely in vivo since its discovery. When
CGRP was administered systemically, it reduced the BP in
both normotensive and hypertensive rats (132, 198, 435).
The mechanisms behind this are thought to involve both
NO-dependent and -independent dilatatory pathways in
peripheral arterial vessels (198). CGRP has also been given
systemically to humans, both healthy volunteers and car-
diovascular patients, and is seen to act as a vasodilator

(135, 329). Positive inotropic and chronotropic responses
in the heart, in addition to vasodilator effects, are observed
after intravenous CGRP administration (14, 134). This is
thought to be an attempt to combat the hypotension and is
believed to be mediated via both direct actions on the car-
diac muscle and reflex sympathetic nervous activity (14).
However, when CGRP is injected directly into the ventric-
ular system of the brain, it actually causes a hypertensive
response. This was shown to be through selective activation
of noradrenergic sympathetic nerves (123). Yet it appears
that despite these actions, CGRP does not play a crucial role
in the physiological control of systemic BP in normal indi-
viduals. Overwhelming data from CGRP antagonists ap-
pears to confirm that antagonism of CGRP receptors does
not particularly affect BP. CGRP receptor antagonists have
been tested in a number of species including rats (19, 451)
and humans (311, 321) and have not affected resting heart
rate or BP. This is favorable for drug discovery programs as
these antagonists have been found to be effective as acute
treatments for migraine (discussed in a later section).

Several pathways are thought to be involved in CGRP-de-
pendent vasorelaxation, including endothelium-dependent
and -independent pathways (41). The endothelium- and
nitric oxide (NO)-independent pathway is the most com-
monly observed pathway. A rise in cAMP is seen after ad-
ministration of CGRP, and relaxation can occur in the ab-
sence of the endothelium, suggesting that CGRP directly
stimulates adenylate cyclase (AC) in smooth muscle cells to
trigger cAMP production (FIGURE 3 and as discussed in the
cell signaling section). CGRP increases cAMP in human
endothelial and VSMC, but is unable to stimulate cGMP
directly in either, even at high CGRP doses (81). CGRP is
also active in endothelium-denuded arteries in cat brain
vessels (107) and in human intracranial arteries (108). The
subsequent activation of protein kinase A by cAMP can lead
to the phosphorylation and opening of ATP-sensitive potas-
sium (K�) channels, resulting in relaxation (FIGURE 3).
Glibenclamide, the ATP-sensitive K� channel blocker, can
inhibit this CGRP-induced relaxation via inhibition of ar-
terial smooth muscle hyperpolarization (303).

The endothelium-dependent relaxation pathway can also
be stimulated by CGRP. CGRP acts via an endothelial re-
ceptor, resulting in a rise in cAMP and production of NO.
Diffusion of NO into the smooth muscle cell causes activa-
tion of guanylate cyclase, leading to the production of
cGMP (FIGURE 3), and thus, ultimately relaxation (155).

The bicyclic peptide endothelin-1 (ET-1) is involved in pul-
monary hypertension and a strong link has been discovered
between this contractile peptide and CGRP. Coexpression
has been observed of the ET receptors with CGRP in
perivascular sensory motor nerves (41, 282). ET-1-induced
arterial contractions are sensitive to relaxation by CGRP,
and this effect is independent of NO, cyclic nucleotides, and
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K� channels (282). A recent ligand binding and inhibitor
study in isolated rat mesenteric resistance arteries provided
evidence for reversal of the effect of ET-1 to be mediated via
the G protein �� subunits (283).

B. CGRP: Measurement in Plasma and
Potential Significance for Cardiovascular
Regulation

The perivascular location of neuronal CGRP makes it per-
fectly situated to mediate potent vascular effects at a local
level, with little reaching plasma. However, there are phys-
iological/pathophysiological situations where circulating
CGRP levels are elevated, of which pregnancy is a notable
physiological situation (373). It is thought that inappropri-
ate CGRP release is key to the facial reddening in blushing
syndromes; postmenopausal women with facial flushing
have elevated CGRP plasma levels compared with pre-
menopausal women (157, 168, 438). There are also flush-
ing episodes associated with medullary thyroid carcinoma,
and this is possibly related to the raised CGRP plasma con-
centrations found in these patients (42). Pathological situa-

tions where plasma CGRP levels are raised include kidney
dialysis (307), where CGRP is possibly acting as a defense
mechanism (306), and myocardial infarction (262), where a
protective role is also assumed.

In humans, CGRP has been shown to possess a circadian
rhythm, with higher amounts released into the plasma at
night. This rhythm was retained in hypertensives, although
the levels measured were lower (324). The question of
whether CGRP is released in response to BP increases was
answered at an early stage. It was discovered that infusion
of the pressor agent ANG II to normotensive humans
caused dose-dependent increases in plasma CGRP levels, in
parallel with an increase in BP induced by ANG II (325).
This provides evidence that CGRP is released as a response
to the acute increase in BP in humans. This study also re-
vealed that plasma CGRP levels are altered as part of the
response to postural changes, providing further evidence
for the release of CGRP in cardiovascular regulation, al-
though not whether the release is functionally important
(325). It has also been seen that circulating levels of CGRP
progressively rise during exercise in both normotensive and
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FIG. 3. A diagram representing the interactions between the sensory nerves, skin, and arterioles. Anti-
dromic sensory nerve stimulation results in an electrical impulse firing towards the spinal cord and axon reflex
to the peripheral vasculature, where CGRP is released from the nerve terminals acting on the arterioles,
causing vasodilatation. CGRP can mediate this response by: 1) directly activating its receptors on the vascular
smooth muscles and mediating relaxation via the G�s pathway; and 2) activating receptors on endothelial cells
to enhance NO production, which can diffuse into the vascular smooth muscles to mediate vasorelaxation via
GC activation. CGRP is also released from the central projections of DRG neurons where it may play a role in
central sensitization. AC, adenylyl cyclase; eNOS, endothelial nitric oxide synthase; GC, guanylyl cyclase; NO,
nitric oxide; PKA, protein kinase A; PKG, protein kinase G; VSMC, vascular smooth muscle cell.
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hypertensive patients, but no significant differences were
seen between patient groups. (247). Plasma CGRP concen-
trations have also been found to be nonsignificantly raised
in a small study where elevated arterial BP was observed in
patients with secondary hypertension (272). Interestingly,
these levels were reduced after treatment emphasizing the
possible compensatory nature of the release of CGRP in
response to high BP.

It may appear from the above studies that the concentration
of CGRP in the plasma is modified as a normal physiolog-
ical response to vasomotor changes, and CGRP may poten-
tially play a role in regulating peripheral vascular tone and
BP in humans. However, many studies show reduced or
unchanged levels of CGRP in the plasma in patients with
essential hypertension compared with normotensive con-
trols (106, 235, 324, 356, 390, 428). The reasons behind
these findings are of interest: it is presumed that CGRP
release is enhanced early in the pathogenesis of hyperten-
sion, in order for it to act in either a compensatory or
protective manner. The differences seen in plasma CGRP
levels in these studies may be due in part to variations in
treatment and sampling methods, the metabolism, or the
nature of the hypertension in the patients studied (86, 367).
On the other hand, knowing that a wide range of receptors
exist on sensory nerve terminals, it is possible that neuronal
activation and neuropeptide release becomes attenuated
through such mechanisms. Examples involving NGF, anan-
damide, and �2 adrenoceptors are discussed in the follow-
ing sections.

Studies with CGRP antagonists have revealed that injec-
tions of either the peptide receptor antagonist CGRP8–37, or
the non-peptide antagonists BIBN4096BS and telcagepant,
had no effect on baseline heart rate or systemic BP in hu-
mans, as mentioned above (19, 90, 311). It may be that the
fundamental vasodilator properties of CGRP at the micro-
vascular level have to be diminished or antagonized for
some time, before any functional consequences are ob-
served. Alternatively, it is possible that a number of classic
vasodilator mediators (e.g., NO and PGs) can potentially
operate at the resistance vessel level, leading to redundancy
of CGRP. This includes the coreleased SP, which has been
shown to mediate vasodilator properties in the microvascu-
lar bed of the mouse following capsaicin application (154).
In this study both CGRP and SP had to be blocked before a
substantial loss of peripheral neurogenic vasodilatation was
seen. However, in human skin it has been suggested that
CGRP acts alone following capsaicin application (410).

There have been some key studies of the cardiovascular
safety of CGRP antagonists performed. As will be discussed
later, one of the main advantages of the CGRP antagonists
is their inability to affect coronary arteries and BP com-
pared with the currently used 5-HT1B/1D receptor agonist
class of triptans for acute migraine treatment. The Merck

CGRP antagonist telcagepant does not contract or relax
human coronary vessels, unlike zolmitriptan, and does not
cause BP increases in migraine patients, unlike sumatriptan
(66, 90). However, overall studies in humans have been
limited in terms of defining the influence and role of CGRP
in patients with ongoing cardiovascular disease. To date, to
our knowledge, CGRP antagonists have not been examined
in hypertensive patients.

Interestingly, one genetic study has shown that the CALC I
gene that encodes CGRP and calcitonin is associated with a
polymorphism that is linked to essential hypertension sus-
ceptibility. In a study of more than 400 hypertensive and
normotensive individuals, it was found that those with at
least one C allele at CALC I T-692C possessed an increased
hypertensive risk (259). However, this was a small study,
and the functional significance of this polymorphism is not
yet known.

C. The CGRP Knockout Mice and Baseline
Hemodynamics

Genetically modified mice are a powerful tool to examine
the effect of life-long �CGRP deletion. Several different
�CGRP knockout (KO) strains of mice have been gener-
ated, and differing results have been obtained dependent on
the KO studied. The original �CGRP KO mouse generated
by Lu et al. (250) exhibited no difference in BP at baseline,
after exercise, or post phenylephrine infusion compared
with wild-type (WT) (250). In contrast, Gangula et al. (133)
and Li et al. (244) saw an increase in basal BP and renin-
angiotensin activity in �CGRP KO hypertensive mice that
also had a combined deletion of calcitonin. Thus it seems
likely taking the evidence from the CGRP antagonist and
human studies that it is this additional deletion of calcitonin
that led to the change in baseline cardiovascular parameters
and not the lack of CGRP. However, a different group using
an �CGRP KO mouse raised on a 129/Sv � C57BL/6 hy-
brid genetic background presented data showing the KO
mice to have increased mean arterial pressure and heart rate
(225, 309). They suggested this was due to increased sym-
pathetic nervous activity when lacking �CGRP, as the in-
creased mean arterial pressure in the KOs could be inhibited
by the �-adrenergic antagonist, prazosin (309). The extent
of the differing results with the �CGRP KO mouse strains is
surprising. As CGRP does not appear to play a role in the
regulation of healthy BP in humans, it would appear that
the most suitable CGRP KO mouse is one that does not
show baseline cardiovascular differences and involves dele-
tion of CGRP only, without affecting the calcitonin gene
(250, 367). Overall though, as now discussed, evidence
from rodent studies suggests that the functional conse-
quences of a reduction or blockade of CGRP on the cardio-
vascular system only become pathologically important in
the compromised vasculature.
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VI. INVOLVEMENT IN CARDIOVASCULAR
DISEASE

A. CGRP and Hypertension

Experimental animal models of hypertension are being uti-
lized to examine the role that CGRP plays under pathophys-
iological conditions. Increasing evidence suggests that
CGRP activity is important in resisting the onset of hyper-
tension and vascular dysfunction (see also reviews in Refs.
41, 86, 367 and FIGURE 4). Importantly, there is evidence
that the role of CGRP depends on the experimental model
chosen, as discussed in reviews on the function of CGRP in
the regulation of blood pressure and hypertension (86,
367). Specifically, Deng and Li (86) discussed how CGRP
responds with increased synthesis and release, considered as
a compensatory and/or protective mechanism, in some
models involving the kidney (e.g., the DOCA, the two-kid-
ney, one-clip, and in a phenol model involving intrarenal
injection). They compared this with the reduced CGRP ac-
tivity that correlated with the worsened cardiovascular phe-
notype that is observed in the SHR and in the CGRP KO
mice (86).

1. Models involving the primary induction of
hypertension

CGRP activity and function has been antagonized in exper-
imental models, through the use of CGRP8–37. This results

in an exaggerated cardiovascular response during the onset
of hypertension. These models include salt-induced hyper-
tension (37, 385, 425) and L-NAME-induced hypertension
(131). In a model of subtotal nephrectomy hypertension,
hypertensive Sprague-Dawley rats showed an additional el-
evation in mean arterial pressure when given CGRP8–37

(384). However, the mechanisms involved remain unclear.
CGRP dose-dependently lowered mean arterial pressure
and increased the heart rate in Wistar rats and was able to
significantly attenuate an ANG II-induced pressor response.
This is in keeping with the concept that ANG II and CGRP
work in tandem, to influence vascular tone and thus blood
pressure, and support the results from human studies dis-
cussed above (198). A later study involving ANG II showed
that ANG II infusion over 10 days in Wistar rats caused
increased CLR and RAMP1 mRNA expression in the mes-
enteric vessels, which was pressure-dependent (239), al-
though this group has also shown that ANG II given over 2
wk by osmotic mini-pump does not influence DRG CGRP
mRNA (379). These studies provide evidence for the poten-
tial pressure-dependent regulation of the receptor compo-
nents, in addition to stimulatory effects on peptide release
alone. Thus collectively it may be said that there is a “com-
pensatory” stimulation of the vasodilator activity of the
CGRP system in hypertension.

2. The influence of CGRP on important vascular beds

The microvasculature and in particular the resistance arter-
ies play an important role in regulating blood pressure and

Locally
Thermal, mechanical and chemical stimuli

Increased blood flow, 
potentially long lasting

Promotes wound healing
Modulates inflammation

CGRP

Systemically
Released in response to endogenous stresses

Protection against
hypertension, hypertrophy and

inflammation

Heart KidneyAorta

y
endogenous stresses

Kidney

FIG. 4. Local and systemic mechanisms involving CGRP in cardiovascular regulation. Locally (e.g., in skin),
CGRP is released from the peripheral sensory nerve endings (left). CGRP acts to increase blood flow, in a
long-acting manner, which can lead to involvement in neurogenic inflammation and as a regulatory factor in
inflammation. These effects can contribute to enhanced wound healing. Systemically, CGRP is not considered
to have a major role in the normal individual. However, animal studies imply that CGRP may delay or protect
against cardiovascular disease (right). This leads to protection against hypertension, hypertrophy, and inflam-
mation and may be via direct mechanisms, or indirectly as a consequence of vasodilator activity.
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tissue blood flow (299), and an increase in total peripheral
vascular resistance is a factor contributing to hypertension
(285). Generally, the signaling systems involved in the re-
lease of CGRP in the microvasculature remain unclear.
Early studies proposed that CGRP released from sensory
nerves played an important role in the rat mesentery via an
interaction with sympathetic nerves (212). Interestingly,
under conditions of both raised angiotensin levels and nor-
adrenergic stimulation, mesenteric CGRP release and activ-
ity was reduced (210, 213). Thus there appears to be an
intimate relationship between known pressor agents and
release of CGRP in the mesentery (167). Indeed, it is estab-
lished that a wide range of receptors are localized to sensory
nerves where they have the potential to influence CGRP
release, that extend beyond those discussed here, and of
which the best known are opioid receptors (40).

A recent study by Smillie et al. (368), involving the CGRP
knockouts in the ANG II model has shown that CGRP
deletion not only leads to increased hypertension, but en-
hances loss of eNOS. In addition, there is evidence of oxi-
dative stress in the aorta, whilst NO-dependent vasodilata-
tion within the mesenteric vessels is not affected (368).

3. CGRP and the sympathetic system

A subpressor dose of CGRP can counteract the effect of
norepinephrine as well as ANG II, in short-term 6-day stud-
ies, leading to the suggestion that CGRP acts via an effect on
peripheral resistance (127). Kawasaki et al. (210) showed
that the sympathetic nervous system signals to the sensory
CGRP system via �2 adrenergic receptors. The �2 receptor
has been suggested to mediate the inhibition of NGF-stim-
ulated CGRP release in the DRG (380). This has been fur-
ther investigated in a phenol model of hypertension, where
intrarenal injection of phenol is associated with hyperten-
sion, decreased sensory nerve activation, and, in turn, re-
duced CGRP. While an �1 receptor antagonist was found to
reduce the hypertension, only an �2 receptor antagonist was
able to restore CGRP levels (via a mechanism involving
NGF), but the �2 antagonist was not able to reduce BP (86).
This suggests that even in the hypertensive state when
CGRP levels are raised sufficiently to reach the plasma,
CGRP does not influence BP regulation in this hypertensive
model. The authors suggested that this may be due to �2

receptors acting also to influence sympathetic tone, increas-
ing the pressor component. The loss of CGRP following
phenol administration has been suggested to mimic a re-
modeling process that may occur during hypertension,
which can be rescued by NGF (167).

4. Role of CGRP in hypertension models where the
kidney plays a central role

The role of CGRP has also been investigated in the miner-
alcorticoid (DOCA)-salt induced hypertension model. Here

CGRP mRNA and protein levels were shown to be in-
creased for 3–4 wk following hypertension induction and
suggested to be raised to compensate for the DOCA-salt
administration (379). CGRP8–37 improved the hypertensive
state, leading the authors to suggest that CGRP plays a
compensatory vasodilator role in this model, as mentioned
above (385).

A study by Supowit et al. (383) in mice attempted to identify
the role of �CGRP in hypertension by uninephrectomy,
DOCA-salt administration, and 0.9% saline drinking water
in WT and calcitonin/�CGRP KO mice. This treatment pro-
duced a significant 35% mean arterial pressure increase in
both WT and KO mice. Heart and kidney analysis from the
hypertensive WT mice showed no pathological changes
compared with their normotensive controls. However,
thickening and inflammation of the vessel walls was ob-
served in the hearts of hypertensive KO mice. In addition to
this, the kidneys of these KO mice exhibited glomerular
changes. Thus deletion of calcitonin/�CGRP makes the
heart and kidneys more vulnerable to hypertension-induced
end organ damage, indicating a protective role for CGRP in
these organs (383). In a later study by the same group, the
role of �CGRP was investigated in DOCA-salt hyperten-
sion-induced renal damage with the use of the calcitonin/
�CGRP KO mouse. Although these mice had an increased
BP at basal levels, there were no morphological or func-
tional changes in the kidney under normal conditions. Vas-
cular cell adhesion molecule (VCAM)-1, monocyte che-
moattractant protein (MCP)-1, and intracellular adhesion
molecule (ICAM)-1 expression in the kidney was measured
by immunohistochemistry in WT and calcitonin/�CGRP
KO mice after either 14 or 21 days DOCA-salt treatment.
At baseline there was no difference in expression of these
markers between the genotypes. These markers were ele-
vated at the onset of hypertension at day 14 and were pro-
gressively more elevated at day 21. The CGRP KOs dem-
onstrated increased levels of these inflammatory markers
compared with the WTs (37). However, it was concluded
that it was not possible based on these findings to elucidate
whether the changes observed were dependent on an in-
crease in BP, or were intrinsically �CGRP dependent (37).
More recently, this group has again tried to elucidate the
mechanistic role of �CGRP in the DOCA-salt hypertension
model using the same calcitonin/�CGRP KO mice, which
display a higher basal mean arterial pressure compared with
matched WTs. In this study they added an additional group
of KOs that were pretreated with 0.025% hydralazine in
drinking water, which reduced their mean arterial pressure
to a value comparable to the WTs. Consequently, when
treated with DOCA-salt, the final mean arterial pressure of
the KOs did not differ from the matched hypertensive WTs.
However, urinary markers of oxidative stress and renal in-
flammatory markers were higher in the KOs than WTs,
although there were no renal histological differences. It was
concluded that the renal protective effect of �CGRP in

CALCITONIN GENE-RELATED PEPTIDE

1113Physiol Rev • VOL 94 • OCTOBER 2014 • www.prv.org

on O
ctober 2, 2014

D
ow

nloaded from
 



DOCA-salt hypertension has a BP-independent protective
component (237). These studies provided evidence that the
long-term lack of CGRP when calcitonin is also deleted can
affect the cardiovascular balance, leading to enhanced hy-
pertension and an increased severity in terms of heart and
kidney damage.

In the two-kidney, one-clip renovascular hypertension model
in the rat, BP was significantly elevated 10 days post oper-
ation, and treatment with capsaicin at a dose chosen to
deplete all the neurotransmitters within the sensory nerves,
caused the BP to elevate further. Mesenteric mRNA CGRP
expression was significantly increased in control rats, but
this was prevented with capsaicin pretreatment (88). Thus it
was suggested that in this model the increased production of
CGRP acts as a compensatory dilatory mechanism to coun-
teract the increase in BP. The mechanisms involved are still
relatively unclear; however, ANG II is considered to play a
key role in this model and thus may be the link (88).

5. Role of CGRP in hypertension in a model involving
pregnancy

Alternatively, a hormone-related mechanism has been pro-
posed for the role of CGRP in hypertension. Gangula et al.
(132) reported that CGRP reversed hypertension induced
by NO inhibition in pregnant rats through a possible pro-
gesterone-dependent mechanism. In a later study, they
showed that CGRP induced a dose-dependent decrease in
mean arterial pressure. This response was significantly
greater in pregnant rats compared with nonpregnant rats,
indicating that the decrease in vascular tone observed dur-
ing pregnancy may be mediated in part by a sex steroid
hormone-induced increase in the vascular sensitivity to
CGRP (132).

6. Role of CGRP in the SHR model

The SHR model is a commonly used model of essential
hypertension, usually involving the Wistar-Kyoto rat strain,
inbred to be hypertensive. The comparative effect of CGRP
has been investigated in a range of vascular beds in both
normal and SHR Wistar-Kyoto rats using a microsphere
technique. Results showed that CGRP similarly reduced BP
in both normotensive and hypertensive rats, and this was
due to a change in total peripheral vascular resistance and
apparently not influenced by the higher sympathetic tone in
the SHR group (14). These authors noted the ability of
CGRP to specifically dilate the cutaneous and gastric beds
and linked this to its pathophysiological potential. On the
other hand, a reduction in blood flow was observed in the
cerebral circulation (14).

NGF has also been suggested to influence CGRP release and
hypotensive potential at some time points in the SHR (384).
Supowit et al. (382) have shown that neuronal CGRP gene

expression is decreased at the DRG level in the SHR. More-
over, the sensory neuronal contribution of CGRP in the
mesentery is substantially reduced in SHR compared with
WT and suggested to be lacking and linked to ageing in the
SHR rat (210). This was reversed by prolonged (7 wk)
treatment with captopril, an angiotensin-converting en-
zyme inhibitor (211). Kawasaki et al. (213) showed that
ANG II, generated at the mesenteric vascular wall, causes
an inhibition of sensory neurogenic CGRP induced vasodi-
latation and suggested that ANG II receptors are found on
the sensory neuron in the mesentery, as mentioned earlier.
Importantly, this response was only observed in the SHR
model, suggesting that a form of sensory nerve remodeling
may be occurring (213). Interestingly, the long-term treat-
ment of SHR for 7 wk with calcium antagonists (amlodip-
ine and nicardipine) has led to the suggestion that these
antagonists have the ability to reduce noradrenergic con-
strictor tone, whilst not affecting the sensory CGRP func-
tion, thus leading to a total beneficial effect (301).

7. Modulation of the CGRP receptor to study CGRP
in hypertension

An alternate approach to antagonists to examine the func-
tion of CGRP is to carry out experiments on mice with
genetically modified receptor components. The G protein-
coupled CLR component is a common receptor component
for all the CGRP family peptides and, as a consequence, is
not ideal for the specific study of the action of CGRP. On
the other hand, the single transmembrane RAMP1 compo-
nent constitutes the major receptor for CGRP. RAMP1-
deficient mice have been found to exhibit increased BP com-
pared with WT mice. �CGRP administration caused potent
relaxation of the arteries in WT mice and suppressed the
production of proinflammatory cytokines in dendritic cells
stimulated by lipopolysaccharide (LPS) (402). These sup-
pressor mechanisms were absent in RAMP1-deficient mice,
indicating that CGRP via the CLR/RAMP1 receptor plays a
vital role in BP regulation and suppression of inflammatory
mediator generation (402). RAMP1 upregulation has also
been shown to enhance the antihypertensive actions of en-
dogenous agonists (considered to be primarily CGRP) in
RAMP1 transgenic mice chronically infused with ANG II
(345). Interestingly, although the current evidence supports
the belief that the antihypertensive actions of CGRP are due
to its role as a vasodilator, Sabharwal et al. (345) investi-
gated other mechanisms. They provided evidence for a role
of CGRP in the modulation of baroreflex sensitivity (345).
The baroreflex acts to buffer BP fluctuations by responding
to reflex changes in heart rate and vascular resistance. High
baroreflex sensitivity leads to a lower BP, whereas low
baroreflex sensitivity results in an increase in mean arterial
pressure and thus, consequently, increases the cardiovascu-
lar risk (391). Sabharwal et al. (345) observed that RAMP1
transgenic mice had increased baroreflex sensitivity; there-
fore, CGRP may be protecting against the onset of hyper-
tension through its involvement in this baroreflex response.
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8. Mechanisms involving the release of CGRP

It is perhaps not surprising that studies have also involved a
search for a role for TRPV1 in hypertension due to its
CGRP-releasing ability (reviewed in Ref. 419). A study us-
ing electrophysiological and immunohistochemical tech-
niques provided evidence for a distinct population of
CGRP-positive sensory nerves in the kidney that are
thought to play a role in renal pathophysiology, as they
were found to be more sensitive to TRPV1-mediated acid
stimulation (94). Also, in a rat model of hypertension, the
cannabinoid TRPV1 agonist anandamide regulated the
generation and activity of CGRP with the limiting factor
being the anandamide transporter (235). The TRPV1 ago-
nist rutaecarpine has been shown to possess an antihyper-
tensive effect due to increased neuronal CGRP release into
the circulation in SHRs, two-kidney one-clip (2K1C), and
renal phenol injury models of hypertension (87, 236, 332).
CGRP released by rutaecarpine treatment has also been
shown to reduce platelet aggregation through inhibition of
platelet-derived tissue factor (236); in addition, rutae-
carpine may also have NO inhibitory effects (418). The
consumption of dietary capsaicin has been suggested to be
beneficial in lowering BP and improving endothelial func-
tion due to increased vasodilatation by CGRP (163, 442).
Therefore, TRPV1 agonists, such as capsaicin and rutae-
carpine, provide evidence that CGRP released via the
TRPV1 pathway may be protective and important for the
treatment of hypertension (163, 442). However, it should
be remembered that TRPV1 also mediates pain; thus the
difference between activation of sensory nerves to cause
pain, compared with CGRP-dependent vasodilatation, is of
interest.

Alternatively, it has been suggested that the anandamide
transporter may regulate the production of CGRP in hyper-
tension, and this is deficient in hypertensive conditions
where CGRP is lacking (235). Anandamide is a TRPV1
agonist, and lack of anandamide transportation reduces the
activation of TRPV1, leading to a loss of CGRP release
(235). A later publication has shown that CGRP levels re-
cover following treatment of the SHR with an ANG II type
1 receptor antagonist. ANG II mediates a decrease in the
anandamide transporter activity which in turn decreases
CGRP via a reactive oxygen species (ROS)-dependent
mechanism (361). However, rodent data also show that
TRPV1 KO mice do not have the predicted hypertensive
phenotype that would be expected if this were so (268).

B. CGRP and Pulmonary Hypertension

The investigation of CGRP in pulmonary hypertension is
important as the current pharmacological agents used to
treat pulmonary hypertension have unwanted side effects
and limited efficacy (82, 217). �CGRP is abundant in the
lung (298), with CGRP-like immunoreactivity localized in

the nerve fibers of airway mucosa (56) and the airway epi-
thelium (398). CGRP dilates precontracted pulmonary ar-
teries in vitro (274), and CGRP protects against hypoxia-
induced tissue remodeling in human pulmonary hyperten-
sion (398). Circulating plasma levels of CGRP are reduced
in rats with pulmonary hypertension (216), and effects of
�CGRP infusion into these pulmonary hypertensive rats
can be prevented/partially reversed in a time-dependent
manner and exacerbated by CGRP8-37 (216, 217, 398). Ad-
enovirus-mediated transfer of CGRP into the lungs of mice
prior to exposure of chronic hypoxia protected against pul-
monary resistance via cAMP induced vasodilatation, in ad-
dition to the suppression of ET-1 and ANG II release. This
in turn resulted in reduced pulmonary vascular resistance
and subsequent remodeling compared with controls (64). It
has also been suggested that degeneration of capsaicin-sen-
sitive nerves enhances pulmonary hypertension due to the
loss of CGRP being released via TRPV1 activation, as re-
viewed (408). More recently, Li et al. (242) induced pulmo-
nary hypertension in rats by hypoxia and then depleted
endogenous CGRP via capsaicin. This resulted in exacer-
bated hypoxia-induced pulmonary hypertension character-
ized by raised systolic pressure, vascular hypertrophy, and
increased ERK1/2 expression. Exogenous application of
CGRP reversed this pulmonary arterial remodeling by in-
hibiting the ERK1/2 pathway; therefore, this study suggests
CGRP is protective via inhibition of the ERK1/2 pathway
(242). Injection of endothelial progenitor cells (EPC), genet-
ically altered to express CGRP, attenuated established pul-
monary hypertension and subsequent pulmonary vascular
remodeling in pulmonary hypertensive rats (457). This
study suggests that therapy with CGRP-overexpressing
EPCs may be successful in the treatment of pulmonary hy-
pertension diseases in the future. Prior to this, Deng et al.
(89) also proposed CGRP supplementation to be a novel
therapy for conditions such as pulmonary hypertension, as
genetically engineered marrow stromal cells that secrete
CGRP inhibit VSMC proliferation in vitro.

C. CGRP and Heart Failure

CGRP-immunoreactive fibers have been reported to inner-
vate the heart vasculature, in a diffuse, but comprehensive
manner throughout the myocardium and coronary vessels
(197), thus are positioned to act in a sensory-efferent man-
ner. A cardioprotective role for CGRP has been suggested,
but as for hypertension, knowledge of the exact mecha-
nisms involved is limited. Although the best-characterized
effects of CGRP have been studied within the context of the
vasculature, there is undoubtedly a role for CGRP in main-
taining cardiac homeostasis. Prior to the functional charac-
terization of CGRP in cardiovascular tissues, it was known
that CGRP-containing nerve fibers were present in the
heart, with particularly dense innervation around the coro-
nary arteries, papillary muscle, and also excitatory regions,
such as the sinoatrial and atrioventricular nodes (297).
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Other experiments investigating the effect of capsaicin on
the spontaneously beating guinea pig auricle showed that
application of the TRPV1 agonist resulted in a positive
chronotropic and inotropic response from the atrial tissue
(256), and the transmitter responsible was identified as
CGRP (255).

CGRP has been suggested to have a role in protection
against heart failure (see Ref. 41). This has been confirmed
in an isoprenaline-induced model of cardiac failure, where
CGRP release (by the TRPV1 agonist rutaecarpine) was
found to protect against hypertrophy (240). Increased levels
of CGRP after heart failure are observed in genetically pre-
disposed individuals (191), and infusion of CGRP improves
the circulation in heart disease (103, 136, 374). The mech-
anisms involved have been suggested, as for hypertension,
to include vasodilatation and generation of protective me-
diators. A recent study has used a transverse aortic constric-
tion model in the calcitonin/�CGRP KO mice to probe
mechanisms. The WT mice had raised levels of CGRP, and
the KO mice had lower survival rates. KOs exhibited a
worsened phenotype in terms of cardiac remodeling, left
ventricular mass, and fibrosis. It was suggested that CGRP
protects against inflammation, measured in terms of mac-
rophage accumulation, TNF-� generation, cell death, and
interstitial and perivascular fibrosis (237). CGRP is a pow-
erful proangiogenic growth factor in human umbilical vein
endothelial cells (HUVECs) (403), and endogenous CGRP
has been shown to play a role in promoting tumor-associ-
ated angiogenesis and tumor growth (400). Of note, CGRP
appeared to protect against cell death, with the WT hearts
favoring angiogenesis whilst an increased loss of cardiac
myocytes at sites of collagen staining was observed in the
KOs, leading to the suggestion that CGRP is an important
angiogenic factor for microvascular growth (238). How-
ever, there was evidence by 21 days after initiation of the
transverse aortic constriction model that the heart content
of CGRP was not being sustained (238). This is in keeping
with lower CGRP levels found in the later stages of human
heart failure (103).

CGRP is able to activate p38 and ERK1/2 kinase, both of
which are involved in protective pathways against apopto-
sis (354). Pretreatment with CGRP markedly inhibits apo-
ptosis and intracellular ROS production of isoprenaline-
treated cultured rat cardiomyocytes (240). This protective
effect of CGRP is reversed by the addition of a CGRP re-
ceptor antagonist (239). Of note, CGRP has recently been
shown to inhibit norepinephrine-mediated apoptosis via
Bcl-2/Bax in cultured rat cardiomyocytes (260). Also, Al-
Rubaiee et al. (6) have attempted to define the mecha-
nisms by which CGRP has positive inotropic effects on
the heart; blocking CGRP using CGRP8-37 increased the
level of sarcomere shortening in isolated adult rat cardi-
omyocytes (6).

D. Ischemia

Since the identification of CGRP as a cardiac signaling mol-
ecule, it has been shown to be capable of acting as a very
potent endogenous mediator of preconditioning; the phe-
nomenon whereby preexposure of the heart to a precondi-
tioning agent can attenuate subsequent damage incurred by
an ischemic episode (245). In the Langendorff-perfused rat
heart, exogenous CGRP mimics preconditioning induced
by transient ischemia via ligation of the left anterior de-
scending coronary artery. Furthermore, application of the
small molecule CGRP antagonist BIBN 4096BS inhibited
the preconditioning response from either exogenous CGRP
or transient ischemia, indicating that CGRP plays an im-
portant role in the physiological response to myocardial
ischemia (62). CGRP is also protective against ischemia in a
range of other organs including gut, kidney, and brain (41).
It is considered that ischemic episodes in central organs,
such as heart and liver, may not only involve CGRP acting
locally, but also protects tissues, such as the gastric mucosa,
through the release of CGRP, following axon reflexes, for
instance (48).

In humans following acute myocardial infarction, immuno-
reactive CGRP is raised in plasma, as well as in nerves,
implicating its release in response to either the stressed met-
abolic environment that occurs after ischemia, or to the
decreased vasodilatation (262, 329, 340). There is a wealth
of evidence that sensory nerves innervate and respond to the
ischemic, constricted environment, but some of this is ob-
tained from studies involving capsaicin depletion, where
there is a loss of the total sensory neuronal component,
rather than just CGRP. Calcitonin/�CGRP KO are reported
to have increased susceptibility to ischemia/reperfusion in-
jury. This coincides with increased vascular cell damage and
an increase in the measurement of malonaldehyde, indica-
tive of ROS generation, in the KOs (194). Recovery follow-
ing this ischemia/reperfusion injury is also blunted in the
KO mice, a response that may be directly linked to the loss
of the vasodilator mechanisms (194). In cultured rodent
cardiomyocytes, CGRP inhibits apoptosis of the cells after
stimulation by noradrenaline (456), suggesting a protective
role for CGRP. The CGRP receptors and their cardiopro-
tective effects of ischemic pre/postconditioning and infarct
reduction have recently been reviewed by Maslov et al.
(269).

CGRP is also implicated in coronary artery disease (CAD)
patients where serum levels were reduced compared with
normal healthy individuals (422). Endogenous CGRP is
protective in the hearts of pigs in a model of myocardial
infarction, although this is not the case with exogenously
administered CGRP (205, 206). Of importance, a recent
study has investigated the effect of the CGRP antagonist
telecagepant on exercise-induced (stable) angina and isch-
emic ST-segment depression. The antagonist did not signif-
icantly affect either the time to onset of angina, or ischemic
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ST-segment depression. Moreover, the profile for BP and
heart rate changes were similar in both placebo and antag-
onist-treated patients. (63). However, exogenous CGRP
can prolong exercise time (407).

The overall clinical weight of CGRP’s role in mediating the
preconditioning response has still to be evaluated. How-
ever, it may be especially relevant in myocardial ischemia
suffered by diabetic patients. In rodent experimental mod-
els of diabetes, the ischemic preconditioning response is
markedly attenuated (252), an effect that can be reversed
via adenoviral transfection of the CGRP gene to myocardial
tissue (458). In addition, deletion of the TRPV1 gene pro-
duces a similar loss of preconditioning in the heart, and thus
it was suggested that the beneficial effects of TRPV1 stim-
ulation is through the release of CGRP, and also SP (459).
The ability of CGRP to produce a preconditioning effect
also appears to be attenuated with the advancement of age
(251). As both diabetes and ageing are associated with sen-
sory nerve degeneration, it is conceivable that a loss of
myocardial sensory innervation is a key process in increas-
ing susceptibility to myocardial damage following isch-
emia.

There are further data to support the role of CGRP as a
protective factor in ischemia. Diabetic mice are less able to
generate cardioprotection via ischemic preconditioning,
and this is thought to be due to a loss of CGRP activity.
Administration of CGRP into these rodents was shown to
improve their cardioprotective ability (458). In addition,
sensory CGRP depletion by chronic capsaicin treatment has
been reported to induce exacerbated hypoxia-induced hy-
pertension and vascular remodeling in rats (399).

E. CGRP, Atherosclerosis, and Vessel
Remodeling

Hypertension and cardiovascular diseases such as ath-
erosclerosis display both increased BP and vascular re-
modeling and inflammation. During the remodeling,
there is an increase in the rate of hypertrophy and prolif-
eration of the VSMC within the vessel wall. Endothelial
dysfunction also occurs, and subsequently, NO produc-
tion is impaired (355). CGRP has been shown to be pro-
tective in the onset of cardiovascular disease in a variety
of studies that include vessel injury and remodeling, as
discussed in previous sections. CGRP and its role in ath-
erosclerotic models are not as widely documented. How-
ever, despite this, CGRP has been shown to be protective
in several reports involving the inhibition of growth fac-
tors, which influence cell proliferation in response to ves-
sel injury, with earlier studies being coherently reviewed
by DeFeudis (84). Vessel remodeling/stiffness and plaque
formation is associated with age and nerve deterioration.
CGRP levels have been reported to decrease with age (see
below). In an in vitro atherosclerotic model with ageing

rabbits, the effect of CGRP was reduced in a time-depen-
dent manner in the mesentery as the rabbits aged and
atherosclerosis progressed (375). More recently, Yang et
al. (443) have elucidated a protective role for endogenous
CGRP in neointimal hyperplasia following wire-induced
vascular injury. This study showed that neointimal
formation was significantly enhanced in CGRP KOs com-
pared with their matched WTs, thus suggesting a vaso-
protective role for CGRP, making it a potential therapeu-
tic target in cardiovascular disease and vessel remodel-
ing.

Overexpression of RAMP1 in RAMP1 transgenic mice
protects against ANG II-induced endothelial dysfunction
through the increase of CGRP-induced vasodilatation,
shown previously by Chrissobolis et al. (71) when study-
ing vascular responses to CGRP in carotid and basilar
arteries in vitro. CGRP stimulation has also been shown
to reduce the numbers of migrating neutrophils and
monocytes through the endothelium into the LPS-stimu-
lated mouse peritoneal cavity (150). A decrease in
chemokine expression was found through the inhibition
of the NF-�B pathway by this CGRP stimulation in cul-
tured endothelial cells (193).

EPCs play a critical role in vascular endothelial repair, and
a decline in EPC content is thought to predispose subjects to
future cardiovascular complications. CGRP synthesis has
recently been discovered in EPCs, as mentioned before, and
this EPC derived CGRP has been shown to be protective
against EPC senescence induced by ANG II (461). To fur-
ther emphasize the protective importance of EPC derived
CGRP, VSMC hypertrophy was attenuated in ANG II-in-
duced hypertension (113). This inhibitory effect of CGRP
on VSMC proliferation has also been demonstrated in in
vitro studies using the ANG II stimulus (331). Furthermore,
when administering CGRP containing EPCs to rats with
pulmonary hypertension, a lowered vascular resistance re-
sults together with inhibited VSMC proliferation and thick-
ening of the vessel wall (457). In addition to this, in cultured
human dermal microvascular endothelial cells, application
of CGRP significantly reduces chemokine production, thus
reducing the recruitment of monocytes and neutrophils to
the vessel wall (193). With regards to the role of CGRP and
inflammatory markers, MCP-1 expression was inhibited by
CGRP transfection into rabbit isolated jugular vein grafts
with chronic inflammatory vein graft disease (454). In ad-
dition to this, gene transfer of CGRP into Lewis rats sup-
pressed VCAM-1 mRNA expression during the develop-
ment of allograft vasculopathy (455). These studies suggest
an anti-inflammatory role for CGRP.

Research has found that endogenous CGRP is involved in
the depressor effect and regression of vascular remodeling
in reno-hypertensive rats (332). Previous findings have also
shown that CGRP inhibited the proliferation of VSMCs
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from rabbit and rat aorta, induced by fetal bovine serum,
through an increase in cAMP production (243). Intramus-
cular gene transfer of CGRP was also shown to inhibit
neointimal hyperplasia after balloon injury in the abdomi-
nal aorta of the rat through inhibition of VSMC and CGRP-
mediated apoptosis (423).

It is well documented that ERK1/2, the important protein
kinases in cell proliferation, are activated by many growth
factors via different upstream signal proteins. It has been
reported that ANG II activates ERK1/2 via PKC-	 by cross-
talk with the tyrosine kinase receptor pathway (246).
CGRP was recently shown to inhibit both ANG II-induced
and hypoxia-induced proliferation of rat aortic and pulmo-
nary smooth muscle cells via inactivation of ERK1/2, there-
fore suggesting that the inhibitory effect of CGRP on the
proliferation of VSMCs involves the MAPK signaling path-
way (242, 331).

The increasing literature therefore provides evidence for a
protective role of the CGRP signaling pathway in the onset
of vascular inflammation. Manipulation of this specific sig-
naling pathway could prove to be a therapeutic target in the
prevention of hypertension induced vascular inflammation;
however, the mechanisms in which it plays this role are not
well understood. Despite this, it has been shown that statins
reduce the expression of CGRP in rat cultured DRG (49),
an effect described by the authors to more closely relate
CGRP to its inflammatory rather than cardio-protective
role.

F. Sepsis

CGRP plasma levels are raised in patients with sepsis (203)
and here is suggested to mediate hypotension (17, 195). On
the other hand, CGRP may reduce production of some pro-
inflammatory cytokines [e.g., keratinocyte chemoattractant
(KC) and macrophage inflammatory protein-2 (MIP-2)]
and protect mice from fatal endotoxic shock (150, 424).
RAMP-1-deficient mice were shown to exhibit a loss of
immunosuppression (204). Moreover, the deletion of
TRPV1 is associated with enhanced sepsis in mice (72). A
recent study suggests that this worsened inflammatory re-
sponse is linked to a loss of TRPV1-dependent CGRP re-
lease, as plasma levels were reduced in the TRPV1 KO mice
(426). Conversely, Fernandes et al. (117) did not find sup-
port for this concept in a similar model. Holzmann (187)
has recently reviewed this area and suggests that CGRP is
released at an early stage following infection. CGRP is then
able to act on macrophages and other cells in an anti-in-
flammatory manner to upregulate IL-10, among other
mechanisms. However, it is suggested that in mixed-bacte-
rial infections, CGRP may over compensate resulting in
adverse events of immunosuppression and compromised
host defense (187).

VII. CGRP AND OTHER
PATHOPHYSIOLOGICAL CONDITIONS

A. CGRP in Neurogenic Inflammation and
Pain

Sensory nerve fibers are branched in a collateral manner; it
is thought that when a peripheral terminal of a sensory
nerve is activated, action potentials are not only transmitted
to the dorsal horn, but are also transmitted antidromically
down the branches. This results in neuropeptide release
from the peripheral branches (FIGURE 3). It is this axon
reflex (a reflex in a single neuron) that is thought to account
for the flare seen after intradermal injection of histamine
into human skin which can extend for several centimeters
away from the injection site (234). Neurogenic inflamma-
tion is the term given to the microvascular effects caused by
the release of neuropeptides from the nerve terminals (FIG-
URE 3). The two main proinflammatory neuropeptides are
CGRP and substance P (SP). SP acting on NK1 receptors is
a potent mediator of increased microvascular permeability
(58) and, as extensively discussed, CGRP is an extremely
potent vasodilator, thus release of these peptides results in
edema formation, increased blood flow, and recruitment of
inflammatory cells to the local area.

The role of CGRP in inflammation has been reviewed (39,
118). In general, CGRP has been suggested to mediate a
host of immune regulatory responses, relevant to host de-
fense and inflammation, but few have been fully supported
by strong subsequent in vivo studies. However, without
doubt, depending on situation, CGRP is able to promote
inflammation, secondary to vasodilatation, and inhibit in-
flammation/mediator release through its ability to increase
cAMP. Thus, to a certain extent, it depends on when and
how CGRP is released as to its net effect (39). There is a
strong indication that CGRP has the ability to inhibit lym-
phocyte differentiation and proliferation (278, 406, 420).
CGRP has also been suggested to influence the activity of
other inflammatory cells, including Langerhans cells (20,
172) and macrophages (196). CGRP can inhibit IL-1�-in-
duced reactive oxygen species generation in alveolar epithe-
lial cells (241). Overall, it is considered that CGRP can
inhibit allergic conditions such as irritant dermatitis (73,
286). CGRP, via increases in cAMP, was able to inhibit
ovalbumin-induced airway inflammation in the mouse
(287). In keeping with this, CGRP deletion is associated
with an inhibition of airway hyperresponsiveness (16).

CGRP has been proposed to influence neutrophil-endothe-
lial cell interactions in a positive manner (142), and also a
negative manner (150). The positive effect has been sug-
gested to be secondary to microvascular dilation (51). Mon-
neret et al. (291) have shown that CGRP can inhibit cyto-
kine production from LPS- and fMLP-stimulated blood
cells, secondary to increasing cAMP (291). An inhibition of
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chemokines (CXCL1, CXCL8, and CCL2) from LPS-stim-
ulated cultured human microvascular endothelial cells in
vitro was observed (193), and this correlated with the abil-
ity of local and systemic CGRP to inhibit monocytes and
neutrophils in response to LPS in the mouse peritoneal cav-
ity (150). This inhibition of recruitment may be secondary
to systemic hypotension in this model. In vivo, deletion of
RAMP1 is associated with hypertension and proinflamma-
tory cytokine production (402), providing further evidence
for an inhibitory role of CGRP. In the kidney, CGRP has
been shown to be proinflammatory in a model of obstruc-
tive nephritis, and this may in part be related to the poten-
tiating vasodilator activity, as inflammatory markers, as
well as resulting fibrosis were obvious (220). Thus it would
seem sensible to assume that CGRP can act in a pro- or anti-
inflammatory role depending on situation.

It has long been known that capsaicin-sensitive neurons are
important in neurogenic inflammation, since the hypersen-
sitivity and flare produced from intradermal injection of
capsaicin can be prevented by denervation or by prolonged
exposure to capsaicin that produces sensory nerve desensi-
tization (334). Furthermore, evidence has shown that intra-
plantar injection of capsaicin in rats leads to the secretion of
proinflammatory cytokines, such as IL-1�, TNF-�, and
NGF (344). The functional importance of CGRP in this
process is seen by the upregulation of these proinflamma-
tory mediators being prevented by pretreatment with
CGRP antagonists (271). In humans, the role of CGRP has
been examined in a model of increased dermal blood flow
induced by topical application of capsaicin (364). Pretreat-
ment with the CGRP antagonist telcagepant inhibited this
increased blood flow after capsaicin, demonstrating a key
role for CGRP in neurogenic vasodilatation in humans
(364).

Although the potent vasodilatory effects of CGRP cannot
be denied, its role in pain is continually debated. Hyperal-
gesia is the heightened sensitivity to painful stimuli and
occurs under conditions that lead to sensitization of periph-
eral nerve terminals (peripheral sensitization), or sensitiza-
tion of the spinal cord dorsal horn (central sensitization).
Perhaps more focus has been given to the tachykinin neu-
ropeptide SP, acting on the NK1 receptor on the dorsal horn
after high-intensity stimuli and contributing to central sen-
sitization (437). Controversies exist as to the importance of
CGRP in the generation of hyperalgesia as differing results
have been observed between different laboratories and
models. Small effects of peripheral CGRP injection have
been observed. Injection of CGRP alone induced hyperal-
gesia in the rat hindpaw, although with a far less potent
effect than SP (300), and only injections of high nonphysi-
ologically relevant doses of CGRP caused any changes in
the thermal nociceptive threshold in the mouse hindpaw
(352). However, the injection of CGRP into human skin is
not associated with axon-reflex flare initiation or increased

nociception (42, 45, 431). It is possible that CGRP plays
more of an important role centrally than peripherally. Me-
chanical hyperalgesia caused by intrathecal CGRP has been
observed, and electrophysiological data show CGRP-in-
duced sensitization of spinal dorsal horn neurons (310,
376). To contradict this view, other groups have provided
evidence for intrathecal injection of CGRP resulting in no
detectable pain behaviors in mice (129), and no change in
response in the tail immersion test or thermal or mechanical
thresholds in rats (202, 446).

It may be that the role of CGRP in pain becomes more
important under conditions of abnormal pain processing
such that occurs during inflammatory or neuropathic pain
states. CGRP antagonists inhibited hyperalgesia induced by
intraplantar injection of capsaicin and carrageenan in rats
and reduced pain in neuropathic models (29, 271, 444,
445). CGRP KO mice have also been subjected to kaolin-
and carrageenan-induced inflammation, and these mice did
not develop hyperalgesia (452). Mice lacking the essential
CGRP receptor component RAMP1 were protected from a
complex regional pain syndrome associated with distal limb
fracture. Chiefly, allodynia was attenuated, and inflamma-
tory cytokines (except for IL-6) were reduced (156). In ad-
dition, electrophysiological studies in rats have shown the
importance of CGRP in the hyperexcitability in spinal cord
neurons during joint inflammation (304).

Conversely, in our hands, we have seen that CGRP was not
important in the development of bilateral hyperalgesia in a
model of TNF-�-induced inflammation in the mouse paw
(343). Additionally, expression of CGRP mRNA was up-
regulated bilaterally in trigeminal neurons in a chronic in-
flammatory rodent model of periodontitis induced by LPS
(1). Reduced pain thresholds are not observed in this model,
or in patients with periodontitis; thus the authors proposed
that the upregulation of CGRP is involved with the inflam-
matory process and not nociception (1).

The discrepancy in results may be due to the different
models, experimental conditions, and the many different
ways of measuring pain. However, an intriguing report by
Mogil et al. (290) provides evidence that different mouse
strains differ widely in their expression of the CGRP gene
and this correlates with their variable thermal sensitivity.
In mouse strains that expressed low CGRP levels of
CGRP, peripheral injection of CGRP into the hindpaw
caused a decrease in thermal nociceptive threshold. In
comparison, CGRP-rich strains, which include C57/BL6
mice, were insensitive to CGRP injection (290). Thus the
authors suggest that unknowingly using these CGRP-rich
strains would lead to the failure to demonstrate CGRP
effects. Perhaps as a matter of course all CGRP studies
should look at gene expression and levels of CGRP re-
lease to be aware of this factor.
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B. CGRP and Migraine

Migraine is a complex neurovascular disorder; for a full
review of the neurobiology, see Reference 144. It is a com-
mon, disabling condition affecting 8% of men and 18% of
women with 13% of people affected experiencing more
than one attack per week (372), making it an economically
costly disease. Symptoms are wide-ranging and can include
painful debilitating headache, increased sensitivity to light
and sound, nausea, vomiting, fatigue, and dizziness. While
the etiology of migraine is unknown, it has long been rec-
ognized that CGRP is involved in its pathophysiology. It
was thought that the pain sensitivity arises from nociceptive
sensory afferent fibers from the trigeminal nerve that pro-
vide dense innervation to the meningeal blood vessels
within the skull (FIGURE 5). These afferent fibers contain
vasoactive peptides, and activation of the trigeminal gan-
glion causes release of these peptides, particularly CGRP, in
both animal and human studies (147, 447). Furthermore,

intravenous infusion of CGRP can induce migraine-like at-
tacks in migraine patients (229, 230). A significant eleva-
tion of plasma levels of CGRP in humans during migraine
has been observed, which can be normalized with the anti-
migraine agents, the triptans (5-HT1B/1D agonists), with a
concurrent resolution of the headache component (128,
146, 148, 351). However, even this condition is not without
its CGRP controversy as in 2005 a study was published
using intrapatient comparison that showed no increase in
CGRP levels in the jugular blood in some migraine patients
(404); for a full analysis of these discrepancies, see Refer-
ence 395. Thus CGRP may not be increased for all migraine
sufferers, or it may be that, as for rodents, it depends on the
particular individual’s gene expression for how susceptible
they are to the effects of CGRP.

Yet, as much evidence had shown an important role for
CGRP in migraine, work has been under way for many
years to develop CGRP antagonists specifically to treat this
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debilitating condition (see TABLE 1 for a summary of stud-
ied CGRP antagonists). The disease-specific currently avail-
able drugs on the market for migraine, the triptans, are
limited by cardiovascular problems due to their vasocon-
strictive properties, complications with medication overuse
headache, and inefficacy for a proportion of patients (302).
In 2000, Boehringer Ingelheim published the pharmacolog-
ical profile of BIBN4096BS (Olcegepant), the first selective
nonpeptide CGRP antagonist, which could block vasodila-
tation caused by stimulation of the trigeminal nerve in the
marmoset (100). Trials showed that BIBN409BS had no
effect on baseline regional or systemic hemodynamics in
animal and human studies (19, 321, 322), suggesting that
unlike the triptan class of drugs, the CGRP antagonists may
not lead to problems with cardiovascular side effects, as
discussed in earlier sections. In a phase II proof of concept
study, BIBN4096BS was tested in an international multi-
center double-blind randomized clinical trial in 126 pa-
tients with migraine. The BIBN treated group had a re-
sponse rate of 60% compared with 27% for placebo, and
this response became apparent from 30 min after treatment
(311). Importantly, this response was comparable to that
published for the available triptans (121). However, al-
though BIBN4096BS had high affinity for the human CGRP
receptor, is selective, and is a pure antagonist with good

tolerability, its high molecular weight meant it could only
be administered by intravenous injection (342). As migraine
attacks occur at infrequent episodic intervals and these an-
tagonists need to be administered as soon as the attack
manifests itself, intravenous drug administration is not a
particularly commercially viable option. Therefore, much
research went to develop an orally available CGRP antag-
onist, and in 2007 Merck published details of their com-
pound MK-0974 (or telcagepant) which was potent and
showed good oral bioavailability (319, 360). As with
BIBN4096BS, the initial phase II proof of concept study
showed good efficacy and tolerability for telcagepant (181).
It was then tested in a larger phase III trial of 1,380 patients,
and telcagepant was shown to be more effective than pla-
cebo in relieving pain and reducing other symptoms such as
nausea and photophobia (181). This was comparable to the
triptan zolmitriptan, but the CGRP antagonist had fewer
associated adverse side effects (181). A second randomized,
controlled study confirmed these results showing efficacy
and tolerability of telcagepant at, and this time, also 150 mg
(77). A randomized, double-blind, placebo-controlled trial
was also carried out with telcagepant administered together
with either ibuprofen or acetaminophen and looked at pain
freedom at 2 h. Combination therapy and monotherapy
were significantly better than placebo, although no statisti-

Table 1. Current CGRP antagonists/antibodies under investigation

Name Type
Affinity*
(Ki, nM) Indication

Route of
Administration

Efficacious
Doses, mg

Current Stage in
Clinical Trials

Reference
Nos.

Olcegepant
(BIBN4096BS)

Nonpeptide
receptor
antagonist

0.01 Acute migraine treatment Intravenous 2.5 Phase II 100, 293,
311, 349

Telcegepant
(MK-0974)

Nonpeptide
receptor
antagonist

0.8 Acute migraine treatment/
prophylactic for episodic
migraine

Oral 150, 300 Discontinued after
phase III due to
liver toxicity

76, 77,
180

MK-3207 Nonpeptide
receptor
antagonist

0.02 Acute migraine treatment Oral 10, 100, 200 Discontinued after
phase II due to
liver toxicity

176, 349

BI 44370 TA Nonpeptide
receptor
antagonist

Not reported Acute migraine treatment Oral 400 Phase II 92

BMS-927711 Nonpeptide
receptor
antagonist

0.027 Acute migraine treatment Oral 75, 150, 300 Phase II 258, 266

BMS-742413 Nonpeptide
receptor
antagonist

0.023 Acute migraine treatment Intranasal Preclinical 68

MK-2918 Nonpeptide
receptor
antagonist

0.05 Acute migraine treatment Oral Preclinical 318

LY2951742 Humanized
monoclonal
antibody
against CGRP

Prophylactic for episodic
migraine/also in
preclinical studies for
osteoarthritic pain

Subcutaneous 150 Phase II results
reported at
2014 AAN
meeting; clinical
trial
NCT01625988

31, 95

ALD403 Humanized
monoclonal
antibody
against CGRP

Prophylactic for episodic
migraine

Intravenous 1,000 Phase I results
reported at
2014 AAN
meeting; clinical
trial
NCT01772524

145

AMG 334 Fully humanized
monoclonal
antibody
against CGRP
receptor

Prophylactic for episodic
and chronic migraine/
also in phase I for hot
flashes associated with
menopause

Subcutaneous Not reported Phase II ongoing;
clinical trial
NCT01952574

LBR-101 Fully humanized
antibody
against CGRP

Prophylactic for episodic
and chronic migraine

Subcutaneous Dose-ranging Phase I -published
Phase II
ongoing

32

*Affinity is given for human calcitonin gene-related peptide (CGRP) receptor.
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cal differences were seen between treatment groups. How-
ever, numerically greater treatment effects were seen in the
combination groups, suggesting there could be some benefit
to this (177).

A further large phase III trial then looked at how effective
telcagepant was at treating migraine symptoms across four
attacks within the same patient (180). Both 140 and 280 mg
telcagepant were found to be more consistently effective for
the treatment of migraine than control. Few patients expe-
rienced adverse effects, and these were mainly limited to
drowsiness and vomiting. No abnormal changes were seen
in liver transaminase levels of patients; however, these were
only assessed at least 7 days after treatment (180). In con-
trast, in a clinical trial (NCT00797667) where 140 or 280
mg telcagepant was given twice daily for up to 3 mo as a
migraine prophylactic treatment, two patients were seen to
have elevated symptomatic transaminase levels. This led to
the early termination of the trial.

A further long-term study was carried out over 18 mo to
assess the safety of telcagapant for the intermittent acute
treatment of migraine. During this large phase III trial, a
total of 19,820 migraine attacks were treated with 300 mg
telcagepant and 10,981 attacks with the triptan rizatriptan
(76). Patients were allowed to treat up to eight attacks per
month, and telcagepant was seen to lead to fewer adverse
effects than rizatriptan. Both treatments showed consistent
efficacy without any suggestion of tolerance developing.
Interestingly, there were some observations to suggest that
telcagepant may provide more of a sustained response than
the triptan, thus potentially may reduce both migraine du-
ration and frequency over time (76). Despite the concerns
over liver transaminase levels when telcagepant was given
daily, in this trial with repeated but intermittent drug ad-
ministration only three patients saw an increase in enzyme
levels, and these were discovered to be transient and tem-
porally unrelated to the dosage of medication (76).

As mentioned above, one of the major problems of the
triptan class of drugs is that they are contraindicated for
people with cardiovascular disease. Thus a major advan-
tage for the CGRP antagonists would be if they were safe
for this patient population. Multiple doses of telcagepant
were initially evaluated to be safe in patients with coronary
artery disease in a small study (27). Further investigation
was then undertaken treating patients with telcagepant that
were comorbid for stable coronary artery disease and mi-
graine (182). Unfortunately, due to recruitment difficulties,
the study was underpowered so it was not possible to fully
evaluate the efficacy of telcagepant over placebo. However,
telcagepant was generally well tolerated with no serious
drug-related cardiovascular adverse effects. Importantly, as
problems had been seen in the prophylactic trial, no eleva-
tion in liver transaminase levels was seen (182).

However, in July 2011, Merck stopped the development of
telcagepant announcing in a press release this statement:
“Merck is discontinuing the clinical development program
for telcagepant, the company’s investigational calcitonin
gene-related peptide receptor antagonist for the treatment
of acute migraine. The decision is based on an assessment of
data across the clinical program, including findings from a
recently completed six-month Phase III study.” In their re-
view, Negro et al. (302) state that this was due to the liver
toxicity concerns with the drug.

Merck had also developed a second orally bioavailable
CGRP receptor antagonist that was structurally distinct
from telcagepant, MK-3207. MK-3207 was shown to be
50- to 100-fold more potent than telcagepant both in vitro
and in vivo (349) and was examined in a phase II clinical
trial for the use as an acute treatment for migraine at doses
ranging from 2.5–200 mg (176). Significant efficacy was
observed for 10, 100, and 200 mg MK-3207 compared
with placebo, when measuring pain freedom at 2 h. Inter-
estingly, the study investigators had calculated that the clin-
ically efficacious dose would be between 2.5 and 100 mg,
yet there was a trend towards a dose-response with greater
effect at 200 mg; thus the authors suggested that doses
higher than 200 mg may have even greater efficacy. This is
important as though they did not compare to a triptan in
this study, the 26% 2-h pain-free response for 200 mg MK-
3207 is close to both the 29% seen with 100 mg su-
matriptan in a meta-analysis (121) and the 27% with 300
mg telcagepant in the phase III trial (181). Thus higher
doses of MK-3207 have the potential to be an improvement
on the triptans and the original CGRP oral antagonist tel-
cagepant. Higher drug plasma levels could result in central
penetration; thus these results have led to the suggestion
that there is a potential role for central CGRP receptors in
migraine (105), although this argument is under debate, as
discussed later. Unfortunately, there were also liver toxicity
issues with MK-3207. During an extended phase 1 study,
result abnormalities were observed in some subjects in the
liver enzyme test causing Merck to discontinue develop-
ment of this compound (176).

A phase II clinical trial for acute migraine treatment has
been carried out on a third oral CGRP antagonist, devel-
oped by Boehringer Ingelheim, BI 44370 TA, at 50, 200,
and 400 mg (92). The highest dose of 400 mg achieved
significant pain freedom at 2 h in more patients than pla-
cebo with a response rate of 27%, similar to that seen
previously with triptans and earlier CGRP antagonists (92,
121, 181). There were few adverse events, although one
subject did show increased liver function tests; however,
this subject was also taking other medications concurrently
and had a history of alcohol consumption, so the authors
stated it was hard to conclude whether BI 44370 TA caused
the anomalous liver result. They stated that internal data
showed no liver toxicity data with the compound (92). This
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study only included 341 subjects so we await further larger
phase III studies to confirm the safety of BI 44370 TA.

To illustrate the excitement for CGRP antagonists, it is
notable that Bristol-Myers Squibb have two CGRP antag-
onists in their pipeline. The first of these is an oral CGRP
antagonist, termed BMS-927711 (258), and results from a
phase II trial have recently been published (266). BMS-
927711, at doses from 75 to 300 mg, led to significant
increases in the number of patients reaching pain freedom at
2 h post dose compared with placebo. There was approxi-
mately a 30% response rate for all doses, making it compa-
rable to the other CGRP antagonists and the triptans (266).
No adverse events were reported, and no signs of liver tox-
icity were detected; however, this was a single dose study, so
long-term safety and tolerability could not be assessed
(266).

The second CGRP antagonist developed by Bristol-Myers
Squibb is BMS-742413, (R)-N-3-(7-methyl-1H-indazol-5-
yl)-1-(4–1-methylpiperidine-1-carboxamide) (68). To in-
crease the speed of pain relief, ways are always sought to
improve onset of action; thus it is of importance that this
compound is suitable for intranasal delivery. BMS-742413
displayed good bioavailability following insufflation and
was shown to dose-dependently inhibit facial blood flow in
the marmoset. Of particular note, this compound showed
no vasomotor activity in isolated human coronary arteries,
contrasting with the clear vasoconstrictor effect of su-
matriptan in the same preparation (68). It will be interesting
to see how this compound fares in toxicological studies as
part of a clinical trial, if carried forward.

Despite shutting down development of at least two of their
oral CGRP antagonists, Merck published a paper in 2011
illustrating their efforts in improving upon the structure of
telecagepant and developing CGRP antagonists with lower
projected clinical doses (318). It remains to be seen whether
their new imidazoazepane compound, MK-2918, has the
same liver effects as the previous CGRP receptor antago-
nists.

An alternative approach to small molecule antagonists has
been the use of antibodies to target CGRP, thus reducing its
bioavailability. Zeller et al. (451) gave a systemic injection
of an anti-�CGRP antibody to rats and showed it could
inhibit neurogenic vasodilatation in two blood flow models
but had no effect on heart rate or BP. The onset of action
was apparent after 1–2 h and lasted for 7 days. This slow
but prolonged inhibition makes this approach different
from the CGRP receptor antagonists, allowing the use of
antibodies as a prophylactic treatment as opposed to acute
migraine medication. The obvious inability for monoclonal
antibodies to cross the blood-brain barrier requires that the
antibodies are an effective migraine treatment simply
through a peripheral site of action (FIGURE 5).

There are several monoclonal antibodies in phase I or II trials
for migraine (33, 96). TABLE 1 lists the characteristics and
progress of four antibodies. LY2951742 is a humanized
monoclonal antibody, developed by Arteaus Therapeutics,
which potently and selectively binds to CGRP. The phase I
trial showed that the drug was well-tolerated (www.
arteaus.com). The phase II clinical trial (NCT01625988) ex-
amined the change in number of migraine headache days in a
28-day period after subcutaneous administration of drug or
placebo once every other week for 12 wk. In January 2014, Eli
Lilly issued a press release stating they had acquired all devel-
opment rights for this drug based on positive phase II data
(https://investor.lilly.com/). InMay2014, results fromthephase
II trial were announced at the American Academy of Neurology
(AAN) meeting. LY2951742 significantly decreased the number
of migraine days compared with placebo (95).

Another antibody showing promise is ALD403 by Alder
Biopharmaceuticals that has been tested for efficacy and
safety in a single dose study of 163 migraine patients
(NCT01772524). Goadsby et al. (145) presented the results
at the AAN 2014 meeting and showed that intravenous
ALD403 significantly reduced the mean migraine days per
month compared with placebo. Interestingly, a proportion
of patients experienced a complete abolition of their mi-
graines, suggesting that CGRP inhibition may be key for
certain patients. Alder Biopharmaceuticals use a novel yeast
expression system to produce functional antibodies
quicker, and reportedly, cheaper than other traditionally
used systems, which may speed up the drug discovery pro-
cess.

AMG 334 is being developed by Amgen, and in contrast to
the other antibodies, it is targeted against the CGRP recep-
tor rather than the free peptide (33). As well as being in
phase II studies for episodic and chronic migraine, AMG
334 is also being examined in a phase I study for women
with menopausal hot flushes (35).

To date, very few details have been published with regards
to the antibodies in development. However, Labrys Biolog-
ics have recently published all the phase I results for their
CGRP antibody LBR-101 (32, 34). LBR-101 was well tol-
erated for single intravenous doses ranging from 0.2 to
2,000 mg and did not affect BP, temperature, or heart rate
(32). It is of note that LBR-101 did not result in any liver
abnormalities (32). An additional study examined LBR-101
in women over 40 yr of age. Despite this population having
an increased age risk of cardiovascular events, LBR-101 did
not result in any hemodynamic changes (34). However, this
study only enrolled healthy volunteers, excluding those
with cardiovascular disease or known cardiovascular risk
factors such as diabetes or high cholesterol (34).

It will be of great interest to see if the CGRP antibodies are
efficacious, as theories exist that the CGRP antagonists
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work partly through a central mode of action. Sixt et al.
(366) showed that systemic olcegepant decreased spinal tri-
geminal activity in the rat. Expression of CGRP receptors
have been observed on central primary afferent endings
presynaptically in the rat and in trigeminal neurons in hu-
mans (110, 233); thus antagonists could block the release of
neurotransmitters, but the antibodies would be unable to
reach this site of action (FIGURE 5). An apparent central
mode of action is thought to be validated by the much
higher dose of CGRP antagonist required to treat a mi-
graine attack compared with the calculated dose from in
vitro potency. The high dose would allow sufficient blood-
brain barrier penetration; however, one study has shown
that the high dose required for the anti-migraine effect is
equivalent to the dose required to inhibit capsaicin-induced
dermal blood flow in humans (396). This does not support
a central mode of action and suggests that high doses are
required due to other reasons, for example, significant
plasma protein binding (396). Other studies have examined
the mechanisms of exogenous CGRP and triptans in healthy
volunteers; intravenous CGRP was shown to dilate ex-
tracranial but not intracranial vessels, and this could be
reversed with sumatriptan (21). In addition, an fMRI study
showed that neither exogenous CGRP nor sumatriptan
given systemically had any effect on brain activity (22).
Therefore, it is far from clear whether it is necessary to have
a central block of CGRP for efficacy of migraine treatment.

As of yet, no antagonist has reached the clinic due to the
aforementioned problems with liver toxicity. The advan-
tage with the antibodies is that they are structurally very
different from the CGRP antagonists; thus it is unlikely that
the same liver problems will be encountered. However, as
with all antibody therapies, they have the problems of
higher cost and injectable route of administration, not to
mention that chronically depleting systemic levels of CGRP
may have adverse side effects. Then again, it is perhaps
relevant that a study, very recently published, has shown for
the first time that patients with chronic migraine (more than
15 migraine days a month) have significantly elevated
CGRP levels measured by ELISA in their peripheral blood
outside their migraine attacks, compared with healthy con-
trols (61). The authors suggest this CGRP measure could
act as a biomarker for chronic migraine; however, it would
also be imperative to determine whether reducing periph-
eral CGRP levels with long-term antibody administration
would be sufficient to reduce number of migraine attacks.

It is still not exactly clear what causes the persistent pain
during a migraine attack. Almost 80% of CGRP expressing
trigeminal sensory nerves also coexpress the P2X3 receptor,
which is activated by extracellular ATP, a major algogenic
substance (112, 288). It has been shown that just 1-h expo-
sure to CGRP stimulates both trafficking of P2X3 receptors
to the cell-surface membrane of cultured trigeminal neu-
rons, and synthesis of new receptors via various signaling

pathways including PKA and PKC activation, cAMP-re-
sponse element binding protein (CREB) phosphorylation,
and nuclear translocation (112, 363). This culminates in a
prolonged P2X3 receptor upregulation that persists for up
to 10 h and may account for the sensitization of the trigem-
inal nociceptive neurons and enduring pain observed during
a migraine attack. It is important to note that the neurotro-
phin growth factors, BDNF and NGF, are also known to
sensitize trigeminal neurons and are thought to play a role
in migraine. Although BDNF can potentiate the sensitizing
effect of CGRP, it can also act on CGRP-insensitive neurons
(363). In addition, NGF can upregulate P2X3 receptors via
a different mechanism and in a quicker timeframe than
CGRP (83, 143). Thus, for full therapeutic efficacy for mi-
graine, it may be necessary to block all three of these mi-
graine mediators, or choose to develop antagonists for the
common downstream target, the P2X3 receptor, as dis-
cussed in the review by Ford (125).

C. CGRP and Arthritis

Arthritic conditions encompass a range of chronic inflam-
matory joint disorders that are thought to affect �20% of
adults in the Western world (173). It has been known for a
long time that arthritic patients have increased levels of
CGRP in their plasma and synovial fluid (8, 18, 174, 185,
228), and CGRP may be a very early mediator in the disease
process as mRNA levels of CGRP are increased from 30
min in an adjuvant-induced rodent model (54). Further-
more, modulating CGRP activity affects important disease
components of arthritis. CGRP can cause cytokine produc-
tion from whole blood cells and fibroblasts from rheuma-
toid arthritis (RA) and osteoarthritis (OA) patients (175,
333). The CGRP antagonist CGRP8–37 inhibits the prolif-
eration of RA synovial cells and production of pro-inflam-
matory cytokines and MMPs (387). The use of capsaicin
and surgical denervation on arthritic ankle joints in rats can
reduce peripheral and DRG levels of CGRP and SP and
reduce, although not completely prevent, the development
of joint inflammation (2, 3). In a ligament injury model of
the knee, which leads to joint instability and invariably OA,
knee joint hyperemia was observed that was neurogenically
mediated and thought to be via increased CGRP release
(277). Also, as mentioned previously, CGRP8–37 reduces
the hypersensitivity seen in joint neurons during joint in-
flammation, thus perhaps playing a role in the painful com-
ponent of the disease (304). Increased sensory innervation is
observed throughout arthritic joints, and most of these
nerve fibers are seen to be CGRP immunoreactive (24, 138,
201). Concurrent with the nerve growth is neovasculariza-
tion; thus the inflammatory state of the joint can be en-
hanced, as release of CGRP, together with other vasoactive
neuropeptides, such as SP, from the nascent nerve terminals
can promote further angiogenesis as well as other neuro-
genic inflammatory effects (23, 265). Interestingly, the gold
standard nonbiologic treatment for RA, methotrexate, can
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reduce CGRP-positive nerve fibers in the thymus of rats,
which may partially account for its therapeutic benefit (26).

Arthritic conditions can be broadly divided into two main
types: degenerative, such as OA, and inflammatory condi-
tions, such as RA. Due to its major role in neurogenic in-
flammation, it may be thought that CGRP would play more
of a role in the inflammatory arthritides. Capsaicin-induced
CGRP release did not increase over time in two models of
OA (25), and some groups have observed greater CGRP
expression or levels in RA compared with OA tissue (18,
295). However, it is now known that viewing OA purely as
a “wear and tear” disease is a huge oversimplification, and
there is no doubt that inflammation also plays a role in this
condition (149), with increasing evidence for the promi-
nence of CGRP. Groups have shown increased CGRP ex-
pressing DRG joint neurons in models of OA (116, 120,
122), and CGRP positive neurons were upregulated in pa-
tients with hip OA compared with those with painless failed
total hip arthroplasties (353). Recently, in a model of OA in
mice, using intra-articular sodium mono-iodoacetate (MIA)
injection to degrade joint articular cartilage, enhanced lev-
els of CGRP were observed in MIA dorsal horn neurons
compared with control. Additionally, MIA joints exhibited
mechanical allodynia, and this allodynia could be attenu-
ated by intrathecal treatment with the CGRP antagonist
CGRP

8–37
(308). A TRPV1 antagonist has been shown to be

analgesic in OA and was thought to work via reducing
CGRP release in the spinal cord (330). Another compound
with analgesic activity, eugenol, a component of clove oil,
also reduced spinal CGRP content in the MIA model (115).
However, it remains to be seen whether antagonism of
CGRP could be a viable, safe, and efficacious therapeutic
option to join the currently available arthritis treatments.

Interestingly, a recent paper examined the effect of
LY2951742, the neutralizing CGRP antibody, in several
OA rodent models. The antibody provided pain relief in
these models via a different mechanism to NSAIDs (31).
LY2951742 was recently acquired by Eli Lilly due to its
promise as a migraine therapy, but this study indicates its
potential as a treatment for other pain conditions.

D. Skin

There has been great interest in the role of CGRP in skin,
since its vasodilator activity was discovered in this tissue
(45). CGRP injected at femtomolar doses causes a sustained
increase in blood flow in human, as well as other species. It
is more potent than most vasodilators tested and has a
sustained action. CGRP is released in skin from sensory
afferents (FIGURE 4), and there is also the suggestion that
keratinocytes, as well as immune cells, may be sources
(337). Meanwhile, the CLR receptor has been found in
human skin, on dermal smooth muscle and endothelial
cells, by both studies of gene and protein expression (161,

193). The vasodilator activity of CGRP has been studied in
humans as well as rodents. It has been suggested to be the
mediator of local skin axon reflex flares, in addition to
antidromic vasodilatation, and thus has possible relevance
to facial flushing (41). Flushing is observed when CGRP is
given by systemic infusion and is observed at subpressor
doses (135). Others have found that CGRP levels in plasma
and urine correlate with postmenopausal flushing (re-
viewed by Ref. 168). However, the neuronal mechanisms
that lead to its release are currently unclear. It has also been
suggested that CGRP may be involved in thermoregulation.
On the other hand, perhaps surprisingly, CGRP plasma
levels have not been found to be raised during sweating in
young women (370).

CGRP has been shown, as a consequence of its vasodilator
activity, to potentiate edema formation induced by media-
tors of increased microvascular permeability (such as hista-
mine and bradykinin) and leukocyte accumulation (for ex-
ample induced by IL-1) in skin (43, 50). It has also been
suggested to directly influence leukocyte accumulation in a
range of studies (see Refs. 39, 41, 193, 337), but these have
not been strongly supported by cross confirmation by find-
ings from different laboratories as discussed in Reference
39. On the other hand, two laboratories have provided
evidence that CGRP is able to inhibit human dermal micro-
vascular endothelial cell activities, including chemokine
production, adhesion molecule expression, and neutrophil/
monocyte adhesion (193, 358).

Scratching has been suggested to quickly (within 1–3 days)
influence sensory nerve growth in skin, and as a conse-
quence, upregulate levels of CGRP as well as other neuro-
peptides via NGF-associated mechanisms (440). Levels of
immune-reactive peptides are influenced by the health of the
skin. CGRP has been suggested to influence the immune
response in several situations. In lymphocytes taken from
atopic dermatitis, it has been suggested that CGRP in-
creases IL-13 production in peripheral blood mononuclear
cells and memory T cells, and high levels of IL-13 are asso-
ciated with worsened dermatitis. Thus CGRP may influence
the generation of Th2-type response from cutaneous T lym-
phocytes, thereby exacerbating the problem (15).

Of relevance, the CGRP antagonist CGRP8–37 blocks itch
induced by trypsin (79). Indeed, recent studies have in-
volved a knock-in mouse with a LoxP-stopped cell ablation
construct (human diphtheria toxin receptor) to the CALCA
locus (276). A GFP reporter was used to determine that
50% of calcitonin/�CGRP DRG neurons expressed func-
tional TRPV1. These fibers responded to histamine and
chloroquine, indicative of a role in itch and also to heat
(276). This was confirmed in a later study that also pro-
vided evidence that loss of �CGRP-containing nerves is as-
sociated with cold hypersensitivity as linked with neuropa-
thy (275). The findings with these mice also indicate a pos-
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sible role for CGRP in temperature regulation and weight
loss (275). On the other hand, the injection of CGRP at a
picomolar dose induces sustained reddening but is not as-
sociated with itching in human skin (42).

E. Wound Healing

There is a range of research that indicates that the presence
of CGRP facilitates tissue repair and wound healing. First,
capsaicin has been used as a tool to deplete, through neo-
natal application, the sensory neurogenic component in ro-
dents. This is associated with loss of skin health and cuta-
neous lesions (397). While CGRP is depleted in these stud-
ies, it is also clear that other sensory nerve components such
as SP or alternative colocalized neuropeptides and the TRP
channels are also depleted in these nerves (39). A study
involving capsaicin depletion that focused on CGRP was
performed in a rat skin-flap model. Capsaicin depletion led
to decreased flap survival, as normally wound healing is
associated with early growth of new CGRP-containing sen-
sory nerves (207, 222). However, intravenous CGRP in-
creased both blood flow and flap survival (222). CGRP has
also been shown to improve wound healing in a blister
model, where the healing was delayed in either capsaicin-
depleted or aged mice (219).

There are also various studies in CGRP KO mice or with
CGRP antagonists where the genetic deletion or blockade
of CGRP receptors has been suggested to be detrimental to
wound healing (39, 41, 400). Toda et al. (400) showed that
CGRP KO mice exhibited deficient wound-induced angio-
genesis and wound closure compared with WT mice (400).
The role of CGRP in wound healing is likely to be due, in
part, as a consequence of its vasodilator activity. Another
possibility is that CGRP promotes wound healing by up-
regulating VEGF expression locally in the wound (400). It
has also been demonstrated that CGRP enhances revascu-
larization in a murine hindlimb ischemia model. Here,
CGRP KO mice exhibited decreased blood flow and capil-
lary formation (as assessed by CD31-positive cells). The
ischemia was associated with an upregulation of CGRP in
the DRG in WT mice, and a lack of CGRP (or treatment
with CGRP8–37) was associated with decreased gene ex-
pression of VEGF, basic fibroblast growth factor, and trans-
forming growth factor-� (TGF-�) in the ischemic tissue
(219, 289), all factors involved in angiogenesis. CGRP may
also have an alternative beneficial role. Transfection of
CGRP attenuated expression of inflammatory mediators,
such as MCP, tumor necrosis factor-� (TNF-�), inducible
nitric oxide synthase (iNOS), and matrix metallopepti-
dase-9 (MMP-9), as well as macrophage infiltration, and
presumably as a consequence, neointimal hyperplasia in a
model of vein graft disease in the rabbit jugular vein (454).
This provides an example where CGRP not only promotes
revascularization, but also limits concomitant adverse in-
flammatory events.

CGRP itself may also support the regeneration of skin di-
rectly as evidence exists that it directly promotes prolifera-
tion of keratinocytes (336). There is also evidence that
CGRP stimulates fibroblasts (357), that, in the kidney at
least, exacerbate obstructive nephritis (220). CGRP en-
hances wound healing of human bronchial epithelial cells
via PKC and MAPK pathways through effects thought to
involve migration, proliferation, and blockade of apoptosis
(460). Epithelial cells express CGRP, and levels may be
reduced in asthma (36). Indeed, it is also known that CGRP
influences allergic airway inflammation by altering den-
dritic cell function (335) and that CGRP receptors on den-
dritic cells can be altered.

A role for CGRP and other neuropeptides has been sug-
gested in burn models as levels are high in early human
burns in hospitalized patients (314). This subject has been
recently reviewed (137). Both the major sensory neuropep-
tides, SP and CGRP, are involved in the acute edema for-
mation following dermal burns (365). This fits with the
observation that there is a strong upregulation of CGRP
containing nerves centrally following UV irradiation; this
has been suggested to be linked to immunosuppression
(141, 142). However, under related circumstances CGRP
may be less beneficial. For instance, the CGRP antagonist
BIBN4096BS attenuated the adverse effects of smoke expo-
sure in sheep, which was associated with a reduction in
tracheal blood flow (227).

F. Diabetes and Obesity

The CGRP-related peptide amylin was discovered soon af-
ter CGRP. It is structurally related to CGRP, but differs in
amino acid region 20–29 region (the amyloid-like region).
This peptide is found locally in the � cells of the pancreas
and influences pancreatic events in association with insulin
(432), and deposits are found in the diabetic pancreas (78).
It has been investigated as a drug target for diabetes with
some success. CGRP is also localized to the pancreas (in
particular the � cells of the islets of Langerhans), and also to
blood cells. The use of capsaicin to deplete the sensory
component revealed that capsaicin-sensitive �CGRP and
also capsaicin-independent �CGRP was found, demon-
strating at an early stage the presence of two entities of
CGRP in the pancreas (298).

CGRP modulates glucose-stimulated insulin release, most
usually acting to reduce it, with some cases resulting in a
hyperglycemia (for review, see Ref. 47). CGRP mediates
insulin resistance in skeletal muscle and can possibly influ-
ence events in vivo, if released in sufficient amount from
perivascular tissues. The normally-fed �CGRP KO mouse
exhibits normal plasma glucose levels (S. Brain, personal
communication). On the other hand, there has also been a
thorough study of the role of CGRP in obesity, through
investigation of �CGRP KO mice, and evidence obtained
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shows that these mice are protected from diet-induced obe-
sity. The �CGRP KO mice showed improved glucose han-
dling and insulin sensitivity. The effect of CGRP on lipid
metabolism was investigated using a high-fat diet for sev-
eral weeks. The CGRP KO mice developed a range of pa-
rameters in keeping with higher metabolic rate and, as a
consequence, decreased body weight. These included raised
body temperature and energy use. This led the authors to
suggest that CGRP blockade may be useful in the treatment
of obesity (417). There is some evidence that CGRP levels
are raised in obese females humans (450), but the changes
were quite small (although significant). Likewise, a similar
increase was observed in preobese Zucker rats (153). In
keeping with this concept, capsaicin-induced sensory nerve
blockade/desensitization benefited glucose tolerance in
these Zucker rats (153). These authors later showed that
CGRP-containing sensory nerves in the pancreatic islets are
capsaicin-sensitive. Indeed, capsaicin destroys them with a
resulting beneficial effect on insulin secretion/glucose toler-
ance (152). In addition, a TRPV1 antagonist has been
shown to normalize fasting glucose levels in the ob/ob
mouse, with an effect suggested to be similar to that of the
type II diabetic treatment pioglitazone (389). Thus these
data support the concept that increased CGRP/sensory
nerve activity occurs at an early stage in the metabolic syn-
drome.

Diabetes mellitus is associated with a sensory neuropathy,
especially in the periphery. This is related to downregula-
tion of NGF, and as a consequence, a loss of CGRP-con-
taining sensory neurons; accordingly, it can be reversed
with insulin and NGF (see Refs. 30, 401). It presents as a
loss of nociceptive sensation but is also directly linked to the
poor wound healing and ulcers that these patients suffer, as
the diabetes worsens. A painful neuropathy can also be, and
it is suggested that this may be due to abnormal stimulation
to sensory nerves and altered responses, although the pre-
cise role of CGRP is unclear (126, 200). There is an increase
in circulating insulin levels in a fructose drinking rat model
of type II diabetes, which is accompanied by loss of CGRP-
containing fibers, following a decrease in NGF (167).

Diabetic patients are linked to a range of adverse circum-
stances in terms of cardiovascular disease. It is possible that
the loss of neuronal CGRP exacerbates this, as also dis-
cussed earlier. It has been more recently shown that circu-
lating CGRP levels are decreased in diabetes mellitus pa-
tients that also suffer heart disease (422). This study com-
plements the finding that CGRP gene transfer could protect
against ischemic-reperfusion injury in both diabetic and
nondiabetic mice (458). Interestingly, Oltman et al. (313)
tried to reverse vascular dysfunction with treatment in
Zucker diabetic fatty rats. They found the loss of endothe-
lium-dependent vasodilatation to acetylcholine was easier
to reverse than the loss of CGRP vasodilatation (313). It has
been suggested recently that insulin resistance-induced hy-

pertension is associated with a downregulation of sensory
CGRP nerves and function, but an increase in sympathetic
nerves, with a corresponding increase in tone (386).

Finally, CGRP gene transfer selectively suppresses T-cell
proliferation and the synthesis of Th1 cytokines but en-
hances Th2 subsets, which are more normally associated
with anti-inflammatory effects. This protected against the
insulin-dependent diabetes onset in the mouse, exhibiting
an autoimmune effect of CGRP (378). However, overall,
there needs to be further study in this complex area to fully
understand the mechanisms and the apparent beneficial ver-
sus harmful effects of CGRP in diabetes.

G. CGRP and Ageing

Peripheral neurons in general are negatively affected by the
ageing process in terms of their ability to conduct action
potentials and to sprout collaterals in regenerating fibers
(412). One of the first studies investigating the developmen-
tal changes that occur to peptidergic sensory neurons was
performed in the ageing guinea pig, where it was discovered
that density of peptidergic neurons surrounding the mesen-
teric and carotid arteries increased with fetal development,
with a peak at birth. CGRPergic nerve plexuses then de-
clined with age, waning to about half-maximal density once
the animal had reached �2 yr of age (91). Interestingly, a
study investigating peptidergic innervation of the ageing rat
aorta showed that CGRP-positive neuronal fibers were
present in animals younger than 6 mo, but gradually disap-
peared to complete absence when animals reached 1 yr of
age (74). Conversely, a separate study has indicated no
change in DRG �CGRP mRNA expression in rats aged 6
versus 24 mo (253). Therefore, it is still unclear what hap-
pens to peptidergic perivascular innervation as time pro-
gresses. Additionally, however, some aspects of neuronal
physiology can be compromised as part of ageing. As CGRP
is a peptide that is synthesized directly by the nucleus (un-
like small molecules that require complex metabolic path-
ways for synthesis) but has the majority of its effects when
released from the nerve terminal, it requires axoplasmic
transport from the cell body to the axon terminal. The rate
of active transport from nucleus to terminal is something
that is significantly diminished with age, and this may rep-
resent a reduction in CGRP bioactivity as age advances
(119).

In addition to stored CGRP, circulating levels of released
CGRP have been noted to both increase and decrease with
advancing age. One possible reason why serum levels of
CGRP are seen to be increased as age increases may be
related to the change in CALC I gene splicing in favor of
CGRP rather than calcitonin (note that CGRP was first
discovered in the thyroid tissue of ageing rats and isolated in
humans from thyroid carcinoma cells). Increased produc-
tion of CGRP by an endocrine gland such as the thyroid
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would presumably explain increases in plasma concentra-
tions (218, 434). However, as circulating levels of CGRP
are so low, it is unlikely that this source of peptide has any
significant biological effect. It seems more likely that con-
trolled localized release of CGRP is more important than
this suggested “spillover,” and as the local sources are more
often seen to be reduced than increased as one ages, it is
possible that a very valuable store of CGRP is being lost as
part of the ageing process.

Some functional experiments investigating changes in
CGRP bioactivity with age have been discussed earlier as
they also involve the induction of cardiovascular disease or
diabetes. As such, results obtained cannot be directly attrib-
uted to ageing alone. Nonetheless, some interesting results
have been uncovered. In aged female rats, circulating levels
of CGRP have been shown to decline slightly compared
with younger animals, and the content of bioavailable
CGRP found within the mesenteric vascular bed showed an
even more profound drop. This reduction in CGRP avail-
ability could be reversed with supplementation of female
sex steroid hormones (130). Several longitudinal studies
have also been performed utilizing the SHR as discussed in
earlier sections. �CGRP mRNA expression within DRG
neurons was found to decrease in the aged rat, while no
change in expression was found in normotensive rats (439).
This decline in CGRP mRNA expression in hypertensive
animals appears to be accompanied by a measurable de-
crease in CGRP-positive sensory nerves that innervate the
mesenteric resistance arteries (209, 210). This reduction in
neuronal density was found to result in an overall decrease
of releasable CGRP following peripheral nerve electrical
stimulation (211) and also following capsaicin stimulation
(resulting in the activation of TRPV1 channels and subse-
quent exocytosis of CGRP-loaded vesicles) (377). There has
been proposed a strong interaction between the angiotensin
signaling system and CGRP and its receptors within the
SHR model. One longitudinal study has been performed to
show that long-term inhibition of the angiotensin system
using temocapril and losartan is capable of preventing the
reduction in perivascular sensory nerve innervation in a
BP-independent manner (184). Thus hypertension may
have a negative effect as one ages on CGRP-containing
nerves and the amount of CGRP available for action.

CGRP-containing sensory nerves also appear to be impor-
tant in governing the cardiac preconditioning response to
intermittent periods of ischemia, to prepare for an impend-
ing ischemic episode that may accompany myocardial in-
farction. It is true that older humans are more susceptible to
myocardial infarction and isolated heart preparations from
older laboratory animals appear to lose this precondition-
ing response (192, 251). This has been attributed to a re-
duction in release of endogenous stores of CGRP found
within the heart and, curiously, a reduction in the ability of
exogenous CGRP to also have a protective effect (251). A

similar impairment in CGRP bioactivity with increasing age
has been demonstrated in vascular preparations from age-
ing rats. The ability of CGRP to relax aortic and caudal
artery rings was significantly impaired as the animal grew
older and intravenous injections of CGRP to older animals
resulted in an attenuated hypotensive BP response (65).
Likewise, a similar reduction in sensitivity to CGRP has
been shown in isolated perfused mesenteric beds in both
normotensive and hypertensive ageing rats, although this
effect was not exclusive to CGRP as vasodilatation to other
relaxant agents was also impaired (12).

It is still relatively unclear how the expression, release, and
bioactivity of CGRP changes with advancing age. This lack
of clarity mainly arises from the use of tissue derived from
different species of laboratory animal, differing lengths of
longitudinal study employed, and a majority of information
stemming from the use of the SHR model. That said,
enough information has been uncovered to warrant future
research into this area, particularly as the current consensus
appears to be that local stores of CGRP are depleted as age
advances and this results in a decrease in its bioactivity. If
CGRP is indeed an important mediator of cardiovascular
(and otherwise) health, then it is conceivable that we are
losing a very important protective mediator, and CGRP
replacement may be a viable future therapeutic strategy. It is
important to note that as migraine prevalence declines with
age (413), the benefits of CGRP agonist therapy in the el-
derly may outweigh the potential disadvantages.

VIII. CONCLUSIONS

Although it is now known that CGRP is involved in the
pathophysiology of migraine, there is much that remains
unclear with respect to the role of CGRP in biology and
pathophysiology. Perhaps most excitingly, there is evidence
that CGRP may have a role in pain and itch associated with
arthritis and skin disease. Consequently, this information
provides an additional incentive for those involved in the
development of anti-CGRP therapies. However, CGRP’s
role in cardiovascular regulation is still speculative.
FIGURE 6 summarizes the potential roles that CGRP may
play in all these conditions. Without doubt, CGRP is one of
the most potent peripheral microvascular vasodilators
known, although it does not have a role in the physiological
regulation of BP in humans. On the other hand, a range of
studies in animal models indicate that deletion or blockade
of CGRP worsens cardiovascular disease through effects
that extend beyond the heart and kidney and probably its
vasodilator action. There is a clear indication from the evi-
dence provided here, that there is the potential for CGRP
activity to be increased in a compensatory manner as a
consequence of adverse cardiovascular events, and evidence
that it can play a fundamental role associated with healthy
living. However, the precise cardiovascular protective
mechanisms of CGRP remain unclear, and as a conse-
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quence, its pathophysiological importance remains to be
established in humans. At present, CGRP antibodies are
being developed for possible long-term therapies in mi-
graine and their investigation will allow insight into the
long-term effect of depleting CGRP levels in humans. One
important factor that needs clarifying is whether CGRP
replacement therapy is beneficial, as this opens up a poten-
tial therapeutic option of using a CGRP agonist of which at
least one form is known. Novo Nordisk have available a
stabilized �CGRP agonist, conformationally constrained,

acetylated CGRP � analog, (1/2 life �7 h, compared with
CGRP, �30 min; patent number WO 2011/051312 A1).
Other opportunities for CGRP involve the modulation of its
synthesis and release either chemically or electrically. Of
note, transcutaneous electrical stimulation (TENS) has
been suggested to improve bladder dysfunction via CGRP
and cAMP (93). On the other hand, the role of CGRP in the
metabolic aspects that relate to diabetes are complex and
require further work; this emerging evidence may provide
additional support for the biomedical significance of this
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FIG. 6. Summary of disease conditions where CGRP plays a role. CGRP can be targeted pharmacologically
with either the use of a CGRP analog to increase CGRP levels or a CGRP antagonist to block the actions of
CGRP. These approaches are shown against the conditions that may benefit. For some conditions, e.g.,
diabetes, it is not yet clear whether CGRP supplementation or CGRP inhibition would be the most beneficial
approach.
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peptide. It is perhaps surprising that after more than 20
years of intense study fundamental questions remain over
the functional relevance of CGRP and potential therapeutic
options.

NOTE ADDED IN PROOF

Riera et al. (Cell 157: 1023-1026, 2014) have recently
shown that inhibition of CGRP with aging may increase
metabolic health and control longevity
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