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Abstract

During embryogenesis, the neurons of vertebrate sympathetic and sensory ganglia become dependent on
neurotrophic factors, derived from their targets, for survival and maintenance of differentiated functions. Many
of these interactions are mediated by the neurotrophins NGF, BDNF, and NT3 and the receptor tyrosine kinases
encoded by genes of the trk family. Both sympathetic and sensory neurons undergo developmental changes in
their responsiveness to NGF, the first neurotrophin to be identified and characterized. Subpopulations of
sensory neurons do not require NGF for survival, but respond instead to BDNF or NT3 with enhanced survival.
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In addition to their classic effects on neuron survival, neurotrophins influence the differentiation and prolifera-
tion of neural crest-derived neuronal precursors. In both sympathetic and sensory systems, production of
neurotrophins by target cells and expression of neurotrophin receptors by neurons are correlated temporally
and spatially with innervation patterns. In vitro, embryonic sympathetic neurons require exposure to environ-
mental cues, such as basic FGF and retinoic acid to acquire neurotrophin-responsiveness; in contrast, embryonic

sensory neurons acquire neurotrophin-responsiveness on schedule in the absence of these molecules.

Index Entries: Neurotrophin; neurotrophin receptor; trophic interactions; sensory neuron; sympathetic

neuron; neural crest.

Infroduction

During embryogenesis, the neurons of verte-
brate sympathetic and sensory ganglia become
dependent on neurotrophic factors, derived from
their targets, for survival and maintenance of dif-
ferentiated functions (reviewed by Davies, 1987;
Barde, 1989). The consequences of this trophic
interaction between neurons and their targets
include a match between the number of inner-
vating neurons and target size, after superfluous
neurons are eliminated during a period of
apoptosis (reviewed by Cowan et al., 1984;
Oppenheim, 1985; Purves, 1988), and a match
between neuron modality or neurotrophic factor
responsiveness and target type (reviewed by
Davies, 1987, 1992). In addition to these “classic”
effects on neuron survival, several neurotrophic
factors affect the differentiation, proliferation, and
survival of the neural crest cell precursors for
sympathetic and sensory neurons. The subjects
of this review are the signals and signal recep-
tors that mediate trophic interactions between
sympathetic and sensory neurons and their tar-
gets in vertebrate embryos. Specifically, I will
focus on members of the NGF/BDNF family of
neurotrophic factors (neurotrophins) and their
cell surface receptors, including the low affinity
receptor p75 and members of the trk family of
receptor tyrosine kinases (Table 1). In the first
section, I will compare and contrast the effects of
neurotrophins on the survival of sympathetic and
sensory neurons throughout development and
discuss the possible roles of three neurotrophins
in the differentiation of neural crest cells. The sec-
ond section will include a discussion of tempo-
ral patterns of neurotrophin production by target
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Table 1
Neurotrophins and their Receptors

Neurotrophin Neurotrophin receptor*
NGF LNGER, trk
BDNF LNGEFR, trkB
NT-3 LNGER, trk, trkB, trkC
NT-4/5 LNGER, trkB

*See text for references.

tissues and receptor expression by neurons, and
a comparison of the acquisition of neurotrophin-
responsiveness in sympathetic and sensory sys-
tems. Before I review these aspects of trophic
interactions during development, it is necessary
to introduce the neurons and their precursors,
and the signals and signal receptors that medi-
ate the interactions.

Origins of Sensory
and Sympathetic Neurons

Sensory neurons in the trunk of the verte-
brate embryo, dorsal root ganglion (DRG) neu-
rons, are derived from the neural crest, a transient
population of embryonic stem cells that arise
from the lateral edges of the neural plate
(reviewed by Weston, 1970, 1991; LeDouarin,
1982). In the head, sensory neurons arise from
two sources: cranial neural crest and epidermal
placodes, which are thickenings of surface
ectoderm (D’ Amico-Martel and Noden, 1983;
reviewed by LeDouarin et al., 1986; Vogel,
1992; Noden, 1993). Both neural crest and
placodal cells undergo epithelial/mesenchy-
mal transitions (Tosney, 1982; D’ Amico-Martel
and Noden, 1983), and after varying degrees
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of migration localize to form ganglion primor-
dia. The precursors of sensory neurons undergo
terminal mitosis, and extend axons to their cen-
tral (spinal cord, hindbrain) and peripheral
(muscle spindles, cutaneous receptors, sensory
receptors in the viscera) targets.

Sympathetic neurons and adrenal chromaffin
cells arise from bipotential neural crest-derived
precursors in the primary sympathetic chain
(Anderson and Axel, 1986; Vogel and Weston,
1990a); the differentiation of these precursors is
influenced by environmental conditions present
in the secondary sympathetic chains and adre-
nal medulla (reviewed by Anderson, 1993). Sym-
pathetic neurons are contacted by the axons of
cholinergic preganglionic neurons (Rubin, 1985a,b),
whose cell bodies are located in the spinal cord,
and extend axons to peripheral targets (heart, blood
vessels, and sweat, lacrimal, and salivary glands;
Rubin, 1985a). Many of the neural crest-derived
cells that enter the adrenal gland initially
express neuronal markers (Anderson and Axel,
1985, 1986; Vogel and Weston, 1990a); most of
these cells lose expression of these neuron-spe-
cific traits under the influence of high levels of
glucocorticoids present in the adrenal gland
(reviewed by Anderson, 1988). Both the experi-
mental accessibility of sensory and sympathetic
neurons and their precursors throughout embry-
onic development and the identification of
neurotrophins and their receptors (see next
section) make the peripheral nervous system an
ideal subject for the study of cell interactions
during development.

Neurotrophins
and Neurotrophin Receptors

Nerve growth factor (NGF) was the first
neurotrophin to be identified and characterized
(Cohen, 1960; reviewed by Levi-Montalcini,
1987). Barde and colleagues (1982) purified
another neurotrophic factor, brain-derived
neurotrophic factor (BDNF), from pig brains.
Sequence analysis of BDNF (Leibrock et al., 1989)
revealed a high degree of homology with
NGF. This led to a flurry of PCR mania and the
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identification of a third member of the neuro-
trophin family, neurotrophin-three (NT3;
Ernfors et al., 1990; Hohn et al., 1990; Jones
and Reichardt, 1990; Kaisho et al., 1990;
Maisonpierre et al., 1990; Rosenthal et al.,
1990). Neurotrophins four and five (NT4, NT5)
have recently been identified (Berkemeier et
al., 1991; Hallbook et al., 1991; Ip et al., 1992).
The biochemical characteristics of neuro-
trophins have been reviewed recently by
Ebendal (1992).

The low affinity (K; = 10~°M) nerve growth
factor receptor, p75, binds NGF, BDNF, NT3, and
NT4 (Sutter et al., 1979; Godfrey and Shooter,
1986; Ernfors et al., 1990; Rodriguez-Tébar et
al., 1990; Hallbook et al., 1991; Squinto et al., 1991;
Rodriguez-Tébar and Rohrer, 1992). The role of
this receptor in signal transduction and neuro-
trophin responsiveness is controversial (reviewed
by Chao, 1992). The p75 protein alone does not
appear to transduce a signal that results in acti-
vation of immediate early genes (e.g., c-fos;
reviewed by Doucet et al., 1990), internalization
of neurotrophins, or enhanced neurite outgrowth
(Green et al., 1986, Hempstead et al., 1989).
Recently, the tyrosine kinase product of the trk
gene (gp 140; Martin-Zanca et al., 1990) has been
identified as a component of the high affinity
(K4 = 1071!M) receptor for NGF (Hempstead et
al., 1991; Kaplan et al., 1991a,b; Klein et al., 1991;
Meakin et al., 1992) and mediates cellular
responses to this neurotrophin, including c-fos
induction, neurite outgrowth, survival, and pro-
liferation (Cordon-Cardo et al., 1991; Loeb et al.,
1991). The receptor encoded by the trk gene also
mediates cellular responses to NT3 and NT5
(Berkemeier et al., 1991; Cordon-Cardo et al.,
1991). The related trkB gene encodes a receptor
tyrosine kinase that mediates cellular responses
to BDNF, NT3, NT4, and NT5 (Soppet et
al., 1991; Squinto et al., 1991; Klein et al., 1992).
A third member of the family, t7kC, encodes a
high affinity receptor specific for NT3 (Lamballe
et al., 1991). The biochemical and binding char-
acteristics of neurotrophin receptors have been
reviewed by Bothwell (1991), Ross (1991), and
Chao (1992). (Table 1).
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Roles of Neurotrophins
During Development

Neuron Survival

Both sympathetic and sensory neurons
transport neurotrophins retrogradely from
their targets (Hendry et al., 1974; Stockel and
Thoenen, 1975; Johnson et al., 1978; Brunso-
Bechtold and Hamburger, 1979; Korsching and
Thoenen, 1983a; Richardson and Riopelle, 1984;
DiStephano et al., 1992), and respond to NGF
with changes in neurotransmitter and enzyme
expression (Hayashi et al., 1985; reviewed by
Thoenen and Barde, 1980; Lindsay, 1992).
Although both sympathetic and sensory neurons
exhibit an initial period of neurotrophin indepen-
dence, they differ in the duration of the subse-
quent period of neurotrophin dependence. In
addition, sensory neurons may require different
neurotrophins produced by their central and
peripheral targets for survival (reviewed by
Davies, 1987, 1992). In this section on neuron sur-
vival I will describe experiments that demon-
strate changes in NGF requirements during
development and that characterize the survival-
promoting effects of BDNF and NT3 on sensory
neurons.

The “classic” role of neurotrophins during
development, to support the survival of neurons
once they have innervated their targets, has been
demonstrated by a variety of techniques both in
vivo and in vitro. For example, in vivo, neuro-
trophin levels can be augmented by injection of
the protein (NGF, BDNF) or diminished by
introduction of antibodies that block the function
of the neurotrophin (anti-NGF; reviewed by Levi-
Montalcini and Angeletti, 1968; Johnson et al.,
1986). In vitro, neurons isolated from embryos at
precise developmental stages can be exposed to
defined levels of a single neurotrophin or to com-
binations of neurotrophins for identified periods
of time. These in vivo and in vitro studies of
neurotrophin action on embryonic sympathetic
and sensory neurons have led to two important
conclusions. First, the requirements of sym-
pathetic and sensory neurons for one neuro-
trophin, NGF, change during development.
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Second, different subpopulations of sympathetic
and sensory neurons require different neuro-
trophins for survival.

NGF Requirements
Change During Development

SYMPATHETIC NEURONS

Both avian and mammalian sympathetic
neurons are dependent on NGF for survival
throughout much of development and postnatal
life. Postnatal injections of NGF reduce naturally
occurring neuron death in the rodent sympathetic
superior cervical ganglion (SCG; Hendry and
Campbell, 1976). Similarly, sympathetic chain
size and neuron numbers are increased in chicken
embryos that receive injections of NGF (Oppen-
heim et al., 1982; Hofer and Barde, 1988). When
rodents are exposed to anti-NGF late in embryo-
genesis or during the neonatal period, up to 99%
of the neurons in the SCG and paravertebral sym-
pathetic chains die (Levi-Montalcini and Booker,
1960; Klingman and Klingman, 1967; Johnson et
al., 1980; reviewed by Levi-Montalcini and
Angeletti, 1968). Anti-NGF treatment causes
increased neuron death in the adult mouse
(Angeletti etal., 1971) and guinea pig (Rich et al.,
1984) SCG, and a decrease in neuron cell body size
in the adult rat SCG (Otten et al., 1979). The
results of in vitro studies with sympathetic neurons
isolated from late embryonic and neonatal rodents
(Coughlin et al., 1977,1978;Coughlin and Collins,
1985; Chun and Patterson, 1977) and from avian
embryos (Levi-Montalcini and Angeletti, 1963;
Partlow and Larrabee, 1971; Greene, 1977a; Leah
and Kidson, 1983; Edgar et al., 1981; Ermsberger et
al.,, 1989) are also consistent with a major role for
NGF in sympathetic neuron survival during
development and throughout postnatal life.

However, sympathetic neurons isolated from
young rodent (Coughlin etal., 1977, 1978; Coughlin
and Collins, 1985) and avian (Leah and Kidson,
1983; Ernsberger et al., 1989) embryos can survive
and extend neurites in vitro in the absence of NGF.
Thus, a large proportion of SCG neurons isolated
from E13 and E14 mice survive and extend
neurites without NGF (Coughlin and Collins,
1985). Similarly, Klingman (1966) and Kessler
and Black (1980) found that exposure of
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mouse embryos to anti-NGF early in develop-
ment (E7-E13) had only a slight negative
effect on SCG neurons. By E16 most SCG neu-
rons have become dependent on NGF for sur-
vival (Coughlin and Collins, 1985) and they
retain this dependence throughout postnatal
life. Klingman and Klingman (1967) have sug-
gested that populations of sympathetic neurons
that innervate different targets (e.g., spleen, heart,
submaxillary glands) may differ in their periods
of susceptibility to NGF deprivation. Sympathetic
neuroblasts isolated from E7 and E8 chicks can
survive and proliferate in the absence of NGF
(Leah and Kidson, 1983; Ernsberger et al., 1989),
especially when grown on a laminin substratum
(Ernsberger et al., 1989). By E11, 70% of avian
sympathetic neurons require NGF for survival
(Ernsberger et al., 1989), and the survival-promot-
ing effects of NGF are greatest for E12 sympa-
thetic neurons (Edgar et al., 1981). Thus, both
avian and mammalian sympathetic neurons
undergo a transition from NGF-independence
early in development to NGF-dependence later
in development. In rodents, this NGF-depen-
dence persists through the neonatal period and
into adulthood.

SENSORY NEURONS

Like sympathetic neurons, avian and mam-
malian sensory neurons also require NGF for
survival during development. In the chick, NGF
injections can rescue many DRG neurons that
would die during normal embryonic develop-
ment (Levi-Montalcini and Hamburger, 1951;
Hamburger et al., 1981; Hofer and Barde, 1988)
or as a result of removing peripheral targets
(Hamburger and Yip, 1984). Exposure of quail
embryos (Rohrer et al., 1988) or zebrafish larvae
(Weis, 1968) to anti-NGF causes a reduction in
the numbers of DRG neurons. In vitro, NGF
supports the survival of neural crest-derived
DRG, dorsomedial trigeminal, and jugular
sensory neurons isolated from E6 and E9 chicks
(Davies and Lindsay, 1984, 1985) and promotes
neurite outgrowth from explants of E10 and E12
mouse trigeminal ganglia (Davies and Lumsden,
1983, 1984).

The results of both in vivo and in vitro manip-
ulations of NGF levels indicate that avian and
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mammalian sensory neurons have more limited
periods of NGF-dependence during development
than do sympathetic neurons. For example,
although exposure to anti-NGF in utero causes
an 80% decrease in the numbers of neurons in
the sensory DRG, trigeminal, and jugular gan-
glia in rats (Johnson et al., 1980) and guinea pigs
(Johnson et al., 1980; Pearson et al., 1983), animals
exposed to anti-NGF during the postnatal period
only show no decrease in the number of DRG
neurons (Johnson et al., 1980). Like sympathetic
neurons, sensory neurons isolated from early
embryos can survive in the absence of NGF. Thus,
the initial neurite outgrowth (Luduefia, 1973) and
survival (Wright et al., 1992) of DRG neurons iso-
lated from E3.5 and E4.5 chicks is independent
of NGF, as is the survival and neurite outgrowth
of trigeminal neurons isolated from E9 mice
(Davies and Lumsden, 1984). By E10-E12, NGF
supports the survival of 40% of chick DRG neu-
rons; however, by E16 NGF no longer supports
the survival of these neurons above control lev-
els (Greene, 1977b; Barde et al., 1980). This loss of
NGF-responsiveness coincides with a decrease in
the number of NGF binding sites on the DRG
neurons (Herrup and Shooter, 1975). Similarly,
mouse trigeminal neurons undergo develop-
mental changes in responsiveness to NGF, as
indicated by neurite outgrowth assays (Davies
and Lumsden, 1984). Trigeminal neurons isolated
from E9 mice prior to axon outgrowth are
refractory to NGF, whereas neurons isolated
during the period of target innervation and cell
death extend neurites in response to NGF. Thus,
after an initial period of NGF-independent
survival, some sensory neurons pass through a
phase of NGF-dependence and subsequently
become refractory to the survival-promoting
effects of NGF, or perhaps require additional
factors for survival.

Subpopulations of Neurons Require
Neurofrophins Other than NGF

Several observations on the survival require-
ments of embryonic neurons led to the discov-
ery and characterization of other members of the
NGF family of neurotrophins. First, as described
above, the requirements of sympathetic and sen-
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sory neurons for NGF change during develop-
ment. Second, NGF fails to support the survival
of all sympathetic and sensory neurons, even
during periods of maximum responsiveness.
Third, many sympathetic and sensory neurons
that are not supported by NGF respond with
increased survival to conditioned medium factors
and extracts of central and peripheral targets
(reviewed by Davies, 1987; Barde, 1989). Although
some sympathetic neurons clearly respond to fac-
tors other than NGF with increased survival, the
responses of sensory neurons to the identified
neurotrophins BDNF and NT3 have been char-
acterized in detail.

SYMPATHETIC NEURONS

In vivo, a proportion (46%) of SCG neurons in
the mouse embryo survive exposure to anti-NGF
between E12 and E17 (Klingman, 1966). In vitro,
a subpopulation of E16 mouse sympathetic neu-
rons survives in the presence of conditioned
medium factors and anti-NGF (Coughlin and
Collins, 1985). Similarly, a subpopulation of
embryonic chick sympathetic neurons can sur-
vive in the presence of heart-conditioned medium
and anti-NGF (Edgar et al., 1981; Rohrer et al.,
1983). Sympathetic neurons supported by heart-
conditioned medium alone differ from those neu-
rons supported by NGF in their expression of
neurotransmitter synthesis enzymes (Edgaret al.,
1981) and norepinephrine uptake (Rohrer et al.,
1983). NT3 supports the survival of 30% of E10
chick sympathetic neurons (Rosenthal et al., 1990)
and NT3 mRNA is present in some targets of
sympathetic neurons (Ernfors et al., 1990; Hohn
et al., 1990; Jones and Reichardt, 1990; Kaisho et
al., 1990; Maisonpierre et al., 1990; Rosenthal et
al., 1990); however, the conditioned medium
factors that support the survival of NGF-indepen-
dent sympathetic neurons have not been defini-
tively identified.

SENSORY NEURONS

Subpopulations of embryonic DRG sensory
neurons are refractory to the negative effects of
anti-NGF in vivo (Johnson et al., 1980; Pearson et
al., 1983) and to the survival-promoting effects
of NGF in vitro (Barde et al., 1980). Moreover, by
these same operational criteria, some sensory
ganglia (e.g., nodose) contain no NGF-dependent
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neurons at any stage examined (Pearson et al.,
1983; Lindsay and Rohrer, 1985; but see Hedlund
and Ebendal, 1978; Katz et al., 1990). Subpopula-
tions of embryonic sensory neurons that do not
respond to NGF can be maintained in vitro by
conditioned medium factors produced by target
cells and extracts of central or peripheral target
tissues. For example, spinal cord or brain extracts
support the survival of subpopulations of DRG
neurons isolated from E8-E16 chicks (Lindsay
and Tarbit, 1979; Barde et al., 1980; Lindsay and
Peters, 1984). In combination with NGF, the sur-
vival-promoting effects of these components are
more than additive (Barde et al., 1980), indicat-
ing that some neurons may require more than
one factor for survival. The novel survival-pro-
moting activity was purified from pig brains as
brain-derived neurotrophic factor (BDNF; Barde
etal., 1982), a protein related to NGF (Leibrock et
al., 1989). In vitro, BDNF promotes the survival
of atleast some neurons in every type of embry-
onic sensory ganglion examined (Lindsay et al.,
1985; Davies et al., 1986; reviewed by Davies,
1987, 1992). In vivo, many neurons in the devel-
oping chick nodose ganglion are rescued by daily
injections of BDNF between E3 and E7 (Hofer and
Barde, 1988); none of the neurons in this ganglion
responds to NGF with increased survival in vivo
(Hofer and Barde, 1988) or in vitro (Lindsay and
Rohrer, 1985). Other populations of placode-
derived neurons that are refractory to NGF (e.g.,
vestibular, petrosal, ventrolateral trigeminal;
Davies and Lumsden, 1983; Davies and Lindsay,
1985) respond to BDNF with enhanced survival
in vitro (Lindsay et al., 1985; Davies et al., 1986).
BDNF injections also rescue a percentage of the
neural crest-derived DRG neurons in chick
embryos (Hofer and Barde, 1988); in vitro, the sur-
vival-promoting effects of BDNF on E8 chick
DRG neurons are additive to those of NGF
(Leibrock et al., 1989).

Novel survival-promoting activities have also
been identified in the peripheral targets of sen-
sory neurons. Thus, extracts of liver and heart
promote survival and neurite outgrowth of
nodose neurons isolated from E5-E16 chicks
(Lindsay and Rohrer, 1985). Similarly, skeletal
muscle extract supports the survival and neurite
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outgrowth of 70% of neurons in the chick trigemi-
nal mesencephalic nucleus (TMN), a population
of neural crest-derived proprioceptive sensory
neurons that do not respond to NGF (Davies,
1986; Davies et al., 1986b). Cutaneous sensory
neurons in the trigeminal ganglion, which require
NGEF for survival (Davies and Lindsay, 1985), do
not respond to skeletal muscle or liver extracts
(Davies and Lindsay, 1984; Davies, 1986). BDNF
also promotes the survival of 70-80% of TMN
neurons in vitro; at concentrations below satura-
tion, the effects of BDNF and skeletal muscle
extract are additive (Davies et al., 1986b). Davies
and colleagues have proposed that the survival
of embryonic sensory neurons is dependent on a
neurotrophin(s) from the appropriate peripheral
target and a different neurotrophin from the cen-
tral target (Davies et al., 1986; reviewed by Davies,
1987). Although NT3 protein has not been
purified from peripheral target tissues, recombi-
nant NT3 produced by COS cells supports the
survival of embryonic chick nodose and TMN
neurons in vitro (Ernfors et al., 1990; Hohn et
al., 1990; Maisonpierre et al., 1990; Rosenthal
et al., 1990; Jones and Reichardt, 1990). More-
over, NT3 mRNA is present in the peripheral
targets of these neurons (liver, heart, muscle;
Ernfors et al., 1990; Hohn et al., 1990; Jones
and Reichardt, 1990; Kaisho et al., 1990;
Maisonpierre et al., 1990; Rosenthal et al., 1990).
Thus, NT3 is likely to represent at least part of the
survival-promoting activity present in extracts of
these tissues. The survival-promoting effects
of neurotrophins on embryonic sympathetic and
sensory neurons are summarized in Table 2.

Effects on Development
of Neuronal Precursors

In addition to their survival-promoting effects
on sensory and sympathetic neurons, neuro-
trophins act earlier in development to influence
the proliferation, survival, and differentiation of the
neural crest-derived precursors of these neurons.

NGF

Asdescribed earlier, the survival of embryonic
sympathetic neurons is initially independent of
NGF (Leah and Kidson, 1983; Coughlin and
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Collins, 1985; Ernsberger et al., 1989). However,
NGF has well-characterized effects on the prolif-
eration and differentiation of adrenal chromaffin
cells and bipotential sympathoadrenal precur-
sors. NGF is a mitogen for adrenal chromaffin
cellsisolated from young rats (Lillien and Claude,
1985), and promotes neuronal differentiation of
adrenal chromaffin cells isolated from newborn
and early postnatal mammals (Unsicker et al.,
1978; Aloe and Levi-Montalcini, 1978; Naujoks
etal., 1982; Doupe et al., 1985; Anderson and Axel,
1985, 1986). However, NGF is not required ear-
lier in development for initial neuronal differen-
tiation in the sympathoadrenal lineage. Thus,
about 50% of the sympathoadrenal precursors
that populate the embryonic rat adrenal glands
initially express neuronal markers in the absence
of NGF (Anderson and Axel, 1985, 1986); the
expression of these markers is extinguished by
glucocorticoids present at high levels in the
adrenal gland (Anderson and Axel, 1986; reviewed
by Anderson, 1993).

Neuronal precursors isolated from E6 quail
DRG can survive and differentiate as neurons on
a laminin substratum in the absence of NGF
(Ernsberger and Rohrer, 1986). Moreover, NGF
does not increase the number of neurons that
differentiate in cultures of quail neural crest
cells (Kalcheim and Gendreau, 1988; Vogel and
Weston, 1990b). Thus, for both sensory neu-
ron and sympathoadrenal precursors, NGF is
unlikely to have a role in initial neuronal dif-
ferentiation.

BDNF

In vivo, BDNF temporarily rescues the neural
crest-derived precursors of the DRG after the gan-
glia anlage are separated from the neural tube by a
silasticimplant (Kalcheim et al., 1987). In vitro, BDNF
increases the number of neurons that arise in cul-
tures of trunk neural crest and somites isolated from
E3 quail (Kalcheim and Gendreau, 1988). Similarly,
BDNF causes an increase in the number of sensory
neuron precursor cells, recognized by the mono-
clonal antibody SSEA-1, that arise in clonal cultures
of quail neural crest cells (Sieber-Blum, 1991). Sieber-
Blum (1991) has proposed that BDNF instructs plur-
ipotent neural crest cells to differentiate as sensory
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Table 2
Survival Response of Neurons to Neurotrophins*
VL- DM-
SYMP DRG TRIG TRIG TMN GEN VEST PET JUG NOD
NGF + + + + - - - + -
BDNF - + + + + + + + +
NT3 + + ND ND ND + ND ND

*Abbreviations: SYMP, sympathetic ganglion neurons; DRG, dorsal root ganglion neurons; VL-
TRIG, ventrolateral trigeminal ganglion neurons (nerve V); DM-TRIG, dorsomedial trigeminal ganglion
neurons; TMN-trigeminal mesencephalic nucleus neurons; GEN, geniculate ganglion neurons (nerve
VII); VEST, vestibuloacoustic ganglion neurons (nerve VIII); PET, petrosal neurons (nerve IX); JUG, superior/
jugular ganglion neurons (nerves IX/X); NOD, nodose ganglion neurons (nerve X).

neurons. However, BDNF does not appear to
be required for the expression of neuronal
markers by undifferentiated neuronal precur-
sors isolated from E6 quail DRG (Ernsberger and
Rohrer, 1986); these precursors may have been
exposed to BDNF in vivo earlier in development.
In cultures of younger (E4.5) chick DRG,
BDNF enhances the maturation of small,
neurofilament* (68 kDa; NF*) cells into neu-
rons with large cell bodies and long neurites
(Wright et al., 1992). Thus, in addition to the “clas-
sic” effects of BDNF on DRG neuron survival,
this neurotrophin acts earlier in development
to enhance the survival and influence the dif-
ferentiation of the NF~neural crest cell precur-
sors of DRG neurons.

NT3

Recently, Kalcheim and colleagues (1992)
have demonstrated that NT3 acts as a mito-
gen for neural crest cells isolated from E2-E3
quail. Somite cells enhance the prolifer-
ative response of neural crest cells to NT3
(Kalcheim et al., 1992). In cultures of E4.5
chick DRG, NT3 enhances the morphologi-
cal maturation of small NF* cells and causes an
increase in the total number of NF* cells (Wright
et al., 1992). Although this increase is not caused
by an effect on the survival of existing neurons,
it is not known whether NT3 promotes the pro-
liferation, differentiation, or survival of neuronal
precursors (Wright et al., 1992).

Molecular Neurobiology

Coordination
of Trophic Interactions

During development, production of neurotro-
phins by target cells and expression of neurotro-
phin receptors by responding neurons must be
coordinated both spatially and temporally. In the
mammalian embryo, two systems have been
well-characterized with respect to the timing of
target innervation, temporal and spatial aspects
of neurotrophin production by target cells, and
development of neurotrophin responsiveness
and receptor expression by neurons. Thus, in this
section I will compare sympathetic innervation
of the heart and sensory innervation of the facial
primordia. I will then contrast the mechanisms
by which sympathetic and sensory neurons
acquire neurotrophin dependence.

Expression of Neurotrophins
and Neurofrophin Recepfors

In situ and Northern blot analyses of neuro-
trophin mRNAs (NGF, BDNF, NT3) and immu-
nological assays of neurotrophin protein (NGF)
provide information on when and where neuro-
trophins are synthesized and in what quantities.
The presence of neurotrophin receptors can be
determined using immunocytochemical meth-
ods, radiolabeled neurotrophin binding stud-
ies, and in situ and Northern blot analyses of
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receptor mRNAs. In addition, the development
of responsiveness to neurotrophins by embryonic
neurons can be assayed by measuring survival,
biochemical maturation, and neurite outgrowth
in vitro.

Sympathetic Neurons and Targefs

In the rat embryo, SCG neurons begin to
extend axons as early as E12 and may innervate
peripheral targets, such as the lacrimal gland and
carotid artery smooth muscle, by E15 (Rubin,
1985a). Using a sensitive two-site immunoassay
(Korsching and Thoenen, 1987), Korsching and
Thoenen (1988) first detected NGF protein in the
heart ventricle, a target of superior cervical and
stellate ganglion sympathetic neurons, on E12 in
the mouse. NGF levels in the ventricle increased
to a maximum by E14; at birth, these levels had
decreased by 30%. Comparison of these data with
the time course of sympathetic innervation in the
rat embryo (Rubin, 1985a) led Korsching and
Thoenen (1988) to conclude that the onset of NGF
synthesis in sympathetic target organs coincides
with the onset of innervation by these neurons.
Clegg and colleagues (1989) analyzed NGF
mRNA levels in rat heart ventricles throughout
late embryonic and postnatal development. They
concluded that the onset of and increases in NGF
synthesis in the heart coincide with the differen-
tiation of innervating sympathetic neurons and
the cessation of neuron death, as well as with the
arrival of sympathetic axons in the target field.
In adult animals, the levels of NGF protein
(Korsching and Thoenen, 1983b) and mRNA
(Heumann et al., 1984; Shelton and Reichardt,
1984) in target tissues correlate with the density
of sympathetic innervation.

A proportion of SCG sympathetic neurons can
respond to NGF with increased survival and
neurite outgrowth as early as E14 in the mouse
(Coughlin and Collins, 1985) and E15 in the rat
(Lahtinen et al., 1986). This corresponds to the
initial phases of innervation, since some of the
SCG neurons have contacted their peripheral tar-
gets by E15in the rat (Rubin, 1985a). The mRNAs
for p75 and trk NGF receptors are detectable in
mouse sympathetic neurons on E14.5 and E15.5,
respectively (Schecterson and Bothwell, 1992).
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Thus, during development of the mammalian
sympathetic nervous system, initial production
of NGF by the target organs coincides with the
onset of NGF responsiveness in the neurons and
the arrival of their axons in the target field.

Sensory Neurons and Targets

The availability of sensitive assays for NGF and
its receptors allowed Davies and colleagues to
characterize and quantify in detail the temporal
and spatial patterns of expression of these mol-
ecules during the development of the mouse tri-
geminal system (reviewed by Davies, 1988). The
cutaneous sensory neurons of the trigeminal gan-
glion begin to extend peripheral axons on E9.5
and first contact their peripheral targets, the epi-
thelia of the maxillary and mandibular processes,
by E10.5-E11 (Davies and Lumsden, 1984). With
the two-site immunoassay (Korsching and
Thoenen, 1987), NGF protein can first be detected
in the maxillary process at E11; NGF mRNA is
present in very small amounts 12 h earlier, at
E10.5 (Davies et al., 1987). Although NGF mRNA
is present in both the epithelium and the mesen-
chyme of the maxillary process, the more densely
innervated epithelium contains a higher concen-
tration of NGF message (Davies et al., 1987;
Bandtlow et al., 1987). As in the sympathetic
nervous system (Heumann et al., 1984; Shelton
and Reichardt, 1984), the levels of NGF mRNA
in the different target fields of trigeminal neu-
rons (maxillary, mandibular, ophthalmic) are cor-
related with innervation density (Harper and
Davies, 1990).

Trigeminal neurons first begin to respond to
NGF with increased neurite outgrowth on E10
(Davies and Lumsden, 1984), and a proportion
of neurons in E10 ganglia can bind ['ZI[NGF with
high affinity in vitro. By E14, almost 100% of
trigeminal neurons can be labeled with ['ZI]NGF
(Davies et al., 1987a). A detailed Northern blot
analysis revealed that trigeminal neurons express
low levels of p75 mRNA prior to target contact
and that the levels of p75 message per neuron
increase fivefold throughout the period of target
field innervation (E10.5-E13; Wyatt et al., 1990).
Trk transcripts can be detected in the trigeminal
ganglion as early as E11.5, and virtually all

Volume 7, 1993



372

trigeminal neurons express trk mRNA by E15
(Martin-Zanca et al., 1990; Schecterson and
Bothwell, 1992). As in the case of sympathetic
innervation of the heart, production of NGF by the
maxillary process and onset of NGF responsive-
ness in trigeminal neurons occur at the same time
in development, and these events coincide with
the arrival of trigeminal axons in the target field.

Acquisition
of Neurotrophin Responsiveness

Because of the experimental accessibility of
sympathetic and sensory neuron precursors, the
acquisition of neurotrophin responsiveness and
its relationship to neurotrophin receptor expres-
sion can be examined very early in development,
using cells isolated prior to target contact.

Sympathetic Neurons

In the mammalian sympathoadrenal lineage,
acquisition of NGF-responsiveness depends on
signals produced by other cells. Thus, Stemple et
al. (1988) found that basic fibroblast growth fac-
tor (bFGF) induces neuronal differentiation and
NGF-dependence in neonatal rat chromaffin cells.
Birren and Anderson (1990) isolated a v-myc-
immortalized cell line (MAH cells) from E14.5 rat
sympathoadrenal precursors to study this issue
in detail. E14.5 rat sympathoadrenal precursors
can survive and proliferate in the absence of NGF
(Anderson and Axel, 1986). MAH cells are unre-
sponsive to NGF and express neither p75 nor trk
NGEF receptors. Basic FGF induces expression of
neuronal markers and p75 in MAH cells, and
allows a very small proportion of them to
respond to NGF with increased survival (Birren
and Anderson, 1990). When MAH cells are depo-
larized with 40 mM KCl, they are induced to
express trk but not p75 mRNAs; in the presence
of NGE, these cells extend neurites and 20-25%
survive for 5 d in culture (Birren et al., 1992). Thus,
the trk NGF receptor is sufficient to mediate NGF
responsiveness in MAH cells (Birren et al., 1992).

Avian sympathetic neurons also depend on
environmental cues to acquire NGF-responsive-
ness. Sympathetic neuroblasts isolated from E7
chicks survive and proliferate in the absence of
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NGF, but do not acquire NGF-responsiveness
with time in culture (Leah and Kidson, 1983;
Ernsberger et al., 1989). Retinoic acid, which
increases the number of low- and high-affinity
NGF receptors in a neuroblastoma cell line
(Haskell et al., 1987), induces expression of high-
affinity NGF receptors and NGF-responsiveness
in E7 sympathetic neurons (Rodriguez-Tébar and
Rohrer, 1991). In contrast, NGF-independent SCG
neurons isolated from E14 mice develop NGF-
dependence in vitro in the absence of target
interaction (Coughlin and Collins, 1985). How-
ever, these neurons may represent a later stage
in the development of neurotrophin dependence
than do E7 chick sympathetic neurons.

Sensory Neurons

Unlike sympathetic neurons, sensory neu-
ron precursors and young sensory neurons
isolated prior to target contact acquire neuro-
trophin responsiveness in the absence of envi-
ronmental cues. Thus, neuronal precursors
isolated from E6 quail DRG do not depend on
NGF or BDNF for initial survival and neurite
outgrowth; however, these cells respond to
NGF and BDNF with increased survival after
several days in vitro (Ernsberger and Rohrer,
1988). Similarly, chick nodose neurons isolated
prior to target contact (E3.5) survive for sev-
eral days in the absence of neurotrophins
(Vogel and Davies, 1991; Fig. 1). After 72 h in
vitro, E3.5 nodose neurons begin to respond
to BDNF with increased survival, regardless
of whether they have been cultured in the pres-
ence or absence of this neurotrophin. Acquisi-
tion of BDNF-dependence in chick nodose
neurons and other populations of placode-
derived cranial sensory neurons is correlated
with the time-course of hindbrain innervation.
Thus, neurons whose axons reach the hind-
brain first (e.g., vestibular) survive for a short
time in vitro before responding to BDNF,
whereas neurons whose axons reach the hind-
brain later (e.g., nodose) survive longer before
responding to BDNF (Fig. 2; Vogel and Davies,
1991). Other types of sensory neurons isolated
prior to target contact also acquire neuro-
trophin responsiveness in vitro. For example,
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Fig. 1. Nodose ganglion sensory neurons isolated
prior to target innervation survive for several days in
the absence of neurotrophins. E3.5 chick nodose
ganglia were dissociated and plated at very low
density in F14 medium containing 10% heat-
inactivated horse serum and 5% heat-inactivated fetal
calf serum. Twenty-four hours after plating cohorts
of neurons were identified using a grid scored on the
bottom of each dish; the survival of these cohorts of
neurons was monitored over a period of 6 d (Vogel
and Davies, 1991). After 72 h in vitro, the survival of
neurons in control cultures (no neurotrophins, open
circles; and mock-transfected COS cell supernatant,
solid circles) was not significantly different from the
survival of neurons in cultures supplemented with
BDNF (open squares), NT3-transfected COS cell
supernatant (solid squares), or BDNF + NT3 (open
triangles). After 84 h in vitro, the survival of neurons
in cultures supplemented with NT3 (solid squares) is
increased compared to controls (open circles, solid
circles); BDNF does not increase survival over control
levels until 96 h in vitro.

trigeminal neurons isolated from E9 mice acquire
NGF-responsiveness on schedule, in the absence
of targets and constituents of axon pathways
(Davies and Lumsden, 1984; Davies et al., 1987).

Future Directions

The identification of new neurotrophins and
receptors and the availability of sensitive probes
for these molecules provide endless opportuni-
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Fig. 2. Cranal sensory ganglia in an E3.S chick. The
central projections are based on camera lucida
drawings of dil-labeled neurons. Note that nodose
axons have the greatest distance to grow to reach the
hindbrain; vestibular neurons are closest, and
geniculate and petrosal axons have intermediate dis-
tances to grow to reach the hindbrain. The peripheral
projections are not included in this drawing. V,
vestibular ganglion; G, geniculate ganglion; P, petro-
sal ganglion; N, nodose ganglion; HB, hindbrain;
OV, otic vesicle; 1,2,3, and 4, branchial arches 1,2,3 4.
From Vogel and Davies, 1991.

ties for researchers to examine the development
of trophic interactions in the vertebrate periph-
eral nervous system. Some issues raised by the
results discussed in this review are given below.

Roles of Neurotrophins
During Development

Development of the Neural Crest

and Placodal Precursors of the PNS

Although both BDNF and NT3 increase the
number of neurons in cultures of neural crest cells
and young dorsal root ganglia (Kalcheim and
Gendreau, 1988; Sieber-Blum, 1991; Wrightetal.,
1992), it is not clear whether these neurotrophins
act to enhance the survival, proliferation, or dif-

Volume 7, 1993



374

ferentiation of neuronal precursors. Clonal
analyses (Sieber-Blum, 1991) and time-lapse
observations of individual cells will be required
to distinguish between these possibilities. Neu-
ral crest cell subpopulations that respond to dif-
ferent neurotrophins could be identified with
probes specific for trk receptors.

Functional Identities
of the Subpopulations
of Sympathetic and Sensory Neurons
Responding to Different Neurotrophins

Both in vivo and in vitro studies have revealed
a correlation between function or modality and
neurotrophin responsiveness in sensory neurons.
Thus, anti-NGF administered to rat fetuses in
utero causes a 90% decrease in the number of
small, unmyelinated DRG nerve fibers, whereas
large myelinated fibers are unaffected (Goedert
et al., 1984). The small-diameter neurons lost fol-
lowing anti-NGF treatment normally project to
laminae I and II of the dorsal horn of the spinal
cord, and correspond to nociceptive and thermo-
receptive neurons (Ruit et al., 1992). Recently,
Carroll et al. (1992) have demonstrated that NGF
deprivation in utero causes a selective loss of DRG
neurons that express trk mRNA; neurons that
express trkB or trkC are unaffected. Treatment
with anti-NGF postnatally eliminates the popula-
tion of sural nerve A-delta fibers, which represent
cutaneous high-threshold mechanoreceptors that
transmit nociceptive stimuli (Ritter et al., 1991).

Whereas cutaneous sensory neurons require
NGEF for survival during development, proprio-
ceptive sensory neurons, which innervate muscle
spindles, do not respond to this factor (Davies et
al., 1986b, 1987b). BDNF and NT3 support the
survival of the proprioceptive neurons of the
embryonic chick trigeminal mesencephalic
nucleus in vitro (Davies et al., 1986b; Hohn
et al., 1990). Innervation patterns (Ruitet al., 1992),
neurotrophin receptor expression (Carroll
et al., 1992), neurotransmitter phenotype (Lawson,
1992), and cell surface markers (Marusich et
al., 1986) can be used to characterize further the
subpopulations of sensory and sympathetic neu-
rons that respond to different neurotrophins.
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Combinatorial Effects on Sensory
Neurons of Neurotrophins from
Central and Peripheral Targets

Davies and colleagues (1986a) have proposed
that sensory neurons may require different
neurotrophins from their central and peripheral
targets to survive in vivo. Seventy to eighty per-
cent of E10 chick TMN proprioceptive neurons
survive in the presence of saturating levels of
BDNF in vitro; a similar proportion of TMN neu-
rons survive in the presence of saturating levels
of skeletal muscle extract. All surviving neurons
respond to both factors, since at saturating lev-
els, a combination of BDNF and skeletal muscle
extract does not promote survival of additional
neurons. At concentrations below saturation, the
survival-promoting effects of BDNF and skeletal
muscle extracts are additive (Davies, 1986; Davies
et al., 1986a). Clearly, to test the above hypoth-
esis, one must be able to determine the concen-
trations of neurotrophins in the target tissues that
are actually available to neurons. In addition,
neurotrophin “switching” experiments (Acheson
etal., 1987; Ernsberger and Rohrer, 1988) canbe per-
formed in vitro, to determine which neurotro-
phins support the survival of identified neurons
and at what concentration they are effective.

Coordination
of Trophic Interactions

Neurotrophin Production
by Target Cells Throughout
Development and First Availability
Neurons and Their Precursors

The development of a sensitive two-site
immunoassay to detect NGF protein (Korsching
and Thoenen, 1987) allowed Davies and col-
leagues (1987a) to correlate neurotrophin produc-
tion by target maxillary process cells with
innervation by trigeminal neurons in the mouse
embryo. Clearly, similar assays specific for other
neurotrophins would be invaluable. In situ
(Bandtlow et al., 1987; Schecterson and Bothwell,
1992) and Northern blot (Clegg et al., 1989;
Harper and Davies, 1990) analyses reveal the
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presence and allow quantification of neurotrophin
mRNAs in target tissues during development.
However, the question of when neurotrophins
are available to responding neurons and neuronal
precursors remains difficult to address. Neuro-
trophins may be present in forms that neurons
cannot use or recognize, and their function may
depend on the presence of specific extracellular
matrix molecules (Kalcheim et al., 1987).

Neurofrophin Receptor Expression
by Neurons and Their Precursors
Throughout Development
and Neuron Response fo and
Dependence on Neurotrophins

In situ studies (Klein et al., 1989; Martin-Zanca
etal., 1990; Schecterson and Bothwell, 1992) have
identified populations of neurons and neuronal
precursors that express frk mRNAs in mammalian
embryos. Antibodies specific for trk proteins would
allow determination of temporal and spatial
patterns of receptor expression during embryogen-
esis. Populations of neuronal precursors that dif-
ferentiate in vitro and of neurons isolated prior to
target contact (Ernsberger and Rohrer, 1988; Vogel
and Weston, 1990b; Sieber-Blum, 1991; Vogel and
Davies, 1991) can be used to determine the ear-
liest periods of neurotrophin-responsiveness.

Control of Neurotrophin
Production Onset by Target Cells
and Recepftor Expression
by Neurons: Spatial and Temporal
Relation to Innervation Patterns

Synthesis of NGF in the peripheral targets
of sympathetic and sensory neurons (Shelton and
Reichardt, 1986; Rohrer et al., 1988; Clegg et al., 1989)
is not dependent on innervation. Moreover, initial
differences in innervation density in the mouse
trigeminal system do not result from regional dif-
ferences in NGF synthesis by target epithelia.
Thus, the differences in NGF synthesis in oph-
thalmic, maxillary, and mandibular target areas may
serve only to maintain previously established
differences in innervation density (Davies and
Lumsden, 1984; Harper and Davies, 1990). Similarly,
the development of neurotrophin-responsive-
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ness in sensory neurons occurs in the absence of
target interaction (Davies and Lumsden, 1984;
Ernsberger and Rohrer, 1988; Vogel and Davies,
1991). Although fluorescent dyes (e.g., dil; Honig and
Hume, 1986) allow analysis of temporal and spatial
patterns of target innervation by neurons, the
cell interactions and regulatory molecules that
may coordinate receptor expression and neuro-
trophin production remain unknown.

Cellular Mechanisms
Underlying Acquisition
of Neurofrophin Dependence
in Neurons: Relationship Between
Neurotrophin Receptor Expression
and Neurotrophin Dependence

Larmet et al. (1992) have proposed that elec-
trical activity may play a role in regulating the
survival of embryonic chick nodose neurons dur-
ing the early phases of target field innervation.
Thus, depolarizing levels of K*, acting through
L-type calcium channels, first enhance the sur-
vival of E3.5 chick nodose neurons in vitro at
about the time they become BDNF-dependent
and innervate the hindbrain (Vogel and Davies,
1991; Larmet et al., 1992). Depolarizing levels of
K* induce trk mRNA expression and NGF-
responsiveness in an immortalized sympatho-
adrenal progenitor cell line (Birren et al., 1992).
Neurotrophins themselves can also influence
receptor expression. Thus, NGF induces an
increase in trk mRNA expression in adult rat cho-
linergic neurons (Holtzman et al., 1992). The
mechanisms by which neurotrophins and other
signals affect receptor levels are not known.

Perturbations of p75 and trk expression may
allow analysis of the relationship between recep-
tor expression and neurotrophin dependence. For
example, targeted mutation of the p75 gene in
vivo (Lee et al., 1992) or addition of antisense oli-
gonucleotides against the p75 message to cul-
tured neurons (Wright et al., 1992) eliminate or
decrease p75 levels, resulting in deficits in sen-
sory innervation, and delayed maturation of DRG
neurons, respectively. Recently, Hempstead et al.
(1992) have demonstrated that overexpression of
trk mRNA in a pheochromocytoma (adrenal
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chromaffin cell) cell line accelerates NGF-induced
differentiation.

Advances in molecular, genetic, biochemical,
anatomical, and cell culture techniques have been
exploited to enhance our understanding of the
development of trophic interactions in the
vertebrate peripheral nervous system. What-
ever approaches are used, it will always be
essential to relate observations on neuro-
trophin and receptor expression to the temporal
and spatial patterns of cell interactions in the
developing embryo.
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