
Nerve growth factor (NGF) was discovered in the

1950s by Levi�Montalcini and Hamburger, who described

it as a trophic factor for sympathetic adrenergic and some

sensory neurons. NGF was found to affect the survival

and development of these neurons, as well as neurite

growth (Fig. 1) [1�3]. NGF deprivation of sympathetic

ganglia leads to their degeneration and massive death of

neurons [4]. NGF belongs to the neurotrophin family

that also includes brain�derived neurotrophic factor

(BDNF), neurotrophin�3 (NT3), and neurotrophin�4/5

(NT4/5). The NGF molecule is composed of two identi�

cal 13�kDa polypeptide chains (118 amino acids each)

with N�terminal serine and C�terminal arginine residues.

The nucleotide sequences of mammalian NGF genes are

highly homologous [5], which characterizes NGF as an

evolutionarily conserved protein.

The trophic activity of NGF is mediated through its

interactions with TrkA and p75 receptors [6, 7]. In

humans, the gene coding for the NGF precursor is locat�

ed on chromosome 1. Mature NGF is formed from its

precursor by proteolytic cleavage [8]. The precursor

(proNGF) is synthesized as a monomer that can be either

secreted into the extracellular space or processed into

mature NGF inside the cell [9]. It is now believed that

dysfunctions in NGF extracellular metabolism can lead

to accelerated degradation of the mature NGF molecule

in Alzheimer’s disease (AD) [10].

The highest levels of NGF were found in the sub�

mandibular glands of Swiss�Webster male mice, where it

is synthesized as a complex composed of three types of

subunits. The β�subunits are solely responsible for the

biological activity of NGF. The γ�subunit is an active ser�

ine proteinase capable of processing the precursor form of

β�NGF, whereas α�NGF is an inactive proteinase. In the

brain, relatively high NGF levels were found in the basal

forebrain [11] and regions innervated by the basal fore�

brain cholinergic neurons (hippocampus, cortex) [11,

12]. However, NGF mRNA was found only in the cortex
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Abstract—Neuronal plastic rearrangements during the development and functioning of neurons are largely regulated by

trophic factors, including nerve growth factor (NGF). NGF is also involved in the pathogenesis of Alzheimer’s disease. In

the brain, NGF is produced in structures innervated by basal forebrain cholinergic neurons and retrogradely transported

along the axons to the bodies of cholinergic neurons. NGF is essential for normal development and functioning of the basal

forebrain; it affects formation of the dendritic tree and modulates the activities of choline acetyltransferase and acetyl�

cholinesterase in basal forebrain neurons. The trophic effect of NGF is mediated through its interactions with TrkA and p75

receptors. Experimental and clinical studies have shown that brain levels of NGF are altered in various pathologies.

However, the therapeutic use of NGF is limited by its poor ability to penetrate the blood–brain barrier, adverse side effects

that are due to the pleiotropic action of this factor, and the possibility of immune response to NGF. For this reason, the

development of gene therapy methods for treating NGF deficit�associated pathologies is of particular interest. Another

approach is creation of low molecular weight NGF mimetics that would interact with the corresponding receptors and dis�

play high biological activity but be free of the unfavorable effects of NGF.
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and the hippocampus [13]. Together with the fact that

after injection into the cortex labeled NGF is transported

to the cholinergic neurons in the nucleus basalis region

[14], these data confirm that NGF is synthesized in the

structures innervated by cholinergic neurons and then

retrogradely transported via axons to the neurons’ bodies

of the septum, nuclei of the vertical and horizontal limbs

of the diagonal band of Broca, and nucleus basalis of

Meynert [15, 16], i.e. structures involved in cognition,

learning, and memory [17]. It was found that the age�

associated decline in cognitive abilities is accompanied by

a decrease in the levels of choline acetyltransferase

(ChAT), an enzyme that synthesizes acetylcholine in the

cortex and hippocampus, and by a loss of cholinergic

neurons in basal nuclei [18]. These changes are especial�

ly pronounced in AD patients, who display progressive

neurodegeneration resulting in the loss of memory and

cognitive functions.

NGF IN THE BRAIN

During postnatal development, the time courses of

NGF and ChAT in rat hippocampus correlate, including

the most rapid increase between P12 and P14 paralleled

by a rapid increase in the levels of ChAT and acetyl�

cholinesterase (AChE) in the septum (Fig. 2) [19].

According to Auburger et al. [20], these changes are also

closely reflected by a peak increase in the NGF concen�

tration in the septum [20]. The concentrations of NGF

and ChAT in this structure then decrease during the fol�

lowing days [19, 20].

The distribution of NGF�binding neurons resembles

the distribution of cholinergic neurons in the basal fore�

brain [21], where NGF receptors and ChAT colocalize by

92% [22]. This confirms the importance of NGF for the

functioning of cholinergic neurons in the basal forebrain.

As mentioned above, the trophic activity of NGF is medi�

ated by its interaction with TrkA and p75 receptors.

Coexpression of these two receptors could potentially

increase cell response to NGF. Each of the receptors

binds NGF independently and with predominately low

affinity (Kd = 10–9 M); however, when coexpressed, they

produce a high�affinity NGF�binding site (Kd = 10–11 M).

It was suggested that the transmembrane and cytoplasmic

domains of TrkA and p75 participate in the formation of

the high�affinity site via p75�induced changes in TrkA

conformation [7].

Fig. 1. NGF stimulated nerve fiber growth in cultured spinal ganglion from an 18�day�old rat embryo (phase�contrast microscopy): a) con�

trol; b) NGF. Scale, 500 μm.

a b

Fig. 2. Activities of ChAT (1) (right y�axis) and AChE (2) (left y�

axis) in the developing rat septum; x�axis, days of embryonic (E)

and postnatal (P) development; y�axis, enzyme activity, nmol

acetylcholine/mg protein per minute [19].
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NGF REGULATES ACTIVITY

AND SURVIVAL OF BASAL FOREBRAIN

CHOLINERGIC NEURONS

Numerous experiments with animals have shown

that NGF is essential for the normal development and

functioning of the cholinergic nuclei of the basal fore�

brain. According to the commonly accepted classification

based on human brain studies, the basal forebrain

includes substantia innominata, vertical diagonal band

nucleus, medial septal nucleus, horizontal diagonal band

nucleus, and nucleus basalis of Meynert. Note that in rats

the nucleus basalis is less developed than in humans and

consists of a small group of large multipolar cholinergic

neurons. Hippocampus, olfactory bulbs, and neocortex

are innervated targets for neurons of the basal forebrain

[23].

In normally developing postnatal rat brain, basal

forebrain neurons undergo considerable plastic

rearrangements that include progressive increase in the

cross�sectional cell body area and the number and length

of primary dendrites that peak at P18 and thereafter

decrease to smaller adult values [24]. NGF that is retro�

gradely transported from the innervated targets is

extremely important for the survival of forebrain cholin�

ergic neurons. NGF injection into brain ventricles of

newborn rats within the first postnatal week elevates the

ChAT activity in the septum, hippocampus, and neocor�

tex by 78, 30, and 70%, respectively [25]. Disruption of a

single allele of the NGF gene in transgenic animals

(NGF+/–) results in atrophy of septal cholinergic neurons

accompanied by memory and learning deficits [26]. The

survival and functioning of basal forebrain cholinergic

neurons in adults also depend on NGF. Deterioration of

the septo�hippocampal connections disturbs NGF trans�

port to septal neurons, which in turn reduces the number

of cholinergic neurons [27]. NGF injection into brain

ventricles of rats with septo�hippocampal pathway lesions

prevents both the lesion�induced loss of cholinergic neu�

rons [28] and the decrease in the ChAT and AChT activ�

ities in the septum and the hippocampus [27].

Discontinuation of chronic NGF treatment results in the

restoration of degenerative processes in the basal fore�

brain [29]. However, these negative changes are

reversible. Thus, delayed treatment with NGF three

weeks after lesion induction induced a dramatic reap�

pearance of the apparently lost ChAT�expressing neurons

[30]. Blockade of endogenous NGF in the hippocampus

of adult rats with antibodies significantly reduces hip�

pocampal long�term potentiation and impaired retention

of spatial memory [31].

Neurodegenerative changes in the basal forebrain

accumulate in the course of normal biological aging.

Thus, the number [32] and size [32, 33] of cholinergic

neurons decrease in aging rats, as well as the levels of key

enzymes of acetylcholine synthesis and degradation

(ChAT and AChT) in these neurons [34]. In human

brain, aging is accompanied by the loss of cholinergic

neurons in the nucleus basalis of Meynert [35]. In con�

trast to “healthy aging”, AD causes progressive cognitive

impairments, degradation of synapses, and considerable

loss of neurons in the cholinergic basal nuclei, cortical

areas innervated by these neurons, and in the cerebellum

[36, 37]. Although degenerative changes of basal fore�

brain cholinergic nuclei are observed during normal aging

as well, basal forebrain atrophy is much more pronounced

in AD patients [38]. The massive death of neurons in AD

brain causes disintegration of connections between vari�

ous brain regions and deterioration of brain functions,

while in “healthy aging” brain, the loss of brain connec�

tions and the associated cognitive decline are partially

compensated by delocalization of brain activities, i.e.

involvement of additional brain structures in cognitive

processes [39, 40].

The hypothesis of deterioration of NGF trophic sup�

port of basal forebrain cholinergic neurons in AD, as well

as the possibility of therapeutic use of NGF, are support�

ed by data obtained for transgenic AD11 mice expressing

neutralizing anti�NGF antibodies after birth [41].

Chronic NGF deprivation results in cholinergic deficit,

loss of neurons and synapses, accumulation of extra� and

intracellular β�amyloid peptide, formation of neurofibril�

lary tangles in hippocampus, synaptic plasticity decline,

memory loss, and long�term potentiation impairments in

the neocortex [42�44]. Intranasal application of NGF in

AD11 mice prevents memory loss, cholinergic signaling

deficit, β�amyloid accumulation, and tau�protein hyper�

phosphorylation [45].

According to current concepts on NGF neurotroph�

ic activities, NGF prevents AD by suppressing hyperpro�

duction of β�amyloid peptide [46].

NGF�INDUCED PLASTIC REARRANGEMENTS

OF BASAL FOREBRAIN CHOLINERGIC

NEURONS in vitro

Experiments with nerve tissue cultures convincingly

demonstrated that NGF is essential for plastic rearrange�

ments of cultured basal forebrain cholinergic neurons

during their differentiation. Organotypic septal cultures

treated with NGF displayed elevated ChAT activity [47].

NGF also increased 2.5�fold the number of ChAT�posi�

tive septo�hippocampal projections in cocultures of rat

septal and hippocampal explants [47, 48]. Similar results

were obtained in dissociated septal cell cultures in which

the presence of NGF in the culture medium caused

dose�dependent elevation in ChAT and AChE levels [27,

49]. Interestingly, the increase in activity of these

enzymes was more pronounced when the neurons were

cocultured with glial cells. When the content of glial cells

in the neuronal cultures was low, the effect of NGF was



294 ISAEV et al.

BIOCHEMISTRY  (Moscow)   Vol.  82   No.  3   2017

less noticeable. Computer image analysis revealed that

NGF stimulates the growth of cell bodies of cultured rat

septal cholinergic neurons, especially at the early stages

of culturing (week 1) (Fig. 3). The cell body cross�area of

control neurons averaged 167 ± 6 μm2, while in the

NGF�treated neurons, this parameter reached 230 ±

10 μm2 (Fig. 3) [50]. The NGF�induced increase in the

body size was also observed upon longer in vitro neuron

culturing (up to 14 days) [51]. By this time, the popula�

tion of septal cholinergic neurons formed a well�devel�

oped dendritic network and contained easily distin�

guished two�, three�, and four�dendrite neurons (Fig. 4).

The effect of NGF on neuron body size was more pro�

nounced in multipolar AChE�positive neurons than in

bipolar neurons (Fig. 5) [51]. In addition, NGF signifi�

cantly increased the number of AChE� and ChAT�posi�

tive cells in dissociated cultures of septal cholinergic neu�

rons [52�54]. Brain ontogenesis results in the formation

of a complex dendritic network of septal cholinergic neu�

rons [24]. It is possible that the number of dendrites and

their arborization are regulated by NGF, because an

increase in the number of septal cholinergic neurons cor�

relates with elevation in the NGF content in the hip�

pocampus, which is a target for septal neuron innervation

[20, 24]. This suggestion is confirmed by the fact that in

chick embryo septal cell cultures, NGF increases the per�

centage content of multipolar AChE�positive neurons

and decreases the percentage content of bipolar neurons

compared to the control (Fig. 6) [54]. Also, NGF

increases the total length of dendrites, dendritic territory

(area occupied by dendrites), and dendrite arborization,

i.e. affects parameters that characterize the extent of den�

dritic network development [55]. NGF also increases the

total length of neurites (both axons and dendrites) of sep�

Fig. 3. NGF increases cell body size of neurons in septal cell cultures from 18�day�old rat embryos after 7 days of culturing: a, b) controls; c,

d) NGF. Cells were fixed and stained histochemically for acetylcholinesterase. Scale, 20 μm.

a b

c d
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tal cholinergic neurons [53]. These data demonstrate that

NGF shifts the population of cholinergic neurons in the

basal forebrain septal dissociated cultures toward the for�

mation of neurons with a developed dendritic network.

This might occur due to NGF�induced increase in the

number and length of primary dendrites of cholinergic

neurons or to better survival of multipolar neurons,

because these neurons are extremely dependent on NGF.

Septal cholinergic neurons undergo similar plastic

rearrangements in vivo in the course of brain ontogenesis

[24].

Although cholinergic neurons of nucleus basalis of

Meynert are larger and more branched than septal neu�

rons, the number of studies on the effects of NGF on

these cells is insignificant, because nucleus basalis of

Meynert does not have distinct borders. Experiments with

cell cultures from nucleus basalis of Meynert showed that

its cholinergic neurons respond much more weakly to the

presence of NGF in the culture medium than the septal

neurons do; in nucleus basalis neurons, NGF increases

AChE activity but does not cause elongation of the neu�

rites [52, 54].

Fig. 4. Neurons in septal cell cultures obtained from 18�day�old rat embryos after 14 days of culturing: a) bipolar two�dendrite neuron; b) mul�

tipolar three�dendrite neuron; c) multipolar four�dendrite neuron. The cells were fixed and stained histochemically for acetylcholinesterase.

Scale, 20 μm.

Fig. 5. Effect of NGF on cell body size of AChE�positive neurons in cell cultures obtained from 18�19�day�old rat embryos after 14 days of

culturing. Gray and white sectors, cell body size of neurons incubated in the presence or absence of NGF, respectively. II, two�dendrite neu�

rons; III, three�dendrite neurons; IV, four�dendrite neurons.

a b c

μm2 μm2 μm2
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LOW MOLECULAR WEIGHT NGF MIMETICS

AND GENE THERAPY AS APPROACHES

TO TREATMENT OF NEURODEGENERATIVE

PATHOLOGIES RELATED TO NGF DEFICIT

IN THE BRAIN

NGF is involved in the growth, differentiation�asso�

ciated plastic rearrangements, and survival of neurons in

the central and peripheral nervous systems, both in healthy

and diseased organisms. Experimental and clinical stud�

ies have demonstrated that the NGF content in the brain

changes in various pathologies [56�58]. However, thera�

peutic application of NGF is hindered by the low perme�

ability of the blood–brain barrier for this protein, the pos�

sibility of immune response, and adverse side effects that

are due to the pleiotropic action of NGF. So far, all clin�

ical and experimental efforts to use NGF for preventing

pathological processes caused by brain trauma or AD

have failed [59�61]. However, direct injection of NGF

into brain structures in animal models of ischemic stroke

reduced neurological deficit, infarct volume, neural cell

apoptosis, and expressions of caspase�3 [62]. Therefore,

design and synthesis of low molecular weight mimetics

capable of interacting with neurotropic factor receptors

would be a promising approach to the regulation of the

activity of these factors in the central nervous system [63,

64].

Non�peptide NGF mimetics that act as TrkA recep�

tor agonists have been developed in several studies [65�

67]. These mimetics could support survival and stimulate

differentiation of serum�depleted PC12 cells and cells of

dorsal root ganglia and promote survival of cultured hip�

pocampal cells in medium depleted of NGF with anti�

NGF antibodies [65]. The NGF mimetic D3 reversed

aged�related cognitive impairments in rats and prevented

the loss of cholinergic synapses, decrease in cell body size

of cholinergic neurons, and decline in ChAT activity in

cortex and basal forebrain [68]. In transgenic mice

expressing precursor of the mutant β�amyloid peptide,

D3 significantly improved learning and short�term mem�

ory and ameliorated the mutation�associated elevation of

soluble β�amyloid content in the cortex [69]. The biolog�

ical activity of NGF peptide mimetics NL1L4 and L1L4

was similar to that of NGF. They induced differentiation

of chicken dorsal root ganglia and stimulated tyrosine

phosphorylation of TrkA receptor. In addition, L1L4

induced neuronal differentiation of PC12 cells. L1L4

reduced neuropathic behavior and restored neuronal

function in a rat model of peripheral neuropathic pain in

vivo, thereby suggesting a potential therapeutic role for

this NGF peptidomimetic [70].

Another low molecular weight mimetic of NGF is

the GK�2 peptide synthesized at the Zakusov Research

Institute of Pharmacology. The structure of GK�2 (bis�

(N�succinyl�glutamyl�lysine)hexamethylenediamide) is

based on the structure of the NGF fourth loop β�turn.

GK�2 activates TrkA and PI3K/Akt, but not MAPK/Erk

[71]. Unlike full�size NGF, GK�2 easily penetrates the

blood–brain barrier and causes no typical NGF side

effects, such as hyperalgesia and weight loss. Neuropro�

tective properties of GK�2 have been demonstrated in

PC12 and HT22 cell cultures and in primary cultures of

rat cerebellar and hippocampal neurons subjected to

oxidative stress and glutamate neurotoxicity [72�74].

Fig. 6. Effect of NGF on percentage content of AChE�positive neurons in septal cell cultures from 18�day�old rat embryos after 14 days of

culturing: II) two�dendrite neurons; III) three�dendrite neurons; IV) four�dendrite neurons. a) Control; b) NGF.

a b
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Note that GK�2 did not induce differentiation of cultured

rat embryo spinal ganglia. Unlike NGF, GK�2 did not

stimulate neurite growth in these ganglia; however, it sig�

nificantly increased the number of ganglia capable of

neurite formation during culturing [74]. Similar proper�

ties were demonstrated earlier for peptides corresponding

to the NGF loop β�turn [75]. GK�2 also exhibited anti�

ischemic properties in various models of brain ischemia

[76�78]. It restored impaired limb motor functions in rats

with focal traumatic brain injury of the cortical motor

area [74] and produced antiparkinsonian effects in animal

models [79]. Unfortunately, there are still no data on the

influence of GK�2 on plastic rearrangements of choliner�

gic neurons in basal ganglia; however, it was found that

GK�2 restored impaired brain cognitive functions in ani�

mal AD models [80]. These data suggest low molecular

weight NGF mimetics as promising agents in AD therapy

[81].

In 2005, Tuszynski et al. performed a phase I trial of

ex vivo NGF gene delivery by implanting autologous

fibroblasts genetically modified with a viral vector to

express human NGF into the basal forebrains of individ�

uals with mild AD [82]. The treated patients demonstrat�

ed enhancement of cognitive functions, increased brain

metabolism, and improved morphology of cholinergic

neurons [82]. Later, brains of the same patients were stud�

ied post mortem. In all the cases, brain neurons responded

to the treatment by increased growth of axons toward the

NGF source despite severe ongoing neurodegenerative

processes [83]. Similarly, surgical implantation of NGF�

producing cells into the basal forebrain of AD patients

improved the cholinergic markers in cerebrospinal fluid

[84].

Another approach to the treatment of NGF deficit�

related disorders that has received wide application dur�

ing the last few years due to the development of viral vec�

tors is direct injection of the vector into the brain [85].

Thus, lentivirus�mediated overexpression of NGF in the

rat hippocampus prevented β�amyloid�induced long�

term potentiation decline [86, 87]. Lentiviral NGF gene

delivery into the basal forebrain in aged non�human pri�

mates reversed age�related neuronal atrophy in these ani�

mals [88].

NGF is synthesized in the brain structures innervat�

ed by the basal forebrain cholinergic neurons and then

transported retrogradely via axons to the bodies of cholin�

ergic neurons. This neurotrophic factor is required for

normal plastic rearrangements during development and

functioning of basal forebrain cholinergic neurons. The

trophic support of developing and mature basal forebrain

cholinergic neurons by NGF maintains the required

number of these neurons, stabilizes the levels of activity of

key enzymes of acetylcholine synthesis, and affects the

extent of connection between cholinergic neurons and

innervated targets. The levels of NGF in brain structures

change in various pathologies, such as AD, ischemia, and

brain trauma. However, therapeutic application of NGF

is restricted due to the low permeability of the blood–

brain barrier for this protein, the possibility of immune

response against NGF, and adverse side effects resulting

from the pleiotropic action of this factor. For this reason,

development of low molecular weight NGF mimetics that

would be able to interact with the corresponding recep�

tors and have high biological activity but lack negative

properties of the native NGF is of particular interest.

Another promising approach is the use of gene therapy for

delivery of neuroprotective compounds to damaged brain

regions.
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