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Abstract

Nerve growth factor (NGF) is widely recognized as a target-derived factor responsible for the
survival and maintenance of the phenotype of specific subsets of peripheral neurons and basal
forebrain cholinergic nuclei during development and maturation. Other NGF-responsive cells are
now known to belong to the hemopoietic-immune system and to populations in the brain
involved in neuroendocrine functions. The concentration of NGF is elevated in a number of
inflammatory and autoimmune states in conjunction with increased accumulation of mast cells.
Mast cells and NGF appear to be involved in neuroimmune interactions and tissue inflammation.
Mast cells themselves are capable of producing and responding to NGF, suggesting that alter-
ations in mast cell behavior may trigger maladaptive neuroimmune tissue responses, including
those of an autoimmune nature. Moreover, NGF exerts a modulatory role on sensory nociceptive
nerve physiology in the adult, and appears to correlate with hyperalgesic phenomena occurring
in tissue inflammation. NGF can thus be viewed as a multifactorial modulator of neuroimmune-
endocrine functions.

Index Entries: Nerve growth factor; neurotrophin; neuroimmune; mast cells; inflammation;
hyperalgesia; pain; autoimmune disease.

Introduction

Neurotrophic polypeptides critically influ-
ence developmental events in the nervous sys-
tem, ranging from naturally occurring cell

death to differentiation and process out-
growth. Nerve growth factor (NGF) is clearly
the best-characterized neurotrophic protein. It
acts on sympathetic and neural crest-derived
sensory neurons (1), and is also present in the
central nervous system (CNS) where it serves
a trophic function in the development and
maintenance of basal forebrain cholinergic
neurons (2).
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Considerable evidence has accumulated
over the last decade to indicate that the actions
of NGF extend far beyond “classical” effects on
cells of the nervous system, to encompass a
role for this molecule in the interplay between
the nervous, immune, and endocrine systems.
Additional NGF-responsive cells are now
known to include lymphocytes (3), mast cells
(4), eosinophils (5), other ectodermal-derived
cells such as keratinocytes and melanocytes
(6,7), and cellular elements of the endocrine
system (8). Expression of the signal-transduc-
ing NGF receptor TrkA (9) on cells of the ner-
vous, immune, and endocrine systems (3,9,10)
further strengthens the notion that NGF is a
key player in interaction among these three
systems. The following article will first briefly
summarize NGF and neurotrophin biology,
and then review findings that lend credence to
the concept of NGF as a mediator of neuroim-
mune-endocrine functions.

Biology of the Neurotrophins

NGF was discovered almost 50 years ago as
a diffusable substance capable of inducing
neurite outgrowth in explants from sympa-
thetic and sensory ganglia (1). NGF is the pro-
totypic neurotrophin that defines the
properties and functions of this class of growth
factors. There are two unique features of the
actions of NGF on neurons as opposed to those
of growth factors on other types of cells. First,
NGF regulates functions of differentiated neu-
rons, i.e., growth as opposed to proliferation.
Second, NGF is synthesized at a considerable
distance from the cell body by peripheral tis-
sues or other neurons (referred to as targets)
that are contacted by axons of the NGF-sensi-
tive neurons. In the periphery, the tissue
sources of NGF (and other neurotrophic fac-
tors) are typically non-neuronal cells, whereas
in the CNS they are synthesized predomi-
nantly by neurons under physiological condi-
tions (11). During development, a retrograde
flow of NGF is established, transporting NGF
from the target into the nerve terminal and up

the axon to the cell body (12). Those neurons
that establish this flow survive the period of
neuronal cell death, while those that do not,
degenerate. Once the retrograde flow of NGF
is established, it must continue for the lifetime
of the neuron to develop and maintain the
functional differentiated state of the neuron
(13). If the supply of NGF to the target is aug-
mented, some of the neurons that would nor-
mally die are rescued (14). Recent studies on
the expression and actions of the NGF family
indicate that, in addition to target-derived fac-
tor acquistion, autocrine and nontarget-
derived paracrine modes of factor presentation
are likely to be important (15).

The generality of the phenomenon of pro-
grammed cell death after target deprivation
(axotomy) has suggested that most neurons
respond to and are regulated by neurotrophic
factors (16,17). This hypothesis was validated
by the subsequent isolation of a second neu-
rotrophic factor, designated brain-derived neu-
rotrophic factor (BDNF), capable of supporting
the survival of sensory but not sympathetic
neurons (18). Molecular cloning of the BDNF
gene (19) revealed its structural similarity to
NGF, leading to the concept of the neu-
rotrophin family. Using a homology cloning
approach rather that protein purification, two
additional members, neurotrophin-3 (NT-3)
and neurotrophin-4/5 (NT-4/5) were later
identified (15,20,21). NGF, BDNF, NT-3, and
NT-4/5 share approx 50% sequence identity
(22) and have been found in a wide range of
vertebrates, from cartilaginous fish to mam-
mals. The regions of sequence similarity and
variation are clustered, indicating probable
sections of structural and functional impor-
tance (21). A given neurotrophin can address
distinct, as well as partially overlapping, neu-
ronal subsets. More recently, two novel neu-
rotrophins from the platyfish and carp have
been cloned and designated neurotrophin-6
(23) and neurotrophin-7 (24), respectively. In
addition to the neurotrophins, a number of
other polypeptide growth factors have been
shown to possess neurotrophic activities, but
will not be discussed here.



Diversity is also apparent in the receptors
activated by neurotrophic factors. For exam-
ple, the neurotrophins interact with two
classes of transmembrane glycoproteins on
responsive cells: protein tyrosine kinase-type
receptors (members of the Trk family) and a
smaller binding protein (distantly related to
the tumour necrosis factor (TNF) and CD40
receptors) containing a short cytoplasmic tail
of unknown function: the p75 low-affinity
NGF or neurotrophin receptor, p75LNTR (9).
The specific biological activities of the four
neurotrophins on peripheral and central neu-
rons, to some extent, correlate with their selec-
tive interaction with the different members of
the Trk family of receptors. Thus TrkA, which
is a receptor for NGF, has been found in NGF-
responsive neuroal cells, including sympa-
thetic neurons, small spinal sensory neurons of
the dorsal root ganglion, and basal forebrain
cholingergic neurons. TrkB is a receptor for
BDNF and NT-4/5, and it is widely expressed
in the peripheral nervous system (PNS) and
CNS, including nodose ganglion sensory neu-
rons and spinal-cord motor neurons. Similarly,
TrkC expression has been demonstrated in
cells that are responsive to NT-3, including
large spinal sensory neurons, motor neurons,
and the noradrenergic neurons of the locus
coeruleus. Nevertheless, some crosstalk may
occur; in the case of NT-3, TrkA and TrkB
receptors can also be activated, albeit to a
lesser extent (9,25). Further documenting
receptor diversity, a number of isoforms of
TrkB and TrkC exist that lack the tyrosine
kinase domain or contain inserts in the intra-
cellular domain that influence signaling
(15,25). In contrast, p75LNTR binds all neu-
rotrophins with similar affinities (26), but does
not seem to be a functional neurotrophic recep-
tor in the absence of a Trk receptor. It is
nonetheless important for the developing ner-
vous system because mice bearing a null muta-
tion in the p75LNTR gene have decreased pain
sensitivity and cutaneous innervation (27), and
sensory neurons cultured from these mice are
less sensitive to NGF than are wild-type neu-
rons (28). How p75LNTR specifically enhances

the neuronal survival response to NGF is not
understood, although it may cooperate with
Trk receptors to increase the affinity of neu-
rotrophin binding and/or signaling efficiency
(29–32).

NGF and Immune Cell Function

NGF displays biological activities in a vari-
ety of cells outside the nervous system and is
produced by a broad range of cell types not
normally considered targets for innervation by
NGF-dependent neurons, including cells of the
immune-hematopoietic lineage. For example,
NGF stimulates the proliferation of both B and
T lymphocytes (33,34), and the production of
IgM, IgA (33), and IgG4 antibodies (35). Expo-
sure to NGF induces high-affinity interleukin-2
(IL-2) receptors on human peripheral blood
mononuclear cells (36,37) and promotes human
hemopoietic cell growth and proliferation (38).
NGF is also involved in chemotaxis, viability,
and functional properties of human polymor-
phonuclear neutrophils in vitro (39,40) and in
vivo (41), and in the differentiation of thymic
stromal nonlymphoid cells (42). Additionally,
NGF induces shape changes in platelets
(43,44), accelerates wound healing (41), and
acts as an autocrine survival factor for mem-
ory B lymphocytes (45). These effects of NGF
are consistent with findings that human
monocytes (46), activated CD4+ T-cell clones
(47,48), and lymphocytes (49,50) express TrkA.
These latter cells also elaborate biologically
NGF, suggesting possible autocrine or
paracrine actions of this neurotrophic factor in
the development and regulation of immune-
cell responses.

Mast cells were the first cells of immune lin-
eage to be identified as a target for NGF, both in
vivo (51) and in vitro (52). Neonatal rats given
daily injections of NGF showed a massive mast-
cell hyperplasia involving connective tissue
mast cells in several peripheral tissues (51), an
effect later extended also to mucosal mast cells
(53,54). In addition, anti-NGF antibodies reduce
rat peritoneal mast-cell numbers (55). These
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data suggest a specific and direct NGF effect on
the differentiation and maturation of mast cells
and/or their precursors and are supported by
the fact that NGF can induce the development
of connective tissue mast cells from mouse
bone-marrow cells (56) and from spleen cells of
newborn rats treated with NGF (57). Interest-
ingly, NGF appears to act as a cofactor with IL-3
in the development of basophils or mast cells
from human umbilical-cord blood cells (58), and
can induce mast cell-marker expression in the
latter cell cultures (59).

NGF is an extremely potent degranulating
agent for cultured rat peritoneal mast cells in
the presence of phosphatidylserine or its lyso
derivative (60,61). By itself, NGF at physiologi-
cal concentrations is a very poor secretagogue
for rat peritoneal mast cells, while markedly
enhancing antigen or other secretagogue-
induced histamine release from such cells (62).
NGF may thus act as an immunomodulator in
the inflammatory response by regulating
mediator release from mast cells. Among the
neurotrophin family NGF is unique in regulat-
ing basophil functions, having a very similar
sensitising or priming effect on histamine
release in mature human basophils (63). In
keeping with such findings, subcutaneous
injection of NGF produces plasma extravasa-
tion (64), a response consistent with histamine
release caused or facilitated by NGF. Human
blood basophils express functional TrkA (but
not TrkB and TrkC) receptors that do not
require the participation of p75LNTR (65). NGF
expression by mast cells could thus constitute
an important link between mast-cell activation
and basophil function in the late-phase allergic
reactions.

Rat peritoneal mast cell express TrkA, but
not other members of the Trk family or
p75LNTR (4), and synthesize, store, and release
biologically active NGF (66). Both the human
mast-cell line HMC-1 and cultured human
mast cells express functional TrkA and pro-
duce active NGF (67,68); HMC-1 cells express
also TrkB and TrkC full-length proteins, while
human lung mast cells express mRNAs for all
Trks (68). In addition, HMC-1 cells express

mRNAs for NGF, BDNF, and neurotrophin-3
(NT-3), whereas NGF and BDNF transcripts
were detectable in human umbilical-cord
blood mast-cell preparations (68). Rat mast
cells contain immunoreactive NGF, NT-3, and
NT-4/5, but no BDNF, and release active NGF
and NT-4/5 (but no NT-3) upon degranulation
(69). Thus, NGF and other neurotrophins
appear capable of affecting mast cell-mediator
release, possibly in an autocrine or paracrine
fashion. A survival-promoting effect of NGF
on rat peritoneal mast cells in vitro may
involve prevention of an apoptotic death
mechanism (70–72) through Trk activation, in
analogy to neuronal rescue by NGF. The
actions of NGF on immune cell functions are
summarized in Table 1.

Locally produced NGF may play an impor-
tant role in mast-cell accumulation in allergic
and nonallergic inflammatory conditions,
given recent evidence that NGF may function
as a chemoattractant for mast cells through

186 Skaper

Molecular Neurobiology Volume 24, 2001

Table 1
NGF Responsive Cells of the 

Immune-Hematopoietic Lineage

Cell type NGF response References

Mast cells Maturation, survival, (51–62,
degranulation, 66–73)
chemoattraction 
(NGF source)

Basophils Activation (63,65)
Lymphocytes Proliferation, anti- (33–35,

body production 47–49)
(NGF source)

Peripheral blood II-2 receptor (36,37)
mononuclear expression
cells

Hemopoietic Growth, (38)
cells differentiation

Polymorpho- Chemotaxis, viability, (39–41)
nuclear phagocytosis
neutrophils

Platelets Shape change (43,44)
Memory B Autocrine survival (45)

lymphocytes factor



both mitogen-activated protein kinase (MAPK)
and phosphatidylinositol 3-kinase signaling
pathways (73). NGF modifies the expression of
inflammatory cytokines by mast cells via a
prostanoid-dependent mechanism (74), sug-
gesting a role for prostanoid production in the
regulation of local inflammatory responses and
neuronal degeneration after tissue injury
involving induction of NGF production.

NGF and Endocrine-Nervous 
System Interaction
NGF appears to take part in the regulation of

neuronal and non-neuronal cell populations
involved in the control of specific neuroen-
docrine functions (75) and in the acquistion of
male and female reproductive capacity (76,77).
For example, the hypothalamic content of NGF
and its gene increase following stressful events
(78), while the genes encoding NGF and its
receptor are expressed in the developing
female hypothalamus (79). Biologically active
NGF is also found in the rat pituitary (80), is
present in both mammotroph and somato-
mammotroph cells (10), and its release from
the pituitary appears to be under neuronal
control (81). Transgenic mice overexpressing
the NGF gene in lactotrophs showed a marked
hyperplasia of this cell type and the ability to
release NGF (82). Thyroid and parathyroid
glands of the rat express NGF mRNA and pre-
cursor NGF protein (83). NGF stimulates the
pituitary-adrenocortical axis, enhancing the
secretion of adrenocorticotrophic hormone and
the concentration of plasma glucocorticoids
(84), an effect probably mediated through the
hypothalamus (85). Plasma NGF levels in
women during labor and lactation are
increased compared with the concentrations
found at term or in controls (86), a time when
plasma levels of the neurohypophyseal hor-
mone oxytocin are high. Administration of
oxytocin to female rats significantly raised
hypothalamic NGF content (86). Upon activa-
tion of Trk, NGF directs the differentiation of
GH3 cells, a clonal line related to bipotential

somatomammotrophs from a prevalent
growth hormone-secreting somatotroph phe-
notype to prolactin producing lactotrophs (87),
at the same time suppressing the tumorigenic-
ity of human prolactinomas in vivo and in
vitro (88). NGF may also be present in the pitu-
itary in a stored form and secreted into the cir-
culation in vivo (80). This appears to be likely
since cell lines of pituitary origin, when trans-
fected with the NGF gene via a replication-
defective retroviral vector, are able to store
mature β-NGF in secretory granules and to
release it upon stimulation (89). Together, the
data support a physiological role for NGF dur-
ing pituitary development.

Fetal rats exposed to NGF antibodies are
reported to display marked neuroendocrine
deficits postnatally (90). Such offspring not
unexpectedly have severely atrophied sympa-
thetic and sensory ganglia, but also much
smaller thyroids among endocrine organs. Dele-
terious effects of autoimmune NGF deprivation
have also been described in rabbits and guinea
pigs (91). Maternal exposure to NGF antibodies
during fetal development causes, in newborn
pups, loss of body weight, sensory deficits, and
lethality (92,93). Exposure to NGF antibodies
during the postnatal period perhaps inactivates
endogenous NGF in neuroendocrine structures,
thereby causing a widespread neuroendocrine
immune-deficiency syndrome. The studies cited
here, which point to a modulatory role for NGF
in the hypothalamo-pituitary-adrenal axis,
would support such a notion. Interestingly, nat-
ural autoantibodies to NGF have been detected
in the sera of some patients with autoimmune
diseases (94). This topic will be discussed in a
later section.

Circulating NGF and Stress

NGF is produced and stored in large
amounts in the submaxillary salivary glands of
adult male mice (1), although the biological
significance of this is not fully understood.
Snake venom (95) and salivary gland of the
African rat Mastomys natalensis (96) also con-
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tain large quantities of NGF. Aggressive inter-
actions with conspecifics is accompanied by a
massive release of NGF into the bloodstream
(97) and, if this type of behavior is prolonged,
by hypertrophy of cortical and medullary
components of the adrenal gland. Intermale
aggressive behavior also induces a large increase
in the levels of mRNA for NGF and NGF pro-
tein in the hypothalamus (78). Serum levels of
NGF appeared to correlate positively with the
number of fighting episodes in a mouse pair
(97). The ability of NGF to elicit hypertrophy of
the adrenal gland and enhanced functional
activity of the medullar and cortical sections of
this gland suggests this organ to be the most
likely target of NGF (98). NGF levels in serum
consistently reach higher peaks in the subordi-
nate rather than in the dominant partner (98),
suggesting that NGF discharge from salivary
gland to bloodstream is a combination of
aggressive behavior and anxiety, which would
be expected to be more acute in the subordi-
nate mouse. Release of NGF produced by psy-
chosocial stress is not mimicked by physical
stresses. Levels of NGF in the blood increase in
humans both prior to and after psychologically
stressful and anxious situations, while serum
levels of II-1, TNF-α, cortisol, and adrenocorti-
cotrophic hormone are not modified (99). As
mentioned earlier, physiological concentra-
tions of NGF do not appear to activate mast
cells and basophils directly but rather modu-
late their threshold to other triggering stimuli.
Thus, circulating NGF could be viewed as a
general alert signal used by the brain in set-
tings of stress and anxiety to “prime” the
immune system towards noxious inputs.

NGF, Inflammation, and Mast Cells

Mast cells are a heterogeneous immune-
effector cell type found in connective tissues
throughout the body, occur adjacent to blood
and lymphatic vessels, and are concentrated
beneath mucosal surfaces (100). Morphological
and functional mast cell-neuron interactions in
vitro and in vivo have been documented (101),

where they are found within the PNS and CNS
(102). For example, mast cells are active in the
thalamus in basal conditions and NGF has the
potential to elicit long-lasting degranulation of
thalamic mast cells in vivo, exerting a direct
effect and/or priming these cells to react to
endogenous stimuli (103). Mast cells represent
critical effector cells in allergic diseases and
other IgE-dependent responses (100). Nervous
and immunological mediators such as neu-
ropeptides or IgE can affect the state of mast-
cell activation (104). Activated mast cells are
capable of secreting an enormous array of
cytokines and other inflammatory mediators
(100,105). Mast cells may thus be important
messengers between the nervous, endocrine,
and immune systems (106,107). In addition to
being immediate affector cells in immediate
hypersensitivity reactions, mast cells appear to
be involved in other pathophysiological
processes including delayed-type hypersensi-
tivity, wound healing, fibrosis, and disorders
of an inflammatory nature (100,105,108).

Altered mast-cell numbers or phenotype, as
well as mast-cell overactivity, may underlie
dysfunctional nervous-immune system interac-
tions. Increased mast-cell numbers have been
reported in a variety of immunoinflammatory
conditions. Mast-cell numbers are elevated in
the derma of patients with early systemic scle-
rosis (109) and in the synovium of rats with
rheumatoid synovitis (110). NGF was increased
in the dermas (109) and synovium (110) in the
latter instances. NGF synthesis and release is
dysregulated in the upper airways of patients
with allergic rhinitis (111), with increased circu-
lating levels of the protein in humans with
allergic diseases and asthma (112,113). An
increase in NGF content and nerve-fiber
sprouting in human allergic contact eczema has
been described (114), and this may have a func-
tional impact on skin-associated immune cells,
in particular mast cells. Both mast cells and
NGF have been implicated also in inflamma-
tory bowel disease (115), Hirschsprung’s dis-
ease and intestinal neuronal dysplasia (116),
human immunodeficiency virus (117), and
myeloproliferative pathologies (118). A correla-
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tion between mast cells and NGF may exist in
certain inflammatory diseases, given that NGF
is known to cause mast-cell activation and pro-
liferation. IgE receptor-mediated release of
NGF by human mast cells further strengthens a
link between NGF and mast cells in allergic
inflammation (119).

Mast cells produce and respond to a variety
of cytokines (105). Cytokines involved in
inflammation and immune responses, such as
IL-1β and TNF-α, are strong inducers of NGF
synthesis (120), and differences in tissue
cytokine and NGF expression may provide a
positive feedback loop for autocrine/paracrine
regulation of mast-cell properties. NGF accu-
mulation in acute inflammatory exudates has
widely been attributed to cellular infiltrates or
to upregulation of NGF expression. The rapid
appearance and level of NGF accumulation in
rat skin-blister fluid (121), however, seems
more in line with NGF being released from res-
ident tissue cells containing stores of the pro-
tein. Remodeling of intestinal mucosal nerve
fibers during intestinal inflammation follows
changes in mast-cell density (122). Mast-cells
and sympathetic neurons from contacts (123),
proposing the existence of chemotactic NGF-
like gradients between mast cell and nerve
ending. The mast cell could thus represent a
readily available source of NGF.

Autoimmune Diseases, NGF, 
and Mast Cells

The etiology and cellular mechanisms under-
lying autoimmune diseases remain largely to be
defined. Presumed autoimmune disorders like
multiple sclerosis (MS) (124), irritable bowel
disease, and interstitial cystisis seem to occur
with greater frequency in females (125), sug-
gesting a possible hormonal component in the
pathophysiology. In MS, plaques in human
brain tissue contain mast cells (104,126). Mast
cells secrete pro-inflammatory cytokines in
response to myelin basic protein (127), a major
suspected immunogen in MS, which also
induces peripheral (128) and central (129)

demyelination. Prolonged mast-cell stimulation
can damage cultured CNS neurons by the
release of mast-cell cytokines, which in turn
induce astroglial nitric oxide synthase (127).
Mast cells, probably originating from the neural
crest, have been identified intracranially (130),
where they show a strict perivascular location
(129) and where they secrete vasoactive amines
in response to mediators (131). Interestingly,
estradiol and myelin basic protein are reported
to act synergistically in triggering mast-cell acti-
vation (132). The endogenous immune-
response system of the brain may also
participate in exacerbating the fundamental
pathology of Alzheimer’s disease, apparently
without stimulation by peripheral inflamma-
tory mediators or the peripheral immune sys-
tem (133). A strong inflammatory response
might be autotoxic to neurons (127). A role for
mast cells in Alzheimer’s disease, however,
remains highly speculative.

MS is accompanied by penetration of blood-
borne immune cells within brain parenchyma
and subsequent destruction of myelin. T-lym-
phocytes and monocytes are clearly involved
in cellular infiltrates in areas of demyelination
(134,135) and have a role in experimental aller-
gic encephalomyelitis (136) and experimental
allergic neuritis. Mast cells also have been
reported in MS plaques (137,138), and are acti-
vated during experimental allergic neuritis
(139). There is some evidence to suggest that a
delayed T-cell response may depend on early
release of mast-cell mediators (140) and that T-
cell products can cause mast-cell activation
(141). Mast cells themselves appear capable of
presenting antigen in a major histocamp-atibil-
ity complex class II-restricted manner (142).
Conceivably, myelin basic protein from
demyelinated axons could provoke mast-cell
degranulation, leading to a feed-forward reac-
tion. As lymphocytes and monocytes are NGF-
responsive, NGF released from brain mast cells
could contribute to such a cycle. In this regard,
MS patients are reported to express increased
levels of NGF in cerebrospinal fluid (143).

Mast cells and NGF may also participate in
autoimmune diseases of extraneural origin. In
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the case of rheumatoid arthritis, mast cells
and NGF accumulate in the synovial fluid
(110,144). Increased quantities of NGF are
found in several types of chronic arthritis, in
systemic lupus erythematosus (SLE), and in
mastocytosis (145–151) (see Table 2). Intrasyn-
ovial injection of NGF is reported to induce an
increase in the local distribution of mast cells
(110). Mast cells are frequently found at sites of
tissue inflammation, and their abiltiy to release
substantial amounts of NGF proposes that
these cells may contribute, both acutely and at
later times, to NGF expression in inflammatory
conditions.

Inflammation, Pain, and NGF

A key feature of inflammation is pain and
hyperalgesia. In the periphery, inflammatory
mediators increase the sensitivity of high-
threshold nociceptors so that a lower stimulus
intensity is required to activate them; this is the
phenomenon of peripheral sensitisation (152).
Evidence suggests that, in adult animals, NGF
can induce hyperalgesia, and may be an
endogenous mediator in some persistent pain
states. NGF levels rise markedly in inflamed
tissue (153,154). This increase is secondary to

the increases in levels of cytokines, specifically
the interleukins and TNF-α (155) that are
released from mast cells, phagocytic cells, and
antigen-presenting cells, of the immune sys-
tem. Peripheral administration of NGF in the
adult rat rapidly induces a decrease in the
threshold of nociceptors to heat and mechani-
cal stimuli (156–159) in the absence of p75LNTR

(160), suggesting that the TrkA receptor is suf-
ficient to mediate the acute noxious action of
NGF. Hyperalgesic responses have been
observed in transgenic animals overexpressing
NGF in the skin (161), and increased cutaneous
NGF levels selectively affected the survival
and functional properties of nociceptors (162).
In contrast, genetically modified rodents
expressing antisense NGF mRNA exhibited
hypoalgesia to mechanical stimuli (161). Ani-
mals treated with anti-NGF antibodies (90,154)
or TrKA-IgG fusion proteins (163) showed sub-
stantially reduced sensitivity to noxious
mechanical and thermal stimuli, and neutral-
ization of endogenous NGF prevented the sen-
sitization of nociceptors supplying inflamed
skin (164). Sympathetic postganglionic neu-
rons appear to contribute to thermal hyperal-
gesia (159) but mast cells and sensory neurons
are more likely to be important sites for the
sustained action of NGF in producing
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Table 2
Autoimmune and Other Inflammatory Conditions with NGF Elevation

Condition Species Tissue site References

Multiple sclerosis Human Cerebrospinal fluid (143)
Chronic arthritis (adult, juvenile) Human Synovium, plasma (145,146)
Carrageenan-induced arthritis Rat Synovium (147)
Transgenic TNF-α overexpression (arthritis) Rat Synovium (148)
Rheumatoid synovitis Rat Synovium (110)
Allergic diseases, asthma Human Nasal lavage, plasma (111–113)
Allergic contact eczema Human Skin (114)
Inflammatory bowel disease Human Intestine (115)
Systemic lupus erythematosus Human Serum (149,150)
Systemic sclerosis Human Dermis (109)
Systemic mastocytosis Human Plasma (151)
Carrageenan-induced pleurisy Rat Pleural exudate (121)
Noxious thermal stimulus Rat Skin blister fluid (121)



increased sensitivity associated with tissue
inflammation (165).

The precise mechanism of hyperalgesic
induction by NGF is not clear. High levels of
NGF appear able to strengthen the effects of
both orthodromic and antidromic sensory
synaptic release by modifying amplitude
and/or density of peripheral and central ter-
minal fields, and by increasing peptidergic
transmitter content and reducing the activation
threshold to noxious heat and mechanical
stimuli. The initial, rapid phase of NGF-
induced thermal hyperalgesia seems also to be
periperally mediated by mast cells and to
involve a central glutamatergic receptor-
dependent mechanism (156). NGF-induced
hyperalgesia is qualitatively analogous to that
occurring in tissue inflammation.

In addition to upregulation of peptides in
sensory somata, NGF also upregulates BDNF
in TrKA-positive dorsal-root ganglion neurons
(166). At peripheral terminals another TrkB
agonist, NT-4/5, can sensitize individual sen-
sory afferents to noxious thermal stimulation,
as can BDNF (167). Neurons lacking BDNF

showed a profound and specific reduction in
their mechanical sensitivity; postnatal treat-
ment of BDNF+/– mice with BDNF completely
rescued the mechanosensitivity deficit (168).
The sensitizing action of both of these neu-
rotrophins has also been established in behav-
ioral experiments, where NT-4/5 is more
potent than BDNF (167). Mast-cell depletion
prevents NT-4/5 from eliciting behavioral sen-
sitization (167). Interestingly, TrkB receptors are
known to co-localize with TrkA on some mast
cells (68), and mast cells themselves are capable
of producing and releasing NT-4/5 (69).

Concluding Remarks

NGF emerges as a complex pleiotropic agent
active on an unexpectedly broad array of cell
types and biological functions, something not
envisaged on the basis of earlier work estab-
lishing its trophic role for sensory and sympa-
thetic neurons during development and
adulthood. For example, high levels of NGF
have been detected in the inflammatory exu-
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Fig. 1. NGF as a modulator of nervous system-immune-endocrine interactions. Mast cell-released NGF
could also function in an autocrine manner. Potential actions of mast cell NGF are shown at right.



dates and biological fluids of patients afflicted
with autoimmune diseases. Within this frame-
work, the mast cell can be viewed as a gate-
keeper between the immune and nervous
systems. Mast cells are involved not only in
hypersensitivity but also actively participate in
inflammatory phenomena of various types,
including those of a neurogenic nature. Mast
cells synthesize and release NGF, and NGF
itself has both survival and sensitizing actions
on mast cells. This raises the possibility of
autocrine actions that, if not properly con-
trolled, could have deleterious effects on sur-
rounding tissues and lead to chronic
inflammatory processes, e.g., those present in
pathologies of an autoimmune nature. Thus, it
is now appreciated that neurological dysfunc-
tion can occur not only as a result of neu-
rotrophic factor deficiency but also as a
consequence of excess. An important goal of
future studies will be to more fully understand
the involvement of NGF in disorders resulting
from dysregulation of tissue homeostasis,
which may occur, for example, in chronic
inflammatory diseases like MS.
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