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Nerve Growth Factor (NGF) in the Central Nervous
System: Implications for the Treatment of
Alzheimer’s Disease

Dan Lindholm, Christine Bandtlow*, Matthias Spranger,
Bastian Hengerer, Michael Meyer, Rolf Heumann

and Hans Thoenen
INTRODUCTION

The physiological functions of NGF in the
peripheral nervous system are already known for a
long time (see Levi-Montalcini and Angeletti, 1968;
Greene and Shooter, 1980; Thoenen and Barde, 1980).
NGF regulates the regionally differential survival of
sympathetic and neural crest-derived sensory neurons.
This regulatory function comes into play when the
axons of NGF-responsive neurons reach their target
area (see Davies et al., 1987; Barde, 1989). Further-
more, NGF is essential for the differentiation and
maintenance of neuron-specific functions such as the
synthesis of enzymes involved in the production of
neurotransmitters and neuron-specific peptides e.g.
substance P and somatostatin (see Thoenen and Barde,
1980; Otten 1984). NGF acts as a retrograde messenger
transferring information from the fields of projec-
tion in the periphery to the innervating NGF-respon-
sive neurons (see Davies et al., 1987; Barde 1989).
Following Darwinian principles, NGF is produced in
the target fields in very small quantities permitting
the survival of a limited number of neurons only.
‘Injection of exogenous NGF increases the survival of
NGF responsive neurons, thus abolishing natural cell
death which occurs during normal development (see
Hendry, 1980; Thoenen and Barde, 1980).

Although the physiological function of NGF in
the peripheral nervous system is well documented some
basic questions remain to be elucidated. For instance
the nature of the signal transduction resulting from
the interaction of NGF with its specific receptor is
unknown as well as the regulatory mechanisms deter-
mining the time and location of NGF synthesis during
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100 BRAIN REPAIR

development and in adulthood. For example, in the vas
deferens the levels of NGF in the muscle layer which
is densely innervated by sympathetic fibers are 20
times higher than in the sparsely innervated mucosa.

In contrast to the peripheral nervous system
relatively little is known about the physiological
functions of NGF in the central nervous system (CNS);
the available information has appeared predominantly
during the last few years. In the following report we
will survey briefly the history of the detection and
the spectrum of established actions of NGF in the CNS
(see Thoenen et al., 1987a; Whittemore and Seiger,
1987) and delineate the possible links between the
function of NGF in the brain and its potential
therapeutic use for the treatment of Alzheimer’s
disease (see Hefti and Weiner, 1986).

For the treatment of Alzheimer’s disease several
approaches may be adopted. The local infusion of
recombinant human NGF or the transplantation of
"engineered" homologous or autologous cells secreting
(augmented quantities of) human NGF seem to be the
most straightforward procedures. Injection of
peptides with NGF-like activity and therefrom deduced
non-peptide molecules represent additional possibili-
ties although the rationales for such approaches are
not yet established. An attractive alternative to all
these approaches is the modification of the synthesis
of endogenous NGF. The understanding of the normal
physiological regulation is the basis for a rational
pharmacological modification. In this context we will
compare the regulation of NGF synthesis in the peri-
phery with that in the central nervous system; in
particular we will focus on the role played by
cytokines and lymphokines.

DETECTION OF SPECIFIC FUNCTIONS OF NGF IN THE CNS

In view of the fact that NGF plays a crucial
role in the development and maintenance of specific
functions of the peripheral sympathetic nervous
system, the initial attempts to identify a physio-
logical function of NGF in the CNS were directed
towards the central adrenergic and dopaminergic
neurons. The intraventricular and intracerebrzl
injection of NGF did not result in any changes in
tyrosine hydroxylase (TH) levels in these catechol-
aminergic systems. Conversely, the injection c¢f anti-
NGF antibodies did not reduce the TH levels (Fonkol
et al., 1978; Schwab et al., 1979). In order to
evaluate whether the absence of a response to NGF was



NGF IN THE CNS 101

due to the absence of NGF receptors, labeled NGF was
injected into the projection f}ggds of the locus
coeruleus. After injection of I-NGF into the
hippocampus there was no retrograde transport to the
cell bodies of the locus coeruleus (they were retro-
gradely labeled by tetanus toxin and wheat germ
agglutinin). However, unexpectedly, cell bodies of
magnocellular cholinergic neurons of the septum were
labeled (Schwab et al., 1979). Subsequent studies
demonstrated that all cholinergic neurons of the
basal forebrain nuclei, indeed, specifically trans-
ported retrogradely (Seiler and Schwab, 1984) and
specifically bound in cryostat sections (Ric?ggdson
et al., 1986; Raivich and Kreutzberg, 1987) I-NGF.
These neurons were also stained by anti-NGF-receptor
antibodies and expressed the corresponding NGF-
receptor mRNA. The same is true for the cholinergic
interneurons in the striatum. The functionality of
these NGF-receptors was then documented by an
increase in ChAT levels after intraventricular
injection of NGF in the early postnatal period (Gnahn
et al., 1983; Mobley et al., 1985). In adult animals
the response to injected NGF was only very small
(Gnahn et al., 1983). However, after fimbria lesion
NGF prevented the degeneration of the corresponding
cholinergic neurons (Hefti, 1986). Springer and Loy
(1985) impressively demonstrated that the absence of
(Gnahn et al., 1983; Thoenen et al., 1987b) or the
small effects (Vantini et al., 1988) of anti-NGF
antibodies on ChAT levels in the brain results most
probably from the very poor penetration of the
antibodies. They showed that the reactive sprouting
of perivascular sympathetic fibers into the hippo-
campus after fimbria lesion was prevented by the
injection of anti-NGF antibodies exclusively in the
immediate vicinity of the injection site. The
evidence that NGF plays a physiological role in the
CNS, in particular in the development and maintenance
of function of the cholinergic neurons of the basal
forebrain nuclei is also supported by the fact that
the density of innervation by cholinergic fibers in
the projection fields in the hippocampus, neocortex,
and bulbus olfactorius corresponds with the levels of
NGF and NGF-mRNA (Korsching et al., 1985; Whittemore
et al., 1986; Large et al., 1986). Moreover, during
development there is a close correlation between the
increase in the levels of NGF and NGF-mRNA and those
of ChAT in the hippocampus (Auburger et al., 1987).

In summary, the physiological importance of NGF
for the cholinergic neurons of the basal forebrain
nuclei and probably also for the cholinergic inter-
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neurons in the striatum is strongly supported by
experimental data. The functionaligg of other NGF-
receptors identified by specific I-NGF labeling in
cryostat sections (Raivich et al., 1985; Richardson
et al., 1986; Raivich and Kreutzberg, 1987), by
staining with anti-NGF-antibodies (Yip and Johnson,
1987; Yan and Johnson, 1988; Sofroniew et al., 1989)
or by in situ hybridization (Ernfors et al., 1988)
remains to be established. In this context it is
worth mentioning that cholinergic neurons of the
brain stem neither express NGF-receptors nor do they
respond to NGF. The functional significance of the
transient expression of (low-affinity) NGF-receptors
by motoneurons (Raivich et al., 1985; Yip and
Johnson, 1987; Ernfors et al., 1988; Yan and Johnson,
1988) of the spinal cord and the specific retrograde
transport of NGF after intramuscular injection (Yan
et al., 1988) is not clear as a survival effect or an
increase in ChAT levels has not been detected in
motoneurons of chick or rat (Oppenheim et al., 1982;
Yan et al., 1988).

RATIONALE FOR THE USE OF NGF IN THE TREATMENT OF
ALZHEIMER’S DISEASE

The potential use of NGF in Alzheimer’s disease
is based on the observation that degenerative changes
in the cholinergic neurons of the basal forebrain
nuclei are a consistent finding (although not the
only localization of degenerative changes) in early
stages of Alzheimer’s disease. This is also reflected
by a decreased synthesis of acetylcholine in bioptic
specimens of Alzheimer’s patients. Moreover, there is
agreement that the degenerative changes in choliner-
gic neurons of the basal forebrain nuclei are to a
large extent responsible for the cognitive deficits
in Alzheimer’s disease (see Hefti and Weiner, 1986).
These pathophysiological and clinical observations
are complemented by experimental results which show
that in rats the interruption of the ascending
cholinergic projection from the basal forebrain
nuclei results in cognitive deficits which can be
restored by transplantation of fetal cholinergic
neurons (Dunnett et al., 1982). In addition, cogni-
tive deficits observed in subpopulations of aged rats
correlate with the extent of atrophy and degeneration
of the cholinergic neurons in the basal forebrain
nuclei (Fischer et al., 1989). Most importantly,
chronic administration of NGF over several weeks was
found to improve both memory and learning capabili-
ties and to increase the size of the cell bodies of
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the cholinergic neurons in the basal forebrain
(Fischer et al., 1987).

Alzheimer’s disease does not seem to result from
an insufficient production of NGF since no difference
was found between the levels of NGF-mRNA in Alzheimer
patients and aged-matched controls (Goedert et al.,
1986) . However, the fact that NGF has a protective or
a curative effect after experimental damage (Hefti,
1986) or age-dependent atrophy of NGF-responsive
neurons (Fischer et al., 1987) seems to represent a
rational basis for the use of NGF in the treatment of
Alzheimer’s disease. Clearly, this approach provides
only a limited symptomatic and not a causal treatment
of the disease, since the degenerative changes are
not restricted to the cholinergic neurons of the
basal forebrain nuclei.

Since the transplantation of cholinergic
neurons, the prolonged infusion of NGF after lesion
or degenerative changes and the transplantation of
engineered NGF secreting cells will be covered by
other contributions to this Symposium, we will
present the available information on the regulation
of the synthesis of NGF in the central nervous system
as compared to the periphery. The understanding of
these mechanisms is the basis for a rational approach
to the pharmacological regulation of NGF synthesis.

REGULATION OF NGF SYNTHESIS IN THE PERIPHERAL AND IN
THE CENTRAL NERVOUS SYSTEM

In order to obtain information on mechanisms
involved in the control of NGF synthesis in the
peripheral nervous system we studied the (reactive)
changes in NGF synthesis under experimental condi-
tions of nerve degeneration and regeneration; it was
hoped that mechanisms involved in such enhanced
reactive synthesis might also have physiological
relevance. After transection of the sciatic nerve a
dramatic increase in the synthesis of NGF by the non-
neuronal cells, mainly Schwann cells and fibroblasts,
occurred (Heumann et al., 1987a,b). Under normal
conditions these cells only insignificantly contri-
bute to the NGF supply to responsive neurons whose
axons run in the sciatic nerve. Moreover, in situ
hybridization experiments demonstrated that all non-
neurcnal cells contributed to the enhanced NGF
synthesis after lesion and not only those ensheathing
axons of NGF-dependent neurons, i.e. postganglionic
sympathetic and sensory neurons (Heumann et al.,
1987a; Bandtlow et al., 1987). By comparing the time-
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course of NGF-mRNA increase after lesion in situ with
that in segments of sciatic nerve in culture it
became apparent that the rapid initial increase was
identical. However, the prolonged sustained increase
observed in vivo was not detectable in culture
(Heumann et al., 1987b). It was subsequently demon-
strated that immigrating macrophages were responsible
for this difference. When cultured segments of
sciatic nerve were supplemented with activated macro-
phages or their conditioned medium the in vivo
situation could be mimicked (Heumann et al., 1987b).
The lymphokine Interleukin-1 (IL-1) was then demon-
strated to be the agent predominantly responsible for
the increased synthesis of NGF (Lindholm et al.,
1987) . Studying the effect of IL-1 in more detail, we
found that IL-1 enhances both the transcription of
NGF-mRNA and increases the stability of this message
(Lindholm et al., 1988). In contrast to this stimula-
tory effect of IL-1 glucocorticoid hormones were
found to down-regulate expression of NGF; dexametha-
sone, a synthetic glucocorticoid, given to rats prior
to nerve transection virtually abolished the lesion-
mediated increase in NGF-mRNA. In order to investi-
gate at which levels glucocorticoids down-regulate
NGF expression we have recently begun transfection
experiments using the mouse NGF promotor linked to a
chloramphenicol acetyltransferase (CAT) reported
gene. Preliminary data indicate that dexamethasone
directly inhibits the transcription of NGF-mRNA. Thus
glucocorticoids may interfere with the synthesis of
NGF after peripheral nerve lesion, a fact to be borne
in mind when glucocorticoids are given after peri-
pheral nerve lesion in order to reduce inflammatory
reactions and the formation of oedema. This is of
particular importance in view of the fact that the
compensatory production of NGF by the non-neuronal
cells of the sciatic nerve can only incompletely
replace the interrupted supply of NGF from peripheral
target sites. In the rat sciatic nerve, the
compensatory production at the lesion site amounts
only to about 40% of the normal supply from the
periphery (Heumann et al., 1987a).

In comparison to the studies in the peripheral
nervous system the investigations on the regulation
of NGF synthesis in the CNS are, as mentioned above,
far less advanced. In the periphery it has been
demonstrated that a great variety of non-neuronal
cells in the target areas of the NGF-responsive
neurons are able to produce NGF; these include
fibroblasts, smooth muscle cells, epithelia and
Schwann cells (Bandtlow et al., 1987). In the CNS



NGF IN THE CNS 105

only astrocytes have unambiguously been shown to
synthesize NGF (Lindsay, 1979; Furukawa et al., 1986;
1987) . However, more recently, in situ hybridization
experiments provided evidence that NGF could be
transcribed also in neurons of the rat hippocampus
and neocortex (Rennert and Heinrich, 1986; Ayer-
LeLiévre et al., 1988; Whittemore et al., 1988)
indicating that in the CNS, in contrast to the peri-
phery, neurons may contribute to the synthesis of
NGF. The relative contribution of neurons and glial
cells (astrocytes) to the synthesis of NGF in the
target areas of NGF-responsive neurons remains to be
established. In particular it has to be evaluated
whether the release of NGF from neurons follows the
regulated, secretory pathway or, as demonstrated for
non-neuronal cells in the periphery (Barth et al.,
1984), the constituitive non-regulated pathway.

In a first approach to study the physiological
regulation of NGF synthesis in the brain we explored
the effects of various growth factors on NGF-mRNA
levels and NGF protein secretion into the medium of
cultured rat astrocytes. The growth factors tested
were those which have been shown immunologically or
by in situ hybridization to be present in brain
tissue and therefore potentially play a role in the
physiological regulation of the synthesis of NGF. In
order to substantiate the results obtained in vitro
we compared the effects obtained in cell cultures
with those seen in vivo after injection of the growth
factors into rat brains. The results obtained are
summarized in Table 1 and 2. They indicate that NGF-
mRNA in cultured astrocytes can be influenced by
various growth factors including IL-1. This lympho-
kine increased astrocyte NGF-mRNA levels about S5-
7fold after 6 h of incubation. Besides IL-1, epider-
mal growth factor (EGF), transforming growth factor-a
(TGF-a) and basic fibroblast growth factor (bFGF)
elevated NGF-mRNA levels in astrocytes to a similar
‘extent (see Table 1). After 24 h the NGF-mRNA levels
approached control levels. This limited duration of
the effects of the growth factors investigated was
most probably due to their degradation or inactiva-
tion since re-addition of the same molecules to the
culture medium after 24 h resulted in a re-increase
comparable to that observed after the initial addi-
tion. By far the greatest effect on NGF-mRNA levels
in astrocytes was observed with transforming growth
factor-8 (TGF-B); an approximately 20-fold increase
was observed after the first 6 h of incubation.
However, in contrast to the other growth factors
investigated there was a further increase up to 24 h.
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Table I. Increase in NGF-mRNA levels in cultured rat
astrocytes by IL-1 and various growth

factors.
S: e S
4h 24 h
Controls 1 1
Interleukin-18 (0.8 ng ml~%) 5 2
Epidermal groYth factor 7 2
(5 ng ml™%)
Transforming g{owth factor-a 10 2
(10 ng ml %)
Fibroblast grthh factor, basic 7 3
(5 ng ml™%)
Transforming irowth factor-8-1 20 5Q
(5 ng ml™%)

Astrocytes were incubated with the growth factors for
4 and 24 hr. NGF-mRNA was determined by quantitative
Northern blot analysis. The values given represent
the mean of 3 to 8 independent experiments.

Table IX. Effect of intracerebroventricular injection
of growth factors on NGF-mRNA levels in rat

hippocampus.
or inje: increase (above controls) after
&h 24 h

PBS, vehicle 1 1
Interleukin-18 ( 2 ng) 2 1,
Interleukin-18 (16 ng) 4 na*)
Fibroblast growth factor,

basic ( 5 ng) 2 1
Fibroblast growth factor, .

basic (25 ng) 2,5 na*)
Transforming growth factor-a *

(20 ng) 1 na*)
Transforming growth factor-8 1

( 5 ng) 3 4

*) not determined.

Growth factors were injected in a volume of 4 11 into
the lateral ventricle of 8-10 day old rats. The
animals were killed after various periods of time and
NGF-mRNA in the ipsilateral hippocampus was
determined.
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The increases in astrocyte NGF-mRNA observed after
the addition of various growth factors were followed
by a corresponding increase in NGF protein secreted
into the culture media. Since we did not observe
either in Northern blots or by in situ hybridization
any expression of NGF-mRNA in cultured oligodendro-
cytes and microglia it seems justifiable to conclude
in view of the observed effects in astrocyte cultures
(> 90% pure) that these are, indeed, the only brain
glial cells synthesizing NGF. Our cultures did not
contain neurons, in particular neurons from the
target areas of NGF-responsive neurons. Experiments
are in progress designed to establish whether these
neurons express NGF-mRNA also under cultured
conditions, as suggested by in situ hybridization,
and how the regulation of NGF synthesis in these
neurons compares with that in astrocyte cultures.

Comparing the in vitro data with the effects
observed after injection of the corresponding growth
factors in vivo a different picture became apparent
(compare Table I and II). Whereas IL-1 increased NGF-
mRNA in rat hippocampus in vivo almost to the same
extent (4-fold) as in cultured astrocytes the effects
of FGF and TGF-B were smaller in vivo than in vitro
and that of TGF-a was even completely absent in vivo.
The reasons for the discrepancies between the
effects observed in vivo and those observed in cul-
tures of astrocytes may be multiform. For instance,
they may reflect differences in tissue penetration,
differences in proteolytic degradation or inactiva-
tion and differences in the number and/or affinity of
the growth factor receptors between astrocytes in
culture and those in vivo. We have some preliminary
information indicating that IL-1 up-regulates its own
expression in the hippocampus, this may represent a
possible feedback regulation for the action of IL-1
in the brain. Indeed, IL-1 receptors seem to be
expressed in the same regions of the hippocampus
(Farrar et al., 1987a,b) where, as demonstrated by in
situ hybridization, IL-1-8-mRNA is expressed
(Bandtlow et al., in preparation). Furthermore, in
situ hybridization experiments have shown that IL-1-
mMRNA is also expressed in other brain regions - most
likely also in neurons - including the bulbus
olfactorius, the granular layer of the cerebellum,
the neocortex, in particular the frontal cortex,
restricted areas of the hypothalamus. The in situ
hybridization experiments performed with probes for
IL-18 and NGF are compatible with at least a partial
co-localization in the bulbus olfactorius, hippo-
campus and cerebral cortex (Bandtlow et al., in
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preparation). In this context the future elucidation
of the mechanism of release of IL-1, a cytosolic
molecule, which has been demonstrated to be released
in an unconventional manner from macrophages (see
Hazuda et al., 1988) will be of great interest in
order to evaluate the function of IL-1 in the
regulation of NGF synthesis under physiological
conditions in the CNS.

In conclusion, the results obtained indicate
that, like in the periphery, after lesion and
possibly also under physiological conditions, IL-1
and TGF-B may play a role in the regulation of NGF
synthesis in the CNS. Experiments are in progress
aiming at an elucidation which other cells, in
addition to astrocytes, are responsive to IL-1 and
TGF-B and how these molecules themselves are
regulated in the CNS as an integral part of their
regulatory function in the synthesis of NGF in the
CNS.
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