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1. Introduction

Nerve growth factor (NGF) is the first neurotrophic factor discovered
in the snake venoms and mouse submaxillary glands in the 1950s. Mouse
NGF is aprotein consisting of 118 amino acids and physiologically
maintains neuronal survival, facilitates neurite outgrowth and stimulates
neuronal differentiation of the basal forebrain cholinergic neurons in
addition to the peripheral sympathetic neurons and neural crest-derived
sensory neurons. NGF is synthesized at the sites innervated by axons of
NGF-responding neurons, taken into the axons from axonal terminals via a
receptor and transported to the cell body in a retrograde fashion. Namely,
NGF is believed to be a typical target tissue-derived neurotrophic factor.
Not only immature neurons but also mature ones continue to respond to
NGF e specially for maintenance of neuronal functions and
neuroptotection.

NGF has more than 50% amino acid sequence homology with each
other and with brain-derived neurotrophic factor (BDNF), neurotrophin
(NT)-3 or NT-4, and they form the neurotrophin family.** Each
neurotrophin binds to a corresponding high affinity receptor, TrkA, TrkB
or TrkC, and shows various neurotrophic actions, however, causes cell
death through a low affinity neurotrophin receptor p75 commonly used in
all neurotrophins.®> Furthermore, it was found that precursor of NGF
(proNGF) is secreted extracellularly, binds as high affinity ligand to p75,
and transduces pleiotropic signals including death signal.* In other words,
NGF is adouble-edged sword to determine the life and death of cells
including neurons, and elucidation of the regulatory mechanisms is
strongly expected to understand the biological significance of NGF.

2. Neuroprotective effect of NGF and neurological diseases

2.1 Alzheimer’s disease:

Basal forebrain cholinergic neural pathway is significantly impaired in
Alzheimer's disease, which correlates with a decrease in memory and
learning ability.> Although it was believed that the action of NGF is
confined to the peripheral nervous system for a while after the discovery,
NGF had been found in the brain and suggested to act as a neurotrophic
factor for basal forebrain cholinergic neurons.® Since attentionn has been
focused on aging earlier in the western society (in the 1980s), Alzheimer's
disease has become a serious social problem. A new treatment method
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utilizing the NGF has been greatly expected. However, there was a need for NGF to be injected into the
brain because NGF cannot pass through the brain-blood barrier. Therefore, only few cases of clinical trials
had been carried out. On the other hand, in a relation of NGF to the pathology, it was suggested that the
"lack of NGF" theory of Alzheimer's disease may be correct. Amount of NGF produced in the cerebral
cortex and hippocampus of patients is increased somewhat, but decreased in the septal area, a transport
destination of NGF through cholinergic neuronal tracts. The axonal transport impaired by the
neurofibrillary tangles and senile plaques may be responsible for alack of NGF trophic for basal
forebrain cholinergic neurons. This impairment leads to degeneration and drop out of the cholinerrgic
neurons and results in reduced memory and learning ability. ProNGF has been reported to be increased
in Alzheimer’s brain.” Therefore, NGF may be concerned with the secondary pathological step of the
disease, though it is not considered as a primary cause of the disease. Cerebrospinal fluid content of
proNGF has recently been expected as a putative biomarker for early Alzheimer's disease.’® Furthermore,
a recent study’ has shown that among 10 patients of Alzheimer’s disease, degenerating neurons in the
brain responded to NGF, and that all patients exhibited a trophic response to NGF in the form of axonal
sprouting toward the NGF source. These observations suggest that administration of NGF is promising
for the treatment of Alzheimer’s diseases.

2.2 Peripheral neuritis:

Diabetes complicated by peripheral neuritis in many cases. Diabetes has been studied in details using the
I-type model. In this model, decrease of NGF level of peripheral tissues is found in parallel with the
decrease of the motor nerve conduction velocity, and peripheral administration of NGF improves the
neuropathic symptoms.’ On the basis of these results, clinical trials for human were carried out, but no
improvement was observed. Neurotrophic factors such as NGF is unlike the hormone over the blood.
The difference of the production site and producing cells is closely related with the physiology. NGF is
transported by diffusion and/or axonal transport in the tissues or organs from the production site to the
action site. Therefore, the method of administration and the administration site must be in line with the
physiology of NGF. Due to its susceptible degradation in the body as a protein, development of stable
low-molecular-weight compounds with the NGF-like activity may be a promising approach. Specifically,
the following activities are required to achieve this approach, 1) stimulatory activity to elicit
physiological NGF production; and 2) NGF-like inducible activity with intracellular signals."" In fact, we
administered low-molecular-weight compounds that promote NGF production, and succeeded in
inhibition of onset and improving the symptoms of the neurological disorders of animal models."***

2.3 Neuropathic pain

When acute inflammation occurs in the peripheral tissues such as skin, expression of NGF is
enhanced there, and nerve growth-associated protein 43 (GAP43) and substance P are enhanced in
dorsal root sensory neurons projecting axons to the inflamed skin. NGF is thought to be involved in the
formation of inflammatory hyperalgesia and tactile hypersensitivity. These actions are inhibited by pre-
injection of NGF antibody into the inflamed tissue."”

NGF synthesis is facilitated by interleukin-1 and various inflammatory mediators produced by
macrophages in inflamed tissues, and the increased NGF is believed to enhance the nociceptive activity
acutely and transiently. On the other hand, refractory chronic neuropathic pain is triggered by the spinal
cord injury and peripheral nerve damage. Similar symptoms caused by chronic compression by ligation
of the sciatic nerve are suppressed by continuous NGF infusion.® Chronic hypersensitivities is thought
to be induced by increasing glutamate release  that causes neuronal death and/or synapse
reconstruction. NGF might inhibit these processes depending on its neurotrophic activity. The
nociceptive actions of NGF have been recognized as side effects when used clinically. Genetically
engineered NGF molecules with proper amino acid displacement are promising because such NGFs
retain the original neurotrophic activity without nociceptive activity."”

3.NGF is a double-edged sword

3.1 TrkA and p75 receptors:

As described above, TrkA, and p75 are high and low affinity type NGF receptors, respectively.’ TrkA
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is a transmembrane receptor with intracellular tyrosine kinase. @ NGF binding to TrkA causes
autophosphorylation of TrkA, and starts intracellular signal transduction. This signal is transmitted to
different 3 signaling cascades such as ras/mitogen-activated protein kinase pathway, the
phosphatidylinositol 3-phosphate kinase pathway and phospholipase C gamma-1 pathway. As a result,
NGF exhibits typical neurotrophic effects, maintenance of neuronal survival and facilitation of neuronal
differentiation including neurite outgrowth.

It has been considered that the high-affinity of TrkA is guaranteed by the interaction with p75,
because TrkA and p75 are coexpressed in particular neurons. However, p75 is structurally belong to the
tumor necrosis factor (TNFa) receptor family, and has been shown to mediate cell death signals as
similar to TNF receptor and Fas antigen. However, as the cell death through p75 is suppressed when
TrkA is coexpressed, survival signal of TrkA is considered to be manifested in preference to cell death-
inducing signal of p75. Therefore, NGF-induced cell death had been regarded only as a special case, i.e., it
takes place in the cells with p75 and without TrkA. However, it has proposed in 2001 that proNGF
induces neuronal cell death through the p75 receptor, and subsequent studies have revealed that the
physiological ligand for p75 is proNGF rather than NGF."® P75 is located on the cell membrane surface in
combination with sortilin, a type I transmembrane protein. ProNGF binds to p75-sortilin complex with
high affinity. Namely, precursor domain binds to p75 and mature domain, to sortilin."” Thus, the paradigm
on NGF signaling has changed greatly over the past decade.

3.2 Physiology of NGF precursor (proNGF)

It had been believed that NGF is synthesized as precursor form in the endoplasmic reticulum and
Golgi apparatus, converted to the active form (mature form) by specific cleavage enzymes such as furin,
and secreted extracellularly as the cleaved mature form. However, following discoveries leads to a new
paradigm, 1) proNGF is secreted from the cells transfected with NGF gene, 2) proNGF content is elevated
in the brain of Alzheimer's disease, 3) proNGF induces cell death of oligodendrocytes in the injury site of
the spinal cord. Namely, proNGF can be secreted out from cells under physiological or particular
pathologic conditions and shows plural biological activities via p75.

Interaction between signals of cell death and survival is complicated. For example, proNGF induces
apoptosis through binding to p75-sortilin complex of cells expressing TrkA, p75 and sortilin. However, if
mature NGF is present, NGF binds to TrkA-p75 complex and generates survival signal to suppress cell
death. Both types of signals seem to compete within the cells.*® Increased proNGF in the brain of
Alzheimer’s disease patients might facilitate cell apoptosis, which will be one of the mechanisms to lead
the pathogenesis of Alzheimer’s disease.

3.3 Involvement of other neurotrophins in apoptosis

BDNF, a member of neurotrophin family other than NGF, is a neurotrophic factor that has variety
functions. BDNF plays roles for differentiation and migration of cells during neural development stages,
and for cell survival and synaptic functions in adulthood.! Similar biological activities of BDNF
precursor (proBDNF) to those of proNGF are reported.”® That is, proBDNF also induces apoptosis via
binding to p75-sortilin complex. How is the balance of mature form to precursor form of neurotrophins
determined? Elucidation of this mechanism is valuable to understand the functions and diseases of
nervous systems at molecular and cellular level, and also gives a lot of tips effective in disease treatment.
Progress of future researches is expected.
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