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Abstract
Neurotrophins regulate development, maintenance, and function of vertebrate nervous systems.
Neurotrophins activate two different classes of receptors, the Trk family of receptor tyrosine kinases
and p75NTR, a member of the TNF receptor superfamily. Through these, neurotrophins activate
many signaling pathways, including those mediated by ras and members of the cdc-42/ras/rho G
protein families, and the MAP kinase, PI-3 kinase, and Jun kinase cascades. During development,
limiting amounts of neurotrophins function as survival factors to ensure a match between the number
of surviving neurons and the requirement for appropriate target innervation. They also regulate cell
fate decisions, axon growth, dendrite pruning, the patterning of innervation and the expression of
proteins crucial for normal neuronal function, such as neurotransmitters and ion channels. These
proteins also regulate many aspects of neural function. In the mature nervous system, they control
synaptic function and synaptic plasticity, while continuing to modulate neuronal survival.
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INTRODUCTION
Neurotrophins are important regulators of neural survival, development, function, and
plasticity (for reviews, see Korsching 1993, Eide et al 1993, Segal & Greenberg 1996, Lewin
& Barde 1996, Reichardt & Fariñas 1997, McAllister et al 1999, Sofroniew et al 2001). As the
central concept of the neurotrophic factor hypothesis, targets of innervation were postulated
to secrete limiting amounts of survival factors that function to ensure a balance between the
size of a target organ and the number of innervating neurons (reviewed in Purves 1988). Nerve
growth factor (NGF), the first such factor to be characterized, was discovered during a search
for such survival factors (reviewed in Levi-Montalcini 1987). There are four neurotrophins
characterized in mammals. NGF, brain-derived neurotrophic factor (BDNF), neurotrophin-3
(NT-3), and neurotrophin-4 (NT-4) are derived from a common ancestral gene, are similar in
sequence and structure, and are therefore collectively named neurotrophins (e.g. Hallbook
1999). Although members of other families of proteins, most notably the glial cell–derived
neurotrophic factor (GDNF) family and the neuropoietic cytokines, have been shown to also
regulate survival, development, and function in the nervous system, this review focuses on the
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NOTE ADDED IN PROOF In a recent study of the roles of GDNF and neurturin in the development of parasympathetic ganglia, GDNF
has been shown to be required for precursor development, while neurturin regulates neuronal survival in the sphenopalatine and otic
ganglia (Enomoto H et al 2000). A change in expression of GFRα receptors provides the most likely explanation for this switch.
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neurotrophins, examining mechanisms by which they signal and control development and
function of the nervous system. A companion review by others describes the roles of these
fascinating proteins in supporting the injured and aging nervous systems (Sofroniew et al
2001).

As the first neurotrophic factors to be discovered, the neurotrophins have had an unusually
important influence on biology. The experiments leading to the discovery of NGF revealed the
essential role of cellular interactions in development. Now almost all cells are believed to
depend on their neighbors for survival (see Raff et al 1993). Almost a decade before endocytosis
and transport were studied seriously in nonneural cells, NGF was shown to be internalized by
receptor-dependent mechanisms and to be transported for vast distances along axons in small
membrane vesicles by an energy and microtubule-dependent mechanism with eventual
degradation of NGF in lysosomes. Now almost all cells are known to utilize similar
mechanisms for trafficking of receptors and their ligands. Finally, neurotrophins have been
shown to activate receptor tyrosine kinases. Within neural precursors and neurons, the
pathways regulated by tyrosine kinases include proliferation and survival, axonal and dendritic
growth and remodeling, assembly of the cytoskeleton, membrane trafficking and fusion, and
synapse formation and function. Recent studies on the neurotrophins have shown that they
regulated each of these functions and have increased our understanding of the molecular
mechanisms underlying each. Thus, studies on these factors continue to provide insights of
widespread interest to modern biologists.

Sources of Neurotrophins
NGF was purified as a factor able to support survival of sympathetic and sensory spinal neurons
in culture (Levi-Montalcini 1987). Anti-NGF injections demonstrated that this factor is
important in maintaining survival of sympathetic neurons in vivo as well as in vitro.
Development of a two-site ELISA assay and of an NGF mRNA assay, using as probe the cloned
NGF gene, made it possible to demonstrate that NGF is synthesized and secreted by
sympathetic and sensory target organs (reviewed in Korsching 1993). From these sources, it
is captured in nerve terminals by receptor-mediated endocytosis and is transported through
axons to neuronal cell bodies where it acts to promote neuronal survival and differentiation.
Within the target organs, synthesis of NGF and of other neurotrophins is associated with end
organs, such as hair follicles, which become innervated by the axons of these neurons.

Subsequent work has demonstrated that there are other sources of neurotrophins. First, after
peripheral nerve injury, macrophages infiltrate the nerve as part of an inflammatory response
and release cytokines, which induce the synthesis of NGF in Schwann cells and fibroblasts
within the injured nerve (reviewed by Korsching 1993). NGF is also synthesized in mast cells
and is released following mast cell activation (reviewed in Levi-Montalcini et al 1996). NGF
and other neurotrophic factors synthesized in damaged nerve are believed to be essential for
survival and regeneration of injured neurons. Second, during development, neurotrophins are
expressed in regions being invaded by sensory axons en route to their final targets, so they may
provide trophic support to neurons that have not yet contacted their final targets (e.g. Fariñas
et al 1996, 1998; Huang et al 1999a; Ringstedt et al 1999). Third, many neurons also synthesize
neurotrophins. For example, several populations of sensory neurons have been shown to
synthesize BDNF (e.g. Mannion et al 1999, Brady et al 1999). Although some evidence has
been presented suggesting that BDNF may act in an autocrine or paracrine fashion to support
dorsal root ganglion (DRG) sensory neurons (Acheson et al 1995, Robinson et al 1996), in
other instances it may be transported anterogradely and act trans-synaptically on targets of the
central afferents of these neurons within the brain (Brady et al 1999; see also Altar et al
1997, Fawcett et al 1998, von Bartheld et al 1996). Finally, when overexpressed in skin,
sufficient target-derived NGF is released from the somata of trigeminal sensory neurons to
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support aberrant innervation by NGF-dependent sympathetic fibers (Davis et al 1998, Walsh
et al 1999b). Thus, in some circumstances, a neurotrophin provided by one cell not only is
effective at supporting neurons whose axons are in its vicinity, it also can provide support to
more distant neurons via transcellular transport.

Neurotrophins and Their Receptors
Currently, six neurotrophins have been isolated: NGF, BDNF, NT-3, NT-4 (also known as
NT-5), NT-6, and NT-7. There is substantial evidence that they all arose through successive
duplications of the genome of an ancestral chordate (Hallbook 1999). The NT-6 and NT-7
genes have been identified only in fish and probably do not have mammalian or avian
orthologues (Gotz et al 1994, Nilsson et al 1998). NT-4 has not been detected in avian species.
Neurotrophins generally function as noncovalently associated homodimers, but at least some
neurotrophin subunits are able to form heterodimers with other neurotrophin subunits. NGF,
NT-6, and NT-7 appear to act on very similar and perhaps identical populations of neurons.
BDNF and NT-4 have also very similar targets (e.g. Ip et al 1993). Thus the neurotrophins can
be divided into three classes based upon target neuron populations, and all vertebrate species
are likely to have at least one neurotrophin in each class. The structures of NGF, NT-3, and
NT-4 and of NT-3/BDNF and NT-4/BDNF dimers have been solved and novel features of their
structures—a tertiary fold and cystine knot—are present in several other growth factors,
including platelet-derived growth factor and transforming growth factor β (McDonald et al
1991; Fandl et al 1994; Robinson et al 1995, 1999; Butte et al 1998; reviewed in McDonald
& Chao 1995).

Initial efforts to identify NGF receptors resulted in discovery of a receptor now named p75NTR.
For many years this was believed to be a low-affinity receptor specific for NGF. More recently,
it has been shown to bind to all of the neurotrophins with a very similar affinity (Rodriguez-
Tebar et al 1991). p75NTR is a distant member of the tumor necrosis factor receptor family
(Chao 1994, Bothwell 1995). The cytoplasmic domain of this receptor contains a “death”
domain structurally similar to those in other members of this receptor family (Liepinsch et al
1997). For many years after its discovery, it was not certain whether this receptor transmitted
any signals or whether it functioned simply as a binding protein. Work during the past few
years has shown, however, that this protein transmits signals important for determining which
neurons survive during development. Signaling by this receptor is discussed at length below.

In a dramatic advance, the three members of the Trk (tropomyosin-related kinase) receptor
tyrosine kinase family were shown to be a second class of neurotrophin receptors (reviewed
in Bothwell 1995). The neurotrophins have been shown to directly bind and dimerize these
receptors, which results in activation of the tyrosine kinases present in their cytoplasmic
domains. NGF is specific for TrkA. BDNF and NT-4 are specific for TrkB. NT-3 activates
TrkC and is also able to activate less efficiently each of the other Trk receptors. The most
important site at which Trk receptors interact with neurotrophins has been localized to the most
proximal immunoglobulin (Ig) domain of each receptor. The three-dimensional structures of
each of these Ig domains has been solved (Ultsch et al 1999), and the structure of NGF bound
to the TrkA membrane proximal Ig domain has also been determined (Wiesmann et al 1999).
This exciting structural information has provided detailed information about interactions that
regulate the strength and specificity of binding between neurotrophins and Trk receptors (e.g.
Urfer et al 1998).

The unique actions of the neurotrophins made it seem likely that they would prove to have
receptors and signal transduction pathways completely different from those of the mitogenic
growth factors, such as platelet-derived growth factor or epidermal growth factor, whose
receptors were known to be receptor tyrosine kinases. Thus, it was surprising when Trk
receptors were identified as functional, survival-promoting receptors for neurotrophins. During
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the past few years, however, members of other neurotrophic factor families have also been
shown to activate tyrosine kinases. These include GDNF and its relatives and ciliary
neurotrophic factor (CNTF) and other neuropoietic cytokines (reviewed in Reichardt & Fariñas
1997). These tyrosine kinases activate many of the same intracellular signaling pathways
regulated by the receptors for mitogens. Appreciation of this shared mechanism of action has
been a major conceptual advance of the past decade.

Control of Neurotrophin Responsiveness by Trk Receptors
Tyrosine kinase–mediated signaling by endogenous Trk receptors appears to promote survival
and/or differentiation in all neuronal populations examined to date. With a few exceptions,
ectopic expression of a Trk receptor is sufficient to confer a neurotrophin-dependent survival
and differentiation response (e.g. Allsopp et al 1994, Barrett & Bartlett 1994). Usually,
endogenous expression of a Trk receptor confers responsiveness to the neurotrophins with
which it binds, but this generalization is oversimplified for several reasons. First, differential
splicing of the TrkA, TrkB, and TrkC mRNAs results in expression of proteins with differences
in their extracellular domains that affect ligand interactions (Meakin et al 1992, Clary &
Reichardt 1994, Shelton et al 1995, Garner et al 1996, Strohmaier et al 1996). The presence or
absence of short amino acid sequences in the juxtamembrane domains of each receptor has
been shown to affect the ability of some neurotrophins to activate these receptors. Although
BDNF, NT-4, and NT-3 are capable of activating the TrkB isoform containing these amino
acids, the TrkB isoform lacking them can only be activated by BDNF (Strohmaier et al
1996). These isoforms of TrkB have been shown to be expressed in nonoverlapping populations
of avian sensory neurons, so splicing of this receptor almost certainly has important functional
consequences (Boeshore et al 1999). Similarly, an isoform of TrkA containing a short
juxtamembrane sequence is activated by both NGF and NT-3, whereas the isoform lacking
these amino acids is much more specifically activated by NGF (Clary & Reichardt 1994).
Although this short polypeptide sequence was not localized in the three-dimensional structure
of the NGF-TrkA ligand binding domain complex, the organization of the interface between
the two proteins is compatible with the possibility that these residues may directly participate
in binding (Wiesmann et al 1999). The abilities of NT-3 to activate TrkA and of NT-3 and
NT-4 to activate TrkB are also negatively regulated by high levels of the pan-neurotrophin
receptor p75NTR (Bennedetti et al 1993, Lee et al 1994b, Clary & Reichardt 1994, Bibel et al
1999). Thus, factors that regulate differential splicing of extracellular exons in Trk receptor
genes and signaling pathways that control expression of p75NTR affect the specificity of
neuronal responsiveness to neurotrophins.

Important also has been the discovery of differential splicing of exons encoding portions of
the Trk receptor cytoplasmic domains. Not all isoforms of TrkB and TrkC contain tyrosine
kinase domains (reviewed in Reichardt & Fariñas 1997). Differential splicing generates
isoforms of both TrkB and TrkC, which lack these domains. The functions of nonkinase-
containing isoforms of TrkB and TrkC in nonneuronal cells may include presentation of
neurotrophins to neurons. Within neurons, these same receptors are likely to inhibit productive
dimerization and activation of full-length receptors, thereby attenuating responses to
neurotrophins (e.g. Eide et al 1996). There is also evidence suggesting that ligand binding to
truncated isoforms of TrkB and TrkC can modulate intracellular signaling pathways more
directly (Baxter et al 1997, Hapner et al 1998). Differential splicing has also been shown to
result in expression of an isoform of TrkC, which contains an amino acid insert within the
tyrosine kinase domain. This insert does not eliminate the kinase activity of TrkC but does
appear to modify its substrate specificity (e.g. Guiton et al 1995, Tsoulfas et al 1996, Meakin
et al 1997).
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Finally, in some central nervous system (CNS) projection neurons, Trk receptors appear to be
largely sequestered in intracellular vesicles (Meyer-Franke et al 1998). Only in the presence
of a second signal, such as cAMP or Ca2+, are the receptors inserted efficiently into the
plasmalemma. In these neurons, expression of a kinase-containing isoform of a Trk receptor
may not be sufficient to confer responsiveness to a neurotrophin if the neurons are not
incorporated into a signaling network that results in production of these second messengers.
Thus, neurotrophin responsiveness is controlled by many factors in addition to regulators of
Trk receptor gene expression.

Control of Neurotrophin Responsiveness by the Pan-Neurotrophin Receptor p75NTR
Each neurotrophin also binds to the low-affinity neurotrophin receptor p75NTR, which is a
member of the tumor necrosis factor receptor superfamily (see Frade & Barde 1998). In vitro
studies on p75NTR have documented that it can potentiate activation of TrkA by subsaturating
concentrations of NGF (e.g. Mahadeo et al 1994, Verdi et al 1994). What is surprising is that
it does not appear to potentiate activation of the other Trk receptors by their ligands in vitro,
even though these also bind to p75NTR. A role for p75NTR in potentiating actions of
neurotrophins in vivo, however, provides one possible explanation of the deficits in multiple
classes of sensory neurons observed in the p75NTR mutant (Stucky & Koltzenburg 1997,
Bergmann et al 1997, Kinkelin et al 1999). As discussed above, studies in cell culture also
indicate that p75NTR reduces responsiveness of Trk receptors to noncognate ligands
(Benedetti et al 1993, Clary & Reichardt 1994, Lee et al 1994b). Recently, NT-3 has also been
shown to maintain survival of TrkA-expressing sympathetic neurons in vivo more effectively
in the absence than in the presence of p75NTR (Brennan et al 1999). The presence of p75NTR
has also been shown to promote retrograde transport of several neurotrophins (e.g. Curtis et al
1995, Ryden et al 1995, Harrison et al 2000). Most intriguing, both in vitro and in vivo evidence
now indicates that ligand engagement of p75NTR can directly induce neuronal death via
apoptosis (reviewed in Frade & Barde 1998; see also Friedman, 2000). Analysis of the p75NTR
mutant phenotype has demonstrated that regulation of apoptosis by ligand engagement of
p75NTR is important during peripheral nervous system as well as CNS development in vivo
(e.g. Bamji et al 1998, Casademunt et al 1999). Finally, absence of p75NTR signaling perturbs
axon growth in vitro and both axon growth and target innervation in vivo (e.g. Lee et al
1994a, Yamashita et al 1999b, Bentley & Lee 2000, Walsh et al 1999a,b).

REGULATION OF SIGNALING BY NEUROTROPHINS
Trk Receptor-Mediated Signaling Mechanisms

Ligand engagement of Trk receptors has been shown to result in phosphorylation of
cytoplasmic tyrosine residues on the cytoplasmic domains of these receptors (Figure 1). Trk
receptors contain 10 evolutionarily conserved tyrosines in their cytoplasmic domains, of which
three–Y670, Y674, and Y675 (human TrkA sequence nomenclature)–are present in the
autoregulatory loop of the kinase domain that controls tyrosine kinase activity (e.g. Stephens
et al 1994,Inagaki et al 1995). Phosphorylation of these residues further activates the receptor.
Phosphorylation of the other tyrosine residues promotes signaling by creating docking sites
for adapter proteins containing phosphotyrosine-binding (PTB) or src-homology-2 (SH-2)
motifs (reviewed in Pawson & Nash 2000). These adapter proteins couple Trk receptors to
intracellular signaling cascades, which include the Ras/ERK (extracellular signal–regulated
kinase) protein kinase pathway, the phosphatidylinositol-3-kinase (PI-3 kinase)/Akt kinase
pathway, and phospholipase C (PLC)-γ1 (see Reichardt & Fariñas 1997,Kaplan & Miller
2000). Two tyrosines not in the kinase activation domain (Y490 and Y785) are major sites of
endogenous phosphorylation, and most research has focused on interactions mediated by these
sites with Shc and PLC-γ1, respectively (Stephens et al 1994). Five of the remaining seven
conserved tyrosines also contribute to NGF-induced neurite outgrowth, however, so
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interactions mediated by Y490 and Y785 can mediate only a subset of Trk receptor interactions
important in neurotrophin-activated signaling (Inagaki et al 1995). Recent work has resulted
in identification of additional adapter proteins that interact with Trk receptors at different sites
and has demonstrated that transfer of Trk receptors to various membrane compartments
controls the efficiency with which these receptors can associate with and activate adapter
proteins and intracellular signaling pathways (e.g. Qian et al 1998;Saragovi et al 1998;York et
al 2000; C Wu, C-F Lai, WC Mobley, unpublished observations).

PLC-γ1 Signaling
Phosphorylation of Y785 on TrkA has been shown to recruit PLC-γ1 directly, which is activated
by phosphorylation and then acts to hydrolyse phosphatidyl inositides to generate inositol tris-
phosphate and diacylglycerol (DAG) (Vetter et al 1991). Inositol tris-phosphate induces release
of Ca2+ stores, increasing levels of cytoplasmic Ca2+. This results in activation of various
enzymes regulated by cytoplasmic Ca2+, including Ca2+-calmodulin–regulated protein kinases
and phosphatases and Ca2+-regulated isoforms of protein kinase C. Formation of DAG
stimulates the activity of DAG-regulated protein kinase C isoforms. In PC12 cells, protein
kinase C (PKC)δ, a DAG-regulated PKC, is activated by NGF and is required for neurite
outgrowth and for activation of the ERK cascade (Corbit et al 1999). Inhibition of PKCδ has
been shown to inhibit activation of MEK [mitogen-activated protein kinase kinase (MAPKK)/
ERK kinase)] but not of c-raf, so PKCδ appears to act between Raf and MEK in the ERK kinase
cascade.

RAS-ERK Signaling
Activation of Ras is essential for normal differentiation of PC12 cells and neurons. In many
cells, Ras activation also promotes survival of neurons, either by activation of PI-3 kinase or
through activation of the ERK family of MAP kinases. Transient vs prolonged activation of
the MAP kinase pathway has been closely associated, respectively, with a proliferation-
inducing vs a differentiation-promoting response to neurotrophin application (e.g. Grewal et
al 1999).

The pathways leading to activation of Ras are surprisingly complex. In the first pathway to be
characterized, phosphorylation on Y490 was shown to result in recruitment and
phosphorylation of the adapter protein Shc, with binding mediated by the Shc PTB domain
(Stephens et al 1994; reviewed in Kaplan & Miller 2000). Shc is then phosphorylated by Trk,
resulting in recruitment of a complex of the adapter protein Grb-2 and the Ras exchange factor
SOS. Activation of Ras by SOS has many downstream consequences, including stimulation
of PI-3 kinase, activation of the c-raf/ERK pathway, and stimulation of the p38 MAP kinase/
MAP kinase-activated protein kinase 2 pathway (e.g. Xing et al 1996). Downstream targets of
the ERK kinases include the RSK kinases (ribosomal S6 kinase). Both RSK and MAP kinase-
activated protein kinase 2 phosphorylate CREB (cAMP-regulated enhancer binding protein)
and other transcription factors (Xing et al 1998). These transcription factors in turn control
expression of many genes known to be regulated by NGF and other neurotrophins. Among
these, CREB regulates genes whose products are essential for prolonged neurotrophin-
dependent survival of neurons (Bonni et al 1999, Riccio et al 1999).

Neurotrophin signaling through Shc/Grb-2/SOS mediates transient, but not prolonged,
activation of ERK signaling pathways (e.g Grewal et al 1999). Prolonged ERK activation has
been shown to depend on a distinct signaling pathway involving the adapter protein Crk, the
exchange factor C3G, the small G protein rap1, and the serine-threonine kinase B-raf (York et
al 1998). Neurotrophins activate this signaling pathway by utilization of a distinct adapter
named FRS-2 (fibroblast growth factor receptor substrate-2) or SNT(suc-associated
neurotrophic factor-induced tyrosine-phosphorylated target), which competes with Shc for
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phosphorylated Y490 on TrkA (Meakin et al 1999). FRS-2 is phosphorylated by Trk activation
and has been shown to have binding sites for several additional proteins, including the adapter
proteins Grb-2 and Crk, the cytoplasmic tyrosine kinase Src, the cyclin-dependent kinase
substrate p13suc1, and the protein phosphatase SH-PTP-2 (e.g. Meakin et al 1999). Crk
associates with phosphorylated FRS-2 and then binds and activates the exchange factor C3G
(e.g. Nosaka et al 1999). Activation by C3G of the small G protein Rap1 results in stimulation
of B-raf, which activates the ERK kinase cascade. As predicted by this model, overexpression
of FRS-2 or Crk results in differentiation of pheochromocytoma (PC)-12 cells (Tanaka et al
1993, Matsuda et al 1994, Hempstead et al 1994, Meakin et al 1999). In addition to providing
a crucial link to a pathway that appears to be essential for prolonged MAP kinase activation,
FRS-2 provides a mechanism not dependent on Shc for activation of the Grb-2/SOS/Ras
pathway. This adapter protein also provides a link to the Src family tyrosine kinases, which
have been implicated in receptor endocytosis and other cellular responses (e.g. Wilde et al
1999, Beattie et al 2000). Finally, binding to FRS-2 of the protein phosphatase SH-PTP-2 also
facilitates activation of the ERK pathway, probably by inactivation of an inhibitor, such as
Ras-GAP or MAPK phosphatase (Wright et al 1997).

PI-3 Kinase Signaling
Activation of phosphatidylinositol-3-kinase (PI-3 kinase) is essential for survival of many
populations of neurons. In collaboration with the phosphatidylinositide-dependent kinases,
phosphatidyl inositides generated by PI-3 kinase activate the protein kinase Akt/protein kinase
B. Akt then phosphorylates and controls the biological functions of several proteins important
in modulating cell survival (reviewed in Datta et al 1999, Yuan & Yankner 2000). Among the
substrates of Akt are BAD, a Bcl-2 family member that promotes apoptosis by binding to Bcl-
xL, which in the absence of binding would inhibit the proapoptotic activity of Bax.
Phosphorylation of BAD results in its association with 14-3-3 proteins and prevents it from
promoting apoptosis (Datta et al 1997). BAD is also a substrate for MAP kinases, which
similarly inactivate its apoptosis-promoting function (Bonni et al 1999). Another demonstrated
target of Akt is IκB (reviewed in Datta et al 1999). Phosphorylation of IκB results in its
degradation and activation of NFκB, which is normally sequestered by IκB in the cytoplasm.
Transcription activated by nuclear NFκB has been shown to promote neuronal survival (e.g.
Middleton et al 2000). A third Akt substrate of potential relevance for neuronal survival is the
forkhead transcription factor FKHRL1, which controls expression of apoptosis-promoting
gene products, such as FasL (Brunet et al 1999). Another Akt substrate is human but not mouse
caspase-9 (Brunet et al 1999). Glycogen synthase kinase 3-β (GSK3β) is also stimulated by
trophic factor withdrawal and negatively regulated by Akt phosphorylation (Hetman et al
1999). In cultured cortical neurons, elevated GSK3β promotes apoptosis (Hetman et al 1999).
Many additional proteins in the cell death cascade, including Bcl-2, Apaf-1, caspase inhibitors,
and caspases, have a consensus site for Akt phosphorylation but have not been shown to be
phosphorylated by this kinase (Datta et al 1999). Analyses of mouse mutants have documented
the importance of many, but not all, of these proteins (reviewed in Yuan & Yankner 2000).
Mutants lacking caspase-9 or Bax have reductions in neuronal apoptosis, whereas a mutant
lacking Bcl-X-L has an increase in neuronal apoptosis during development (e.g. Deckwerth et
al 1996, Shindler et al 1998). Absence of BAD, however, does not detectably alter neuronal
apoptosis during CNS development, which suggests that Akt-mediated phosphorylation of this
protein is not an essential link in the PI-3 kinase–dependent survival cascade in vivo (Shindler
et al 1998). It is important to note that not all substrates of Akt are involved in cell survival.
S6 kinase, for example, is important for promoting translation of a subset of mRNAs, including
certain cyclins essential for cell cycle progression.

PI-3 kinase is activated by Ras. In many but not all neurons, Ras-dependent activation of PI-3
kinase is the major pathway by which neurotrophins convey survival-promoting signals (e.g.
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Vaillant et al 1999). PI-3 kinase and signaling pathways dependent on PI-3 kinase function can
also be activated through Shc and Grb-2 by a Ras-independent mechanism. Recruitment by
phosphorylated Grb-2 of the adaptor protein Gab-1 results in subsequent binding to this
complex of PI-3 kinase, which is then activated (Holgado-Madruga et al 1997, reviewed by
Kaplan & Miller 2000). In some cells, but not in PC-12 cells, insulin receptor substrate (IRS)-1
has been shown to be phosphorylated in response to neurotrophins and in turn to recruit and
activate PI-3 kinase (Yamada et al 1997).

In addition to providing an adapter that facilitates activation of PI-3 kinase, Gab-1 has also
been shown to function as an adapter that nucleates formation of a complex that includes the
protein tyrosine phosphatase Shp-2 (Shi et al 2000). Shp-2 has been shown to enhance
activation of the RAS-RAF-MEK-ERK pathway by a mechanism that is not clear, but that
appears to involve dephosphorylation of a 90-kDa protein that is also associated with the Gab-1
complex.

Control of the Actin Cytoskeleton
The neurotrophins induce rapid ruffling and cytoskeletal rearrangements similar to those
induced by other growth factors (e.g. Connolly et al 1979). These have been shown by many
laboratories to involve small G proteins of the Cdc-42/Rac/Rho family, which regulate the
polymerization and turnover of F-actin (reviewed in Kjoller & Hall 1999, Bishop & Hall
2000). Several exchange factors for this family of G proteins are known to be expressed in
neurons and to be regulated by tyrosine phosphorylation and/or phosphatidyl inositides
generated by PI-3 kinase activity (e.g. Liu & Burridge 2000). Many of these are undoubtedly
regulated by Trk receptor signaling. SOS also has a latent activity as an exchange factor for
rac in addition to its activity as an exchange factor for ras (Nimnual et al 1998). Activated ras
has been shown to activate the exchange factor activity of SOS for rac through a mechanism
dependent on PI-3 kinase. Thus SOS provides a mechanism for the coordination of ras and rac
activities.

Control of Trk Signaling by Membrane Trafficking
Recent work has added complexity to the scheme presented above by providing evidence that
the ability of Trk receptors to activate specific signaling pathways is regulated by endocytosis
and membrane sorting. It has long been appreciated that communication of survival signals
from nerve terminals to neuronal cell bodies requires retrograde transport (e.g. Thoenen &
Barde 1980). Several groups have demonstrated during the past few years that NGF and
activated Trk receptors are transported together in endocytotic vesicles (e.g. Grimes et al
1997, Riccio et al 1997, Tsui-Pierchala & Ginty 1999; CL Howe, E Beattie, JS Valletta, WC
Mobley, unpublished observations). More recently, evidence has accumulated indicating that
membrane sorting determines which pathways are activated by Trk receptors. In one set of
experiments, cells were exposed to a complex of NGF and a monoclonal antibody (mAb) that
does not interfere with receptor binding but induces unusually rapid internalization of the mAb-
NGF-TrkA complex (Saragovi et al 1998). This NGF-mAb complex was shown to promote
transient MAP kinase activation, Shc phosphorylation, and PC12 cell survival. In contrast,
FRS-2 was not phosphorylated and the cells did not differentiate normally. The results suggest
that recruitment of FRS-2 by ligand receptor complexes occurs on the cell surface with
comparatively slow kinetics. Perhaps FRS-2, which is myristoylated, is segregated into a
compartment that is not immediately accessible to the TrkA receptor.

In another set of experiments, a thermosensitive dynamin that functions as a dominant negative
protein at high temperature was used to reversibly inhibit ligand-receptor internalization
(Zhang et al 2000). Inhibition of internalization did not inhibit survival of PC12 cells but did
strongly inhibit their differentiation. This observation suggests that ligand-receptor complexes
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must be internalized to activate efficiently pathways essential for differentiation. As previous
work described above has strongly suggested that FRS-2 signaling through Crk is essential for
prolonged MAP kinase activation and normal differentiation, the data suggest that activation
of this pathway requires internalization of the NGF-TrkA signaling complex.

Consistent with the involvement of PI-3 kinase products in endocytosis (Wendland et al
1998), inhibitors of PI-3 kinase have been shown to reduce retrograde transport and to affect
the activation of NGF-dependent intracellular signaling pathways (Kuruvilla et al 2000, York
et al 2000). Activation of Ras has been shown to occur in the absence of TrkA internalization
and absence of PI-3 kinase activity (York et al 2000). In contrast, activation of Rap-1 and B-
raf and sustained ERK activation require internalization and PI-3 kinase activity (York et al
2000). To activate B-raf, TrkA must be transported to a brefeldin-A–sensitive population of
endosomes (C Wu, C-F Lai, WC Mobley, unpublished observations). Examination of the
distributions of Ras and Rap-1 provide a possible explanation. Although there is prominent
expression of Ras on the cell surface, expression of Rap-1 appears to be restricted to small
intracellular vesicles. Thus, the data suggest that for TrkA to activate Rap-1, which in turn
activates B-raf and the ERK kinase cascade, it must be internalized into membrane vesicles
that fuse with vesicles containing Rap-1 (York et al 2000, C Wu, C-F Lai, WC Mobley,
unpublished observations). Thus, sustained activation of the ERK pathway, which is essential
for normal differentiation, is regulated by both the kinetics and specificity of membrane
transport and sorting. Because there are so many mechanisms for regulating membrane
transport and sorting, these recent papers suggest many interesting directions for future
research.

Control of Trk Signaling by Other Adapters
Results described above predict that both survival and differentiation pathways will depend on
interactions of Shc or Frs-2 with the phosphorylated Y490 site. Despite this, mice homozygous
for a targeted Y to F mutation of this site in TrkB are viable and have a much milder phenotype
than is observed in mice lacking the TrkB kinase domain (Minichiello et al 1998). Clearly,
other sites in TrkB must be capable of activating intracellular signaling pathways important
for neuronal survival and differentiation. Recent results of particular interest have suggested
that the phosphorylated tyrosines in the activation loop of the Trk tyrosine kinase domain have
dual functions. In addition to controlling activity of the kinase, they appear to function as
docking sites for adapter proteins. Grb-2 has been shown to interact directly with a
phosphorylated tyrosine residue in 2-hybrid assays and by coimmunoprecipitation
(MacDonald et al 2000). Grb-2 also interacts with other sites, including the PLC-γ1 site Y785,
but it is not certain these interactions are direct. Two additional adapters, rAPS and SH2-B,
are similar proteins that contain a PH domain, an SH2 domain, and tyrosines phosphorylated
in response to Trk activation. Both have been shown to interact with phosphorylated tyrosines
in the activation loops of all three Trk receptors (Qian et al 1998). Both of these adapter proteins
may also interact with other sites in the Trk receptor cytoplasmic domains. These two proteins
form homodimers and also associate with each other. Both also bind to Grb-2, providing a
potential link to the PI-3 kinase and Ras signaling cascades. Antibody perturbation and
transfections using dominant negative constructs implicate rAPS in NGF-dependent survival,
MAP kinase activation, and neurite outgrowth in neonatal sympathetic neurons (Qian et al
1998). Taken together, these results indicate that initial models of Trk receptor signaling
pathways were far simpler than Trk receptor signaling is in reality.

Our current understanding of Trk receptor signaling is incomplete. First, not all functionally
important interactions with Trk receptors may depend on phosphotyrosine-dependent
associations. Recent work suggests that the c-abl tyrosine kinase interacts with the
juxtamembrane domain of TrkA, whether or not the tyrosines in this region are phosphorylated
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(Yano et al 2000). A deletion in this region has been shown to block differentiation of PC12
cells without preventing mitotic responses or phosphorylation of SHC or FRS-2 (Meakin &
MacDonald 1998). As c-abl is involved in many aspects of neuronal differentiation (e.g. see
Hu & Reichardt 1999), it will be interesting to determine whether it has a role in Trk-mediated
signaling that is perturbed by this juxtamembrane deletion.

To provide a few more examples of proteins whose roles in signaling pathways are poorly
understood, in cultured cortical neurons, the insulin receptor substrates (IRS)-1 and -2 are
phosphorylated in response to BDNF, which promotes sustained association with and
activation of PI-3 kinase (Yamada et al 1997, 1999). This is not seen after ligand engagement
of Trk receptors in PC12 cells, the most popular cellular model for neurotrophin signaling
studies, which suggests that a critical adapter protein is missing from these cells. As another
example, CHK, a cytoplasmic protein kinase that is a homologue of CSK (control of src kinase),
has been shown to interact with TrkA in PC12 cells and to enhance ERK pathway-dependent
responses, including neurite outgrowth (Yamashita et al 1999a). The pathway by which CHK
affects ERK activation is not understood. Finally, a transmembrane protein with three
extracellular immunoglobulin and four cytoplasmic tyrosine motifs has been shown to provide
a docking site for recruitment of the protein phosphatase Shp-2 and to enhance BDNF-
dependent activation of the PI-3 kinase pathway by mechanisms not prevented by mutation of
the four tyrosine residues (Araki et al 2000a,b). Again, mechanisms are not understood.

In summary, although there has been rapid progress in understanding many pathways
controlled by Trk receptor signaling, there are still many loose ends. This discussion has
proceeded as if all signaling molecules were present in all cells, but this is certainly not so.
Differences in their concentrations within different neuronal populations undoubtedly
contribute to the diversity of responses seen in different neuronal populations. From the
discussion above, it would be obvious to assume that TrkA, TrkB, and TrkC each activate very
similar signaling pathways because of the very high similarities between them in their
cytoplasmic domains. Although probably true, examples are described later in this review
where it is clear that signaling through different Trk receptors has quite different actions on
the same cell, as assessed by nonredundant effects on survival, differentiation, or axon guidance
(e.g. Carroll et al 1998, Ming et al 1999). In some tumor cells, neurotrophin-activated Trk
receptor signaling has even been shown to induce apoptosis (e.g. Kim et al 1999). Clearly,
many of the most interesting details of signaling by these receptors remain to be discovered.

p75NTR Receptor-Mediated Signaling Mechanisms: NFκB Activation
As mentioned previously, p75NTR binds with approximately equal affinity to each of the
neurotrophins. Ligand engagement of p75NTR has been shown to promote survival of some
cells and apoptosis of others (e.g. Barrett & Bartlett 1994). p75NTR-mediated signaling also
affects axonal outgrowth both in vivo and in vitro (e.g. Bentley & Lee 2000, Yamashita et al
1999b; Walsh et al 1999a,b).

Several signaling pathways are activated by p75NTR and in some cases the pathways are
known in detail (see Figure 2). An important pathway promoting cell survival of many cell
populations involves activation of NFκB. For example, cytokines promote neuronal survival
by activation of the NFκB signaling pathway (Middleton et al 2000). In both embryonic sensory
and sympathetic neurons, neurotrophins have been shown to promote p75NTR-dependent
activation of NFκB and NFκB–dependent neuronal survival (Maggirwar et al 1998,Hamanoue
et al 1999). All neurotrophins have been shown to promote association of p75NTR with the
adapter protein TRAF-6 (Khursigara et al 1999). In other systems, TRAF-6 has been shown
to activate the protein kinase NIK (NFκB-interacting kinase), which phosphorylates IKK
(inhibitor of IκB kinase), which in turn phosphorylates IκB, resulting in release and nuclear
translocation of NFκB (reviewed in Arch et al 1998). It is interesting that although all
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neurotrophins bind to p75NTR, in rat Schwann cells, only NGF is able to induce NFκB nuclear
translocation (Carter et al 1996).

p75NTR Receptor-Mediated Signaling Mechanisms: Jun Kinase Activation
The Jun kinase signaling cascade is activated following NGF withdrawal and by binding of
neurotrophins to p75NTR (Xia et al 1995, Eilers et al 1998, Aloyz et al 1998). Apoptosis
mediated by p75NTR requires activation of p53 through the Jun kinase–mediated signaling
pathway (Aloyz et al 1998). P53 controls cell survival in many cells besides neurons (e.g.
Agarwal et al 1998). Among its targets, the activation of the Jun kinase cascade has been shown
to induce expression of Fas ligand in neuronal cells, which promotes apoptosis by binding to
the Fas receptor (Le-Niculescu et al 1999). p53 has many gene targets, including the proapoptic
gene Bax. In both PC12 cells and sympathetic neurons, activation of the Jun kinase cascade
and apoptosis following trophic withdrawal involve Cdc-42 because apoptosis is strongly
inhibited by a dominant negative Cdc-42 (Bazenet et al 1998). The MAP kinase kinase kinase
named apoptosis signal-regulating kinase-1 (ASK1) is in the pathway controlled by Cdc-42
because over-expression of a kinase-inactive mutant of ASK-1 strongly inhibits cell death
promoted by either NGF withdrawal or expression of a constitutively active Cdc-42 (Kanamoto
et al 2000). The kinase providing a link between ASK-1 and Jun kinase has not been identified
but may be the Jun kinase kinase named MKK7 in sympathetic neurons (Kanamoto et al
2000). Embryos lacking both JNK1 and JNK2 show aberrant, region-specific perturbations of
neuronal cell apoptosis in early brain development (Kuan et al 1999), whereas the neurons of
animals lacking JNK3 are resistant to excitoxicity-induced apoptosis (Yang et al 1997). Thus,
the Jun kinase cascade is important in regulating apoptosis of neurons in vivo.

p75NTR Receptor-Mediated Stimulation of Sphingolipid Turnover
Ligand engagement of p75NTR has also been shown to activate acidic sphingomyelinase,
which results in generation of ceramide (Dobrowsky et al 1995). Ceramide has been shown to
promote apoptosis and mitogenic responses in different cell types through control of many
signaling pathways, including the ERK and Jun kinase cascades and NFκB. For example,
ceramide binds to Raf and may induce formation of inactive Ras-Raf complexes, effectively
inhibiting the ERK signaling cascade (Muller et al 1998). Many groups have shown that
ceramide also inhibits signaling mediated through PI-3 kinase (e.g. Zhou et al 1998). Recent
experiments suggest that ceramide inhibits the activity of PI-3 kinase in cells by modifying the
association of receptor tyrosine kinases and PI-3 kinase with caveolin-1 in lipid rafts (Zundel
et al 2000). In fibroblasts, the sensitivity of growth factor–stimulated PI-3 kinase activity to
ceramide inhibition was increased and decreased by over-expression and reduced expression
of caveolin-1, respectively. Ceramide may also inhibit directly PI-3 kinase activity (Zhou et al
1998). Thus, ceramide inhibits at least two of the survival and differentiation-promoting
pathways activated by Trk receptor signaling.

Adapter Proteins That Bind to p75NTR
In addition to TRAF-6, several additional proteins that interact with p75NTR have been
identified, each of which is a candidate to mediate Jun kinase activation or sphingolipid
turnover. NRIF (neurotrophin receptor interacting factor) is a widely expressed Zn-finger–
containing protein that interacts with both the juxtamembrane and death domains of p75NTR
(Casademunt et al 1999). Over-expression of NRIF has been shown to kill cells in culture, and
in mice lacking NRIF, there are reductions in developmentally regulated cell death among
neuronal populations that are very similar to the reductions observed in mice lacking p75NTR.
At this time, it is not known whether NRIF’s activity or association with p75NTR is regulated
by neurotrophins. It is also unclear which downstream signaling pathways are activated by this
interesting protein. Another protein named NRAGE [neurotrophin receptor–interacting
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MAGE (melanoma-associated antigen) homologue] has recently been shown to associate with
p75NTR and to be recruited to the plasma membrane when NGF is bound to p75NTR (Salehi
et al 2000). NRAGE prevents the association of p75NTR with TrkA, and overexpression of
NRAGE promotes NGF-stimulated, p75NTR-dependent cell cycle arrest and death of MAH
(v-myc-infected, adrenal-derived, HNK-1-positive) cells. SC-1 (Schwann cell-1) is a distinct
Zn-finger–containing protein, which has been shown to associate with p75NTR and to
redistribute from the cytoplasm to the nucleus after treatment of p75-expressing cos cells with
NGF (Chittka & Chao 1999). Nuclear expression of SC-1 correlates with cell cycle arrest,
which suggests that nuclear localization of this protein may be involved causally in growth
arrest. Thus, both NRAGE and SC-1 appear to be interesting proteins involved in the signaling
events promoted by p75NTR. Finally, when overexpressed in 293 cells, several (TNF receptor-
associated factor) proteins in addition to TRAF-2 can associate with either monomeric or
dimeric p75NTR, and some of these promote apoptosis of these cells (Ye et al 1999). Although
the interactions of these adapter proteins with p75NTR are interesting, much work remains to
be done to characterize their expression patterns and signaling mechanisms in neurons.

Control of the Cytoskeleton by p75NTR
In addition to regulating neuronal cell survival, ligand engagement of p75NTR has been
reported to directly enhance neurite outgrowth by ciliary neurons in culture (e.g. Yamashita et
al 1999b). In contrast, it inhibits neurite outgrowth by sympathetic neurons in culture (Kohn
et al 1999). Sensory and motor neurons extend axons more slowly toward their peripheral
targets in mouse embryos lacking p75NTR (Yamashita et al 1999b, Bentley & Lee 2000). In
adult animals, perturbations of target innervation patterns are also seen in these mice with some,
but not all, targets lacking normal innervation (e.g. Lee et al 1994a, Peterson et al 1999, Kohn
et al 1999). Recent work has demonstrated an interaction between p75NTR and RhoA
(Yamashita et al 1999b). p75NTR was observed to activate RhoA. Neurotrophin binding to
p75NTR eliminated activation of RhoA by p75NTR. Pharmacological inactivation of RhoA
and ligand engagement of p75NTR have similar stimulatory effects on neurite outgrowth by
ciliary ganglion neurons, a neuronal population that does not express Trk receptors. Results
from this interesting paper suggest that unliganded p75NTR tonically activates RhoA, which
in turn is known to reduce growth cone motility. This observation does not provide an
immediately obvious explanation for the reduced axon outgrowth by sensory and motor
neurons observed in embryonic p75NTR–/– animals. Perhaps the presence of ligand-engaged
p75 effectively sequesters RhoA in its inactive form. Alternatively, the presence of p75NTR
has been shown to promote retrograde transport of NGF, BDNF, and NT-4 (Curtis et al
1995, Harrison et al 2000). Reductions in retrograde transport may result in reduced axon
growth and neuronal survival. As a third possibility, Schwann cell migration has been shown
to depend on p75NTR-mediated signaling and is clearly deficient in this mutant (Anton et al
1994, Bentley & Lee 2000). Perhaps deficits in Schwann cell migration indirectly reduce the
rate of axonal outgrowth.

Reciprocal Regulation of Signaling by Trk Receptors and p75NTR
Activation of Trk receptors has profound effects on p75NTR-dependent signaling.
Neurotrophins are much more effective at inducing apoptosis through p75NTR in the absence
than in the presence of Trk receptor activation (e.g. Davey & Davies 1998, Yoon et al 1998).
In the initial experiments demonstrating that NGF induced sphingomyelin hydrolysis and
ceramide production, activation of a Trk receptor was shown to completely suppress this
response (Dobrowsky et al 1995). Trk receptor activation also suppresses activation of the Jun
kinase cascade (Yoon et al 1998). Activation of Ras in sympathetic neurons has been shown
to suppress the Jun kinase cascade (Mazzoni et al 1999). In these neurons, activation by Ras
of PI-3 kinase is essential for efficient suppression of this cascade. In recent studies utilizing
nonneural cells, c-raf has been shown to bind, phosphorylate, and inactivate ASK-1 (Chen &
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Fu 2000). If this pathway functions efficiently in neurons, it provides a mechanism by which
activation of Trk receptors may suppress p75NTR-mediated signaling through the Jun kinase
cascade. It is notable that although Trk receptor kinase-mediated signaling suppresses
proapoptotic responses mediated by p75NTR, Trk signaling does not inhibit induction by
p75NTR of the NFκB cascade (Yoon et al 1998). Thus, in the presence of Trk signaling,
activation of the NFκB cascade makes a synergistic contribution to survival (Maggirwar et al
1998, Hamanoue et al 1999).

Although kinase activity of Trk receptors suppresses signaling pathways mediated by p75NTR,
Trk signaling is not invariably completely efficient at suppressing p75NTR-mediated
apoptosis. NGF is able to increase apoptosis of cultured motoneurons from wild-type but not
from p75NTR–/– embryos (Wiese et al 1999). In PC12 cells, BDNF binding to p75NTR has
been reported to reduce NGF-dependent autophosphorylation of TrkA, possibly by promoting
phosphorylation of a serine residue in the TrkA cytoplasmic domain (MacPhee & Barker
1997).

The overall picture that emerges from these studies is that the proapoptotic signals of p75NTR
are largely suppressed by activation of Ras and PI-3 kinase by neurotrophins. Thus, p75NTR
appears to refine the ligand-specificity of Trk receptors and may promote elimination of
neurons not exposed to an appropriate neurotrophic factor environment. Consistent with this
possibility, reductions in apoptosis have been observed in the retina and spinal cord in
p75NTR–/– embryos (Frade & Barde 1999). It is less obvious why there are fewer sensory
neurons in p75NTR mutant animals (Stucky & Koltzenburg 1997). The reductions in
retrograde transport of many neurotrophins observed in the p75NTR mutant may increase
apoptosis. In addition, the reduced rate of sensory axon outgrowth observed in these animals
may create situations where axons are not exposed to adequate levels of neurotrophins. As
neurotrophin expression is regulated during development by local tissue interactions not
dependent on innervation (Patapoutian et al 1999), delays in innervation could have
catastrophic consequences.

REGULATION OF NEURONAL SURVIVAL BY NEUROTROPHINS
The important experiments described above of Hamburger, Levi-Montalcini, and later workers
demonstrated that NGF has essential roles in maintaining the viability of nociceptive sensory
and sympathetic neurons in vivo (see Levi-Montalcini 1987, Purves 1988). These results
suggested that all neurons may depend on trophic support derived from their targets for
continued survival, not only during development but also in the adult nervous system. The
observations also raised the possibility that neural precursors and developing neurons whose
axons have not contacted their ultimate targets may also require trophic support.

Major extensions of this work have been made possible by development of gene targeting
technology. With this technology, mice with deletions in genes encoding each of the
neurotrophins and their receptors have been generated. Mice with deletions in almost all of the
genes encoding GDNF, GDNF family members, and their receptors are also available and the
few exceptions will almost certainly become available shortly. A summary of neuronal losses
in the various knockouts of the neurotrophic factors and their receptors is presented in Table
1 and Table 2. In addition, Figure 3 provides a schematic overview of these losses in the
peripheral nervous system. In many instances, a particular ganglion has not been examined in
an individual mutant, frequently because the known expression of the receptor or
responsiveness of the neurons in cell culture made a phenotype appear very unlikely. In other
instances, the initial report focused on the most obvious phenotype, and examination of other
possible phenotypes was deferred, often indefinitely. To summarize briefly, cranial ganglia
neurons that transmit different modalities of sensory information tend to be segregated into
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different ganglia, so neurons in specific ganglia are often dramatically affected by loss of an
individual signaling pathway. Within DRG sensory ganglia, modalities are mixed and mutants
typically have severe effects only on functionally distinct subpopulations of cells.

Sensory Ganglia Survival
Trigeminal and Dorsal Root Ganglia—In DRG and trigeminal ganglia, neurons
conveying different modalities of sensory information are present in the same ganglion, and
substantial progress has been made in demonstrating differential neurotrophic factor
dependencies of neurons with different sensory modalities. Thus, almost all nociceptive
neurons express TrkA at some time during their development, and essentially all of these
neurons are lost in the TrkA and NGF mutants (Crowley et al 1994, Smeyne et al 1994). A
second major population of DRG neurons expresses TrkC from the time of initial neurogenesis.
Most of these neurons differentiate into proprioceptive neurons conveying information from
end organs, such as muscle spindles and tendon organs. At spinal cord levels, these neurons
are completely lost in NT-3 and TrkC mutants together with end organs, such as muscle
spindles, whose morphogenesis requires the presence of sensory axons. NT-3 expression is
observed in both muscle spindles and the ventral spinal cord, both targets of proprioceptive Ia
afferents, consistent with NT-3 functioning as a target-derived trophic factor. These neurons
are lost almost immediately after neurogenesis, however, which suggests that they depend on
NT-3 provided initially by intermediate targets (e.g. Fariñas et al 1996).

The expression patterns of Trk receptors in sensory neurons of mouse DRG and trigeminal
ganglia have been characterized and correlate with the neuronal deficits in these ganglia. It has
become clear that most neurons in both ganglia in mice, with few exceptions, express one Trk
receptor during neurogenesis (Fariñas et al 1998, Huang et al 1999a). Although expression of
Trk receptors remains unchanged in most sensory neurons, a small fraction of neurons show
dynamic changes in switching of neurotrophin receptors and neurotrophin dependence (see,
e.g. Enokido et al 1999).

Several transcription factors have been shown to regulate expression of Trk receptors in sensory
ganglia. For instance, targeted deletion of the POU domain transcription factor Pou4f1 (Brn-3a/
Brn-3.0) prevents initiation of TrkC expression in the trigeminal ganglion and results in
downregulation of TrkA and TrkB in this ganglion at later times, resulting in apoptosis of
neurotrophin-dependent neurons (McEvilly et al 1996, Huang et al 1999b). Absence of Pou4f1
also prevents normal expression of TrkC in the spiral ganglion (W Liu, EJ Huang, B Fritzsch,
LF Reichardt, M Xiang, unpublished observations). The basic helix-loop-helix (bHLH) factor
NeuroD also controls regulation of Trk receptor expression. Its absence results in severely
reduced expression of TrkB and of TrkC in the embryonic vestibulocochlear ganglion (Kim et
al 2001). Expression of TrkB and TrkC appears to be relatively normal in the trigeminal
ganglion in this mutant, so the effects of this mutation on Trk receptor expression are
surprisingly specific. Consistent with this, a recent analysis of cis-elements in the TrkA
enhancer has identified sites required for global expression and sites that are specifically
required for expression within sympathetic, DRG, or trigeminal neurons (Ma et al 2000). Thus,
the transcriptional machinery that specifies TrkA expression is not the same in each of these
neuronal populations. The specificity in the phenotypes of the mutants described above implies
that transcriptional control of TrkB and TrkC must be equally complex. In summary, these
results show that accurate control of the transcription of neurotrophin receptor genes is essential
for ensuring normal neuronal survival and differentiation. In order to extend this work, it will
be necessary to characterize the transcriptional machinery in each population of neurotrophin-
responsive neurons.
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Cutaneous Sensory Receptors and Innervation—Within both DRG and trigeminal
ganglia, a well-defined subpopulation of the nociceptive neurons initiates expression of c-ret
plus one or more of the GFR (GDNF family receptor)-α adapter subunits, eventually losing
expression of TrkA (Molliver et al 1997, Huang et al 1999b). These neurons appear to be
affected in mutants lacking constituents of these signaling pathways. In some instances,
mutations have been shown to result in almost complete deficits in innervation of peripheral
targets. For example, there are specific deficits in transverse lanceolate endings and reticular
endings within the hair follicle in GDNF mutant heterozygotes, whereas other endings are not
detectably affected (Fundin et al 1999).

Analyses of neurotrophin mutants also provided important information regarding the roles of
neurotrophins in the development of cutaneous receptors. For example, in addition to the deficit
in proprioceptors, NT-3 deficiency has been shown to result in deficits in specific cutaneous
[D-hair (Down hair receptor) and SA (slow-adapting)] innervation and the development of
Merkel cells (Airaksinen et al 1996), which are manifested only postnatally. The time course
of development of these deficits indicates that NT-3 functions as a target-derived trophic factor
for these neurons. NT-4 also functions as an essential survival factor for D-hair afferents
(Stucky et al 1998). The dependence of these neurons on NT-4 appears to follow their
dependence on NT-3. Unlike NT-4, BDNF is required for the survival of mechanical functions
of SA fibers but plays no role in the survival of D-hair receptors (Carroll et al 1998). Together,
these data indicate that BDNF and NT-4 have distinct, nonoverlapping roles in cutaneous
innervation and that the expression of these neurotrophins may show spatial or temporal
differences during the development of cutaneous receptors.

The presence of NT-4 has also been shown recently to be required for normal survival of TrkB-
expressing DRG sensory neurons at the time of DRG formation (Liebl et al 2000). Since D-
hair afferents are present during the first few postnatal weeks in the NT-4 mutant (Stucky et al
1998), they cannot be derived from this embryonic population of TrkB-expressing neurons.

Trigeminal Mesencephalic Nucleus—The trigeminal mesencephalic neurons are a group
of neural crest–derived sensory neurons that reside in the brainstem at the pontomedullary
junction. These neurons morphologically resemble sensory neurons in the peripheral ganglia
and convey proprioceptive information from the head region. However, unlike proprioceptive
neurons at the trunk level, which are completely dependent on NT-3, trigeminal mesencephalic
neurons are only partially lost in the absence of NT-3 or TrkC, and partial neuronal deficits
are also generated by the loss of BDNF or TrkB (Fan et al 2000, Matsuo et al 2000). It is
interesting that the majority of these neurons are lost in double mutants lacking NT-3 and
BDNF, and all these neurons are lost in triple mutants lacking NT-3, BDNF, and NT-4 (Fan
et al 2000). Expression of a BDNFlacZ reporter has been detected in a subset of muscle spindles
in one target of these neurons, the masseter muscle. It seems likely that each of the
neurotrophins will prove to be expressed in subsets of these spindles, and that this explains
why each neurotrophin supports the survival of a subset of these neurons.

Vestibular and Cochlear (Spiral) Ganglia—During development, these two ganglia first
emerge as one single ganglion, which subsequently separates into two distinct ganglia that
innervate the semicircular canals and cochlea. Because of their well-documented axon
projection patterns, the vestibular and cochlear ganglia are an ideal system in which to
investigate the effect of neurotrophins. The initial analyses of neurotrophin mutants showed
that almost all neurons in the vestibular ganglion depend on BDNF for survival, whereas the
vast majority of neurons in the cochlear (spiral) ganglion require NT-3 (Ernfors et al 1994
a,b; Jones et al 1994; Fariñas et al 1994). In a double NT-3/BDNF mutant, essentially all neurons
in both ganglia are lost (Ernfors et al 1995).
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The apparent dependence of separate populations of cochlear neurons on these two
neurotrophins has stimulated investigations to understand the differences in the neurons or
cochlea that explain the phenotypes. The first publications suggested that cell type–specific
expression of NT-3 in inner hair cells and BDNF in outer hair cells controls the survival of the
type I and type II neurons, which are responsible, respectively, for innervating each of these
two hair cell populations (Ernfors et al 1995). Absence of TrkC was reported to result in
preferential loss of innervation of inner hair cells, whereas deficiency in TrkB appeared to
cause loss of innervation to outer hair cells (Schimmang et al 1995). Later investigations
challenged these data, however, because neuronal losses and innervation deficits in these two
sets of mutants were shown not to be distributed uniformly throughout the cochlea but to be
distributed in gradients along the cochlear turns (Fritzsch et al 1997, 1998). Neurons in the
basal turn of the cochlea were completely missing whereas those in the apical turn were much
more mildly affected in the NT-3 and TrkC mutants. In the BDNF and TrkB mutants, the only
obvious deficits were observed among neurons in the apical turn (Bianchi et al 1996, Fritzsch
et al 1997, 1998).

Recent observations demonstrate that all neurons in the cochlear (spiral) ganglion express both
TrkB and TrkC, indicating that they can be supported by either neurotrophin (I Fariñas, KR
Jones, L Tessarollo, AJ Vigers, E Huang, M Kirstein, DC De Caprona, V Coppola, C Backus,
LF Reichardt, B Fritzsch, unpublished observations). The phenotype of the NT-3 mutant can
be explained by a spatial apical-to-basal gradient of BDNF expression, which in the absence
of NT-3 causes a complete absence of trophic support for these neurons in the basal turn during
a brief, but crucial, period of development. Using a β-galactosidase (LacZ) reporter integrated
into either the NT-3 (NT-3lacZ) or BDNF (BDNFlacZ) locus to monitor gene expression, rapid
changes in the expression patterns of both neurotrophins were seen as development proceeded.
Approximately one day before the loss of neurons in the NT-3 mutant, however, expression of
BDNF was barely detectable in the cochlea, with only weak expression in the apical turn and
no detectable expression in the developing middle and basal turns. This suggested that in the
NT-3 mutant, neurons were lost in the basal turn because BDNF was not present there to
compensate for its absence, whereas neurons were partially spared in the apical turn because
of the presence of low levels of BDNF. This model predicts that expression of BDNF under
control of the NT-3 gene promoter and regulatory elements will rescue neuronal losses in the
NT-3 mutant. This mouse has been generated and homozygotes are completely deficient in
NT-3 (V Coppola, J Kucera, ME Palko, J Martinez-De Velasco, WE Lyons, B Fritzsch, L
Tessarollo, unpublished observations). As predicted, neurons innervate normally all regions
of the cochlea, including the basal turn, at E13.5 and P0, and there is almost complete rescue
of basal turn spiral neurons (I Fariñas, KR Jones, L Tessarollo, AJ Vigers, E Huang, M Kirstein,
DC De Caprona, V Coppola, C Backus, LF Reichardt, B Fritzsch, unpublished observations;
V Coppola, J Kucera, ME Palko, J Martinez-De Velasco, WE Lyons, B Fritzsch, L Tessarollo,
unpublished observations). Thus, there is convincing evidence that a spatial-temporal gradient
of neurotrophin expression controls survival of these cells.

Nodose-Petrosal Ganglion—The nodose-petrosal ganglion contains neurons that are
responsible for visceral sensory innervation. In this ganglion, all neurons express TrkB (Huang
et al 1999a) and are lost in the BDNF–NT-4 double mutant or in the TrkB mutant (Conover et
al 1995). Approximately half of the nodose-petrosal neurons are lost in the absence of either
BDNF or NT-4 alone. The dopaminergic neurons responsible for innervation of the carotid
body and other sensors of blood pH and pressure are completely dependent on BDNF, which
is synthesized by these target organs during the initial period of innervation (Erickson et al
1996, Brady et al 1999). Thus, mice lacking BDNF show lack of innervation to chemo- and
baroreceptors, resulting in deficits in control of breathing. In this ganglion, a neuron appears
to depend on either BDNF or NT-4 alone, depending on which neurotrophin is expressed in
the target that it innervates.
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Sympathetic Ganglia Survival
Other populations of peripheral neurons also show strong dependencies on particular signaling
pathways. As expected from the work of Levi-Montalcini, sympathetic neurons are almost
completely lost in the absence of NGF to TrkA signaling (Crowley et al 1994, Smeyne et al
1994). Consistent with the expression patterns of TrkA in the sympathetic neurons, extensive
cell death occurs perinatally in the sympathetic ganglion of TrkA mutants. In fact, a significant
deficit is already present at E17.5 and develops progressively after birth (Fagan et al 1996).
Unlike the prominent effects of NGF/TrkA on sympathetic neurons, the view on how NT-3
affects the development of sympathetic neurons has undergone a major revision in recent years.
A number of experiments demonstrate that NT-3 is able to support the survival of early
sympathetic neuroblasts in vitro (Birren et al 1993, Verdi & Anderson 1994, Verdi et al
1996). Consistent with these results, TrkC mRNA has been detected in early sympathetic
ganglia. It is interesting that the level of TrkC mRNA decreases in sympathetic ganglion during
late embryogenesis as the expression of TrkA increases. These studies suggested that NT-3
signaling through TrkC followed by NGF signaling through TrkA provides sequential support
for cells in sympathetic ganglia during early and late stages of development, respectively.
Therefore, it was not surprising when an initial analysis of the NT-3 mutant reported an increase
of cell death among proliferating sympathetic precursor cells during initial formation of this
ganglion (ElShamy et al 1996). However, no deficit was detected in a TrkC mutant (Fagan et
al 1996), and later workers examining the NT-3 mutant have not detected an early phenotype
in either precursors or neurons (Wyatt et al 1997, Francis et al 1999). Instead, the deficits in
the NT-3 and NGF mutants appeared after E15.5 and developed during very similar stages of
development (Wyatt et al 1997, Francis et al 1999). In agreement with these findings,
NT-3lacZ is expressed in the target tissues of sympathetic innervation but is not present in or
around the ganglion before E15.5 (Francis et al 1999). Thus, these data indicate that NT-3 and
NGF are both required for the survival of sympathetic neurons, not neuroblasts. Because no
deficits are seen in the TrkC mutant, the survival-promoting effects of NT-3 must be transmitted
through TrkA. The ability of TrkA to mediate NT-3 signaling during development is promoted
by the absence of p75NTR (Brennan et al 1999).

Although recent results do not support the concept that NT-3 and NGF act sequentially during
development of sympathetic ganglia, members of the GDNF family of ligands do play essential
early roles in development of one sympathetic ganglion, the superior cervical ganglion (SCG).
The requirement for GDNF family members clearly precedes the dependence of SCG neurons
on NT-3, NGF, and TrkA. Initially, mice lacking c-ret, the tyrosine kinase activated by GDNF,
were shown to lack all neurons in the SCG without any obvious phenotype in the sympathetic
chain at the trunk level (Durbec et al 1996). The absence of c-ret was shown to result in loss
of a common set of neural crest–derived precursors for both the SCG and the enteric nervous
system. In the absence of c-ret, these cells failed to survive and migrate to the future site of the
SCG from the vicinity of the postotic hindbrain. More recently, mice lacking the GFRα3
binding subunit have been shown to have a somewhat similar, but significantly less severe,
deficit attributable in part to an effect on early precursors of the SCG (Nishino et al 1999).
GFRα3 mediates activation of c-ret by Artemin, a protein closely related to GDNF. In mice
lacking GFRα3, the initial ventral migration to the aorta of SCG precursors is not obviously
perturbed, but a later rostral migration to the future site of the SCG does not occur. Although
a majority of the precursors exit the cell cycle and differentiate into immature neurons, these
neurons do not mature, are not successful in contacting their normal targets, and undergo
progressive, largely postnatal apoptosis. Artemin is expressed in the vicinity of the SCG
precursors at E12.5, so a deficit in Artemin-mediated signaling is very likely to account for the
early deficit in migration and may explain the later phenotype also. Because the deficit in the
GFRα3 mutant is clearly less severe than that in the c-ret mutant, signaling through other
adapter subunits must contribute to early development of SCG precursors. No deficit within
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the SCG has been reported in mice lacking the GFRα1 or GFRα2 subunits (Cacalano et al
1998, Rossi et al 1999). The phenotype of mice lacking the GFRα4 subunit has not been
reported. It will be interesting to see whether double or triple mutants in GFRα subunit genes
develop a phenotype in the SCG that is as severe as that observed in the c-ret mutant. Mice
lacking GDNF have approximately 35% fewer SCG neurons at birth than do control animals
(Moore et al 1996). Although the embryonic development of this phenotype has not been
studied, it seems likely that a deficit in GDNF-mediated signaling contributes to the very early
phenotype seen in the c-ret mutant.

Parasympathetic Ganglia and Enteric Neuron Survival
Enteric neurons in the intestine are almost completely lost in the absence of GDNF, GFRα1,
or c-ret, and mice lacking neurturin or GFRα2 have neurons of reduced size with less fiber
density (Table 2) (Sanchez et al 1996,Pichel et al 1996,Moore et al 1996,Durbec et al
1996,Cacalano et al 1998,Enomoto et al 1998). Absence of c-ret appears to affect not only
early survival and migration of precursors, but also later differentiation of the precursors and
the neurons arising from them (Pachnis et al 1998,Taraviras et al 1999,Natarajan et al 1999).
C-ret is also required for normal development of the human enteric nervous system. Patients
with Hirschsprung’s disease (or congenital megacolon) have been shown to have mutations in
c-ret, which results in impaired migration of enteric neurons into the colon (Romeo et al
1994,Edery et al 1994).

The trophic factor dependencies of parasympathetic neurons are less completely defined. The
GFRα2 subunit and c-ret are expressed in parasympathetic neurons (e.g. Nishino et al 1999),
and major deficits in several parasympathetic ganglia have been detected in mice lacking
Neurturin or GFRα2 (Rossi et al 1999, Heuckeroth et al 1999). No deficits have been reported
in mice lacking GFRα1, GFRα3, or GDNF. However, parasympathetic ganglia may have been
examined closely only in the GFRα3 mutants (Nishino et al 1999). These neurons are not
affected by mutations in any of the neurotrophin or Trk receptor genes.

Motor Neuron Survival
With the exception of NGF, each of the neurotrophins is able to promote survival of purified
motor neurons in vitro (reviewed in Reichardt & Fariñas 1997). GDNF, CNTF, and other
CNTF-related cytokines are also potent survival factors for these neurons in vitro. Despite this,
the vast majority of motor neurons are spared in mice lacking any single one of these factors
in vivo. For example, no single neurotrophin or Trk mutant has a significant reduction in total
number of motor neurons. Even a triple mutant lacking BDNF, NT-3, and NT-4 has only a
20% deficit in facial and spinal motor neurons (Liu & Jaenisch 2000). Deficits in the GDNF
and GFRα1 mutants are small, approximately 20% in the spinal motor neuron population. The
most severe deficits were seen in mice lacking either the CNTF receptor-α or the leukemia
inhibitory factor receptor-β subunit, where deficits of approximately 40% were reported in the
facial motor nucleus (see Reichardt & Fariñas 1997). Until recently, these results were believed
to reflect functional redundancy, i.e. the concept that any motor neuron has access to multiple
trophic factors in vivo. However, more recent data suggest strongly that different motor neuron
pools are dependent on different trophic factors and that the deficits observed in mutants are
small because there is so much diversity in the trophic factor dependence of the different pools.
Analysis of the NT-3 mutant argued several years ago that continued survival of γ-motor
neurons requires the presence of this neurotrophin (Kucera et al 1995). These efferents
innervate muscle spindles, which express NT-3. These spindles are also innervated by NT-3–
dependent sensory neurons, so motor neurons and sensory neurons that innervate the same end
organ appear to require the same neurotrophin. In contrast, survival of α-motor neurons that
innervate skeletal myotubes is not detectably reduced in the NT-3 mutant (Kucera et al 1995).
During the past several years, different pools of motor neurons have been shown to express
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different combinations of transcription factors (e.g. Tanabe & Jessell 1996) and receptors for
neurotrophic substances (e.g. Oppenheim et al 2000, Garces et al 2000). Recently, analyses of
the GDNF and GFRα1 mutants have shown that specific pools and subpopulations of motor
neurons are severely affected in each mutant, whereas other pools and subpopulations are not
detectably affected (e.g. Oppenheim et al 2000, Garces et al 2000). When these studies are
extended to other mutants, it now seems likely that mice lacking individual trophic factors or
their receptors will prove to have severe deficits in individual populations of motor neurons.

CNS Neuron Survival
Perhaps most striking of all is the paucity of survival deficits observed in populations of CNS
neurons, many of which are responsive to these same factors in cell culture. For example, CNS
neurons responsive to NGF in vitro include basal forebrain and striatal cholinergic neurons.
Although differentiation of these neurons is affected (Smeyne et al 1994), survival of these
populations is not detectably affected perinatally in the NGF or TrkA knockout animals.
Postnatal atrophy of NGF-dependent populations of cholinergic forebrain neurons has been
observed in adult NGF mutant heterozygotes, however; thus, these neurons appear to retain
some dependence on this neurotrophin (Chen et al 1997).

BDNF and NT-4–responsive neurons include cerebellar granule cells, mesencephalic
dopaminergic neurons, and retinal ganglion cells. Although a modest increase in postnatal
apoptosis of hippocampal and cerebellar granule cells is observed in TrkB and TrkB/TrkC
mutants (Minichiello & Klein 1996, Alcantara et al 1997), it is not comparable to the dramatic
losses observed in these same mutant animals in sensory neurons. To examine the roles of TrkB
in the maintenance and function of adult nervous system, mice with cell type–specific deletions
of TrkB have been generated using the Cre/loxP recombination system (Minichiello et al
1999, Xu et al 2000b). Selective deletion of TrkB in the pyramidal neurons of the neocortex
leads to altered dendritic arborization and compression in cortical layers II/III and V (Xu et al
2000b). At later times, loss of TrkB also results in progressive elimination of SCIP (suppressed,
cAMP-inducible POU)-expressing neurons in the somatosensory and visual cortices, whereas
the Otx-1–expressing neurons are not lost (Xu et al 2000b). Taken together, the data described
above indicate that neurotrophin-mediated signaling through TrkB is important for maintaining
survival of neuronal populations in the CNS. Because weeks, not hours, are required to observe
significant losses of neurons, it is uncertain whether interruption of the same signaling
pathways important for survival of peripheral neurons accounts for these phenotypes.

Multiple Neurotrophic Factor Dependence
In summarizing dependencies of sensory neurons on neurotrophins, it is worth noting that, in
general, the neurotrophin and Trk receptor mutant phenotypes are consistent with in vitro
observations of ligand and receptor specificities. Analyses of the mutant phenotypes have
provided valuable information for reconstructing at least four models that demonstrate unique
receptor-ligand interactions in individual sensory ganglia. In the first model, a single
neurotrophin appears to interact with a sole receptor. As a result, absence of either the ligand
or receptor results in a similar phenotype. As one example, both the NGF and TrkA mutants
appear to lack the same sensory neuron populations in the DRG and cranial ganglia (Table 1).
In the second model, deficits in neuron numbers are larger in receptor-deficient than in
neurotrophin-deficient mice. In the nodose-petrosal ganglion, the great majority of neurons
express TrkB, and targeted deletion of TrkB leads to an almost complete absence of these
neurons. However, BDNF and NT-4 appear to be expressed in different target fields, so each
neurotrophin supports a separate subpopulation of neurons within this ganglion. In the third
model, a single ligand interacts with multiple receptors. Several reports have documented the
promiscuous role in vitro of NT-3 in activating TrkA and TrkB, in addition to activating TrkC
(e.g. Ip et al 1993,Clary & Reichardt 1994,Davies et al 1995). In the DRG and trigeminal
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ganglia in an NT-3 mutant, many TrkA- and TrkB-expressing neurons undergo apoptotic cell
death shortly after they are born (Fariñas et al 1998,Huang et al 1999a). These neurons are not
killed in the TrkC mutant, so NT-3 must be directly activating the other Trk receptors. Thus,
there must be high enough local concentrations of NT-3 in vivo to support neurons expressing
TrkA or TrkB. Indeed, expression of NT-3 has been detected in the immediate vicinity of these
ganglia during the period of neurogenesis (Fariñas et al 1998,Huang et al 1999a). By examining
the expression of both NT-3lacZ and BDNFlacZ, we have identified distinct regions in the
embryonic branchial arches where only the NT-3 gene is expressed between E11.5 and E12.5
(EJ Huang, unpublished data). Presumably, TrkB-expressing neurons that project to these
regions will require NT-3 for their survival because BDNF is not available. This model predicts
that replacement of NT-3 by BDNF should rescue some TrkB-expressing neurons. Consistent
with this prediction, the phenotype in the DRG of mice in which BDNF is inserted into the
NT-3 gene has recently been reported (V Coppola, J Kucera, ME Palko, J Martinez-De Velasco,
WE Lyons, B Fritzsch, L Tessarollo, unpublished observations). In the complete absence of
NT-3, the expression of BDNF in the same pattern as NT-3 can indeed delay and partially
rescue neuronal deficits in the DRG. Finally, in the fourth model, survival of neurons that
express more than one Trk receptor will be controlled by the patterns of neurotrophin
expression. As described above, in the cochlear ganglion, neuronal survival in the NT-3 mutant
is determined by an apical-to-basal gradient of BDNF. In the trigeminal mesencephalic
ganglion, survival depends on whether NT-3 or BDNF is present in a particular muscle spindle
(Fan et al 2000).

The data in Table 1 and Table 2, although incomplete, indicate that there is excellent
correspondence between the specificities of ligand interactions with receptors as defined in
vitro and the phenotypes of mutants lacking these proteins in vivo. This is evident from the
analyses of mice lacking neurotrophins or Trk receptors. There are also striking similarities in
the phenotypes of the GDNF and GFR-α1 and Neurturin and GFR-α2 mutants, which also
agrees with the majority of biochemical studies characterizing interactions of these ligands
with these two receptor subunits.

Switching of Neurotrophic Factor Dependence
The data in Table 1 also make it clear that many neurons require more than one neurotrophic
factor-receptor signaling pathway to survive. In the vast majority of instances, this appears to
reflect requirements at different developmental stages, made necessary by changes in ligand
accessibility or in receptor expression. Examination in more detail of the development of the
phenotypes of these mutants has suggested that ligand activation of tyrosine kinases is
important for survival of neural precursors and immature neurons, as well as of mature neurons
in contact with their final targets. In some instances, the same factor is essential at many stages
of development. In others, different factors become important as development proceeds. For
example, the SCG shows sequential dependency on c-ret–mediated followed by TrkA-
mediated signaling during embryogenesis. Thus, the SCG is completely absent in the c-ret,
NGF, and TrkA mutants, and less-severe deficiencies are seen in mice lacking GDNF,
GFRα3, or NT-3. As discussed above, the requirement for c-ret clearly precedes that for the
neurotrophins. A similar transient dependence on NT-3 of TrkA- and TrkB-expressing
trigeminal neurons also appears to reflect the presence of NT-3, but not other neurotrophins,
in the mesenchyme invaded by the axons of these neurons immediately after neurogenesis
(Huang et al 1999a). Expression of NT-3 in the mesenchyme has been shown to be induced
by epithelial-mesenchymal interactions, which are likely to be mediated by Wnt proteins
secreted by the epithelium (Patapoutian et al 1999,O’Connor & Tessier-Lavigne 1999).

Although much attention has been focused on switches in neurotrophin responsiveness during
early development of the trigeminal ganglion, more recent work suggests that there is

Huang and Reichardt Page 20

Annu Rev Neurosci. Author manuscript; available in PMC 2009 October 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



comparatively little switching in expression of Trk receptors (Huang et al 1999a; but see also
Enokido et al 1999). Instead, similar to the DRG (Ma et al 1999), neurons expressing different
Trk receptors are born in waves that peak at different times. Much later in development,
however, defined subsets of TrkA-expressing DRG and trigeminal ganglion neurons become
responsive to GDNF family members, acquire expression of c-ret and one or more GFR adapter
subunits, and lose responsiveness to NGF (e.g. Molliver et al 1997, Huang et al 1999b, Fundin
et al 1999). Specific expression patterns of GDNF family ligands in targets and GFR-α adapter
subunits in both targets and neurons indicate that these changes reflect the sorting out of subsets
of sensory neurons specialized for innervation of specific targets and transmission of specific
modalities of sensory information (Snider & McMahon 1998, Fundin et al 1999). There are
many other examples, too numerous to review here, in which changes in ligand or receptor
expression have been shown to explain the requirement for more than one neurotrophic factor
by a single population of neurons.

Precursor Cell Survival and Proliferation
A large number of studies characterizing effects of neurotrophins on CNS neuroepithelial
precursors, neural crest cells, or precursors of the enteric nervous system have demonstrated
effects on both proliferation and differentiation of these cells in vitro and, in some instances,
in vivo. Some of these have been described above, most notably the effect of c-ret–mediated
signaling on SCG and enteric precursors. Only a few examples are described here, but they are
representative of the interesting actions of these proteins on immature cells of the nervous
system (for more extended descriptions, see Reichardt & Fariñas 1997).

In cell culture, many populations of CNS precursors are regulated by neurotrophins. Nestin-
positive cells from the rat striatum can be induced to proliferate with NGF (Cattaneo & McKay
1990). The proliferation and survival of oligodendrocyte precursors (O2A progenitors) have
been shown to be promoted by NT-3 in vitro and in vivo (Barres et al 1994). In other instances,
neurotrophin application has been shown to induce differentiation of precursors. For example,
NT-3, but not other neurotrophins, promotes differentiation of rodent cortical precursors
(Ghosh & Greenberg 1995). The differentiation of hippocampal neuron precursors is promoted
by BDNF, NT-3, and NT-4 (Vicario-Abejóon et al 1995). Although these observations suggest
that neurotrophins regulate the size of precursor pools and neurogenesis in vivo, analyses of
the various neurotrophin and Trk receptor knockouts has provided no evidence that
development of these cell populations within the CNS is perturbed during embryogenesis.

NT-3 has been shown to promote proliferation of cultured neural crest cells (e.g. Sieber-Blum
1991, 1999). In vivo, however, initial formation of sensory and sympathetic ganglia appears
to occur normally in mouse embryos (Fariñas et al 1996, Wilkinson et al 1996). Only after
initiation of neurogenesis is elevated apoptosis observed in the NT-3 mutant, and apoptosis
appears to be restricted to cells that have left the cell cycle and express neuronal markers
(Wilkinson et al 1996; Fariñas et al 1996, 1998; Huang et al 1999a). This is consistent with
evidence in murine sensory ganglia that expression of Trk receptors follows and does not
precede withdrawal from the cell cycle (Fariñas et al 1998, Huang et al 1999a). Although direct
effects of neurotrophin deficiency appear to be restricted to neurons, evidence for an indirect
effect on precursors has been obtained in the DRG sensory ganglia of both NT-3 and NGF
mutants (Fariñas et al 1996; I Fariñas, unpublished data). In these ganglia, the loss of neurons
through apoptosis stimulates the differentiation of precursors into neurons without affecting
their survival or rate of proliferation. As a result, the precursor pool is depleted during late
stages of neurogenesis, and many fewer neurons than normal are born. Increased differentiation
of precursors in these mutants could potentially be caused by a reduction in lateral inhibition
mediated by the Delta-to-Notch signaling pathway.
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The failure to detect Trk receptor expression in murine sensory ganglia precursors does not
mean that these receptors are not expressed in any proliferating neural crest cell derivatives in
mouse embryos. The mesenchymal cells derived from cardiac neural crest have been shown
to be important in cardiac development in avian embryos, and a similar population has recently
been identified in murine embryos (Jiang et al 2000). NT-3 and TrkC mutant embryos have
severe cardiovascular abnormalities, including atrial and ventricular septal defects and
pulmonary stenosis, which seemed likely to be caused by deficits in a neural crest–derived
population of cells (Donovan et al 1996, Tessarollo et al 1997). More recently, however,
expression of both NT-3 and TrkC have been detected in embryonic cardiac myocytes, and
TrkC receptor-dependent signaling has been shown to promote proliferation of these myocytes
during early development (Lin et al 2000). This raises the possibility that abnormalities in valve
and outflow tracts observed in NT-3 and TrkC mutants are not caused by a signaling deficit in
neural crest cell progeny. Effects could potentially be indirect. It is interesting that BDNF
deficiency also results in abnormalities in the heart (Donovan et al 2000). BDNF activation of
TrkB receptors expressed in the cardiac vasculature is essential for maintaining the survival of
cardiac endothelial cells and integrity of the cardiac vascular bed in early postnatal animals.

ESSENTIAL ROLES IN DIFFERENTIATION AND FUNCTION
Sensory and Sympathetic Neuron Development

In a few instances, neurotrophins have been shown to regulate the pathways of differentiation
selected by neural precursors and to regulate the differentiation process, helping to determine
the levels of expression of proteins essential for the normal physiological functions of
differentiated neurons, such as neurotransmitters, ion channels, and receptors. For example, in
vitro and in vivo, NGF promotes the differentiation of sympathoadrenal precursors into
sympathetic neurons as opposed to adrenal chromaffin cells (Levi-Montalcini 1987, Anderson
1993). In contrast, glucocorticoids have been shown to suppress these responses to NGF,
inhibiting differentiation into neurons and promoting differentiation into mature adrenal
chromaffin cells. As glucocorticoids are present in high concentrations in the adrenal gland,
they seem likely to regulate differentiation of sympathoadrenal precursors similarly in vivo.
In vitro and in vivo, the actions of NGF and glucocorticoids on these precursors are largely
irreversible and dramatic. The sympathetic neurons formed are permanently dependent on NGF
for survival, whereas the chromaffin cells are not. The two differentiated cell types differ in
their predominant transmitter (norepinephrine vs epinephrine). Morphologically they are
distinct, and this clearly reflects differences in many molecular constituents, which are
regulated either directly or indirectly by NGF and the glucocorticoids. In PC12 cells, a very
brief exposure to NGF has been shown to result in long-term induction of a sodium channel
gene (Toledo-Aral et al 1995). This may serve as a model system for investigating how
neurotrophins can cause irreversible fate changes within neurons.

As described above, precursors of murine sensory neurons do not appear to express Trk
receptors in vivo or be affected directly by deficiencies in neurotrophins (Fariñas et al 1998,
2000; Huang et al 1999a). In mouse DRG, at least, initial generation of TrkB- and TrkC-
expressing versus TrkA-expressing neurons appears to occur in two waves, dependent on
sequential expression of neurogenins 2 and 1 (Ma et al 1999). The neurotrophins function to
maintain the viability of these neurons. They do not appear to guide their initial determination.
There is some evidence indicating that the situation may be more complicated in the chicken
embryo. There, evidence has been obtained that suggests a subpopulation of DRG precursors
expresses TrkC, and available evidence suggests there is more dynamic regulation of Trk
receptor expression after neurogenesis than is observed in mouse sensory ganglia (e.g. Rifkin
et al 2000). It seems unlikely, however, that the role of neurotrophins is very different there
than in murine sensory ganglia.
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Neurotrophins are important in regulating aspects of later sensory neuron development that,
in some instances, control important aspects of neuronal phenotype. For example, NGF-
responsive sensory neurons primarily convey nociceptive information and extend either
unmyelinated C-fibers or thinly myelinated Aδ fibers. They express small peptide transmitters,
such as CGRP and substance P, specific receptors such as the capsaicin receptor, and distinct
Na+ channels isoforms (e.g. Amaya et al 2000, reviewed by Mendell et al 1999). Expression
levels of most of these proteins are regulated by NGF (e.g. Fjell et al 1999; reviewed in Lewin
& Barde 1996, Mendell 1999; Mendell et al 1999). Although the absence of NGF during
embryogenesis results in loss of almost all nociceptive neurons, at later ages withdrawal of
NGF no longer kills these neurons. Instead, perturbation of NGF levels results in phenotypic
changes. When NGF is sequestered during the early postnatal period, the properties of Aδ fibers
are dramatically changed (Ritter et al 1991). Normally, many of these fibers are responsive to
high threshold mechanical stimulation and are classified as high-threshold mechanoreceptors
(HTMRs). Postnatal deficiency in NGF results in almost complete loss of HTMRs with a
proportional increase in D-hair fibers, which respond to light touch. As this change is not
associated with elevated apoptosis, the results suggest that the neurons of origin for the HTMR
fibers are not lost but instead undergo a change in phenotype, becoming D-hair fibers that
function as touch, but not pain, receptors. The central projections of D-hair and HTMR fibers
have different termination zones in the substantia gelatinosa, and it is interesting that the
phenotypic conversion induced by withdrawal of NGF does not result in inappropriate
innervation by D-hair fibers of zones normally innervated by HTMR fibers (Lewin & Mendell
1996). Central projections appear to be regulated to maintain appropriate modality
connectivity.

Overexpression of NGF in skin using the keratin-14 promoter results in increased survival of
both the C and Aδ classes of nociceptive neurons and, in addition, affects the functional
properties of these neurons (Stucky et al 1999, Mendell et al 1999, Stucky & Lewin 1999).
The percentage of Aδ fibers responsive to nociceptive stimuli increases from 65% to 97%,
which may reflect selective survival of these neurons. Even more notably, the percentage of
C-fibers responsive to heat increases from 42% to 96%, an effect too large to be accounted for
by their selective survival. In addition, the chronic presence of NGF in skin also affects the
functional properties of heat-sensitive C-fibers, increasing their thermal responsiveness and
lowering their mechanical responsiveness. It seems likely that regulation of VR-1, the capsaicin
receptor, may be involved in these phenotypic changes.

NGF is not the only neurotrophic factor to regulate the phenotype of nociceptive neurons.
Although all nociceptors are believed initially to express TrkA, a proportion of these begin
subsequently to express c-ret together with one or more of the GFR adapter subunits (e.g.
Snider & McMahon 1998). In addition to expressing c-ret, these neurons are distinguished by
expression of a binding site for the plant lectin isolectin B4. As development proceeds, their
survival becomes dependent on GDNF family members (Molliver et al 1997). Targeted
disruption of the GFR-α2 gene does not cause loss of cells expressing the isolectin B4 ligand
but does result in a three-fold reduction in the percentage of isolectin B4 ligand-expressing
neurons sensitive to heat (CL Stucky, J Rossi, MS Airaksinen, GR Lewin, unpublished
observations). The results indicate that signaling mediated by a GDNF family member, most
likely neurturin, is necessary for these neurons to manifest a nociceptive phenotype.

Continued presence of D-hair afferents has been shown to depend on NT-3 in early postnatal
development and on NT-4 at later times (Airaksinen et al 1996, Stucky et al 1998). It is not
certain whether these phenotypes are caused by neuronal loss or changes in neuronal
phenotype.
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Control of Target Innervation
Each of the neurotrophins has been shown to promote neurite outgrowth by responsive neurons
in vitro. Elegant experiments have demonstrated that local NGF regulates the advance of
sympathetic neuron growth cones (Campenot 1977). The presence of NGF within a
compartment was shown to be essential for axons to grow into that compartment, even when
neurons received adequate trophic support. When neurons were seeded between two chambers,
one with NGF and one with no neurotrophin, axons invaded only the chamber containing NGF.
If at a later time NGF was withdrawn from a chamber, the axons stopped growing and slowly
retracted. In addition to promoting growth, gradients of neurotrophins are able to steer growth
cones in vitro (Gundersen & Barrett 1979). It is intriguing that in these assays, whether a
neurotrophin acts as a chemoattractant or a chemorepellent depends on cyclic nucleotide levels
within neurons (Song et al 1997, Song & Poo 1999). The chemoattractive activities of NGF
and BDNF, acting through TrkA and TrkB, respectively, are converted to chemorepellent
activities by inhibitors of the cAMP signaling cascade. Effects of a PI-3 kinase inhibitor and
of NGF signaling through a TrkA mutant lacking a putative PI-3 kinase docking site suggest
that activation of PI-3 kinase is required for the chemoattractive response (Ming et al 1999).
It is intriguing that although the different Trk receptors are believed to function through similar
signal transduction pathways, the chemoattractive activity of NT-3, acting through TrkC, is
not affected by agents that affect cAMP-mediated signaling. Instead, inhibitors of cGMP
signaling convert this chemotrophic response from attractive to repulsive (Song & Poo
1999). These observations argue persuasively that there are fundamental differences in the
signaling mediated by different Trk receptors.

Since the discovery of NGF, it has been appreciated that systematically applied neurotrophins
affect innervation patterns in vivo (e.g. Levi-Montalcini 1987). NGF was shown to increase
innervation of tissues that receive sympathetic or sensory innervation normally and to induce
aberrant innervation of tissues that normally are not innervated. In adults, neurotrophins are
generally concentrated in targets of sensory and sympathetic targets (e.g. see Reichardt &
Fariñas 1997). Analyses of transgenic animals either lacking or expressing ectopically
neurotrophins have provided many examples where disruptions of normal expression patterns
of a neurotrophin results in perturbations of innervation, including aberrant routing of axons
and interference with innervation of specific targets. For example, elevation of NGF in
pancreatic islets using the insulin promoter induces dense sympathetic innervation of cells
within the pancreatic islets, which normally are not innervated (Edwards et al 1989). Elevation
of NGF in the epidermis using the keratin-14 promoter induces similarly dense sympathetic
innervation of the epidermis (Guidry et al 1998). In this case also, the pattern of innervation is
perturbed. Sympathetic innervation of the footpad vasculature and sweat glands is strongly
inhibited. Instead, the sympathetic fibers are found in a plexus together with sensory fibers in
the dermis. Sympathetic innervation is also distributed aberrantly in the vicinity of the
mystacial pads (Davis et al 1997). Overexpression of NGF under control of the keratin-14
promoter also increases greatly the density of sensory innervation, selectively promoting
innervation by NGF-dependent nociceptors (Stucky et al 1999). In contrast to sympathetic
fibers, aberrant targeting of these endings was not detected. As a final example, in mice that
overexpress BDNF under control of the nestin promoter, sensory fibers dependent on this
neurotrophin appear to stall at sites of ectopic BDNF expression at the base of the tongue and
fail to reach the gustatory papillae (Ringstedt et al 1999). Fibers that do not traverse these sites
of ectopic BDNF expression are able to reach and innervate their targets normally. Taken
together, the results of these studies indicate that elevated expression of a neurotrophin in a
region usually results in an increased density of innervation by axons from neurons that
normally innervate that region. Overexpression in regions that are normally not innervated
often, but not always, results in aberrant innervation by neurons responsive to that neurotrophin.
This suggests that guidance and targeting clues are either masked or overridden by the presence
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of high levels of a neurotrophin. Consistent with this concept, recent studies in tissue culture
have shown that uniform exposure of TrkA-expressing neurons to NGF results in a
desensitization of chemotactic responses to gradients of netrin, BDNF, or myelin-associated
glycoprotein, which suggests that these factors share common cytosolic signaling pathways
(Ming et al 1999).

In some instances, deficits or aberrancies in innervation observed in transgenic animals may
reflect competitive phenomena. In analyses of innervation by sensory neuron fibers of
mystacial pads, elevated innervation by TrkA-dependent sympathetic fibers was observed in
mutants lacking BDNF or TrkB (Rice et al 1998). Excessive innervation by TrkA-dependent
sensory endings was seen in mice lacking BDNF, NT-4, or TrkB. When innervation of different
classes of endings that detect mechanosensation was examined in these mutants, each ligand
and Trk receptor was shown to support innervation of at least one type of mechanoreceptor
(Fundin et al 1997). Innervation of some endings is dependent on more than one neurotrophin
or Trk receptor. For example, NT-3 is important for formation of all types of endings, but it
may signal through different Trk receptors as development proceeds. In addition, the results
suggested that BDNF signaling through TrkB may suppress Merkel innervation whereas NT-3
signaling through TrkC suppresses Ruffini innervation. There is not a single compelling
explanation for these observations. Some sprouting may be attributable to loss of competition
for a neurotrophin. Absence of TrkC-dependent endings, for example, may result in less NT-3
being transported out of the region. The elevated level of NT-3 remaining in the region may
mediate sprouting of endings otherwise supported by NGF alone. Not all observations appear
compatible with this model, however. Instead, the results suggest that neurotrophin-mediated
signaling regulates, both positively and negatively, responses to other factors involved in
sensory fiber targeting and differentiation.

Sensory Neuron Function
Neurotrophins have multiple interesting effects on the functional properties of sensory neurons
extending beyond regulation of their survival. Essentially all modalities of sensory information
are modulated in different ways by changes in the levels of these factors.

During early postnatal rodent development, both NT-3 and BDNF have been shown to regulate
the development of the synapses formed between Ia afferents and motor neurons (Seebach et
al 1999). Chronic NT-3 results in larger monosynaptic excitatory postsynaptic potentials
(EPSPs) and reduced polysynaptic components, whereas BDNF actually reduces the size of
the monosynaptic EPSPs and increases the contribution of polysynaptic signaling. Infusion
with TrkB-Ig also results in the appearance of larger monosynaptic EPSPs, which suggests that
endogenous BDNF is an important modulator of development of these synapses. Infusion with
TrkC-Ig had little effect. These data argue that levels of endogenous BDNF within the spinal
cord control the comparative efficiencies of monosynaptic and polysynaptic signaling between
Ia afferents and motor neurons. The role of endogenous NT-3 is less certain.

During the first postnatal week, but not subsequently, direct application of NT-3 has been
shown to acutely potentiate the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA)/kainate receptor-mediated monosynaptic EPSP at the synapses formed by Ia afferents
on motor neurons (Arvanov et al 2000). Potentiation is long lasting and is prevented by an
inhibitor of Trk receptor kinase activity. Initiation, but not maintenance, of potentiation
requires N-methyl-D-aspartate (NMDA) receptors and postsynaptic Ca2+. The dependence on
NMDA receptor function and Ca2+ are similar to the requirements for generation of long-term
potentiaion (LTP) in the hippocampus (see Malenka & Nicoll 1999). It is intriguing that EPSPs
with similar properties evoked by stimulation of a different innervation pathway are not
potentiated by NT-3, so the effects of NT-3 are synapse specific. NT-3 is effective at
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potentiating the strength of the Ia afferent-motor neuron synapse only during the first week,
very likely because NMDA receptors are downregulated at later times.

Effects of peripheral nerve transection on monosynaptic Ia EPSPs, however, suggest that NT-3
from peripheral sources is also important in regulating the efficiency of synaptic function in
adult animals. Peripheral transection results in long-term declines in conduction velocity and
monosynaptic EPSP amplitude (Mendell et al 1999). These declines can be prevented by
infusion of NT-3 in the vicinity of the cut nerve ending, which suggests that interruption of
NT-3 transport is the cause of the synaptic deficiencies observed after transection.

Although overexpression of NGF induces the changes described in the previous section that
are likely to involve gene expression, acute NGF also has striking effects on nociceptors.
Application of NGF to the undersurface of a patch of skin acutely sensitizes nociceptive C and
Aδ fibers to heat within 10 min (e.g. Shu & Mendell 1999a). Sensitization is not seen in the
skin of animals depleted of mast cells, so a major pathway mediating this response is believed
to involve activation of mast cells by NGF, resulting in secretion from these cells of serotonin,
histamine, and other agents, including NGF (e.g. see Levi-Montalcini et al 1996). Acute
application of NGF also sensitized the subsequent response of sensory neurons to capsaicin
(Shu & Mendell 1999b). As sensitization is seen in dissociated sensory neuron cultures, NGF
must be acting directly on the sensory neurons.

One of the proteins known to be upregulated by NGF in sensory neurons is the neurotrophin
BDNF (Michael et al 1997). There is evidence that BDNF is transported to both peripheral and
central terminals of nociceptive sensory neurons. In the periphery, BDNF and NT-4 have been
shown to acutely sensitize nociceptive fibers by a pathway that requires the presence of mast
cells (Shu et al 1999, Rueff & Mendell 1996). Sensory neuron–derived BDNF also appears to
act centrally (Mannion et al 1999, Woolf & Costigan 1999). Perfusion of the spinal cord with
TrkB-IgG has been shown to prevent the progressive hypersensitivity elicited by low-intensity
tactile stimulation of inflamed tissues.

Cortical Circuitry and Function
Several neurotrophins are expressed in the neocortex and hippocampus during development,
and their expression continues in adult animals, which suggests that they have functions
extending beyond initial development. NGF, for example, is widely expressed in both the
developing and adult neocortex (e.g. Large et al 1986). Projections from the cholinergic basal
forebrain extend throughout the neocortex and hippocampus (e.g. Mesulam et al 1983). The
fibers of these projections express TrkA (e.g. Sobreviela et al 1994), and expression in these
neurons of proteins associated with cholinergic function, such as choline-o-acetyl transferase,
is increased by infusion of NGF (e.g. Hefti et al 1989). NGF infusion has been shown to
attenuate the behavioral deficits associated with cholinergic atrophy (e.g. Fischer et al 1987).
Maintenance of normal function of these neurons in adult animals is sensitive to small
perturbations of NGF levels. For example, animals heterozygous for a mutation in the NGF
gene express approximately half the normal level of NGF mRNA and protein and have
significant deficits in memory acquisition and retention, which can be corrected by prolonged
infusion of NGF (Chen et al 1997). Mice lacking TrkA have also been shown to have deficits
in cholinergic projections from the basal forebrain (Smeyne et al 1994).

Both BDNF and TrkB are widely expressed in the developing and adult hippocampus and
neocortex (e.g. Cellerino et al 1996). BDNF mRNA is present in excitatory pyramidal neurons,
but not in GABAergic inhibitory interneurons. TrkB is expressed by both classes of neurons,
although its expression is higher in inhibitory interneurons. In addition, expression of BDNF
is regulated by both sensory input and electrical activity. For example, induction of seizures
in the hippocampus strongly induces BDNF expression (e.g. Kornblum et al 1997). In the visual
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and somatosensory cortices, expression has been shown to be regulated by sensory inputs, with
deprivation reducing expression of this neurotrophin (e.g. Castren et al 1992, Rocamora et al
1996, Singh et al 1997). Several promoters control expression of BDNF mRNA, and one of
these is regulated by Ca2+ acting through Ca2+-calmodulin–dependent protein kinase IV to
phosphorylate and activate the transcription factor CREB (Tao et al 1998, Shieh et al 1998).
BDNF is sorted into a regulated secretory pathway in hippocampal neurons (e.g. Farhadi et al
2000), so increases in neuronal activity should both activate transcription of the BDNF gene
and increase secretion of the BDNF protein.

Expression of TrkB has also been shown to be modestly increased by activity (e.g. Castren et
al 1992). Equally important, surface expression of TrkB is also regulated by activity (Meyer-
Franke et al 1998). In the absence of activity, this protein appears to be largely sequestered
into cytoplasmic vesicles. This result suggests that neurons become more responsive to BDNF
as a result of activity. At the subcellular level, regulation of TrkB distribution may provide a
mechanism by which active and inactive synapses differ in their responsiveness to BDNF,
thereby regulating actin dynamics, glutamate receptor activity, and other functions important
for adjusting synaptic function. In the absence of a direct demonstration of activity-regulated
TrkB trafficking in vivo, however, this should be considered only an intriguing possibility.

In the neocortex, BDNF signaling through TrkB has been implicated in both development and
maintainance of cortical circuitry. BDNF expression in excitatory neurons is promoted by
activity, whereas increased release of BDNF can be expected to enhance the effectiveness of
inhibitory interneurons. This has raised the possibility that BDNF-to-TrkB signaling modulates
an autoregulatory circuit between excitatory pyramidal cells and inhibitory interneurons. In
mixed cultures of postnatal rat cortical neurons, activity blockage has been shown to reduce
reversibly GABA expression in interneurons and to reduce GABA-mediated inhibition on
pyramidal cells (Rutherford et al 1997). In these cultures, the rates of firing are stabilized by
scaling of the amplitude of AMPA receptor-mediated synaptic inputs (Rutherford et al 1998).
These effects appear to be modulated by endogenous BDNF, as effects of activity blockade
can be prevented by exogenous BDNF and effects of activity blockade are mimicked by a
BDNF scavenger (Desai et al 1999). It is attractive to imagine that this autoregulatory circuit
functions in vivo.

Formation of Ocular Dominance Columns
The density of innervation of layer IV by afferents from the thalamus is increased by exogenous
BDNF and reduced by a scavenger of endogenous BDNF, TrkB-IgG (Cabelli et al 1997). Both
agents appear to interfere with sorting of these afferents into ocular dominance columns, raising
the possibility that competition for limiting amounts of BDNF by these afferents is involved
in some manner in the sorting mechanism. In addition, infusion of NT-4 into the visual cortex
during the critical period has been shown to prevent many of the consequences of monocular
deprivation (Gillespie et al 2000). In the presence of NT-4, neurons remain responsive to
stimuli from the deprived eye. Even after responses to the deprived eye are lost, infusion of
NT-4 is able to restore them. These observations suggest that TrkB activation during the critical
period promotes connectivity independent of correlated activity.

The function of inhibitory interneurons is essential for formation of ocular dominance columns
(e.g. Hensch et al 1998), and maturation of these neurons is regulated by BDNF in vitro and
in vivo. In initial analysis of the BDNF mutant, several deficits in interneuron maturation were
detected, including expression of Ca2+-binding proteins and peptide neurotransmitters (Jones
et al 1994). Recently, BDNF has been overexpressed in excitatory pyramidal neurons by use
of the Ca2+-calmodulin–dependent protein kinase II promoter (Huang et al 1999c). In these
animals, maturation of interneurons is accelerated, as assessed by expression and synaptic
localization of glutamate decarboxylase, expression of parvalbumin, and the strength of

Huang and Reichardt Page 27

Annu Rev Neurosci. Author manuscript; available in PMC 2009 October 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



inhibitory postsynaptic potentials. In addition, the critical period of ocular dominance plasticity
begins and terminates precociously, and the acuity of vision increases on an accelerated time
course (Huang et al 1999c, Hanover et al 1999). As visual stimulation also increased expression
of BDNF within pyramidal neurons, the results suggest that early sensory stimulation acts to
promote maturation of interneurons through BDNF-to-TrkB signaling. Interneurons in turn
promote the refinements in synaptic connectivity needed for maturation of the cortex. The
results suggest that refinement of cortical circuitry is driven by intracortical mechanisms, which
then drive the sorting of thalamic afferents. Recent work supports this model (e.g. Trachtenberg
et al 2000).

Another mechanism by which neurotrophins may control development and changes in cortical
circuitry is through control of dendritic and axonal arbors. Neurotrophins affect neuronal
morphologies at many levels in the visual pathway. Local application of BDNF or of a BDNF
scavenger, for example, has been shown to decrease and increase, respectively, the complexity
of Xenopus retinal ganglion cell dendritic arbors (Lom & Cohen-Cory 1999). Local application
to the optic tectum of these same agents has different effects on axonal branching patterns,
with BDNF increasing the complexity of retinal ganglion cell–derived axonal arbors and a
BDNF scavenger having the opposite effect. NT-4 has been shown to prevent the atrophy of
lateral geniculate neurons seen after monocular visual deprivation (Riddle et al 1995).
Applications of BDNF, NT-3, or NT-4 to slices of neonatal neocortex have been shown to
regulate the dendritic morphologies of pyramidal cells over comparatively short time spans
(e.g. Horch et al 1999; reviewed in McAllister et al 1999). The effects are distinct, cell specific,
and layer specific. For example, BDNF was observed to promote dendritic arborization of
neurons in layers IV and V, but BDNF actually inhibited arborization by neurons in layer VI
(McAllister et al 1997; see also Castellani & Boltz 1999). In layer IV, NT-3 was shown to
oppose the stimulation of dendritic arborization promoted by BDNF. In layer VI, BDNF
inhibited the stimulation of arborization induced by NT-3. Apical and basal dendrites of the
same neurons responded differently to the same neurotrophin (e.g. McAllister et al 1995). Many
of the observed effects were prevented by blocking electrical activity (e.g. McAllister et al
1996). Specific deletion of the TrkB gene in pyramidal neurons also results in striking changes
in these cells during postnatal development, with significant retraction of dendrites observed
at 6 weeks and loss of many neurons seen at 10 weeks of age (Xu et al 2000b). Although the
changes in dendritic morphology and subsequent loss of neurons were cell autonomous,
requiring deletion of the TrkB gene within the affected neurons, changes in gene expression
were also seen that were not cell autonomous, i.e. they were observed in neurons that continued
to express TrkB. It seems likely that circuit perturbation as a result of alterations of dendritic
morphologies accounts for these changes.

Taken together, the results described above indicate that neurotrophins are important in
regulating establishment and function of cortical circuits. Within the visual system, they
regulate development of retinal ganglion cell axonal and dendritic arbors, thalamic afferents,
cortical pyramidal cells, and cortical interneurons, with profound effects on cortical function.
Although mechanisms by which neurotrophins influence axonal and dendritic morphologies
in vivo have not be examined, they almost certainly involve regulation of the Cdc-42/Rac/Rho
family of small GTPases. Aberrant expression of constitutively active and dominant negative
mutants of these proteins have been shown to have dramatic effects on dendritic branch patterns
and spine density (e.g. Li et al 2000, Nakayama et al 2000).

Synaptic Strength and Plasticity
Mechanisms underlying establishment of LTP between afferents from CA3 pyramidal cells
and postsynaptic CA1 pyramidal neurons in the hippocampus have been of intense interest, as
these mechanisms are believed to provide a paradigm for regulation of synaptic strength and
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plasticity (reviewed in Malenka & Nicoll 1999). BDNF is expressed in CA3 and CA1
pyramidal neurons within the hippocampus, and TrkB is expressed by almost all hippocampal
neurons, including dentate granule cells, CA3 and CA1 pyramidal cells, and inhibitory
interneurons. It is interesting that LTP is greatly reduced in BDNF mutants, both in
homozygotes and in heterozygotes (e.g. Korte et al 1995, Patterson et al 1996). Long-lasting,
protein synthesis-dependent LTP is not seen in these mutants (Korte et al 1998). There are also
deficits in long-lasting LTP and in memory consolidation in the hippocampus in mutant mice
lacking NT-4 (Xie et al 2000). CA1 LTP is also reduced in TrkB mutant heterozygotes and in
a mouse mutant that expresses reduced levels of TrkB (Minichiello et al 1999, Xu et al
2000a). Signaling through p75NTR does not appear to be important, because there is very little
expression of this receptor within the hippocampus and because functional antibodies to
p75NTR do not affect LTP (Xu et al 2000a). Loss of TrkB from excitatory pyramidal neurons
in the hippocampus and forebrain interferes with memory acquisition and consolidation in
many learning paradigms (Minichiello et al 1999).

In these mutants, the observed reductions in synaptic plasticity probably reflect functional, not
developmental, deficits. First, the hippocampi of these animals appear to be morphologically
normal. Second, a very similar inhibition of LTP can be seen following acute application of
the BDNF/NT-4 scavenger TrkB-IgG to hippocampal slices (e.g. Chen et al 1999). Finally,
the deficits observed in BDNF mutant heterozygotes and homozygotes can be rescued by
exposure of hippocampal slices to BDNF (Korte et al 1995, Patterson et al 1996). The enhanced
efficiency of synaptic transmission observed after induction of LTP is largely mediated by an
NMDA receptor-dependent increase in AMPA receptor function (reviewed in Malenka &
Nicoll 1999). Most evidence suggests, however, that BDNF-to-TrkB signaling is not directly
involved in the biochemical changes underlying LTP within the postsynaptic cells, but instead
modulates the competence of presynaptic nerve terminals to generate the repetitive exocytotic
events needed to modify the responses of these postsynaptic neurons. In one set of experiments,
LTP was generated normally in a TrkB hypomorph by a low-frequency–paired depolarization
protocol that specifically assesses properties of postsynaptic cells and puts minimal demands
on presynaptic terminal function (Xu et al 2000a). In addition, AMPA and NMDA receptor
functions appeared to be normal in the postsynaptic neurons. In contrast, the ability of
presynaptic nerve terminals to respond to repetitive pulses of stimulation was clearly impaired.
Consistent with a presynaptic deficit, BDNF has been shown to enhance synaptic vesicle
release in response to tetanic stimulation, possibly by promoting docking of synaptic vesicles
to the presynaptic membrane (e.g. Gottschalk et al 1998, Pozzo-Miller et al 1999). Also
consistent with a presynaptic deficit, LTP is further reduced in a TrkB mutant heterozygote by
elimination of the remaining functional TrkB gene from excitatory pyramidal cells in both the
CA3 and CA1 regions, eliminating TrkB from both presynaptic and postsynaptic neurons
(Minichiello et al 1999). LTP is not further reduced, however, by deletion of the TrkB gene
solely within the postsynaptic CA1 pyramidal neurons in the mouse mutant that expressed
reduced TrkB levels (Xu et al 2000a). All these data argue that BDNF-to-TrkB signaling is
crucial in presynaptic nerve terminals in CA1 that are derived from neurons in CA3. In addition,
BDNF has been shown to decrease inhibitory postsynaptic currents on CA1 pyramidal cells
(Tanaka et al 1997, Frerking et al 1998), so it is possible that part of the LTP deficit reflects
an increase in inhibitory signaling by GABAergic interneurons in the absence of normal TrkB
function within these cells. BDNF has been shown to affect NMDA function in hippocampal
neurons in culture by increasing the open probability of their channels (Levine et al 1998). The
experiments described above suggest that TrkB did not modify the function of these channels
during tetanic stimulation.

At many developing and mature synapses, application of a neurotrophin acutely stimulates
neurotransmitter release. This has been most intensely studied at the CA1 synapse in the
hippocampus and in developing Xenopus neuromuscular synapses (e.g. Kang & Schuman
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1996, Wang & Poo 1997). In the developing neuromuscular cultures, the neurotrophins have
both pre- and postsynaptic effects, increasing spontaneous and evoked release of synaptic
vesicles and changing the kinetics of opening of the acetylcholine receptor (e.g. Wang & Poo
1997; Schinder et al 2000). Low levels of neurotrophin act synergistically with synaptic
terminal depolarization (e.g. Boulanger & Poo 1999b). To be effective, the cell must be
depolarized during the period of neurotrophin exposure. A cAMP agonist also synergizes with
BDNF to potentiate spontaneous and action potential–evoked neurotransmitter release
(Boulanger & Poo 1999a). The synergistic effect of depolarization appears to be caused by an
increase in the level of cAMP. What is surprising is that a very similar presynaptic potentiation
induced by NT-3 application is not affected by agents that inhibit cAMP-mediated signaling.

In hippocampal cultures, BDNF also potentiates release from presynaptic nerve terminals, but
potentiation depends on inositol tris-phosphate gated Ca2+ stores in presynaptic nerve terminals
(Li et al 1998a,b). LTP of synaptic transmission at the CA1 synapse in hippocampal slices has
been seen by some, but not all, workers (e.g. Kang & Schuman 1995, Figurov et al 1996). The
difference appears to be caused by differences in slice culture and conditions of application of
BDNF. BDNF must be applied rapidly to slices to observe potentiation (Kang et al 1996). In
conditions where it is observed, LTP also depends on inositol tris-phosphate gated Ca2+ stores,
but in addition it requires local protein synthesis (Kang & Schuman 1996, 2000). In studies
using slices of postnatal rat visual cortex, potentiation of synaptic transmission from layer IV
cells to cells in layers II/III was seen only with very high concentrations of BDNF (Akaneya
et al 1997). At lower concentrations, BDNF enhanced the magnitude of LTP without
potentiating basal synaptic transmission. In both the hippocampus and postnatal visual cortex,
BDNF enhances LTP in conditions where it does not potentiate synaptic transmission. The
acute changes in BDNF concentration needed to potentiate synaptic transmission probably
occur only rarely in vivo. BDNF also potentiates transmitter release from brain synaptosomes
(Jovanovic et al 2000). In this case, it has been elegantly demonstrated that a MAP kinase
phosphorylation of synapsin I mediates this response. The response is not seen in synaptosomes
isolated from a synapsin I mutant and is prevented by inhibitors of the MAP kinase cascade.
Phosphorylation of synapsins by MAP kinase has been shown to regulate their interactions
with the actin cytoskeleton (Jovanovic et al 1996), so the MAP kinase cascade may potentiate
synaptic transmission by releasing synaptic vesicles from the cytoskeleton, facilitating their
entry into a exocytosis-competent pool. It will be interesting to determine whether BDNF-to-
TrkB signaling regulates generation of LTP in mice lacking synapsin I.

CONCLUSION
The discovery of NGF and the neurotrophins was made possible by the observation that many
populations of neurons depend on cell-cell interactions, specifically neuron-target interactions,
for survival during embryonic development. The concept that limiting amounts of survival
factors ensured a match between the number of neurons and the requirement for their functions
was attractive. This model also provided a potential means for eliminating mistakes through
death of neurons with aberrantly projecting axons. Thus, this was visualized as a mechanism
for constructing the complex nervous systems of vertebrates. Subsequent studies have shown
that these proteins are involved in many more aspects of neural development and function. Cell
fate decisions, axon growth, dendrite pruning, synaptic function, and plasticity are all regulated
by the neurotrophins. Studies of this small group of proteins have provided illuminating insights
into most areas of contemporary neuroscience research and will almost certainly continue to
do so in the future.
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Figure 1.
Schematic diagram of Trk receptor-mediated signal transduction pathways. Binding of
neurotrophins to Trk receptors leads to the recruitment of proteins that interact with specific
phosphotyrosine residues in the cytoplasmic domains of Trk receptors. These interactions lead
to the activation of signaling pathways, such as the Ras, phosphatidylinositol-3-kinase (PI3k),
and phospholipase C (PLC)-γ pathways, and ultimately result in activation of gene expression,
neuronal survival, and neurite outgrowth (see text for detailed discussions and abbreviations).
The nomenclature for tyrosine residues in the cytoplasmic domains of Trk receptors are based
on the human sequence for TrkA. In this diagram, adaptor proteins are red, kinase green, small
G proteins blue, and transcription factors brown.
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Figure 2.
Schematic diagram of p75NTR-mediated signal transduction pathways. P75NTR interacts
with proteins, including TRAF6, RhoA, NRAGE (neurotrophin receptor-interacting MAGE
homologue), SC-1, and NRIF, and regulates gene expression, the cell cycle, apoptosis,
mitogenic responses, and growth cone motility. Binding of neurotrophins to p75NTR has also
been shown to activate the Jun kinase pathway, which can be inhibited by activation of the
Ras-phosphatidylinositol-3-kinase (PI3K) pathway by Trk receptors. Similar to Figure 1,
adaptor proteins are red, kinase green, small G proteins blue, and transcription factors brown.
(See text for abbreviations.)
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Figure 3.
Summary of survival functions of neurotrophins in the peripheral nervous system. This diagram
illustrates various components in the peripheral nervous system, including sensory ganglia,
sympathetic ganglia, and enteric neurons. Only ligands or receptors with definitive loss of
function phenotype are indicated in this figure. Ligands are indicated in italics and receptors
are indicated in bold italics. (See text for abbreviations.)

Huang and Reichardt Page 50

Annu Rev Neurosci. Author manuscript; available in PMC 2009 October 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Huang and Reichardt Page 51
TA

B
LE

 1
N

eu
ro

na
l l

os
se

s i
n 

ne
ur

ot
ro

ph
in

 a
nd

 T
rk

-d
ef

ic
ie

nt
 m

ic
ea

D
et

er
m

in
an

t
T

rk
A

N
G

F
T

rk
B

B
D

N
Fb

N
T

-4
/5

c
T

rk
C

N
T

-3
T

rk
B

/T
rk

C
d

N
T

-3
/B

D
N

F
N

T
4/

B
D

N
Fe

N
T

-3
/B

D
N

F/
N

T
-4

/5
f

p7
5N

T
R

g

Se
ns

or
y 

ga
ng

lia

 
Tr

ig
em

in
al

70
%

75
%

60
%

30
%

N
S

21
%

60
%

N
D

74
%

9%
88

%
N

D

 
N

-P
N

D
N

D
90

%
45

%
40

%
14

%
30

%
N

D
62

%
90

%
96

%
N

D

 
V

es
tib

ul
ar

N
S

N
D

60
%

85
%

N
S

15
%

20
%

10
0%

10
0%

89
%

10
0%

N
D

 
C

oc
hl

ea
r

N
S

N
S

15
%

7%
N

D
50

%
85

%
65

%
10

0%
N

D
N

D
N

D

 
D

or
sa

l r
oo

t
70

–9
0%

70
%

30
%

35
%

N
S

20
%

60
%

41
%

83
%

N
S

92
%

Sm
al

l

 
G

en
ic

ul
at

e
N

D
N

D
N

D
N

D
N

D
11

%
35

%
N

D
N

D
N

D
10

0%
N

D

 
TM

N
h

N
D

N
D

38
%

41
%

8%
45

%
57

%
N

D
88

%
46

%
95

%
N

D

 
C

om
m

en
ts

—
i

—
i

—
j

—
k

—
l

—
m

—
n

Sy
m

pa
th

et
ic

 g
an

gl
ia

 
Su

pe
rio

r c
er

vi
ca

l
>9

5%
>9

5%
N

D
N

D
N

S
N

S
50

%
N

D
N

D
47

%
N

S

M
ot

or

 
Fa

ci
al

N
D

N
D

N
D

N
S

N
D

N
S

22
%

N
D

 
Sp

in
al

 c
or

d
N

D
N

D
N

S
N

S
N

S
N

D
N

D
N

D
N

D
N

S
20

%
N

D

 
C

N
S

—
o

N
D

—
p

N
D

N
D

—
q

—
r

—
s

 
V

ia
bi

lit
y

P
P

V
P

PM
G

M
V

P
V

P
V

P
V

P
G

a N
ot

e:
 N

eu
ro

na
l l

os
se

s a
re

 e
xp

re
ss

ed
 a

s t
he

 p
er

ce
nt

ag
e 

of
 n

eu
ro

ns
 lo

st
 in

 th
e 

m
ut

an
ts

 c
om

pa
re

d 
w

ith
 th

e 
w

ild
-ty

pe
 c

on
tro

ls
. T

hi
s t

ab
le

 is
 u

pd
at

ed
 fr

om
 a

 si
m

ila
r t

ab
le

 in
 R

ei
ch

ar
dt

 &
 F

ar
iñ

as
 (1

99
7)

, i
n 

w
hi

ch
 o

rig
in

al
 re

fe
re

nc
es

 fo
r o

ld
er

 p
ap

er
s i

s p
ro

vi
de

d.
 N

-P
, N

od
os

e-
pe

tro
sa

l; 
TM

N
, T

rig
em

in
al

 m
es

en
ce

ph
al

ic
 n

uc
le

us
 n

eu
ro

ns
; N

D
, n

ot
 d

on
e;

 N
S,

 n
ot

 si
gn

ifi
ca

nt
; P

, p
oo

r; 
V

P,
 v

er
y 

po
or

; P
M

, p
oo

r t
o 

m
od

er
at

e;
 M

, m
od

er
at

e;
 G

, g
oo

d.

b B
ra

dy
 e

t a
l 1

99
9.

c St
uc

ky
 e

t a
l 1

99
8.

d M
in

ic
hi

el
lo

 e
t a

l 1
99

6.

e Li
eb

l e
t a

l 2
00

0.

f Li
n 

&
 Ja

en
is

ch
 2

00
0.

g Fu
nd

in
 e

t a
l 1

99
7.

h Fa
n 

et
 a

l 2
00

0.

i Sm
al

l C
G

R
P 

(n
oc

ic
ep

tiv
e)

 a
nd

 B
S1

 (t
he

rm
oc

ep
tiv

e)
 p

os
iti

ve
 n

eu
ro

ns
 m

is
si

ng
.

Annu Rev Neurosci. Author manuscript; available in PMC 2009 October 6.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Huang and Reichardt Page 52
j M

ye
lin

at
ed

 a
nd

 n
on

m
ye

lin
at

ed
 a

xo
n 

lo
st

. I
a 

af
fe

re
nt

s p
re

se
nt

. C
om

pl
et

e 
lo

ss
 o

f n
od

os
e-

pe
tro

sa
l i

nn
er

va
tio

n 
of

 c
ar

ot
id

 b
od

y.

k D
-h

ai
r a

ff
er

en
ts

 c
om

pl
et

el
y 

lo
st

.

l Pr
op

rio
ce

pt
iv

e 
ne

ur
on

s m
is

si
ng

.

m
Pr

op
rio

ce
pt

iv
e 

an
d 

cu
ta

ne
ou

s m
ec

ha
no

-r
ec

ep
to

rs
 m

is
si

ng
. P

ar
tia

l l
os

se
s o

f n
oc

ic
ep

to
rs

. P
ar

tia
l l

os
se

s o
f D

-h
ai

r a
nd

 S
A

 fi
be

rs
.

n Pa
rti

al
 d

ef
ic

its
 in

 a
ll 

ne
ur

on
s.

o C
ho

lin
er

gi
c 

ba
sa

l f
or

eb
ra

in
 n

eu
ro

ns
 p

re
se

nt
. R

ed
uc

ed
 h

ip
po

ca
m

pa
l i

nn
er

va
tio

n.

p D
ef

ic
its

 in
 N

PY
, c

al
bi

nd
in

, a
nd

 p
ar

va
lb

um
in

 e
xp

re
ss

io
n.

 C
er

eb
el

la
r f

ol
ia

tio
n 

de
fe

ct
.

q N
o 

cl
ea

r d
ef

ic
its

.

r In
cr

ea
se

d 
ap

op
to

si
s i

n 
hi

pp
oc

am
pa

l a
nd

 c
er

eb
el

la
r g

ra
nu

le
 n

eu
ro

ns
.

s In
cr

ea
se

 in
 th

e 
nu

m
be

r o
f f

or
eb

ra
in

 c
ho

lin
er

gi
c 

ne
ur

on
s.

Annu Rev Neurosci. Author manuscript; available in PMC 2009 October 6.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Huang and Reichardt Page 53
TA

B
LE

 2
N

eu
ro

na
l l

os
se

s i
n 

ot
he

r n
eu

ro
tro

ph
ic

 fa
ct

or
 a

nd
 re

ce
pt

or
-d

ef
ic

ie
nt

 m
ic

ea

D
et

er
m

in
an

t
G

D
N

Fg
N

eu
rt

ur
in

b,
 g

G
FR

α1
c,

 g
G

FR
α2

d
G

FR
α3

e
c-

re
tf, 

g
C

N
T

FR
α

L
IF

R

Se
ns

or
y 

ga
ng

lia
N

S
70

%
 re

du
ct

io
n 

of
G

FR
α2

(+
)n

eu
ro

ns
N

S
N

S

 
Tr

ig
em

in
al

N
S

N
S

 
N

-P
40

%
N

S
15

%
N

S

 
V

es
tib

ul
ar

N
S

N
S

 
C

oc
hl

ea
r

N
D

 
D

or
sa

l r
oo

t
23

%
45

%
 re

du
ct

io
n 

of
pf

G
FR
α2

(+
)

ne
ur

on
s

N
S

N
S

N
S

N
S

 
C

om
m

en
ts

G
FR
α1

ne
ur

on
s l

os
t

in
 tr

ig
em

in
al

ga
ng

lio
n

68
%

 an
d 4

5%
 lo

ss
 of

G
FR
α2

- e
xp

re
ss

in
g

ne
ur

on
s i

n
tri

ge
m

in
al

 a
nd

 D
R

G

O
nl

y 
10

%
 o

f t
rig

em
in

al
ne

ur
on

s e
xp

re
ss

 G
FR
α2

Sy
m

pa
th

et
ic

 g
an

gl
ia

 
SC

35
%

N
S

N
S

N
D

M
L

M
L

N
S

Pa
ra

sy
m

pa
th

et
ic

 g
an

gl
ia

 
C

ili
ar

y
40

%
48

%
N

D
N

S
48

%

 
Su

bm
an

di
bu

la
r

36
%

45
%

33
%

81
%

N
S

30
%

 
O

tic
86

%
N

S 
(r

ed
uc

tio
ns

 in
ne

ur
on

al
 si

ze
)

N
S

99
%

En
te

ric
 n

er
vo

us
 sy

st
em

 
St

om
ac

h
M

L
M

L
N

S

 
In

te
st

in
e/

co
lo

n
10

0%
N

S
10

0%
N

S

R
ed

uc
ed

 V
IP

C
 &

SP
C

 fi
be

rs
; r

ed
uc

ed
ne

ur
on

al
 si

ze

R
ed

uc
ed

 fi
be

r d
en

si
ty

M
ot

or

 
Fa

ci
al

N
S

N
S

40
%

35
%

 
Tr

ig
em

in
al

19
%

22
%

35
%

 
Sp

in
al

 c
or

d
22

%
N

S
24

%
40

%

C
N

S
N

o 
de

fic
it 

in
TH

+ 
ne

ur
on

s
N

o 
de

fic
it 

in
TH

+ 
ne

ur
on

s

V
ia

bi
lit

y
V

P
G

V
P

PM
G

G
V

P
V

P

Annu Rev Neurosci. Author manuscript; available in PMC 2009 October 6.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Huang and Reichardt Page 54
a N

ot
e:

 S
im

ila
r t

o 
Ta

bl
e 

1,
 n

eu
ro

na
l l

os
se

s a
re

 e
xp

re
ss

ed
 a

s t
he

 p
er

ce
nt

ag
e 

of
 n

eu
ro

ns
 lo

st
 in

 th
e 

m
ut

an
ts

 c
om

pa
re

d 
w

ith
 th

e 
w

ild
-ty

pe
 c

on
tro

ls
. S

ee
 R

ei
ch

ar
dt

 &
 F

ar
iñ

as
 (1

99
7)

 fo
r r

ef
er

en
ce

s o
f o

ld
er

pa
pe

rs
. N

S,
 N

ot
 si

gn
ifi

ca
nt

; N
D

, n
ot

 d
on

e;
 N

-P
, n

od
os

e-
pe

tro
sa

l; 
SC

, s
up

er
io

r c
er

vi
ca

l; 
D

R
G

, d
or

sa
l r

oo
t g

an
gl

ia
; M

L,
 m

os
t l

os
t; 

V
P,

 v
er

y 
po

or
; G

, g
oo

d,
 P

M
, p

oo
r t

o 
m

od
er

at
e.

b H
eu

ck
er

ot
h 

et
 a

l 1
99

9.

c C
ac

al
an

o 
et

 a
l 1

99
8,

 E
no

m
ot

o 
et

 a
l 1

99
8.

d R
os

si
 e

t a
l 1

99
9.

e N
is

hi
no

 e
t a

l 1
99

9.

f D
ur

be
c 

et
 a

l 1
99

6,
 T

ar
av

ira
s e

t a
l 1

99
9.

g En
om

ot
o 

et
 a

l 2
00

0.

Annu Rev Neurosci. Author manuscript; available in PMC 2009 October 6.


