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Abstract
Neurotrophins are target-derived soluble polypeptides
required for neuronal survival. Binding of neurotrophins to
Trk receptor tyrosine kinases initiate signaling cascades that
promote cell survival and differentiation. All family members
bind to another receptor (p75NTR), which belongs to the tumor
necrosis factor superfamily. Hence, nerve growth factor (NGF)
and related trophic factors are unique in that two separate
receptor types are utilized. Although the biological function of
p75NTR has been elusive, it has been suggested to mediate
apoptosis of developing neurons in the absence of Trk
receptors. This presents a tantalizing paradigm, in which life-
death decisions of cells are dependent upon the expression
and action of two different receptors with distinctive signaling
mechanisms. In the presence of TrkA receptors, p75 can
participate in the formation of high affinity binding sites and
enhanced NGF responsiveness leading to a survival signal. In
the absence of TrkA receptors, p75 can generate, in only
specific cell populations, a death signal. Here we discuss the
unique features and implications of this unusual signal
transduction system.
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Introduction

Neurotrophic factors, exemplified by NGF, are peptides
synthesized by target tissues that promote the survival of
afferent neurons. Competition among neurons for limiting
amounts of neurotrophin molecules produced by target cells

has been established as a principal mechanism to account for
cell survival during development. An important prediction from
this theory is that the efficacy of neurotrophin action will
depend upon the availability of trophic factors and activation
of their receptors in responsive cell populations.

Recent evidence indicates that neurotrophins use a two-
receptor system to dictate signaling pathways leading to
either cell survival or suicide. The TrkA, TrkB, and TrkC
tyrosine kinases serve as the receptors for NGF, BDNF,
and NT-3, respectively, and trkA and trkB may also function
as receptors for NT-3 and NT-4/5 (Chao, 1992). In addition,
the p75 receptor can serve as a receptor for NGF, BDNF,
NT-3 and NT-4, and exhibits slightly different binding
characteristics for each factor (Figure 1). This review
article will focus upon different receptor mechanisms that
lead to alternative signaling outcomes influencing cell
viability. This topic has been a continuing source of
controversy and confusion due to the existence of two
completely different classes of receptors for the neurotro-
phins.

An outside family member?

The p75 receptor is the founding member of the TNF receptor
superfamily (Smith et al, 1994). This group of receptors is
composed of type I membrane proteins (Figure 1), such as the
TNFR I and II, Fas-CD95, the lymphoid cell-specific receptor
CD30, CD40 and CD27, and the most recently discovered
members DR-3, DR-4 and GITR (Brojatsch et al, 1996;
Chinnaiyan et al, 1996; Montgomery et al, 1996; Pan et al
1997). All of these transmembrane proteins share in their
extracellular domains a common cysteine motif that spans 40
amino acids and is repeated two to six times. In addition,
several members contain a region of weak homology in the
intracellular portion, designated the death domain (Figure 1).
The death domain should be more appropriately regarded as
a protein-protein interaction domain since many unrelated
proteins, such as ankyrin and the unc-5/netrin receptor,
possess this motif (Feinstein et al, 1995; Hofmann and
Tschopp, 1995) and are not associated with apoptosis.

Interestingly, all the known ligands for the TNF receptor
superfamily are type II transmembrane proteins with a short
N-terminal cytoplasmic tail and a C-terminal extracellular
domain. Each ligand in the family acts as a trimer, with the
exception of the neurotrophins, which exist as homodimers
of identical subunits held strongly together by hydrophobic
forces. The active form of NGF is a 118 amino acid protein
which is produced from dibasic proteolytic cleavages
(Greene and Shooter, 1980). In addition, neurotrophins
are secreted proteins, and therefore differ significantly from
the TNF family of ligands, which are expressed as
transmembrane proteins.
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These differences raise the intriguing question of
whether a TNF type of ligand exists for the p75 receptor.
There is evidence in the mollusk Lymnaea stagnalis that
p75 can bind to a novel ligand, called CRNF (cysteine-rich
neurotrophic factor), which is characterized with cysteine-
rich motifs. However CRNF is unrelated to the NGF or TNF
family members (Fainzilber et al, 1996). Treatment of
Lymnaea neurons with CRNF resulted in process exten-
sion, suggesting that CRNF may be interacting with a p75
related receptor. However, Lymnaea homologs of p75 have
not been identified, nor has a mammalian counterpart of
CRNF been isolated. This ligand-receptor system may
represent a primitive form of neurotrophin-receptor interac-
tion, or an evolutionary dead end. Therefore the existence
of a TNF-like ligand for p75 remains an open question.

Mechanisms of p75 action

The functions of p75 have been subject of considerable
debate and interest. Proposed roles have ranged from a
presentation receptor to a G protein-coupled receptor; from a
receptor specialized for concentrating neurotrophins to a cell
death receptor (Bredesen and Rabizadeh, 1997; Carter and
Lewin, 1997; Chao and Hempstead, 1995). Most of the
available information regarding the role of p75 comes from
studies conducted in the presence of the TrkA NGF receptor.
The potential biological actions of the p75 receptor may be
best explained by considering three paradigmatical situations:

1. p75 as an enhancer of cell survival and
differentiation

For neurotrophin-responsive neuronal populations, p75 and
Trk are frequently co-expressed. The p75 receptor, when co-
expressed with TrkA, provides a positive modulatory influence
on TrkA function (Barker and Shooter, 1994; Verdi et al,

1994). Responsiveness to NGF and the ability to form high
affinity sites are dependent on the relative levels of p75 and
TrkA receptors. Two models have been proposed to account
for how p75 can modulate Trk receptor function. The first is a
ligand passing mechanism, which predicts that the high
affinity state is the result of ligand presentation by p75 to the
TrkA receptor (Barker and Shooter, 1994). The second model
predicts that p75 and TrkA are capable of a ligand-
independent association, which produces a high affinity
binding interaction. Such a mechanism would predict that
conformational changes in a receptor complex facilitate ligand
binding. This idea is supported by ligand-independent
clustering and interactions between the two receptors
observed in co-patching and biophysical measurements
(Ross et al, 1996).

In neuronal cell lines that express both TrkA and p75
receptors, TrkA autophosphorylation is enhanced, leading
to a faster differentiative response, as assayed by more
rapid growth arrest and neuronal maturation (Verdi et al,
1994). In the absence of p75, there are selective losses in
sensory and sympathetic innervation (Davies et al, 1993;
Lee et al, 1992, 1994a) consistent with, but not as severe
as phenotypes exhibited by NGF, BDNF, NT-3 and trkA,
trkB and trkC null mice (Snider, 1994).

Cell survival is also enhanced by a higher ratio of p75 to
Trk receptors. Sensory neurons from p757/7 embryonic
sensory trigeminal neurons and neonatal sympathetic
neurons show a nearly fourfold greater requirement for
NGF for cell survival compared to wild-type neurons
(Davies et al, 1993; Lee et al, 1994b). Although these
neurons are fully capable of responding to NGF through the
trkA receptor, in the absence of p75 they do so with a
significantly lower sensitivity. Correspondingly, sympathetic
neurons from neonatal p75-null mice required higher
concentrations of NGF to survive than neurons from
normal mice at earlier developmental stages (Lee et al,

Figure 1 Receptors for neurotrophins and tumor necrosis factor family
members. A schematic representation of the Trk receptor tyrosine kinase
family (TrkA, TrkB and TrkC) and several members of the TNF receptor
superfamily (p75NTR, Fas, p55 and p75 TNF receptors). The preferred ligand
specificities are shown for each receptor. The black box represents the death
domain sequence.

Figure 2 Dual actions of neurotrophins. The effect of NGF in p75 and Trk co-
expressing cells is enhanced during cell differentiation and cell survival (left
panel). In other cell contexts, p75 overexpression may lead to apoptosis (right
panel). TrkA expression and signaling negates p75 death signal.
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1994b). Cell survival is affected by the ratio of the two
receptors and the level of NGF provided to neuronal cells.
These observations indicate that p75 can serve as a
positive influence upon TrkA function (Figure 2). Alterna-
tively, p75 in these cells may mediate an independent
survival signal, which may be augmented by increased
TrkA signaling.

Expression of p75 results in higher number of high
affinity binding sites by increasing the on-rate of NGF to
TrkA, as indicated by kinetic binding studies with 125I-
NGF (Mahadeo et al, 1994). While very low levels of
NGF high affinity binding to TrkA (1 ± 2%) have been
observed (Klein et al, 1991), co-expression of p75 and
TrkA gives a much higher percentage (10 ± 30%) of high
affinity binding sites (Hempstead et al, 1991; Mahadeo et
al, 1994; Sutter et al, 1979). This enhancement of
binding is dependent upon the relative levels of p75 to
TrkA receptors. Regulation of high affinity site formation
by coexpression of trkA and p75 provides an explanation
for how the receptors may cooperate to increase
neurotrophin responsiveness during development. On
the other hand, each receptor can also signal
independently, implying that the actions of neurotrophins
on cell death/survival decisions depend upon whether
Trk alone, Trk plus p75, or p75 alone are expressed
(Figure 2).

2. p75 as a constitutively active pro-apoptotic
receptor

The model of p75 as a constitutive death receptor was
originally formulated by Bredesen and his colleagues
(Rabizadeh et al, 1993). Based on the observation that
immortalized neural cells overexpressing p75 display an
enhanced rate of apoptosis in response to serum withdrawal,
a mechanism of ligand-independent death was proposed (see
also Bredesen et al, 1998, this issue). According to this model,
apoptosis promoted by p75 can be negated after binding to
NGF. The correlation between high levels of p75 expression
and susceptibility to apoptosis following growth factor with-
drawal in PC12 cells supports this mechanism of cell death
(Barrett and Georgiou, 1996). Furthermore, down-regulation
of p75 expression in neonatal trkA+ dorsal root sensory
neurons, using an antisense strategy, reveals enhanced
survival Barrett and Bartlett, 1994).

In addition, fibroblast cells transfected with TrkA and
p75 receptor lacking the cytoplasmic domain exhibited a
greater survival advantage upon serum starvation than
cells expressing TrkA and full length p75 (Hantzopoulos et
al, 1994). Although the initial interpretation was that p75
collaborates with TrkA, an alternative explanation is that
the cytoplasmic region of p75 contributes a negative effect
upon cell viability. Indeed the identification of a 70 ± 80
amino acid motif in p75 analogous to the death domain of
the Fas and p55TNF receptor, consolidated the possibility
of a cell death function for p75, similar to other family
members (Feinstein et al, 1995; Hofmann and Tschopp,
1995).

An alternative approach to address the role of p75 in
neuronal apoptosis has been the generation of a transgenic

mouse expressing the intracellular domain of the p75
receptor under the control of the a1 tubulin promoter
(Majdan et al, 1997). Interestingly these mice exhibit
developmental death of several, but not all, neuronal
populations expressing the receptor transgene, indicating
that additional cell-specific factors may be required for p75-
dependent apoptosis. Other mice with targeted mutations in
the neurotrophins or their receptors will provide more
insight into developmental cell death mechanisms pro-
moted by p75.

The phenotype of the p75 null mice supports a role for
p75 in neuronal survival (Davies et al, 1993; Lee et al,
1994a,b) and suggests an apoptotic function as well.
Analysis of mice has also revealed a significantly higher
number of cholinergic neurons in the basal forebrain in
p757/7 mice compared to wild type controls (Van der
Zee et al, 1996; Yeo et al, 1997). These observations
indicate that the absence of p75 resulted in enhanced
survival, similar to the antisense effects observed in
postnatal sensory neurons (Barrett and Bartlett, 1994).
Expression of p75 in cholinergic neurons appears to
affect apoptosis. This result has been contested by other
sterological studies which argue that the number of
neurons does not differ between wild type and p75-
deficient animals (Peterson et al, 1997). A potential
explanation to reconcile these opposing conclusions may
lie in the genetic backgrounds of the mice that have been
examined.

Much of the evidence presented here provides support
for the hypothesis that p75 participates in the apoptotic
process, but the components responsible for signaling
remain to be identified. How does a ligand-independent
mechanism lead to death? A potential mechanism is that
serum or NGF withdrawal from cells may trigger changes in
the p75 receptor structure or in its subcellular localization to
adopt a `killer role'. Alternatively, the action of p75 in the
absence of ligand binding may be explained by engage-
ment of the cellular death machinery under conditions of
overexpression. Although this has not been functionally

Figure 3 Structural comparison between the C-terminal regions of p75 and
Fas receptors. The predicted NMR structure for p75 (Liepinsh et al, 1997) and
the Fas death domains (Huang et al, 1996) is shown. The model extends
between amino acids 336 and 416 of p75 (left) and between amino acids 202-
319 of Fas (right). In contrast to Fas and the p55 TNF receptors, the death
domain of p75 does not self-associate.
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established, the existence of a death domain sequence
located at the C-terminal domain of p75 similar to Fas (see
Figure 3) and the p55 TNF receptor suggests the
mechanism of apoptosis may be similar. The death
domain, a feature of nearly half of the members of the
TNF receptor superfamily, functions primarily to provide a
docking site for adaptor molecules, such as TNF Receptor
Associated Factors (TRAFs), TRADD and FADD. Given the
structural similarity between p75 and other TNFR family
members, it is conceivable that when p75 is expressed at
high levels, apoptosis could result from the interactions of
p75 with FADD, TRADD, TRAFs or related proteins in
these families.

3. p75 as a ligand-dependent cell death molecule

After binding to their respective ligands, the Fas and TNF
receptors initiate an irreversible set of events culminating in
apoptosis. A ligand-dependent mechanism has also been
observed with the p75 receptor (Casaccia-Bonnefil et al,
1996b; Frade et al, 1996). Administration of antibodies
against NGF or p75 in chick embryos results in the
prevention of apoptosis of cells in the dorsal retina at an
early developmental age (Frade et al, 1996), indicating that
endogenous NGF causes the death of these retinal neurons.

Similarly, in vitro exogenous application of NGF to
terminally differentiated primary rat cortical cultures of
oligodendrocytes (Casaccia-Bonnefil et al, 1996b) or
immortalized smooth muscle cells expressing p75 (Krae-
mer and Hempstead, personal communication), results in
apoptotic death that could be blocked by anti-p75
antibodies. Apoptosis can be detected by fluorescent
TUNEL labeling and DNA fragmentation.

Although provocative, the idea that neurotrophins act as
potential death-inducing agents is not original, since several
in vivo studies had previously indicated that NGF might act
as a death inducing agent. Injection of the 192-IgG
monoclonal antibody specific for rat p75 (Chandler et al,
1984; Taniuchi and Johnson, 1985) resulted in decreased
number of cells in the superior cervical ganglion of
embryonic day 16 and newborn rats (Johnson et al,
1989). Although this report has not been widely cited, the
implication of these findings is that 192-antibody may act as
agonist or may mimick ligand binding to the receptor.

A more direct role for NGF in neuronal apoptosis was
suggested by the observation that injection of NGF in
newborn rats which had received a facial nerve transection
resulted in a 50% reduction in cell number (Sendtner et al,
1992). Notably, these motor neurons upregulate the levels
of p75 upon axotomy (Raivich and Kreutzberg, 1987; Yan
and Johnson 1988). Similarly, administration of NGF in
chicks produced developmental neuronal cell death of the
avian isthmo-optic nucleus, which express high levels of
p75 and trkB, but not its cognate receptor, TrkA (von
Bartheld et al, 1994).

A perplexing issue raised by these experiments is that
although all neurotrophins (NGF, BDNF and NT-3) bind to
p75 with similar affinity, each neurotrophin may exert
different effects on cell function and viability through p75.
For example, the effect of NGF on oligodendrocyte cultures

was only observed in a percentage of terminally
differentiated cells and could not be reproduced by similar
concentrations of BDNF or NT-3. Furthermore, in PC12
cells treated with antisense oligonucleotides to down-
regulate TrkA expression, BDNF but not NGF can rescue
from serum-withdrawal (Taglialatela et al, 1996). A very
likely explanation for the effect of distinct neurotrophins in
the oligodendrocyte system is the presence of TrkB and
TrkC receptors in these cells (Cohen et al, 1996). An
alternative explanation, in cells not expressing other Trk
receptors, is the differential ability of neurotrophins to
activate distinct signal transduction pathways. This hypoth-
esis is also supported by dramatic differences in the
kinetics of binding and the degree of positive cooperativity
of each neurotrophin to p75 (Rodriguez-Tebar et al, 1990,
1992). An additional explanation may involve different
adaptor molecules which are associated with the receptor.

How p75 signals

Binding of NGF to p75 leads to a wide variety of signals
depending on the cell type. In T9 glioma cells, for instance,
NGF induces growth arrest (Dobrowsky et al, 1994) while in
Schwann cells, it promotes migration (Anton et al, 1994). In
mesencephalic neurons, p75 activation results in ceramide
production and neurotransmitter release (Blochl and Sirren-
berg, 1996); and in melanoma cells, metastasis has been
detected as a result of p75 action (Herrmann et al, 1993).

The many functions of p75 cannot simply be explained
by a presentation or ligand passing model, particularly in
light of evidence indicating that p75 acts independently of
trk receptor family members. The ligand-independent and
ligand-dependent mechanisms of p75-induced apoptosis
may be reconciled in a model that involves activation of the
same signaling cascade. For a ligand-independent me-
chanism, overexpression of the receptor at supraphysiolo-
gical levels may lead to receptor clustering and
oligomerization. Conformational changes may also occur
to account for alternative signaling events. Such a change
may take place during withdrawal of growth factors or
serum. In the ligand-dependent model, binding of dimeric
NGF may induce two types of responses: either dissocia-
tion of components that constitutively bind to the receptor
or recruitment of signalling components analogous to those
that associate with members of the TNF receptor super-
family.

A variety of signaling pathways has been suggested for
p75. In many cell types, including T9, NIH3T3 and PC12
cells, NGF activation of p75 results in transient elevation of
intracellular ceramide levels, due to increased sphingomye-
lin hydrolysis (Dobrowsky et al, 1994). Treatment with NGF
does not induce death in these cell types. In contrast, in
NGF-treated oligodendrocytes undergoing apoptosis, cer-
amide levels are persistently elevated. The NGF effect in
oligodendrocytes can be mimicked by the application of
exogenous ceramide analogs or bacterial sphingomyeli-
nase or by inhibitors of the glucosylceramide synthase
(Casaccia-Bonnefil et al, 1996a). Therefore, the duration of
intracellular signaling may explain the differential outcomes
of p75 activation in response to NGF. A sustained versus
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transient time course may determine which signaling
pathway is dominant.

Alternatively, activation of different enzymatic pathways
for ceramide utilization, or localization to specific subcellular
compartments, such as caveolae in NIH3T3 or endocytic
compartment in axons, maybe distinct in different cell types.
In neurons, for instance, p75 has been found at the
synaptic terminal, where enzymes responsible for the
formation of ceramide-phosphate, such as ceramide
kinase have been localized (Bajjalieh et al, 1989; Shinghal
et al, 1993). The activation of the enzymatic pathway and
the subcellular localization would be consistent with the
influence of p75 on dopamine release in mesencephalic
neurons (Blochl and Sirrenberg, 1996). Similarly, the
localization of p75 to the caveolin compartment in NIH3T3
(Bildenback et al, 1997) would be consistent with the
selective signalling properties of the receptor in these cells.

Another hallmark response during apoptosis is the
activation of c-jun N-terminal kinase (JNK). This enzyme,
an effector of the stress-activated protein kinase cascade,
has been implicated in cell death progression of
differentiated PC12 cells after NGF withdrawal (Xia et al,
1996). In addition, ceramide is a potential activator of JNK
(Verheij et al, 1996). Incubation of mature oligodendrocytes
with NGF for 3 h led to a threefold induction of JNK
activation. The induction of JNK activity by NGF is similar in
magnitude to the effects of ceramide and is not observed in
cells whose viability is not affected by NGF, such as
NIH3T3 fibroblasts expressing p75. The activity of the
stress-activated protein kinase, JNK, can therefore be up-
regulated by p75 under apoptotic conditions.

Ceramide production and JNK activation are also
observed in response to TNF treatment of cells. Another
common signaling response is the activation of the nuclear
transcription factor NF-kB. Correspondingly it has been
shown that in primary Schwann cells expressing p75 and
not TrkA, NGF activated NF-kB (Carter et al, 1996). This
stimulation was not observed by BDNF or NT-3 treatment
of Schwann cells, which express TrkB and TrkC, but not
TrkA receptors.

When both TrkA and p75 receptors are co-expressed, as
in the case of PC12 cells, trkA exerts a suppressive effect
upon p75, as assayed by ceramide production (Dobrowsky
et al, 1995). In support of this model (Figure 2), introduction
of trkA receptors in PC12 cells results in a reduction of
ceramide production stimulated by p75 binding to NGF.
While MAP kinase activity is increased by NGF binding to
trkA, JNK activity is suppressed by co-expression of trkA
(Yoon, unpublished observations). From these experiments,
trkA signaling can selectively negate specific responses
from p75 and provide alternative responses to NGF (Figure
2). The impact of trk tyrosine phosphorylation upon p75
suggests that other tyrosine kinase receptors may also
interfere with death promoting signals coming from cell
death receptors.

Although it is premature to identify the complete
biochemical pathway initiated by NGF binding to p75, it is
plausible to make certain predictions on potential signaling
candidates, given its structural resemblance with other
members of the TNF receptor superfamily. A model of the

death domain has been proposed based upon an NMR
structural analysis (Liepinsh et al, 1997). The cytoplasmic
domain is envisioned as a rigid string carrying a globular
death domain structure formed by six helices (Figure 3). At
the C-terminal end, a potential PDZ binding domain exists
for each receptor. Although the overall structure is similar to
the Fas death domain, there are several notable differ-
ences. The first helix is in a different position for Fas and
p75. Additionally, self-association has not been observed
with the death domain of p75, in direct contrast to the TNF
and Fas receptor sequences. These structural data would
predict that, although p75 may interact with common
adaptor proteins (such as TRAFs, TRADD, FADD), it may
also bind novel signal transduction molecules. Although the
death domain of p75 may associate with the same proteins,
the mechanism of recruitment to the membrane may differ
from other TNF receptor family members. Alternatively, new
proteins in the caspase class, such as I-FLICE/CASH, can
prevent cell death by TNF and Fas receptors (Goltsev et al,
1997; Hu et al, 1997) and may provide a means for
inhibiting cell death through neurotrophins.

Requirements for an apoptotic signal

Although there are only few examples in which p75 has been
directly shown to be responsible for apoptotic cell death
(Table 1), it should be emphasized that many cell types
express p75, but do not undergo apoptosis. This suggests
that cell context is an important determinant and that p75
alone is not sufficient for this activity. Much effort has been put
forth to extrapolate the functions of TNF family members to
p75, by assuming that the same actions result from
structurally similar receptors. While several signaling me-
chanisms appear to be shared by NGF and TNF, more
experimental work is necessary to understand how neuro-
trophins stimulate different responses ranging from cell
survival to cell suicide. The details for p75 mechanism have
been rudimentary and contradictory. A major problem in
studying p75 signaling is the lack of suitable cell lines and
assays to dissect the contributions of each neurotrophin.

Death induced by NGF is highly dependent on cell type
and developmental stage, suggesting that this action
requires the cell to be in a specific competent state. Also,
the balance between the actions of signaling molecules is
crucial to the final life-death decision (Figure 4). In the
transgenic mice expressing the truncated cytoplasmic
region of p75, the ability of p75 to induce death is highly
dependent on the cell type and developmental stage

Table 1 Examples of neurotrophin-related apoptosis

Cell type Reference

Immortalized neural cell lines
Postnatal sensory neurons
Chick retina precursors
Basal forebrain cholinergic

neurons
PC12 cells after NGF withdrawal
Mature oligodendrocytes
Medulloblastoma

(Rabizadeh et al, 1993)
(Barrett and Bartlett, 1994)

(Frade et al, 1996)
(Van der Zee et al, 1996)

(Barrett and Georgiou, 1996)
(Casaccia-Bonne®l et al, 1996)

((Muragaki et al, 1997)
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(Majdan et al, 1997). Facial motoneurons did not die
spontaneously, due to expression of the transgene, but
became more sensitive to apoptotic stimuli after nerve
injury.

In summary, cell death mediated by p75 is not a
generalized phenomenon but, instead, requires specific
conditions, with regard to cell type, cell cycle stage,
developmental stage, injury or stress.

1. The pro-apoptotic effect of p75 requires the cellular
balance between survival/death signals to be signifi-
cantly shifted towards death (Figure 4). This speci®c
imbalance could be due to age in culture, metabolic
impairment, hypoxia, or other types of `stress' signals,
such as nerve injury or trauma. For instance, in the
oligodendrocyte model, although in vivo p75 is not
expressed in physiological conditions, these cells are
highly susceptible to injury and in¯ammation and may
become more reactive to released growth factors and
cytokines by upregulating receptor expression at the site
of injury. In support of this hypothesis, recent evidence
indicates the presence of p75-positive oligodendrocytes
in white matter plaques in brain section biopsies
obtained from patients with multiple sclerosis (Dowling,
unpublished observations).

Similarly, in the chick embryonic retina, not all the
cells are susceptible to NGF-induced death through p75.
Exogenous administration of NGF in this experimental
paradigm does not increase the number of dead cells,
suggesting that only cells already predisposed to die by
other factors can be killed via a p75-dependent
mechanism (Frade et al, 1997).

2. The effect of p75 on cell death is highly dependent on
the developmental stage of the cells and by their
differentiative state in culture. In the oligodendrocyte
lineage, terminally differentiated oligodendrocytes are
highly sensitive to NGF-induced death, while O-2A
oligodendrocyte progenitors are totally resistent, even if
p75 is expressed at high levels using adenoviral vectors
(Casaccia-Bonne®l, unpublished observations). Simi-

larly, downregulation of p75, using antisense oligonu-
cleotides, results in either decreased or increased
survival depending on the developmental stage of
DRG neurons (Barrett and Bartlett, 1994). The apoptotic
role of p75 has been observed primarily in terminally
differentiated cells, while contrasting effects have been
observed in undifferentiated cells, such as oligodendro-
cyte progenitors, medulloblastomas, and tumor cell lines
(Cohen et al, 1996; Cortazzo et al, 1996; Muragaki et al,
1997). Although it remains to be demonstrated that p75
signaling affects cell cycle genes, this is an attractive
hypothesis that may potentially explain the paradox of
p75 being a survival molecule in cultured neuroblasto-
mas (Cortazzo et al, 1996) and apoptotic in primary
cultures of post-mitotic cells.

Conclusions

The contribution of neurotrophins to the welfare of developing
neuronal populations is well established. Neurotrophins also
mediate other critical functions in the nervous system,
including neurotransmitter release, formation of ocular
dominance columns in the visual system, and increased
synaptic efficacy, as measured by long term potentiation
(Thoenen, 1995). Couched behind these activities is the
threat of cell elimination. This article indicates that neuro-
trophins have the capability to kill cells through a pro-apoptotic
mechanism, in addition to their ability to prevent a cell suicide
pathway.

There are other examples of growth factors and
cytokines which carry apoptotic as well as cell survival
functions. Bone morphogenetic proteins such as BMP4 can
influence early developmental events by inducing apoptosis
(Graham et al, 1994) and LIF can cause sympathetic
neuron cell death in culture (Kessler et al, 1993). The
prominent role of cytokines in inducing apoptosis is
underscored by TNF and Fas receptors. TNF's cytotoxic
action extends to oligodendrocytes (Louis et al, 1993).

Crosstalk mechanisms between different receptor
systems may account for how extracellular factors might
exert a fatal as well as a beneficial outcome. Cytokines and
growth factors can influence signaling events through other
unrelated receptors. For example, TNF-a inhibits insulin
signal transduction and elevated levels of TNF are directly
correlated with insulin resistance and obesity (Hotamisligil
and Spiegelman, 1994). The molecular basis of TNF-a
inhibition of insulin action occurs by decreasing the tyrosine
phosphorylation of the insulin receptor (Hotamisligil et al,
1994a,b) and its substrate, insulin receptor substrate-1
(IRS-1), a docking protein containing SH2 domains.

Growing evidence has established a family of transmem-
brane receptors that serve as mediators of cell death. The
pathways leading from death receptor activation and
execution of an apoptotic program have quickly become
understood at a molecular level. For neurotrophins, their
primary function in sustaining the viability of neurons is
counterbalanced by a receptor mechanism to eliminate
cells by an apoptotic mechanism. It is conceivable that this
bidirectional system may be utilized selectively during
development and in neurodegenerative diseases.

Figure 4 Life and death decisions made by neurotrophins are determined by
the balance between the activation and inactivation of specific signaling
components, including MAP and JNK enzymes, phosphotidylinositol 3-
phosphate kinase (PIP3-K), ICE proteases (caspases) and Bcl family
members.
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