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Cell death is a prominent feature of the developing
vertebrate nervous system, affecting neurons, glial
cells and their progenitors. The most extensively stud-
ied and best understood phase of cell death occurs
in populations of neurons shortly after they begin
establishing connections with other neurons and/or
non-neural tissues. This phase of cell death makes
appropriate adjustments to the relative sizes of inter-
connected groups of neurons and matches the size of
neuronal populations that innervate non-neural
tissues to the optimal requirements of these tissues.
The fate of neurons during this period of development
is regulated by a variety of secreted proteins that
either promote survival or bring about cell death after
binding to receptors expressed on the neurons. These
proteins may be derived from the targets the neurons
innervate, the afferents they receive or from associ-
ated glial cells, or they may be secreted by the neurons
themselves. In this review, I will outline the estab-
lished and emerging principles that modulate neuro-
nal number in the developing nervous system.
Keywords: cell death/neurons/neurotrophic factors/
survival

Introduction

Cell death plays a key role in regulating the number of
neurons in the nervous system from the earliest stages of
its development. Whilst cell death has been described in
proliferating neuroblasts and in early neurons before they
have begun to establish connections with other neurons (de
la Rosa and de Pablo, 2000), a prominent phase of cell
death occurs in many populations of neurons shortly after
their axons reach their targets (Oppenheim, 1991). During
this phase of development, 20±80% of neurons with long
projecting axons undergo apoptosis and are swiftly
removed. Because it is relatively easy to quantify the
extent of cell death in anatomically discrete populations of
post-mitotic neurons in vivo and to study the survival
requirements of these neurons at the corresponding stage
in vitro, a good deal has been learnt about the extracellular
signals that regulate the survival and death of neurons
during this period of development, which will be the
primary focus of this review.

The demonstration in a series of classic studies in the
chicken embyro that altering target ®eld size prior to

innervation affects the number of innervating neurons that
survive led to the idea that neuronal death matches the
number of neurons to the size and requirements of their
target ®elds (Oppenheim, 1991). A long established idea,
the neurotrophic hypothesis, provides an explanation for
how target ®elds in¯uence the size of the neuronal
populations that innervate them. This hypothesis arose
from work on nerve growth factor (NGF), the ®rst neuron
survival factor to be identi®ed. The principal tenet of this
hypothesis is that the survival of developing neurons
depends on the supply of a neurotrophic factor that is
synthesized in limiting amounts in their target ®elds. The
most important evidence for this hypothesis was the
demonstration that populations of developing neurons that
are supported by NGF in vitro, namely sympathetic
neurons and certain kinds of sensory neurons, also depend
on NGF in vivo. Anti-NGF antibodies administered during
the phase of target ®eld innervation eliminate these
neurons, whereas exogenous NGF rescues neurons that
would otherwise die (Levi-Montalcini, 1987). These
neurons are also lost in mice that lack either NGF or its
receptor tyrosine kinase, TrkA (Lewin and Barde, 1996).
NGF is synthesized in the target ®elds of these neurons in
proportion to their innervation density during the early
stages of their innervation (Harper and Davies, 1990), and
is transported retrogradely from the target ®eld in
signalling endosomes containing activated TrkA to the
neuron cell bodies (Howe et al., 2001).

The discovery of the NGF family of structurally related
neurotrophic factors, the neurotrophins, together with
studies of the biology of these proteins provided several
further examples of the regulation of neuronal survival by
retrogradely transported, target-derived neurotrophic fac-
tors. In addition to the neurotrophins [NGF, brain-derived
neurotrophic factor (BDNF), neurotrophin-3 (NT3) and
NT4], several other families of proteins have been shown
to promote the survival of various populations of neurons
during development. These include the glial cell-derived
neurotrophic factor (GDNF) family (GDNF, neurturin,
artemin and persephin), the neurotrophic cytokines [ciliary
neurotrophic factor (CNTF), leukaemia inhibitory factor
(LIF), oncostatin-M (OSM), cardiotrophin-1 (CT-1) and
interleukin-6 (IL-6)] and two related factors, hepatocyte
growth factor (HGF) and macrophage-stimulating protein
(MSP) (Table I). Each of these proteins promotes the
survival of various kinds of neurons during particular
stages of their development (Davies, 1994b; Lewin and
Barde, 1996; Maina and Klein, 1999; Airaksinen and
Saarma, 2002). However, studies of the expression of
these proteins and their receptors together with studies of
their actions in a variety of developing neuronal systems
have revealed that neurotrophic factors regulate survival
by a variety of routes in addition to the classic target-
derived one (Figure 1). A surprising ®nding in recent years
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has been the demonstration that certain neurotrophic
factors can also promote neuronal death. In addition,
several members of the tumour necrosis factor (TNF)
superfamily of ligands activate cell death mechanisms in
developing neurons and play a role in regulating neuron
number during development. In this review, I will give an
overview of the interplay of survival-promoting and death-
promoting extracellular signals in the regulation of
neuronal survival and explain how trophic interactions
between different populations of neurons and other tissues
are orchestrated by such signals at different stages of
development.

In addition to regulating neuronal survival and death, all
neurotrophic factors have a wide variety of functions in the
nervous system and other tissues (Lewin and Barde, 1996;
Maina and Klein, 1999; Bibel and Barde, 2001; Airaksinen
and Saarma, 2002) that are beyond the scope of this
review, which will focus on the role of these proteins in
regulating neuronal survival. I will deal exclusively with
extracellular signalling, and will not address intracellular
signal transduction events that sustain survival or promote
death following receptor binding and activation, as these
events are covered by many excellent recent reviews
(Miller and Kaplan, 2001; Airaksinen and Saarma, 2002;
Hempstead, 2002). I will choose examples from well
characterized experimental systems, especially in the
peripheral nervous system (PNS), and will focus mostly
on neurotrophins. My goal is to illustrate the biological
principles and not to provide an exhaustive account.

Retrograde trophic support from
innervation targets

The dependence of neurons on a supply of retrogradely
transported neurotrophic factor(s) from their target ®elds
raises issues of when and how this dependence is acquired
during development. In vitro studies of several populations
of PNS neurons from the earliest stages of development
suggest that many neurons initially survive independently
of neurotrophic factors at the stage when their axons start
growing to their targets (Davies, 1994a). Evidence that the
duration of neurotrophic factor independence in some

neurons is correlated with the time it takes axons to grow
to their targets has come from studying populations of
cranial sensory neurons whose axons have markedly
different distances to grow to their targets (Davies, 1989;
Vogel and Davies, 1991). The neurons of the vestibular,
geniculate, petrosal and nodose ganglia are derived from
thickened regions of head ectoderm termed neurogenic
placodes and are born over the same period of develop-
ment, but differ in the distances their axons have to grow to
reach their targets. Vestibular neurons have the closest
targets and survive without neurotrophins for only a short
time before becoming dependent on BDNF for survival.
Nodose neurons have the most distant targets and survive
for the longest time before becoming BDNF dependent.
Geniculate and petrosal neurons have intermediate target
distances and survive for intermediate times before
becoming BDNF dependent. The acquisition of BDNF
responsiveness is correlated with the expression of the
BDNF receptor tyrosine kinase TrkB (Robinson et al.,
1996a), and studies of the survival of neurons that
differentiate from their progenitor cells in vitro suggest
that an intrinsic timing programme speci®ed in the
progenitors controls the duration of neurotrophin inde-
pendence and onset of BDNF receptor expression and
dependence (Vogel and Davies, 1991, 1993).

In contrast to the straightforward case of target-derived
trophic support synchronized with innervation described
above, some neurons have more complex and changing
requirements for retrograde trophic support during devel-
opment. The ®rst and best documented example of neurons
that switch their survival requirements from one neuro-
trophic factor to another during development comes from
the neurons of the mouse trigeminal ganglion, a population
of cutaneous sensory neurons that innervate the anterior
part of the head. If these neurons are cultured at the stage
when the earliest neurons are extending axons to their
targets, most survive with BDNF or NT3 and very few
survive with NGF. In cultures established over the next
few days of development, almost all neurons become
dependent on NGF and few remain responsive to BDNF or
NT3 (Buchman and Davies, 1993). The early survival
response to BDNF and NT3 is mediated predominantly via

Table I. Families of structurally related neurotrophic factors and their receptors

Neurotrophic factor family Neurotrophic factor Preferred receptor(s)

Neurotrophins Nerve growth factor (NGF) TrkA, p75NTR

Brain-derived neurotrophic factor (BDNF) TrkB, p75NTR

Neurotropin-3 (NT3) TrkC, p75NTR

Neurotrophin-4 (NT4) TrkB, p75NTR

GDNF family Glial cell-derived neurotrophic factor (GDNF) Ret, GFRa-1
Neurturin Ret, GFRa-2
Artemin Ret, GFRa-3
Persephin Ret, GFRa-4

Neurotrophic cytokines Ciliary neurotrophic factor (CNTF) gp130, LIFRb, CNTFRa
Leukaemia-inhibitory factor (LIF) gp130, LIFRb
Cardiotrophin-1 (CT-1) gp130, LIFRb
Oncostatin-M (OSM) gp130, OSMRb
Interleukin-6 (IL-6) gp130, IL6Ra

HGF family Hepatocyte growth factor (HGF) Met
Macrophage-stimulating protein (MSP) Ron

Although several neurotrophic factors bind and activate more than one member of a family of receptors (e.g. NT3 activates TrkA and TrkB in addition
to its preferred receptor tyrosine kinase TrkC), for simplicity, only the preferred receptors for each factor are listed.
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TrkB (PinÄoÂn et al., 1996; Davies, 1997). Accordingly,
apoptosis is markedly increased in the trigeminal ganglia
of trkB±/± embryos and nt3±/± embryos at the stage when
the neurons are responsive to BDNF and NT-3 in vitro, and
is markedly elevated in trkA±/± embryos later in develop-
ment when neurons are responsive to NGF (PinÄoÂn et al.,
1996; Wilkinson et al., 1996). Although this switch in
responsiveness is due in part to the sequential generation
of BDNF-responsive and NGF-responsive neurons in the
ganglion (Enokido et al., 1999; Huang et al., 1999a),
bromodeoxyuridine (BrdU) labelling studies have demon-
strated that many of the neurons that initially survive with
BDNF subsequently switch to become NGF responsive
(Enokido et al., 1999). Later in development, toward the
end of the phase of naturally occurring neuronal death,
trigeminal neurons acquire a survival response to MSP,
and by birth the majority of neurons can be supported by
either NGF or MSP in culture (Forgie et al., 2003).
Accordingly, a signi®cant number of neurons are lost in
the trigeminal ganglia of postnatal mice lacking the MSP
receptor tyrosine kinase Ron (Forgie et al., 2003). MSP,
like NGF, is expressed in the peripheral target ®eld of
trigeminal neurons but, whereas NGF expression begins
with the arrival of the earliest axons (Davies et al., 1987),
MSP expression occurs later in development in accordance
with the later response of the neurons to this factor (Forgie
et al., 2003). Taken together, these ®ndings suggest that
many neurons in the trigeminal ganglion are sequentially
dependent in vivo on TrkB, TrkA and Ron signalling
during successive developmental stages.

The timing of BDNF/NT3, NGF and MSP responsive-
ness is correlated with the sequential expression of TrkB,
TrkA and Ron receptors on trigeminal neurons (Buchman
and Davies, 1993; Ninkina et al., 1996; Forgie et al.,
2003). Unlike the onset of BDNF responsiveness in
placode-derived sensory neurons, which is largely con-
trolled by an intrinsic timing programme in the neurons,
the switch from BDNF/NT3 to NGF dependence appears
to be due in part to signals that act on the neurons during
the switchover period in vivo (Paul and Davies, 1995;
Enokido et al., 1999). Although several studies have
shown that NGF increases TrkA expression in neurons and
cell lines, the ®nding that the increase in TrkA mRNA
expression that accompanies the onset of a sustained NGF
survival in developing trigeminal neurons is unaffected in
ngf±/± embryos suggests that target-derived NGF is not
involved in regulating NGF receptor expression and
dependence during this period of development (Davies
et al., 1995b). Interestingly, the loss of BDNF respon-
siveness is not due simply to reduced TrkB expression, but
is associated with the expression of kinase-de®cient TrkB
isoforms that negatively modulate BDNF signalling
(Ninkina et al., 1996).

In addition to requiring different neurotrophic factors
during sequential stages of development, the demonstra-
tion that proprioceptive neurons can be supported in vitro
during the phase of target ®eld innervation by different
neurotrophic factors from their peripheral and central
target ®elds raised the possibility that multiple neuro-
trophic factors might act concurrently to regulate neuronal

Fig. 1. Schematic illustration of the routes by which neurotrophic factors in¯uence neuronal survival. Three groups of interconnected neurons, A, B
and C, are shown. Group B neurons obtain neurotrophic factors from four sources: (i) from target cells or neurons [group A neurons secrete this neuro-
trophic factor (red dots) which binds to receptors on the axon terminals of neurons B, and is internalized and retrogradely transported (direction of red
arrows) to the cell bodies of group A neurons]; (ii) from intermediate target cells or glial cells associated with the axons of neurons B (this neuro-
trophic factor is represented by the blue dots and is retrogradely transported in the direction of the blue arrows); (iii) from afferents [this neurotrophic
factor (green dots) is synthesized in the cell bodies of group C neurons and is anterogradely transported along the axons of these neurons (direction of
green arrows) to be released from their terminals and bind to receptors on the cell bodies or dendrites of group B neurons]; and (iv) via an autocrine
route (this neurotrophic factor is represented by the purple dots).
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survival (Davies et al., 1986). This idea has since been
substantiated by several well documented in vivo studies.
For example, administration to postnatal rats of function-
blocking antisera to either NGF or NT3 results in extensive
loss of sympathetic neurons (Zhou and Rush, 1995;
Tafreshi et al., 1998), and markedly elevated neuronal
death occurs in the sympathetic ganglia of both ngf±/± and
nt3±/± embryos a few days after the neurons begin to
innervate their targets where both NGF and NT3 are
produced (Wyatt et al., 1997; Zhou et al., 1997; Francis
et al., 1999). Although these results could be explained by
the presence of separate subsets of NGF-dependent and
NT3-dependent neurons in developing sympathetic gan-
glia, several observations suggest that NGF and NT3
regulate the survival of the same neurons. NGF and NT3
each promote the survival of the great majority of late fetal
and postnatal sympathetic neurons in vitro (Davies et al.,
1995a) and neuronal death is not signi®cantly greater in
mice that lack both NGF and NT3 compared with mice
that lack NGF alone (Francis et al., 1999). Furthermore,
analysis of the Trk receptor isoforms expressed by
sympathetic neurons (Wyatt et al., 1997), in vitro studies
of TrkC-de®cient neurons (Davies et al., 1995a) and the
effects of a mutant NT3 protein that only signals via TrkA
(Belliveau et al., 1997) have shown that both NGF and
NT3 promote sympathetic neuron survival by acting via
the same receptor, TrkA. Taken together, these results
suggest that the survival of the majority of sympathetic
neurons is regulated by target-derived NGF and NT3
during the period of development when they are
establishing connections with their targets.

Retrograde trophic support from cells
en route to innervation targets

Whilst there are clear examples of neurons that survive
independently of neurotrophic factors when their axons are
growing to their targets, there is evidence that some
neurons depend upon trophic support provided by cells
that lie en route to their ®nal destination (Figure 1). The
®nding that BDNF and NT3, which sustain the survival of
early trigeminal neurons, are initially expressed in the
tissue through which trigeminal axons grow to their
peripheral targets from the earliest stages of axonal
outgrowth, together with the loss of many trigeminal
neurons in trkB±/± and nt3±/± embryos during this early
stage of development (Buchman and Davies, 1993; PinÄoÂn
et al., 1996; Wilkinson et al., 1996), raised the possibility
that BDNF and/or NT3 may provide intermediate trophic
support to some trigeminal neurons when their axons are
growing to their targets (Davies, 1997). Likewise, many
dorsal root ganglion (DRG) sensory neurons are dependent
on NT3 early in development, and NT3 is expressed in
tissues through which the peripheral axons of these
neurons grow to their targets (Farinas et al., 1996; White
et al., 1996; Liebl et al., 1997).

Additional observations that support the notion of
intermediate trophic support have come by studying
embryos that lack the ErbB3 neuregulin receptor
(Riethmacher et al., 1997). These embryos lack Schwann
cells and their precursors that associate with sensory and
motor axons. Although sensory and motor neurons start to
extend axons normally in these embryos, a substantial

number of these neurons subsequently die early in their
development. Because Schwann cells and their precursors
are known to synthesize a variety of factors that are
capable of promoting neuronal survival (Mirsky et al.,
2002), it is possible that the loss of sensory and motor
neurons in ErbB3-de®cient embryos results from a lack of
trophic support from Schwann cells and/or their precur-
sors. However, because the enhanced neuronal death in
erbB3±/± embryos begins ~2 days later in development than
the enhanced neuronal death observed in trkB±/± or nt3±/±

(PinÄoÂn et al., 1996; Wilkinson et al., 1996; Liebl et al.,
1997), it is possible that Schwann cell-derived trophic
support may not be required for sustaining the survival of
neurons from the very earliest stages of axonal outgrowth.

Evidence for intermediate trophic support in the devel-
oping CNS has been reported for spinal commissural
neurons, a group of neurons in the dorsal spinal cord
whose axons ®rst grow ventrally to the ¯oor plate of the
spinal cord where they cross the midline and ascend to
targets in the brain (Wang and Tessier-Lavigne, 1999).
Floor plate conditioned medium was able to maintain the
integrity of commissural axons growing from dorsal spinal
cord explants and reduce the number of dying cells in the
explants at the stage of development when many of the
commissural axons would normally be in the vicinity of
the ¯oor plate, suggesting that the ¯oor plate may be a
source of trophic support for these neurons as their axons
make their way to their ®nal destination. However, without
knowing the identity of the putative neurotrophic factor(s)
and which cells express receptors for it, it is uncertain
whether the well-being of commissural neurons in these
explants is mediated by a direct action of the putative ¯oor
plate-derived trophic factor on these neurons or indirectly
via effects on other cells in the explants.

Anterograde trophic support

The demonstration in several populations of developing
neurons that deafferentation increases and hyperinnerva-
tion decreases the number of neurons lost during the stage
of naturally occurring neuronal death (Linden, 1994) has
given rise to the idea that neurons depend in part for their
survival on trophic support derived from their afferents
(Figure 1). Many neurotrophic factors are synthesized in
various neurons, and evidence for anterograde transport of
endogenous neurotrophic factors along axons has been
demonstrated in several locations. For example, endogen-
ous BDNF is transported along the axons of a subset of
sensory neurons in vivo (Zhou and Rush, 1996; Michael
et al., 1997), and is released from these neurons in vitro
where it can sustain the survival of co-cultured BDNF-
dependent neurons (Robinson et al., 1996b). BDNF is
widely distributed in nerve terminals in the brain, and
inhibition of axonal transport depletes BDNF from
terminals (Altar et al., 1997; Conner et al., 1997). Antero-
grade transport of endogenous NT3 has also been demon-
strated along retinal ganglion cell axons (von Bartheld and
Butowt, 2000).

Although anterogradely transported BDNF can function
as a neurotransmitter (Barde, 2002; Blum et al., 2002) and
has a role in regulating dendritic growth (McAllister et al.,
1999), several studies have shown that anterogradely
transported BDNF can also promote the survival of
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post-synaptic neurons during development. For example,
endogenous BDNF is anterogradely transported along
cortical axons to the striatum, and a subset of striatal
neurons is lost in BDNF-de®cient mice, suggesting that
these neurons are supported by BDNF from cortical
afferents (Altar et al., 1997). Motoneuron death following
axotomy is reduced in mice that overexpress BDNF in
noradrenergic neurons that project to motoneurons, sug-
gesting that these noradrenergic neurons are capable of
providing anterograde trophic support to the neurons they
innervate (Fawcett et al., 1998). Reducing the availability
of endogenous, anterogradely transported BDNF within
the superior colliculus (a midbrain structure) using func-
tion-blocking antibodies in postnatal rats increases neuron
death in this structure, suggesting that BDNF released
from retinal ganglion cell axons acts as a survival factor
for these neurons (Caleo et al., 2000).

Autocrine trophic support

Evidence that neurotrophins can act by an autocrine route
(Figure 1) initially came from in vitro studies of early
DRG neurons that express BDNF and undergo an early
morphological transition shortly after they differentiate
from progenitor cells. This morphological transition
occurs in single cell cultures, is accelerated by exogenous
BDNF and is inhibited by antisense BDNF oligonucleo-
tides (Wright et al., 1992). This BDNF autocrine loop is
mediated via the common neurotrophin receptor p75NTR,
and is not required for survival during this early stage of
neuronal development (Wright et al., 1992; Huber et al.,
2000). Similar experiments on adult DRG neurons, most
of which survive in culture without added neurotrophic
factors, raised the possibility that a BDNF autocrine loop
is responsible for sustaining the survival of a subset of
these neurons in culture (Acheson et al., 1995). However,
in adults, BDNF is expressed mainly by TrkA-expressing,
not TrkB-expressing, DRG neurons (Kashiba et al., 1997).
Since the survival-promoting effects of BDNF are medi-
ated via TrkB (Lewin and Barde, 1996), it seems unlikely
that a BDNF autocrine loop plays a signi®cant role in
sustaining the survival of adult DRG neurons in vivo. In
the central nervous system (CNS), however, BDNF and
TrkB are co-expressed on a variety of neurons in the
cerebral cortex, hippocampus and cerebellum (Kokaia
et al., 1993; Miranda et al., 1993; Ferrer et al., 1997;
Schwartz et al., 1997; Pitts and Miller, 2000; Dieni and
Rees, 2002). The demonstration that anti-BDNF antiserum
reduces neuronal survival in cortical neuron cultures is
consistent with the operation of a BDNF autocrine loop in
some cortical neurons (Ghosh et al., 1994). The ®nding
that horizontal neurons in the developing retina co-express
TrkA and NGF and that these neurons are killed by
antisense NGF oligonucleotides suggests that their sur-
vival is sustained by an NGF autocrine loop (Karlsson
et al., 2001).

In addition to the BDNF autocrine loop in differenti-
ating DRG neurons (Wright et al., 1992), there is evidence
for other neurotrophic factor autocrine loops in differen-
tiating neurons elsewhere in the nervous system. In vivo
and in vitro studies have implicated an HGF autocrine loop
in sustaining the survival of sympathetic neuroblasts.
These cells express HGF and its receptor tyrosine kinase

Met and survive for >2 days in very low density culture in
de®ned medium lacking neurotrophic factors. Neuroblasts
die more rapidly in the presence of anti-HGF, and
neuroblasts lacking a functional Met receptor also die
more rapidly in vitro and in vivo (Maina et al., 1998). An
activity-dependent NT3 autocrine loop has been shown in
single-cell cultures to promote the differentiation of a
subset of hippocampal pyramidal neurons (Boukhaddaoui
et al., 2001).

A fascinating and unexpected development in neuro-
trophic factor survival signalling is the demonstration that
neurotrophic cytokines mediate their survival effects on
cultured motoneurons by inducing the expression and
secretion of another protein, Reg-2. Puri®ed Reg-2 is a
survival factor for motoneurons on its own, and blocking
Reg-2 expression using Reg-2 antisense adenovirus abro-
gates the survival effect of CNTF (Nishimune et al., 2000).
These data raise the intriguing possibility that a Reg-2
autocrine loop mediates the survival effect of CNTF on
motoneurons.

Cytotoxic actions of neurotrophins and
other factors on developing neurons

An interesting and surprising development in the neuro-
trophic ®eld in recent years is the demonstration that
neurotrophins can promote cell death under certain
circumstances. Neurotrophins not only bind and activate
their cognate Trk receptor tyrosine kinases, but also bind
the common neurotrophin receptor p75NTR. This receptor
has a multitude of functions. In addition to neurotrophins,
it binds several other proteins with nanomolar af®nities,
including the neurotoxic prion protein fragment PrP and
the Ab amyloid peptide, and is a co-receptor for myelin-
derived axon growth inhibitory proteins (Dechant and
Barde, 2002; Hempstead, 2002). p75NTR is a member of
the TNF receptor superfamily and, like several other
members of this superfamily of receptors, possesses an
intracellular death domain which is responsible for
assembling a death-inducing signalling complex, leading
to caspase activation and cell death (Locksley et al., 2001).
However, the in¯uence of p75NTR on cell survival and
death in response to neurotrophins depends in part upon
the cellular context within which it acts. In TrkA-
expressing neurons, the presence of p75NTR enhances the
survival-promoting action of NGF (Davies et al., 1993;
Horton et al., 1997; Ryden et al., 1997). This is due to a
p75NTR-induced conformational change in TrkA that
increases its af®nity for NGF (Esposito et al., 2001) and
to survival signalling cascades initiated by p75NTR itself
(Hamanoue et al., 1999; DeFreitas et al., 2001; Roux et al.,
2001). Under conditions of reduced or absent Trk
signalling, p75NTR can promote cell death (Barrett and
Bartlett, 1994; Casaccia-Bonne®l et al., 1996; Frade et al.,
1996; Bamji et al., 1998; Davey and Davies, 1998). The
physiological relevance of p75NTR in promoting cell death
has been demonstrated in vivo by showing that basal
forebrain cholinergic neurons, which normally express
high levels of p75NTR, are present in elevated numbers in
postnatal mice that lack p75NTR (Van der Zee et al., 1996;
Naumann et al., 2002).

The effect of NGF on cell survival also depends on
whether it acts in either its processed or unprocessed form.
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The neurotrophins, in common with many other growth
factors, are synthesized as larger precursor proteins that
are proteolytically cleaved to generate the mature ligands.
ProNGF has a >5-fold greater af®nity for p75NTR than
mature NGF and has negligible binding to TrkA. As such,
proNGF is a much more potent inducer of cell death than
mature NGF (Lee et al., 2001). Since both proNGF and
proBDNF are relatively abundant in brain (Fahnestock
et al., 2001; Mowla et al., 2001), it is possible that the
synthesis and location of speci®c proteases involved in
post-secretory processing of neurotrophin precursor
proteins could play a role in regulating neurotrophin
function (Ibanez, 2002).

Several other members of the TNF receptor superfamily
have been implicated in regulating neuronal death in the
developing nervous system. Blocking the interaction
between Fas and its ligand (Fas-L) reduces cell death
induced by neurotrophic factor deprivation in cerebellar
granule cells (Brunet et al., 1999) and spinal motoneurons
(Raoul et al., 1999). Fas is constitutively expressed in
these cells, and Fas-L is induced following neurotrophic
factor deprivation. These results suggest that Fas signal-
ling is triggered by neurotrophic factor withdrawal, and
this in turn brings about the demise of the neurons (Raoul
et al., 1999). These intriguing results raise the possiblity
that Fas signalling plays a role promoting apoptosis during
the period of naturally occurring neuronal death in vivo,
although additional work on embryos defective in Fas
signalling will be required to con®rm this possibility.

TNF-a has also been implicated in promoting the death
of sympathetic and sensory neurons during the phase of
naturally occurring neuronal death (Barker et al., 2001).
Function-blocking antibodies to either TNF-a or its death
domain-possessing receptor TNFRI rescue many of these
neurons following NGF deprivation in vitro, and fewer
sensory and sympathetic neurons die during the phase of
naturally occurring neuronal death in TNF-a-de®cient
embryos in vivo. Because the neurons co-express TNF-a
and TNFRI, it is likely that TNF-a acts by an autocrine
loop to facilitate the death of neurons that fail to procure an
adequate supply of NGF. This TNF-a autocrine loop is not
an obligatory step in the apoptosis of neurotrophin-
deprived neurons because wild-type neurons treated with
anti-TNF-a or anti-TNFRI antibodies as well as TNF-a-
de®cient neurons still die in culture following neurotro-
phin deprivation, but do so more slowly than neurons in
which TNF-a signalling is intact (Barker et al., 2001).
Thus, it is likely that the TNF-a autocrine loop accelerates
the death of neurons that fail to procure an adequate supply
of neurotrophic factor.

Studies of FasL and TNF-a add an unexpected twist to
the molecular mechanisms that regulate the death of
neurons during development. Neuronal death is not simply
due to withdrawal of survival signals, but is due in part to
the activation of cytotoxic signalling mechanisms. In
future work, it will be important to explore the potential
role of other death domain-containing members of the
TNF receptor superfamily in regulating neuronal death. In
addition to accelerating the demise of neurons that fail to
procure suf®cient neurotrophic support, it will be inter-
esting to ascertain whether such factors could, in some
locations, override trophic signals and selectively elimin-
ate inappropriately connected neurons directly.

Conclusions and future directions

From the pioneering years of neurotrophic factor biology
in the middle of the last century to the present time, there
has been substantial growth in our understanding of the
mechanisms that regulate the relative sizes of intercon-
nected populations of neurons in the developing nervous
system. Whilst the neurotrophic hypothesis has become a
substantiated cornerstone of our thinking in this ®eld, the
shear complexity and subtleties of the cell±cell inter-
actions involved in adjusting neuron number by regulating
cell survival and cell death is quite remarkable. A
multitude and growing number of extracellular proteins
have been implicated in this process. Many of these
proteins act in a variety of waysÐretrograde, anterograde
and autocrineÐin different locations and at different
stages of development, and some proteins promote
survival in one situation and death in another. It seems
likely that each population of neurons in the developing
nervous system is exposed at different stages of develop-
ment to a variety of survival-enhancing and death-
promoting signals derived from their targets, afferents
and in some cases from the neurons themselves.

We are still at the stage of describing and elucidating the
basic principles of cell±cell communication mediated by
secreted and expressed proteins that in¯uence life and
death decisions in developing neurons. How the trophic
interactions between interconnected neurons are orches-
trated is a fundamentally important but largely mysterious
process. For example, the acquisition of survival depend-
ence by some populations of neurons appears to be
controlled by an intrinsic timing mechanism independent
of target contact, but we have little understanding of how
neurons become programmed to express the appropriate
receptors at the right time in development. Likewise, the
sensitivity of neurons to particular neurotrophic factors is a
crucial element that governs how many neurons within a
particular population survive, yet we know little about
what regulates the level of receptor expression and the
other molecular processes that control the sensitivity of
developing neurons to particular factors in vivo. Studies of
neurotrophin receptor expression in mice with null muta-
tions in transcription factors such as Brn-3a are, however,
starting to shed light on this important topic (Huang et al.,
1999b). The timing and level of NGF synthesis in some
targets is coordinated with the arrival of the earliest nerve
®bres and matched to initial innervation density (Davies
et al., 1987; Harper and Davies, 1990), yet appears to be
regulated independently of innervation (Rohrer et al.,
1988). Again, little is known about how the timing, site
and level of synthesis of this and other neurotrophic factors
are regulated in vivo. However, elegant studies of NT3
expression, which like NGF occurs independently of
innervation, have begun to make inroads into this crucial
issue by demonstrating in the developing limb that
epithelial±mesenchymal interactions mediated by Wnt
factors play a key role (Patapoutian et al., 1999). These
and many other key issues such as understanding more
fully the intracellular signalling mechanisms that trans-
duce, integrate and execute survival and death signals
within neurons will provide no shortage of fascination,
industry and surprises in this ®eld for many years to come.
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