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From the Division of Molecular Neurobiology, Department of Neuroscience, Karolinska Institute,
Doktorsringen 12 S-171 77 Stockholm, Sweden and §Cornell University, Medical College,
Department of Medicine, Division of Hematology-Oncology, New York, New York 10021

Nerve growth factor (NGF) supports the survival and
differentiation of distinct populations of peripheral and
central neurons. NGF binds to two classes of cell-surface
receptors, the protein tyrosine kinase TrkA and the
smaller p75 receptor lacking intrinsic catalytic activity.
It has been suggested that both receptors are required
for NGF high affinity binding, although TrkA appears to
be sufficient for transducing most of the biological ef-
fects of NGF. Some evidence suggests that p75 could
play a modulatory role on TrkA activation by an as yet
unknown mechanism. In this study, we have investi-
gated functional roles of p75 using a purified triple mu-
tant NGF (triNGF) deficient in p75 binding but retaining
significant TrkA binding and activation. The mutant
was found to be as potent as wild type NGF at promoting
survival of serum-deprived TrkA-expressing fibroblasts.
On developing chick sensory neurons, survival re-
sponses to mutant and native NGF were indistinguish-
able when assayed at nanomolar concentrations. How-
ever, triNGF was 3- to 4-fold less potent than wild type
NGF at lower concentrations (i.e. 10211 M). Interestingly,
in PC12 cells coexpressing TrkA and p75, no high affin-
ity binding sites for triNGF could be detected. The re-
duced responsiveness to triNGF in sensory neurons was
increasingly evident at later developmental stages; late
embryonic neurons did not respond at all to concentra-
tions of triNGF that were saturating at earlier develop-
mental stages. Likewise, although no difference could be
seen between wild type and mutant NGF on the survival
responses of embryonic rat superior cervical ganglion
sympathetic neurons, the mutant was much less potent
than native NGF on postnatal sympathetic neurons. In
sensory neurons, the decrease in responsiveness to
triNGF correlated with a developmental reduction in
the expression of both p75 and TrkA. Thus, NGF binding
to p75 enhances responsiveness to ligand, particularly
when this is present at limiting concentrations. During
development, p75 modulates responsiveness to NGF so
that binding to p75 becomes increasingly important in
neurons undergoing a down-regulation of NGF recep-
tors. These results support a ligand-dependent modula-
tory role for p75 in NGF-mediated neuron survival con-
sistent with p75 functioning as a TrkA regulator and/or
signaling receptor.

Neurotrophins are structurally and functionally related
trophic factors involved in the development, survival, and
maintenance of vertebrate neurons. In mammals four members
have been characterized to date, nerve growth factor (NGF),1

brain-derived neurotrophic factor (BDNF), neurotrophin-3
(NT-3), and neurotrophin-4 (NT-4) (1). Each neurotrophin sup-
ports distinct neuronal populations in the central and periph-
eral nervous systems. The main targets of NGF are sympa-
thetic neurons as well as subpopulations of sensory and central
neurons.

On NGF-responsive neurons, 125I-NGF binding studies have
shown two distinct classes of binding sites that differ in their
affinity, a major class with a Kd of 1029 M and a less abundant
class with a Kd of 10211 M (2, 3). The NGF association for both
sites is very fast, being close to diffusion limited. However, the
rate of dissociation differs markedly, being fast for the low
affinity and slow for the high affinity site (4). The dose-re-
sponse curves for neurotrophin-induced effects on neurons to-
gether with the finding that NGF expression in vivo is in the
picomolar range have suggested that most biological effects are
mediated by high affinity receptors (5, 6).

Intensive research eventually led to the identification of
genes encoding two structurally unrelated classes of cell-sur-
face receptors interacting with the neurotrophins, the common
neurotrophin receptor p75 and members of the protein tyrosine
kinase receptor family Trks. p75 is a transmembrane glycopro-
tein distantly related to the tumor necrosis factor receptor,
CD40 and Fas/APO-1, and contains a short cytoplasmic tail
lacking any known catalytic activity. p75 binds to all neurotro-
phins with equal affinity although with different rate constants
(2, 7). Cells expressing only p75 display a single NGF-binding
site with a Kd of '1029 M and fast association and dissociation
kinetics. p75 therefore exhibits the characteristics of the fast
binding site found in NGF-responsive cells. Trks are single
membrane spanning receptors with a large cytoplasmic domain
that is autophosphorylated on tyrosine residues upon ligand
binding. Binding and activation of different Trk receptors by
neurotrophins is ligand-specific, i.e. NGF activates TrkA,
BDNF and neurotrophin-4 activate TrkB, and neurotrophin-3
is the preferred ligand of TrkC. TrkA displays some of the
properties of the high affinity NGF-binding site, most notably a
slow dissociation of NGF (8). However, TrkA also shows bind-
ing characteristics that are not consistent with the kinetics of
the slow site seen in neurons. The association rate of NGF to
TrkA is slow, resulting in a Kd of '1029 M. Several models have
been proposed to account for the molecular composition of the
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high affinity binding site. Hempstead et al. (9) and Kaplan et al.
(10) have postulated that NGF binds to either TrkA or p75 with
low affinity, whereas co-expression of both receptors results in
formation of high affinity binding sites. In contrast, equilib-
rium binding analyses demonstrated that a small number of
high affinity binding sites are also present on fibroblasts ex-
pressing high amounts of TrkA in the absence of p75 (11), and
Jing et al. (12) found that co-expression of p75 on fibroblasts
expressing TrkA did not increase the number of high affinity
binding sites. Importantly, more recent experiments have dem-
onstrated the importance of a high p75 to TrkA ratio for the
generation of NGF binding sites with the kinetic properties of
the receptors seen in neurons and NGF-responsive cell lines
(13).

The ligand-dependent autophosphorylation of tyrosine resi-
dues in the cytoplasmic domain of Trks clearly demonstrates
that Trks can function as signaling receptors. In agreement
with this, several studies have confirmed that Trks are both
necessary and sufficient to mediate many of the effects elicited
by neurotrophins (for a review see Ref. 14). Mice homozygous
for null mutations in genes encoding neurotrophins and cog-
nate Trks display striking similarities in their phenotypes,
demonstrating that in vivo the neurotrophins mediate, to a
large extent, their effects through activation of Trk receptors.
Mutant animals display severe abnormalities in the nervous
system, and most die shortly after birth, underlining the func-
tional importance of these molecules during development. The
p75 null mutant animals display a less severe phenotype, with
p75 2/2 mice living to several months of age but with reduced
fertility. In addition mutant mice display significant abnormal-
ities in developing sensory and sympathetic neurons (15). p75
has been proposed to be involved in retrograde transport of
neurotrophins (16), ligand discrimination (17, 18), and ligand-
dependent protection from, as well as induction of, apoptosis
(19–23). Interestingly, recent in vitro studies have shown that
binding of NGF to p75 can stimulate sphingomyelin hydrolysis
(24) and activation of the transcription factor NFkB (25) in
some non-neuronal cells in culture. p75 has also been sug-
gested to play a modulatory role on signaling through TrkA.
Absence of p75 or blocking of NGF binding to p75 reduces the
responsiveness of several TrkA-mediated effects, including ty-
rosine autophosphorylation and cell differentiation (26, 27).
Moreover, neurons from trigeminal and superior cervical gan-
glia of p75 2/2 mice show a shifted NGF dose-response curve
at later stages of development (28, 29). Taken together, results
from immortalized cell lines and gene knock-out animals sug-
gest that p75 affects NGF dosage sensitivity. While several
models have been proposed to explain how p75 could function
in this context, the molecular mechanism(s) is still unclear.

In the present study, we probed the possible roles of p75 on
survival responses of normal neurons using a purified mutant
NGF where p75 binding had been selectively abolished by
mutation of exposed charged residues (30). These mutations,
however, did not affect TrkA binding and activation. By com-
paring the biological effects elicited by native and mutant NGF
on different responsive cells, the relative contribution of NGF-
p75 interactions to NGF-dependent neuron survival can be
investigated. Our results indicate that during development,
p75 expression becomes increasingly important in regulating
neuronal responsiveness to NGF. Expression of p75 could en-
able the individual neuron to respond adequately to low ligand
concentrations or decreased receptor levels, thus improving the
probability of survival in the developmental competition for
trophic support.

MATERIALS AND METHODS

Cell Lines, Antisera, Proteins, and Plasmids—The generation of MG-
87-NIH3T3 TrkA fibroblasts, kindly provided by George Yancopoulos,
Regeneron Pharmaceuticals Inc., has previously been described (31).
Anti-pan Trk and anti-p75 rabbit polyclonal antisera were a gift from
David Kaplan, National Cancer Institute, Frederick, MD. A 771-base
pair EcoRI fragment encoding mutant NGF (K32A 1 K34A 1 E35A)
was introduced in baculovirus using a kit of reagents from CLON-
TECH. A recombinant virus clone was used for production of mutant
NGF in insect cells, and protein was purified essentially as described
previously (32). SDS-PAGE and silver staining showed that triNGF
preparations displayed .90% purity.

Competitive and Saturation Binding Assays—Wild type NGF and
triNGF were labeled with 125I-Na (Amersham Corp.) by the lactoper-
oxidase method as described previously (33). Steady-state competitive
bindings were performed at 4 °C as described previously (34). Satura-
tion bindings were performed in triplicate wells with 106 cells/ml and
serial dilutions of radioiodinated factors in Dulbecco’s phosphate-buff-
ered saline supplemented with 1 mg/ml bovine serum albumin and 1
mg/ml glucose. Cell pellets were counted in a gamma counter. Nonspe-
cific binding was measured in parallel incubations to which a 3–500-
fold molar excess of unlabeled wtNGF was added, and all results were
corrected for this nonspecific binding.

Chemical Cross-linkings—MG-87-NIH3T3 TrkA cells or A875 hu-
man melanoma cells expressing high levels of p75 were affinity labeled
with radioiodinated ligand and chemically cross-linked using either
N-hydroxysuccinimidyl-4-azidobenzoate or 1-ethyl-3-(3-dimethylami-
nopropyl)carbodiimide hydrochloride (Pierce). Receptor complexes were
immunoprecipitated overnight at 14 °C in the presence of proteinase
inhibitors and separated by SDS-PAGE. Gels were dried and exposed to
x-ray films with intensifying screens at 270 °C. Dissociated chick DRG
neurons from different developmental stages were affinity labeled with
1 nM 125I-NGF, followed by chemical cross-linking with sulfo-N-hy-
droxysulfosuccinimide and 1-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide hydrochloride (Pierce). 100 or 350 mg of protein (determined by
the Bradford method) from each reaction was then separated by SDS-
PAGE. Gels were dried and exposed to x-ray films with intensifying
screens at 270 °C.

Isolation of RNA and RNase Protection Analysis—Chick dorsal root
ganglia were homogenized in 4 M guanidine isothiocyanate and b-mer-
captoethanol, and RNA was isolated as described previously. (35). Frag-
ments derived from chick TrkA (kindly provided by Pantelis Tsoulfas,
NCI) and chick p75 (36) were subcloned into pBS KS1 (Stratagene).
Riboprobes were generated from linearized plasmids using either T3 or
T7 RNA polymerase (Promega Biotech, Madison, WI) and [32P]aCTP.
Equal amounts of total RNA (5 mg) were analyzed by RNase protection
assay according to manufacturer’s instructions (Ambion Inc., Austin,
TX). To control for differences in RNA loading a chick glyceraldehyde-
3-phosphate dehydrogenase riboprobe (a kind gift from Finn Hallböök,
Biomedicinskt Centrum, Uppsala, Sweden) labeled at low specific ac-
tivity was added to each sample for subsequent standardization. Sam-
ples were separated in 5% polyacrylamide denaturing gels, dried, and
exposed to x-ray films with intensifying screens at 270 °C. Autoradio-
grams were analyzed with an image analysis system (Leica); for quan-
tification, all samples signals were standardized using the signal ob-
tained with the glyceraldehyde-3-phosphate dehydrogenase probe.

Bioassays—Biological activities in TrkA-expressing MG87-NIH3T3
fibroblasts were assayed as described previously (34). Briefly, in a
96-well plate 20,000 cells/well were incubated in serial dilutions of
native or mutant NGF in serum-free medium (Dulbecco’s modified
Eagle’s medium). After a 4-day incubation, cellular acid phosphatase
was measured using a kit of reagents from CLONTECH. Neurotrophin-
mediated survival and proliferation were expressed in units of optical
density measured at 405 nm. Dissociated neurons from dorsal root and
superior cervical ganglia were cultured in Dulbecco’s modified Eagle’s
medium/Ham’s F12 (1:1) supplemented with 1 mg/ml bovine serum
albumin, glutamine, and antibiotics. DRG cells were preplated on plas-
tic for 2 h in order to enrich for neurons. 24-Well plates coated with
poly-L-ornithine and laminin were seeded at a density of 105 cells/well
in the presence of serial dilutions of factors. Neuronal survival was
determined after 48–72 h by phase contrast microscopy, scoring the
number of surviving neurons in a defined area of triplicate wells.

RESULTS

TriNGF Does Not Bind to p75 but Retains Binding to
TrkA—A mutant NGF with Lys-32, Lys-34, and Glu-35 re-
placed by Ala (triNGF) was produced in baculovirus-infected
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Sf-21 insect cells and purified to homogeneity by a combination
of ion exchange, size exclusion, and reverse phase chromatog-
raphies. The binding properties of purified triNGF to p75-
expressing A875 melanoma cells and TrkA-expressing fibro-
blasts were in agreement with a previous report using protein
from conditioned media of transiently transfected COS cells
(30). The mutant showed a 70-fold reduction in binding to p75
expressed on A875 cells (wild type NGF IC50 2.57 nM; triNGF
IC50 153 nM) (Fig. 1A), while binding to TrkA was comparable
to native NGF (wild type NGF IC50 1.53 nM; triNGF IC50 2.43
nM) (Fig. 1B). Receptor binding was also assessed by affinity
labeling and chemical cross-linking. Ligand-receptor com-
plexes were immunoprecipitated using antisera against either
TrkA or p75 and separated by SDS-PAGE. 125I-NGF was effi-

ciently cross-linked to TrkA expressed on 3T3-TrkA cells and to
p75 monomers and dimers on A875 cells (Fig. 1C, lane 1 and 5).
125I-triNGF was cross-linked to TrkA to a comparable extent
(Fig. 1C, lane 3). However, triNGF bound 2 orders of magnitude
less efficiently to p75 (Fig. 1C, lane 6), in agreement with the
competition binding assays and confirming the TrkA selectivity
of the mutant.

Next, we compared the ability of native and mutant NGF to
promote survival and growth of 3T3-TrkA fibroblasts. In se-
rum-free medium, these cells can survive and proliferate in
response to NGF, in a dose-dependent manner that is readily
quantifiable. Wild type NGF and triNGF were equally effective
at stimulating a proliferative response in these cells starting at
7 ng/ml ('0.3 nM) (Fig. 2), showing that the binding of the
mutant to TrkA resulted in normal receptor activation and
downstream signaling.

TriNGF Displays Only Low Affinity Binding to PC-12
Cells—We next investigated whether loss of p75 binding af-
fected the interaction of triNGF with high and low affinity
binding sites on PC12 cells expressing both p75 and TrkA
receptors. Saturation binding assays were performed at equi-
librium using purified radioiodinated ligands. In agreement
with previous reports (37), Scatchard transformation of the
data showed that native NGF bound to two distinct classes of
binding sites, a high affinity site of Kd 3 3 10211 M and a low
affinity site of Kd 3 3 1029 M (Fig. 3A). In contrast, 125I-triNGF
displayed only low affinity binding with Kd 4.3 3 1029 M (Fig.
3B), suggesting that interaction with high affinity receptors
requires NGF binding to p75.

Lack of Binding to p75 Attenuates NGF-mediated Survival
Responses in Primary Sensory Neurons at Low Ligand Concen-
trations—In an effort to clarify the role of p75 in physiologically
relevant cells, we studied the effects of wild type and mutant
NGF on primary cultures of NGF-responsive neurons. We rea-
soned that given the comparable TrkA activation profile of the
two ligands, differences in biological activity could be attrib-
uted to the inability of triNGF to bind to p75. We compared
survival-promoting activities of native and mutant NGF in
dissociated cultures of embryonic day 9 (E9) chicken dorsal root
ganglion (DRG) neurons expressing both p75 and TrkA recep-
tors. In this assay, triNGF showed a close to wild type dose-
response relationship at concentrations above 0.3 ng/ml ('12
pM) (Fig. 4). Below this concentration, however, the mutant
NGF was clearly impaired in its biological potency; at 40 pg/ml
('1.5 pM), triNGF rescued less than 10% of the neurons sur-

FIG. 1. TriNGF lacks binding to p75 but retains wild-type bind-
ing to TrkA. A and B, steady-state competitive binding assays were
performed in the presence of 125I-NGF and increasing concentrations of
either wtNGF (filled squares) or triNGF (open squares) on cells express-
ing p75 (A875 human melanoma cells, A) or TrkA (MG-87-NIH3T3
TrkA, B). TriNGF displayed a 70-fold decrease in IC50 compared with
wtNGF on p75 expressing cells but retained a virtually unimpaired
binding to TrkA. C, radioiodinated wt- and triNGF were used to affinity
label TrkA (MG-87-NIH3T3 TrkA, lanes 1–4) or p75 (A875 human
melanoma cells, lanes 5 and 6) expressing cells. Ligand-receptor com-
plexes were chemically cross-linked using N-hydroxysuccinimidyl-4-
azidobenzoate or 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hy-
drochloride, respectively, immunoprecipitated, separated by SDS-
PAGE, and visualized by autoradiography. Where indicated cold NGF
was used as a control for specific binding. Arrows indicate the migration
of TrkA and p75 monomers and dimers, respectively.

FIG. 2. Binding of triNGF results in an unimpaired transduc-
tion of TrkA-mediated signals. MG-87-NIH3T3 fibroblasts stably
expressing TrkA were incubated for 4 days in serum-free cell media
containing serial dilutions of wtNGF (filled squares) or triNGF (open
squares). Cells survived and proliferated in a dose-dependent manner
and were quantitated by an enzymatic method measuring cellular acid
phosphatase (CLONTECH). Wild-type NGF and triNGF were equally
potent in eliciting a proliferating response starting from 0.7 ng/ml.
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viving in the presence of equivalent concentrations of native
NGF. The shift in responsiveness occurred at concentrations
corresponding to the dissociation constant of high affinity bind-
ing of NGF to these cells (37) and correlated with the lack of
high affinity binding of the mutant to PC12 cells (Fig. 3B).

Reduced Responsiveness to triNGF during Development—
Previous studies have shown a reduced survival response to
NGF during development in neurons of p75 2/2 mice (28, 29).
However, those studies could not establish whether NGF re-
sponsiveness was dependent on the mere presence of p75 on the
cell membrane or whether NGF binding to p75 was also re-
quired. In addition, they could not rule out differences in the
neurons secondary to the loss of p75. We investigated the
responsiveness of chicken DRG neurons prepared from em-
bryos of different developmental stages ranging from E7 to E18
to a concentration of native and mutant NGF (5 ng/ml) which
was saturating at early times of development (see Fig. 4). At
early embryonic stages (E7–E11), triNGF was comparable to
wtNGF; both proteins were able to rescue close to 100% of the
plated neurons at 5 ng/ml. At later developmental stages, in-
creasing numbers of DRG neurons became NGF-independent
and survived in the absence of any added factor (Fig. 5A, solid
circles). At E18, 50% of the neurons plated still depended on
exogenous NGF for survival. However, the reduction in respon-
siveness was dramatic for the mutant NGF; at E14 30–40%
less of the plated neurons responded to this molecule compared
with native NGF, and at later stages, the response to triNGF
was virtually null (Fig. 5, A and B). Thus, the mutant NGF
displays a substantially reduced bioactivity at later stages in

DRG development, indicating that not only expression of but
also binding to p75 is required for normal NGF responsiveness
during sensory neuron development.

We also studied sympathetic neurons from the superior cer-
vical ganglion (SCG) of the rat, which undergo naturally occur-
ring cell death during early postnatal development (38). Sur-
vival dose-response relationships were studied for wild type
and mutant NGF at two developmental stages, E16.5 and post-
natal day 2 (P2). At E16.5, no difference in potency or efficacy
could be observed between mutant and native NGF, even at low
concentrations (Fig. 6A). However, on P2 SCG neurons, a clear
reduction in biological activity was detected for the mutant
NGF at concentrations below 1 ng/ml (Fig. 6B), again indicat-
ing that binding of NGF to p75 is essential for survival of
NGF-dependent peripheral neurons during later stages of
development.

The Decreased Developmental Responsiveness to triNGF Cor-
relates with Reduced Expression Levels of p75 and TrkA in
Chick DRG Neurons—p75 and TrkA mRNA levels were meas-
ured by RNase protection assay in chick DRG neurons at two
different stages of development marking the beginning and the
ending of the switch in responsiveness to the mutant NGF, i.e.
E8 and E16, respectively. Prior to homogenization, DRG cells
were dissociated, and neurons were enriched by pre-plating in
uncoated plastic dishes. The levels of mRNA expression of both
TrkA and p75 in chick DRG neurons were found to decrease
from E8 to E16 (Fig. 7, A and B). The decrease in TrkA and p75
mRNA levels was accompanied by a corresponding reduction in
the levels of surface receptors as demonstrated by affinity
labeling with 125I-NGF followed by chemical cross-linking (Fig.
7C). Despite the developmental reduction in the absolute levels
of NGF receptors, the relative levels of expression of TrkA and
p75 did not show a significant change. In rodent SCG neurons,
on the other hand, p75 and TrkA mRNA levels have been
reported to increase during development (39), although, in this
case, a relative increase in the proportion of p75 mRNA with
respect to TrkA was observed (39). Thus, the contribution of
p75 to neuron survival becomes more significant in neurons
undergoing a down-regulation of NGF receptors or when the
expression of p75 increases relative to that of TrkA.

FIG. 3. TriNGF does not interact with high affinity binding
sites on cells co-expressing TrkA and p75. Scatchard transforma-
tions of saturation steady-state bindings with radioiodinated wtNGF
(A) or triNGF (B) on PC12 cells. Wild-type NGF bound to two distinct
binding sites with calculated Kd values in the picomolar and nanomolar
range, respectively. In contrast, triNGF displayed only low affinity
binding with a Kd in the nanomolar range.

FIG. 4. The responsiveness of sensory neurons to triNGF is
compromised at low ligand concentrations. E9 chick DRG neurons
were dissociated and incubated in triplicate wells containing serial
dilutions of wtNGF (filled squares) or triNGF (open squares). Neuronal
survival was determined after 72 h of incubation by counting the
number of surviving neurons in defined areas of the wells. Results are
expressed as the percentage of surviving cells relative to the number
scored in the presence of the maximal concentration of wtNGF (3
ng/ml). Error bars indicate 6 S.D. Although the two factors were indis-
tinguishable in promoting neuronal survival above 300 pg/ml, triNGF
showed a clear reduction in biological activity at levels below this.
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DISCUSSION

We have used neurotrophin analogues generated by site-
directed mutagenesis as a tool to assess functional roles of p75
and Trk receptors. Neurotrophins that bind selectively to one
class of receptor make it possible to delineate the ligand-acti-
vated contribution of each receptor to different biological re-
sponses (for a recent review see Ref. 40). To determine the
importance of NGF binding to p75 in neuron survival, we have
used a mutant NGF that lacks significant p75 binding while
retaining TrkA binding and activation. An important conclu-
sion from these results is that the NGF binding to p75 modu-
lates neuronal responsiveness to this neurotrophin. This was,
however, only observed when the ligand concentration was low.
Comparison of the biological activity of triNGF with native
NGF on sensory neurons showed that, although survival-pro-
moting activities were identical at ligand concentrations ex-
ceeding 0.03 nM (1 ng/ml), the mutant was clearly impaired
below this level. We think that it is unlikely that these differ-
ences in activity could be accounted for by differences in the
relative abilities of wild type and mutant NGF to homodimerize
at very low concentrations. The residues mutated in triNGF
are highly exposed and not directly compromised in either
intra- or inter-protomer interactions; moreover, the replace-

ments do not appear to affect the stability of the molecule (30).
Together, the results presented in this study indicate that at
concentrations corresponding to the levels of NGF found in vivo
(5), ligand binding to p75 augments the survival response.
Furthermore, our data reveal alterations in this response dur-
ing development, such that amounts of triNGF that were sat-
urating at early developmental stages had no effect on neuron
survival at later stages. To correlate NGF responsiveness with
receptor expression, we measured p75 and TrkA mRNA levels
during sensory neuron development. We found that p75 and
TrkA mRNA levels were down-regulated in developing DRG,
suggesting that the decreased responsiveness to triNGF seen
in chick DRG neurons during development is a consequence of
the down-regulation of NGF receptors. It would then appear
that just as binding to p75 is important for responsiveness at
low ligand concentrations, it is also important for responsive-
ness in situations of reduced receptor expression. On the other
hand, NGF receptor expression has been shown to increase
during late embryonic and early post-natal SCG development
(39). Using reverse transcriptase-polymerase chain reaction
analysis, these authors demonstrated that the ratio of p75 to
TrkA mRNA expression increases with development of SCG
neurons (39), and these data have been taken as an argument
to explain the developmental switch in responsiveness to NGF
observed in SCG from mice lacking p75 (28). It is therefore

FIG. 5. The responsiveness of sensory neurons to triNGF is
decreased during development. A, chick DRG neurons from the
indicated stages of embryonic development were incubated with either
serum-free medium only (solid circles) or medium containing 5 ng/ml
wtNGF or triNGF (open squares). This concentration was previously
shown to be saturating for both factors at E9 (Fig. 4). The number of
neurons surviving with wtNGF at each stage was set to represent 100%.
Neuronal survival was scored, and the results are expressed as the
percentage of surviving neurons relative to wtNGF-incubated wells.
Note that the number of NGF-nondependent neurons increases with
development (solid circles). More importantly, the responsiveness to
triNGF is decreased from E14 and onward. B, relative neuronal rescue
by triNGF compared with wtNGF is expressed after subtracting the
control values in A. Note that at E16 virtually none of the NGF-
responsive neurons are supported by triNGF. Results display the mean
of two independent triplicate experiments.

FIG. 6. The responsiveness of sympathetic neurons to triNGF
is decreased during development. Dissociated sympathetic neurons
from the superior cervical ganglion of E16.5 (A) and P2 (B) rats were
incubated in the presence of wtNGF (filled squares) or triNGF (open
squares) in triplicate wells. After 48 h the number of surviving cells
were counted in defined areas of the wells. Results are expressed as the
percentage of neurons surviving relative to the number surviving in the
highest concentration of wtNGF (3 ng/ml). Error bars indicate 6 S.D. At
E16.5, no difference could be detected between the two ligands. How-
ever, in P2 neurons, triNGF was clearly impaired in its ability to
promote survival.
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possible that the decreased responsiveness to triNGF in devel-
oping SCG is due to a shift in the p75/trkA expression ratio.

Using a similar approach, we have previously shown that
p75 plays a role in modulating NT-4 signaling. Point mutations
in BDNF, NT-3, and NT-4 in the equivalent residues altered in
triNGF also resulted in neurotrophins that lacked p75 binding
but retained binding and activation of cognate Trks. In cells
co-expressing p75 and Trks, the mutated NT-4, but not mutant
BDNF or NT-3, displayed a markedly reduced biological activ-
ity (32), similar to the results reported here with triNGF. These
data, together with the finding that p75 binds all neurotro-
phins with different kinetic properties (2), indicate a differen-
tial role of p75 in neurotrophin signaling. Whether in some
cases p75 may also modulate the activities of BDNF and NT-3
remains to be demonstrated.

How do our results compare with previous reports that failed
to document a role for p75 in the response to NGF? Jing et al.
(12) could not detect any difference in NGF-induced tyrosine
phosphorylation of TrkA in fibroblasts overexpressing this re-
ceptor in the presence or absence of p75. However, in this

study, both receptors were expressed at equimolar levels, and
furthermore, cell-surface TrkA protein was expressed at high
levels compared with those found in PC-12 cells and neurons.
In this respect, our data, together with results obtained at
other laboratories, indicate that the modulatory role of p75 is
easily saturable and depends upon the relative level of p75 with
respect to TrkA and the concentration of NGF. In another
study, no alteration in NGF-mediated survival or neurite out-
growth could be seen in early embryonic DRG neurons or PC12
cells in the presence of antibodies that blocked NGF binding to
p75 (41). However, the concentrations of NGF used in those
assays were all in the nanomolar range, well above the level at
which the modulatory effects of p75 could be detected in our
experiments.

How does p75 modulate NGF signaling? In one proposed
model, NGF first binds rapidly to p75, and due to the fast
dissociation rate from this receptor, NGF is then delivered to
TrkA in a favorable conformation for binding. A variant of this
model proposes a concentrative role for p75, whereby NGF
binding to this receptor results in an increased NGF concen-
tration in the vicinity of TrkA. Neither of these models requires
a direct interaction between p75 and TrkA and could in prin-
ciple involve p75 molecules present on the membrane of re-
sponsive (cis) or adjacent (trans) cells. Analogous models have
been proposed for other growth factor receptor complexes, in-
cluding receptors for transforming growth factor-bs (42) and for
tumor necrosis factor (43). In contrast, the conformational
model proposes that p75 expression alters the conformation of
TrkA to bind NGF with higher affinity and/or to increase signal
transducing capability and predicts a direct interaction be-
tween TrkA and p75 in the absence of ligand. Interestingly,
Huber and Chao (44) have presented evidence for the existence
of p75-TrkA complexes by co-immunoprecipitation of affinity-
labeled receptors in sensory neurons. Also recently, Ross et al.
(45) used a co-patching technique in insect cells overexpressing
p75 and TrkA to show that these two receptors may interact
directly, forming receptor clusters even in the absence of li-
gand, However, molecular evidence for a change in TrkA con-
formation resulting in a higher affinity binding state has yet to
be demonstrated. Because triNGF bound to TrkA with near wt
affinity in the absence of p75, for our results to be compatible
with the conformational model, p75 would have to change TrkA
into a receptor to which triNGF can no longer bind. Although
we cannot at present evaluate the likelihood of this possibility,
the conformational model would then predict the mutated res-
idues in triNGF to be indispensable for the interaction of NGF
with a novel TrkA high affinity binding site, in addition to their
demonstrated role in p75 binding.

Finally, the possibility that p75 modulates NGF signaling
and neuron survival by directly activating an intracellular
pathway should not be ruled out. Very recently, four independ-
ent reports have indicated that activation of the transcription
factor NFkB inhibits apoptosis induced by the tumor necrosis
factor receptor (46–48), but not by Fas (49, 50), which does not
result in NFkB activation. NGF binding to p75 has been shown
to result in the activation and nuclear translocation of NFkB in
p75-expressing fibroblasts and in Schwann cells, and this re-
ceptor has been proposed to be involved in ligand-dependent
induction (21, 22) as well as inhibition (20) of apoptosis. As in
the case of the tumor necrosis factor receptor, these seemingly
contradictory effects could be reconciled if NGF binding to p75
activates parallel signaling pathways leading to cell killing and
cell survival in specific cellular contexts. Intriguingly, NGF-
induced ceramide production as well as NFkB activation have
so far only been observed in cells expressing p75 in the absence
of detectable levels of TrkA (24, 25, 51).

FIG. 7. Decreased levels of expression of p75 and TrkA in de-
veloping chick DRG neurons. A, total RNA was isolated from neu-
ron-enriched chick DRG cells at two different embryonic stages, E8 and
E16, and analyzed by RNase protection assay with riboprobes specific
for chick TrkA and p75. B, histogram showing the PhosphorImager
quantification of the image shown in A. TrkA and p75 mRNA levels
were standardized to the signal obtained with a low specific activity
chick glyceraldehyde-3-phosphate dehydrogenase (GAPDH) riboprobe
added in the same reaction. Similar results were obtained in a duplicate
experiment. C, affinity labeling of NGF receptors in neuron-enriched
chick DRG cells confirms the developmental reduction in the levels
NGF of surface receptors. Lanes 1–4, 100 mg of protein loaded; lanes
5–7, 350 mg of protein loaded. Bands corresponding to affinity labeled
TrkA and p75 are indicated.
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In conclusion, our results indicate that ligand binding to p75
augments responsiveness to NGF, particularly when NGF is
present at limiting concentrations. During development, p75
modulates responsiveness to NGF so that binding to p75 be-
comes increasingly important in neurons undergoing a down-
regulation of NGF receptors. These data support a ligand-de-
pendent modulatory role for p75 in NGF-mediated neuron
survival consistent with p75 functioning as a TrkA regulator
and/or signaling receptor.
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30. Ibáñez, C. F., Ebendal, T., Barbany, G., Murray-Rust, J., Blundell, T. L., and

Persson, H. (1992) Cell 69, 329–341
31. Glass, D. J., Nye, S. H., Hantzopoulos, P., Macchi, M. J., Squinto, S. P.,

Goldfarb, M., and Yancopoulos, G. D. (1991) Cell 66, 405–413
32. Rydén, M., Murray-Rust, J., Glass, D., Ilag, L. L., Trupp, M., Yancopoulos, G.
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and Ibáñez, C. F. (1995) J. Cell Biol. 130, 137–148
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