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Death of injured neurons caused by the precursor of nerve

growth factor
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ecause the adult mammalian

brain has a very limited capac-

ity to replace neurons lost after

lesion (1), understanding the
mechanisms regulating their survival or
elimination is of special significance. A
study in this issue of PNAS (2) reveals
that cutting the axons of a neuronal
population involved in movement con-
trol leads to a progressive and dramatic
increase of pro-nerve growth factor
(NGF) in brain fluids. Pro-NGF Kills
injured neurons by virtue of its high af-
finity binding to a receptor that is in-
duced after axotomy, the neurotrophin
receptor p75. Another recent study also
indicates that neurons may not be the
only targets of pro-NGF-mediated kill-
ing: after partial transaction of the spi-
nal cord, oligodendrocytes may also be
eliminated by the mechanism described
by Harrington and colleagues (3).

In mammals, the neurotrophin family
consists of four genes that encode struc-
turally related proteins that are proteo-
lytically processed and secreted in the
extracellular space (for review, see ref.
4). In the brain, the secretion of neuro-
trophins is regulated by the activity of
the neurons that synthesize them, and
after secretion, these proteins affect
many important aspects of neuronal
function, including synaptic transmission
and excitability (for review, see ref. 5).
As their names suggest, neurotrophins
are best known for their “trophic” roles
on neurons, typically including the pro-
motion of nerve growth and the preven-
tion of the death of embryonic neurons.
These two properties were used to pu-
rify NGF and brain-derived neurotro-
phic factor (BDNF), respectively (for
review, see ref. 4). Protein sequencing
work revealed that the activity of these
two neurotrophins is contained in what
was shown by cDNA cloning to corre-
spond to the C-terminal half of a larger
precursor protein (Fig. 1). A first big
surprise came when an intriguing report
indicated that the neurotrophin receptor
p75 causes the death of the cell line in
which it was overexpressed (6). It was
later found that the application of anti-
bodies to NGF (including those used in
the present study) or to the p75 recep-
tor both blocked the elimination of cells
in the developing chick retina (7). These
results suggested that even in vivo, neu-
rotrophins may not always prevent the
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(Left) In the cortex, neurons release the ““classical” (i.e., processed) form of NGF in an activity-

dependent fashion. This is thought to positively feedback on TrkA-positive cholinergic terminals (Right).
After section of their axons, cortical neurons express the neurotrophin receptor at much higher levels than
normal. This receptor binds with high affinity pro-NGF released by cells of unknown origin (perhaps
microglial cells activated by the lesion). Pro-NGF is detected in the cerebrospinal fluid, but only after lesion.

death of neurons, but also precipitate it.
More recently, another surprising report
indicated that unprocessed, pro-NGF
binds with high affinity to the p75 re-
ceptor but not to TrkA, the tyrosine
kinase receptor mediating the trophic
actions of NGF (8). The current report
by Harrington and colleagues (2) is the
first to demonstrate that pro-NGF can
actually be detected in extracellular flu-
ids, suggesting a significant biological
role for this protein in the adult brain
after lesion.

Like many other secreted growth fac-
tors, neurotrophins are synthesized as
prepro-proteins. Until recently, essen-
tially all of the work on neurotrophins
was performed with the processed pro-
teins. It was generally assumed that the
N-glycosylated precursors merely repre-
sent transient intermediates allowing
proper folding and appropriate disulfide
bridging of the mature proteins. In addi-
tion, unlike processed neurotrophins
that are highly conserved between dif-
ferent species, the sequences of the neu-
rotrophin precursors differ substantially.
With regard to biosynthesis, these se-
quences seem to be interchangeable, at
least when tested in heterologous sys-
tems. For example, substituting the pro-
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sequence of pro-NT3 by that of pro-
BDNF (or vice versa) does not change
the yield of mature, biologically active
neurotrophin dimers (9). An additional
reason why little attention has been paid
to pro-neurotrophins in a physiological
context is the presence of a typical clus-
ter of basic amino acids immediately
preceding the mature sequence, a poten-
tial target for several, widely distributed
proteases including plasmin, furins, and
matrix metalloproteinases (8). This
cleavage site was thought to make it un-
likely that pro-neurotrophins would be
secreted from intact cells in significant
amounts. However, experiments with
hippocampal neurons infected with vac-
cinia virus encoding prepro-BDNF
revealed that these neurons release
substantial amounts pro-BDNF (10). In
addition, a frequent polymorphism was
recently detected in the pro-sequence of
the human bdnf gene that is predictive
of memory performance. This Val-Met
substitution is thought to affect the in-
tracellular trafficking of pro-BDNF, an

See companion article on page 6226.
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important finding that also contributes
to increasing the interest in the pro-
sequences of neurotrophins (11).

One of the questions raised by the
present study is the cellular origin of
pro-NGF. In the cortex before lesion,
NGF cannot be detected at appreciable
levels by Western blot analysis. How-
ever, results obtained by using sensitive
immunoassays indicate that cortical
cells, presumably neurons innervated by
the forebrain cholinergic neurons, do
synthesize NGF (12) and that these lev-
els can be increased by various stimuli
augmenting the activity of cortical neu-
rons (13). After proteolytic processing,
mature NGF is thought to be released
and to act in a positive, “trophic” fash-
ion on TrkA-positive, cholinergic termi-
nals, as reflected, for example, by an
increase in the levels of choline acetyl
transferase. Interestingly, these cholin-
ergic neurons also express the receptor
p75, thus putting them at risk should
they be exposed to pro-NGF. Also,
Western blot analyses performed with
extracts prepared from Alzheimer’s
brain revealed increased levels of pro-
NGF (14), and it has long been known
that forebrain cholinergic neurons are
lost in Alzheimer’s disease (15). The
loss of these neurons has been proposed
as part of the explanation for the cogni-
tive deficits observed in this disease.

The appearance reported by Har-
rington and colleagues (2) of pro-NGF
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in the cerebrospinal fluid may be a con-
sequence of the recruitment of cells
such as microglial cells, long known to
be attracted by lesioned neurons (16).
These cells have been shown to express
the NGF gene, and although it remains
to be seen whether they can release pro-
NGF, they have already been shown to
cause the death of retinal cells during
normal development by NGF- and p75-

Death of neurons
may not be a necessary
consequence of their
axons’ being cut.

dependent mechanisms (17). In recent
reports, the possible role of microglial
cells as active “killers” has been exam-
ined, as opposed to cells merely remov-
ing the remnants of dead cells (for re-
view, see ref. 18). The results clearly
indicate that pro-NGF and p75 are not
the only mechanisms used by microglial
cells to kill neurons: the generation of
superoxide ions or of tumor necrosis
factor have been shown to cause the
death of Purkinje cells (19) and mo-
toneurons, respectively (20).

An intriguing aspect of the work of
Harrington and colleagues (2) is that
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neither pro-BDNF nor pro-NT3 can be
detected in the cerebrospinal fluid after
section of the corticospinal tract, indi-
cating an interesting specificity in the
regulation of the NGF gene and the
processing of the protein. In this con-
text, it is of note that BDNF and NGF
are differently regulated following lesion
of the sciatic nerve (21).

Perhaps the most important practical
implication of these new results is that
death of neurons may not be a neces-
sary consequence of their axons’ being
cut and that interfering with the action
of a molecule released in the extracellu-
lar space may prevent cell death in the
lesioned central nervous system.
Whether this may also be relevant to
neurodegenerative diseases is unclear,
but in a broader physiopathological con-
text, it is worth noting the similarities
between the pro-NGF/p75 signaling sys-
tem to the tumor necrosis factor recep-
tors and the FAS signaling system (22).
These receptors are all structurally re-
lated and often expressed by cells acti-
vated during the course of tissue injury
of inflammation. In the context of Alz-
heimer’s disease, retrospective studies
have indicated that drugs decreasing
inflammatory reactions decrease inci-
dence of the disease (23). Whether they
interfere directly or indirectly with the
secretion of pro-NGF in the cerebrospi-
nal fluid remains to be investigated.
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