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Fates of Neurotrophins after Retrograde Axonal Transport:
Phosphorylation of p75NTR Is a Sorting Signal for Delayed
Degradation

Rafal Butowt and Christopher S. von Bartheld
Department of Physiology and Cell Biology, University of Nevada School of Medicine, Reno, Nevada 89557

Neurotrophins can mediate survival or death of neurons. Opposing functions of neurotrophins are based on binding of these
ligands to two distinct types of receptors: trk receptors and p75NTR. Previous work showed that target-derived NGF induces cell
death, whereas BDNF and NT-3 enhance survival of neurons in the isthmo-optic nucleus of avian embryos. To determine the fate
of retrogradely transported neurotrophins and test whether their sorting differs between neurotrophins mediating survival- or
death-signaling pathways, we traced receptor-binding, sorting, and degradation kinetics of target-applied radiolabeled neurotro-
phins that bind in this system to trk receptors (BDNF, NT-3) or only to p75NTR (NGF). At the ultrastructural level, the p75NTR-
bound NGF accumulates with a significant delay in multivesicular bodies and organelles of the degradation pathway on arrival in
the cell body when compared with trk-bound BDNF or NT-3. This delayed lysosomal accumulation was restricted to target-derived
NGF, but was not seen when NGF was supplied to the soma in vitro. The kinase inhibitors K252a and Gö6976 alter the kinetics of
organelle accumulation: phosphorylation of p75NTR is a sorting signal for delayed sequestering of p75NTR-bound NGF in mul-
tivesicular bodies and delayed degradation in lysosomes when compared with trk-bound neurotrophins. Mutagenesis and mass
spectrometry studies indicate that p75NTR is phosphorylated by conventional protein kinase C on serine 266. We conclude that, in
addition to the known phosphorylation of trks, the phosphorylation of p75NTR can also significantly affect neuronal survival in
vivo by changing the intracellular sorting and degradation kinetics of its ligands and thus signaling duration.

Introduction
Retrograde axonal transport of neurotrophic factors is a cor-
nerstone of the neurotrophic hypothesis. Transport of these
signaling molecules is believed to be essential for the survival of
developing neurons (Purves, 1988; Barde, 1989; Zweifel et al.,
2005; Oppenheim and von Bartheld, 2008). One of the most
important families of neurotrophic factors, the neurotrophins,
can mediate survival signals as well as death signals, depending on
the type of receptor: trk receptors versus the “common” neuro-
trophin receptor, p75NTR (Chao and Hempstead, 1995; Carter
and Lewin, 1997; Frade and Barde, 1998; Dechant and Barde,
2002). Despite considerable research on the molecular and cell
biology of neurotrophin sorting and signaling (Hibbert et al.,
2006; Bronfman et al., 2007), little is known about the interac-
tions of neurotrophins and their receptors during axonal trans-

port and the mechanisms that sort these molecules on arrival in
the cell body in vivo. It is not known whether death-signaling
neurotrophins and their receptors transit through different or-
ganelles than survival-signaling neurotrophins, or what kind of
mechanisms sort neurotrophins and their receptors into degra-
dation or recycling pathways. Altering the signal duration by de-
grading receptors or ligands may have as profound influences on
signaling as speed or onset of signaling, but has received less
attention (Wan et al., 2008). Signaling is regulated by parameters
that include, in other systems, phosphorylation (Felder et al.,
1990; Alvi et al., 2007) as well as kinetics of signal transduction
with either brief or sustained activation of kinases (Traverse et al.,
1992; Marshall, 1995). No such direct comparisons have yet been
made, in vivo, for trk-bound and p75NTR-bound ligands.

To elucidate mechanisms of retrograde neurotrophin sorting
and signaling, we used a particularly advantageous in vivo model
system, the isthmo-optic nucleus (ION). The ION innervates a
subtype of amacrine cells in the avian retina and undergoes sub-
stantial developmental cell death (Clarke, 1992). Importantly,
this cell death is regulated by neurotrophins that are retrogradely
transported from the retina to the ION (von Bartheld et al., 1994,
1996b; Primi and Clarke, 1996; Janiga et al., 2000). NGF and
NT-4 kill developing ION neurons, whereas BDNF and NT-3
enhance survival (von Bartheld et al., 1994; Primi and Clarke,
1996; Janiga et al., 2000). By injecting radiolabeled neurotrophins
into the eye, we traced the subcellular fate and functions of the
neurotrophins and their receptors in this in vivo model system.
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The combination of cell biological, biochemical, molecular, and
ultrastructural approaches indicates that (1) a major fraction of
the neurotrophin BDNF appears to translocate from p75NTRs to
trkB receptors during or after retrograde axonal transport; (2)
sorting of axonally transported p75NTR-bound neurotrophins
into the lysosomal degradation pathway is delayed compared
with neurotrophins bound to trk receptors; (3) phosphorylation
of p75NTR constitutes a sorting signal that significantly delays
ligand sequestering and degradation; (4) inhibition of phosphor-
ylation of p75NTR causes changes in the dynamics and turnover
of its ligands, and thereby has a significant effect on the survival of
developing neurons. Preliminary data of this work have been
presented (von Bartheld et al., 2004).

Materials and Methods
Sources of materials. Chicken eggs were obtained from California Golden
Eggs and were incubated in humidified chambers at 37.5–38°C. Approx-
imately 2200 chicken eggs were used. The ages of chick embryos were
verified at the time of killing by staging according to Hamburger and
Hamilton (1951). Experimental procedures were conducted in compli-
ance with the Society for Neuroscience Policy on the Use of Animals in
Neuroscience Research and were approved by the local animal care com-
mittee. Polyclonal antibodies against chicken p75NTR, trkA, trkB, or
trkC (all against the extracellular domain) were from the Reichardt Lab-
oratory (Weskamp and Reichardt, 1991; Lefcort et al., 1996; von Bartheld
et al., 1996b). NGF was purchased from Promega, and BDNF, NT-3, and
NT-4 were provided by Regeneron. K252a (CAS No. 97161-97-2) was
from Alomone Labs and Gö6976 was obtained from Alexis Biochemicals.
125I-Na was from PerkinElmer Life and Analytical Sciences, L4 autora-
diography emulsion was from Ilford. Protein kinase C catalytic subunit
was from Calbiochem. Microscopy materials were from Ted Pella or
(Electron Microscopy Sciences), and other materials were from Sigma-
Aldrich (if not indicated otherwise).

Radioiodination and methods for in vivo intraocular injections. Neuro-
trophins were iodinated with lactoperoxidase as described previously
(von Bartheld, 2001). Incorporations were 77–95% (NGF), 90 –96%
(BDNF), 81–95% (NT-3), and 59 –92% (NT-4). Specific activities were
65–110 cpm/pg of NGF, 92–189 cpm/pg of BDNF, 77–193 cpm/pg of
NT-3, and 126 –264 cpm/pg of NT-4. Iodinated neurotrophins (�100 –
200 ng; �10 –20 million cpm) were injected in volumes of 4 – 6 �l into
the vitreous of the eye of embryos at ages embryonic day 14 (E14) to E15
using disposable insulin syringes. For experiments with kinase inhibitors,
neurotrophins (4 �l) were coinjected with K252a (1 �l of 250 �M in
DMSO), with 12-(2-cyanoethyl)-6,7,12,13-tetrahydro-13-methyl-5-oxo-
5H-indolo[2,3-a]pyrrolo[3,4-c]carbazole (Gö6976) (1 �l of 250 �M in
DMSO), with genistein (2 �l of 1 mM in DMSO), or with calphostin C (1 �l
of 500 �M in DMSO). Control embryos were injected with neurotrophins in
1 �l of DMSO or with 9 �g of monensin. Ten, 20, or 32 h after injection, the
embryos were anesthetized with Nembutal, perfused with fixative for elec-
tron microscopy (see below) or with PBS for immunoprecipitation (see
below), and staged. The amounts of radioactivity in the dissected eyes and
IONs were measured in a gamma counter (PerkinElmer Wallac 1470 Wiz-
ard). Radioactivity visualized as silver grains in ION neurons likely repre-
sents intact neurotrophin, because a significant fraction of radioactivity
recovered from the ION after retrograde axonal transport is intact protein as
shown by SDS-PAGE (von Bartheld and Johnson, 2001).

Internalization of radiolabeled neurotrophins by ION neurons in vitro.
Chick embryos at ages E14 –E15 were decapitated, and slices through the
ION were collected in cold PBS. The ION was dissected from slices and
placed in F12/DEM medium in a volume of 100 �l. Radiolabeled NGF or
BDNF (40 ng) was added and the IONs were incubated for 1– 4 h at 37°C.
In some cases, protein kinase C (PKC) catalytic subunit (40 ng) was
added with or without Chariot pretreatment according to the manu-
facturer’s protocol. Tubes were gamma counted, and tissue samples
containing the ION were fixed in cacodylate buffer containing 2% glu-
taraldehyde and processed and embedded for resin embedding as de-
scribed below. Before sectioning, samples were gamma counted again.

IONs typically retained �20 –100 pg of the neurotrophin. Thin sections
were collected on grids and coated with a monolayer of emulsion as
described above. Emulsion-coated sections were developed after 2–3
months, and triplicate samples for each condition were analyzed for
lysosome and multivesicular body (MVB) distribution of silver grains
within ION cell bodies, with 134 –260 silver grains analyzed per data
point. Student’s t test was used to compare conditions (NGF, BDNF) for
the different time points.

Measurement of speed of neurotrophin transport to the ION. For the
determination of any possible differences between the time of arrival of
retrograde NGF and BDNF after axonal transport from the eye to the
ION, 59 chick embryos were successfully injected at E14 –E15.5 with
either radiolabeled NGF or BDNF (�20 � 10 6 cpm � 200 ng), and were
anesthetized and perfusion-fixed with 4% paraformaldehyde after 2, 5,
10, 15, 20, 25, or 30 h. Embryos were staged, the eyes and brains dissected,
and eyes counted in a gamma counter to verify successful injections. The
brains were postfixed and the midbrains and brainstems were serially
sectioned in the transverse plane at 500 �m on a vibratome (series 1000).
From these slices, the left and right IONs were dissected as described
previously (von Bartheld and Johnson, 2001), and each ION slice was
gamma counted. The cpm amounts of the slices containing parts of the
ION were added. The mean and SE of the cpm for each treatment group,
after subtraction of the background, were compared by unpaired two-
tailed t test for statistical significance between NGF and BDNF accumu-
lation for each transport interval.

Cross-linking and immunoprecipitation. Chick embryos at E15 were in-
jected with 25–50 ng of radiolabeled NGF or BDNF in the eye in ovo. Twenty
hours later, the animals were anesthetized with Nembutal and transcardially
perfused with cold PBS. The optic chiasm and the contralateral ION were
dissected, collected in PBS, and homogenized in lysis buffer using 22 gauge
needles. Lysis buffer consisted of 50 mM Tris-HCl at pH 6.5 for cross-linking
with 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC),
or at pH 7.6 for cross-linking with disuccinimidyl suberate (DSS), and in
addition contained 150 mM NaCl, 1% Triton X-100, 100 �g/ml aproti-
nin, 1 �g/ml leupeptin, and 0.5 mM PMSF. One of the two cross-linkers
was added to the homogenates for 30 min at room temperature in a
rotating device; EDC (Pierce Chemical) at 6 mM, pH 6.5, or DSS (Pierce)
at 0.1 mM, pH 7.6. The cross-linking reaction was terminated by incuba-
tion in cold PBS containing 50 mM lysine for 30 min. The preparation was
centrifuged for 5–10 min at 4°C, and pellets and supernatants were
counted separately in a gamma counter. Usually 70 – 80% of total counts
were retained in the supernatant. The supernatant was incubated over-
night at 4°C with 1.4 –1.7 �g/ml polyclonal antibodies against chicken
p75NTR, trkB, or trkC, or the same concentration of normal rabbit IgG
as control. The next day, 10 –20 �l of washed Pansorbin cells (Calbio-
chem) were added for 1 h in the cold room, the immunocomplex was
pelleted by centrifugation for 5 min in the cold room, and the pellets and
supernatants were counted separately in a gamma counter. All determi-
nations were done in triplicate. Nonspecific precipitation was subtracted
by using the counts from the control (IgG-incubated) pellets. We are
using the terminology “specific precipitation” to indicate that the anti-
bodies were precipitating their antigens specifically. These particular
experiments did not test whether binding of the neurotrophin was “spe-
cific” (i.e., competed by excess cold: receptor bound). Control experi-
ments included the following: (1) incubation of normal lysed tissues with
similar amounts of radiolabeled BDNF to assess whether free BDNF may
bind to different receptors when they become available during lysis, (2)
omission of the cross-linking step, and (3) repeated immunoprecipita-
tion of the same supernatants to determine the efficiency with which the
antibodies pulled down the receptors. Statistical significance was deter-
mined by unpaired two-tailed t test.

Autoradiography at the electron microscopic level. Quantitative electron
microscopic autoradiography was performed as previously described in
detail (Butowt and von Bartheld, 2001; von Bartheld, 2001; Rind et al.,
2005). In short, IONs from E15 embryos were dissected and fixed for 8 h
at 4°C in 2% paraformaldehyde/2% glutaraldehyde in 0.1 M phosphate
buffer, pH 7.5, or transferred from in vitro incubations as described
above, and postfixed in 1% OsO4 in 0.05 M sodium cacodylate buffer, pH
7.4, and subsequently embedded in Spurr resin (Electron Microscopy
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Sciences). Resin-embedded IONs were gamma counted, and ultrathin
sections (90 nm) were collected on copper grids (300 mesh) and coated
with a monolayer of diluted Ilford L4 emulsion using the “loop method.”
After 2–3 months of exposure, the grids were developed in D19 (Kodak),
fixed, and stained with 2.5% aqueous lead citrate. ION neurons were
examined and photographed or scanned in a Phillips CM10 transmission
electron microscope equipped with a Gatan 792 BioScan digital imaging
system. The background level of silver grains was determined by photo-
graphing six random areas containing resin only, at a magnification of
5000�. Background levels were consistently negligible over individual
grids. From each grid, three to four squares containing ION neurons
were analyzed and all silver grains were photographed at a magnification
of 11,000�. Free 125I is not transported retrogradely from the eye to the
ION and did not accumulate over cellular organelles within the ION. The
circle probability method with a half-distance (HD) of 90 nm (von Bar-
theld, 2001) was used to analyze and quantify the source of grains. Quan-
tification was restricted to ION somata; neurites and growth cones were
not considered in this study. Using a transparent grid, the average area
occupied by particular organelles (“fractional area”) was determined by
morphometric analysis at 11,000� magnification. The “labeling density”
(LD) of organelles was determined by dividing the percentage of silver
grains found over organelles by the percentage of the fractional area of
that organelle. A labeling density �1 indicates that silver grains were
distributed randomly, whereas LDs much greater than 1.0 indicate a
specific association of silver grains with this organelle. The silver grains
for each treatment group (each experimental condition examined) were
assigned randomly to two groups, and unpaired two-tailed t test was used
to determine whether LDs in the NGF group were significantly different
( p � 0.05) from LDs in the BDNF/NT-3 group. When multiple groups
were compared for statistically significant differences, the Bonferroni
correction was applied. We identified organelles according to the criteria
by Peters et al. (1991). To confirm the identity of organelles scored as
lysosomes, acid phosphatase enzyme histochemistry was performed as
previously described (Altick et al., 2009).

Total RNA purification, cDNA synthesis, and PCR. The ION was la-
beled retrogradely by intraocular injection of the lipophilic dye DiI
(1–2% in 100% ethanol; Invitrogen) and dissected under an inverted
fluorescence microscope (von Bartheld and Johnson, 2001). For each
individual experiment, the total RNA from two to three IONs was ex-
tracted. Total RNA was extracted using Trizol reagent (Invitrogen) or
NucleoSpin RNA II kit (BD Biosciences) according to the manufacturer’s
recommended procedure with some modifications. The 5 �g of RNA-
free glycogen was added as a carrier, and for the Trizol protocol, addi-
tional acid phenol/chloroform extraction was included. In the case of
NucleoSpin reagent, a DNase digestion step was performed “on the col-
umn,” and when Trizol reagent was used, the DNase digestion was per-
formed in solution (DNase I; Promega) followed by phenol/chloro-
form extraction and ethanol precipitation. Reverse transcription
reactions were performed in a 10 �l volume using SuperScript III and
random hexamer primers according to the manufacturer’s protocol (In-
vitrogen). Relative expression of p75NTR, trkA, trkB, and trkC in the
ION was compared at age E15 using real-time PCR technique with SYBR
Green I as a DNA binding dye. All real-time PCR experiments were
performed three times using ABI5700 apparatus in triplicate per plate
with 2� SYBR Green master mix (Applied Biosystems). Program
parameters (annealing T at 60°C) and cycle numbers (40) were as rec-
ommended by Applied Biosystems. For control reactions, template or
appropriate primers were omitted and “�RT” cDNA was used. Oligo-
nucleotide primers used were designed by PrimerQuest (Integrated DNA
Technologies) and synthesized by Integrated DNA Technologies. The
quality of oligonucleotides was examined by melting curve analysis, and
validation experiments were performed for each primer pair. The abso-
lute quantification for each receptor was achieved using the standard
curve method, plotting threshold cycle (Ct) values against the logarithm
of known gene copy number for each receptor. The dissected IONs used
for each independent experiment were analyzed separately for the ex-
pression of all four receptors, thus the amount of tissue, the amount of
RNA, and the efficiency of cDNA synthesis did not influence the relative
ratio of expression between these receptors. Subsequently, the expression

of trkB was set to be �1 (calibrator), and the expression of p75NTR,
trkC, and trkA was calculated relative to the expression of the calibrator.
Primers used were as follows: p75NTR-F, 5�-CTGTTGGCAGAGCAA-
GGACT-3�, p75NTR-R, 5�-ATCCACGCCAGACGTAGAAA-3� (product
size, 204 bp); trkA-F, 5�-GGAGCTTGTCCTGGAGATCA-3�, trkA-R,
5�-GAGCCATTGAAGAGCCAAAG-3� (product size, 228 bp); trkB-F,
5�-CTGTGGTGGAAGGAAAGAGC-3�, trkB-R, 5�-ATACCGTCAGTT-
CGGCAGAG-3� (product size, 231 bp); trkC-F, 5�-AGTCTGCC-
CCAAGGAGGTAT-3�, trkC-R, 5�-GAAGGAAGGACGGAAGGAAG-3�
(product size, 191 bp).

Cloning of the full-length chicken p75NTR receptor. The chicken p75
common neurotrophin receptor (p75NTR) was first cloned by Large et
al. (1989). However, the cDNA sequence was never available through
GenBank, which limits its use for primer design and molecular analysis.
To express full-length chicken p75NTR in cell cultures for mass spec-
trometry analysis, we cloned this gene using PCR strategy. Total RNA
from embryonic retinas at age E15 was purified as indicated above using
Trizol reagents, and cDNA was synthesized using SuperScript III reverse
transcriptase (Invitrogen). Several primer pairs were designed to cover
the entire p75NTR sequence and PCR amplification (30 cycles, 94°C,
30 s; 60°C, 50 s; 72°C, 60 s) was performed using Advantage HD high
fidelity DNA polymerase mix (Clontech). The PCR products were sub-
cloned into pGEM-Teasy vector and sequenced using SP6 and T7 prim-
ers. The resulting cDNA sequence for chicken p75NTR is available
through GenBank under accession number EU282004. The following
primers were used: F1, 5�-ACAGCTGCAAGCAGAACAAGCA-3�, R1, 5�-
TGCATACAGGGCCATAAAGCGA-3�; F2, 5�-TCTCGGATGAGGCCA-
ATTTCGT-3�, R2, 5�-TGCTTGCAGCTGTTCCACCTTT-3�; F3, 5�-ACT-
AAGATGTACACGACGAGCGGT-3�, R3, 5�-ACTCCTTCACCATCAC-
CTCGTTCT-3�; F4, 5�-TGAGTGCTGCAAAGCCTGCAA-3�, R4, 5�-AC-
GAAATTGGCCTCATCCGA-3�; F5, 5�-TTCGTACCGCTGCTGCTGCT-
3�, R5, 5�-ACTCCTTCACCATCACCTCGTT-3�.

Immunoprecipitation of p75NTR, transfection, and mass spectrometry.
The PC12 cell line was obtained from American Type Culture Collection
and grown in F-12K medium supplemented with 15% horse serum and
2.5% fetal bovine serum in 5% CO2. Cells were stimulated with NGF (100
ng/ml) and after 24 h were lysed in T-PER tissue protein extraction
reagent (Pierce) in the presence of 1� Complete Mini protease inhibitor
mixture (Roche). After centrifuging twice at 12,000 � g, the protein
concentration was assessed by Coomassie Plus protein assay (Pierce).
The 500 �g of total protein in the supernatant was incubated with
anti-p75NTR Covance antibody (catalog #PRB-602C; 5 �g/ml) to
immunoprecipitate p75NTR from these cells. The efficiency of immuno-
precipitation was verified by Coomassie stain of SDS-PAGE gels. A ro-
bust rabbit IgG band and a clear p75NTR band was visible along with a
few contaminating bands. HEK293 cells (American Type Culture Col-
lection) were grown in medium supplemented with 10% horse serum
in 5% CO2. The HEK293 cells were transfected with pEF6/V5-His
mammalian expression vector (Invitrogen) containing full-length
chicken p75NTR or control empty plasmid using Lipofectamine 2000
according to the manufacturer’s protocol and subsequently were
grown in the presence of NGF (100 ng/ml). Forty-eight hours after
transfection, cells were lysed in the presence of protease and phospha-
tase inhibitors, and His-tagged chicken p75NTR was purified on
metal affinity TALON columns (BD Biosciences) according to the
manufacturer’s protocol.

Protein samples in duplicate were separated on 12% SDS-PAGE, gel
bands representing p75NTR were cut, and in-gel trypsin digestion was
performed (reduction with DTT; alkylation with iodoacetamide; reac-
tion was stopped with formic acid). The primary and secondary peptides
were analyzed using nano liquid chromatography–tandem mass spec-
trometry (LC/MS/MS) technique on a Micromass Q-Tof 2 and Finnigan
LTQ by Proteomics Research Services. The 15 �l of hydrolysate was
processed on a 75 �m C18 column at a flow rate of 200 nl/min, and
MS/MS data were processed using a local copy of MASCOT (Matrix
Science) searching the human and rat IPI database as well as targeted
database. Finally, the MASCOT search results were processed by Scaffold
algorithm (Proteome Software). Parameters for LTQ data required a
minimum of three peptides matching per protein with minimum prob-
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abilities of 95% at the protein level and 80% at the corresponding peptide
level. QTOF data required a minimum of two peptides with the same
minimum probability thresholds because of the superior mass accuracy
of that instrument. Samples analyzed by mass spectrometry contained rat
p75NTR protein (PC12 cells) and chicken p75NTR (transfected HEK293
cells) along with few other proteins, likely representing contaminants
attributable to the antibody cross-reactivity and incomplete separation
of proteins by SDS-PAGE. The sequence coverage for rat and chicken
p75NTR by unique peptides was in the range of 20 –30%. Only peptides
with conclusive fragmentation profiles and with superior quality for re-
construction of the amino acid sequence were taken into account. To
identify phosphorylated amino acid residues, the samples were subjected
to MS3 protocol in which product ions containing a loss of 80 or 98 Da
from the primary product ions are fragmented further. Several serines/
threonines were found to be phosphorylated within the intracellular do-
main of p75NTR (see Results).

In vitro protein kinase assay procedure. Recombinant active forms of
protein kinase A (PKA), PKC�, PKC�, PKC�, PKC�, PKC�, calcium/
calmodulin-dependent protein kinase II (CAMKII), CAMKIV, GSK3�,
and casein kinase 2 kinases were obtained from Millipore, and recom-
binant active p38� MAPK (mitogen-activated protein kinase) was
obtained from Roche. Five micrograms of wild-type chicken p75-ID
(intracellular domain) were used per assay. [�- 32P]ATP was from
PerkinElmer. The reaction conditions were as specified by the manufac-
turer for each kinase. All reactions were incubated for 20 min at 30°C in
total volumes of 25– 40 �l. Histone protein (Sigma-Aldrich) was used as
a positive control. To test the effect of inhibitors on PKC� activity, K252a
at concentrations of 10 and 50 nM was added to the reaction buffer and
Gö6976 was used at a concentration of 50 nM. Each sample was mixed
with SDS-PAGE sample buffer, boiled, and resolved by electrophoresis
on a 15% SDS-PAGE polyacrylamide gel, and the gel was dried and
exposed to x-ray film.

32P kinase in vitro assay: effects of inhibitors in cell lines. To directly test
whether PKC inhibitors reduce p75NTR phosphorylation, we performed
an in vitro phosphorylation assay. In brief, PC12 cells, NB2 cells and
HEK293 cells were treated with or without PKC inhibitors (K252a or
Gö6976 at 0.2 �M in the tissue culture medium). One microcurie of
32P-labeled ATP was added to the medium, and then, after 1 h, inhibitor
was added and cells were incubated for an additional 2–3 h. Cells were
incubated in the presence of 100 ng/ml NGF. After 4 h of incubation, cells
were harvested, protein was extracted, and p75NTR was immunopre-
cipitated with Ig192 monoclonal antibody or other established p75NTR
antibodies (Millipore Bioscience Research Reagents) for NB2 cells. Using
recombinant protein G-agarose beads (Invitrogen), proteins were
washed and subsequently resolved on 10% SDS gels. Gels were dried and
exposed to x-ray films. Between two and four independent experiments
were performed for each of the three cell lines.

In vitro coimmunoprecipitation. Recombinant purified p75NTR (2 �g)
and recombinant active PKC� (2 �g; Calbiochem) were incubated with
anti-p75 polyclonal Ab (1 �g; Covance; catalog #PRB-602C) in PBS, pH
7.4, for 30 min at room temperature in the presence of 1� Complete
Mini protease inhibitor mixture (Roche). Subsequently, recombinant
protein G-agarose was added for 10 min, and samples were washed three
times in 500 mM NaCl/10 mM Na-phosphate, pH 7.4, containing 0.1%
Nonidet P-40, and final wash was performed in PBS. Control reactions
included omission of anti-p75 Ab and omission of p75NTR protein in
the reaction. After the washing step, SDS-PAGE sample buffer was
added, and samples were boiled for 5 min and resolved on 12% SDS-
PAGE gel. Proteins were transferred to nitrocellulose membranes in Tris/
glycine buffer containing 20% methanol. Blots were probed with anti-
His Ab (QIAGEN) and with alkaline phosphatase (AP)-labeled
secondary Ab. Proteins were visualized with Western Blue stabilized AP
substrate (Promega).

Quantification of cell death in the ION. Embryos at ages E13–E14 re-
ceived intraocular injections of NGF alone (1 �g in PBS), NGF (1 �g)
plus Gö6976 (1 �l of 250 �M in DMSO), Gö6976 alone (1 �l of 250 �M in
DMSO), K252a alone (1 �l of 250 �M in DMSO), or NGF (1 �g in PBS)
plus K252a (1 �l of 250 �M in DMSO), and were allowed to survive for
24 h. The animals were killed at ages E14 –E15 by decapitation, and heads

were fixed by immersion in Methacarn’s fixative. The brains were dis-
sected, dehydrated in methanol, and embedded in paraffin as previously
described (von Bartheld et al., 1996b; Janiga et al., 2000; von Bartheld and
Johnson, 2001). The isthmic region of the brain containing the right and
left IONs was serially sectioned in the transverse plane at 12 �m. Every
fourth section was collected and stained with thionin, and pyknotic cells
were counted according to Clarke and Oppenheim (1995). Approxi-
mately 30 –90 pyknotic cells were counted for each ION in four indepen-
dent experiments. The ipsilateral ION was used as an internal control.
The results were calculated as a relative change observed in the contralat-
eral ION (expressed as a percentage) compared with the control ipsilat-
eral ION. Statistical significance was determined by unpaired two-tailed
t test.

Results
Cross-linking and immunoprecipitation reveals dynamics of
neurotrophin binding to receptors during retrograde axonal
transport
Receptors are crucial for the retrograde axonal transport of neu-
rotrophins (Curtis et al., 1995; von Bartheld et al., 1996b; Butowt
and von Bartheld, 2003), yet it is unknown whether receptors are
required only for internalization, or if neurotrophins remain
bound to their receptors during axonal transport (Sorkin and
von Zastrow, 2002). To determine whether and which receptors
bind neurotrophins during their retrograde axonal transport in
vivo, we used cross-linking and immunoprecipitation with estab-
lished antibodies against chicken p75NTR, trkB, trkC, or trkA. To
control for possible “contamination” with anterogradely trans-
ported neurotrophins in retinal ganglion cell axons (von Bartheld
et al., 1996a; Butowt and von Bartheld, 2005), neurotrophins
were injected in the eye with and without monensin, which abol-
ishes anterograde axonal transport, while leaving retrograde
transport (along isthmo-optic axons) unaffected (von Bartheld et
al., 1996b; Butowt and von Bartheld, 2001). Western blot analysis
has shown that the p75NTR and trkB antibodies used here have
approximately equal immunoprecipitation efficiencies (Herzog
and von Bartheld, 1998). Since it can be assumed that cross-
linking and immunoprecipitation efficiencies do not change be-
tween preparations from the chiasm and the ION for the same
neurotrophin, our analysis should reveal any major changes in
the ratios of receptor binding. The data are accordingly presented
as percentages of total receptor binding, with the total binding to
trkB, trkC, and p75NTR combined equal to 100% (Fig. 1A,B).
There was no significant difference between the values with or
without monensin for BDNF or NT-3 binding, and the data
for the two conditions were therefore combined in the graphs
(Fig. 1 A, B).

The cross-linking and immunoprecipitation experiments re-
vealed that a substantial fraction (�40–50%) of neurotrophins was
bound to receptors during transport. In the chiasm, 40–60% of
(receptor-bound) BDNF and NT-3 bound to p75NTRs (Fig. 1A;
supplemental Fig. 1D, available at www.jneurosci.org as supple-
mental material), but in the ION most of the BDNF (nearly 80%)
bound to trkB receptors. Thus, our immunoprecipitation exper-
iments indicate that, during or immediately after retrograde
transport, much of the BDNF translocated from p75NTRs (in the
chiasm) to trkB (Fig. 1A, BDNF) and trkC (supplemental Fig.
1D, NT-3, available at www.jneurosci.org as supplemental mate-
rial) on arrival at the neuronal cell bodies in the ION. NGF bound
exclusively to the p75NTR during axonal transport to the ION
and remained bound to this receptor (Fig. 1B), consistent with
the fact that trkA is not expressed in the ION (see below).

The percentages for immunoprecipitation with the cross-
linkers EDC or DSS were very similar, with DSS showing a slightly
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higher ratio for the trk receptor, and EDC showing a slightly
higher ratio for the p75NTR (supplemental Fig. 1B,C, available
at www.jneurosci.org as supplemental material). This is in agree-
ment with the known higher efficiencies of these cross-linkers for
trks (DSS) and for p75NTR (EDC), respectively (Escandón et al.,
1993). A series of control experiments was performed to verify
that neurotrophins do not significantly dissociate from their re-
ceptors and bind to other, previously unoccupied, receptors that
become available in the lysis step. When BDNF or NT-3 was
added to the lysed chiasm or ION, the ratios of binding were
significantly different (supplemental Fig. 1F, available at www.
jneurosci.org as supplemental material). Notably, when NT-3

was added to the chiasm or ION, it bound much more to trkB
than it did when it was introduced into the ION axons by
intraocular injection, internalization, and retrograde trans-
port (supplemental Fig. 1D,F, available at www.jneurosci.org as
supplemental material). When the cross-linking step was omit-
ted, most neurotrophin binding to p75NTR was lost, whereas
binding to trk receptors was maintained (supplemental Fig. 1E,
available at www.jneurosci.org as supplemental material). This is
consistent with the notion that p75NTRs are “fast” receptors that
bind ligands with a fast rate of dissociation, whereas trk receptors
may bind ligands with higher affinity and release the neurotro-
phins slowly (Barker and Murphy, 1992; Bothwell, 1995).

Thus, use of an advantageous in vivo model system for retro-
grade axonal transport of neurotrophins reveals that (1) a major
fraction of neurotrophins (at least 30 – 40% of the total) bound to
receptors during the retrograde journey; (2) that among the frac-
tion of BDNF that was receptor-bound, most bound p75NTR in
the axon (chiasm), but bound trkB in the cell body (ION); (3)
thus, BDNF appears to switch from p75NTR to trkB during or
after retrograde axonal transport; (4) we furthermore conclude
that at least some of the p75NTR and trkB molecules likely reside
within the same vesicle or endosome— unless distinct types of
endosomes fuse their membranes en route between the chiasm
and cell body. Another possibility, that the BDNF bound to
p75NTR is more rapidly degraded in the ION than BDNF bound
to trkB, is ruled out by additional experiments showing the op-
posite: that ligands bound to p75NTR are degraded with a delay
(see below). Since p75NTR and trk receptors do not seem to
directly interact to form high-affinity binding sites (Wehrman et
al., 2007; Gong et al., 2008), our findings support the notion that
enhanced effects of neurotrophins in the presence of both
p75NTR and trk receptors arise from increased availability of li-
gands, including the gradual transfer of ligands from p75NTR to trk
receptors within signaling endosomes during axonal transport.

ION neurons express p75NTR, trkB, and trkC, but no trkA
Expression of neurotrophin receptors in the ION was previously
examined by in situ hybridization (von Bartheld et al., 1991,
1996b; Garner et al., 1996; Strohmaier et al., 1996). Although
expression of p75NTR and trkB was reported, no trkC or trkA
mRNA was detected in the ION. Our present immunoprecipita-
tion experiments revealed small, but detectable amounts of NT-3
that were cross-linked to trkC receptors in the ION and in ION
nerve fibers within the chiasm (Fig. 1A; supplemental Fig. 1D,
available at www.jneurosci.org as supplemental material). This
suggests that the developing chick ION neurons express trkC
receptors. Therefore, we reexamined receptor expression in the
ION by qualitative and quantitative real-time reverse transcrip-
tion (RT)-PCR. IONs dissected from E14 –E15 chick embryos
expressed, in addition to the expected p75NTR and trkB (Fig.
1C,D), also moderate, yet clearly visible levels of trkC, but we
failed to detect trkA expression (Fig. 1C,D). Comparison of levels
of cDNA for these receptors in the same ION samples from E15
chick embryos showed that the relative ratio of p75/trkB/trkC
expression may be estimated as 1.7:1:0.2 (Fig. 1D). Most likely,
trkC expression in the ION is below levels that can be easily
detected by in situ hybridization. The ION neurons do not ex-
press NGF, BDNF, or NT-3, at least not during the embryonic
period E12–E17 (data not shown); however, these neurotrophins
are expressed in the retina (Hallböök et al., 1996). Thus, the
relative levels of neurotrophin receptor expression closely match
the receptor binding capacity in the ION, as shown by BDNF and
NT-3 cross-linking and immunoprecipitation after addition of

Figure 1. A–D, Receptor binding of retrogradely transported neurotrophins and ex-
pression of neurotrophin receptors in the ION of 14- to 16-d-old chick embryos. A, Immu-
noprecipitation of radiolabeled BDNF cross-linked to its receptors reveals a significant
shift en route, from p75NTR (p75) in the chiasm to trkB on arrival in the ION. Data are
expressed as a percentage of BDNF relative to all receptor-bound BDNF. B, NGF binds
nearly exclusively to p75NTR (p75), consistent with the absence of trkA expression by the
ION (see C). C, Expression of trks and p75NTRs (p75) by the ION, as measured by qualitative
RT-PCR. Note the lack of trkA expression and the relative abundance of p75NTR. D, Quan-
titative RT-PCR of trk and p75NTR (p75) expression in the ION, confirming virtual lack of
trkA expression. Error bars indicate SEM.
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exogenous radiolabeled neurotrophins to lysed IONs (supple-
mental Fig. 1F, available at www.jneurosci.org as supplemental
material). Together, we conclude that the data on neurotrophin
receptor expression in the chick ION are consistent with the re-
sults from our receptor-binding data.

Ultrastructural distribution of target-derived NGF, BDNF,
NT-3, and NT-4 in ION neurons
Our immunoprecipitation data show that neurotrophins can ar-
rive in the ION bound to either p75NTR or trk receptors. NGF,
apparently acting via p75NTR, increases cell death in the devel-
oping ION (von Bartheld et al., 1994) and also in other systems
(for review, see Roux and Barker, 2002), whereas binding of
BDNF to trkB and NT-3 to trkC enhances ION neuron survival
(von Bartheld et al., 1994; Primi and Clarke, 1996; Janiga et al.,
2000). We asked whether the two distinct signaling pathways may
be reflected by distinct accumulation of different neurotrophins
in different organelles at the ultrastructural level. On the basis of
the apparent expression of p75NTR, trkA, trkB, and trkC recep-
tors in the ION, one would expect that ION terminals may inter-
nalize NGF (via p75NTR), BDNF (via p75NTR and/or trkB),
NT-3 (via p75NTR, trkB and/or trkC), and NT-4 (via p75NTR
and/or trkB). Thus, binding to different receptors may determine
intracellular trafficking pathways. To examine whether different
members of the neurotrophin family accumulate in the same or
in different organelles within ION cell bodies after retrograde
axonal transport, radiolabeled neurotrophins were injected into
the vitreous body of the eye in E15–E16 embryos. After three
different time points (10, 20, and 32 h), IONs were processed to
quantify the distribution of autoradiographic silver grains at the

ultrastructural level (Fig. 2A,B). Control embryos injected with
free iodide did not accumulate silver grains in the ION (data not
shown). These control experiments also indicated that back-
ground labeling was very low in our experimental system.

Qualitative analysis of the distribution of silver grains in the
ION at 10, 20, and 32 h revealed no obvious differences between
different neurotrophins. Quantitative analyses at 20 h showed
that all four neurotrophins accumulated with substantial labeling
densities (LD � 2.5) in organelles of the endocytic and degrada-
tive pathways such as clear vesicles, light and dense endosomes,
lysosomes, as well as MVBs (Fig. 2C,D; supplemental Table 1,
available at www.jneurosci.org as supplemental material). Exam-
ples of silver grains located over these types of organelles in ION
cell bodies are shown in Figure 2, A and B. The lysosomal nature
of dense endosomes was verified by acid phosphatase enzyme
histochemistry (Fig. 2, inset). There was no preferential accu-
mulation of grains (labeling densities were �2.5) over other
organelles, such as nuclei (including nuclear membrane), endo-
plasmic reticulum, Golgi apparatus (including Golgi-associated
vesicles), mitochondria, or plasma membrane (supplemental Ta-
ble 1, available at www.jneurosci.org as supplemental material).
We next quantified the time course of organelle accumulation
and transition for the different neurotrophins.

Time course and differences between NGF, BDNF, NT-3, and
NT-4 accumulation at 10, 20, and 32 h
Previous studies in other systems have shown that the kinetics
(timing/duration) of signaling pathway activation can be crucial
for important cellular functions [e.g., the EGF (epidermal growth
factor)/NGF activation of MAP kinase] (Traverse et al., 1992;

Figure 2. A–E, Accumulation of retrogradely transported neurotrophins in MVBs and lysosomes in the ION of E15 chick embryos (A–D) and comparison of NGF and BDNF arrival and accumulation
in the ION (E). A, Silver grain indicative of retrogradely transported neurotrophin in an MVB within the ION. B, Silver grain indicative of retrogradely transported neurotrophin in a lysosome within
the ION. Scale bar: A, B, 200 nm. Inset, Lysosome showing dark precipitate after enzyme histochemistry for acid phosphatase. Scale bar, 200 nm. C, Quantification of accumulation of NGF, BDNF, and
NT-3 in MVBs at 10, 20, and 32 h after intraocular injection by autoradiography. Data are based on two to three independent experiments. Error bars indicate SEM. Statistically significant differences
in C–E (unpaired Student’s t test) between adjacent bars are indicated by asterisks (*p � 0.05; **p � 0.025; ***p � 0.01). D, Quantification of accumulation of NGF, BDNF, and NT-3 in lysosomes
at 10, 20, and 32 h after intraocular injection. Note the consistent difference between NGF and the other two neurotrophins (BDNF and NT-3) in the kinetics of both MVB and lysosome transition.
E, Accumulation of radiolabeled NGF and BDNF in the ION after intraocular injection. Note that both neurotrophins (NGF and BDNF) arrive in the ION at 5–10 h, and their accumulations peak at 15–20
h. More NGF accumulates at 15–20 h, consistent with a delayed degradation on arrival compared with BDNF. Error bars indicate SEM. The number (n) of independent experiments is indicated on bars.
Values of p are indicated by an asterisk (*) only when they reach statistical significance.
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Marshall, 1995). Therefore, we analyzed the precise timing of
organelle accumulation of both p75NTR-bound and primarily
trk-bound neurotrophins in the ION. The time course of NGF,
BDNF, NT-3, and NT-4 accumulation in the ION after retro-
grade transport showed remarkable differences between these
neurotrophic factors. Neurotrophins that bind trk receptors
(BDNF, NT-3, and NT-4) accumulated significantly faster ( p �
0.05) in the lysosomal/dense endosomal compartment than the
neurotrophin NGF that binds exclusively to p75NTR in this sys-
tem (Fig. 2C,D). At the 20 h time point, BDNF, NT-3, and NT-4
had reached their maximum of labeling in dense endosomes,
lysosomes, and MVBs (Fig. 2C,D; supplemental Table 1, available
at www.jneurosci.org as supplemental material), and their label-
ing was decreased in light endosomes and vesicles (supplemental
Table 1, available at www.jneurosci.org as supplemental mate-
rial). Such changes were not yet visible at the 20 h time point for
NGF and appear for this neurotrophin only 32 h after injection
(Fig. 2C,D; supplemental Table 1, available at www.jneurosci.org
as supplemental material). At the 20 h time point, labeling of the
lysosomal/endosomal compartment and of the MVBs was signif-
icantly, approximately five to seven times lower for NGF than the
other neurotrophins. The opposite pattern was apparent for the
lysosomal/endosomal compartment 32 h after injection. LDs in
MVBs reach similar values for all neurotrophins 32 h after injec-
tion. Together, these data indicate that the exclusively p75NTR-
binding NGF has much delayed kinetics of organelle transition
and presumptive degradation compared with the other, primar-
ily trk-bound neurotrophins. Kinetics of neurotrophin trafficking
and sorting thus appears to reflect survival- versus death-signaling in
this in vivo model system.

Comparable speed of retrograde axonal transport of
neurotrophins into ION cell bodies
The differences between NGF and other neurotrophins in kinet-
ics of transition through different organelles of the endocytic
compartment may be caused either by different sorting kinetics
of p75NTR-bound NGF compared with trk-bound BDNF and
NT-3, or by delayed arrival at the cell body because of internal-
ization delays (Ure and Campenot, 1997; Weible et al., 2001;
Bronfman et al., 2003) or slower speed of retrograde transport of
NGF along the ION axons. Indeed, a fast retrograde apoptotic
signal (possibly NGF-bound p75NTR) has been postulated to
exist in the ION axons (Clarke et al., 1998). To rule out the latter
possibilities, we compared the speed of retrograde axonal trans-
port of NGF and BDNF from the eye into the ION. Accumulation
of radioactivity (cpm) was measured in serial vibratome sections
through the ION at seven time points (2–30 h) after intraocular
injections. When the onset of accumulation of radioactivity in the
ION was plotted as a function of time after injection, the peaks of
NGF and BDNF overlapped with no significant differences for
the arrival of the two neurotrophins (2–10 h; p � 0.05) (Fig. 2E).
Therefore, the time interval after which NGF and BDNF arrived
in ION neurons was similar for these neurotrophins. In fact, at
later time points (15–20 h), NGF accumulation peaked before
that of BDNF, possibly because BDNF was already being de-
graded, whereas NGF degradation was relatively delayed (Fig.
2E) (see below). Nevertheless, NGF and BDNF appear to have a
similar velocity of axonal retrograde transport into ION cell bod-
ies, as was also shown for BDNF and NGF transport in a different
system (Hibbert et al., 2006). We conclude that differences in the
kinetics of transition through organelles of the endocytic and
degradative pathway cannot be explained by differences in axonal
speed between NGF and other neurotrophins, but appear to be

caused by differences in sorting mechanisms at the level of the cell
body. This is consistent with previous suggestions of two distinct
degradation kinetics for NGF in cells that contain both trkA and
p75NTR (Ure and Campenot, 1997).

Treatment with K252a in the target directs NGF into a rapid
sequestering and degradation pathway after retrograde
axonal transport
Tyrosine kinase activity has been implicated in the sorting of
internalized receptor–ligand complexes (Felder et al., 1990; Bos
et al., 1993; Opresko et al., 1995). A relatively specific tyrosine
kinase inhibitor, K252a, shifted NT-3 and BDNF into a lysosomal
pathway in retinal ganglion cells of chick embryos (Butowt and
von Bartheld, 2001). K252a does not inhibit retrograde axonal
transport of BDNF to the ION after intraocular injection (von
Bartheld et al., 1996b; Butowt and von Bartheld, 2001). This in-
dicates that tyrosine kinase inhibition does not alter the speed
and/or time of neurotrophin arrival in the ION. However, it has
not been examined at the ultrastructural level whether K252a has
any effects on the sorting of retrogradely transported neurotro-
phins. Here, we examined whether K252a altered the distribu-
tion and sorting of radiolabeled neurotrophins in the ION after
retrograde transport in this in vivo system.

Coinjection of K252a (1 �l of 0.25 mM per eye) with radiola-
beled neurotrophins significantly altered the pattern of accu-
mulation of NGF in the ION, without any significant effect on
accumulation of BDNF and NT-3 (Fig. 3; supplemental Table 2,
available at www.jneurosci.org as supplemental material). At the
20 h time point, the distribution of 125I-NGF changed substan-
tially in the presence of K252a, and now resembled the normal
distribution of the other (trk-binding) neurotrophins. NGF nor-
mally did not accumulate in the MVB at 20 h (LD � 1.0), but
K252a changed this significantly ( p � 0.01) to an LD of 11. NGF
normally accumulated in lysosomes at 20 h with a LD of �2.0,
but with K252a this changed significantly to an LD of 14 ( p �
0.01). NGF normally accumulated at 32 h in lysosomes with an
LD of �18, but with K252a, this LD was significantly ( p � 0.05)
changed to a LD of 4 (K252a). Thus, K252a significantly shifted
the presumptive kinetics of NGF degradation in organelles of the
degradative pathway such as dense endosomes/lysosomes and
multivesicular bodies from the 20 h to the 32 h time point (sup-
plemental Table 2, available at www.jneurosci.org as supplemen-
tal material). Importantly, the distribution of trkB-binding
BDNF (Fig. 3; supplemental Table 2, available at www.jneurosci.
org as supplemental material) and trkC-binding NT-3 (data not
shown) was not significantly altered by K252a treatment. Other
patterns of distribution were also not significantly altered. These
data suggest that tyrosine kinase activity of trkB or trkC does not
regulate distribution or sorting of retrogradely transported neu-
rotrophins into the ION. The results are unexpected with regard
to NGF, since NGF binds in this system exclusively to the
p75NTR, which has no tyrosine kinase enzymatic activity (Roux
and Barker, 2002). The altered pattern of NGF distribution with
K252a treatment indicates that this compound may inhibit other
kinases than trks in this system, and these additional effects of
K252a appear to lead to changes in NGF sorting via p75NTR.

Cloning of cDNA for chicken p75NTR receptor
The chicken p75NTR (“NGF receptor”) was originally cloned by
Large et al. (1989) and Heuer et al. (1990); however, the cDNA
sequence was never made available in public databases such as
GenBank. To detect possible errors before generation of expres-
sion constructs, and to make the sequence available in GenBank,
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we cloned this gene using PCR strategy.
The sequence is available under accession
number EU282004. This sequence differs
in 12 nt from the sequence reported by
Large et al. (1989). There is one amino
acid difference at the protein level (at po-
sition 304, there is H instead of Q). Other
changes in nucleotides are neutral for
amino acid composition.

Effect of K252a on sorting of NGF may
be mediated by inhibiting
phosphorylation of p75NTR through
conventional PKCs
K252a specifically inhibits trk tyrosine ki-
nase activity in a concentration range of
1–10 nM (Koizumi et al., 1988; Berg et al.,
1992). However, doses of 20 –50 nM may
also effectively inhibit PKA, PKC, and
other classes of kinases (Kase et al., 1987;
Rüegg and Burgess, 1989). The p75NTR
can be robustly phosphorylated on differ-
ent serine/threonine residues, but the in
vivo functions of these posttranslational
modifications are not known (Grob et al.,
1985; Taniuchi et al., 1986; Roux and
Barker, 2002; Higuchi et al., 2003). We hy-
pothesized that the effect of K252a on
NGF sorting in ION neurons may be at-
tributable to the inhibition of phosphory-
lation of the intracellular domain of
p75NTR by yet-unknown serine/threo-
nine kinase(s). To test this hypothesis, we
expressed and purified the recombinant
His-tagged intracellular domain (ID) of
human p75NTR in the Escherichia coli sys-
tem. Subsequently, we used the p75-ID
for in vitro kinase assays in combination
with [�- 32P]ATP and with several active
purified kinases. Among several kinases
tested, the conventional PKC�, atypical
PKC�, CAMKII, and p38� showed strong
phosphorylation of p75-ID (Fig. 4A).
PKA, PKC�, PKC�, casein kinase 2, and
GSK3� showed no or weak phosphoryla-
tion of recombinant human p75-ID. Fifty
nanomolar K252a inhibited phosphoryla-
tion of p75-ID by conventional PKC�, but
not by PKC�, p38� (Fig. 4B,C), or
CAMKII (data not shown). Thus, conven-
tional PKC may potentially phosphory-
late p75NTR, and inhibition of its activity
by K252a may lead to changes in sorting of

Figure 3. A–L, Comparison of accumulation and transition kinetics in MVBs and lysosomes (Lyso) of the E15 ION between NGF
(A–F ) and BDNF (G–L) at 20 and 32 h after intraocular injection of neurotrophin only, or neurotrophin plus kinase inhibitors K252a
or Gö6976 (Go). Data were obtained in two to three independent experiments with �150 silver grains scored for each condition to
determine labeling densities. Error bars indicate SEM. Statistical significance (t test) of changes within panels is indicated by black
asterisks above error bars. We indicate statistically significant differences compared with the neurotrophin-only condition by white
asterisks within the black bars, using Bonferroni’s corrections for multiple comparisons. Note that NGF kinetics are significantly
reversed by K252a and/or Gö6976 coinjection for MVBs and lysosomes, but the same inhibitors have no effect on BDNF kinetics of
organelle transition. NGF normally did not accumulate in the MVB at 20 h (LD � 1.0), but when coinjected with either K252a
or Gö6976, NGF accumulated significantly ( p � 0.01 and p � 0.05) with LDs of 11–16. NGF normally accumulated in

4

lysosomes at 20 h with a LD of �2.0, but K252a changed this
significantly to an LD of 14 ( p � 0.01). NGF normally accumu-
lated at 32 h in lysosomes with an LD of �18, but with either
K252a or Gö6976, this accumulation was significantly ( p �
0.05) reduced to LDs of 4 (K252a) and 7 (Gö6976). Statistically
significant differences are indicated by asterisks (*p � 0.05;
**p � 0.025; ***p � 0.01; ****p � 0.005).
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NGF–p75NTR complexes in the ION after retrograde axonal
transport.

To identify potential phosphorylation sites for conventional
PKC within the intracellular domain of human p75NTR, we an-
alyzed the p75-ID sequence using NetPhos 2.0 software. NetPhos
2.0 predicted that eight serines and two threonines have a high
(�83%) probability of being phosphorylated. On the basis of
NetPhos results, we constructed and purified several mutants
(m-1, m-2, m-3, m-4, and m-5) of His-tagged p75-ID, with
serine/threonine substitutions for alanine, and tested them in
kinase assays in vitro (see Materials and Methods). Mutant 1
(m-1, serine 277 and threonine 358 mutated to alanine) and 4
(m-4, only serine 277 mutated to alanine) showed significantly
reduced phosphorylation by PKC�, whereas mutants 2 and 3
were phosphorylated similarly to wild-type p75-ID (Fig. 5A,B).
Mutant 5 (with threonine 358 mutated to alanine) was also phos-
phorylated, similar to wild type p75-ID (data not shown). We
conclude that serine 277 in the juxtamembrane region of p75-ID
is the likely target for phosphorylation by conventional PKC in
the ION (Fig. 5C), and this may be a regulatory step for sorting of
p75NTR–ligand complexes. Serine 277 in human p75NTR is ho-
mologous to serine 266 in chicken p75NTR and the amino acid
sequences adjacent to this serine are identical in both mammalian
and chicken p75NTR (KRWNSCKQNK).

Inhibition of conventional PKC directs p75NTR-bound NGF
into a rapid degradation pathway in the ION, similar to
treatment with K252a
When K252a is used in concentrations �20 –50 nM, it is a rela-
tively broad-spectrum kinase inhibitor (Rüegg and Burgess,
1989). Therefore, we tested the effects of the PKC inhibitor,
Gö6976, on neurotrophin sorting in our model system. Gö6976
inhibits the conventional PKC isoforms and it was used previ-
ously in vivo (Sivasankaran et al., 2004). First, we tested Gö6976
(50 nM) in a kinase in vitro assay and concluded that, similar to
K252a, this inhibitor also decreased phosphorylation of p75-ID
(data not shown). Subsequently, we coinjected radiolabeled NGF
or BDNF (4 �l) in the eye with Gö6976 (1 �l at 250 �M) and

examined the ultrastructural distribu-
tion of NGF and BDNF after 20 and 32 h
in ION cell bodies. Coinjection of Gö6976
significantly ( p � 0.05) increased accu-
mulation of NGF in multivesicular bodies
at the 20 h time point (Fig. 3C), nearly
identical to K252a (Fig. 3B), and substan-
tially ( p � 0.05) reduced the accumula-
tion in lysosomes at 32 h (Fig. 3D,F), al-
though not as dramatic as K252a (Fig. 3E),
and with no significant effect on the LD in
lysosomes at 20 h (Fig. 3D–F). Labeling of
other organelles remained similar to the
distribution of NGF injected without in-
hibitor (supplemental Tables 1, 2, avail-
able at www.jneurosci.org as supplemen-
tal material). Identical with K252a
treatment, the Gö6976 treatment showed
no significant effect on the distribution of
BDNF in the ION (Fig. 3 I,L). As a control,
we coinjected radiolabeled tetanus toxin
(TeT) with Gö6976 in the same experi-
mental condition. The distribution of TeT
within multivesicular bodies was not al-
tered by treatment with the inhibitor

(data not shown). However, Gö6976 may also have effects on
non-PKC kinases (Mok and Campenot, 2007). Therefore, we
coinjected NGF with calphostin C, a relatively specific inhib-
itor of PKC enzymes with minimal effects on tyrosine kinases
or other threonine/serine kinases (Lazarovici et al., 1998).
However, calphostin C significantly reduced retrograde ax-
onal transport of neurotrophins (data not shown), which
makes this inhibitor unsuitable for testing intracellular sorting
after retrograde axonal transport. Since we cannot exclude an
unlikely, but theoretically possible indirect effect of the tested
kinase inhibitors on trkB or trkC phosphorylation and a
downstream effect on p75NTR (even in the absence of trkA,
which is not expressed in the ION), we tested another kinase
inhibitor, genistein, which is a relatively specific inhibitor for ty-
rosine kinases but has minimal effects on PKCs (Jinsi-Parimoo
and Deth, 2000). As shown in the supplemental Table 2 (available
at www.jneurosci.org as supplemental material), genistein did
not alter the delayed accumulation of NGF in MVBs and lyso-
somes. Since genistein strongly inhibits tyrosine kinases, any di-
rect or indirect effect mediated through trkB or trkC would have
been apparent in this experiment. Therefore, effects of K252a or
Gö6976 on p75NTR via changes of trkB or trkC phosphorylation
appear highly unlikely. Together, our data indicate that inhibi-
tion of conventional PKC alters the sorting pathway of p75NTR–
NGF complexes after retrograde axonal transport into the ION,
shifting its distribution into a rapid sequestration/degradation
pathway. The mechanism of this process likely involves changes
of the phosphorylation status of the p75NTR.

Effects of kinase inhibitors on phosphorylation of p75NTR in
cell lines
To determine whether the PKC inhibitors K252a or Gö6976
reduce the phosphorylation of p75NTR in whole cells
in vitro, we examined the effects of these inhibitors at 0.2 mM

on PC12, NB2 cells, and HEK293 cells by using a 32P phos-
phorylation assay. P75NTR was immunoprecipitated before
gel loading. Although p75NTR phosphorylation was clearly vis-
ible (supplemental Fig. 2, available at www.jneurosci.org as sup-

Figure 4. A–C, Conventional protein kinase C isoforms (PKC�, -�, -�) effectively phosphorylate p75NTR, and this
phosphorylation is abolished by the kinase inhibitor K252a. A, Human p75NTR is phosphorylated in vitro by several kinases,
notably by conventional and atypical PKC, CAMKII, and mitogen-activated protein kinase (p38�), but not by PKA, PKC�,
PKC�, or CSII (casein kinase II). B, K252a (50 nM) inhibits phosphorylation of p75NTR by PKC�, but not by PKC� or p38�.
C, Evidence for direct interaction in vitro between purified p75NTR and purified PKC�. Recombinant His-tagged PKC�
(�80 kDa) is coimmunoprecipitated with the intracellular domain of p75NTR (p75-ID). Detection and visualization was
performed with anti-His antibody and alkaline phosphatase-labeled secondary antibody. Lane 1, In the presence of all
reaction components (purified PKC�, purified p75-ID, and anti-p75 antibody), an intense PKC� band is visible (�80 kDa).
Lane 2, When p75-ID is omitted, PKC� band is barely detectable. Lane 3, Control reaction without anti-p75 antibody. PKC�
band is not present. Lane 4, Standard band of 200 ng of PKC� (�80 kDa).
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plemental material), PKC inhibitors re-
duced the density of the p75NTR band
only minutely and not consistently when
compared with controls (no inhibitors).
This may be attributable to the fact that
p75NTR can be phosphorylated at multi-
ple sites and by multiple kinases, not only
the site targeted by PKC (Grob et al., 1985;
Taniuchi et al., 1986). The fraction of
p75NTR that is phosphorylated by PKC
may be very small, and when only a small
fraction of potential phosphorylation sites
are inhibited, it is difficult to document
significant changes in total phosphoryla-
tion status. Furthermore, as we found out
later (see below), PKC seems to act pri-
marily (if not exclusively) on axonally
transported p75NTR, and this effect
therefore would not be visible in cell lines.

Difference between in vivo and in vitro:
only axonally transported
NGF/p75NTR shows delayed lysosomal
accumulation
Neurotrophins can have different effects, depending on whether
they are applied to the axonal target and retrogradely transported
along the axon or applied directly to the cell bodies (Deppmann
et al., 2008; Mok et al., 2009). To determine whether NGF accu-
mulates in lysosomes with a delay, compared with BDNF, only
when applied to the target, we applied radiolabeled NGF or
BDNF to ION pieces maintained in vitro immediately after dis-
section from chick embryos of the same ages (E14) as used for in
vivo studies. After treatment with NGF or BDNF for 1, 2, 3, or 4 h,
time intervals that have in previous studies shown lysosomal ac-
cumulation when the neurotrophin was applied directly to cell
bodies (Claude et al., 1982; Butowt and von Bartheld, 2001), we
quantified MVB and lysosomal accumulation by ultrastructural
autoradiography (Fig. 6A–C). Morphology of ION tissues was
well preserved (Fig. 6C), in contrast to the poor morphology
observed in dissociated ION neurons (data not shown). Lysoso-
mal accumulation of radiolabeled NGF showed a peak at 3 h (Fig.
6A); this time course is consistent with other in vivo and in vitro
studies that applied neurotrophins directly to cell bodies (Claude
et al., 1982; Butowt and von Bartheld, 2001). The relatively short
time interval compared with our in vivo studies is attributable to
direct ION neuron uptake via cell body and dendrites, bypassing
the need for axonal transport to the cell body. BDNF accumu-
lated with the same time course in vitro (Fig. 6A): there was no
difference between NGF accumulation and BDNF accumulation
in lysosomes at any of the four time points examined. These data
show that the delayed accumulation of p75NTR-bound NGF af-
ter internalization in axon terminals and axonal transport does
not occur with application directly to the cell body (in other
words, cannot be replicated in vitro). The reason may be either
that p75NTR and/or trkB receptors are differentially expressed
between axons and dendrites or cell bodies (unlikely based on
immunolabeling experiments of the ION) (von Bartheld and
Johnson, 2001), or that target-derived neurotrophins follow and
are regulated by different sorting and trafficking mechanisms
than cell body- or dendrite-derived neurotrophins, as recently
suggested (Deppmann et al., 2008; Mok et al., 2009).

To determine whether accumulation of NGF in lysosomes can
be delayed, even when NGF is applied to and internalized by the

cell body, we added constitutively active PKC (40 ng) to the in-
cubated ION tissue pieces in vitro, to increase p75NTR phos-
phorylation, the presumptive signal for delayed accumulation of
NGF in lysosomes. As shown in Figure 6B, there was a slight, but
statistically significant shift ( p � 0.05) in the timing of lysosomal
accumulation, from 3 to 4 h, in the presence of PKC activation.
These data are consistent with the notion that somal and den-
dritic p75NTR can be pharmacologically induced to sort in a
similar manner as axonal p75NTR, but the resolution and differ-
entiation are much less distinct than in the axonal in vivo system,
because neurotrophins internalize in dendrites (or severed ax-
ons) at varying distances from the cell body, thereby obscuring
differences in the kinetics of accumulation. We did not at-
tempt to increase PKC activity in our ION model system in
vivo, because it is known that pharmacological activation of
PKC inhibits retrograde axonal transport of neurotrophins
(Ozsarac et al., 2003).

Endogenous chicken p75NTR is phosphorylated on
serine 266
The results of our mutagenesis and in vitro kinase assays suggest
that serine 266 in chick p75NTR is endogenously phosphorylated
by conventional PKC, and this posttranslational modification
appears to play a role in sorting of p75NTR–ligand complexes
after retrograde axonal transport. To verify this, we used mass
spectrometry analysis by nano LC/MS/MS to identify amino acid
residues that are endogenously phosphorylated in p75NTR. Since
commercially available antibodies do not efficiently immunopre-
cipitate chick p75NTR, we first used a rat PC12 cell line and a
well characterized Covance antibody to immunoprecipitate rat
p75NTR from these cells. In a second experimental design, we
used His-tagged chicken p75NTR purified from transfected
HEK293 cells. The primary and secondary peptides derived from
samples were analyzed by nano LC/MS/MS on a Micromass
Q-Tof 2 and ThermoFisher LTQ. Analyzed samples contained 12
unique peptides (for which fragmentation profiles were deter-
mined) for rat p75NTR and 13 unique peptides for chicken
p75NTR protein, with sequence coverage in the range of 20 –
30%. Among the 12 peptides derived from rat p75NTR were 5
that matched the theoretical mass of the region of interest within

Figure 5. A–C, Mutagenesis analysis shows that phosphorylation of p75NTR by conventional PKC requires serine 277 in
p75NTR. A, Wild-type (wt) and mutated versions of human p75NTR were used for in vitro kinase assay with active PKC� and
32P-labeled ATP. Mutant 1 (m-1) has serine 277 and threonine 358 mutated to alanine; mutant 2 (m-2) has serines 303, 305, 308,
311, and 313 mutated to alanines; mutant 3 (m-3) has threonine 293 and serines 354 and 425 mutated to alanines; mutant 4 (m-4)
has exclusively serine 277 mutated to alanine. B, Coomassie-stained SDS-PAGE gel shows similar protein loading for wt and
p75NTR mutants. C, Diagram [adapted from Roux and Barker (2002)] shows the structure of vertebrate p75NTR. The arrow
indicates serine 277 (numbering according to human p75NTR).
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2.0 Da using the MS3 phospho screen protocol (Table 1). Among
the 13 peptides derived from chicken p75NTR were 3 that also
matched the theoretical mass of the region of interest using the
MS3 phospho screen protocol. This suggests that several serines/
threonines are phosphorylated within the intracellular domain of
rat and chicken p75NTR (Table 1). Mass spectroscopy analysis
was validated by confirming that serine within the sequence of
KLHSD is also endogenously phosphorylated, as reported re-
cently by Higuchi et al. (2003). Moreover, we also detected pos-
sible phosphorylation on tyrosine 337 (rat p75NTR), which was
previously reported by Ohrt et al. (2004), but had not yet been

confirmed by other studies. One of the five identified rat phos-
phopeptides (WNSCKQNK) and one of three identified chicken
phosphopeptides (WNSCK) contains serine 278 (serine 266 in
chicken), which is homologous to serine 277 in human p75NTR.
Since this tryptic fragment of p75NTR contains only one serine/
threonine, only that amino acid may be phosphorylated. To-
gether, we conclude that serine 266 in chicken p75NTR (and its
homologues in mammalian p75NTR) are endogenously phos-
phorylated and that this phosphorylation plays a key role in
regulation of the sorting of axonally transported neurotrophin
ligands bound to this receptor.

Figure 6. A–E, Accumulation of neurotrophins in lysosomes of E14 ION neurons in vitro and effects of NGF and kinase inhibitors on the number of dying neurons in vivo. A, Quantification of
lysosomal accumulation of silver grains representing radiolabeled NGF and BDNF after 1– 4 h incubation. Error bars indicate SEM. Data are based on three independent experiments with a total of
472 neurons assessed, and 1581 silver grains scored. B, Quantification of lysosomal accumulation of NGF in the presence of 40 ng constitutively active conventional PKC after 3 and 4 h. Note the shift
in the peak from 3 to 4 h, significantly different from B at p � 0.05. Error bars indicate SEM. Data are based on three independent experiments with a total of 372 neurons assessed and a total of 913
silver grains scored. C, Inset, Silver grain over a lysosome after internalization of radiolabeled NGF by dendrites or soma at 3 h. Scale bar, 200 nm. D, Retina-derived NGF (1 �g per eye) promotes the
death of developing ION neurons, as previously reported (von Bartheld et al., 1994; Janiga et al., 2000). Coinjection of either of the kinase inhibitors, K252a or Gö6976 (2 �l of 0.25 mM), together with
NGF significantly decreases apoptosis of ION neurons. Injection of the kinase inhibitors alone has a significantly smaller effect on apoptosis. Each embryo was injected into the right eye, and the
experimental (left) ION was compared with the right ION innervating the noninjected or sham-injected control eye. Error bars indicate SEM. E, Inset, Example of a pyknotic cell (arrow) in the ION. Scale
bar, 10 �m.

Table 1. Tryptic peptide sequences of the rat and chicken p75NTR phosphorylated on serines and threonines as detected by nano LC/MS/MS

Fragment Calculated mass Observed mass, average
Corresponding rat or chicken
p75 fragmenta

Number of phosphorylations
(serine/threonine)

Rat p75NTR (PC12 cells)
QGANSRPVNQTPPPEGEKL 1986.02 1986.09 283–302 1
LHSDSGISVDSQSLHDQQTHTQTASGQALKG 3337.31 3336.41 301–332 2
GDGNLYSSLPLTKb 1684.43 1685.74 332–334 3
ADIVESLCSESTATSPV 1925.87 1925.87 410 – 426 2
WNSCKQNK 1186.20 1187.67 276 –283 1

Chicken p75NTR (transfected HEK293 cells)
(R)WNSCK 773.67 774.47 264 –268 1
GDGSLYASLPPSK 1512.54 1511.93 320 –332 3
LLSSSAEETWRQLAGELGYK 2340.74 2341.64 339 –358 2

Phosphorylation of serine within the motif WNSCK (S-266 in chicken and S-278 in rat p75NTR) was detected in both rat and chick p75NTR samples.
aNumbering of amino acids in rat and chicken p75NTR includes signal peptide and starts at the first methionine according to Roux and Barker (2002).
bPhosphorylated tyrosine was also detected in this peptide.
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Inhibition of endogenous conventional PKC isoforms delays
neuronal cell death in the developing ION
Neuronal death in the developing ION has been previously
shown to be regulated by target-derived neurotrophins, with
BDNF and NT-3 acting as survival factors and NGF and NT-4
acting as death-inducing factors (von Bartheld et al., 1994, 1996b;
Primi and Clarke, 1996; Janiga et al., 2000). Interfering with the
kinetics of NGF sorting in this system may affect neuronal death
within the ION during embryonic development. Therefore, we
examined and compared the effects of intraocular injection of
NGF alone (1 �g per eye), NGF with K252a (1 �l at 250 �M), NGF
with the conventional PKC inhibitor Gö6976 (1 �l at 250 �M), or
K252a alone (1 �l at 250 �M), or Gö6976 alone (1 �l at 250 �M)
on neuronal cell death in the ION using an established quantifi-
cation protocol for pyknotic cells (von Bartheld et al., 1994,
1996b; Clarke and Oppenheim, 1995; Janiga et al., 2000) (Fig.
6D,E). The contralateral ION for each embryo (age E13–E14)
was used for the experimental side, and the ipsilateral ION was
used as an internal control. Consistent with previous work
(Janiga et al., 2000), 24 h after injections, NGF induced approx-
imately twice (�120%) the level of cell death compared with the
ipsilateral control side ( p � 0.005) (Fig. 6D). However, coinjec-
tion of NGF with Gö6976 decreased the relative cell death ratio in
the experimental ION to approximately �40% compared with
the ipsilateral side ( p � 0.005) (Fig. 6D). Injection of inhibitors
alone had no significant effect on neuronal cell death in the de-
veloping ION (Fig. 6D). These data suggest that inhibition of
conventional PKC alters the sorting pathway of NGF by acceler-
ating its signaling/degradation kinetics in ION cell bodies and
thus caused increased survival of neurons. The mechanism of this
process apparently involves changes in the phosphorylation sta-
tus of p75NTR.

Discussion
We propose that regulation of signal duration, measured by ac-
cumulation of neurotrophins in degradative organelles (lyso-
somes), plays a significant role in apoptosis signaling, and that
such lysosomal sorting is regulated by phosphorylation of ax-
onally transported p75NTR.

Neurotrophins translocate from p75NTR to trks during
retrograde transport
Previous work suggested, but did not prove, that neurotrophins
remain bound to receptors during axonal transport (Ehlers et al.,
1995; Watson et al., 1999; Ye et al., 2003; Hibbert et al., 2006). We
show that both p75NTR and trkB receptors contribute to the
retrograde axonal transport of BDNF from the retina to the ION.
Intriguingly, the binding of BDNF to trkB/C and to p75NTR is
dynamic during retrograde axonal transport. After internaliza-
tion in the retina, a relatively large fraction of BDNF binds to
p75NTR, but at the level of the ION, a significant fraction of
BDNF appears to have translocated from p75NTR to trkB during
or after axonal transport. An alternative scenario, that trkB be-
comes “expelled” from an initial ternary complex, appears un-
likely, because neurotrophins, trks, and p75NTR receptors do not
form such a complex (Wehrman et al., 2007; Gong et al., 2008).
This suggests that at least some BDNF switches from p75NTR to
trkB during transport, a phenomenon that would explain en-
hanced effects of neurotrophins in the presence of both receptor
types, without evoking the need for an elusive trk–p75NTR high-
affinity binding site. Previous experiments, using a fluorescence
approach, indicated that trk receptors are cotransported with
their ligands; however, those experiments were not designed to

reveal a transfer of ligands between receptors during retrograde
transport (Watson et al., 1999; Delcroix et al., 2003; Hibbert et al.,
2006). A transfer of BDNF from p75NTR and gradual concentra-
tion of BDNF on trkB during axonal transport of the signaling
endosome is consistent with known ligand association/dissocia-
tion rates of BDNF for p75NTR and trkB receptors (Rodriguez-
Tébar and Barde, 1988; Bothwell, 1995; Chao and Hempstead,
1995) and survival function of BDNF in this system (von Bartheld
et al., 1994). Transfer of neurotrophin ligands from p75NTR to
trk receptors may be an important function of p75NTR–trk co-
operation in vivo (Bothwell, 1995; Chao and Hempstead, 1995;
Roux and Barker, 2002).

Differences in signal duration (ligand degradation) between
p75NTR and trk ligands
The presence of p75NTR in a recycling compartment, and trks in
a degradative pathway, was recently reported on internalization
of neurotrophins along the cell surface in vitro (Bronfman et al.,
2003; Saxena et al., 2005). These reports suggested that p75NTR–
ligand complexes are degraded with a delay when compared with
trk–ligand complexes, as suggested previously (Ure and Campe-
not, 1997). The present study confirms this notion, but extends
previous studies by examining neurotrophins that had been
retrogradely transported in an in vivo model, and at higher
resolution.

By using highly sensitive quantitative autoradiography at
the ultrastructural level, we show that survival-promoting, trk-
binding neurotrophins (BDNF and NT-3) progress through the
degradation pathway in vivo with different kinetics than the
death-promoting, p75NTR-binding NGF. BDNF and NT-3 ac-
cumulate much earlier than NGF within organelles of the sorting
and ligand-sequestering pathway—in MVBs and in the degrada-
tive pathway (lysosomes). This difference is not attributable to
different rates of axonal transport, since we here and others
(Hibbert et al., 2006) recently showed that p75NTR-mediated
retrograde axonal transport has a similar speed when compared
with trk-mediated movement. It is currently not known to what
extent proNGF may contribute as an endogenous ligand for
p75NTR in the retina, and whether it may form a complex with
the coreceptor sortilin (Jansen et al., 2007). Nevertheless, since
neurotrophins in ION axons use p75NTR and trk receptors dur-
ing retrograde transport, these receptors appear to regulate their
differential sorting. Sorting into MVBs is believed to terminate
signaling, since the cytoplasmic domain of the receptor is se-
cluded from its signaling partners (Sorkin and von Zastrow,
2002; Wu et al., 2009), and BDNF resides primarily in the internal
vesicles within MVBs after retrograde transport to the cell body
(Rind et al., 2005). Therefore, the time interval during which
endosomes are available for signaling within the cell body (before
signal termination by sequestration into MVBs) may be critical
for the extent of survival or death signaling.

Kinase activity modulates sequestration of p75NTR–ligands
in MVBs and degradation
Regulated phosphorylation of growth factor receptors (Felder et
al., 1990; Bao et al., 2000) and other signaling proteins (Nakata
and Kamiguchi, 2007) plays a key role in the control of mem-
brane trafficking along endocytic pathways in non-neuronal
(Sieczkarski et al., 2003; Lladó et al., 2004; Lindmo and Stenmark,
2006) and neuronal systems (Ehlers, 2000; Martin and Henley,
2004). The intracellular domain of p75NTR can be robustly
phosphorylated (Grob et al., 1985; Taniuchi et al., 1986), yet the
in vivo function of this posttranslational modification and the
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responsible kinases were not identified (Roux and Barker, 2002).
The indolecarbazole derivative K252a is a potent trk inhibitor
(Berg et al., 1992), but as a nonselective ATP competitive inhib-
itor, it can inhibit the activity of several other kinases such as
mixed lineage kinases 1/3 (Murakata et al., 2002; Roux et al.,
2002), PKA, and PKC (Kase et al., 1987; Rüegg and Burgess,
1989). The PKC family is known to regulate receptor internaliza-
tion, receptor desensitization, and membrane trafficking (Lladó
et al., 2004; Idkowiak-Baldys et al., 2006; Alvi et al., 2007).

We first examined the effects of the commonly used trk ty-
rosine kinase inhibitor, K252a, to inhibit the activity of trkB and
trkC in our system, since “global” trk inhibition can interfere
with sorting of trk-bound neurotrophins (Butowt and von
Bartheld, 2001; Saxena et al., 2005). In the ION model, trk inhi-
bition that originated in the target did not change the distribution
and sorting of retrogradely transported BDNF and NT-3. How-
ever, the kinetics of NGF sorting shifted toward significantly
faster accumulation in the organelles of the MVB sequestering
and degradation pathways. Since the ION does not express trkA,
the effect of K252a on NGF sorting in the ION soma cannot be
attributable to direct trk inhibition. In support of this notion, the
tyrosine kinase inhibitor genistein—which has minimal effects
on PKC— did not alter NGF sorting. Since NGF binds exclusively
to p75NTR in our ION model, these data suggest that the PKC
family may be involved in the phosphorylation of the intracellu-
lar portion of the p75NTR and in the sorting process.

Chicken p75NTR is phosphorylated on serine 266 by
conventional PKC
Phosphorylation of p75NTR by PKA has been reported to regulate
receptor localization to lipid rafts (Higuchi et al., 2003). Our mu-
tagenesis and in vitro phosphorylation data identified conventional
PKC as another candidate among kinases that phosphorylate
p75NTR. Conventional PKC phosphorylates an evolutionarily
conserved serine within the juxtamembrane motif (KRWNSCKQ;
S-266 in chick, S-277 in human). This sequence has 100% homol-
ogy between mammalian, avian, and Xenopus p75NTR, which
suggests an important physiological function. The theoretical
prediction of phosphorylation sites within p75NTR using the
NetPhos algorithm supports our experimental data and shows
that S-277 is located within the PKC-specific consensus sequence
and has a �95% probability of being phosphorylated. Mass spec-
troscopic data confirm that this particular serine is phosphory-
lated in vivo in both chicken and mammalian p75NTR.

Using the potent conventional PKC inhibitor, Gö6976
(Biswas et al., 2001; Sivasankaran et al., 2004), we observed a
similar shift of degradation kinetics for NGF as seen after
K252a application. Since all four conventional PKC isoforms
are commonly expressed in neurons and isoform-specific inhib-
itors are currently not available, we cannot identify which of them
phosphorylate endogenous p75NTR or which signal transduc-
tion pathways are engaged upstream of PKC to activate the
kinase.

Together, our data indicate that conventional PKC kinase(s)
regulate endocytic sorting of retrogradely transported p75NTR
by phosphorylating the conserved serine 266 residue (S-277 in
human) within the juxtamembrane region. This phosphoryla-
tion leads to slower sequestering of the signaling endosome in
MVBs and/or slower degradation compared with trk-bound li-
gands. We propose that this mechanism controls the duration of
signaling of p75NTR–ligand complexes after retrograde trans-
port to the cell body.

Neurotrophins have well established prosurvival (BDNF and
NT-3) and proapoptotic functions (NGF) in the developing ION
(von Bartheld et al., 1994; Janiga et al., 2000). Our study shows
that interfering with the sorting of p75NTR–ligands affects the
biological role of the ligands in this system. Pharmacological
inhibition of conventional PKC in the target significantly res-
cues embryonic chick ION neurons in vivo from the down-
stream effects of the target-applied “killer” NGF. This appears to
be mediated by accelerated sequestering of NGF in MVBs and
accumulation of NGF in the degradation pathway, thus leading
to a shortening (decrease) of death signaling via p75NTR–NGF in
the cell body. We conclude that manipulation of phosphorylation
events affects not only trk signaling (Berg et al., 1992), but also
p75NTR signaling. Furthermore, the precise mechanisms of pre-
viously observed effects of kinase inhibitors such as K252a on
survival signaling may be more complex than previously appre-
ciated. Our findings may provide new avenues for drug develop-
ment with therapeutic implications for the rescue of neurons.
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