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Abstract: Since its discovery, nerve growth factor (NGF) has long occupied a critical role in devel-
opmental and adult neurobiology for its many important regulatory functions on the survival,
growth and differentiation of nerve cells in the peripheral and central nervous system. NGF is the
first discovered member of a family of neurotrophic factors, collectively indicated as neurotrophins,
(which include brain-derived neurotrophic factor, neurotrophin-3 and neurotrophin 4/5). NGF was
discovered for its action on the survival and differentiation of selected populations of peripheral
neurons. Since then, an enormous number of basic and human studies were undertaken to explore
the role of purified NGF to prevent the death of NGF-receptive cells. These studies revealed that
NGF possesses important therapeutic properties, after topical administration, on human cutaneous
pressure ulcer, corneal ulcers, glaucoma, retinal maculopathy, Retinitis Pigmentosa and in pediatric
optic gliomas and brain traumas. The aim of this review is to present our previous, recent and ongo-
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ing clinical studies on the therapeutic properties of NGF.
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1. INTRODUCTION
1.1. The NGF Discovery and Early Studies

The nerve growth factor (NGF) is the first discovered
member of a family of neurotrophic factors, collectively in-
dicated as neurotrophins, which include brain-derived neu-
rotrophic factor (BDNF), neurotrophin-3 (NT-3) and neu-
rotrophin 4/5 [1]. These factors share significant structural
homologies and derive from a common ancestor gene [2].
Pioneering studies, started in the early 1950°s by R. Levi-
Montalcini on laboratory animals and isolated cells, were
focused on the biological action of NGF [3]. These studies
have demonstrated the protective action of NGF not only in
the survival of degenerating peripheral nerve cells, but also
in the regulation of neurotransmitters and neuropeptides syn-
thesis of sympathetic and sensory nerve cells [4, 5]. In vivo
down-regulation of NGF, through the administration of
NGF-antibodies or by peripheral nerve lesion causes a
marked decrease in Substance P (SP) and Calcitonin-Gene
Related Peptide (CGRP) synthesis [6, 7]. Indeed, both SP and
CGRP gene expression are regulated by NGF [8], and their
depletion, subsequent to NGF down-regulation, is parallel to
the impairment in sensory perceptions, i.e. those described in
diabetic neuropathy [9]. Exogenous NGF administration
influences neuronal plasticity that allows the adult nervous
system to modify its structure and functions in response to
stimuli [10]. Moreover, it was also demonstrated that the
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constitutive synthesis of NGF in adult tissues correlates with
peripheral nervous system (PNS) neurons phenotypic fea-
tures, such as innervation density, cell body size, axonal ter-
minal sprouting, dendritic growth, induction and/or inhibi-
tion of neuropeptides and neurotransmitters or transmitter-
producing enzymes [11-14].

NGF exerts its action on the growth and survival of pe-
ripheral sensory and sympathetic neurons and on a number
of brain neurons, particularly basal forebrain cholinergic
neurons (BFCN) that are among the major NGF-target cells
within the central nervous system (CNS) [4, 15, 16]. NGF,
initially believed to act only on the growth and differentia-
tion of peripheral sympathetic and sensory neurons, was
found to interact with a number of other target cells within
the nervous system as well as extra-neuronal targets (Table 1),
such as mast cells, T and B lymphocytes, granulocytes,
monocytes, keratinocytes, endothelial cells, hormones-
secretory cells in the reproductive system [5, 17-20]. The
NGF action on cells belonging to the immune and endocrine
systems, suggests that the neurotrophin exert a modulatory
role on neuro-immuno-endocrine mechanisms of vital impor-
tance in the regulation of homeostatic processes [21]. Ac-
cordingly, it has been shown that circulating and brain NGF
levels undergo significant variations after exposure to stress-
ful events, both in animal models and in humans [22].

In the 1970’s, the existence of a NGF precursor
(proNGF), was described as the product of the Ngf gene ex-
pression [23]. ProNGF is a polypeptide almost double the
size of NGF, that includes a pro-region at the N-terminal and
the so called “mature” NGF as a 118-120 aminoacid-long C-
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Table 1. NGF-responsive cells in the neuroendocrine and immune systems.
Cell/Tissue Type Functions Regulated by NGF Refs.
(Neuro) Endocrine system
Pituitary Possible regulation of corticotropes and laFtotropes. functions. Hormones secretion from the [4.15]
neural and intermediate lobes.
Adrenal Medulla Catecholamine production [101, 132]
Testis (Leydig cells, Sertoli cells) Steroid production, spermatogenesis [113]
Ovary (Theca and Granulosa cells) Steroid production, follicle maturation, ovulation [39-41]

Immune system

Mast Cells

Monocytes

Granulocytes

Lymphocytes

Survival, Differentiation, Cytokine production, maturation, degranulation, chemotaxis, vi-

L . [21]
ability, phagocytosis.

terminal portion [24]. ProNGF in the mouse is produced in
two main protein variants (proNGF-A and proNGF-B), dif-
fering for the presence (proNGF-A) or the absence (proNGF-
B) of a 66 aminoacid tail at the N-terminal portion of the
pre-protein [25]. This murine proNGF is a product of the
translation of different mRNA splicing variants [26] and/or
the activation of at least two different pharmacologically
active promoters [27]. A relevant novelty introduced in the
NGF “saga” by studies carried out in the last twenty years, is
that both proNGF and NGF can be retrogradely transported
along neuronal processes toward the cell soma [28] and that
proNGF has both neurotoxic and neurotrophic activities,
depending on the different receptors challenged [29, 30]. The
neurotrophic biological activity of NGF is mediated by two
distinct receptors: the tropomyosin receptor kinase/tyrosine
receptors kinase A (TrkA) and the p75 neurotrophin receptor
(p75NTR), a member of the tumor necrosis factor receptor
superfamily [31-33], while proNGF can activate both the
TrkA and a p75NTR-Sortilin receptor complex, respectively
eliciting neurotrophic or pro-apoptotic signaling [29, 30].

2. NGF AND CENTRAL NERVOUS SYSTEM

Within the CNS, the greatest amount of NGF is produced
in the cortex, hippocampus and pituitary gland, although
significant quantities of this neurotrophin are also produced
in other areas, including the basal ganglia, thalamus, spinal
cord and retina [34]. The first study suggesting the presence
of NGF and/or its receptors in the CNS was published in
1984 [35]. Subsequent investigations demonstrated that NGF
administration directly into the brain can be transported to
the BFCN neurons, where it can improve experimentally-
induced cholinergic dysfunctions [16, 35]. NGF regulates the
development and the phenotypic maintenance of cholinergic
neurons in the basal forebrain [16, 36] and the striatum [37,
38], as well as of noradrenergic neurons in the hypothalamus
[39, 40]. Because the degeneration of BFCN and the decline
of cognitive abilities are hallmarks of the Alzheimer’s dis-
ease (AD) [41, 42], it was hypothesized that NGF might be

of therapeutic value for AD patients. Indeed, based on these
evidences, possible clinical application for NGF in neurode-
generative diseases as AD and Parkinson disease (PD) has
been proposed and verified earlier [43, 44].

2.1. NGF and Neurological Diseases

The history of clinical trials on NGF started in the early
1990’s, when, supported by laboratory findings on the role
of NGF on CNS neurons (see below), patients affected by
PD and AD were treated by intracerebroventricular (ICV)
injection of murine NGF [43, 45, 46]. Soon after these early
clinical studies, recombinant human NGF (rhNGF) was de-
veloped and used in a series of large clinical trials on pa-
tients affected by peripheral neuropathies [47-49], where
moderate side effects, such as myalgias and injection site
hyperalgesia, were evidenced in both healthy subjects [50,
51] and in patients affected by diabetic polyneuropathy [47,
48]. The overall relative failure of these trials was mainly
attributed to the low dosage of rhNGF, which was insuffi-
cient to give appreciable therapeutic outcomes due to the
limitations of side effects related to the altered pain percep-
tion [47]. A comprehensive review, resuming the early de-
velopment of NGF-based clinical trials, has been recently
published, with extensive discussion of the successes and
failures in the early pharmacological history of NGF [44]. In
the present review, we will focus on the latest advancements
in the pharmacology of NGF and especially in the experi-
ence of our group in ophthalmological, dermatological and
neurological clinical use of the neurotrophin.

2.2. Alzheimer’s Disease

The synthesis/release of NGF from cortical neurons and
glia as well as NGF-regulated functions in selected neuronal
populations, i.e. the synthesis of acetylcholine in BFCNs,
could be markedly affected in brain neurodegenerative dis-
orders [41, 52], while exogenous administration of NGF was
found to be able to protect degenerating neurons (for a recent
comprehensive review see:[44]). NGF is able to promote the
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survival of BFCN, known to degenerate in age-related disor-
ders (such as AD), leading to the hypothesis that intracere-
bral administration of NGF might reduce or prevent brain
neuronal degeneration of these neurons [44]. Unfortunately,
there is a major difficulty in delivering NGF directly to brain
neurons, due to the poor permeability of NGF to the blood—
brain barrier when injected systemically [53]. Clinical trials
were performed in patients with AD and Parkinson disease
(PD) and published in the 1990s by Swedish scientists [43,
46, 54]. The results showed partial beneficial effects after
ICV administration of NGF by implantable infusion systems,
such as a marked transient increase in uptake and binding of
[''C] -nicotine in the frontal and temporal cortex, a persistent
increase in cortical blood flow, a progressive decrease of
slow wave EEG activity and the improvement of verbal epi-
sodic memory tests. ICV administration of NGF also re-
sulted in some negative side effects, such as reversible
weight loss during the NGF infusion period and the devel-
opment of back pain symptoms after the beginning of ICV
infusion. Such symptoms may reflect the NGF-mediated
hyperactivation of nociceptive transmission system in the
spinal cord [55]. Studies published in the recent years and
carried out on laboratory animals reported that NGF can be
safely delivered into the brain by the olfactory pathway [56-
59] or by ocular administration [60, 61] and the NGF that
reached its target neuron was biologically active. These ob-
servations suggested that both the olfactory and the ocular
pathways might represent promising noninvasive route for
NGF delivery to NGF-responsive brain neurons.

2.3. Brain Traumas

NGF has been preclinically tested in models of traumatic
brain injury (TBI), with positive effects on the neurological
deficits following brain injury [62]. Moreover, NGF levels in
the cerebro-spinal fluid (CSF) of TBI patients have a posi-
tive correlation with neurological outcomes [63]. Two clini-
cal studies used ICV infusion of murine NGF in children
with TBI. In the first study [64] two infants were treated with
NGF infused into the right cerebral ventricle for 10 days
starting 30 days after a hypoxic-ischemic brain injury. It was
detected an improvement in the comatose status, increased
alpha/theta ratio in the EEG, reduction of malacic areas and
improvement, in one child only, of the regional cerebral per-
fusion in right temporal and occipital cortices, as measured
by SPECT. In a further study [65], 2 infants affected by hy-
poxic-ischemic brain damage, were treated with NGF ICV
infusion, starting 4 months after TBI. Again an improvement
in EEG and SPECT parameters was detected with a con-
comitant increase of doublecortin, a protein expressed by
newly formed neurons, in the CSF. Thus, it was demon-
strated that NGF displayed a potential in the treatment of
TBI secondary to hypoxic-ischemic brain insult. A recent
case-report, showed the outcome of intranasal NGF delivery
in a patient with a severe traumatic TBI was reported [66].
Intranasal NGF improved PET/CT, SPECT/CT and MRI
assessments, EEG and Visual Evoked Potential and clinical
conditions. The authors did not report the development of
significant side-effects, despite the treatment with intranasal
NGF (0.1 mg/kg, twice a day for 10 consecutive days) was
repeated 4 times in a period of 6 months. Thus, intranasal
NGF administration appears to be a promising and safe res-
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cuing strategy treatment in children with neurological im-
pairment after TBI.

3. NGF AND EPITHELIAL DISEASES
3.1. Cutaneous Wound Healing

The potential therapeutic role for NGF on cutaneous ul-
cers and lesion was demonstrated in preclinical studies [67],
that hypothesized a potential role for the neurotrophin se-
creted in the saliva on the natural healing process induced by
licking. NGF is produced by keratinocytes [68] and actively
participates in the maintenance of epidermal trophism [69].
NGF treatment in rodents significantly accelerated the rate of
wound healing by promoting wound re-epithelialization, the
formation of granulation tissue, collagen production and ac-
celerating fibroblast migration [70].

Topical NGF exerted a healing effect on human pressure
ulcers, as demonstrated around the beginning of the new
century [71, 72]. Nineteen patients were treated with daily
topical application of purified murine NGF. It was reported
that NGF accelerated the healing process, in comparison
with patients treated with conventional therapies. The cuta-
neous lesions in the NGF-treated patients displayed a marked
peripheral scar indicating that the healing process was taking
place and that the rate of recovering was not related to the
severity of the ulcer, the age of the patient or the site of the
ulcer [71, 72]. The action of NGF on cutaneous ulcer, was
also assessed in patients affected by chronic vasculitis sec-
ondary to theumatoid arthritis (RA) [73]. The RA-associated
skin ulcers were treated with topical NGF in four patients
that showed a rapid improvement after the first 2—3 weeks of
NGF application. This healing action was followed by a sig-
nificant reduction of local pain and inflammation. Thereaf-
ter, the ulcer improves progressively, reaching complete
healing after eight weeks of NGF treatment [73]. It is worth
noticing that these ulcers did not respond to previously-
applied conventional treatments and were stable or worsen-
ing for a minimum of 1 month before the application of NGF
[73]. Likewise, diabetes-associated leg cutaneous ulcer re-
sponded positively to topical NGF [74]. Even chronic ulcers
with damage extending below the hypodermis and muscle
layers responded to the NGF by healing in a few weeks. The
first clear reduction of the size of the ulcer was noted after 8
weeks of NGF administration, and the follow-up study indi-
cated that the NGF stimulated the proliferation and/or differ-
entiation of local immune cells, blood vessel and even neu-
rite outgrowth.

It is worth noticing that, differently from what reported
for subcutaneous injection of NGF in both healthy [75] and
diseased [76] patients, the application of NGF on the skin
surface did not exert any particular pain or sensitization, as
reported in the studies reviewed in this chapter [71-74]. This
could indicate that topically applied NGF primarily exerts its
activity on cells belonging to the epidermal and dermal tis-
sues (i.e. keratinocytes, fibroblasts) [77, 78] and/or on endo-
thelial cells [20], instead of acting on NGF receptors located
on sensory nerve terminals or on immune cells (such as mast
cells) able to secrete sensitizing peptides with potential noci-
ceptive activity [79]. However, it cannot be excluded that the
topical NGF also contributed to the re-establishment of a
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normal sensory and sympathetic innervation of the damaged
skin, inducing an indirect beneficial effect over the skin tro-
phism, mediated by the action of neuropeptides released
from peripheral nerve terminals [33].

4. NGF AND OCULAR DISORDERS

NGF, TrkA and p75NTR are expressed in the anterior
ocular segment in physiological states [80-82]. NGFmRNA
is expressed in the cornea, iris, ciliary body, and lens [83]
and NGF is normally detectable in the aqueous humor [83].
NGF has also been quantified in human tears, indicating that
the lacrimal gland basally releases NGF, suggesting a role in
the maintenance of the tear film homeostasis [84]. NGF and
its receptors, TrkA and p75NTR, are also expressed by the
rat lacrimal gland tissue [85, 86]. The roles played by NGF
in the homeostasis of the eye and in vision are, therefore,
crucial and have been widely investigated both in vitro and
in vivo [80, 87]. Pharmacodynamic studies showed that NGF
administered as eye drops, affected not only the ocular sur-
face, but was also able to reach the retina, the optic nerve
and the brain [60, 61, 80, 88]. Moreover, in vitro studies
have shown that NGF is produced, released and utilized by
conjunctival cells (both epithelial cells, goblet cells, immune
cells and fibroblasts) [89]. NGF and NGF receptors are also
widely expressed in the central visual pathway (lateral geni-
culate nucleus and visual cortex) as well as in the optic nerve
and retina [90, 91]. It has also been shown that NGF and
NGF receptors are expressed by cells of the posterior seg-
ment, including vitreous and choroid [83, 92], and topical
NGF administration has been shown to modulate the devel-
opment and differentiation of the retina and the optic nerve,
and to promote the survival and recovery of retinal ganglion
cells (RGCs) [10, 93].

4.1. Corneal Ulcers

NGF is produced and released by the corneal cells of
rodents and humans [89, 94], while exogenous NGF admini-
stration has been shown to play a critical role in migration
and proliferation of these cells [80, 94-96]. NGF has gained
attention for the treatment of human patients with chronic
epithelial defects, as topical eye NGF administration restores
corneal integrity in human patients with immune or neu-
rotrophic corneal ulcers [81]. Corneal epithelial cells are
among the most densely innervated cells of the mammalian
organism and alteration of their innervation can cause cor-
neal damages, including the deficit of the ocular surface with
consequent visual impairments [97, 98]. However, the first
clear evidence that NGF exerts such a protective role in hu-
man cornea was published by Lambiase and co-workers who
demonstrated that topical eye NGF administration in humans
affected by corneal neurotrophic keratitis stimulate corneal
healing [81, 95]. The studies demonstrated that the healing
action of NGF was not impaired by the severity of corneal
ulcer, the depth of stromal lesion or by the clinical history of
the patients. The healing action was equally effective and the
eye topical NGF administration induced a complete healing
after three-to-six weeks of treatment, in patients suffering for
corneal ulceration for a mean of 45424 days and unrespon-
sive to the conventional therapies so far administered [81].
Moreover, the NGF topical administration enhanced both
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corneal transparency and tear film production, improving the
visual function [80, 95, 96]. Taken together, these results
indicate that eye topical NGF treatment acts as a pleiotropic
factor for damaged corneal surface through different mecha-
nisms, such as stimulation of corneal innervation and heal-
ing, modulation of corneal stem cells, refining of both stro-
mal and endothelial cells [18, 80, 96]. Moreover, eye NGF
topical administration enhanced tear release in humans and
bulldogs suffering of dry eye, a chronic ocular surface dis-
ease characterized by the impairment of tear film quantity
and/or quality [99, 100]. None of the reviewed studies re-
ported the occurrence of significant side effects, after topical
ocular treatment with NGF. The possible occurrence of un-
pleasant side effects was however specifically addressed in a
study published in 2007 [101], evaluating the effect of topi-
cal treatment with NGF on 11 patients with neurotrophic
keratopathy. All patients had healing of corneal ulcers be-
tween 9 and 43 days after initiation of treatment. The ocular
discomfort, reported as a moderate and tolerable painful sen-
sation, lasted less than an hour after the instillation of eye
drops and then disappeared, even when NGF treatment was
continued after the healing of corneal ulcers. None of the
patients developed systemic symptoms during treatment or
during follow-up. Of note, after an almost 30 years-long
story of NGF clinical trials [8], the first orphan designation
(EU/3/15/1586), a status assigned to a medicine intended for
use against a rare condition (affecting not more than five in
10,000 people in the European Union) or where the medicine
is unlikely to generate sufficient profit to justify research and
development costs, was recently granted by the European
Commission to Dompé Farmaceutici S.p.A., Italy, for re-
combinant human NGF for the treatment of human neurotro-
phic keratitis. Recombinant human nerve growth factor has
then been authorized in the EU as Oxervate since 6 July
2017. The release of EU authorization and the beginning of
commercialization of recombinant human NGF, further con-
firm its safety and efficacy as eye drops in human clinics.

4.2. Glaucoma

Glaucoma, one of the leading causes of blindness world-
wide, is a chronic and progressive optic neuropathy charac-
terized by degeneration of the retinal ganglion cells (RGC)
and loss of axons of the optic nerve with a progressive and
consequent deficit of the peripheral and central visual field
[102]. The main risk factor for the development of this dis-
ease is the elevated intraocular pressure (IOP). However,
despite successful management of ocular hypertension, up to
20% glaucoma patients show progression of visual field de-
fects with RGC and optic nerve degeneration. Thus, an ap-
proach that would involve neuroprotection with exogenous
neurotrophic factors could improve the treatment of this
challenging disease.

Pharmacodynamic studies have shown that NGF eye
drops results in the ability to target the optic nerve and brain
areas such as the basal forebrain [61, 88]. Recently, it has
been demonstrated that murine NGF administered topically
to the eye rescued RGCs from apoptosis in a rat model of
glaucoma [103]. It has also been shown, in humans with ad-
vanced glaucoma, that NGF eye drop treatment induced long
lasting improvements in the visual field, optic nerve function
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as measured by electro-functional parameters, contrast sensi-
tivity, and visual acuity [100]. It was shown, in 1979, that
the retinal cells are receptive to the action of NGF [104].
NGF also induces modification of pre-synaptic elements in
adult visual system [10, 105], which prevents the shift in
ocular dominance distribution of visual cortical neurons,
promotes functional recovery of RGC after ischemia [93],
delays retinal degeneration in rodents with inherited reti-
nopathy [106, 107], reduces retinal damages in rabbits with
ocular hypertension, while injection of antibody against NGF
exacerbate the damaging effect on retinal cells [108]. To-
gether these observations lead to the hypothesis that ocular
NGF administration would protect damaged retinal cells in
glaucomatous patients. Using a rodent model of glaucoma,
induced through injection of hypertonic saline into the epis-
cleral vein, we observed that the levels of NGF and NGF-
receptors in the retina were significantly down regulated,
while eye NGF administration reduced this loss and pro-
moted recovery of damaged RGC [100, 109].

These experimental results supported the testing of NGF
eye-drop administration in three patients suffering of glau-
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coma with progressive visual field defects [100]. The pa-
tients underwent baseline psychosensorial (static perimetry
and foveal contrast sensitivity) and electro functional (pat-
tern lectroretinigram and visual-evoked potentials) tests and
then they were followed weekly during a three-months NGF
treatment. Significantly less RGC loss was observed with
NGF treatment associated with inhibition of cell death by
apoptosis. Patients treated with NGF demonstrated long last-
ing improvements in visual field, optic nerve function, con-
trast sensitivity, and visual acuity. Concomitant investiga-
tions using the same NGF doses and batch in glaucomatous
rabbits (experimental ocular hypertension) indicated that the
NGF treatment exerted neuroprotective effects by reducing
RGC death, as observed through a reduced apoptotic mecha-
nism, in line with the improvement of all visual function
parameters monitored in advanced glaucoma patients [100].

4.3. Retinitis Pigmentosa

In 1990, Faktorovich and coworkers reported that growth
factors might be involved in the protection of retinal cell
degeneration in rodents with retinitis pigmentosa (RP), a

[\
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Fig. (1). Cells in the central and peripheral nervous systems, immune system as well as epithelial and cancer cells, all responsive to NGF,

have been studied as potential targets for a NGF-based pharmacology.
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genetic disorder characterized by the progressive photore-
ceptor degeneration leading to the loss of vision [110]. The
potential therapeutic role of NGF in animal models of RP
was later demonstrated [32, 90, 107]. One of the first indica-
tions of NGF’s ability to protect photoreceptors was pub-
lished in 1996 using the mouse strain C3H, characterized by
the progressive photoreceptor degeneration during early
postnatal life [106]. The authors demonstrated that in-
travitreal NGF administration was able to delay photorecep-
tor degeneration. These observations and the NGF action on
retinal cells were confirmed and extended in the Royal Col-
lege of Surgeon (RCS) rat model, a strain characterized by
autosomal recessive mutation of the retinal dystrophy gene
[111, 112]. Studies carried out in mice and rats affected by
RP showed that topical NGF administration was able to de-
lay photoreceptor degeneration [107]. The protective action
of NGF on RCS photoreceptors was also indicated by find-
ings showing that eye NGF administration enhances both
gene and receptor expression in visual cortex and geniculate
nucleus [90]. Recently, results of clinical trials on RP pa-
tients treated with 10 daily administration of murine NGF as
eye-drops have been published [113]. The study supported
the safety of the use of NGF in RP patients, reporting only a
transient tolerable local corneal irritation as an adverse ef-
fect. As for the efficacy, 3 out of 8 patients reported a sub-
jective feeling of improved visual performance, associated to
a temporary enlargement of the visual field and to improved
macular focal electroretinogram [113].

4.4. Macular Degeneration

Retinal cells are known to express both TrkA and
p75NTR receptors and to be receptive to the action of NGF
[114]. Age-related macular degeneration (ARMD) is a hu-
man ocular pathology characterized by an oval-shaped
highly pigmented yellow spot in the macula (the center of
retina), progressively worsening with age [115]. The effect
of NGF topical application was tested in a 94 years old fe-
male patient with ARMD by several years and unable to re-
spond to all current available therapies and close to complete
vision lost [116]. The visual acuity in this patient was pro-
gressively worsening in spite of previous surgical and phar-
macological treatments. The patient was treated with NGF
eye drops for 6 consecutive months. Weekly clinical exami-
nation revealed the absence of NGF related undesired ef-
fects. Moreover, a clear improvement of visual acuity and of
electro functional parameters was monitored 3 months after
the beginning of the treatment [116].

4.5. Optic Gliomas

At the interface between ophthalmology and neuro-
oncology, optic gliomas (OG) are tumors involving the optic
nerve and optic chiasm, often associated with neurofibroma-
tosis type 1 [117]. The NGF eye-drop delivery has been de-
scribed in patients affected by OGs, [118-120], inducing
improvements in electrophysiological parameters (elec-
troretinographic photopic negative response amplitude and
visual-evoked potentials), effect that were not observed in
placebo-treated patients. Furthermore, visual field worsening
was only observed in placebo-treated patients, while the ma-
jority of NGF-treated subjects showed significant visual field
enlargement [120].
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5. THERAPEUTIC APPROACH TO REGULATE
ENDOGENOUS NGF ACTIVITY

The possibility to use non-pharmacologic approaches,
such as physical therapies, to modulate endogenous NGF
synthesis and activity, has been studied [121, 122]. The main
aim for this unconventional approach was to circumvent the
possible undesired side effects elicited by NGF administra-
tion, obtaining therapeutic outcomes based on the re-
establishment of a correct functionality of the NGF physiol-
ogy. Among different physical therapies, electroacupuncture
(EA) was found to be effective in regulating NGF activity in
a wide spectrum of disease models [123]. EA is a Western
derivative of the traditional Chinese acupuncture (TCA),
using electrical currents delivered through the needles to
generate a selective activation of C-, A-delta- and A-beta
sensory fibers, while in TCA manual stimulation of the nee-
dles activates preferentially an A-delta fibers-mediated re-
sponse [123, 124]. This approach presented several advan-
tages, from a clinical standpoint, mainly because it is easy
and safe to translate into the clinical practice. Both tradi-
tional Chinese acupuncture and EA have been proven effec-
tive for pain management [31, 124] and in a wide spectrum
of diseases, including infections and inflammations, dysfunc-
tion of the autonomic nervous system, peripheral and central
nervous system diseases, metabolic disorders [123, 124],
actually listed in the 1998 NIH Consensus Statement [125].
The neurophysiological correlates of these techniques are
actually subjects of extensive investigations [31, 124, 126,
127]. From a Western perspective, EA is a potent form of
sensory stimulation. It has been suggested that EA, activat-
ing sensory receptors through repetitive muscle contractions,
results in the activation of physiological processes similar to
those resulting from aerobic physical exercise [124]. Both
EA and physical exercise stimulate the release of endoge-
nous opioids, which seems to be essential in the induction of
acupuncture-mediated functional changes of different organ
systems [123, 124]. As for the effects of EA on the modula-
tion of endogenous production and activity of NGF, we ad-
dress the readers to a recent comprehensive review [126].
However, reports relevant to the topic of the present review,
can be briefly summarized as follows. We demonstrated that
EA increased NGF synthesis in the retina of a rat strain af-
fected by an inherited retinopathy, strongly resembling hu-
man Retinitis Pigmentosa [128]. This effect was parallel to a
partial recovery of the retinal normal morphological features
and strongly resemble the effects obtained through a direct
administration of NGF in the same experimental model
[107]. We also applied EA in an experimental model of dia-
betic neuropathy [129], demonstrating that the early increase
of spinal and peripheral NGF, associated with the develop-
ment of thermal hyperalgesia, could be corrected by EA.
Thus, EA was proposed as a possible supporting therapy, to
overcome the hyperalgesic effects of peripheral-injected
NGF [129], such as those reported in clinical trials that stud-
ied the effects of NGF in patients affected by peripheral neu-
ropathies [47, 49]. By modulating NGF and BDNF in the
hippocampus, EA was found to be effective in counteracting
the stress-induced alterations in anxiety-related behavior in
mice and in decreasing hypothalamic NGF [130]. More re-
cently, we found that EA was effective in restoring the dia-
betes-induced impairment in spatial learning and memory, in
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the hippocampal long-term potentiation, in the release of
proNGF from hippocampal cells of diabetic rats [127] and in
the decrease of NGF/proNGF ratio in the brain [131]. We
also demonstrated that the action of EA in the brain of dia-
betic rats was due to its regulatory action on the muscarinic
response to acetylcholine [127], known to regulate endoge-
nous NGF synthesis and release in the brain [132], pointing
at the use of physical therapies, such as acupuncture, as sup-
portive to the studied muscarinic agonists or cholinesterase
inhibitors for the treatment of Alzheimer’s disease [133, 134].

CONCLUSION

NGF might have potential therapeutic properties on pe-
ripheral and central nervous system’s diseases but also on
the visual system and on cutaneous wound healing (Fig. 1)
[44]. As we have reported in this brief review, NGF is now
known to have pharmacological potential, for the treatment
of diseases affecting the anterior and the posterior segment
of the eye, epithelial derangements, central neurodegenera-
tive and traumatic diseases. The results of early trials, de-
spite encouraging, evidenced that the clinical use of NGF
delivered ICV or subcutaneously, could be hampered by the
development of side effects, such as injection site hyperalge-
sia, myalgias and arthralgias [48, 49], linked to the action of
the neurotrophin on the sensory and sympathetic systems
[44]. Nevertheless, the basic and clinical research on NGF
identified novel delivery routes, safest dosages, and widened
the spectrum of diseases that could benefit from NGF-based
therapy. A promising and yet unexplored new field for pos-
sible clinical use of NGF is suggested by the basic studies on
the role of NGF in the regulation of immune system func-
tions [19, 135].

LIST OF ABBREVIATIONS

ARMD = Age-related macular degeneration

AD = Alzheimer’s disease

BFCN = Basal forebrain cholinergic neurons
BDNF = Brain-derived neurotrophic factor
CGRP = Calcitonin-Gene Related Peptide
CNS = Central nervous system

CSF = Cerebro-spinal fluid

EA = Electroacupuncture

ICv = Intra- cerebro-ventricular

NGF = Nerve growth factor

NT-3 = Neurotrophin-3

proNGF = NGF precursor

oG = Optic gliomas

PD = Parkinson disease
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RGC = Retinal ganglion cells
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TBI = Traumatic brain injury
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