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Growth factors: potential therapeutic applications in neurology

Growth factors are defined as signalling proteins required
for normal cellular growth and division and, conse-
quently, they are identified as important regulators of
developmental processes. In addition, growth factors
have a number of potentially important clinical applica-
tions, some of which may benefit patients with neurologi-
cal diseases. This potential was appreciated soon after the
purification of nerve growth factor (NGF),' the first
member of this group of molecules to be identified. It
exerts its predominant effects as a trophic agent for
developing sympathetic and sensory neurons,23 and, in
consequence, it was suggested that NGF deficiency
might be relevant to the aetiology of at least one neu-
ronopathy-namely, familial dysautonomia.4 A causal
relation was not, however, established5 and, in the
absence of a clear clinical application for treatment with
NGF, its functional analysis became the exclusive
province of developmental neurobiology for many years.
During this period, three NGF homologues were also
identified-namely, brain derived neurotrophic factor
(BDNF), neurotrophin-3 (NT-3), and neurotrophin-4
(NT-4)6-9; collectively they became known as the neu-
rotrophins and each was shown to exert distinct but over-
lapping activities within the developing peripheral and
central nervous systems. Other growth factors, often ini-
tially identified as having systemic activities, were also
found to exert significant effects within the developing
nervous system.10 Molecules with these activities include
ciliary neurotrophic factor (CNTF)_," leukaemia
inhibitory factor/cholinergic differentiation factor
(LIF/CDF),'2 13 the acidic and basic fibroblast growth
factors (FGF-1 and FGF-2),'4 '5 epidermal growth factor
(EGF),16 and platelet derived growth factor (PDGF).17

In recent years, there has been renewed interest in
determining whether some of these growth factors could
be useful therapeutic agents for the treatment of neuro-
logical diseases. Clinical trials are currently in progress to
determine if they can prevent or protect against neural
cell degeneration. This article explores these potential
uses for growth factors, with emphasis given to the treat-
ment of peripheral neuropathy, motor neuron disease,
Parkinson's disease, Alzheimer's disease, and multiple
sclerosis.

Peripheral neuropathy
Peripheral neuropathy encompasses a large array of
diseases subclassified as either neuronopathies,

axonopathies, or demyelinating neuropathies according
to whether the pathology primarily involves the neuronal
cell body, axon, or Schwann cell, although in many neu-
ropathies a combination of pathologies is manifest.'8 If
growth factors are to prove effective treatments for
peripheral neuropathy, due consideration must be given
to this heterogeneity; for example, growth factors that act
predominantly as mitogens for Schwann cells, such as the
glial growth factors,'920 are unlikely to be beneficial in the
treatment of primary axonopathies. Furthermore, motor,
sensory, and autonomic neurons each require different
combinations of neurotrophic factors for maintenance of
their survival and for axonogenesis.2' It is thus likely that,
ultimately, a number of growth factors will be used in the
treatment of peripheral neuropathy, with the exact thera-
peutic regimen tailored to the specific clinical presenta-
tion. In the meantime, most interest is focusing on the
therapeutic role of growth factors in three discrete clinical
presentations and most of the preliminary studies have
been undertaken with NGF.

Diabetic neuropathy has several manifestations, the
most common being a sensory polyneuropathy of insidi-
ous onset, due to axonal degeneration.22 Neurotrophin
deficiency has been hypothesised to be implicated in the
pathogenesis of diabetic neuropathy,2' and a streptozo-
tocin induced rodent model of diabetic neuropathy
exhibits slowed retrograde axonal transport of NGF in
sciatic and mesenteric nerves.24 25 Although these findings
do not prove a causal association, one rodent study
showed that NGF given three times a week, and immedi-
ately after diabetes was induced with streptozotocin, pre-
vented an increase in the tail flick threshold temperature
over a three month period, suggesting that NGF may
protect against diabetic sensory neuropathy.26 As a result,
a clinical trial to test the efficacy ofNGF as a therapeutic
agent for diabetic sensory neuropathy has been started
(J A Kessler, personal communication). Clearly, how-
ever, there are other important metabolic and vascular
pathogenetic mechanisms involved in this neuropathy,
suggesting that a combination of treatment strategies will
be required to alter its clinical course appreciably.

Neuropathies induced by cytotoxic drugs are poten-
tially well suited to therapeutic intervention with growth
factors because treatment can be coadministered with the
causative agent. This strategy has the potential to prevent
the dose limiting neurotoxicity of some important cyto-
toxic agents. One example is taxol, used in the treatment
of solid tumours such as malignant melanoma and ovar-
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ian carcinoma, which induces a sensory neuropathy27 by
promoting the abnormal assembly of microtubules within
the cytoplasm.28 It has been shown that NGF can induce
coordinate microtubule assembly29 and, consequently, it
might be of use in ameliorating such microtubule associ-
ated pathology.'0 Indeed, animal studies have shown
either prevention or delay of neuropathic changes when
NGF is coadministered with taxol,3'1 vinblastine,'323 and
cisplatin.34 It is postulated that NGF protects against the
microtubule associated pathology in taxol and vinblastine
toxicity but, in the case of cisplatin, the mechanism of
action is unknown. It is now opportune to assess whether
growth factors are also useful in preventing neuropathy
induced by cytotoxic drugs in patients.

Peripheral nerve injuries may also be amenable to
treatment with growth factors. The mRNAs of NGF,
BDNF, CNTF, and LIF/CDF are all increased after
peripheral nerve lesion in animal models, although they
display differing and complex patterns of expression
within Schwann cells around the injury site35-39; NGF,
BDNF, CNTF, and LIF/CDF have all potentiated neu-
ronal survival in neonatal rodent studies after peripheral
nerve lesions.40A4 Detailed studies in the adult, assessing
the degree of peripheral axonal regeneration after treat-
ment with growth factor, need to be conducted before
the potential applicability of this strategy to peripheral
nerve injury can be adequately assessed.

Motor neuron disease
The diseases of the motor system comprise a number of
discrete and often fatal disorders, grouped together
because they share the common pathological process of
progressive motor neuronopathy.45 46 Major insights into
motor neuron cell biology have occurred in recent years
and, in particular, an understanding of the potential role
that specific growth factors play in supporting motor neu-
ron development has been gained. It has been postulated
that these same growth factors might ameliorate the dev-
astating effects of motor neuron disease.
The relevant background studies show that CNTF,

although not required for normal motor neuron develop-
ment,47 supports the in vitro and in vivo survival of super-
fluous motor neurons that would normally die in
embryogenesis, during the period of neuronal model-
ling48-50; CNTF also prevents the degeneration of axo-
tomised motor neurons in the perinatal rodent,5 52 and
attenuates the decline in motor performance and neu-
ropathology of the pmnlpmn mouse.5 52 It remains to be
established, however, if the results seen in the pmn mouse
are relevant to motor neuron disease, as the mouse
exhibits a dying-back axonopathy, rather than primary
neuronal degeneration.53 Nevertheless, it has been
reported that disruption of the CNTF gene results in a
limited but significant degeneration of facial nerve motor
neurons in adult mice, suggesting that CNTF, produced
by Schwann cells,54 plays a part in the maintenance of
rodent motor neurons during postnatal life. By contrast,
CNTF deficiency does not seem to be causally related to
neurological disease in humans, as a recently identified
null mutation of the CNTF gene is equally distributed in
a normal cohort and in patients with neurological dis-
ease.55 This does not preclude a therapeutic role for
exogenous CNTF in pathological states such as motor
neuron disease, and in concordance with this, two inde-
pendent clinical trials, each giving systemic CNTF, have
been established. It is important to note, however, that
analysis of the pharmacokinetics of CNTF emphasises
that its short half life, together with its induction of acute
phase responses in liver, may limit the clinical usefulness
of CNTF given systemically.56

The growth factor LIF has structural similarities to
CNTF and its cognate receptor shares subunits with the
CNTF receptor.57 It is thus not surprising to find that
LIF also promotes the survival of embryonic spinal cord
motor neurons in vitro.5859 It is also retrogradely trans-
ported by motor neurons, especially after injury,'9 and its
mRNA is expressed in muscle during development and
in the distal segments of axotomised adult sciatic
nerves.39 60 In vivo, LIF has been shown to rescue neona-
tal rat motor neurons from death in two independent
axotomy studies.41 61 The systemic administration of LIF
to rodents has, however, led to undesirable side effects,62
suggesting that careful consideration will need to be
given to the dosage and route of administration, if it is to
be clinically useful.

Nerve growth factor does not exert any effect on motor
neurons but other members of the neurotrophin family
do have significant effects and, as such, represent candi-
date therapeutic agents for motor neuron disease. For
example, BDNF, NT-3, and NT-4 all promote the sur-
vival of cultured embryonic rat motor neurons and the
high affinity receptors for these factors, trkB and trkC,
are present on motor neurons, indicating that the neu-
rotrophins act directly on the motor neuron pool.6'64
Furthermore, the mRNAs of BDNF and NT-3 are
expressed by skeletal muscle, both at the time of synapto-
genesis and in the adult, suggesting that they may act
as target derived growth factors for motor neurons in
ViVo.6465 Also, BDNF is retrogradely transported by peri-
natal and adult motor neurons and the expression of
BDNF mRNA in adult animals is upregulated in dener-
vated muscle,4'66 further supporting the hypothesis that it
is important in maintaining motor neuron integrity. Most
importantly, BDNF reduces motor neuron death in
neonatal rats after either facial nerve or sciatic nerve axo-
tomy384363 and, in a murine deletion mutant of trkB,
there is loss of both cranial and spinal motor neurons.67 It
is of particular note, however, that BDNF null mutant
mice do not exhibit a reduction in motor neuron num-
ber,68 raising the possibility that NT-4, which also acts
through the trkB receptor,69 could be responsible for pro-
moting motor neuron survival in vivo.

Factors FGF-2 and FGF-5 have also been shown to
promote the survival and neuritic extension of chick
spinal cord motor neurons.70 In recent studies, however,
neither FGF-1 nor FGF-2 prevented lesion induced
facial motor neuron death in newborn rodents.61 Finally,
insulin like growth factor-1 (IGF-1) has been shown to
be an effective survival factor for rodent motor neurons,
both in vitro and in vivo.61

Clinical trials are proceeding to test the safety and
potential efficacy of BDNF and IGF-1 for the treatment
of patients with motor neuron disease. Preliminary
reports from one of the CNTF trials indicate that there
were serious side effects from treatment, and that a
significant number of these patients had fared worse, as
assessed by loss of muscle strength, than the control
group.71

Parkinson's disease
The characteristic loss of nigral dopaminergic neurons in
Parkinson's disease has stimulated the search for neu-
rotrophic factors that support the survival of dopaminer-
gic neurons in vitro. One such molecule is BDNF, in that
it supports the survival of cultured foetal dopaminergic
neurons.72 The detection ofmRNA for the BDNF recep-
tor in the substantia nigra,7' the isolation of a BDNF like
protein from the striatum,74 and the demonstration of ret-
rograde axonal transport of radiolabelled BDNF from the
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striatum to the substantia nigra75 are all consistent with a
putative role of BDNF as a growth factor for nigral
dopaminergic neurons. The survival of midbrain
dopaminergic neurons is not affected, however, in
mutant mice lacking BDNF.68 Furthermore, a detailed
study by Knusel and colleagues failed to show that
BDNF alone could rescue lesioned nigral dopaminergic
neurons in an in vivo model in the adult rat.76 Despite
this result, there is independent evidence that exogenous
BDNF modulates dopaminergic activity in the adult rat
brain,77 suggesting that BDNF might yet prove to be clin-
ically useful in the context of parkinsonism.
The isolation of neurotrophic factor derived from a

glial cell line (GDNF) has provided renewed hope that
dopaminergic neuron specific neurotrophic factors will be
identified.78 Firstly, GDNF mRNA is present in striatal
dopaminergic target areas of the developing rat brain.79
Secondly, GDNF promotes the survival, differentiation,
and high affinity dopamine uptake of cultured foetal
dopaminergic neurons78 but unlike BDNF, NT-3, and
NT-4/5, it has no effect on cultured nigral derived
GABAergic neurons. It also potentiates the survival of
dopaminergic neurons in grafts of foetal mesencephalon
transplanted to the anterior eye chamber.79 This finding
suggests that GDNF might be useful in potentiating the
survival of mesencephalic grafts transplanted for thera-
peutic purposes into the forebrain of patients with
Parkinson's disease.

Although the evidence suggests that GDNF is a
trophic agent for developing dopaminergic neurons,
GDNF has not been detected by the method of in situ
hybridisation in adult rat brain, suggesting that GDNF
may not be a physiologically relevant molecule in the
adult. Despite this lack of expression, in vivo studies giv-
ing exogenous GDNF are encouraging, suggesting that
either GDNF or a related molecule may be a useful ther-
apeutic agent for Parkinson's disease. Firstly, injection
into the substantia nigra results in enhanced tyrosine
hydroxylase activity locally at the injection site, as well as
distally in the ipsilateral striatum.80 Secondly, electron
microscopic examination at the injection site showed
short lived axonal sprouting and synapse formation.80
Thirdly, GDNF injection into the substantia nigra of
adult rats results in increased motor activity, although
this effect is seen with high doses only.8' Preliminary
studies are also underway to evaluate the effects of
GDNF on the recovery of adult rats from 6-OH
dopamine lesioning of the nigrostriatal pathway.
Many mitogenic factors that primarily stimulate glial

cells have been reported to promote the survival and dif-
ferentiation of nigral dopaminergic neurons. This list
includes FGF-2,828' IGF-1,84 transforming growth factor-
a,85 and EGF.86 The mitogenic subgroup of dopaminer-
gic neurotrophic factors all share the clinically
undesirable side effect, however, of promoting glial cell
proliferation. By contrast, GDNF and BDNF do not
stimulate gliosis and thus are more likely to represent
useful therapeutic agents for Parkinson's disease.

Alzheimer's disease
The neuropathology of Alzheimer's disease includes
pathognomonic features (neurofibrillary tangles and amy-
loid plaques) as well as widespread cortical atrophy and
diminished levels of multiple neurotransmitters within
the neocortex.8788 Despite these extensive abnormalities,
some investigators have espoused the view that the
demise of cholinergic forebrain neurons is central to the
clinical presentation of Alzheimer's disease, raising the
possibility that treatment with growth factors could be

useful. This view is supported by an extensive literature,
which suggests that NGF is a neurotrophic factor for
these neurons. Firstly, NGF protein and mRNA have
been detected in hippocampal and cortical neurons,89 the
projection fields of forebrain cholinergic neurons.
Secondly, the low affinity NGF receptor is colocalised
with choline acetyl transferase (ChAT),84 the neurotrans-
mitter phenotype specific enzyme for basal cholinergic
neurons, and trk mRNA encoding the high affinity NGF
receptor also has been identified in the basal forebrain.90
Thirdly, there is selective retrograde transport of labelled
NGF from either the neocortex or hippocampus to the
basal forebrain nuclei.66 It is important to note, however,
that a recent report characterising a null mutation of the
NGF gene failed to show a reduction in basal forebrain
neurons, despite a reduction in ChAT levels; this sug-
gests that the physiological function ofNGF in the CNS
may be to support neurotransmitter phenotype rather
than to act primarily as a trophic agent.91
The efficacy of NGF in mediating basal forebrain neu-

ronal rescue has been studied extensively in CNS axo-
tomy models, performed in mammals ranging from
rodents to non-human primates.929' Transection of the
fimbria-fornix, the axonal projection of the cholinergic
forebrain nuclei to the hippocampus, results in the death
of a substantial number of cholinergic neurons, poten-
tially mimicking the cholinergic neuronal loss seen in
Alzheimer's disease. Treatment with NGF94-98 or trans-
plantation of cell lines genetically engineered to secrete
NGF99 have been reported to result in cholinergic cell
rescue and axonal arborisation. BDNF used in the same
fimbria-fornix axotomy model is reported to rescue a
smaller number of cholinergic neurons, as well as non-

76cholinergic neurons. A third molecule reported to be
effective in cell rescue in this axotomy model is FGF-2,100
but, unlike the effects mediated by either NGF or
BDNF, its effect is thought to be indirect.
To date, there is only a single case history reporting

the testing of NGF as a putative therapeutic agent for
Alzheimer's disease'0'; unfortunately, the patient devel-
oped an intercurrent illness, necessitating cessation of
treatment and making it impossible to assess the long
term efficacy of NGF. Even if NGF proves to be an
effective therapeutic agent in Alzheimer's disease, it
almost certainly will not provide definitive treatment, as
pathogenetic mechanisms other than neurotrophin defi-
ciency are clearly involved, and the pathology is clearly
not restricted to NGF responsive neurons.

Muliple sclerosis
Multiple sclerosis is traditionally classified as an autoim-
mune disease that causes periaxial demyelination by
specifically targeting oligodendrocytes'02 and recent inter-
est has centred on the part that the immunomodulatory
cytokine, fl-interferon, can play in diminishing the fre-
quency of recurrent attacks.'03 104 Also, growth factors
could potentially subserve a restorative function in multi-
ple sclerosis, by enhancing oligodendrocyte replenish-
ment and, therefore, remyelination. It has been reported
that there is a small steady state turnover of non-neu-
ronal cells, including oligodendrocytes, within the normal
adult rodent brain.'05 It is possible that in multiple sclero-
sis the demands on this physiological process are
increased and ultimately perturbed, consistent with the
finding that the capacity to replenish lost oligodendro-
cytes is less in patients with long term multiple sclerosis
than in patients with recent onset demyelination. 106
Functional oligodendrocyte replenishment could be
achieved by potentiating either the survival or, theoreti-
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cally, the division of pre-existing oligodendrocytes, as
reported to occur in vitro with NGF stimulation.107 It
also may be possible to upregulate the division and sub-
sequent differentiation of oligodendrocytic progenitor
cells,'08 which persist into adult life.'09 In vitro data with
rodent cells suggest that the proliferative potential of
neonatal oligodendrocytic progenitors can be enhanced
by PDGF,"0-"' FGF-2,"'2-"14 and NT-3. 15

The challenge, if growth factors are to be useful for
patients with multiple sclerosis, is to discover how to reg-
ulate the proliferative and differentiative potential of
progenitor cells without depleting progenitor cell num-
bers. Recently, enhanced generation of oligodendrocytes
has been reported after culture with either CNTF or
LIF,"6 and continued proliferation of their progenitors
can be induced in culture with FGF-2"'3 114; together,
these findings suggest that, ultimately, either the com-
bined or sequential administration of cytokines could
represent useful treatment. Expanded populations of
progenitors have also been transplanted into animals with
demyelinating lesions and the engrafted cells migrate sig-
nificant distances, differentiate and myelinate in vivo."17
It is uncertain if this strategy will be applicable to the
long term treatment of a multifocal disease, such as mul-
tiple sclerosis.

Conclusion
In this article, we have presented an optimistic view of
the potential therapeutic uses of growth factors in
selected neurological diseases, where definitive treat-
ments are currently lacking. Although there is an exten-
sive body of literature on the basic neurobiology of
growth factors, much more study is required to bring
these potential therapeutic agents into the clinic as estab-
lished treatments. Disappointingly, the hope that growth
factors will alter the clinical course of fatal neurodegener-
ative disease has been tempered with the recent report of
lack of efficacy and adverse side effects when CNTF was
given to patients with motor neuron disease. This failure
highlights important issues, which were also considera-
tions when the neurobiology of CNTF was being
assessed. Firstly, many of the animal models currently
available are, at best, poor approximations to the corre-
sponding human neurodegenerative diseases; yet animal
studies are a crucial and necessary step before clinical tri-
als. Secondly, pharmacokinetics need to be thoroughly
investigated, to ensure both effective delivery of the
growth factor to the site of disease and to minimise
unwanted systemic or neurological side effects.
The potential clinical application of growth factors to

neurological disease parallels the use of other factors,
such as colony stimulating factors, in haemato-oncology,
where they are now used to induce bone marrow precur-
sor cells to replenish peripheral blood cells in patients
with marrow aplasia."8 As a corollary, it is tempting to
speculate that recently described precursor cells, found to
exist in the adult mammalian brain,"9 120 could be eventu-
ally induced, by the use of exogenous growth factors, to
replace dead neurons in a variety of neurological diseases.
The more immediate aim is to use either single or combi-
nations of growth factors to protect neural cells or to
enhance axonal regeneration. If this can be achieved,
growth factors will have assumed an important place in
clinical neurology.
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