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Abstract

Nerve growth factor (NGF) is central to the development and functional regula-

tion of sensory neurons that signal the first events that lead to pain. These

sensory neurons, called nociceptors, require NGF in the early embryo to survive

and also for their functional maturation. The long road from the discovery of

NGF and its roles during development to the realization that NGF plays a major

role in the pathophysiology of inflammatory pain will be reviewed. In particular,

we will discuss the various signaling events initiated by NGF that lead to long-

lasting thermal and mechanical hyperalgesia in animals and in man. It has been

realized relatively recently that humanized function blocking antibodies directed

against NGF show remarkably analgesic potency in human clinical trials for

painful conditions as varied as osteoarthritis, lower back pain, and interstitial

cystitis. Thus, anti-NGF medication has the potential to make a major impact on

day-to-day chronic pain treatment in the near future. It is therefore all the more

important to understand the precise pathways and mechanisms that are con-

trolled by NGF to both initiate and sustain mechanical and thermal hyperalgesia.

Recent work suggests that NGF-dependent regulation of the mechanosensory

properties of sensory neurons that signal mechanical pain may open new
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mechanistic avenues to refine and exploit relevant molecular targets for novel

analgesics.
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1 Introduction

Nerve growth factor (NGF) is the founding member of the neurotrophin family. In

the last 20 years the link between the biology of NGF and pain has been well

established (Heppenstall and Lewin 2000; Pezet and McMahon 2006; Mantyh

et al. 2011). At present, there are at least five major pharmaceutical companies

running clinical trials of humanized antibodies designed to sequester NGF for the

treatment of pain in conditions as varied as osteoarthritis, lower back pain, and

interstitial cystitis (Cattaneo 2010; Lane et al. 2010; Evans et al. 2011; Brown

et al. 2012, 2013). The first example of an NGF sequestering drug is Tanezumab a

humanized monoclonal antibody that potently binds NGF developed by Rinat/

Pfizer (Lane et al. 2010). Although the eventual success of an NGF-based drug

for pain therapy is far from certain at the present time, the key role played by NGF

signaling in pain is not in doubt. In this review we will provide an overview of how

the study of NGF graduated from the province of embryologists to be the one of the

most exciting drug targets for chronic pain in recent years. Since an NGF signaling

axis is undoubtedly important in the etiology of pain, it is important to understand

how NGF functions in the context of nociception and above all in the context of

inflammatory hyperalgesia. Here we will primarily review the mechanistic basis of

how NGF functions in nociception and chronic pain. The further understanding of

NGF biology will be extremely important for understanding how best to manipulate

NGF signaling to effectively treat chronic pain.

2 Experimental Embryology Leads the Way

In a classic series of experiments performed by Rita Levi-Montalcini and her

collaborator Victor Hamburger the activity that was to be identified as NGF was

studied using chicken embryos (Hamburger 1993). They described a process, now

termed programmed cell death, whereby an overabundance of neurons generated

during development, is reduced in number by apoptosis during critical periods. The

fact that many, but not all, neurons die during such critical periods raised the

question of what are the factors that keep the remaining neurons alive. From

these types of experiments came the key insight that led to the eventual identifica-

tion of NGF. Experiments using limb ablation, or the grafting of supernumerary

limbs in embryos during critical stages of development, showed that the number of
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surviving motor neurons, sympathetic ganglion neurons, or sensory neurons was

dependent on the size of the peripheral target. Hamburger and Levi-Montalcini

postulated that some target-derived survival factor synthesized in limiting amounts

was responsible for preventing many of the neurons from undergoing programmed

cell death. Bueker made the serendipitous discovery that injection of a mouse

sarcoma tumor cell line into chick embryos could mimic the survival promoting

effects of increased target size (Bueker and Hilderman 1953; Cohen 2008). These

experiments eventually led to the identification of a source of this as yet unknown

growth factor, namely, the mouse submaxillary gland. Stanley Cohen used this

biochemical source to purify NGF and was able to use this purified protein material

to generate rabbit polyclonal antibodies which bind to NGF (Cohen 1960; Levi-

Montalcini and Booker 1960). This enabled Levi-Montalcini to carry out the first

function blocking experiments, which addressed the endogenous function of NGF

in the mouse. Thus, the injection of NGF binding antibodies into newborn mice led

to a dramatic loss of sympathetic neurons showing that these neurons require NGF

for their survival. The antibody approach taken by Levi-Montalcini was based on

the idea that sequestration of endogenous NGF by high-affinity antibodies will

prevent NGF binding to its endogenous receptors to prevent cell death or promote

nerve fiber growth. It is worth noting that therapeutic interventions for the treatment

of pain now being pursued 50 years later are based on this very same idea.

The availability of antibody tools to manipulate the endogenous levels of NGF

allowed researchers to address the functional consequences of NGF sequestration.

Initially, efforts focused on identifying precisely which neuronal populations

depend on NGF for survival and when. It is through such experiments and later

genetics that we know that NGF is required for the survival of sympathetic ganglion

neurons and a large proportion of embryonic sensory neurons that are destined to

become nociceptors (Ruit et al. 1990, 1992; Crowley et al. 1994). It appears that

both sympathetic and sensory neurons largely lose their absolute dependency on

NGF for survival in the postnatal period (Ruit et al. 1990, 1992).

In the 1980s and 1990s the main focus of developmental biologists was the

question of whether these neurons required the neurotrophins to live, or otherwise

in their absence to die, normally through an active apoptotic program (Lewin and

Barde 1996). For example, it was known that all sensory neurons that express the

high affinity NGF receptor trkA during embryonic development require NGF to

survive, but it is also now clear that this population is not phenotypically homoge-

nous (Crowley et al. 1994; Marmigère and Ernfors 2007). Recently, it has become

possible using a nice genetic trick to examine the influence of NGF signaling in the

embryo without the confounding effects of cell death. Thus mice lacking the cell

death regulator Bax were generated on a genetic background in which the gene

encoding NGF was also deleted; in the absence of Bax, neurons cannot execute an

apoptotic program and remain alive in the absence of NGF (Patel et al. 2000; Luo

et al. 2007). One key finding of such experiments is that NGF signaling is not

required for long-distance axonal growth in the embryo, but is required for the

terminal branch formation in the skin. However, there are other phenotypic

characteristics of developing nociceptors that also require NGF signaling,

for example, the expression of nociceptor-specific ion channels like the
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capsaicin-activated ion channel TRPV1 and TRPM8 a menthol-gated channel

involved in cold sensing (Luo et al. 2007) (Fig. 1a). Functional experiments

using calcium imaging techniques also indicated that embryonic sensory neurons

begin to respond to capsaicin at embryonic stages coinciding with the innervation

of NGF-rich target tissues (Hjerling-Leffler et al. 2007) (Fig. 1a). The vast

majority of nociceptors are primarily sensitive to mechanical stimuli and many

possess fast activated mechanosensitive currents that are probably the functional

basis of their mechanosensitivity (Hu and Lewin 2006; Wetzel et al. 2007). We

thus asked when this mechanotransduction apparatus appears during develop-

ment and if its appearance is regulated by target innervation or neurotrophins

(Lechner et al. 2009) (Fig. 1b, d). Interestingly, one key finding of our study was

that there are several waves of mechanotransduction induction in the sensory

lineage with the first born, low-threshold mechanoreceptors (trkC population)

acquiring mechanosensitive currents as soon as they innervate their peripheral

targets (Fig. 1b). However, this process appears to be independent of growth

factors and is probably regulated by an as yet unknown genetic program, possibly

involving C-Maf genes (Lechner et al. 2009; Wende et al. 2012). In contrast, the

vast majority of trkA-positive sensory neurons innervate their targets later and

here it appears that target-derived NGF is absolutely required for the induction of

mechanosensory competence (Lechner et al. 2009) (Fig. 1d). Thus the
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Fig. 1 NGF controls the expression of Trpv1 and mechanically gated ion channels in DRGs

during embryonic development. (a) and (b) show the proportions of nociceptors that respond to the

TRPV1 agonist capsaicin (a) and to mechanical stimulation (b) plotted as a function of develop-

mental stage [data from (Hjerling-Leffler et al. 2007; Lechner et al. 2009)]. Note, both

mechanosensitivity and capsaicin sensitivity are acquired at E14.5 when the peripheral projections

begin to innervate NGF-expressing target tissues. (c) Trvp1 in situ hybridization in DRGs. Note in
the absence of NGF (NGF�/�; Bax�/�), TrpV1 is not expressed in DRG neurons (Luo

et al. 2007). (d) NGF is required for the acquisition of mechanotransduction currents in vitro.

DRG neurons from E12.5 Bax�/� mice acquire RA-type mechanotransduction currents when

cultured in the presence of NGF, but remain mechano-insensitive in the absence of NGF signaling

(anti-NGF) see (Lechner et al. 2009)

254 G.R. Lewin et al.



physiological properties of developing sensory neurons that are essential for their

adult function may already be specified by neurotrophin signaling in the early

embryo (Fig. 1).

Despite the fact that NGF is not required for the continued survival of adult

sensory neurons, it continues to be synthesized in the peripheral targets into

adulthood. Indeed it has long been noted that the levels of NGF in the target

correlate very well with the density of sympathetic and sensory innervation

(Korsching and Thoenen 1983; Shelton and Reichardt 1984; Lewin and Barde

1996). Studies in the 1980s already showed that it is primarily neuropeptide

containing nociceptive sensory neurons in the adult that respond to NGF (Lewin

and Barde 1996). Thus the neuropeptide content, primarily substance P and calci-

tonin gene-related peptide (CGRP), of sensory neurons innervating tissues high in

NGF, such as the skin, was observed to be high compared to tissues low in NGF

(McMahon et al. 1989). Indeed, Lindsay and Harmar demonstrated that NGF

directly upregulates the substance P content of adult sensory neurons (Lindsay

and Harmar 1989). TrkA receptor expression is a feature of all developing

nociceptors in the embryo, but its expression is extinguished in postnatal, small

diameter, non-peptidergic nociceptors (Molliver et al. 1997). The high-affinity trkA

receptor is the primary NGF signaling receptor and is co-expressed in neuropeptide-

positive nociceptors in adults. In mature animals the peripheral tissue could be

shown to influence the chemical composition of sensory afferents. Thus in

experiments where a cutaneous nerve was rerouted to the NGF-poor skeletal muscle

and a muscle nerve was rerouted to NGF-rich skin, the substance P content changed

to match that characteristic of the new target, e.g., muscle nerve innervating skin

now had a high substance P content (McMahon and Gibson 1987; McMahon

et al. 1989). What was even more striking was the fact that the central connectivity

of muscle afferents that had been redirected to skin now resembled that of normal

skin afferents (Lewin and McMahon 1991). These results led us to carry out the first

serious test of the idea that a neurotrophic factor could regulate synaptic strength in

the nervous system. We decided to artificially raise the levels of NGF in the skeletal

muscle, in this case the gastrocnemius muscle, by chronically pumping NGF into

the muscle for a period of 14 days. By making extracellular recordings from spinal

dorsal horn neurons we knew that only very few of these neurons receive strong

synaptic drive from afferents innervating skeletal muscle. However, after exposure

to NGF skeletal muscle afferents showed a huge increase in their ability to excite

dorsal horn neurons and this increase was very large when compared to effects of

muscle afferents innervating the contralateral, untreated muscle (Lewin

et al. 1992b). This was in all probability the very first demonstration that a

neurotrophic factor can modulate synaptic strength. Shortly afterwards, an elegant

and more direct proof of this idea came from the lab of Moo Ming Poo, which

showed that both neurotrophin-3 (NT-3) and brain-derived neurotrophic factor

(BDNF) can increase the strength of neuromuscular synapses in vitro, with a

surprisingly fast time course in the range of seconds (Lohof et al. 1993). Together

these studies provided the foundation of a huge and important area of study,

namely, how neurotrophins regulate synapses and synaptic strength in the nervous

system (see chapters 9 and 16 from Bai Lui et al. and Boyce and Mendell).
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3 NGF and Hyperalgesia: The Linchpin Theory 1993

Hyperalgesia is defined as an increase in the felt intensity of a noxious stimulus,

usually following an injury or an inflammatory process. Secondary hyperalgesia is

the area of hypersensitivity surrounding an injured area that is not due to peripheral

sensitization of the primary afferent, as the afferents that innervate the secondary

area cannot be directly sensitized by the injury. This type of hyperalgesia is thought

to be due to sensitization of central circuits to afferent input coming from nearby the

initial injury site (Treede et al. 1992; Lewin and Moshourab 2004). During the

1980s, it was becoming increasingly clear that the neurobiological basis of second-

ary hyperalgesia was to a large extent dependent on a phenomenon termed central

sensitization (Woolf 1983; McMahon and Wall 1984; Cook et al. 1987; McMahon

et al. 1993). Thus strong activation of nociceptors leads to a rapid and long-lasting

plasticity at synapses between primary sensory neurons and dorsal horn neurons,

and this long-lasting change in synaptic strength can sustain hyperalgesia.

Hyperalgesia is induced following injury or inflammation, but can also be produced

after skin application of substances that activate or sensitize nociceptors. A classic

example of algogen-induced heat and mechanical hyperalgesia is that following the

application of capsaicin to the skin (LaMotte et al. 1991). While working on the role

of NGF in determining the phenotypic identity of nociceptors in Lorne Mendell’s

lab (Ritter et al. 1991; Lewin et al. 1992a), Amy Ritter and Gary Lewin noted that

rats that had been exposed to daily injections of NGF were behaviorally more

sensitive to mechanical and heat stimuli than untreated animals. These observations

led them to make a more systematic study of the effects of NGF on nociceptive

behaviors in the rat. To their surprise a single systemic injection of NGF (1 mg/kg

body weight) produced profound heat and mechanical hyperalgesia, which lasted

for several days. Interestingly, heat and mechanical hyperalgesia appeared to be

mechanistically distinct as heat hyperalgesia appeared within minutes, whereas

mechanical hyperalgesia first became apparent around 7 h after the injection,

becoming maximal and sustained at 24 h (Lewin et al. 1993). The fact that a single

molecule, NGF, could set into train a series of rapid functional changes with all the

hallmarks of hyperalgesia normally seen after sterile inflammation raised the

obvious question of whether NGF was necessary for inflammatory hyperalgesia.

This question was particularly pertinent in light of data published by Donnerer and

colleagues in 1992 showing that NGF was upregulated in the sciatic nerve follow-

ing inflammation of the skin (Donnerer et al. 1992). It was now an obvious step to

use blocking antibodies in vivo to show whether an inflammation-dependent rise in

NGF was a necessary first step in producing hyperalgesia. After obtaining prelimi-

nary data using NGF blocking antibodies, a new model of inflammatory

hyperalgesia was proposed where NGF represents a linchpin molecule that provides

the key humoral link between inflammation and the nociceptive sensory neurons

that initiate and sustain heat and mechanical hyperalgesia (Lewin and Mendell

1993). The key features of this model are shown in Fig. 2, highlighting the areas of

progress that have been made since the discovery that NGF is necessary for

inflammatory hyperalgesia. Soon after we reported that NGF could induce
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Fig. 2 Mechanisms of peripheral and central sensitization. (a) peripheral sensitization may result

from posttranslational modifications (top and middle panel) or from increased gene expression and
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hyperalgesia, several groups tested whether NGF blocking antibodies could ame-

liorate or block heat and mechanical hyperalgesia following inflammation. The first

two reports showed that both the heat and mechanical hyperalgesia that follow a

complete Freund’s adjuvant-induced inflammation could be ameliorated by the

administration of NGF blocking antibodies (Lewin et al. 1994; Woolf

et al. 1994). Later on, the use of improved molecular tools to sequester NGF,

namely, trkA-IgG fusion proteins that specifically bind endogenous NGF, was

also shown to be capable of ameliorating heat and mechanical hyperalgesia

associated with a carrageenan-evoked inflammation model in rats (McMahon

et al. 1995). The key finding that blockade of NGF pain signaling in inflammatory

conditions, where NGF is elevated, has a major analgesic effect has now been

repeated in many models (Pezet and McMahon 2006; Mantyh et al. 2011).

In 1993, Lewin and Mendell proposed a mechanistic model illustrating the

various ways in which increased NGF could produce heat and mechanical

hyperalgesia following inflammation. One key feature of this model was the idea

that the mechanisms that underlie the NGF-dependent heat hyperalgesia are distinct

from those that underlie the mechanical hyperalgesia (Lewin and Mendell 1993;

Lewin et al. 1994). We supposed that an important difference was that NGF is

capable of inducing extremely rapid changes in the peripheral terminals of C-fibers

that sensitizes them to noxious heat stimuli. Mechanical hyperalgesia on the other

hand seemed to require the induction of changes in gene expression that eventually

leads to central sensitization that maintains mechanical hyperalgesia (Lewin and

Mendell 1993; Lewin et al. 1994). In the last 20 years much progress has been made

in elucidating the molecular mechanisms that underlie peripheral NGF-dependent

heat hyperalgesia. Progress has also been made in understanding NGF-dependent

mechanical hyperalgesia and new data indicate that both central and peripheral

mechanisms may be important, the molecular basis of which is just beginning to be

unraveled.

4 NGF-Dependent Heat Hyperalgesia: Molecular
Mechanisms

The availability of NGF in the skin was shown early on to regulate the number of

C-fibers that respond to noxious heat. Thus, decreasing NGF levels with blocking

antibodies reduced the number of C-fibers that respond to heat and raised NGF

levels increased the number of heat-sensitive C-fibers (Lewin and Mendell 1994).

These early experiments demonstrated that the molecular basis of noxious heat

Fig. 2 (continued) the insertion of additional mechanically gated ion channels in the plasma

membrane of the peripheral nerve terminal (bottom). (b) NGF signaling induces the release of

substance P, BDNF, and CGRP from the central terminals of sensory neurons, which sensitize

NMDA receptors in second-order projection neurons resulting in the strengthening of synaptic

transmission in the spinal dorsal horn—i.e., central sensitization
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transduction was itself a target of regulation by NGF. The regulation of noxious

heat transduction in single C-fibers in an inflammatory pain model was also shown

to be dependent on NGF (Koltzenburg et al. 1999). The very rapid NGF-induced

heat hyperalgesia was shown to be partly mediated by NGF-induced mast cell

degranulation, which can in turn release more NGF (Mazurek et al. 1986; Lewin

et al. 1994; Andreev et al. 1995). However, subsequent studies have emphasized

that most of the rapid heat sensitization initiated by NGF takes place in the

nociceptor. An important advance in the field was the discovery that a subpopula-

tion of isolated sensory neurons possesses an ionic inward current directly activated

by noxious heat sometimes referred to as Iheat (Cesare and McNaughton 1996). The

Iheat inward current could also be sensitized by algogens like bradykinin and

recording from isolated cells has proved to be a useful model to study molecules

involved in nociceptor sensitization (Cesare and McNaughton 1996; Cesare

et al. 1999). There was great excitement in the field when the capsaicin-gated ion

channel TRPV1 was cloned by Julius and colleagues and shown to be gated by heat

with an activation threshold similar to that of Iheat � 43 �C (Caterina et al. 1997).

Thus the capsaicin receptor and the noxious heat transduction channel appeared to

be one and the same thing. It was thus very striking when Mendell and Shu showed

that a single short exposure of isolated sensory neurons to NGF (as well as NT-4)

greatly potentiated the capsaicin current amplitude measured minutes later (Shu

and Mendell 1999). Nerve growth factor-induced heat hyperalgesia was later found

to be dependent on the presence of the TRPV1 ion channel as NGF-induced

hyperalgesia is not found in TRPV1�/� mice (Chuang et al. 2001); the persistence

of NGF-induced heat hyperalgesia in p75�/� mice demonstrates that trkA is

probably the necessary receptor for downstream sensitization (Bergmann

et al. 1998). The present consensus is that the TRPV1 ion channel is a noxious

heat-gated ion channel present in many polymodal, noxious heat-sensitive C-fibers,

but its presence does not appear to be necessary for these neurons to respond to

noxious heat in vivo (Woodbury et al. 2004). Recent studies have implicated new

heat-activated ion channels such as anoctamin-1, a calcium-activated chloride

channel, and the TRP channel TRPM3 as being required for heat transduction in

nociceptors (Vriens et al. 2011; Cho et al. 2012). However, it is not yet known if

NGF-dependent heat hyperalgesia and nociceptor sensitization are dependent on

either anoctamin-1 or TRPM3.

The absolute requirement for TRPV1 for NGF-dependent heat hyperalgesia and

nociceptor sensitization has led many workers to use increased TRPV1 activity as a

molecular surrogate for sensitization. Thus capsaicin has often been used, rather

than heat, to activate TRPV1. Initial work using rat DRG neurons identified PKA as

responsible for the sensitization brought about by NGF (Shu and Mendell 1999),

but later work demonstrated that although protein kinase activity was involved in

producing sensitization, it was PKC and PI3K that were responsible (Bonnington

and McNaughton 2003). Differences in the sensitization protocol used and the

recording method (whole-cell electrophysiology vs. calcium imaging) have been

suggested to explain the differences in the results obtained. Whereas PKC acts

predominantly via direct phosphorylation of TRPV1 (Numazaki et al. 2002), the
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PI3K pathway has multiple steps: following trkA autophosphorylation at Tyr760,

PI3K is activated, which in turn activates Src kinase, a non-receptor tyrosine kinase

that subsequently phosphorylates Tyr200 on TRPV1 resulting in translocation to

the plasma membrane and increased membrane expression (Zhang et al. 2005; Stein

et al. 2006). An alternative explanation for NGF-induced heat hyperalgesia has

been built on the observation that mutated trkA, which is unable to activate

phospholipase C (PLC), fails to mediate NGF-induced sensitization, which the

authors suggested was due to the action of PLC liberating TRPV1 from PIP2

inhibition being prevented; antibodies to PIP2 also evoked TRPV1 sensitization

(Chuang et al. 2001). However, it has been argued that NGF can exert all its effects

in a PIP2-independent manner (Zhang and McNaughton 2006) and later studies

have shown that direct application of PIP2 actually potentiates TRPV1 (Stein

et al. 2006). The study by Stein and colleagues has, however, recently been

challenged by the finding that in artificial liposomes TRPV1 activation by both

heat and capsaicin is inhibited by a variety of phosphoinositide lipids interacting

with the C terminus of TRPV1 (Cao et al. 2013). Moreover, the authors show that

activation threshold is not altered by channel number and therefore conclude that

although NGF-dependent increased membrane expression of TRPV1 may account

for some of the thermal hypersensitivity observed, it cannot explain decreases in

thermal threshold. NGF-induced heat hyperalgesia is rapid in onset in vivo, but is

also very long lasting and it has been suggested that NGF can also enhance TRPV1

expression levels via the Ras-MAPK pathway (Ji et al. 2002), which could contrib-

ute to the more persistent heat hyperalgesia in the presence of NGF. It should,

however, be noted that there is good evidence that persistent heat hyperalgesia

following inflammation or NGF elevation may also be dependent on central

sensitization (Fig. 2).

The fact that TRPV1 is necessary for sensitization, but not for the transduction of

noxious heat by nociceptors, is an important fact that requires further investigation

(Woodbury et al. 2004; Koerber et al. 2010). It may be that freshly phosphorylated

TRPV1 protein or newly inserted TRPV1 molecules in turn directly interact with

candidate heat-gated channels, like anoctamin-1 or TRPM3, to produce sensitiza-

tion. Alternatively, TRPV1 may itself have a signaling function that is required for

the sensitization of heat transduction. In order to answer these questions a definitive

identification of the molecule(s) necessary for heat transduction will be required.

The signaling pathways that converge onto TRPV1 from trkA activation also

appear to be engaged by other growth factor receptors such as c-Ret together with

its co-receptors GFRα2 and GFRα3 (Stucky et al. 2002; Malin et al. 2006) that are

preferentially activated by neurturin and artemin, respectively (Baloh et al. 2000;

Bespalov and Saarma 2007). Neurturin signaling in particular may be like NGF, in

the sense that it regulates the number of heat-sensitive neurons amongst the

subpopulation of isolectin B4 (IB4)-positive sensory neurons that in the adult

lack trkA receptors (Molliver et al. 1997; Stucky and Lewin 1999; Stucky

et al. 2002). The receptor tyrosine kinase c-Kit is the receptor for stem cell factor

(SCF) and was recently found to be expressed by a subpopulation of noxious heat-

sensitive nociceptors (Milenkovic et al. 2007). It was shown that SCF/c-Kit
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signaling is necessary to maintain nociceptor heat sensitivity and SCF can, like

NGF, sensitize Iheat and produce a rapid, but short lasting, heat hyperalgesia in a

TRPV1-dependent manner (Milenkovic et al. 2007). Interestingly, in the case of

GDNF-like ligands and SCF where heat sensitization has been reported, mechanical

hyperalgesia was absent [but see (Albers et al. 2006)].

5 Mechanisms of NGF-Dependent Mechanical Hyperalgesia

Mechanical hyperalgesia is the symptom that most concerns patients with painful

conditions caused by inflammation or injury. It was thus very striking to observe

that a short burst of elevated NGF can be sufficient to induce mechanical

hyperalgesia that can last for days or even weeks in rodents and humans (Lewin

et al. 1993; Petty et al. 1994). Systemic or local injection of NGF is unlikely to lead

to sustained trkA activation because this small polypeptide would be rapidly

degraded by extracellular proteases after injection. Thus, a pulse of NGF is suffi-

cient to set in train a series of events that sustain mechanical hyperalgesia, often for

days. Early pharmacological experiments already indicated that long-lasting

NGF-induced heat hyperalgesia, but not mechanical hyperalgesia, is sustained by

a central sensitization that requires NMDA receptors (Lewin et al. 1994) (Fig. 2).

NGF can produce long-lasting changes in gene expression in adult sensory neurons

and the first genes shown to be controlled by NGF were substance P and CGRP

(Lindsay and Harmar 1989). Release of neuropeptides from sensory neurons may

modulate the strength of spinal cord synapses (Seybold 2009); however, mice with

a targeted mutation of the tachykinin-1 gene coding for the substance P peptide do

not show deficits in inflammation-induced mechanical hyperalgesia (Cao

et al. 1998). Thus considering that NGF is required for inflammation-induced

mechanical hyperalgesia, it appears to be unlikely that substance P is a major

central mediator. In contrast, studies on mice lacking a second major neuropeptide,

CGRP expressed in trkA-positive sensory neurons (Molliver et al. 1997), have

indicated broad deficits in inflammatory hyperalgesia including mechanical

hyperalgesia (Salmon et al. 2001). One unusual rodent species, the naked mole

rat, completely lacks both substance P and CGRP in cutaneous nociceptors, but

exhibits a similar degree of mechanical hyperalgesia following complete Freund’s

adjuvant to that seen in mice (Park et al. 2008). Interestingly, however, NGF

injected into naked mole rats does not produce heat hyperalgesia and this may be

due to the presence of a hypo-functional trkA receptor in this species (Park

et al. 2008; Smith et al. 2012).

Neurotrophins were traditionally thought of as being produced by the targets of

sensory neurons, but it became apparent from developmental studies that many

sensory neurons actually express and produce neurotrophins (Ernfors et al. 1990). It

was therefore striking, when it was discovered that BDNF is normally produced by

a subset of trkA-positive nociceptors and that the number of trkA neurons making

this factor is dramatically increased by increased NGF (Apfel et al. 1996; Michael

et al. 1997). Indeed, BDNF could be shown to be released by activity in sensory

neurons and its release is enhanced by elevated NGF levels that follow
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inflammation (Balkowiec and Katz 2000; Lever et al. 2001). Thus, increased

peripheral NGF leads to increased production and release of BDNF from the central

synapses of nociceptors in the spinal cord, which may be critical for certain central

sensitization events, especially those involving NMDA receptors (Kerr et al. 1999).

Direct electrophysiological evidence demonstrating that BDNF can rapidly poten-

tiate transmission at synapses formed by nociceptors was provided by Mendell and

colleagues (Garraway et al. 2003). The effects of mature BDNF on spinal synapses

are rapid and probably occur via both pre- and postsynaptic trkB receptors and the

potentiation observed is because of phosphorylation of NMDA receptor subunits

(Kerr et al. 1999; Heppenstall and Lewin 2001; Garraway et al. 2003) (Fig. 2).

One complication of examining the central sensitization effects of BDNF is that

this factor is also produced within the brain and spinal cord. Furthermore, the

production and release of BDNF may be controlled by many factors. For example,

it has been proposed that, when activated, spinal microglia cells may release BDNF,

which in turn can modulate the excitability of dorsal horn neurons. The modulation

of the anion gradient in lamina I projection neurons, possibly via the modulation of

KCC2 (a potassium chloride co-transporter), can lead to a shift in the reversal

potential for anions like chloride which makes normally hyperpolarizing inputs

from inhibitory interneurons either ineffective or even depolarizing (Coull

et al. 2005). This type of BDNF effect is thought to be particularly relevant for

sustaining neuropathic pain. Other work, notably from Mendell’s group, has also

shown how BDNF can have highly synapse-specific effects in the spinal cord

(Mendell and Arvanian 2002).

Global deletion of the BDNF gene leads to early postnatal lethality which has

made the study of BDNF’s role in the adult nervous system more difficult (Carroll

et al. 1998). Nevertheless, studies using isolated spinal cords from young

neurotrophin gene mutant mice have shown that the plasticity of ventral root

potentials, which reflects C-fiber drive flexion reflexes, is selectively attenuated in

the absence of BDNF, but not in the absence of NT-4 (Heppenstall and Lewin

2001). A systematic examination of pain-related behaviors in BDNF heterozygote

mutant mice also indicated that even reduced gene dosage of this important factor

can lead to deficits in acute noxious heat sensitivity and reduced pain behaviors,

e.g., in the formalin test (MacQueen et al. 2001). An elegant genetic study using

mice in which the BDNF gene was selectively deleted in nociceptive sensory

neurons showed that BDNF is required for normal heat hyperalgesia following

inflammation (Zhao et al. 2006). Although the authors did not definitively address

the question of whether NGF-induced mechanical hyperalgesia depends on sensory

neuron-derived BDNF, direct injection of NGF into skeletal muscle did not provoke

mechanical hyperalgesia in this model, which in common with other studies

suggests that elevated muscle NGF provokes central sensitization (Lewin

et al. 1992b; Zhao et al. 2006). In summary, it seems that at least a proportion of

the sustained heat hyperalgesia initiated by NGF may be sustained by central

sensitization driven by BDNF and subsequent phosphorylation of postsynaptic

NMDA receptors (Lewin et al. 1994; Zhao et al. 2006). However, it remains unclear

whether the long-lasting mechanical hyperalgesia initiated by increased NGF is

primarily dependent on peripheral or central mechanisms.
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The long-lasting changes initiated by NGF may also affect the electrical

properties of the primary afferent axons that transfer noxious information to the

central nervous system. Nociceptors possess an array of voltage-gated sodium

channels (NaVs) that are in some cases selectively expressed in these cells and

strongly implicated in painful conditions. Nociceptors possess TTX-resistant and

TTX-sensitive NaVs, which are carried primarily by NaV1.7, NaV1.8, and NaV1.9

channels (Momin and Wood 2008); the modulation of such channels has been

proposed to play a role in sensitization processes (England et al. 1996; Gold

et al. 1996). Action potential initiation, voltage threshold, and sustained firing are

dependent on the activation properties of NaV channels (Blair and Bean 2002). It is

therefore of interest that the availability of NGF can indeed modulate the action

potential shape of nociceptors, both in culture as well as in vivo. Nociceptors have

unusually broad action potentials with a prominent hump on their falling phase

(Lechner et al. 2009). It is possible to identify nociceptors in cultures of adult

sensory neurons that do not respond to NGF, as these can be live stained with

fluorescently conjugated IB4. Interestingly, the density of TTX-sensitive sodium

currents is actually less in NGF-sensitive nociceptors compared to IB4-positive

NGF-insensitive neurons, which also display broader action potentials (Stucky and

Lewin 1999). In vivo experiments have shown that chronically increasing the

availability of NGF is associated with a broadening of the action potentials of

identified Aδ nociceptors; conversely NGF deprivation is associated with a

narrowing of the action potential in the same neurons (Ritter and Mendell 1992;

Fang et al. 2005). The expression of TTX-resistant NaVs can be regulated by NGF

and so it is conceivable that changes in action potential properties partly result from

such regulation (Fjell et al. 1999). Genetic ablation of different NaV genes in the

sensory ganglia offers an opportunity to more directly assess their relative

contributions to NGF-dependent sensitization events. Using mutant NaV1.8 mice

it was shown that the induction of NGF-dependent heat hyperalgesia requires the

presence of NaV1.8 channels (Kerr et al. 2001). However, heat hyperalgesia

following carrageenan inflammation was only moderately delayed after genetic

ablation of NaV1.8 (Akopian et al. 1999) and was not affected in mice in which

NaV1.8 was inhibited in a cell autonomous manner (Stürzebecher et al. 2010). It is

known that TTX-resistant NaV currents can be measured very close to the spike

initiation zone of peripheral nociceptors (Brock et al. 1998). It is therefore possible

that a TRPV1-dependent sensitization process takes place in animals with ablated

or attenuated NaV1.8 channels, but that the increased activity of heat-sensitive

nociceptors is not relayed to the CNS. The NaV1.7 sodium channel plays an

important role in setting the action potential threshold as well as amplifying

subthreshold depolarization’s to bring these neurons to fire (Dib-Hajj et al. 2013).

Genetic ablation of this channel in mice and nonsense mutations in humans lead to a

profound loss of pain sensation (Nassar et al. 2004; Cox et al. 2006; Momin and

Wood 2008). NGF-dependent heat hyperalgesia is also essentially absent in mice

with a sensory neuron-specific deletion of the SCN9A gene encoding NaV1.7

channels (Nassar et al. 2004). Mechanical pain behavior is strongly attenuated in

mice lacking NaV1.7 in sensory neurons, which is consistent with a critical role for
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this channel in sustaining nociceptor AP propagation (Nassar et al. 2004; Minett

et al. 2012). There is, however, as yet only little direct evidence that the primary

consequence of NaV1.7 loss is an attenuation of the ability of somatic C-fibers to

conduct action potentials (Wilson et al. 2011). For example there are, as yet, no

reports in which this issue has been directly addressed using electrophysiological

methods in somatic C-fibers; however, shRNA-mediated knockdown of NaV1.7 in

the vagus nerve has demonstrated a loss of sustained firing (Muroi et al. 2011).

NaV1.7 is an a important channel in olfactory sensory neurons (OSNs) and here it

appears to be primarily required for the transfer of sensory information from OSN

to second-order neurons in the olfactory bulb (Weiss et al. 2011). This has led to

speculation that the primary mechanism leading to the spectacular loss of pain

phenotypes in humans lacking NaV1.7 channels is a block of information transfer

from primary afferent C-fibers at their central synapses in the dorsal horn (Black

et al. 2012; Minett et al. 2012). If the expression or subcellular distribution of

NaV1.7 channels is controlled by NGF availability (Gould et al. 2000; Diss

et al. 2008), then it is conceivable that anti-NGF drugs work in an NaV1.7-

dependent manner.

A key difference between NGF-induced heat and mechanical hyperalgesia is the

often radically different times courses that these phenomena display. Pure

NGF-dependent hyperalgesia has in the last few years been increasingly studied

in human subjects, as the injection of small amounts of NGF into the muscle or skin

offers an excellent model for both short- and long-term sensitization, whilst

bypassing inflammatory processes. During the first phase I safety trials of recombi-

nant human NGF (rhNGF), it was quickly realized that human subjects experienced

local soreness as well as a very long-lasting deep tissue hyperalgesia or myalgia

following rhNGF injection (Petty et al. 1994). In this first human study a dose-

dependent myalgia and hyperalgesia was observed to last for up to 7 weeks

following a single injection. As in animal models, the mechanisms by which

NGF produces mechanical hyperalgesia in humans will probably differ between

very early phases and later phases following a transient increase in NGF. One early

study noted signs of mechanical hyperalgesia within 6 h of an injection of rhNGF

into the skin (Dyck et al. 1997). However, later studies using the same approach in

humans showed that hyperalgesia, as measured using pressure pain threshold or

pinprick sensitivity, first appears after 7 days and peaks 21 days after an intradermal

rhNGF injection (Rukwied et al. 2010, 2013; Obreja et al. 2011a; Weinkauf

et al. 2012, 2013). This discrepancy could be explained by spillover of injected

NGF into underlying muscle tissue in humans, as well as in animal models. Thus,

pronounced hyperalgesia has been noted following injection of rhNGF into human

muscles or muscle fascia (Svensson et al. 2003, 2008; Andersen et al. 2008; Deising

et al. 2012), but this hypersensitivity differs in several important respects from the

NGF-induced mechanical hyperalgesia observed in the skin. First, mechanical

hyperalgesia is observed within a few hours of the injection and the pressure pain

hypersensitivity extends well beyond the area of the initial injection (Svensson

et al. 2003, 2008; Andersen et al. 2008; Deising et al. 2012). As a rule, the muscle

hypersensitivity following rhNGF injection is also observed to subside within a few

264 G.R. Lewin et al.



days of the NGF injection, in marked contrast to the very long-lasting hyperalgesia

that follows a skin injection. In the skin model the available studies have noted that

the mechanical hyperalgesia remains strictly restricted to the area of the initial

rhNGF injection (Rukwied et al. 2010; Obreja et al. 2011a; Weinkauf et al. 2012), a

strong indicator that a peripheral sensitization process may be involved (Treede

et al. 1992; Lewin and Moshourab 2004).

In animal models a systemic injection of NGF provoked mechanical

hyperalgesia, which first appears between an hour and several hours after the

injection and persists for days (Lewin et al. 1993, 1994; Thompson et al. 1995).

One group has, however, claimed to observe mechanical hyperalgesia minutes after

the injection (Malik-Hall et al. 2005). As in humans, local skin injection of NGF in

rats also provokes a localized mechanical hyperalgesia that persists for days (Mills

et al. 2013). It appears that elevated NGF in skeletal muscle can sensitize muscle

afferents to mechanical stimuli, but the evidence from human and animal studies

suggests that secondary hyperalgesia is a prominent feature of this model, which

involves central sensitization (Lewin et al. 1992b; Hoheisel et al. 2007, 2013). The

observation that elevated NGF in the skin does not appear to provoke secondary

mechanical hyperalgesia suggests that nociceptor sensitization plays a prominent

role in this model. In general, it has been remarkably difficult to convincingly

demonstrate nociceptor sensitization to mechanical stimuli in a variety of inflam-

matory models as conflicting results have been published (Andrew and Greenspan

1999; Lewin and Moshourab 2004; Milenkovic et al. 2008; Lennertz et al. 2012),

Indeed, initial studies failed to detect prominent mechanical sensitization of

nociceptors after acute or long-term NGF exposure (Lewin et al. 1993, 1994;

Lewin and Mendell 1994; Obreja et al. 2011b).

The UV-B sunburn model is an interesting system to study peripheral

mechanisms of mechanical hyperalgesia, as there is convincing evidence that

central mechanisms do not play a prominent role in this model (Bishop

et al. 2009, 2010). Recordings from nociceptors innervating UV-B-sensitized skin

have demonstrated alterations in their firing rates to suprathreshold mechanical

stimulation (Bishop et al. 2010). However, although some fiber types like C-fiber

mechanonociceptors lacking noxious heat sensitivity (C-Ms) showed increased

suprathreshold responses to intense mechanical stimulation, other fiber types like

A-δ mechanonociceptors displayed reduced responses (Bishop et al. 2010). The

complex changes in coding properties of different nociceptor subclasses in the

UV-B model raise the possibility that mechanical hyperalgesia may be signaled

to the spinal circuits by altered patterns of afferent activation dispersed across two

or more nociceptor classes. Clear, direct evidence that cutaneous nociceptors are

sensitized to mechanical stimuli after exposure to elevated NGF in vivo has been

missing, until recently (Hirth et al. 2013). Many nociceptors are polymodal,

meaning that they are activated by more than one modality of noxious stimulus,

e.g., C-fibers activated by noxious mechanical and heat stimuli are termed

C-mechanoheat units (C-MH). Using this classification scheme it is possible to record

the following additional types of nociceptors in human skin using microneurography

techniques: C-mechanosensitive (C-M), C-mechanosensitive and cold (C-MC),

C-mechanosensitive heat and cold (C-MHC), C-mechano-insensitive and
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heat-insensitive (C-MiHi), C-mechanosensitive and heat (C-MH), C-fiber heat only

(C-H), and finally C-low-threshold mechanoreceptors (C-LT) (Lewin andMoshourab

2004). Broadly, the same types of nociceptors have been recorded in the skin of rats

and mice (Lewin and Mendell 1994; Koltzenburg et al. 1997), but there appear to be

consistent species differences, particularly in the incidence of each fiber type. In

particular, C-MiHi fibers, identified in subhuman primates as mechanically insensi-

tive afferents (MIAs), appear to be rare in rodents (Handwerker et al. 1991; Meyer

et al. 1991; Kress et al. 1992; Lewin andMendell 1994), but are relatively common in

human hairy skin (Schmidt et al. 1995; Weidner et al. 1999). Several studies have

strongly implicated C-MiHi fibers in peripheral sensitization processes; thus these

fibers can rapidly acquire mechanosensitivity when stimulated with strong algogens.

Recent studies by Schmelz and colleagues have shown that C-MiHi units are also

observed in the skin of the pig, which they have claimed may be a more suitable

animal model for human nociceptors (Obreja and Schmelz 2010). One feature of

C-MiHi fibers recorded in humans and in pigs is that they display a very strong and

prominent activity-dependent slowing of their conduction velocity (Weidner

et al. 1999; Obreja et al. 2011b; Hirth et al. 2013). Thus, the higher the firing rate

the longer it takes for the action potentials to reach the first spinal synapses.

Strikingly, cutaneous NGF elevation in pigs selectively reduced the magnitude of

activity-dependent slowing, as well as reducing the number of conduction failures at

a moderate stimulation frequency of 2 Hz (Obreja et al. 2011a, b). The authors have

named this phenomenon axonal sensitization as it is postulated that reduced slowing

and more reliable following of electrical stimuli could underpin mechanical

hyperalgesia. Moreover patients experienced more pain when cutaneous electrical

stimuli were employed at the height of the hyperalgesia induced by local intradermal

injection of rhNGF. The more reliable initiation and propagation of action potentials

in nociceptors under these circumstances may be physiologically relevant as electri-

cal stimulation could be seen as analogous to the driving depolarization produced by

opening of transduction channels. However, the same authors failed to find very

marked signs of nociceptor sensitization to natural mechanical stimuli in initial

studies (Obreja et al. 2011a, b). It is clear that the “axonal sensitization” that they

observed is probably caused by changes in the distribution or physiological properties

of ion channels that regulate conduction. Obvious candidates are NaV1.7 and NaV1.8,

which have indeed been implicated as targets of NGF signaling (Fjell et al. 1999;

Gould et al. 2000; Fang et al. 2005; Diss et al. 2008). Nevertheless, there are other

channels that regulate membrane excitability in nociceptors that could also be targets

of NGF in this model, for example, hyperpolarization-activated cyclic nucleotide-

gated cation channels like HCN2 (Emery et al. 2011; Mazo et al. 2013).

In a very recent study Hirth and colleagues actually provide good evidence for

local nociceptor sensitization that is robust only 21 days after the initial NGF

injection in a pig model (Hirth et al. 2013). Essentially, the authors show that at

this point a significant and large proportion of formerly C-MiHi fibers are now very

sensitive to mechanical stimuli; however, the suprathreshold coding properties of

these fibers were not examined. There are a couple of interesting features of these

findings, one is that the extremely long period of time it apparently takes before
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sensitization of nociceptors is overt following local NGF exposure. Second, why

does it takes so long for NGF-mediated signaling to induce an unmasking of

mechanosensitivity whereby acute exposure to strong algogens can unsilence

C-Mis with a very rapid time course (Schmidt et al. 1995). The human psycho-

physical data is clear about the fact that acute elevation of NGF in muscle, as

opposed to skin, can produce a rapid sensitization, but even here there is little data

to indicate why this may be the case. In one study in rats, NGF was injected directly

into the muscle and led to an apparent activation of C-fibers afferents in the muscle,

but did not lead to an acute sensitization of muscle C-fibers to mechanical stimuli

(Hoheisel et al. 2005). In common with the innervation of the viscera (McMahon

and Koltzenburg 1990), normal skeletal muscle is innervated by a large number of

C-fibers that are insensitive to mechanical stimuli (Jankowski et al. 2013). It is not

clear at the present time whether NGF can also lead to unmasking of mechanosen-

sitivity in deep tissue nociceptors such as those innervating skeletal muscle (Fig. 2).

Although sensitization of nociceptors to mechanical stimuli has been observed

and studied for many years, the molecular basis of the sensitization process is

poorly understood. It has long been thought that one mechanism underlying sensi-

tization may be the induction of excitability changes in nociceptor axons as has

been discussed above. However, it is difficult to argue that such a sensitization

process should be specific to mechanical stimuli as is often observed. The molecu-

lar mechanisms by which nociceptors actually detect mechanical stimuli are only

just beginning to be unraveled and it is this transduction process that is likely to be a

target for inflammatory factors like NGF. Mechanical stimuli are likely transduced

directly at the sensory endings of nociceptors and this process probably involves the

direct gating of a mechanosensitive ion channel by force or displacement

(Hu et al. 2006). There are enormous technical challenges to overcome before it

is possible to make direct recordings of mechanosensitive currents at the endings of

nociceptors in situ. However, acutely cultured sensory neurons possess

mechanosensitive ion channels that are directly gated by mechanical stimuli

(McCarter et al. 1999; Drew et al. 2004, 2007; Hu and Lewin 2006; Lechner

et al. 2009; Hu et al. 2010). It is now clear that there are at least two, and maybe

three, biophysically distinct mechanosensitive conductances present in sensory

neurons (Poole et al. 2011). Mechanosensitive currents in sensory neurons have

been classified according to their inactivation kinetics: currents that inactivate very

rapidly (τ1 < 5 ms) are termed rapidly adapting, RA-type; intermediately adapting

(τ1 < 50 ms); and IA-type and slowly adapting (no adaptation during a 230-ms

stimulus), SA-type. In the mouse the RA-type currents are sodium selective with a

linear current–voltage relation and reversal potential>30 mV (Hu and Lewin 2006;

Lechner et al. 2009). The RA-type current was not blocked by ruthinium red, but

displays much slowed kinetics in the presence of benzamil, a broad range ENaC/

Deg family channel blocker (Hu and Lewin 2006). The slowly adapting current is

found exclusively in nociceptors, is a nonselective conductance, and appears much

later in the development of sensory neurons (Hu and Lewin 2006; Lechner
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et al. 2009; Hu et al. 2010). There is now solid evidence that mechanosensitive

currents found in cultured sensory neurons are indeed the in vitro counterparts of

the transduction current in vivo. Thus manipulations that abolish or reduce the

activity of mechanosensitive currents in vitro, such as removal of the essential

mechanotransduction protein STOML3 or toxin-mediated block of these channels,

also block mechanosensitivity in vivo (Drew et al. 2007; Wetzel et al. 2007; Hu

et al. 2010). Agents that sensitize C-fibers in vivo, such as high concentrations of

ATP, also rapidly and selectively sensitize the RA- and IA-type currents found in

nociceptors (Lechner and Lewin 2009). Thus, within a few seconds of activation of

the Gq-coupled P2Y2 receptors by UTP or ATP, the amplitude of RA-type and

IA-type currents was elevated and the inactivation time slowed so that each

mechanical stimulus evoked a larger charge transfer through transduction channels.

This effect leads to a clear increase in mechanically evoked action potential firing

both in vitro and in vivo (Lechner and Lewin 2009). The principal sensitization

mechanism via P2Y2 receptor activation was to increase the charge transfer by

slowing RA- and IA-type current inactivation kinetics; interestingly very similar

effects of exposure to NGF have been reported for mechanosensitive currents in

sensory neurons (Di Castro et al. 2006; Lechner et al. 2009). However, in contrast to

the G-protein-mediated effects of UTP, the NGF effects required several hours to

appear to be mediated by protein kinase C and may be due to the insertion of new

mechanosensitive channels into the membrane (Di Castro et al. 2006). It is of

course difficult to study the detailed molecular mechanism of such effects when

the identities of the mechanosensitive channel(s) are unknown (Fig. 3).

Models of mechanotransduction have been very well developed in the

Caenorhabditis elegans nematode worm model as here most of the molecular
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Fig. 3 Sensitization of mechanotransduction currents. (a) NGF increases the amplitude and slows

the inactivation kinetics of RA- and IA-type currents, reproduced from (Lechner et al. 2009).

(b) illustrates possible signaling cascades that may underlie the sensitization of mechano-

transduction currents. NGF- and bradykinin-induced sensitization requires activation of PKA

and PKC (Di Castro et al. 2006). NGF-induced sensitization was further shown to require

transcription of new channels (Di Castro et al. 2006)
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players have been identified using reverse genetic approaches (Lewin and

Moshourab 2004; Arnadóttir and Chalfie 2010; Poole et al. 2011; Geffeney and

Goodman 2012). Interestingly, in worm touch receptors the ion channel is com-

posed of the MEC-4 and MEC-10 proteins, which are worm orthologs of the acid

sensing ion channels (ASICs, all members of the ENaC/Deg family) and the ASIC

proteins have also been implicated as regulators of mechanosensitivity in sensory

neurons. Thus deletion of the ASIC2 and ASIC3 genes, but not the ASIC1 gene,

leads to clear deficits in the mechanosensitivity of cutaneous mechanoreceptors and

nociceptors (Price et al. 2000, 2001; Page et al. 2004; Moshourab et al. 2013).

However, it appears very unlikely that ASIC subunits are in fact necessary for the

formation of a mechanosensitive current in DRG neurons as these appear unaltered

following ASIC gene deletion (Drew et al. 2004; Lechner et al. 2009). However,

another mec gene identified in C. elegans is the stomatin domain protein MEC-2,

which has at least two functional orthologs in mammals, stomatin and STOML3

(stomatin-like protein 3) (Lapatsina et al. 2012a). Both MEC-2 and STOML3 are

required for the normal function of mechanotransduction in C. elegans and in the

mouse, respectively (O’Hagan et al. 2005; Wetzel et al. 2007; Moshourab

et al. 2013). Mutant mice lacking the Stoml3 gene have severe deficits in mechano-

receptor and nociceptor function in that a large proportion of these cutaneous

sensory neurons are mechanically insensitive. Indeed a much larger proportion of

thinly myelinated nociceptors innervating the hairy skin lack mechanosensitivity in

STOML3 mutant mice, a phenotype that is reminiscent of the mechanically insen-

sitive nociceptors identified in normal human and pig skin (Weidner et al. 1999;

Hirth et al. 2013). Stomatin-domain proteins like STOML3 and stomatin modulate

the proton gating of ASIC2 and ASIC3 proteins and some of the structural motifs of

the stomatin domains required for this modulation were recently identified (Price

et al. 2004; Brand et al. 2012; Lapatsina et al. 2012b). In this context, it is

interesting that deletion of stomatin or stoml3 genes, together with the Asic3 or

Asic2 genes, leads to a dramatic loss of mechanosensitivity in nociceptors, espe-

cially those with thinly myelinated Aδ axons (Moshourab et al. 2013). Although the

ASIC proteins probably do not form part of the mechanotransducer, their presence

or absence together with stomatin-domain proteins in sensory endings could be a

molecular substrate to regulate mechanosensitivity in so-called “silent”

nociceptors. The expression of ASIC proteins in sensory neurons is in fact con-

trolled in part by neurotrophin signaling (Mamet et al. 2002; McIlwrath et al. 2005).

It has been shown that pro-inflammatory mediators, including NGF, are involved in

upregulating ASIC mRNAs and that NGF moderately increases the density of ASIC

currents in cultured sensory neurons (Mamet et al. 2002). At the present time,

however, it is not clear whether the presence of any of the ASIC proteins in the

DRG is required for full-blown NGF-induced hyperalgesia. Acid is itself a potent

activator and modulator of muscle nociceptors (Mense 2009), and ASIC3 proteins

play a prominent role in muscle hyperalgesia (Sluka et al. 2003). In humans it was

recently shown that acid-induced pain is significantly enhanced, even up to 14 days

after a single injection of NGF into the muscle fascia of the back. The time course of

the enhanced acid pain roughly paralleled the course of the mechanical
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hyperalgesia (Deising et al. 2012). The parallel nature of mechanical and acid

hypersensitivity in the muscle fascia model could mean that ASIC3, together with

stomatin-domain proteins (Moshourab et al. 2013), is involved in regulating the

mechanosensitivity of muscle nociceptors, but as yet there is no direct evidence to

support this speculation. It is thought that ASIC3 and TRPV1 are the main ion

channels that drive nociceptor activation after exposure to physiological tissue

acidity observed after inflammation (Smith and Lewin 2009). Recently, we have

shown that acid-evoked depolarization via TRPV1 and ASICs is potently

counteracted by proton inhibition of NaVs, in particular NaV1.7 in nociceptors

(Smith et al. 2011). The inhibition of NaV1.7 in nociceptors from naked mole-rats

is so potent that it can abolish both the acid-induced activation of nociceptors and

the accompanying sensitization of nociceptors to mechanical stimuli (Smith

et al. 2011). Since NGF may also regulate NaV1.7, and its presence can put a

break on acid nociception, it is conceivable that a cell-specific regulation of this

channel might contribute physiological differences between the acid sensitivity of

cutaneous and deep tissue nociceptors.

Recently, two proteins were identified as bona fide stretch-activated ion

channels, Piezo1 and Piezo2, and are widely expressed in both neuronal and

non-neuronal tissues, as well as in sensory neurons (Coste et al. 2010, 2012).

RNAi-mediated knockdown of Piezo2 in sensory neurons has implicated this

stretch-activated channel as contributing to RA-type mechanosensitive currents

(Coste et al. 2010). However, Piezo2 currents are nonselective and when measured

in N2a neuroblastoma cells they are blocked by ruthenium red, both features not

matching those of native sensory neuron RA currents (Hu and Lewin 2006; Lechner

et al. 2009; Coste et al. 2010). Genetic evidence that Piezo1 or 2 are pore-forming

mechanotransduction channels in sensory neurons is, however, still lacking.

There is a highly controversial literature on the possible involvement of the

mustard oil-activated Trp channel TRPA1 in mechanotransduction (Patel

et al. 2010; Nilius et al. 2012). The TRPA1 channel undoubtedly plays an important

role governing the chemosensitivity of nociceptive afferents and is required for

normal inflammatory pain behaviors in mice (Bautista et al. 2006; Kwan et al. 2006;

Macpherson et al. 2007; McNamara et al. 2007). Recent studies have implicated

TRPA1 as a contributor to mechanosensitive conductances found in sensory

neurons (Vilceanu and Stucky 2010; Brierley et al. 2011); however, although

these studies show a diminution of mechanosensitive channel activity, it is very

difficult to differentiate between direct and indirect effects of TRPA1 gene deletion

or pharmacological blockade. This is especially the case for TRPA1 which is a

calcium-permeable ion channel, which itself can also be activated by the elevation

of intracellular calcium (Zurborg et al. 2007). Thus, since mechanosensitive

channels are calcium permeable it is possible that ion fluxes generated by trans-

ducing currents could be rapidly amplified by activating TRPA1 channels (Brierley

et al. 2011). Similarly to ASIC proteins there is some evidence that TRPA1

channels are regulated by NGF availability (Malin et al. 2011), and deletion of

the TRPA1 gene leads to complex changes in the mechanosensitivity of identified

C-fiber afferents innervating the hairy skin (Kwan et al. 2009). There is solid
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pharmacological evidence that TRPA1 blockade can prevent the moderate sensiti-

zation of C-fibers to suprathreshold mechanical stimulation following complete

Freund’s adjuvant inflammation (Lennertz et al. 2012). However, it is unclear if the

presence of TRPA1 channels is required for NGF-induced mechanical

hyperalgesia.

6 Cell Biology of Long-Lasting Sensitization Induced by NGF

The cell biology of DRG sensory neurons is unusual; these neurons accomplish two

fundamentally different tasks at their central and peripheral endings that are

separated by an enormous distance. Synaptic transmission and precise connectivity

are established at the spinal cord end and transduction is accomplished at

specialized endings in the periphery. In between, located about two-thirds of the

distance between these points is the cell body, which must provide specialized

proteins, membranes, and organelles that are sometimes differentially distributed

between the peripheral and central branch (Garcı́a-Añoveros et al. 2001). The

retrograde and local signal transduction events initiated by NGF have been studied

for decades and it is clear that NGF can exert some effects locally in the periphery

and many effects are transported and propagated to the cell body via the so-called

signaling endosome (Campenot and MacInnis 2004). However, in the periphery of

sensory axons there exists a robust and stable transduction apparatus equipped to

transduce mechanical signals in different ways in different sensory subtypes.

Indeed, there are now examples of ion channel proteins that are specifically targeted

to the peripheral endings of specific mechanoreceptor types, e.g., the potassium

channel KCNQ4 in rapidly adapting mechanoreceptors (Heidenreich et al. 2012).

How is this exquisite spatial and functional segregation achieved? The transport of

proteins involved in the transduction and transformation of sensory signals at the

peripheral endings of sensory neurons is very poorly understood, but represents a

clear potential target for NGF modulation of afferent mechanosensitivity. Since

STOML3 is the only protein known to participate directly in fast mechano-

transduction it was of interest to examine how this membrane protein is trafficked

within sensory neurons. We found that STOML3 is localized to a highly mobile and

molecularly distinct transport vesicle within cultured sensory neuron axons

(Lapatsina et al. 2012b). These vesicles are capable of co-transporting the related

stomatin-domain protein, stomatin, together with each of the ASIC family members

found in the DRG. Members of the Rab GTPase family of protein are involved in

controlling the organization and identity of different membranous compartments

within cells and neurons. For example, the Rab5 and Rab7 proteins are localized to

signaling endosomes that are thought to retrogradely transport neurotrophin signals

from the periphery to the cell body (Deinhardt et al. 2006). Interestingly, the

STOML3 containing vesicles are not part of the signaling endosome pool as they

are Rab5 negative, but are Rab11 positive. Rab11-positive vesicles have been

characterized as composing a slowly recycling endocytic compartment and may

be transported predominantly anterogradely in sensory neurons (Ascaño et al. 2009;
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Eva et al. 2010). Indeed gain- or loss-of-function Rab11 mutants radically change

vesicle behavior, but these compartments still contain STOML3 (Lapatsina

et al. 2012b). The STOML3 vesicle is obviously enriched in proteins that are

destined to function in transduction at the peripheral endings of sensory neurons

and so we have proposed to name these vesicles “transducosomes.” Indeed

uncoupling of the “transducosome” from microtubules leads to rapid incorporation

into the plasma membrane with an accompanying increase in acid-gated currents

(Lapatsina et al. 2012b). Ex vivo recordings from sensory afferents innervating the

skin have demonstrated that transduction of mechanical stimuli at the peripheral

endings of sensory neurons is very stable for many hours in the absence of a

connection to the cell body. Indeed early nerve injury experiments provided

evidence that anterogradely transported proteins are first incorporated into cut

endings to confer mechanosensitivity at a speed which is consistent with their

transport distally via fast axonal transport (Koschorke et al. 1994). The stability

of the transduction complexes at sensory endings is likely to be a function of three

main factors: the number of “transducosomes” that arrive per unit of time, the

propensity of such vesicles to fuse with the membrane and deliver functional

transduction proteins, and finally the stability of existing transduction complexes.

If this model is correct it is obvious that the ability of a sensory neuron to become

sensitized to mechanical stimuli or indeed to become newly mechanically sensitive

can be regulated at the levels of vesicle transport, fusion, or endocytosis of or

recovery of spent transduction complexes. It is clear from the time course of fast

mechanical hyperalgesia (hours) that local action of NGF might regulate the steps

outlined above, but the molecular details are still completely unclear. Long-lasting

mechanical hyperalgesia could be sustained by signals that are carried by signaling

endosomes to initiate a cell body response, which may or may not include new gene

expression, but would change the transduction process via the transport of novel,

perhaps modulatory, subunits to the mechanotransducer. We recently identified a

large extracellular tether protein that appears to be required for efficient and fast

transduction in mechanoreceptors and many nociceptors (Hu et al. 2010). It is

obvious that the transport of this protein could provide a way to “unsilence”

nociceptors, but this hypothesis can only be tested once the identity of this protein

is known.

7 The NGF Nexus of Pain

It is clear that NGF elevation that accompanies inflammation initiates a complex

series of events, some of which are local and fast and others are global and long

lasting. Anti-NGF therapy is remarkably effective in a broad variety of pain

conditions ranging from muscle pain to bone cancer pain (Mantyh et al. 2010,

2011; Jimenez-Andrade et al. 2011). This remarkable efficacy of anti-NGF proba-

bly arises through the broad range of molecular events that are set into motion by

elevated NGF levels in a variety of different tissues. In this review we have

concentrated on molecular targets in the sensory innervation of skin and skeletal
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muscle, but there is now abundant evidence that NGF may influence post-

inflammatory events in other deep tissues. It follows that the diverse molecular

changes initiated by NGF all serve to promote hyperalgesia, and we have discussed

many individual examples in this review. Although both heat and mechanical

hyperalgesia may be sustained, at least in part by synaptic changes in the spinal

cord, there is increasing evidence that peripheral mechanisms that are very long

lasting could also be specific targets of NGF signaling. For example, sensory

mechanotransduction itself may be controlled by NGF signaling in a cell-specific

manner. The molecular dissection of such effects will depend on identifying more

of the key molecular players in mechanotransduction. It should also be noted that

more knowledge on the downstream targets of NGF could eventually lead to the

development of next generation pharmaceuticals that target these downstream

players directly without the need to alter NGF availability.
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Arnadóttir J, Chalfie M (2010) Eukaryotic mechanosensitive channels. Annu Rev Biophys 39:

111–137

Ascaño M, Richmond A, Borden P, Kuruvilla R (2009) Axonal targeting of Trk receptors via

transcytosis regulates sensitivity to neurotrophin responses. J Neurosci 29:11674–11685

Balkowiec A, Katz DM (2000) Activity-dependent release of endogenous brain-derived

neurotrophic factor from primary sensory neurons detected by ELISA in situ. J Neurosci 20:

7417–7423

Baloh RH, Enomoto H, Johnson EM Jr, Milbrandt J (2000) The GDNF family ligands and

receptors – implications for neural development. Curr Opin Neurobiol 10:103–110

Bautista DM, Jordt S-E, Nikai T, Tsuruda PR, Read AJ, Poblete J, Yamoah EN, Basbaum AI,

Julius D (2006) TRPA1 mediates the inflammatory actions of environmental irritants and

proalgesic agents. Cell 124:1269–1282

Nerve Growth Factor and Nociception: From Experimental Embryology to New. . . 273



Bergmann I, Reiter R, Toyka KV, Koltzenburg M (1998) Nerve growth factor evokes hyperalgesia

in mice lacking the low-affinity neurotrophin receptor p75. Neurosci Lett 255:87–90

Bespalov MM, Saarma M (2007) GDNF family receptor complexes are emerging drug targets.

Trends Pharmacol Sci 28:68–74

Bishop T, Ballard A, Holmes H, Young AR, McMahon SB (2009) Ultraviolet-B induced inflam-

mation of human skin: characterisation and comparison with traditional models of

hyperalgesia. Eur J Pain 13:524–532

Bishop T, Marchand F, Young AR, Lewin GR, McMahon SB (2010) Ultraviolet-B-induced

mechanical hyperalgesia: a role for peripheral sensitisation. Pain 150:141–152
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