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Abstract. This review deals with the receptor interactions
of neurotrophic factors, focusing on the neurotrophins of
the nerve growth factor (NGF) family, the glial cell de-
rived neurotrophic factor (GDNF) family, and the ciliary
neurotrophic factor (CNTF) family. The finding that two
proteins, p75N™R and Trk, act as receptors for NGF in neu-
rons generated the discovery of other neurotrophic fac-
tors/receptor families and has enhanced our understand-
ing of the development, survival, regeneration, and
degeneration of the nervous system. The kinetics of bind-

ing, the structure of the ligand-receptor complex, and the
mechanism of retrograde transport of the neurotrophins
are discussed in detail and compared to information
available on the GDNF and CNTF families. Each neu-
rotrophic factor family, i.e., NGF, GDNF, and CNTF, has
a set of receptors with specificity for individual members
of the family and a common receptor without member
specificity that, in some families, generates the cellular
signal and retrograde transport.
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The neurotrophins and their receptors

The protein tyrosine kinase product of the trk proto-on-
cogene is the receptor for nerve growth factor (NGF) that
undergoes NGF-induced autophosphorylation and initia-
tes a kinase cascade for signaling to neuronal differen-
tiation [1—3]. NGF binds the TrkA (originally called Trk
or p140") receptor only, brain-derived neurotrophic fac-
tor (BDNF) binds the TrkB receptor only, but neurotro-
phin (NT)-3 can bind to all three Trk (A, B, C) receptors
with a preference for TrkC [4—8], and NT-4/5 can bind
both TrkA and TrkB [9, 10] (fig. 1A). However, the cell
context of the receptor influences these specificities
[11-13] (see below).

The ‘low-affinity’ neurotrophin receptor, p75N'R, is a 75-
kDa transmembrane glycoprotein that has no significant
homology in the cytoplasmic domain to tyrosine or
serine/threonine kinases [14, 15] and binds all neurotro-
phins (NGF, BDNE, NT-3, NT-4/5). The p75N® receptor
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now appears to be essential for certain biological respon-
ses, such as apoptosis [16—19], and can modulate the
response of Trk activation at the signaling level [20-22],
but does not mediate other biological responses [23, 24].

Binding to endogenous receptors in cells:

Trk and p75NT™R

Early studies of sensory [25] and sympathetic [26] neu-
rons clearly showed two classes of binding sites for NGF,
with a high affinity less than 100 pM and a lower affinity
near 1 nM. Note that what is termed ‘low affinity’ in this
system still represents a quite high affinity in physiolog-
ical terms. Similar findings were made with BDNF [27].
Subsequent studies on the pre-neuronal PC12 cell model
system also revealed complex kinetic binding phenomena
[28—-30] and outlined the receptor internalization process
[28, 31-34]. Discussion initially centered around
whether these binding classes represented two separate
receptors, negative co-operativity, one receptor in two
environments, or one receptor undergoing a change in
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structure [25, 28—30]. Cloning, isolation, and study of
the two recombinant receptor classes have clarified their
contributions to binding and signaling, but have not com-
pletely resolved some of the issues of high-affinity bin-
ding.

The accumulated results from 13 reports on ‘standard’
cellular preparations where the separate affinities have
been analyzed and tabulated are available at www.finch-
cms.edu/biochem/neet.html. The K, for ‘low-affinity’
binding ranges from about 0.2 to about 4 nM with a mean
of 1.3 and a median of 0.9 nM, with no significant differ-
ence between 4 neuronal and 9 PCI12 cell preparations.
‘High-affinity’ K, values range from 10 to 23 pM for neu-
rons (n=4) with a mean of 17 pM; K, values with PC12
cells tend to be somewhat higher with a mean of 136 pM,
amedian of about 100 pM, and a range of 35—350 (n=6).
No consistent trend in K with temperature has been ob-
served, although temperature does affect rates of disso-
ciation and internalization (see below). The low- and
high-affinity binding have been associated with a rate of
dissociation that is fast and slow, respectively [35]. From
five studies, the ‘fast’ rates are in the range of 10-2—10-
M- s-! and the ‘slow’ rates are about 10-3—10-4 M-! s-1 at
37°C (see www.finchcms.edu/biochem/neet.html). The
rate of the slow dissociation decreases by about ten fold
upon lowering the temperature to 0°C, thereby providing
a convenient way to distinguish binding between the two
classes of site [30]. These values for both rates and equi-
librium binding are surprisingly consistent considering
the range of laboratories, techniques, and preparations
utilized. More limited studies with the other neurotro-
phins and their specific neurons suggest a similar pattern
of binding.

<
-

Figure 1. Receptor binding patterns of three neurotrophic factor fa-
milies. (4) The NGF neurotrophin family of NGF, BDNF, NT-3, and
NT-4/5. The Trk receptor extracellular domain consists of two cys-
teine-rich domains, three leucine-rich motifs, and two IgG-like
(IgGL) domains; the intracellular domain is a protein tyrosine
kinase (PTK). The common p75N™® receptor has four cysteine re-
peats in the extracellular domain and one or two intracellular death
domains. (B) The GDNF family of GDNE, NTN, ART, and PSP. The
GFRa receptors are membrane attached with a glycosyl inositol
phosphate (GPI) anchor. The common cRet (CRET) receptor has an
intracellular PTK domain. (C) The IL-6/CNTF family of IL-6,
CNTE, LIF. The other related cytokines (oncostatin M, granulocyte
colony-stimulating factor, IL-11, and cardiotrophin-1] (not shown)
utilize the common gp130 receptor subunit but have different co-re-
ceptor requirements, some of which are not yet well defined. The
gp130 and LIFRp receptor extracellular domains have one IgGL
and five fibronectin (FBN) IlI-like domains; the intracellular do-
main (ICD) binds STAT and/or JAK. The IL6Ra and CNTFRa« re-
ceptor extracellular domains have an IgGL and/or an FBN-like do-
main. CNTFRa is GPI anchored whereas IL6Ra has a transmem-
brane domain and a small ICD. (D) Composition of the signaling
complexes for IL-6, CNTE, and LIF. (In all cases, higher-order re-
ceptor aggregates, i.e., heterotetramers or heterohexamers, may oc-
cur with the ligand [144].)
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Binding to ectopically expressed receptors in cells:
Trk and p75NTR

Binding of NGF to cellular surfaces that express only the
TrkA receptor have been reported to have a ‘low affinity’
of about 1 nM [36—40]. This value supports the conten-
tion that ‘high-affinity’ binding requires the presence of
p75NTR (see below). However, when TrkA is over-ex-
pressed by itself at high levels, about 2% of the binding
is ‘high affinity’ (10 pM) and the remainder is ‘low affin-
ity’ [2, 41]. This discrepancy may be because TrkA can
dimerize more easily at these high membrane concentra-
tions even in the absence of p75N™R or is perhaps due to
other differences in binding methodology, cellular prepa-
rations, or analysis [42]. Indeed, studies with antibodies
to p75NTR suggested the presence of two types of high-af-
finity binding sites, one containing p75N™® and one not
[43].

Expression of the p75NR receptor by itself, both ectopi-
cally and endogenously, has demonstrated the low-affi-
nity binding to this receptor. Ectopic expression of p75N™®
in 3T3 cells has demonstrated equilibrium dissociation
constants of 1.2—1.6 nM [36, 41, 44], in agreement with
values obtained with endogenous expression of p75NTRin
PCI12nnr5 and A875 melanoma cells. In contrast to the
specificity displayed by the Trk family for the neurotro-
phins, binding data demonstrate that the four neurotroph-
ins (NGF, BDNF, NT-3, NT-4/5) can bind to p75N™® with
similar affinities, at a K, of about 1—-1.5 nM [5, 44—48].
Interestingly, the rates of association and dissociation dif-
fer by greater than 14-fold [44, 45], compensating in a
parallel fashion to maintain the similar equilibrium bind-
ing. The molecular basis for this rate compensation and
the biological relevance, if any, of the difference in rates
have provoked considerable speculation.

Binding to recombinant purified Trk receptor
domains and subdomains

Measurement of the binding of NGF to the purified re-
combinant extracellular domain of the TrkA receptor by
surface plasma resonance found a dissociation constant
of 2.9 nM [49], consistent with several of the reports dis-
cussed above with cells that only express TrkA. The
association and dissociation rate constants were com-
parable to those expected for a ‘slow on’ rate (5.6 x 103
M-s 1) and a ‘fast off” rate (10-3s"!). On the other hand,
when the TrkA extracellular subdomain is expressed as
an Fc fusion protein, the resulting affinities for the
immunoadhesion fusion proteins with NGF measured by
solid phase plate assays are 47—62 pM [50, 51]. Similar
high affinities were found for TrkB and TrkC with their
cognate neurotrophin ligands (tabulated and compared at
www.finchcms.edu/biochem/neet.html). In these cases,
dimerization may be forced, because of the inherent
dimerization capabilities of the IgG Fc region to which
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the Trk extracellular domains are fused, producing a high-
affinity binding site for the neurotrophin on the Trk-Fc
chimeric dimer (the so-called avidity effect).

As with other receptors, dimerization of Trk on the cell
surface appears to be essential for transautophosphoryla-
tion of the cytosolic domains, with some cellular data di-
rectly supporting such a model [41, 52]. Neurotrophins
can dimerize the extracellular domain of their respective
Trks in solution [49, 53], although the association con-
stant has not been demonstrated to be sufficient to ac-
count for receptor dimerization at physiological concen-
trations.

The Trk receptor: chimeras and mutagenesis

Recent literature contains seemingly definitive, but con-
flicting, reports on which subdomain(s) of the extra-
cellular domain of Trk is (are) responsible for neurotro-
phin binding. However, different methodologies were
used in each of these studies. The Trk receptor extra-
cellular domain consists of the following five sub-
domains: Cys-rich, (d1), the Leu-rich motif (LRM) triad
(d2), Cys-rich, (d3); IgGL, (d4), and IgGL, (d5), where
IgGL refers to the immunoglobulin-like C2 folding motif
(fig. 1A).

The IgGL subdomains

One or both IgGL subdomains have been reported as
being most important for neurotrophin binding. The spe-
cificity of neurotrophin binding to full-length TrkA/TrkB
chimeras expressed in 293 cells was determined by bind-
ing radiolabeled NGF by the sedimentation assay with
intact cells [37]. TrkB chimeras containing both TrkA
IgGL, (d4) and IgGL, (d5) subdomains could bind NGF
with the expected affinity (1.3 nM), whereas chimeras
containing only the IgGL, or the IgGL, TrkA subdomain
did not have this binding capability. This study did not
explicitly examine the LRM; however, the LRM was
varied simultaneously with the second cysteine-rich sub-
domain and the LRM region did not appear to contribute
to neurotrophin binding specificity.

Urfer et al. [50] reported that the I[gGL, subdomain was
necessary and sufficient for the binding and specificity of
Trk interaction with the neurotrophins. TrkC chimeras
with subdomains of TrkB and TrkA and deletions mutants
of TrkC or TrkA were expressed as immunoadhesins with
the antibody Fc region; binding was measured by radio-
immunoassay on plates. Constructs containing the IgGL,
subdomain bound the neurotrophin. Furthermore, the
IgGL, subdomain from TrkC or TrkA, by itself, bound
NT-3 or NGF, respectively, albeit with a three fold redu-
ced affinity. Autophosphorylation of the Trk constructs
expressed in 3T3 cells supported these findings. Inter-
estingly, the combination of IgGL, with IgGL, slightly
enhanced the binding or Trk phosphorylation found with
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only the IgGL, subdomain [50]. Various TrkA constructs
were expressed in PC12nnr5 cells (lacking endogenous
TrkA) and the IgGL, domain was found to be essential for
NGF or NT-3 binding and differentiation [54]. Mapping
of the NGF/TrkA and NT-3/TrkC binding sites by alanine
scanning mutagenesis with immunoadhesion fusion pro-
teins on plates [55] has implicated the loops between the
E and F g strands in the IgGL, as the primary affinity
determinant in both pairs, but recent studies of Trk chi-
meras suggest that interactions in the IgGL, subdomain
may dictate the specificity for cognate ligand-receptor
pairs [56]. Finally, a TrkA IgGL,-IgGL, subdomain con-
struct that had been purified after expression in Escheri-
chia coli bound NGF [57] and was subsequently used as
the basis of crystallization studies of the TrkA IgGL, sub-
domain with and without NGF [58, 59]. This crystal
structure of the ligand-receptor subdomain complex con-
firmed the contribution of the IgGL, loops between the E
and F f strands as well as the face of the ABED f sheet
to the NGF binding site. The authors argue from this
structure that the IgGL, subdomain is unlikely to be close
enough to bind NGF [59].

Chimeras have also recently been studied in the presence
and absence of p75N™ as co-receptor (H.U. Saragovi, per-
sonal communication) with the interesting finding that
domain utilization for neurotrophin binding to Trk recep-
tors might be regulated by the presence of p75NTR. For ex-
ample, in the presence of p75NTR, NT-3 prefers to bind the
IgGL, subdomain of TrkA over that of TrkB, whereas this
preference does not appear in the absence of p75N'R; the
binding of NGF to IgGL, is not influenced by p75NTR.
This effect of the co-receptor is consistent with cellular
studies that show a differential effect of NGF and NT-3 on
TrkA sympathetic neurons that contain p75N™® [13] and in
vivo studies that show an influence of p75N™R on NT-3
specificity for TrkA binding to sympathetic neurons [12].

The LRM subdomains

In contrast, Windisch et al. [60—62] have implicated one
sequence in the triad of the LRM repeats as a neurotro-
phin-binding region. Various Trk constructs fused to the
maltose-binding protein (MBP) were expressed in E. coli.
The kinetics and affinities were measured by immobi-
lization of MBP-Trk on amylose columns, and bound and
free radiolabeled neurotrophin were separated by centri-
fugation. These reports conclude that a 24-amino acid
sequence in the second of the three LRM repeats accounts
entirely for the affinity and specificity, with a dissocia-
tion constant of 1.3 nM [61, 62]. However, the lack of gly-
cosylation in the bacterial recombinant MBP fusion pro-
teins [60—62], may lead to false negatives with regard to
binding of neurotrophin to IgGL subdomains and non-
specific binding to exposed hydrophobic patches on
LRM subdomains with no carbohydrate attached. The
LRM region of the Trk receptors has also been implicated
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in determining the specificity between NGF and NT-3
binding as well as having effects on secondary aspects of
cellular response [54]. Finally, normal variants of TrkB
have been found in sensory neurons with deletions in the
LRM region; these mutations also abrogate binding of
any neurotrophin [63].

Summary of Trk-ligand interactions

The evidence supports at least one, and perhaps two IgG
subdomains as mainly responsible for neurotrophin spe-
cificity and affinity. The data for the LRM as the sole
determinant are less compelling, but suggest that it may
contribute some binding interaction. Part of the problem
with these studies lies in the lack of distinction between
residues that contribute to specificity (as determined by
homology-swapped chimeras) and energetic contribu-
tions (determined by deletions and/or point substitutions)
[55]. The most compelling, visual, evidence of course, is
the crystal structure of NGF with the IgGL, (d5) subdo-
main of TrkA that has recently been determined at 2.2 A
resolution [59]. However, this complex, itself, is the pro-
duct of proteolytic cleavage of the two subdomains, with
cleavage occurring between the IgGL,-IgGL, linker re-
sulting in IgGL, in the final complex. However compel-
ling this structure is, its existence does not prove that ad-
ditional subdomains do not also contribute to formation
of the receptor complex.

The interaction of neurotrophins with Trk receptors does
not appear to be localized to a small surface area of the
ligand protein [64, 65] [see the contribution by M. Butte
to this multi-author review], in contrast to ‘hot spots’ that
have been observed with hormone receptors such as gro-
wth hormone [66] and erythropoietin [67] receptors. The
evidence from mutational analysis of NGF, BDNF, and
NT-3 leads to the notion that a large proportion of the en-
tire neurotrophin surface is capable of interacting with
the receptor. Therefore, multiple receptor subdomains
may also be needed to satisfy the large binding surface
area of the neurotrophin. A single small subdomain (par-
ticularly the 24-residue LRM) would not be able to cover
the entire NGF molecule; thus, the complex of the IgGL,
subdomain with NGF may not adequately explain all the
mutation data. The IgGL,, IgGL,, and LRM subdomains
could each contribute to interactions with the neurotro-
phin and resolve some of the conflicting data cited. Such
a complex with NGF ‘wrapped’ by the TrkA receptor
might also account for the slow kinetics of dissociation
discussed below. Further characterization and extension
of crystal structures with larger portions of the Trk recep-
tor are needed to resolve this conundrum.

The p75NTR receptor: subdomains and mutagenesis
Structural aspects of the p75NTR receptor binding site(s)
for neurotrophins have been studied by subdomain dele-
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tion [68—70], amino acid insertion [71], proteolysis [72],
and insertion of glycosylation sites [73]. Although the
data are somewhat conflicting, the consensus appears to
support the second Cys-rich subdomain of p75N™R as
being the most important for neurotrophin binding, with
the first subdomain being the least important. Two com-
puter models for p75N™® have been proposed [74, 75],
based on a comparison with the homologous tumor
necrosis factor (TNF) receptor p55 extracellular domain
crystal structure. The later model [75] focuses on inter-
actions with the second (and third) Cys-rich subdomains
and, therefore, appears to more accurately represent the
experimental evidence.

Interactions between the p75"™® and TrkA receptors

‘High-affinity’ binding

The role of the two receptors, p75N™® and TrkA, in NGF
binding to cells that possess both receptors has been con-
troversial [for reviews see refs 35, 42, 76—79]. Full
development of high-affinity binding (10—100 pM), or
‘slow dissociation,” appears to require co-expression of
both p75N™® and TrkA [1, 3, 36, 80—82]. The most defini-
tive evidence in favor of a p75N™R interaction with Trk
generating a ‘high-affinity’ site is a careful study of the
binding kinetics of transfected cells that demonstrates a
clear effect of p75NTR on the rates of association, and hence
the equilibrium, of NGF with TrkA [36]. In this study,
‘low- affinity’ binding (K, ~ 0.1—1 nM) was observed for
each of the receptors by themselves, but the combination of
p75NTR and TrkA produced a higher affinity (K, < 10 pM),
as deduced from the kinetic constants. This view appears to
be the prevalent one in the field, currently. However, others
have reported a small percentage of high-affinity binding
[2, 41] or slow dissociation [83] with over-expression of
TrkA in the absence of p75"™ in cell lines (see above).
Conversely, high-affinity binding (K; = 60 pM) for NT-3
with the p75NTR receptor alone has been reported in em-
bryonic chick sympathetic neurons, i.e., a context-depen-
dent, high-affinity conformation of p75NTR [84].

Demonstration of direct interactions between the
p75°"™R and TrkA receptors

Naturally, a diligent search for interactions between the
two neurotrophin receptors was made, primarily with
cross-linking or immunoprecipitation. This search has
met with a notable lack of success for many years [35,
41], hinting at the subtle and, perhaps, weak nature of the
interactions. Only relatively recently have better methods
been utilized and physical interaction between the two
receptors clearly demonstrated. Now, convincing evi-
dence has been presented from both cross-linking and
immunoprecipitation that a complex between p75N™® and
Trk can/does exist [22, 85, 86]
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In a different approach using fluorescent methods, Ross,
Wolf and colleagues have shown that p75N™ and TrkA
interact on the cell surface. Studies using fluorescence re-
covery after photobleaching have shown that p75N™® mo-
bility in the plasma membrane is reduced in the presence
of TrkA, but to a lesser extent with TrkB, and that immo-
bilization via a putative complex can occur in the absence
of NGF [87]. In contrast, addition of NGF promotes the
immobilization of TrkA in the absence of p75NTR but
requires an active tyrosine kinase, since the process is
inhibitable by the TrkA tyrosine kinase inhibitor K252a
[88]. However, in the presence of p75NTR, K252a does not
inhibit the NGF enhancement of TrkA immobilization; in
other words, p75N™® shifts the NGF-induced immo-
bilization of TrkA from being TrkA kinase dependent to
kinase independent. Furthermore, co-patching of TrkA
and p75NTR using fluorescent antibodies, cross-linking,
and confocal microscopy demonstrated the cell surface
co-localization of p75NTR with TrkA, but not TrkB [89].
These studies suggested that the extracellular domain of
the receptors is sufficient for complex formation, but that
the intracellular domain and even the transmembrane
region make significant contributions to receptor-recep-
tor interactions. In agreement with these studies, co-im-
munoprecipitation studies of various p75N™ and epitope-
tagged Trk chimeric constructs demonstrated that a com-
plex existed between p75N™® and each Trk species without
addition of neurotrophin, that both the intracellular and
extracellular domains of TrkB contributed to the inter-
action with p75NR and that complex formation was
dependent on an active Trk kinase [22]. However, one
study [22] was able to demonstrate interaction between
p75NTR and TrkB, whereas an other study [87, 89] could
not; the reason for the discrepancy is unclear, but may be
attributable to different sensitivities of the two tech-
niques. Interestingly, these studies corroborate earlier
studies, using chimeras between the epidermal growth
factor receptor and p75NTR; that suggested that the trans-
membrane domain was involved in the interaction
between p75N™® and TrkA and generation of differen-
tiation signals [90].

The role(s) of p75~TR

The question remains as to the roles of p75N™ in neu-
rotrophin action. The p75N™Rreceptor clearly has a Trk-in-
dependent signaling function [17—19, 21], interacts at the
signaling level with Trk [20—22], and affects the specifi-
city of neurotrophin binding to the Trk family [12, 13, 22,
81, 91]. However, the mechanism by which p75NTR
influences Trk affinity of binding to neurotrophins has
remained controversial [6, 35,42, 76, 77, 79]. Three main
theories have been prominent. The first alternative, that
p75NTR plays no direct role and that high-affinity binding
is due solely to Trk, can be reasonably discounted based
on the evidence discussed above. Second, the recruit-
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ment/presentation model proposed that p75NR affected
association kinetics by a membrane proximity effect [92]
in which p75N™®played a subsidiary role of recruitment or
presentation of neurotrophin to the Trk receptor. Al-
though this model cannot be ruled out entirely, no strong
support exists at this stage. Third, a conceptually simple
physical interaction between p75N™® and Trk was ori-
ginally thought to explain high-affinity binding [1, 3, 6,
93]. With compelling evidence that Trk and p75N™ inter-
act directly and that high- affinity binding requires
p75NTR (see above), this direct-interaction model appears
to be gaining support. However, a true structure of a ter-
nary complex between p75N™R, TrkA, and NGF by X-ray
crystallographic analysis, cryoelectron microscopy, or
atomic force microscopy may be required to completely
convince proponents of other models.

NGF/TrkA/p75 ™R complex structure

Can a neurotrophin concurrently bind Trk and p75N™® bas-
ed on structural considerations? A thorough analysis of
the conserved and mutationally sensitive sites were map-
ped on the three-dimensional structures of all four neu-
rotrophins [64]. The conclusion was made that Trk and
p75N™® binding was either mutually exclusive or the two
receptors would have to ‘tightly abut’ each other to bind
simultaneously. This conclusion is in agreement with an
earlier analysis of the mutations [65]. Based on the
crystal structure of NGF with the IgGL, domain of TrkA
and the perceived lack of overlap with the sites on NGF
that define the p75N™R-binding site by mutation, Wies-
mann et al. [59] concluded that NGF could bind both re-
ceptors simultaneously. However, the model of p75NTR
with NGF [75] suggests that the p75NTR- and TrkA-bin-
ding sites on NGF severely overlap, particularly at resi-
dues Argl03, His84, Ile31, and perhaps Trp21, which
would lead to exclusive binding. Furthermore, the evi-
dence cited above for direct interactions of p75N™R and
TrkA through multiple domains would indicate that
structural adaptability of the complex might occur to pro-
duce a neurotrophin-binding site in the full-length recep-
tor in a cellular context that is somewhat different from
that in the individual complexes, thus accommodating a
ternary complex (or multiples thereof).

A model in which an NGF dimer bound p75N™® on one
side and TrkA on the other subunit is possible, in princi-
ple, but would not seem to lead to a productive signaling
complex, i.e., it would be unable to transautophos-
phorylate on the cytosolic kinase domains. However,
such a heterodimeric complex has been suggested to
serve as an intermediate in the formation of a final Trk
homodimer that could then transautophosphorylate [41,
42, 92]. Interestingly, however, comparison of the p75N™®
binding model with the TrkA X-ray structure reveals an
opposite orientation with respect to the membrane, i.e. if
each C terminus direction of the receptor extracellular
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domains was inserted in the membrane, the N and C ter-
mini of the elongated NGF molecule would be oriented
away from the membrane in the case of the TrkA complex
and oriented toward the membrane in the case of p75NTR,
If true, this would raise interesting speculations about
mechanisms. Clearly, an X-ray structure of the NGF-
p75NTR complex is needed to confirm the model building.
Alternatively, p75"™ and TrkA may interact within the
active complex, binding only a single NGF dimer to ei-
ther TrkA or p75N™® but not both at the same time.
Finally, the TrkA-d5 subdomains have been noted to bind
to the ‘waist’ of the parallel NGF dimer [59], relatively
close together (20 A) [94]. Two other members of the
cysteine knot growth factor family, vascular endothelial
growth factor (VEGF) and bone morphogenic protein
(BMP), bind a subdomain of Flt-1 receptor or BRIA re-
ceptor, respectively, at the ends of the antiparallel mole-
cule considerably farther apart (up to 65 A). The separa-
tion of these receptor subdomains may be related to the
distance of the ligand-binding subdomain in the receptor
to the membrane surface [94]. More structures of growth
factor-receptor complexes will be needed to confirm such
a relationship.

Cellular internalization of NGF

Internalization, down-regulation, and intracellular signal-
ing have been studied with the neurotrophins and their
receptors in the context of axonal retrograde transport,
and in intact cells without processes. Whether the latter is
a good model for the former is not clear. Several methods
have been used to estimate the internalization (or recep-
tor-mediated endocytosis) in cultured cells, including
acid stripping, Triton insolubility, electron microscopy,
and inhibition of endosome trafficking. Early studies
with PC12 cells indicated that the internalized labeled
NGF was associated with high-affinity binding [31-34]
and was partially in a cytoskeletal pool [28, 33, 34]. Sub-
sequent studies with either the neuronal-like PC12 cells
[95, 96] or nonneuronal cells that had been transfected
with TrkA [97] showed that internalization of NGF was
mediated by the presence of TrkA.

Studies with PC12 cells have indicated that TrkA and
p75NTR are highly localized to caveolin-enriched mem-
branes isolated on sucrose gradients [150]. This suggests
that TrkA and p75N™® are localized to caveolae, plasma
membrane regions where signaling molecules concen-
trate. The evidence also suggests that caveolin may play a
role in regulating TrkA phosphorylation [151]. The relati-
onship of caveolae to sites of NGF binding and interna-
lization in neurons is unknown.
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Retrograde transport and retrograde signaling
by neurotrophic factors

The original in vivo retrograde model

Not long after the discovery of NGF and its dramatic neu-
rotrophic effects, it was shown that ['2I] NGF injected
into the anterior chamber of the mouse eye resulted in the
transport of ['2]] to the ipsilateral superior cervical gang-
lion, peaking 12—16 h postinjection [98]. Autoradiogra-
phy showed that the ['*°I] was concentrated in neuronal
cell bodies, a majority of the ['?°I] was recovered by bind-
ing with anti-NGF antibodies, and subsequent studies
confirmed by SDS-PAGE analysis and autoradiography
that axonally transported ['?°I] radioactivity co-migrated
at 13 kDa with intact NGF [99]. By analogy with fast
anterograde axonal transport and the retrograde transport
of horseradish peroxidase, Hendry et al. [98] hypothesiz-
ed that during retrograde transport, NGF is enclosed in
vesicles that travel along axonal microtubules. Subse-
quent work led to the demonstration that NGF applied to
axons produced increased expression of tyrosine hydro-
xylase resulting in increased norepinephrine synthesis.
This effect is clearly mediated by mechanisms in the cell
body, which led Hendry et al. [98] to speculate: ‘NGF is
able to exert its specific effects on the adrenergic neurons
once it has been brought to the cell body by retrograde
axonal transport.” Thus, much of the retrograde transport
model of retrograde signaling by neurotrophic factors,
i.e., uptake of NGF into vesicles and retrograde transport
of the NGF-containing vesicles to the cell bodies where
the NGF exerts its effects on survival and gene expres-
sion, entered the literature with the first descriptions of
the retrograde transport of NGF. This hypothesis has had
tremendous influence in guiding thinking and research in
the neurotrophic factor field during the subsequent 25
years. The wealth of information about neurotrophic fac-
tor transport in the central nervous system has been re-
cently reviewed [100]. Here we will focus only on the is-
sues directly related to the mechanism of retrograde sig-
naling.

The ligature model and retrograde transport

of endogenous NGF

To establish a biological role for NGF, an important ele-
ment was to establish that NGF produced within the or-
ganism under natural conditions is retrogradely transport-
ed. Detection of endogenous NGF in neuronal cell bodies
by immunoassay does not reveal whether the protein got
there by retrograde transport. Therefore, the principle that
substances which are transported along axons accumulate
when a ligature is encountered was used to demonstrate
the retrograde transport of endogenous NGF. The super-
ior postganglionic nerve was ligated in guinea pigs, and
the accumulation of biologically active NGF distal to the
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ligature was demonstrated by anti-NGF immunohisto-
chemistry and cell culture bioassay of nerve extracts
[101].

Retrograde transport components and signaling

Transport vesicles and signaling endosomes

Initially, NGF arriving at the cell body was believed to be
released into the cytosol and possibly enter the nucleus to
produce its biological effects (e. g., ref 102). However, the
ability of intracellular NGF to activate signaling mecha-
nisms was soon dispelled by the observation that direct
administration of NGF into PC12 cells via liposome fu-
sion failed to induce neuronal differentiation, and admi-
nistration of antibodies to NGF into the cytosol failed to
block neuronal differentiation of PC12 cells in response
to externally applied NGF [103]. Focus then firmly shift-
ed to the hypothesis that NGF retrograde signaling is ac-
complished by NGF-containing vesicles in the cell body.
Therefore, understanding endosomal trafficking in neu-
rons is crucial to understanding neurotrophin retrograde
signaling. A model of endosomal trafficking in neurons
has been described based on work with cultured hippo-
campal neurons and analogy with epithelial cells [review-
ed in ref. 104]. Neurotrophic factor is taken up by recep-
tor-mediated endocytosis into clathrin-coated vesicles.
These vesicles fuse with early endosomes in the axon ter-
minals. Transport vesicles bud from the early endosomes,
and travel retrograde along axonal microtubules using
dynein motor proteins. Upon reaching the cell bodies, the
transport vesicles fuse with late endosomes and finally to
lysosomes where the neurotrophic factor is degraded.
This useful model is simple, but contains little direct in-
formation about endosomal trafficking in neurons and
has potential for considerable complexity.

Some information is available about the relationship of
NGF and TrkA during axonal transport. According to the
retrograde transport hypothesis of retrograde signaling,
NGF-TrkA complexes remain intact after internalization
in axon terminals and during transport to the cell bodies.
Retrograde transport of TrkA has been demonstrated in
the sciatic nerve ligature model. Analysis of material ac-
cumulating distal to a ligature with anti-pan Trk immuno-
precipitation, followed by anti-TrkA or antiphosphotyro-
sine immunoblot analysis, suggests that TrkA accumulat-
ing distal to a ligature is tyrosine phosphorylated [105].
These data cannot resolve whether NGF and TrkA are co-
localized in the same transport vesicle, how much of the
retrogradely transported TrkA is tyrosine phosphorylated,
and whether phosphorylated TrkA is bound to NGF. Ex-
periments with compartmented cultures of sympathetic
neurons have shown that surface biotinylated TrkA from
distal axons is retrogradely transported to the cell bodies
as an NGF-phosphoTrkA complex [106].
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Vesicle fractions which contain internalized ['*I]NGF
have been isolated from PC12 cells [107, 108]. A fraction
of small vesicles (P3) accumulates when intact PC12
cells are subjected to 10 min of ['**I]NGF internalization
followed by permeabilization and 15 min of in vitro reac-
tions in the presence of ATP. Cross-linking followed by
TrkA immunoprecipitation and autoradiography identi-
fied an ['>I]-labeled band migrating at a molecular
weight consistent with a TrkA-NGF complex. Immuno-
blot analysis detected TrkA and phospholipase (PLC)y in
the P3 vesicle fraction from NGF-treated but not from un-
treated PC12 cells. Immunoprecipitation with anti-TrkA
and anti-PLCy followed by antiphosphotyrosine blot
showed that the P3 vesicle fraction from NGF-treated
cells contained tyrosine-phosphorylated TrkA and PLCy.
These results demonstrate that the P3 fraction includes
vesicles containing TrkA-NGF complexes, vesicles con-
taining tyrosine-phosphorylated TrkA, and vesicles con-
taining tyrosine-phosphorylated PLCy. These vesicles
probably also contain the caveolae-like membranes dis-
cussed earlier [109]. The TrkA cross-linked to NGF is
probably phosphorylated, but this has not been formally
demonstrated. Thus, these data suggest that the P3 frac-
tion contains vesicles with NGF in the lumen bound to
activated TrkA in the membrane. Although one cannot
conclude that the phosphorylated PLCy co-localized on
the same vesicles with NGF-TrkA complexes, this seems
likely, especially since the phosphorylation of PLCy was
NGF dependent. The PLCy and possibly other signaling
molecules that bind to activated TrkA may also be carried
on the transport vesicles. Evidence of retrograde trans-
port of several downstream signaling molecules has been
reported [110, 111]. Note that the P3 vesicles are derived
from endocytosis on the cell bodies of unprimed PC12
cells that have no axons, no axonal transport occurs in
these cells, and association of dynein motor proteins with
the P3 vesicles has not yet been demonstrated. Further-
more, there is evidence that NGF is associated with mul-
tivesicular bodies during retrograde transport in cultured
neurons [112]. Multivesicular bodies are larger than the
P3 vesicles. Thus, while the evidence indicates that en-
docytosis of NGF in PC12 cells produces vesicles con-
taining internalized NGF bound to TrkA, the relationship
of these vesicles to transport vesicles is unknown.

The conclusion that transport vesicles contain NGF-TrkA
complexes appears inconsistent with the idea that the
transport vesicles could have a low lumenal pH that
would promote dissociation of ligand and receptor.
Overly and Hollenbeck [113] reported that over 80% of
transported organelles derived from endocytosis in cul-
tured chick sympathetic neurons have low lumenal pH,
suggesting to them that only a small minority of neutral
pH transport vesicles are potential carriers of NGF-TrkA
complexes. However, the possibility that acidic transport
vesicles could contain unbound TrkA in the membranes
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and unbound NGF in the lumens cannot be ruled out. Acid-
ic NGF transport vesicles could possibly undergo traf-
ficking events in the cell bodies that result in neutraliza-
tion of the lumenal pH and binding of lumenal NGF to
TrkA. In fact, if TrkA activity was too high in vesicles un-
dergoing retrograde transport, this could possibly lead to
stimulation of aberrant axon branching or other effects
that are undesirable along the axons. Thus, reduction of
TrkA signaling in NGF-containing endosomes under-
going transport may be beneficial.

Transport of ['*I|NGF in compartmented cultures

In vivo studies of the retrograde transport of ['>’I]NGF do
not allow quantitative estimates of the amount of NGF
transported or the dynamics of transport and processing
because the ['2I] label is lost to analysis once NGF is de-
graded in the cell bodies. Experiments using the ligature
approach are limited because the ligature blocks antero-
grade transport as well, and without a resupply of TrkA
and other components from the cell bodies, receptor-me-
diated endocytosis and retrograde transport will run
down. Compartmented cultures of sympathetic neurons
from newborn rats provide a useful approach [114, 115].
Axons elongating from sympathetic neurons of newborn
rats plated in a proximal compartment extend axons left
and right along collagen tracks, underneath Teflon parti-
tions sealed to the dish surface with silicone grease, and
into the separate fluid environments of distal compart-
ments [116, 117]. Detectable ['>]] first appears in the cell
bodies 1 h or more after application of ['>I]NGF to distal
axons. Several hours later, ['*°I] begins to appear in the
medium bathing the cell bodies in the proximal compart-
ments. SDS-PAGE analysis showed that most of the ['2°]]
accumulating in cell bodies/proximal axons was intact
NGF whereas all of the ['>I] in the medium bathing the
cell bodies/proximal axons ran with the dye front, show-
ing that only small breakdown products were released
from the cell bodies/proximal axons [115]. Results of ex-
periments in multicompartment dishes, in which axons
from cell bodies in proximal compartments extended
across intermediate compartments and then into distal
compartments, showed that little or no ['*]] is released
into intermediate-compartment medium. These results
indicate that NGF is not significantly degraded during its
transport along axons. Observations of the time course of
['%1] release by cell bodies/proximal axons suggest that
NGEF has a half-life of about 3 h after reaching the cell
bodies.

Retrograde phosphorylations in compartmented
cultures

If retrogradely transported NGF is accompanied by phos-
phorylated TrkA, then the appearance of phosphorylated
TrkA in cell bodies and proximal axons should have si-
milar kinetics to the appearance of ['>’I|NGF. However,
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tyrosine-phosphorylated TrkA appeared in the cell
bodies/proximal axons within 1 min of application of
200 ng/ml NGF to distal axons, and tyrosine phos-
phorylation of several other proteins occurred within 10—
30 min [118]. Parallel experiments with the same NGF
treatment confirmed that retrogradely transported ['?°]]
NGF does not appear for at least an hour after NGF
treatment. Moreover, the estimated velocity of ['>I[NGF
retrograde transport in compartmented cultures was
10-20 mm/h [114], suggesting that 3—6 min would be
required for NGF bound to TrkA on an axon at its point
of emergence into the distal compartments to be trans-
ported across the 1-mm barrier into the proximal axon
just inside the proximal compartment. Moreover, the ar-
rival of phosphorylated TrkA only from axonal regions
adjacent to the barrier seems unlikely to be sufficient to
be detected on immunoblots. Axons in the distal com-
partments are 5—10 mm long or longer. Consequently,
most of the surface TrkA will be located several milli-
meters from the proximal compartment. Therefore, the
minimum transport time for the arrival of most TrkA re-
ceptors on distal axons is likely to be much longer than
3 min.

Taken together, the kinetics of ['>I]NGF retrograde trans-
port and retrograde TrkA phosphorylation suggest that
the phosphorylated TrkA appearing in cell bodies/proxi-
mal axons may not represent the transport of TrkA-NGF
complexes from the distal axons. Therefore, these results
appear contradictory to the retrograde transport hypothe-
sis of neurotrophic factor signaling. Application of NGF
to distal axons may produce an unknown propagated sig-
nal that results in the phosphorylation of unbound TrkA
already present in the cell bodies/proximal axons, as sug-
gested [118]. Possible mechanisms are highly specula-
tive, but a sequential phosphorylation of TrkA or calcium
fluxes propagating along the axon could be candidates.
Interestingly, biologically significant phosphorylation of
unbound TrkA has recently been demonstrated, i.e., over-
expression of gangliosides in PC12 cells results in NGF-
independent TrkA phosphorylation and activation of the
mitogen-activated protein kinase (MAPK) pathway
[119]. A caveat does remain, though, since the possible
existence of a faster component of retrograde transport
that delivers a small (i.e., undetectable by ['>’IINGF ana-
lysis), but biologically significant, amount of NGF-phos-
phorylated TrkA complexes to the cell bodies/proximal
axons within 1 min cannot be entirely ruled out.

In contrast, results of other studies of retrograde signaling
in compartmented cultures of sympathetic neurons were
interpreted as supporting the retrograde transport hypo-
thesis of retrograde signaling [120]. NGF applied to di-
stal axons produced the accumulation of phosphorylated
cAMP response element binding protein transcription
factor (P-CREB) in the nucleus within 20 min, but when
NGF covalently bound to beads (to prevent internaliza-
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tion and retrograde transport) was applied to distal axons,
nuclear accumulation of P-CREB did not occur. The in-
terpretation that internalization and transport of NGF are
required for retrograde signaling may not be straightfor-
ward, since the effectiveness of bead-bound NGF to pro-
duce phosphorylation of axonal TrkA receptors was not
shown. Rather, these investigators demonstrated the ef-
fectiveness of bead-bound NGF in undifferentiated PC12
cells where the published blots clearly showed that maxi-
mal contact with bead-bound NGF produced much less,
perhaps half, of the TrkA phosphorylation that was pro-
duced by treatment with 100 ng/ml soluble NGF. The
greater effectiveness of soluble over bead-bound NGF
could have been amplified in the retrograde signaling ex-
periments where 200 ng/ml soluble NGF was used. Fur-
thermore, axons are 1 -2 pm in diameter which, by geo-
metry alone, could prevent much of their surface from
making direct contact with the surface of the 1-pm-diam-
eter beads, and bundling of axons together could reduce
direct bead contact even more. Bead-bound NGF applied
directly to neuronal cell bodies did produce nuclear P-
CREB accumulation, but cell body responses to direct
application of NGF are generally much larger in magni-
tude than to the same concentration of NGF applied to
axons [121]. Therefore, in these experiments, bead-
bound NGF applied to distal axons probably produced
much less TrkA phosphorylation than was produced by
application of soluble NGF. This discrepancy raises the
possibility that the reduced activation of axonal TrkA re-
ceptors, rather than prevention of retrograde transport,
may have been responsible for the failure of bead-bound
NGF to produce a detectable retrograde signal.

Recently, the mechanisms of retrograde signaling were
approached using compartmented cultures of rat dorsal
root ganglion (DRG) neurons [122]. A 20-min applica-
tion of BDNF in combination with NGF to distal axons
increased the phosphorylation of Trk receptors and
CREB transcription factor in the cell bodies by 30—50%.
To determine if the phosphorylated Trk receptors in the
cell bodies originated from the distal axons, BDNF/NGF
was applied to distal axons of neurons expressing TrkB
fused to green fluorescent protein (GFP). After 10 min,
TrkB-GFP fluorescence observed with confocal micro-
scopy in the cell bodies was 12—16% above untreated
controls, which these investigators attributed to the retro-
grade transport of TrkB-GFP from the distal axons. In
similar experiments, 90% of the TrkB-GFP in the cell
bodies was photobleached immediately prior to the appli-
cation of BDNF/NGF to distal axons. After prebleaching,
the arrival of the same absolute amount of unbleached
TrkB-GFP from the distal axons should produce a ten-
fold greater increase in cell body fluorescence. However,
the observed increase was only 8% over untreated con-
trols, similar to the increase observed without prebleach-
ing. This result could be accounted for if photobleaching
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of the cell bodies somehow reduced the amount of TrkB-
GFP arriving from the distal axons by an order of magni-
tude, but this seems unlikely and possible mechanisms
are obscure. A more likely explanation is that the TrkB-
GFP arriving at the measurement site in the cell bodies
was prebleached and, therefore, could not have originated
from the distal axons. One can speculate how this could
have occurred. Since the fluorescence measurements
were made with confocal microscopy, a specific plane
through the cell body was probably involved, not the
whole cell body. BDNF/NGF applied to distal axons
could have produced a rapid retrograde signal that stim-
ulated the dispersal of prebleached TrkB receptors from
the endoplasmic reticulum-Golgi to the measurement
site. Other speculative scenarios are, of course, possible.
While the authors also demonstrated that the NGF/
BDNF-induced increase in cell body fluorescence was
blocked by a 1-h pretreatment of distal axons with col-
chicine [122], this result does not convincingly demon-
strate that the TrkB-GFP originated from the distal axons.
Disruption of axonal microtubules could have caused
consequent damage to many axonal mechanisms within
1 h. Moreover, the effect of colchicine alone without
NGF/BDNF treatment was not tested, so the small
decrease in cell body TrkB-GFP fluorescence it produced
may not have arisen from blocking the effects of
NGF/BDNF. In conclusion, these experiments do not
constitute compelling evidence that TrkB-GFP was trans-
ported from distal axons to cell bodies within 10 min of
application of NGF/BDNF to distal axons.

The role of p75N™® in retrograde transport

Studies of the role of p75NTR in retrograde transport in pe-
ripheral nerve have shown that anti-p75N® antibody or a
soluble recombinant p75NTR extracellular domain inhibi-
ted the retrograde transport of NT-4 and BDNF by sen-
sory neurons in vivo [123]. However, these treatments
produced little or no effect on the transport of NGF in
sensory sympathetic neurons. In p75NT™® knockout mice,
NT-4 and BDNF transport were reduced, but the transport
of NGF was unaffected [123]. These results indicate that
p75NTR can play a role in internalization/retrograde trans-
port of neurotrophins, but it does not appear to be requir-
ed for retrograde transport of NGF by peripheral neurons.

The mechanism of retrograde signaling

Although the retrograde transport theory of neurotrophic
factor signaling was first proposed about 25 years ago,
the evidence is still not completely convincing. Moreover,
even if retrograde transport vesicles carrying NGF bound
to activated TrkA can activate signaling systems in the
cell bodies and produce biological effects, other possible
mechanisms of retrograde signaling could also exist si-
multaneously. Elucidation of the mechanisms of retro-
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grade signaling is extremely important, since the retro-
grade support of neuronal survival and the retrograde
regulation of gene expression are fundamental to the de-
velopment of a properly connected and functioning ner-
vous system. Understanding the mechanisms of retro-
grade signaling will also help us to understand how neu-
ronal survival and growth can be promoted in nervous
systems afflicted by degenerative diseases or neuro-
trauma.

Other neurotrophic factors
Receptor binding

Glial cell-derived neurotrophic factor

Glial cell-derived neurotrophic factor (GDNF) and its re-
lated family members, neurturin (NTN), artemin (ART),
and persephin (PSP), belong to the same superfamily of
cysteine knot motif growth factors as the NGF-type neu-
rotrophins but are more distantly related in sequence [for
reviews see refs. 124, 125]. The action of these neurotro-
phic factors on neurons is similar to that of the NGF fa-
mily but with distinct differences. Again, a common re-
ceptor binds all growth factors in the subfamily and a
‘specificity’ receptor exists that distinguishes factors
within the subfamily. In this case, however, the common
receptor, cRet, is a tyrosine kinase receptor, whereas the
specificity receptor, (GDNF family receptor o) (GFRa)
is a glycosyl phosphatidyl inositol (GPI)-anchored recep-
tor. In general, GFRa1 binds GDNF, GFRa2 binds NTN,
GFRa3 binds ART, and GFRa4 binds PSP [126—129]
(fig. 1B), although apparently some cross-over occurs
under certain conditions, and the strictness of the binding
may depend upon the presence of cRet [126, 128,
130—-132]. Signaling occurs through cRet tyrosine kinase
activity in a complex with the neurotrophic factor, GFRa,
and cRet, but evidence suggests that certain signals may
also be initiated by ligand binding to the GFRa receptor
alone [133, 134]. The high affinity binding, 2—10 pM,
appears to require both GFRa and cRet while low affinity
binding, 300—-500 pM, occurs with GFRa alone [127,
129, 132].

Ciliary neurotrophic factor

Ciliary neurotrophic factor (CNTF) acts on many of the
same neuron types as NGF and GDNF but, in contrast,
belongs to an entirely distinct structural family of four-a-
helical bundle cytokines that includes interleukin (IL)-6,
leukemia inhibitory factor (LIF, or cholinergic differen-
tiation factor), oncostatin M, granulocyte colony-stimu-
lating factor (G-CSF), IL-11, and cardiotrophin-1 [for re-
views see refs 135, 136]. Although CNTF supports sur-
vival or differentiation of a wide variety of central and
peripheral neurons, including sympathetic, embryonic
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motor, hippocampal, and ciliary ganglionic neurons,
CNTF can also act on glial and skeletal muscle cells.
Other members of the CNTF cytokine family (sometimes
called neuropoietins) act on numerous immunological
and hematopoietic cells of nonneuronal origin. The li-
gands in this family have structural similarity to other
four-helix bundle cytokines, such as growth hormone, but
the IL-6-type receptors are distinctly different and more
complex in composition. In contrast to the NGF and
GDNF families, the CNTF receptor family is coupled to
and signals through the JAK/STAT pathway, rather than
via the direct tyrosine kinase activity of NGF and GDNF
receptors.

One reason for the diverse sites of action of these a-heli-
cal cytokines is the common utilization of one or more
widely distributed receptor subunits. The high-affinity
signal-transducing (or converter) subunit, gp130, was ori-
ginally known as part of the IL-6 receptor [137] and an
additional signaling subunit, LIFR S, had been known as
the LIF cytokine receptor [138]. A low-affinity, lower-
molecular-weight specificity subunit, the Ra subunit, is
associated with the final receptor complex and helps de-
termine the response to ligand [139] (fig. 1 C). Thus, IL-
6 requires IL6Ra and a homodimer of gp130 for activity,
LIF requires gp130 and LIFRf in a heterodimer, and
CNTF requires CNTFRa, gpl130, and LIFRf [138,
140—-143]. In the case of CNTE, the specificity subunit
CNTFRa is membrane anchored with GPI and no cyto-
solic domain [139]. In contrast, IL6Ra has a standard
transmembrane domain with a small cytosolic domain
and, remarkably, LIF does not even require a third a type
of receptor in the signaling complex [135]. Figure 1D
best describes the final receptor complexes involved. In-
teraction of two gp130 or LIFRp polypeptide chains is
necessary for transautophosphorylation of intracellular
proteins, perhaps in a higher association state [144]. In
this case, the transmembrane receptor chain is not, itself,
a protein tyrosine kinase, in contrast to the Trk and cRet
receptors, but associates with members of the JAK family
kinases to initiate intracellular phosphorylation of STAT
and further signaling. Interestingly, the soluble extracel-
lular domain of CNTFRa, cleaved from its GPI anchor by
phospholipase, can itself act with the gp130/LIFR com-
plex to initiate signaling upon CNTF binding [145, 146].

Comparison of GDNF and CNTF receptor

binding with NGF

Thus, three distinct styles of receptor complexes are uti-
lized by nature for signaling in neuronal systems. The
NGF family uses specificity in a tyrosine kinase receptor
(Trk) and a common receptor with apoptotic functions.
The GDNF family uses a common tyrosine kinase recep-
tor (cRet) with specificity determined by a GPI-anchored
receptor that may also generate signals that are ill-defin-
ed at this point. Finally, the CNTF family utilizes a com-
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mon receptor (gpl30) with a combination of one or two
other receptor proteins in the ultimate complex. In such
situations, the use of sobriquets for individual polypep-
tide chains, such as ‘receptor’ and ‘co-receptor’, is clearly
misleading.

The general theme with these neurotrophic receptors is
that the highest affinity and specificity are generated by
the full complex of two or more membrane-bound poly-
peptide chains. This situation is analogous to that found
in the immunological system, e. g. the T-cell receptor, but
distinct from that found for some receptors in the hema-
topoietic, e. g., erythropoietin, and hormonal, e.g., growth
hormone and insulin, systems. The signaling and biologi-
cal aspects of these receptor complexes is certainly inter-
esting and important. Equally intriguing, from the per-
spective of this article, are the protein-protein interac-
tions that give rise to the structured receptor complex and
the resultant formation of the binding site(s) for the neu-
rotrophic ligand. Finally, resolving how such structures
have evolved over eons of time to produce the modern re-
ceptor system by utilization of component parts from dif-
ferent places will be a problem for the future.

Retrograde transport of GDNF and CNTF

By analogy with the neurotrophins, neurotrophic factors
of the GDNF and CNTF families would be expected to be
internalized by distal axons and transported to the cell
bodies. Recent work has demonstrated that ['>IJGDNF
and ["»T]NTN injected at a crush site in the sciatic nerve
are selectively transported by subsets of DRG neurons
[147]. Motoneurons transported GDNF to a much greater
degree than NTN, and sympathetic neurons transported
neither. Although the neurons contained cRET, the speci-
ficity of transport was attributed to the GFRa co-recep-
tor. Sympathetic neurons in compartmented cultures re-
trogradely transport ['I]LIF, and LIF applied to distal
axons can induce cholinergic neurotransmitter expression
[115]. ['"®I]CNTF or ['*I]LIF injected into the sciatic
nerve are retrogradely transported by DRG neurons and
motoneurons, and the magnitude of transport is increased
by nerve lesion [148, 149]. Thus, receptor-mediated in-
ternalization and retrograde transport are general charac-
teristics of neurotrophic factors, not just the NGF family
of neurotrophins. Little or no information is available yet
about the mechanisms of retrograde signaling used by
GDNF and CNTF families of neurotrophic factors.
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