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Arthritis is the commonest cause of disabling chronic pain, and both osteoarthritis (OA) and rheumatoid arthritis (RA) remain major
burdens on both individuals and society. Peripheral release of calcitonin gene-related peptide (CGRP) contributes to the vasodilation of
acute neurogenic inflammation. Contributions of CGRP to the pain and inflammation of chronic arthritis, however, are only recently
being elucidated. Animal models of arthritis are revealing the molecular and pathophysiological events that accompany and lead to
progression of both arthritis and pain. Peripheral actions of CGRP in the joint might contribute to both inflammation and joint afferent
sensitization. CGRP and its specific receptors are expressed in joint afferents and up-regulated following arthritis induction. Peripheral
CGRP release results in activation of synovial vascular cells, through which acute vasodilatation is followed by endothelial cell prolif-
eration and angiogenesis, key features of chronic inflammation. Local administration of CGRP to the knee also increases
mechanosensitivity of joint afferents, mimicking peripheral sensitization seen in arthritic joints. Increased mechanosensitivity in OA
knees and pain behaviour can be reduced by peripherally acting CGRP receptor antagonists. Effects of CGRP pathway blockade on
arthritic joint afferents, but not in normal joints, suggest contributions to sensitization rather than normal joint nociception. CGRP
therefore might make key contributions to the transition from normal to persistent synovitis, and the progression from nociception to
sensitization. Targeting CGRP or its receptors within joint tissues to prevent these undesirable transitions during early arthritis, or
suppress them in established disease, might prevent persistent inflammation and relieve arthritis pain.

Introduction

Arthritis is the commonest cause of disabling chronic pain,
and both osteoarthritis (OA) and rheumatoid arthritis (RA)
remain major burdens on both individuals and society. In
the UK alone, 7.5 million working days are lost per year
due to musculoskeletal conditions. OA and RA together
cost the UK economy £30.7 billion per year (2008) [1]. OA
and RA are each painful, disabling conditions that affect sy-
novial joints. OA is the commonest form of arthritis, affect-
ing half of people over 50 years of age, and almost
everyone aged over 70 years will have OA of one or more
joints. RA affects approximately 2% of Western popula-
tions, and although it can begin at any age, peak onset is
currently in the fifth decade. OA and RA are each

characterized by pain, stiffness, joint swelling, tenderness
and deformity, and loss of function. Both diseases are asso-
ciated with inflammation of the joint lining (synovitis) and
damage to articular cartilage. Whereas OA and RA are
distinct pathological entities, with predominant new bone
formation in OA, and specific and systemic immune re-
sponses in RA, both require treatment with analgesics,
and joint damage due to RA can ultimately lead to the
development of secondary OA. Furthermore, both diseases
affect people of similar age, and approximately half of
people at presentation with early RA also have radio-
graphic evidence of OA in either their hands or feet.

Arthritis pain results from a combination of changes
within the joint with sensitization of peripheral and central
sensory pathways [2, 3]. Structural, biomechanical, cellular
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and biochemical changes within the joint each may con-
tribute to increased nociceptive inputs. Synovitis [4] and
subchondral bone marrow changes [5] detected by mag-
netic resonance imaging (MRI) have been particularly
associated with pain in patients with OA or RA, and treat-
ments that suppress inflammation [6] or reduce
subchondral bone turnover [7] are finding potential as
analgesic strategies. Experimental evidence indicates
that joint-innervating nociceptors are sensitized in pa-
tients with OA, and that this peripheral sensitization
makes an important contribution to pain severity [8]. Fur-
thermore, there is increasing evidence that central sensi-
tization also contributes to arthritis pain, both in man [9]
and in animal models [10]. Inflammation or continuous
nociceptive input from the joint might drive sensitiza-
tion. Nerve growth factor (NGF) is upregulated during sy-
novitis [11, 12] and causes peripheral nerve sensitization,
without per se inducing nociception [13]. Superior clinical
efficacy of NGF blockers compared with traditional anal-
gesics such as non-steroidal anti-inflammatory agents
and opioids validates peripheral sensitization as a key
target in the development of new analgesics in OA [14,
15]. Congenital insensitivity to pain results in clinically
important tissue damage (e.g. ulceration of extremities)
and sometimes death in childhood [16]. It therefore is
clinically attractive to target pathological sensitization,
while leaving intact a normal level of nociceptive signal-
ling that protects the organism against injury and is crit-
ical for survival.

The sensory neuropeptide calcitonin gene-related
peptide (CGRP) influences peripheral sensitization and
inflammation, and evidence implicates a role for CGRP
in the pain and inflammation of chronic arthritis. In this
article we will review the evidence for a role of CGRP in
arthritis. Small molecule CGRP receptor antagonists and

antibodies that block CGRP or its receptors have recently
been developed with clinical efficacy against migraine
pain. The recent initiation of trials in OA makes review
of evidence of contributions from CGRP to arthritis pain
extremely timely.

Models of arthritis pain: strengths
and limitations

OA is problematic across a range of species, and is recog-
nized in people, and in veterinary practice in particular in
dogs, horses and pigs. Spontaneous OA is observed in
guinea pigs, although researchers more commonly study
chemically or surgically induced models of OA in rats or
mice, in which disease develops rapidly from a defined
time of onset (Table 1) [26]. RA is restricted to humans,
although immune-mediated arthritis can be induced in
rodents, for example by immunization in association with
Freund’s complete adjuvant [26]. Serum from K/BxNmice
can be used to induce transient inflammatory arthritis in
a wide range of mouse strains [27]. Type II collagen is a
major component of articular cartilage, and collagen-
induced arthritis can be induced in susceptible strains
of rats and mice by immunization with native heterolo-
gous type II collagen emulsified in Freund’s incomplete
or complete adjuvant, respectively [28]. Rodent models
of inflammation or inflammatory pain, commonly focus
on the skin, following chemical (e.g. carrageenan) or
immune (e.g. Freunds’ complete adjuvant) induction in
the footpad [29]. Although inflammation is not restricted
to the skin in these models and can be detected in the
joints of the injected hind paw [30], the relevance of
cutaneous pain mechanisms to human arthritis remains
uncertain.

Table 1
Summary and comparison of some of the most commonly used animal models of OA

Model Species
Initiating
stimulus

Pain
behaviour Disease onset Advantages Disadvantages References

Dunkin Hartley
guinea pig

Guinea pig Spontaneous ? 10–20 weeks Clinical relevance since disease

onset is insidious and similar to

human OA

Delayed and variable onset and

incidence, identification of

suitable controls is problematic.

Disease bilateral, so standard

pain tests not suitable

[17]

STR/ort mouse Mouse Spontaneous ? 12–16 weeks [18, 19]

ACLT Dog, rat Surgical x 2–3 weeks Useful for modelling injury

induced OA, develops less rapidly

than MIA model, DMM model

amenable to geneticmanipulation

Considerable variations between

studies regarding model and

sham surgeries, relatively

technically difficult and time

consuming

[20–22]

MNX Rat Surgical √ 1–2 weeks [48, 23]

DMM Mouse Surgical √ 4–8 weeks [24]

MIA Rat, mouse Chemical √ <1 week Pain behaviour and peripheral/

central sensitization partially

characterized, rapid and

consistent onset of OA-like

pathology, amenable to

pharmacological studies

(preferred model of

pharmaceutical industry)

Extensive and rapidly developing

pathology, raises questions over

relevance to human OA

[44, 45, 63, 25]
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None of these animal models reflects all aspects of
human arthritis, although each may mimic key features
of arthritis pathology and pain mechanisms. Cutaneous
innervation differs from that of the synovium, particularly
by the presence of specialist sensory terminals, an abun-
dance of myelinated nerve fibres and the presence of
non-peptidergic unmyelinated sensory nerves in skin
[31]. Neuropeptide pathways, including CGRP, differ be-
tween rodents and man. For example there may be more
abundant vascular CGRP binding in guinea pig and por-
cine compared with human synovium [32]. Human OA is
usually of spontaneous onset, with progression over years
rather than weeks, and only a small proportion of patients
describe injury sufficient to cause internal derangement of
the knee prior to OA onset. Human RA is a persistent,
polyarticular disease, whereas rodent models of immune-
mediated arthritis are typically self-limiting.

Rodent OA and inflammatory arthritis models have
largely been developed to study pathology in the articu-
lar cartilage or immune-mediated joint damage, respec-
tively. Chemically induced OA, following intra-articular
injection of the chondrocyte toxin mono-iodoacetate
(MIA), and surgically induced OA following transection
of the medial meniscus (MNX) in rats, each results in pain
behaviour, cartilage damage, osteophyte formation and
mild synovitis, each key features of human OA. In recent
years, methods have been developed to explore pain be-
haviour and functional sensory changes in arthritis
models [33, 34]. Weight-bearing asymmetry and reduced
paw withdrawal thresholds to punctate mechanical stim-
ulation suggest a combination of peripheral and central
sensitization in animal models of knee arthritis, compara-
ble with the pain on standing and widespread reduced
pain detection thresholds to mechanical stimulation re-
ported in people with arthritis [35]. Expression of CGRP
and its receptor components is broadly comparable be-
tween rodents and humans, both in dorsal root ganglion
(DRG) neurons [36, 37] and in joint tissues [38–40].
Furthermore, NGF blockade reduced pain behaviour in
rodent models of OA pain [26, 41] and also in clinical
trials [14, 15, 42]. Increasingly, therefore, it seems that
these models might also reflect pain mechanisms which
contribute to human arthritis pain, and they display
translational validity for development of novel pharma-
cological agents that might relieve the burden of arthritis
pain in the future.

Rodent arthritis models permit more detailed character-
ization of pain mechanisms than would be possible in
humans. MIA- or MNX-induced OA in rats is each associated
with increased afferent fibre sensitivity [43]. Electrophysio-
logical evidence of peripheral sensitization of articular C
and A fibre nociceptors parallels the development of pain
behaviours such as weightbearing asymmetry [44]. This in-
creased sensitivity is characterized by reduced mechanical
thresholds of Aδ-fibres to punctate stimulation of the joint
capsule, and increased magnitude of evoked responses to

suprathreshold stimulation. Furthermore, C fibre afferents
from osteoarthritic knees display increased spontaneous
activity [43]. Spinal nociceptive reflexes evoked by punctate
stimulation of the ipsilateral hindpaw and recorded from
the hind limb muscle biceps femoris demonstrate reduced
thresholds for activation in MIA-treated rats [45]. Together
these findings indicate a combination of both peripheral
and central sensitization that follow the development of
arthritis.

Structural change in the arthritic
joint: inflammation and
angiogenesis

Synovitis and cartilage damage are inter-related. Synovi-
tis is the main drive to joint damage in RA and effective
immunosuppression reduces progression of joint dam-
age. In OA also, synovitis is associated with more severe
structural damage in cross sectional studies [46] and with
more rapid progression of radiographic damage in pro-
spective studies [47]. In animal models of OA, synovitis
inhibition not only reduces pain behaviour, but also re-
tards structural progression [48].

Synovitis is also associated with pain, both in RA and in
OA. Clinical efficacy (albeit only partial) of cyclo-oxygenase
inhibitors and glucocorticosteroids in both diseases sug-
gests involvement of prostanoids in chronic arthritis pain,
and efficacy of TNF-alpha blockade in RA suggests poten-
tial contributions from other mediators. The precise molec-
ular entities thatmediate the chronic pain that is associated
with joint inflammation remain to be determined, although
upregulation of NGF [12] and clinical efficacy of NGF block-
ade in painful OA [14, 15, 42] suggest a central role for
neurotrophins and peptidergic nerves.

Angiogenesis is a characteristic feature of chronic
inflammation and, both in OA and in RA, affects sev-
eral joint tissues, including synovium, osteochondral
junction and meniscus [49]. In synovium, angiogenesis
occurs concurrently with vascular regression, resulting
in vascular redistribution away from the synovial lining
[50]. New blood vessels also grow into non-calcified
articular cartilage and inner two-thirds of the knee
meniscus, structures which in the normal joint are
avascular [51, 52]. The possible influences of CGRP on
angiogenesis, inflammation and sensitization are illus-
trated in Figure 1.

Structural change in the arthritic
joint: innervation and CGRP
pathway components

Several tissues are richly innervated in normal joints [53],
including synovium, ligament and tendon insertions [54],
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subchondral bone [51, 55], periosteum [56] and the outer
one-third of the meniscus [52]. Immunoreactivities for
substance P and CGRP are localized to sensory nerves in
both human and rat synovia [57, 58] and three-quarters
of knee afferents in rat DRGs express CGRP [59]. CGRP ex-
pression [60, 61] and release [62, 63] are increased in affer-
ents from joints affected by OA in rats and mice. Increased
expression is associated with increases in the number of
medium and large DRG cells which express CGRP [61].
However, decreases in CGRP mRNA expression have also
been reported in DRGs from rodents with OA, suggesting
that regulation of CGRP expression may be dependent on
experimental conditions or OA stage [64]. Sensory nerve
growth accompanies blood vessel growth in a range of tis-
sues [65]. Accompanying angiogenesis in the arthritic
joint, CGRP-immunoreactive sensory nerve terminals
grow into channels that penetrate articular cartilage [51]
and along neovasculature in the inner two thirds of the
knee meniscus [52]. With the progression of arthritis,
therefore, joint structures that are normally not inner-
vated might become sources of pain.

The density of nerve fibres within the synoviummight
vary during arthritis, with focal rarefaction of nerves due
to synovial hyperplasia and, possibly, retraction of nerve
terminals from a hostile, inflammatory environment
[39, 57]. Thus sensory nerves might appear to be depleted

from inflamed synovium [39, 57]. By contrast, synovial
CGRP-immunoreactive nerve fibre density might appear
greater in OA patients with pain as compared with asymp-
tomatic controls [66], particularly in joint compartments
displaying increased sensitivity [67]. Associations between
nerve terminal density and sensitivity have been observed
in human skin [68], and changes in nerve terminal densities
in joint tissues might therefore also be associated with
changes in sensitivity. Arthritis pain often displays neuro-
pathic qualities [69], indicating that joint sensitivity might
also result from altered peripheral nerve function accompa-
nying damage to peripheral nerve terminals. However,
investigation of ATF3 immunoreactivity, a marker of nerve
damage, indicated that arthritis in rats was not associated
with significant damage to the central components of joint
afferents [70].

The CGRP receptor is a heterodimer consisting of the
calcitonin receptor-like receptor (CRLR) and receptor ac-
tivity modifying protein-1 (RAMP-1). RAMP-1 confers spec-
ificity for CGRP [71], whereas association of CRLR with
RAMPs 2 or 3 confers specificity for adrenomedullins
[72]. Human and rat synovia express CRLR and RAMP-1
[38, 73] and binding sites for CGRP [74]. CGRP receptors
are expressed within the synovium by endothelial and im-
mune cells [75]. Within dorsal root ganglia, CGRP recep-
tors are expressed exclusively on CGRP-positive neurons

Figure 1
Interactions between sensitization, inflammation and angiogenesis mediated by CGRP
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[76], indicating that CGRP-containing sensory nerve termi-
nals within the knee are likely to also bear CGRP receptors.
CRLR is up-regulated in medium diameter cell bodies of
afferents from rat knees affected by MIA-induced OA [43].

CGRP functions as a component of molecular path-
ways that also include other neuropeptides such as sub-
stance P, the transient receptor potential (TRP) receptors,
such as ankyrin repeat 1 (TRPA1) and vanilloid 1 (TRPV1)
ion channels, and tropomyosin receptor kinase-A (TrkA)
receptors for NGF [77] (Figure 1). Activity in CGRP
pathways is increased during arthritis. Substance P is
co-localized with CGRP in secretory granules within
peripheral sensory nerves and NGF, acting through TrkA,
leads to increased CGRP and substance P expression and
axonal transport to peripheral nerve terminals [78]. As
with CGRP, substance P [79] and TRPV1 expressions are
up-regulated in sensory nerves during arthritis [45].
TRPV1 or TRPA1 activation results in co-release of CGRP
and substance P from sensory nerve terminals. NGF is
up-regulated in RA [11] and OA synovium and in the lat-
ter, at least, associated with increased pain [12]. NGF
stimulates TRPV1 phosphorylation and increases neuronal
sensitivity to TRPV1 and TRPA1 ligands [80]. TRPA1 inhibi-
tors or genetic deficiency have also been associated with
reduced pain behaviour and/or inflammation in mice
following intra-articular urate injection [81], intraplantar
complete Freund’s adjuvant injection [82, 83] or in rats with
OA [62, 84]. CGRPmight mediate effects of TRPV1 or TRPA1
activation on pain behaviour, inflammation or vasodilation
[62]. Peptidergic sensory nerves might also act in concert
with other neuronal cell types, including articular sympa-
thetic fibres [49]. In tissues such as skin, non-peptidergic,
GDNF-dependent sensory fibres expressing TRPC3 might
also contribute to pain transmission [85], although non-
peptidergic fibres might not be present in deeper articular
structures [31].

Neurogenic acute inflammation

Acute inflammation in the skin displays classic features of
redness, swelling, increased temperature and pain, corre-
sponding to the pathological processes of vasodilation,
plasma extravasation and neuronal sensitization. Acute
inflammation may be viewed as a protective response,
which normally resolves to leave a tissue that is identical
to that which preceded the insult. Capsaicin, the pungent
component in chilli peppers [86] can be used to stimu-
late the release of neuropeptides from sensory nerves,
leading to neurogenic inflammation. Joint swelling indi-
cates acute synovitis 24 h after intra-articular capsaicin
injection [38].

Peripheral release of CGRP has long been recognized
to contribute to the vasodilation of acute neurogenic in-
flammation [87]. CGRP induces vasodilation in the joint
[74] and CGRP-induced vasodilation can be enhanced

by substance P [88]. Tachykinins, rather than CGRP, are
predominantly responsible for the increased vascular
permeability of neurogenic inflammation, although in-
creased blood flow following vasodilation by CGRPmight
also increase plasma extravasation when vascular perme-
ability is already increased. For example, CGRP can po-
tentiate IL-1α-induced oedema formation in the skin
[89], and also potentiates substance P-induced oedema
in the synovium [90]. CGRP injection alone into rat knees
does not, however, induce sufficient oedema to be de-
tected as increased joint swelling [38]. Anti-inflammatory
neuropeptides, such as opioid peptides, galanin, vasoac-
tive intestinal peptide, pituitary adenylate cyclase-
activating polypeptide and somatostatin, are also
released from activated sensory nerve terminals and
modulate inflammatory processes [91–93].

Neurogenic angiogenesis

Whereas the contributions of neuropeptides to acute
neurogenic inflammation are now well established, their
relevance to chronic inflammation is only recently being
elucidated. Distinguishing features of chronic, as op-
posed to acute inflammation include recruitment and
activation of macrophages, cellular proliferation and
angiogenesis. Repair normally follows chronic inflamma-
tion, leading to a functional tissue that might differ in its
cellular or matrix composition from that which preceded
the insult. Chronic inflammation is often associated with
the generation of specific immune responses, and with
concurrent tissue damage and repair, as opposed to the
sequential progress from insult to resolution that is ob-
served during acute inflammation. Synovial infiltration
by inflammatory cells, including macrophages, is
observed following intra-articular capsaicin injection
[94]. CGRP might contribute to this immune cell recruit-
ment and can moderate pro-inflammatory mediator
release that, in turn, can further sensitize joint affer-
ents [90]. However, synovial macrophage infiltration
was not significantly reduced by the CGRP1 receptor
antagonist BIBN4096BS following intra-articular capsai-
cin injection, suggesting that other factors might also
be important [38].

Angiogenesis is also a key component in the transi-
tion from acute to persistent inflammation, concomitant
with the shift from resolution to repair. Persistent angio-
genesis might further augment inflammation, through
increased recruitment of inflammatory cells [95]. Trophic
effects of sensory nerves have been well described in the
vasculature, both during embryogenesis [96] and during
chronic inflammation [97]. Intra-articular injection of cap-
saicin in rats results in increased endothelial cell prolifer-
ation in the synovium [38]. This neurogenic angiogenesis
reflects the potential of nerves to initiate blood vessel
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growth, through which the sensory nervous system con-
tributes to innate defence systems, detecting threat and
initiating repair following tissue injury. In return, as blood
vessels grow, sensory nerves extend axons along them,
and innervation of neovasculature is an essential compo-
nent of vascular maturation and the stabilization of the
otherwise immature neovascular bed [65]. It is not sur-
prising, therefore, to find that angiogenesis and nerve
growth are closely integrated process. Factors that
stimulate nerve growth (e.g. NGF) or vascular growth
(e.g. vascular endothelial growth factor), reciprocally also
stimulate vascular and nerve growth, respectively [49].
Neuropeptides, such as substance P [98] and CGRP [99]
stimulate angiogenesis. Indeed, neuropeptide up-
regulation might partly mediate the in vivo potential of
NGF to induce angiogenesis.

CGRP increases proliferation [100], migration [100]
and tube formation [101] by vascular endothelial cells
in vitro [102] and enhances sponge-induced angiogene-
sis in vivo [101]. Furthermore, implanted tumour growth
and tumour-associated angiogenesis were decreased in
CGRP knockout mice compared with wild-type mice
[101], and the CGRP receptor antagonist CGRP8-37,
inhibited tumour-associated angiogenesis and growth
in mice [101]. Angiogenic effects of CGRP in vitro might
be mediated by AMP-activated protein kinase (AMPK)
[99], Akt [103] and endothelial nitric oxide synthase phos-
phorylation [99], as well as by up-regulation of vascular en-
dothelial growth factor and its receptors [104] (Figure 1).
Furthermore, CGRP might lead to up-regulation of its own
gene and of CGRP1 receptors by endothelial cells, thereby
participating in a positive feedback loop that further
increases blood vessel growth [104]. Indeed, potential ex-
pression of CGRP by endothelial cells suggests an auto-
crine, as well as neurogenic role, and expression might be
further directly up-regulated by other factors traditionally
thought to act primarily on sensory neurones, including
TRPV1 agonists [105].

Intra-articular injection of CGRP induced dose-
dependent endothelial proliferation in the synovium of
rat knees, and this angiogenic effect was blocked by
the non-peptide CGRP receptor antagonist BIBN4096BS,
but not by its inactive enantiomer [38]. Inhibition by
BIBN4096BS, and lack of angiogenic effects of
adrenomedullin even at 8 nmol dosing in this model,
suggest mediation of CGRP-induced angiogenesis by
CGRPR1. However, adrenomedullin was expressed in rat
and human synovia, and can induce angiogenesis under
other experimental conditions [106]. More detailed char-
acterization of possible contributions from endogenous
adrenomedullin to synovial inflammation would be re-
quired to confirm exclusivity of these effects to CGRP.
BIBN4096BS also inhibited synovial angiogenesis in-
duced by intra-articular injection of capsaicin, indicating
the potential of endogenous CGRP release to stimulate
blood vessel growth during neurogenic angiogenesis

[38]. CGRP and substance P act synergistically to increase
endothelial cell proliferation [107], and a combination of
NK1 and CGRP receptor antagonists abolished the
increased synovial endothelial cell proliferation that
followed intra-articular capsaicin injection [38]. Neuro-
genic angiogenesis extends the long recognized poten-
tial of sensory nerves to generate acute inflammation,
and might be one of the switches that leads to the
persistence of synovitis [108]. Although a contribution
of neurogenic angiogenesis to synovitis and pain in
humans remains unproven, CGRP blockade would be
unlikely to exacerbate synovitis and anti-inflammatory
effects might synergize with reduced sensitization to
improve arthritis pain.

Sensory nerves do not act in isolation and it has been
suggested that a balance between sensory and sympa-
thetic nerve function might regulate synovitis [109]. Spe-
cifically, sympathetic neurotransmitters might act
directly on monocytes to suppress inflammation and fa-
cilitate tissue repair, balancing pro-inflammatory effects
of sensory neuropeptides. Selective retraction of sympa-
thetic fibres [109], combined with increased proportions
of joint afferents that express CGRP, might contribute to
the maintenance of inflammation.

CGRP and the bone/cartilage unit

Articular cartilage and subchondral bone provide
strength, movement and resilience to synovial joints.
Each has a low resting metabolic activity and a high ma-
trix content, although, in arthritis, matrix turnover is in-
creased through the combined action of chondrocytes,
osteoblasts and osteoclasts. Chondrocytes respond to
CGRP by increased cAMP production [110], which might
inhibit hypertrophic differentiation, although normal
articular cartilage is not innervated and the biological
relevance of this observation awaits confirmation. CGRP
is also anabolic for bone, inhibiting osteoclast differenti-
ation [111] and facilitating osteoblast activity [112].
Reduction of osteoblast apoptosis might be mediated
by the catenin/wnt pathway [113]. CGRPα deficient mice,
induced by genetic modification [112] or by depletion of
capsaicin-sensitive nerves [114], display an osteopenic
bone phenotype, consistent with a contribution of en-
dogenous CGRP to normal bone homeostasis. The poten-
tial relevance of these findings to human arthritis
remains uncertain, but recent unexpected findings of
rapidly progressive OA after NGF blockade [15] empha-
size the need to consider effects on joint structure when
testing analgesic effects of treatments that target the
sensory nervous system. In a mouse model, sensory
denervation was associated with structural exacerbation
of knee OA [115], as might be seen in neuropathic
arthropathy in man, although the contribution of CGRP
to this observation remains uncertain (Table 2).
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CGRP and peripheral sensitization

Several lines of evidence implicate roles for CGRP in the pe-
ripheral mechanisms of OA pain [60, 61, 66, 118, 120, 121].
CGRP sensitizes cutaneous nociceptors to noxious stimuli
in vivo [116] and sensitizes sensory neurons in vitro
[76, 117]. However, peripheral administration of a single
dose of CGRP in the rat exhibits low potency in inducing
acute hyperalgesia, but can lead to sensitization to CGRP
itself or other inflammatory mediators following repeated
administration [116], suggesting that under conditions of
sustained CGRP release sensitization may become evident.
In non-arthritic knees, CGRP-induced peripheral sensitiza-
tion was characterized by increased response frequencies
of joint-innervating nociceptive afferents to punctate stim-
ulation of the joint capsule, and by reduced threshold
mechanical force needed to evoke nociceptor firing [43].
MIA-induced OA was also associated with peripheral sensi-
tization, and the reduced thresholds observed after CGRP
injection were similar to those observed in arthritic knees.
Local CGRP injection further increased mechanically
evoked response frequencies, above those frequencies ob-
served in afferents from osteoarthritic knees without CGRP
injection. The proportion of afferents that were sensitized
by CGRP increased from 50% in normal knees, to 90% in os-
teoarthritic knees and this response was associated with an
increase in the number of back-labelled knee afferents
expressing the G-protein coupled receptor component
CLR [43].

CGRP might sensitize peripheral sensory nerves by
phosphorylation of tetrodotoxin-resistant (TTX-R)
voltage-gated sodium channels [76, 117, 122] (NaV) via in-
tracellular pathways involving PKA and C (Figure 1). CGRP
lowers the threshold for action potential generation [123]
and enhances TTX-R NaV currents in DRG neurons in vitro
[117], consistent with the in vivo reduction of joint noci-
ceptor mechanical thresholds demonstrated in rat knees

[43]. Intra-articular injection of CGRP also increases phos-
phorylated forms of the MAP kinases p38 and ERK in sen-
sory ganglia, which might additionally contribute to
nociceptor sensitization [124]. CGRP receptors are
thought to be localized to sensory neurones expressing
CGRP, raising the possibility of an autoreceptor role.
MAP kinase phosphorylation is associated with aug-
mented evoked release of CGRP [124], and therefore CGRP
released by sensory neurones may act in an autocrine
fashion to increase CGRP release further, thereby creating
a potential positive feedback loop that might further in-
crease sensitization and neurogenic inflammation.

Weightbearing asymmetry is associated with in-
creased expression of CGRP [60, 61] and its receptor com-
ponents in knee innervating afferents [43], and with
increased CGRP release from primary afferents after OA
induction in rats by intra-articular injection of MIA [62].
Furthermore, ablation of CGRP-expressing sensory termi-
nals in knees prevents the development of MIA-induced
weightbearing asymmetry [118]. The involvement of
CGRP in MIA-induced pain behaviour is further impli-
cated by systemic administration of the peripherally re-
stricted, non-peptide CGRP antagonist BIBN4096BS
[120], and a humanized antibody directed against CGRP,
LY2951742 [62, 119] each reducing weight-bearing
asymmetry in rats with OA. LY2951742 demonstrated an-
algesic efficacy in the meniscal tear model for longer
than 60 days following only a single injection, consistent
with the long half-life of a monoclonal antibody. The an-
algesic effects of CGRP neutralization were thought to
involve a prostaglandin independent mechanism which
could have important implications for the treatment of
pain in NSAID-insensitive patients. Local injection of the
CGRP receptor antagonist CGRP8-37 significantly in-
creased sensory nerve thresholds and reduced firing
rates evoked by punctate stimulation of osteoarthritic
rat knees, despite having no effect on afferents from

Table 2
Summary of the contribution of CGRP to angiogenesis, inflammation and pain

Site of action Effect Tissue/model system Species Model Reference

Vasculature Vasodilation Synovium Rat Naive [74]

Potentiation of IL-1α-induced oedema Skin Rabbit Naive [89]

Potentiation of substance P-induced oedema Synovium Rat Naive [90]

Endothelial cell proliferation Synovium Rat Naïve, capsaicin induced synovitis [49]

HUVECs cells in vitro Human Normal [100]

Angiogenesis Tumour Mouse Lewis lung carcinoma [101]

Bone/cartilage Inhibition of hypertrophic differentiation Cultured chondrocytes Rat Naive [110]

Inhibition of osteoclast differentiation Bone marrow cultures Mouse Naive [111]

Facilitation of osteoblast activity Bone Mouse Naive [112]

Nociceptive pathways Sensory neuron sensitization Skin and joint in vivo Rat Naïve, MIA, MNX [43, 116]

Sensory neurones in vitro Rat Naive [117]

Contribution to pain behaviour Whole animal behaviour Rat Naïve, MIA, meniscal tear [62, 116, 118, 119]
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non-arthritic knees [119]. This contribution of CGRP to
peripheral sensitization was dependent on the presence
of OA, rather than on the chemical or surgical model of
OA induction. Specificity for pathological pain responses
associated with sensitization, while not affecting normal,
potentially protective nociceptive pain, is a desirable
characteristic of novel analgesics.

Similar increased contributions of TRPV1 [45] and NGF
[48] to afferent sensitivity and pain behaviour were ob-
served following OA induction. Each, as with CGRP, was as-
sociated with increased expression of TRPV1 or the high
affinity NGF receptor TrkA, respectively. As with CGRP re-
ceptor antagonists, local administration of TRPV1 inhibitors
can reverse the increases in evoked response rates and de-
creases in mechanical thresholds of rat knee nociceptors in
MIA-induced OA, as well as attenuate MIA-induced
weightbearing asymmetry. Increased sensitivity of OA
knees to weightbearing asymmetry induced by intra-
articular NGF injection is inhibited by prior treatment
with the non-selective cyclo-oxygenase inhibitor indo-
methacin, suggesting that inflammation may contrib-
ute to the development of this augmented pain
state, either directly or through continuous nociceptive
input [45]. NGF blockade has been particularly success-
ful at reducing OA pain in randomized controlled trials,
but clinical development has been delayed by unex-
pected adverse events [125]. Rare incidences of rapidly
progressive OA were reported, some of which led to
total joint replacement [49]. This effect was not associ-
ated with analgesic potency, and might possibly reflect
direct actions of NGF on non-neuronal cells. CGRP
might act downstream of NGF, but further research is
required to determine whether CGRP blockade can
replicate the analgesic benefits of NGF blockade, whilst
avoiding unwanted effects.

Central sensitization also contributes to arthritis pain, as
suggested by widespread reductions in pressure pain
thresholds [33], blunting of conditioned pain modulation
[8] and alterations in central pain processing [9, 45, 64].
CGRP knockout mice do not display secondary
hyperalgesia after developing knee inflammation [99]. Anti-
bodies to CGRP are anti-inflammatory [126] and also re-
duced central sensitization in non-articular pain models
[127] and, in the absence of CNS penetration, this is pre-
sumably mediated by peripheral CGRP blockade. Further
research is needed to determine whether reduction of
peripheral sensitization by CGRP blockade also reduces
central sensitization associated with arthritis pain. Fol-
lowing the onset of joint pathology, pain progresses from
primary nociception through peripheral and central sen-
sitization, often leading to augmented pain states that
have commonly been associated with chronic arthritis
[35, 128]. The potential of peripherally directed treat-
ments to prevent this pain progression offers hope that
the current impact of arthritis pain can be avoided for
future generations.

Clinical translation

Although a number of small molecule CGRP antagonists
have shown efficacy against pain in migraine trials, off-
target hepatoxicity has hampered further development
for migraine and other therapeutic indications that
might benefit from CGRP neutralization. As a result, re-
cent attention has been given to the development of
monoclonal antibodies targeting the CGRP pathway
[129]. There are three anti-CGRP and one CGRP receptor
antibodies currently in clinical development. The three
anti-CGRP antibodies in development are LY2951742
(Eli Lilly and Co.), ALD-403 (Alder Biopharmaceuticals)
and TEV-48125 (Teva Pharmaceuticals). The CGRP recep-
tor antibody is AMG334 (Amgen). Since these antibodies
do not cross the blood–brain barrier these are thought to
produce their analgesic effects by acting on peripheral
targets. These monoclonal antibodies exhibit high level
target specificity and long terminal half-lives and all are
currently at phase IIb of clinical development [129].
Proof-of-efficacy has been obtained in migraine and, to
date, no safety concerns have been reported including
any relevant cardiovascular related side effects. Long act-
ing analgesics such as monoclonal antibodies have the
particular potential to prevent, rather than merely treat,
clinical pain, and initial studies in migraine have provided
evidence that CGRP blockade might reduce the fre-
quency of migraine attacks, as well as reducing their se-
verity. Ely Lilly have commenced phase II clinical trials
of their monoclonal antibody to CGRP in patients with
OA [130]. As such, these monoclonal antibodies are well
placed to bring patient benefit in the near future.

Conclusions

At the level of the joint, CGRP acts on its receptor expressed
on resident cells within the synovium (e.g. endothelial
cells), on peripheral terminals of sensory neurons and on in-
flammatory cells [75, 76]. Actions of CGRP at these cellular
targets are thought to influence angiogenesis, inflamma-
tion and peripheral sensitization, suggesting an important
contribution to the pain and inflammation of chronic arthri-
tis [65]. Angiogenic effects of CGRP receptor activation on
endothelial cells is thought to be mediated by adenylate
cyclase activation and protein kinases [99], resulting in pro-
liferation, migration and tube formation [100]. An addi-
tional vascular effect of CGRP expected to promote
inflammation is vasodilation [74], which is likely to aug-
ment plasma extravasation induced by substance P and
other inflammatory mediators. Putative indirect mecha-
nisms of peripheral sensitization driven by CGRP include
the release of pro-inflammatory mediators from macro-
phages [131] which activate and/or sensitize sensory neu-
rons [132]. A direct mechanism might involve activation
of sensory nerve fibres that express CGRP receptors and
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signalling via PKA and C, thereby further increasing sensiti-
zation through phosphorylation of tetrodotoxin-resistant
NaV. Given these effects, CGRP might contribute to synovi-
tis and arthritis pain, although further research is required
to determine the specific contributions of CGRP to OA or
RA pain, and the potential of CGRP blockade or receptor an-
tagonists to improve patient outcomes. CGRP might make
key contributions during the transition from normal to per-
sistent synovitis, and during the progression from
nociception to sensitization. Intervening to prevent these
undesirable transitions in joint pathophysiology during
early disease has the potential to prevent persistent inflam-
mation and progressive pain. If antibodies to CGRP can rep-
licate the improvements in arthritis pain observed with
NGF blockers, without concomitant adverse events, the
burden of arthritis could be substantially relieved.

CGRP, substance P, TrkA, TRPV1 and TRPA1 are syn-
thesized in dorsal root ganglia and transported to pe-
ripheral terminals of primary afferents. TRPV1 or TRPA1
activation stimulates co-release of CGRP and substance P,
which, in turn, act on G-protein coupled receptors (GPCR),
both on resident cells within the synovium (e.g. endothelial
cells), and on peripheral terminals of sensory neurons.
CGRP induces release of pro-inflammatory mediators from
inflammatory cells such asmacrophages which further sen-
sitize sensory neurons. NGF released from inflammatory
cells binds TrkA and is retrogradely transported to the dor-
sal root ganglion, where it might induce increased CGRP
expression. CGRP stimulates vasodilation, augmenting
plasma extravasation induced by substance P and other
inflammatory mediators. CGRP also activates adenylate
cyclase (AC) and protein kinases (PK), and up-regulates
VEGF expression in endothelial cells thereby stimulating
angiogenesis. Endothelial cells might also express CGRP,
resulting in a positive feedback loop, and CGRP acts on
receptors on sensory nerve terminals thereby further
increasing sensitization.
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