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Sorting of Internalized Neurotrophins into an Endocytic
Transcytosis Pathway via the Golgi System: Ultrastructural Analysis

in Retinal Ganglion Cells
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Subcellular pathways and accumulation of internalized radiola-
beled neurotrophins NGF, BDNF, and NT-3 were examined in
retinal ganglion cells (RGCs) of chick embryos by using quantita-
tive electron microscopic autoradiography. All three neurotrophins
accumulated in endosomes and multivesicular bodies. BDNF and
NGF also concentrated at the plasma membrane, whereas NT-3
accumulated transiently in the Golgi system. The enhanced tar-
geting of NT-3 to the Golgi system correlated with the anterograde
axonal transport of this neurotrophin. Anterograde transport of
NT-3, but not its internalization, was significantly attenuated by the
tyrosine kinase (trk) inhibitor K252a. Abolishment of trk activity
with K252a shifted NT-3 (and BDNF) away from the Golgi system
and into a lysosomal pathway, indicating that trk activity regulated
sorting of the ligand-receptor complex. Cross-linking of neurotro-
phins and immunoprecipitation with antibodies to the neurotro-
phin receptors p75, trkA, trkB, and trkC showed that the large

majority of exogenous, receptor-bound NT-3 was bound to trkC in
RGC somata, but during anterograde transport in the optic nerve
most receptor-bound NT-3 was associated with p75, and after
arrival and release in the optic tectum transferred to presumably
postsynaptic trkC. These results reveal remarkable and unex-
pected differences in the intracellular pathways and fates of dif-
ferent neurotrophins within the same cell type. They provide first
evidence for an endocytic pathway of internalized neurotrophic
factors via the Golgi system before anterograde transport and
transcytosis. The results challenge the belief that after internaliza-
tion all neurotrophins are rapidly degraded in lysosomes.
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Nothing is known about the subcellular pathways and organelles
that contain the internalized neurotrophins BDNF and NT-3,
despite significant advances in the identification of downstream
targets of neurotrophins and cascades of signal transduction (Segal
and Greenberg, 1996; Riccio et al., 1997; Kaplan and Miller, 2000).
Most of the internalized NGF appears to be targeted to lysosomes
and is rapidly degraded (Schwab and Thoenen, 1977; Johnson et
al., 1978; Claude et al., 1982; Hogue-Angeletti et al., 1982; Rohrer
et al., 1982; Layer and Shooter, 1983; Stieber et al., 1984; Eveleth
and Bradshaw, 1992; Ure and Campenot, 1997) (but see Bernd and
Greene, 1983). These studies suggested a rather simple model of
termination of trophic action, namely the rapid degradation of the
neurotrophin after delivery of the trophic signal.

Recent studies have suggested a more complex fate of inter-
nalized neurotrophins. The neurotrophins BDNF and NT-3 can
avoid the degradation pathway and can be targeted for release or
for packaging in vesicles for anterograde axonal transport after
internalization (von Bartheld et al., 2001). The subcellular traf-
ficking of trophic factor-receptor complexes in neurons is un-
known but likely includes sorting in endosomes, an endocytic

Received March 12, 2001; revised Aug. 28, 2001; accepted Sept. 4, 2001.

The work was supported by National Institutes of Health Grants NS 35931 and NS
35931-0281 (C.S.V.). Antibodies were kindly provided by Louis Reichardt, Doug
Clary, Frances Lefcort, Gisela Weskamp, (anti-p75, trkB, and trkC), and Peter
Jeffrey (anti-Thy1); trkB and trkC probes were provided by Reg Williams (Karolin-
ska); and human recombinant BDNF, NT-3, and NT-4 were provided by Ronald
Lindsay (Regeneron). We thank Mark Bothwell, Margaret Byers, Susana Cohen-
Cory, Howard Rind, and Les Westrum for advice.

Correspondence should be addressed to Christopher von Bartheld, Department
of Physiology and Cell Biology, Mailstop 352, University of Nevada School of
Medicine, Reno, NV 89557. E-mail: chrisvb@physio.unr.edu.

Copyright © 2001 Society for Neuroscience 0270-6474/01/218915-16$15.00/0

pathway to the Golgi system (Green and Kelly, 1992; Sandvig and
van Deurs, 1996; Mukherjee et al., 1997), followed by packaging
in vesicles for anterograde axonal transport (Hurtley, 1993; Faw-
cett et al., 1997; Michael et al., 1997).

Retinal ganglion cells (RGCs) are an excellent model system
for trafficking studies, because their environment can be well
controlled in vivo, yet they are typical CNS neurons, unlike other
model system neurons such as dorsal root ganglia, which lack
normal dendrites and afferent input. Developing chick RGCs
express the neurotrophin receptors p75, trkB, and trkC but not
trkA (von Bartheld, 1998a), and they internalize NGF, BDNF,
and NT-3. Internalized NT-3 is transported anterogradely much
more efficiently than BDNF in this system (von Bartheld et al.,
1996a). Likewise, endogenous neurotrophins are differentially
sorted in chick RGCs, with NT-3, but very little BDNF, destined
for anterograde transport (von Bartheld and Butowt, 2000).
Taken together, these studies indicate that neurotrophins are tar-
geted to different domains within neurons and that internalized
neurotrophins are not necessarily degraded after internalization.

Here we show that NGF, BDNF, and NT-3 follow different
intracellular pathways in RGCs after internalization and that
their sorting is regulated at least in part by tyrosine kinase
activity. Consistent with its anterograde transport, NT-3 accumu-
lated in the Golgi system, whereas BDNF was prevalent at the
plasma membrane. When trk kinase activity was blocked with
K252a, anterograde transport of N'T-3, but not its internalization,
was reduced, and its distribution was shifted from the Golgi to
lysosomal pathways. A significant fraction of the anterogradely
transported NT-3 bound to neurotrophin receptors during trans-
port, with both trkC and p75 playing roles as presumptive trans-
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porters. Internalized neurotrophins are differentially sorted, pre-
sumably reflecting their complex functions as factors promoting
survival, differentiation, dendritic growth, and synaptic plasticity.
Preliminary data have been published previously in abstract
form (von Bartheld, 1996; Butowt and von Bartheld, 2000).

MATERIALS AND METHODS

Sources of materials. Polyclonal antibodies to chicken trkA, trkB, and
trkC (against the extracellular domain) were from Louis Reichardt,
Frances Lefcort and Doug Clary (Lefcort et al., 1996; von Bartheld et al.,
1996b), and antibodies to chicken p75 neurotrophin receptor (ChEX,
Weskamp and Reichardt, 1991) were from Gisela Weskamp and Louis
Reichardt (Howard Hughes Medical Institute, San Francisco, CA). For
RGC purification, monoclonal antibodies to Thyl (IgG SB1-20.1)
(French and Jeffrey, 1986) were obtained from Peter Jeffrey (Sydney,
Australia). Human recombinant BDNF, NT-3, and NT-4 were provided
by Ron Lindsay (Regeneron, Tarrytown, NY). Mouse NGF was a gift
from Mark Bothwell (University of Washington, Seattle, WA) or pur-
chased from Alomone Labs (Jerusalem, Israel). Glial cell line-derived
neurotrophic factor (GDNF) and cardiotrophin-1 (CT-1) were from
PeproTech (Rocky Hill, NJ). Brefeldin A, cytochrome ¢, monensin,
wortmannin, and secondary anti-chicken antibody (M8645) were from
Sigma (St. Louis, MO), Ilford L4 emulsion was from Polysciences
(Warrington, PA), K252a was from Alomone Labs, and the PI3-kinase
inhibitor LY294,002 was from Alexis Corp (San Diego, CA). The cross-
linkers 1-ethyl-3 (3-dimethylaminopropyl) carbodiimide-HC1 (EDC) and
disuccinimidyl suberate (DSS) were from Pierce (Rockford, IL). Chicken
eggs were obtained from California Golden Eggs (Sacramento, CA) and
were incubated in humidified incubators at 37.5-38°C. Approximately
1050 chicken eggs were used. The ages of chick embryos were verified at
the time they were killed according to Hamburger and Hamilton (1951).
Experimental procedures were conducted in compliance with the Policy
on the Use of Animals in Neuroscience Research and were approved by
the local animal care committee.

Radio-iodination and intraocular injections. Neurotrophins and cyto-
chrome ¢ were iodinated with lactoperoxidase as described (Vale and
Shooter, 1985; von Bartheld, 2001). Na-1'* was purchased from NEN
Life Science Products (Boston, MA). Incorporations were 47-86.5%
(NGF), 91-95.9% (BDNF), 79.7-92.7% (NT-3), 41.3-60.7% (cyto-
chrome ¢), 64.5-89.8% (GDNF), and 95.0% (CT-1). Specific activities
were 61-109 cpm/pg NGF, 90-196.6 cpm/pg BDNF, 70.6-197.3 cpm/pg
NT-3, 42-118.6 cpm/pg cytochrome ¢, 168-333 cpm/pg GDNF, and 32.4
cpm/pg CT-1. For transport studies, free iodide was removed from the
preparation when the incorporation was <90%, and for ultrastructural
analysis of internalization it was removed when incorporation was =95%.
Iodinated neurotrophins were used within 12 d after iodination. They
migrated in 15% SDS-PAGE as single bands at ~13-14 kDa and were
transported in a receptor-mediated fashion (von Bartheld et al., 1996a).
Twenty hours after injections, the embryos were anesthetized with
Nembutal, perfused with 4% paraformaldehyde (PFA), staged, and post-
fixed. The amount of radioactivity in the dissected eyes and midbrains
[embryonic day (E) 15-17] was measured in a gamma counter. The ratios
of the activity in the midbrain/eye were determined for each animal and
averaged for the different treatment groups. SEs were calculated and the
data plotted as a function of the doses injected. The brains and the eyes
were embedded in paraffin, and four series of sections (10 wm thickness)
through the midbrain at the level of the isthmo-optic nucleus were
collected on glass slides and exposed on x-ray film for 2-5 d, and the
sections were coated with NTB-2 emulsion (Kodak, Rochester, NY).
Sections were exposed for 3-8 weeks at 4°C, were lightly counterstained
with thionin after development, and coverslipped. After injections of
iodinated proteins into the retina or into the tectum, the amount of
radioactivity in the eyes was measured in a gamma counter.

Compounds were injected into chick embryo eyes in volumes of 5-10
ul (von Bartheld, 1998b). Coinjection procedures with radiolabeled neu-
rotrophins or cytochrome ¢ included monensin (9 pg), excess cold NT-3
(1-3 pg), excess cold NGF (2-4 ug), excess cold BDNF (2-4 ug), p75
antibody (10 ug), trkC antibody (10 ng), normal IgG (10 ug), K252a (1.8
ng), DMSO (2 pl), wortmannin (200 ng, every 3 hr), LY294,002 (5 ng),
brefeldin A (5-15 pg), and excess cold cytochrome ¢ (2-4 pg). Some of
the embryos injected with '*I-NGF were coinjected with an equal
amount of cold NT-3 (50-60 ng) or cold BDNF (50-60 ng).

Autoradiography and ultrastructural analysis. Autoradiography, local-
ization, and quantification of '**I-neurotrophins was performed as de-
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scribed previously (von Bartheld et al., 1996a; von Bartheld, 2001).
Embryos were anesthetized with Nembutal 3, 10, or 20 hr after injection
and intracardially perfused with 2.0% glutaraldehyde/1% paraformalde-
hyde in PBS. Retinas were dissected and post-fixed in 2.5% glutaralde-
hyde/0.5% paraformaldehyde in PBS, pH 7.4, for 6 hr at 4°C, rinsed with
PBS, and post-fixed in 1% OsO, for 2 hr at room temperature. Retinas
were dehydrated in graded alcohols to 100% ethanol, then washed with
100% propylene oxide and embedded in Spurr resin (Electron Micros-
copy Sciences, Fort Washington, PA). Thin sections on grids were coated
with a monolayer of high-resolution Ilford L4 emulsion using the “loop
method” (Caro and van Tubergen, 1962). After 1-2 months of exposure,
the autoradiograms were developed in D19 (Kodak), fixed, and stained
with 2.5% aqueous lead citrate. Sections were examined and photo-
graphed or scanned in a Philips CM 10 transmission electron microscope
equipped with a Gatan 792 BioScan digital imaging system. RGCs and
amacrine cells in the retinal ganglion cell layer were distinguished using
established ultrastructural criteria (Prada et al., 1989).

To ensure adequate sampling of each retina, we sectioned blocks for
each experiment from two to three different areas containing RGCs.
Sections from each block were collected on several grids. The back-
ground level of silver grains was determined by photographing six to nine
areas containing resin only (at a magnification of 4000-5000X). Back-
ground levels were consistently negligible over individual grids. From
each grid, two to three squares were analyzed. In each square, all RGCs
with silver grains were photographed at a magnification of 11,000—
20,000X. Autoradiography of sections through the optic tectum loaded
with '>I-NT-3 by anterograde transport from the retina followed the
protocol of von Bartheld et al. (1996a). In short, samples of the superficial
tectum were embedded in Spurr’s, thin-sectioned, coated with Ilford L4
emulsion, and exposed for 8—12 weeks for autoradiography. Grains over
cell bodies in superficial layers were photographed and printed at
20,000-40,000 magnification, and the probable source was analyzed as
described below. The fractional area of organelles from all labeled tectal
cell bodies containing silver grains was measured as described below.

The circle probability method with a half-distance (HD) of 90 nm
(Salpeter et al., 1978) was used to analyze and quantify the source of
grains. The half-distance is the distance from a line source of radioac-
tivity within which 50% of the grains are predicted to originate (Salpeter
et al., 1978). Quantification was restricted to the RGC cell body; neurites
and growth cones were not considered in this study, because correlation
of neurite fragments with particular cell types is impossible without
identifying labels. The average area occupied by particular organelles
was determined by morphometric analysis (referred to as fraction area).
Electron micrographs were overlaid with a transparent grid with a
diameter of 1.5-2 HD, and the frequency of organelles intersecting the
grid was scored. To ascertain that treatment with K252a or DMSO did
not change the organelle fraction area, treated retinas were compared
with normal retinas; no differences were found.

The “labeling density” of organelles was determined by dividing the
percentage of silver grains found over organelles by the percentage of the
fraction area of that organelle. A labeling density of =<1 indicates that
silver grains were distributed randomly, whereas a labeling density much
more than 1 indicates a specific association of silver grains with this
organelle. To determine at which threshold a labeling density demon-
strates specific accumulation, all data were subjected to statistical anal-
ysis, using the distribution of free iodide and denatured N'T-3 as controls.
The total numbers of silver grains for each category (100-200) were
assigned randomly to two to four groups, and both ¢ test and one-way
ANOVA were used to determine whether labeling densities in the
experimental groups were significantly (p = 0.05) different from control
groups (random distribution). This analysis revealed that all labeling
densities of >3.3 were significant, whereas those <2.4 were not. It should
be noted that such analyses depend on the number of silver grains
analyzed, and the variability in both the control and the experimental
groups, and thus will differ between studies.

Denaturation of NT-3. Previously radiolabeled NT-3 was incubated in
100 mMm Tris-HCI, pH 8.7, and 50 mm dithiothreitol. The mixture was
boiled for 5 min and cooled down to room temperature, and the gener-
ated free sulfhydryl groups were alkylated with iodoacetamide (200 mm).
The preparation was reacted for 2 hr at room temperature and then
desalted by membrane filtration (Ultrafree MC filters, Millipore, Bed-
ford, MA; 10 kDa cutoff) using at least 25 vol of sodium acetate buffer
(10 mm sodium acetate, 100 mm sodium chloride, pH 4.0). The incorpo-
ration and specific activity of the denatured '*I-NT-3 were determined
by TCA precipitation. Thus denatured NT-3 does not bind to receptors
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in assays of internalization and anterograde transport (von Bartheld et
al., 1996a).

Purification of retinal ganglion cells and internalization of NT-3. RGCs
from E20 chick embryos were purified by using a simple immunopanning
step with Thyl antibodies (Butowt et al., 2000). This procedure yields
~100,000-200,000 RGCs per retina with a purity of ~97%. Retinas of
E18-E21 chick embryos were pooled, and cell suspensions were divided
equally onto 55 mm plates (in duplicate) for immunopanning. All plates
were visually inspected on an inverted microscope containing a counting
box, and the number of panned cells was estimated (100,000-300,000
cells per plate) to ensure that amounts of immunopanned cells were
comparable. After immunopanning, cells were incubated for 3 hr in
10-20 ng/ml 'I-NT-3 (1-2 X 10° cpm per plate) in “binding buffer”
(PBS, pH 7.4, containing 1 mg/ml bovine serum albumin and 1 mg/ml
glucose) (Vale and Shooter, 1985), at either 4°C (control) or 37°C.
Duplicate plates at 37°C were incubated with either 1 pg/ml DMSO
(control) or 1 pg/ml K252a with the same concentration of DMSO. All
solutions of this and the subsequent steps were collected for gamma
counting. After the 3 hr incubation period at 4 or 37°C, the binding buffer
was removed, cells were washed with PBS and stripped with an ice-cold
acid wash for 5 min (0.5 M NaCl, 0.2 m acetic acid, pH 2.5) (Bernd and
Greene, 1984). Again, it was verified by visual inspection on the inverted
microscope that comparable amounts of cells were retained at this step.
Cells were washed with PBS and then collected in single detergent lysis
buffer (50 mm TrisCl, pH 7.6, 150 mm NaCl, 1% Triton X-100). It was
verified for each plate by inspection on the inverted scope that virtually
all cells were removed from the plates. All solutions (incubation buffer,
first wash buffer, acid wash, second wash buffer, lysis buffer) for each
plate were counted separately in a gamma counter, and the percentage of
internalization (counts in lysis buffer divided by counts in incubation
buffer + counts in lysis buffer) was determined as well as the contribution
of nonspecific association (counts in lysis buffer at 4°C divided by counts
in incubation buffer at 4°C + counts in lysis buffer). The results from four
independent experiments (each in duplicate) were subjected to unpaired
t test for statistical analysis. Because the large majority (>80%) of NT-3
binding to RGCs was specific (i.e., was competed by 50- to 100-fold
excess cold NT-3; data not shown), the binding seen at 37°C must be
largely specific binding.

SDS-PAGE gel electrophoresis. To determine whether the radioactivity
contained within cells in the in vivo experiments represented intact
neurotrophins or their breakdown products, 18- to 20-d-old chick em-
bryos were injected in the eye with radiolabeled neurotrophins NGF,
BDNF, or NT-3, and after 10 hr, RGCs were purified as described above.
After intraocular injection of 50-100 ng radiolabeled NGF, BDNF, or
NT-3, or free iodide as a control, retinas were collected 10 hr later and
pooled, and the cells were dissociated and immunopanned. Purified
RGCs were used for analysis by SDS-PAGE or for lysis, cross-linking,
and immunoprecipitation with neurotrophin receptor antibodies (see
below). After immunopanning, purified RGCs or samples of whole
retina (without immunopanning) were washed five times in PBS (con-
taining 0.2% BSA), pH 7.4, dissolved in 2X Laemmli electrophoresis
sample buffer, homogenized by repetitive pipetting, and centrifuged at
10,000 X g for 10 min at 4°C. The supernatant was boiled for 5 min and
centrifuged, and its radioactivity was determined by gamma counting.
Between 1,000 and 10,000 cpm were loaded per lane on 15% SDS-PAGE
gels. Low molecular weight protein standard (Life Technologies, Gaith-
ersburg, MD) or cytochrome ¢ was used as molecular weight indicators.
Gels were stained with Coomassie blue, dried, and exposed to Kodak
XR-5 x-ray film for 3-6 d. As a control for trypsin digestion of BDNF
during the dissociation procedure, trypsin-digested BDNF was examined
on SDS-PAGE.

Neurotrophin receptor in situ hybridization. A chicken p75 cDNA, sub-
cloned into pGEM4Z, was used to generate riboprobes (436 bp frag-
ment) labeled with *S-UTP (Heuer et al., 1990). Animals of E15/16
were anesthetized and perfused with 4% PFA. The eyes were either
frozen for cryosectioning (10 wm) and thaw mounted onto poly-L-lysine-
coated slides or dehydrated, embedded in paraffin, and sectioned at 10
um, and sections through the central retinas were collected on silane-
coated glass slides. Adjacent sections were hybridized with sense control
probes. Hybridization conditions were as described previously (von Bar-
theld et al., 1991). Emulsion (NTB-2)-coated paraffin sections were
exposed for 14-28 d, developed, and lightly counterstained with thionin.
Chicken trkA, trkB, and trkC oligonucleotide probes recognizing the
kinase domain (von Bartheld et al., 1996b) were hybridized to cryosec-
tions from E16 and E18 retinas, coated in NTB-2 emulsion, and devel-
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oped after 4—6 weeks. These sections were lightly counterstained with
cresyl violet. The autoradiographic label of cells in the central ganglion
cell layer (GCL) was quantified in both series of slides by using a reticule
in the eye piece. The level of background grains was measured in
adjacent sense control sections, and the values were subtracted to nor-
malize for specific label intensities.

Cross-linking and immunoprecipitation. Chick embryos at the age of
16-18 d of incubation (E16-18) were injected with 20—-40 ng radiola-
beled NT-3 in the eye in ovo. Twenty hours later, the animals were
anesthetized with Nembutal and transcardially perfused with cold PBS.
The retina, the optic chiasm, and the contralateral optic tectum were
dissected and collected in cold PBS, chopped into small pieces, and
homogenized in lysis buffer using 22 gauge needles. For analysis of
internalized neurotrophins in RGC bodies, immunopanning was used for
purification (Butowt et al., 2000). RGCs were lysed after immunopan-
ning, and 2-10% of RGCs (1000-5000 cpm) were recovered. Lysis buffer
consisted of 50 mm TrisCl (pH 6.5 for EDC, pH 7.6 for DSS), 150 mm
NacCl, 100 ug/ml aprotinin, 1% Triton X-100, 1 ug/ml leupeptin, and 0.5
mM PMSF. One of two cross-linkers was added to the homogenates for
30 min at room temperature in a rotating device (nutator): EDC (Pierce
Chemical, Rockford, IL) at 6 mm, pH 6.5, or DSS (Pierce) at 0.1 mm, pH
7.6. The cross-linking reaction was terminated by incubation in cold PBS
containing 50 mMm 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 the total counts were retained in
the supernatant. The supernatant was incubated overnight at 4°C with
1.4-1.7 ug/ml polyclonal antibodies against chick p75, trkB, or trkC, or
the same concentration of normal rabbit IgG as control. The next day,
10-20 pl of washed Pansorbin cells (Calbiochem, La Jolla, CA) were
added to the preparation for 1 hr 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
determinations were done in triplicate. Nonspecific precipitation was
subtracted by using the counts from the control (IgG-incubated) pellets.
We are using the terminology of “specific precipitation” to indicate that
the antibodies were presumably precipitating their antigens specifically,
but not to indicate that the binding of the neurotrophin was “specific”
(i.e., competed by excess cold = receptor bound). Nevertheless, it can be
assumed that the antibody precipitates only those neurotrophins that are
bound to receptors, thus presumably precipitating indeed only specifi-
cally bound neurotrophins. Control experiments included (1) incubation
of normal lysed tissues with similar amounts of radiolabeled NT-3 to
assess whether free NT-3 may bind to different receptors when they
become available during lysis, (2) omission of the cross-linking step, and
(3) repeated immunoprecipitation of the same supernatants to determine
the efficiency with which the antibodies pulled down the receptors.
Statistical significance was determined by unpaired ¢ test.

RESULTS

Anterograde transport of NT-3 is receptor-mediated
We have shown previously that the anterograde axonal transport
of exogenous NT-3 in RGCs is receptor mediated (von Bartheld
et al., 1996a). To determine which receptors mediate the inter-
nalization and anterograde transport of NT-3, excess amounts of
cold homologous factor were coinjected. Background radioactiv-
ity (attributable to systemic circulation) was assessed by coinjec-
tion of the Golgi-blocking agent monensin (Hammerschlag et al.,
1982). Excess cold NT-3 (20- to 200-fold) significantly reduced
transport of radiolabeled NT-3 (Fig. 14). To test the contribution
of the p75 neurotrophin receptor for NT-3 transport, excess cold
NGF (20- to 100-fold) was coinjected. This would also examine
trkA binding of NT-3, but trkA is not expressed in chick RGCs
(Karlsson et al., 1998). To test the contribution of p75 and trkB
receptors for NT-3 internalization, excess cold BDNF (50- to
100-fold) was coinjected. Coinjection of heterologous neurotro-
phins that should prevent the binding of NT-3 to the p75 receptor
(NGF) or the trkB receptor (BDNF) (DiStefano et al., 1992;
Rodriguez-Tebar et al., 1992) did not reduce the internalization
or the anterograde transport of NT-3 (Fig. 14). Coinjection of
blocking antibodies against p75 at doses that significantly reduce
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Figure 1. A-C, Anterograde axonal transport of neurotrophic factors
and cytochrome c in chick RGCs. A4, B, The relative amount of antero-
grade transport of radiolabeled NT-3 was plotted by dividing the amount
measured by gamma counting in the tectum (counts per minute per
specific activity in picograms) by the amount measured in the eye (counts
per minute per specific activity in nanograms) at the time chick embryos
were killed (20 hr after injection in the eye). A, The effects of coinjection
of monensin (MON') (von Bartheld et al., 1996a), excess cold NT-3 (cold
NT-3), excess cold NGF (cold NGF), or excess cold BDNF (cold BDNF),
blocking p75 antibody (aP75), blocking trkC antibody (atrkC), and normal
rabbit 1gG (IgG). B, The effects of coinjection of monensin (MON),
tyrosine kinase inhibitor K252a (K252a), vehicle (DMSO), wortmannin
(WOR), LY294,002 (LY), and brefeldin A (BFA) (von Bartheld et al.,
1996a) are indicated. C, The relative amount of anterograde transport of
radiolabeled glial cell line-derived neurotrophic factor (GDNF),
cardiotrophin-1 (CT17), and cytochrome ¢ (CytC) was plotted by dividing
the amount measured by gamma counting in the midbrain (picograms) by
the amount measured in the eye (nanograms) at the time chick embryos
were killed (20 hr after injection in the eye). The effects of coinjection of
monensin (MON ), excess cold GDNF, or CytC, and K252a are indicated.
Error bars indicate SEM. The number of independent experiments is
indicated. ***p = 0.005; **p = 0.01; *p = 0.05.
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retrograde axonal transport of NT-3 (von Bartheld et al., 1996b)
only slightly reduced anterograde NT-3 transport. Together,
these data indicate that neither the p75 receptor nor the trkB
receptor is required for internalization of NT-3 by RGCs. To
directly test whether trkC is essential for internalization, we
sought to use a trkC antibody that had been shown to interfere
with trkC signaling (Lefcort et al., 1996). However, at the doses
used (10 ug per eye), there was no effect on the anterograde
transport of NT-3 by RGCs (Fig. 14). Normal IgG was used as a
control for these experiments (Fig. 14). Because it has not been
established that this trkC antibody can prevent the binding of
NT-3 to the trkC receptor (as opposed to inhibiting trkC function
by allosteric interactions) (Taniuchi and Johnson, 1985; Both-
well, 1995), these data, collectively, are consistent with the
notion that RGCs internalize NT-3 primarily via trkC recep-
tors rather than p75.

Anterograde transport requires tyrosine kinase but not
PI3-kinase activity

To determine whether tyrosine kinase activity may play a role in
the anterograde transport of NT-3, as reported previously for the
sorting of other receptor ligands (Felder et al., 1990; Bos et al.,
1993; Opresko et al., 1995; Mukherjee et al., 1997), radiolabeled
NT-3 was coinjected with K252a, a relatively specific tyrosine
kinase inhibitor (Knusel and Hefti, 1992). K252a does not reduce
internalization of NGF (Kahle et al., 1994) or BDNF (von Bar-
theld et al., 1996b), yet this compound (1.8 pg per eye) dramat-
ically reduced anterograde transport of NT-3 (Fig. 1B). Because
K252a has to be dissolved in DMSO, control embryos received
intraocular injections of similar amounts (2 ul) of DMSO with the
radiolabeled NT-3. DMSO alone had no significant effect on the
NT-3 transport. The PI3-kinase inhibitors wortmannin and
LY294,002 have been implicated in protein trafficking and NGF
internalization (Vlahos et al., 1994; Bartlett et al., 1997; Gallo and
Letourneau, 1998; Shitara et al., 1998; Mallet and Maxfield, 1999;
York et al., 2000). Therefore, we tested whether coinjection of
these compounds with NT-3 affected anterograde transport. Nei-
ther wortmannin (200 ng; single or three times repeated doses
over 10 hr) nor L'Y294,002 (0.5 wl of 100 pum) had an effect on
anterograde transport of internalized NT-3 (Fig. 1B). This is
surprising, because internalization of NGF via trkA in PC12 cells
is substantially reduced by PI3-kinase inhibitors (York et al.,
2000), but the data may be explained by differences between
neurotrophins, between in vivo/in vitro approaches, or the time
course examined (minutes vs hours). The inhibitor of endoplas-
mic reticulum (ER)-to-Golgi traffic, brefeldin A, has been impli-
cated in transcytosis of receptor ligands in some cell types but not
in others (Hunziker et al., 1991; Lippincott-Schwartz et al., 1991).
Brefeldin A (5-15 pg) slightly, but significantly, reduced NT-3
transport (Fig. 1B), indicating that this drug does not dramatically
impair endosome trafficking required for NT-3 anterograde
transport. We conclude that the activity of tyrosine kinase, but
not PI3-kinase, has a significant role in the internalization, sort-
ing, and targeting of NT-3.

Cytochrome c as a control for nonspecific

anterograde transport

To determine whether other proteins with similar size and charge
as neurotrophins can be anterogradely transported, radiolabeled
GDNF, CT-1, and cytochrome ¢ were injected into the eye of
chick embryos. Anterograde transport of GDNF was relatively
sparse, and although it was blocked by monensin, it could not be
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Figure 2. Internalization of '*I-NT-3 (10-20 ng/ml) in purified retinal
ganglion cells from E18-21 chick embryos does not require tyrosine
kinase activity. The amount of internalization in the presence of 1 ug/ml
K252a (tyrosine kinase inhibitor) is plotted as the percentage relative to
the values for vehicle (1 ug/ml DMSO), which were averaged to 100%
internalization (~40,000 cpm per plate). Nonspecific association of NT-3
(at 4°C) is indicated (dotted line). Error bars indicate SEM. The number
of independent experiments (each in duplicate) is indicated. The p level
for confidence (¢ test) is indicated, showing no significant effect of K252a
on NT-3 internalization.

blocked with excess cold GDNF and thus was not receptor
mediated (Fig. 1C). Anterograde transport of CT-1 was even less
and barely measurable (Fig. 1C). By contrast, significant amounts
of cytochrome ¢ were transported to the tectum, with an efficiency
only slightly less than NT-3 (Fig. 1C). The transport of cyto-
chrome ¢ was blocked almost entirely by monensin, but the
cytochrome ¢ transport could not be reduced with excess cold
cytochrome ¢ (Fig. 1C), indicating that its transport was not
receptor mediated. To determine whether K252a generally re-
duces axonal transport, or whether K252a has specific effects on
transport of NT-3 (Fig. 1B), radiolabeled cytochrome ¢ was
coinjected with K252a. The anterograde transport of cytochrome
¢ was not diminished by K252a (Fig. 1C), showing that blockade
of trk tyrosine kinase activity does not reduce axonal transport in
general, but rather has a specific effect on internalization, sorting,
or axonal transport of NT-3.

Internalization of NT-3 does not require tyrosine

kinase activity

Because anterograde axonal transport of exogenous NT-3 re-
quires internalization and sorting, as well as axonal transport,
K252a could affect either of these steps or more than one step. It
has been shown that neither NGF (Kabhle et al., 1994) nor BDNF
(von Bartheld et al., 1996b) requires tyrosine kinase activity for
internalization, but it is not known whether this holds for NT-3 as
well. To determine whether internalization of NT-3 is diminished
in K252a-treated cells and thus to more precisely localize the
effect of K252a on anterograde transport, we tested whether NT-3
internalization is reduced in K252a-treated purified RGCs. In-
ternalization of 10-20 ng/ml '*I-NT-3 was not diminished by
treatment with 1 ug/ml K252a (Fig. 2), a dose that reliably blocks
tyrosine kinases including trk receptors (Knusel and Hefti, 1992).
Approximately two-thirds of the NT-3 in the RGCs was specific
internalization, as shown by control experiments at 4°C that
prevent neurotrophin internalization but not binding (Vale and
Shooter, 1985) and by cold competition experiments which
showed that >80% of N'T-3 binding to RGC:s is specific (data not
shown). Because it could be argued that internalization of neu-
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rotrophins in vitro and in cells purified by a step that involves
trypsinization may alter the receptor makeup at the cell surface
membranes, we verified that N'T-3 internalization in vivo does not
require tyrosine kinase activity by using the isthmo-optic nucleus
as a model system as in previous studies (von Bartheld et al.,
1996b). When '*I-NT-3 was coinjected with K252a in the eye,
the retrograde axonal transport of '**I-N'T-3 from the eye to the
isthmo-optic nucleus was not significantly diminished (data not
shown), indicating that tyrosine kinase activity is not required for
internalization at axon terminals and retrograde axonal transport
of NT-3 in vivo. Taken together, these data confirm that none of
the neurotrophins so far investigated (NGF, BDNF, or NT-3)
require tyrosine kinase activity for internalization. In a broader
perspective, these data add to the list of trophic receptor func-
tions that do not require tyrosine kinase activity (Kullander et al.,
2001). Furthermore, our data show that the effect of K252a on
anterograde axonal transport of exogenous NT-3 involves a step
subsequent to internalization that is likely a sorting step (see
below).

Relative expression levels of p75, trkB, and trkC in

the GCL

Cells in the GCL of chick embryos express p75 mRNA (von
Bartheld et al., 1991; Karlsson et al., 1998). Chick GCL cells also
express trkB and trkC (Garner et al., 1996; Hallbook et al., 1996;
Das et al., 1997), but unlike mammalian RGCs (von Bartheld,
1998a), chick RGCs do not express trkA at the protein or mRNA
level (Karlsson et al., 1998). The relative contributions of RGCs
and amacrine cells to expression levels of neurotrophin receptors
are not known. To semiquantitatively compare levels of expres-
sion of p75, trkB, and trkC in RGCs, E18 retinas were hybridized
with neurotrophin receptor probes, and autoradiographic grains
were counted over cells in sections from the central regions of the
retina, where the large majority of cells comprise RGCs (Ehrlich,
1981). Probes for p75, kinase-specific trkB, or kinase-specific trkC
were used, and background grains (measured in adjacent control
sections hybridized with sense probes) were subtracted. With this
analysis, approximately twice the amount of trkB than trkC or
p75 mRNA was seen in presumptive RGCs (Fig. 3). Because
most cells in the central GCL are RGCs, but with the caveat that
message levels do not always reflect protein levels, we conclude
that RGCs probably express significantly larger amounts of trkB
than trkC or p75 at this age (E18).

Ultrastructural distribution of NT-3 in RGCs:
comparison with NGF and BDNF
On the basis of the apparent expression of p75, trkB, and trkC
receptors by many RGCs, one would expect that RGCs may
internalize NGF (via p75), BDNF (via p75 or trkB), and NT-3
(via p75, trkB, or trkC). Thus, binding to different receptors may
determine intracellular pathways. To examine whether different
members of the neurotrophin family accumulate in the same or in
different organelles within RGC cell bodies, radiolabeled neuro-
trophins were injected into the vitreous body in E18—19 embryos,
and after 10 hr the tissues were processed to quantify the distri-
bution of autoradiographic grains at the ultrastructural level.
For the identification of RGCs within the GCL (which contains
RGCs as well as amacrine cells), we used the fact that RGCs
differ considerably from amacrine cells at the ultrastructural level
(Prada et al., 1989; H. Kolb, personal communication). RGCs
have a much more extensive and characteristic rough ER as
compared with amacrine cells (Fig. 4). For the following analysis,
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Figure 3.  A-D, In situ hybridization for neurotrophin re-
ceptors in the central region of the ganglion cell layer
(GCL) of 16- to 18-d-old chick embryos. This area contains
~85-90% retinal ganglion cells (Ehrlich, 1981). A, Cells
labeled for p75 neurotrophin receptor mRNA. B, Cells
labeled with probes specific for the tyrosine kinase domain
of the chick trkB neurotrophin receptor. C, Cells labeled
with probes specific for the tyrosine kinase domain of the
chick trkC receptor. Scale bars, 5 um. D, The intensity of
labeling (Grains/Cell) is plotted against the relative fre-
quency (percentage of cells with this labeling intensity).
Note that trkB-labeled cells contain nearly twice the num-
ber of grains as p75- or trkC-labeled cells (after subtraction
of background). The number of cells sampled is indicated.

n central GCL [%]
n
o

@ Cells

only those RGCs that could be unambiguously identified and
distinguished from amacrine cells were used.

For the quantitative analysis of grain accumulation in RGCs, a
half-distance analysis of source probability (Salpeter et al., 1978)
was applied to a total of ~1700 silver grains from ~650 micro-
graphs printed at 20,000-40,000X magnification, with at least 100
grains from two to three retinas analyzed for each treatment
group. Examples of silver grains over five different types of
organelles in RGCs are shown in Figure 54-E. For control
purposes (to verify that the grains truly represent the respective
neurotrophins), embryos were injected into the vitreous with
similar amounts of denatured radiolabeled NT-3 or with free
iodine. There was no preferential accumulation of grains over
particular organelles in these control experiments (i.e., silver
grains precisely reflected the fractional area of each organelle),
consistent with a random background distribution (Table 1). The
distribution of denatured NT-3 and free iodine matched the
percentiles of fractional areas; accordingly, their labeling density
(LD = % grains/% fractional area) was ~1.0 or less (Table 1).
LDs of >3.3 were statistically significant in our material, whereas
LDs of <2.4 were not significantly different from control groups.

The most striking differences in distribution between the neu-
rotrophins were the accumulation of NGF and BDNF, but not
NT-3, at the plasma membrane (Table 1), the accumulation of
BDNF > NT-3 > NGF in multivesicular bodies (M'VBs) (Table
1), and the accumulation of NT-3 (and, to a lesser extent, of
BDNF) in the Golgi apparatus (including those vesicles that were
clearly Golgi-associated) (Fig. SE, Table 1). Nearly 20% of the
internalized NT-3 in RGC somata was located within the Golgi
system. The Golgi passage of internalized N'T-3 is novel, because
it has not been described previously for trophic factors internal-
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ized in neurons. The lack of NGF in the Golgi system is consis-
tent with previous studies on internalized NGF (see Discussion).
Also, the accumulation of all neurotrophins in endosomes (in-
cluding lysosomes) is consistent with previous reports. In our
analysis, we did not attempt to distinguish between light endo-
somes, dark endosomes, and lysosomes, because these categories
have ill-defined criteria (Nixon and Cataldo, 1995; Mukherjee et
al., 1997), resulting in significant variability between investigators.
None of the experimental or control groups showed label in the
nucleus or in the nuclear membrane; therefore, these two cate-
gories were combined in Tables 1-4. Twenty percent of the NT-3
silver grains were found over the Golgi system, and the same
percentage was previously estimated to be transported to the
optic tectum (von Bartheld et al., 1996a). We conclude that ~20%
of the NT-3 within RGCs follows the Golgi and potential antero-
grade transport pathway. We calculate that on average each RGC
contained 1000-2000 N'T-3 dimers and transported 20% = 200—
400 N'T-3 dimers to the tectum. Collectively, these data show that
neurotrophins have different patterns of accumulation, probably
reflecting different intracellular pathways of internalized
receptor-ligand complexes.

Time course of NGF, BDNF, and NT-3 accumulation: 3,
10, and 20 hr

Because the 10 hr time point after internalization presents only a
snapshot of the distribution and does not reveal kinetics of
processing, the 10 hr time point was compared with an early (3 hr)
and a late (20 hr) time point after injection of the radiolabeled
neurotrophins NGF, BDNF, and NT-3 in the eye. NGF accumu-
lated 3 hr after injection in the plasma membrane, with a subse-
quent decrease of labeling in the plasma membrane and an
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Figure 4. Ultrastructure of a retinal ganglion cell (RGC) and an amacrine cell (AC) in the ganglion cell layer of an 18-d-old chick embryo. The plasma
membrane of the RGC is marked by black dots; the plasma membrane of the AC is marked with asterisks. Note the abundance of rough endoplasmic
reticulum (ER) in the RGC, and the paucity of such organelles in the AC. G, Golgi system; M, mitochondrion. This retina was injected with NT-3 and

processed after 10 hr. Scale bar, 1 pum.

increased targeting to endosomes and lysosomes. Much of the
BDNF was found 3 and 10 hr after injection at the plasma
membrane, then it accumulated at 10-20 hr in the ER and
endosomes (Table 2). NT-3 was strikingly absent from the plasma
membrane at all time points examined (3, 10, and 20 hr), but
accumulated at 3 and 10 hr in the Golgi system, and at 10-20 hr
in MV Bs and endosomes/lysosomes, whereas NT-3 decreased in
the Golgi system at 20 hr (Table 2). These dynamic patterns of
distribution confirm the hypothesis that different neurotrophins
follow different intracellular pathways after internalization in
RGCs, especially for the plasma membrane and the Golgi system.

Effect of K252a on the distribution of BDNF and NT-3
in RGCs

Tyrosine kinase activity has been implicated in sorting of inter-
nalized receptor-ligand complexes (Felder et al., 1990; Bos et al.,
1993; Opresko et al., 1995). Because coinjection of K252a (but not
DMSO vehicle alone) substantially reduced the anterograde
transport of exogenous NT-3 (Fig. 1B), but not its internalization
(Fig. 2), we tested the hypothesis that blockade of trk activity may
alter the pattern of NT-3 accumulation and specifically that
K252a may reduce the accumulation of N'T-3 in the Golgi system,
which is known to be required for anterograde axonal transport
of newly synthesized proteins (Hammerschlag et al., 1982).

Coinjection of K252a significantly altered the pattern of accu-
mulation of BDNF and NT-3 in RGCs after 10 hr. The accumu-
lation of NT-3 and BDNF in the Golgi apparatus was abolished.
The labeling densities dropped from 4.56 to 0.76 (N'T-3) and 2.39
to 0.51 (BDNF) (Fig. 64, Table 3), whereas the accumulation of
BDNF and NT-3 in endosomes and lysosomes was much in-
creased (Fig. 6B; Table 3). In addition to the effect on the
endosomes and lysosomes, K252a also increased the labeling
density of NT-3 at the plasma membrane, making the NT-3
pattern more similar to that seen with NGF and BDNF (compare
Tables 1 and 3). Other patterns of distribution were not much
altered, with the exception of a decrease of the BDNF labeling
density for MV Bs (reduction from 6.8 to 1.5). These data confirm
that tyrosine kinase activity (presumably trkC activity) sorts
NT-3 into the Golgi—anterograde pathway, whereas its absence
directs the neurotrophins into the degradative lysosomal pathway
or increases their retention at, or recycling to, the plasma
membrane.

Comparison with accumulation after axo-dendritic
transfer in tectum

Different cell types may traffic internalized neurotrophins into
different compartments. To determine subcellular routes of inter-
nalized NT-3 in neurons other than RGCs, we examined the
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Figure 5. A-F, Examples of accumulation of radiolabeled internalized neurotrophins over organelles in E18 retinal ganglion cells (4-E) and tectal cells
(F). A, Accumulation at the plasma membrane (PM); BDNF after 10 hr. Three silver grains touch the PM. B, Accumulation in multivesicular bodies
(MVB); NT-3 after 20 hr. C, Accumulation in dense endosomes (ES); NT-3 after 10 hr. D, Accumulation in the endoplasmic reticulum (ER); NT-3 after
20 hr. E, Accumulation in the Golgi apparatus (G) and Golgi-associated vesicles; NT-3 after 10 hr. F, Accumulation in a lysosome (LS); NT-3 after 20
hr and anterograde transport in RGC axons and axo-dendritic transfer to a tectal cell in a 16-d-old chick embryo. Scale bars (shown in A for 4-D), 500

nm; (shown in F for E, F), 500 nm.

pattern of accumulation of NT-3 after axo-dendritic transfer from
RGC axons and internalization into tectal neurons. '**I-NT-3
was injected into the eye, and 20 hr later samples of the contralat-
eral tectum were processed for autoradiography. When silver
grains over neuronal cell bodies in the tectum were analyzed,
NT-3 was found to be similarly concentrated over MVBs and
lyso/endosomes as in RGCs (Tables 1, 4), but NT-3 did not
accumulate in the Golgi system of tectal neurons (Table 4). It is
not known whether these neurons anterogradely transport inter-
nalized NT-3. Nevertheless, these data indicate that there are
differences between cell types in the trafficking of the same
neurotrophin.

NT-3 directs NGF into the anterograde pathway

If our hypothesis is correct that trkC activity enhances the sorting
of internalized N'T-3 into the anterograde axonal pathway, then
one would predict that coinjection of a small amount of NT-3 (to
activate trkC) with NGF (which binds to p75, but not trkC) may
facilitate the anterograde transport of NGF, provided that they
are internalized into the same vesicle or endosome. A positive
result would also indicate that the membranes of the internalized
vesicles contain both types of receptors, trkC as well as p75. To
test this hypothesis, 50-100 ng radiolabeled NGF was coinjected
with 50-60 ng cold NT-3, or 50-60 ng cold BDNF as a negative
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Table 1. Distribution of autoradiographic silver grains and labeling densities in organelles of retinal ganglion cells 10 hr after intraocular injection

in chick embryos

Denatured
NGF BDNF NT-3 NT-3 Free '1

Organelle % LD % LD % LD % LD % LD Fractional area (%)
Plasma membrane 25.1 4.65 20.0 3.70 6.7 1.24 5.2 0.96 6.9 1.28 54
Vesicles 6.2 1.05 9.9 1.68 9.8 1.66 54 0.91 53 0.90 5.9
Cytoplasm 14.1 0.77 13.7 0.74 20.2 1.10 18.3 0.99 20.3 1.10 18.4
MVB 2.2 2.20 6.8 6.80 55 5.50 2.0 2.00 0.7 0.70 1.0
Lyso/endosome 11.9 7.93 7.7 5.13 11.6 7.73 2.6 1.73 34 2.27 1.5
Golgi 4.7 1.15 9.8 2.39 18.7 4.56 3.6 0.88 4.1 1.00 4.1
ER 15.1 1.23 14.4 1.17 10.1 0.82 9.9 0.80 12.6 1.02 12.3
Nucleus/membrane 11.6 0.30 8.4 0.22 4.2 0.11 43.7 1.14 32.7 0.85 384
Mitochondria 3.0 0.39 2.0 0.26 4.6 0.60 4.0 0.53 5.2 0.68 7.6
Unidentified 6.1 1.15 7.2 1.36 8.6 1.62 54 1.02 8.6 1.62 53
n 106 162 119 50 58 363

ER, Endoplasmic reticulum; LD, labeling density; MVB, multivesicular body. Nucleus and nuclear membrane were evaluated separately but always showed random
distribution and were grouped together. LDs of >3.3 (statistical significance at p = 0.05) are indicated in bold.

Table 2. Distribution of autoradiographic silver grains representing NGF, BDNF, and NT-3 and their labeling densities in organelles of retinal
ganglion cells 3, 10, and 20 hr after intraocular injection in chick embryos

NGF BDNF NT-3

3 hr 10 hr 20 hr 3 hr 10 hr 20 hr 3 hr 10 hr 20 hr
Organelle % LD % LD % LD % LD % LD % LD % LD % LD % LD
Plasma membrane 31.3 5.8 25.1 4.65 19.6 3.63 18.2 3.37 20.0 3.70 9.0 1.67 7.5 1.39 6.7 1.24 3.7 0.69
Vesicles 8.2 1.39 6.2 1.05 102 1.73 13.4 227 9.9 1.68 10.8 1.83 8.8 1.49 9.8 1.66 134 227
Cytoplasm 18.7 1.02 14.1 0.77 26.6 1.45 18.1 0.98 13.7 0.74 7.8 0.42 29.2 1.59 20.2 1.10 109  0.59
MVB 0.6 0.60 22 220 1.8 1.80 5.8 5.80 6.8 6.80 6.3 6.30 5.7 5.70 5.5 5.50 6.6 6.60
Lyso/endosome 10.2 6.80 119 7.93 12.7 8.47 2.5 1.67 7.7 5.13 14.1 9.40 10.2 6.80 11.6 7.73 15.1 10.07
Golgi 3.3 0.80 4.7 1.15 3.0 0.73 6.5 1.58 9.8 2.39 8.8 2.15 13.4 3.27 18.7 4.56 58 141
ER 9.0 0.80 15.1 1.23 49 0.40 16.6 1.35 144 1.17 242 1.97 8.6 0.70 10.1 0.82 233  1.89
Nucleus/membrane 10.5 0.27 11.6 0.30 143 0.37 83 0.22 84 022 6.3 0.16 1.9 0.05 42 0.11 6.6 0.17
Mitochondria 2.0 0.26 3.0 0.39 1.8 0.24 3.6 0.47 2.0 0.26 4.8 0.63 2.5 033 4.6 0.61 4.6 0.61
Unidentified 6.7 1.26 6.1 1.15 5.1 0.96 7.2 1.36 7.2 1.36 75 1.42 9.0 1.70 8.6 1.62 8.0 1.51
n 171 106 112 132 162 120 108 119 188

ER, Endoplasmic reticulum; LD, labeling density; MVB, multivesicular body. Nucleus and nuclear membrane were evaluated separately but always showed random

distribution and were grouped together. LDs of >3.3 are indicated in bold.

control, into the eye of 15- to 16-d-old chick embryos, and the
amount of anterogradely transported NGF relative to the amount
retained in the eye at the time embryos were killed was calcu-
lated. Consistent with our prediction, coinjection of cold NT-3
increased the anterograde transport of radiolabeled NGF signif-
icantly, by over 27%, whereas coinjection of cold BDNF had no
effect (Fig. 6C). These data support the notion that activated
trkC, but not activated trkB, directs the internalized
neurotrophin-receptor complex into an anterograde transport
pathway. These data also indicate that a significant fraction of
neurotrophins are internalized in, or at least transiently merge
with, vesicles with membranes that contain both p75 and trkC
receptors.

Cleavage and degradation of internalized
neurotrophins in purified RGCs

Rapid degradation of internalized neurotrophins has been re-
ported for NGF in sympathetic neurons, sensory ganglion cells,
enteric cells, and PC12 cells (Johnson et al., 1978; Siminoski et

al., 1986; Eveleth and Bradshaw, 1992; Ure and Campenot, 1997),
but not for BDNF internalized in cultured astrocytes and
Schwann cells (Rubio, 1997; Alderson et al., 2000), and relatively
slow “clipping” of transcytosing bFGF (Ferguson et al., 1990).
Compared with control experiments using free iodine and dena-
tured NT-3, internalized intact NT-3 distributes differently and
thus likely represents ligand that still can bind to its receptor.
Autoradiography of tissue sections, however, does not assess the
extent of possible degradation after internalization. To determine
the extent to which internalized neurotrophins are degraded in
RGCs, RGCs were purified 10-12 hr after intraocular injection
of radiolabeled neurotrophins, and the recovered radioactive
samples were subjected to either TCA precipitation or SDS-
PAGE analysis. Because we know the yield of immunopanned
RGCs (~100,000-200,000 per retina at this age) and the amount
of radioactivity and the specific activity of radiolabeled NT-3, we
can calculate that on average, each RGC internalized ~0.1 fg =
2000 dimers NT-3 in the cell body (excluding dendrites/axons,
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Figure 6. A-D, Effect of K252a and trkC activity on the distribution of internalized neurotrophins in retinal ganglion cells (RGC) (A-C) and SDS-PAGE
analysis of internalized neurotrophins in purified RGCs (D). A, Labeling densities of internalized BDNF and N'T-3 in the Golgi system of RGCs with
and without K252a. The analysis was done in triplicate; significance was determined by unpaired ¢ test. B, Labeling densities of internalized BDNF and
NT-3 in lysosomes and endosomes of RGCs with and without K252a. The analysis was done in triplicate; significance was determined by unpaired ¢ test.
C, Quantification of anterograde transport of 50—80 ng radiolabeled NGF when coinjected in the eye with 50-60 ng cold NT-3 or BDNF. The number
of experiments is indicated. Significance was determined by unpaired ¢ test. Error bars indicate SEM. D, SDS-PAGE (15%) of internalized neurotrophins
NGF, BDNF, and NT-3 recovered from purified immunopanned RGCs after 10 hr. Each sample was run with an adjacent sample of native same factor
(Na). The molecular weight is indicated. Arrow indicates the dye front. Note that much of the BDNF recovered from RGCs is cleaved, whereas virtually

all the NGF and N'T-3 is intact protein by this analysis.

and possibly excluding surface binding that may have been re-
moved by the extensive washes). TCA precipitation showed that
incorporation was unchanged compared with the native radiola-
beled neurotrophin (data not shown), indicating that very little, if
any, ligand was degraded into free iodine, or that such iodine was
rapidly released from the RGCs. When the lysed cell extracts of
purified RGC somata were analyzed on 15% SDS-PAGE, the
NGF and NT-3 migrated as bands that were indistinguishable
from the native radiolabeled protein, whereas BDNF showed
multiple bands, with a major band at ~10 kDa, a minor band at
14 kDa, and a faint band close to the dye front at ~3-5 kDa (Fig.
6D), where small degradation products (but not necessarily free
iodide) can be expected. Cleavage was not apparent when '*°I-
BDNF was recovered from whole retinal extracts, but only when
RGCs were purified, and the same pattern of cleavage was seen
when native BDNF was incubated with trypsin (data not shown).
One possible explanation for differences in neurotrophin degra-
dation is that a major fraction of the BDNF internalized in RGCs
was exposed to trypsin during the 10 min digestion for dissocia-

tion. Such data may point to a rapid recycling of BDNF (and its
receptor, presumably trkB) between endosomes and the surface
membrane. This cleavage does not seem to render the major
BDNF fragment functionally impaired [consistent with previous
reports for NGF (Mercanti et al., 1977) and bFGF (Ferguson et
al., 1990)], because '*I-BDNF cleaved with trypsin was axonally
transported in a retrograde transport assay (data not shown).
These results indicate that major fractions of each of the three
neurotrophins may be differentially processed after internaliza-
tion in RGCs, presumably by targeting into different compart-
ments or intracellular pathways, so that NGF is predominantly
targeted to lysosomes, BDNF is recycled to the surface mem-
brane, and NT-3 is targeted to the Golgi—anterograde pathway.

Cross-linking and immunoprecipitation of internalized
neurotrophins in purified RGCs: internalization of NT-3
via trkC receptors

Because many different cell types in the retina express neurotro-
phin receptors (von Bartheld, 1998a), neurotrophins may bind to
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Table 3. Distribution of autoradiographic silver grains and labeling densities in organelles of retinal ganglion cells 10 hr after intraocular injection
of BDNF or NT-3 in chick embryos with or without the tyrosine kinase inhibitor K252a

BDNF +K252a NT-3 +K252a

Organelle % LD % LD % LD % LD
Plasma membrane 20.0 3.70 19.8 3.67 6.7 1.24 19.0 3.52
Vesicles 9.9 1.68 12.0 2.03 9.8 1.66 6.6 1.12
Cytoplasm 13.7 0.74 17.7 0.96 20.2 1.10 13.4 0.73
MVB 6.8 6.80 1.5 1.50 35 3.50 3.6 3.60
Lyso/endosome 7.7 5.13 14.5 9.67 11.6 7.73 19.4 12.9
Golgi 9.8 2.39 2.1 0.51 18.7 4.56 3.1 0.76
ER 14.4 1.17 12.2 0.99 10.1 0.82 16.9 1.37
Nucleus/membrane 8.4 0.22 10.3 0.27 4.2 0.11 10.6 0.28
Mitochondria 2.0 0.26 3.7 4.9 4.6 0.60 4.3 0.57
Unidentified 7.2 1.36 6.7 1.26 8.6 1.62 3.0 0.57
n 162 197 119 166

ER, Endoplasmic reticulum; LD, labeling density; MVB, multivesicular body. Nucleus and nuclear membrane were evaluated separately but always showed random

distribution and were grouped together. LDs of >3.3 are indicated in bold.

Table 4. Distribution of autoradiographic silver grains and labeling
densities in organelles of tectal neurons after intraocular injection and
anterograde axonal transport and axo-dendritic transfer of NT-3 in
chick embryos

Organelle % LD Fractional area (%)
Plasma membrane 18.9 4.02 4.7
Vesicles 4.7 0.85 5.5
Cytoplasm 23.1 0.99 233
MVB 2.7 27.00 0.1
Lyso/endosome 12.1 7.12 1.7
Golgi 0.0 0.00 42
ER 8.0 0.54 14.7
Nucleus/membrane 15.6 0.39 39.6
Mitochondria 2.7 0.57 4.7
Unidentified 7.8 4.59 1.7
n 90 361

ER, Endoplasmic reticulum; LD, labeling density; M VB, multivesicular body.

many different cell types after injection in the eye. To determine
which receptors bind radiolabeled neurotrophins after intraocular
injections specifically in RGCs, we purified RGCs, and then
cross-linked the neurotrophins with EDC or DSS and immuno-
precipitated with antibodies specific for chicken p75, chicken
trkA, chicken trkB, or chicken trkC (Weskamp and Reichardt,
1991; von Bartheld et al., 1996b; Lefcort et al., 1996). These
antibodies are thought to have roughly similar precipitation effi-
ciencies (Herzog and von Bartheld, 1998) and allow a tentative
qualitative comparison of receptor binding. Normal IgG was
included in each experiment to determine nonspecific precipita-
tion, which was subtracted from each data set to calculate specific
precipitation. Data obtained with this technique have to be inter-
preted with caution and allow one to make conclusions only about
relative changes in receptor association, rather than absolute
levels of receptor binding, because the efficiencies of cross-linking
and immunoprecipitation may vary. Nonspecific precipitation,
generally ~1-6%, was subtracted from the total to calculate
specific precipitation. Typically, the total amount precipitated by
receptor-specific antibodies (after subtraction of nonspecific pre-
cipitation) was 12-30% of the total amount of radiolabeled neu-
rotrophins in the preparation.

At 12 hr after injection, internalized BDNF bound to trkB and
p75 receptors with a ratio of ~1:1, whereas NT-3 bound trkC
almost exclusively with a ratio of 12:1 (trkC/p75) (Fig. 7C). There
was no specific precipitation of BDNF or NT-3 with trkA anti-
bodies, indicating that BDNF and NT-3 did not bind to trkA
(data not shown). The lack of binding of NT-3 to p75 does not
appear to be attributable to technical reasons, because the p75
antibody immunoprecipitated much of the receptor-bound
BDNF (~40%) (Fig. 7C), and some NGF was precipitated with
p75 antibodies (data not shown). There was no significant differ-
ence between the two cross-linkers used, EDC and DSS. The
binding of NT-3 to the trkC receptor in RGCs was transient,
because its precipitation was much reduced at 44 hr after injection
compared with 12 hr after injection (Fig. 7C). The data do not
allow us to rule out that NT-3 may bind p75 receptors at the cell
surface, but if it does, the NT-3 does not seem to be internalized
by this receptor type. We conclude that trkC, rather than p75 or
trkB, binds NT-3 during the initial internalization and sorting
steps within RGCs, consistent with the lack of effects of either
excess cold NGF or BDNF competition or p75 blocking antibody
in the coinjection experiments described above.

Cross-linking and immunoprecipitation of NT-3 during
anterograde transport: roles of trkC and p75

To determine whether NT-3 remains bound to trkC during an-
terograde axonal transport and after arrival in the optic tectum,
we dissected the retina, optic chiasm, and contralateral optic
tectum 20 hr after injection of the radiolabeled N'T-3 in the eye,
cross-linked with either EDC or DSS, and immunoprecipitated
with chick p75, trkB, or trkC antibodies. Because it can be
assumed that cross-linking and precipitation efficiencies do not
change between preparations from retina, chiasm, and tectum for
the same neurotrophin, this analysis should reveal major potential
changes in the ratios of receptor binding. Therefore, the data are
presented as percentages of the ratios of receptor binding, with
the total binding to trkB, trkC, and p75 combined = 100% (Fig.
7A,B).

The cross-linking and immunoprecipitation experiments re-
vealed that, in the retina, ~60% of immunoprecipitated NT-3
bound to p75, and ~35% to trkC (data not shown). The differ-
ence compared with the purified RGC cell bodies is likely attrib-
utable to the substantial binding of neurotrophins in the inner
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Figure 7. A-C, Cross-linking and immunoprecipitation of radiolabeled neurotrophins internalized and anterogradely transported by retinal ganglion
cells (RGCs). A, Binding of NT-3 to p75, trkB, and trkC receptors cross-linked with EDC or DSS and immunoprecipitated with chicken-specific
neurotrophin receptor antibodies. The relative amount of total specific precipitation (after subtraction of nonspecific precipitation) is shown separately
for each tissue (purified RGCs, optic chiasm, and optic tectum) and for each receptor. Totals for p75, trkB, and trkC (from fop to bottom) add up to 100%
for each tissue and cross-linker. B, Binding of NT-3 to receptors when radiolabeled NT-3 was added to the same tissues and then cross-linked and
immunoprecipitated. Note the much more extensive precipitation with trkB antibodies (binding to trkB) when NT-3 was added to normal lysates of the
same tissues rather than introduction of NT-3 in vivo. C, Immunoprecipitation of internalized radiolabeled BDNF and NT-3 binding to receptors in
RGCs purified by immunopanning. Note that BDNF binds to p75 as well as trkB, whereas N'T-3 binds almost exclusively to trkC receptors at 12 hr;
binding of NT-3 to trkC in RGCs is transient, because it is much reduced 44 hr after injection (C). Error bars indicate SEM. The number of experiments

is indicated.

plexiform layer, which contains mostly neuropil. Here, p75 bind-
ing appears to predominate, consistent with the distribution of
this receptor by immunolabeling (Das et al., 1997; Herzog and
von Bartheld, 1998). In the optic chiasm, a significant fraction
(60%) bound to p75 and less (25%) to trkC, but in the tectum the
ratio between p75 (~30%) and trkC (50-60%) shifted back in
favor of trkC (Fig. 74). The percentages for cross-linking with
either EDC or DSS were very similar, with DSS showing slightly
higher ratios for the trk receptor, and EDC showing slightly
higher ratios for the p75 receptor. This is in keeping with the
known higher efficiencies of cross-linking for DSS (trks) and EDC
(p75) (Escandon et al., 1993). Taken together, these data are
consistent with the notion that NT-3 is internalized by trkC,
then dissociates from trkC and gains access to p75, presumably
as a “transporter” in RGC fibers within the optic nerve and
tract (von Bartheld and Butowt, 2000). After arrival in the
tectum, the p75-bound NT-3 is released and presumably binds
to trkC on postsynaptic tectal target neurons (von Bartheld et
al., 1996a). P75 has previously been identified as a trkB-ligand-
specific retrograde transporter in projection neurons (Curtis et
al., 1995).

Control experiments for cross-linking

and immunoprecipitation

Control experiments were performed to verify that neurotro-
phins do not massively dissociate from their receptors and bind to
other, previously not occupied, receptors that become available in
the lysis step. When NT-3 was added to the untreated retina,
chiasm, or tectum, the ratios of binding were significantly differ-
ent. Notably, added NT-3 bound much more to trkB than it did
when it was introduced into the RGC axons by intraocular injec-
tion, internalization, and anterograde axonal transport (Fig. 7B),
indicating that many trkB receptors are present in fibers within
the optic nerve that are unoccupied. When the cross-linking step
was omitted, much neurotrophin binding to p75 was lost, whereas
binding to trk receptors was maintained (data not shown), con-
sistent with the notion that p75 receptors are “fast” receptors that
bind ligands with a fast rate of dissociation, whereas trk receptors
are thought to bind ligands with high affinity and release the
neurotrophins slowly (Barker and Murphy, 1992; Bothwell, 1995).
Because NT-3 also binds to isthmo-optic terminals and is trans-
ported retrogradely in the optic nerve (von Bartheld et al,
1996b), it was necessary to rule out a significant contribution of
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Figure 8. Diagram summarizing pro-
posed subcellular pathways of internal-
ized NT-3 (black dots) in a retinal gan-
glion cell. At least two pathways of
internalized N'T-3 can be distinguished.
A lysosomal pathway of NT-3 may be
common to all neurotrophins and may
involve binding to the p75 receptor (U)
or binding of NT-3 to trkC receptor (Y)
in the presence of the tyrosine kinase
inhibitor K252a. The neurotrophin is
degraded in lysosomes (LYS). Alterna-
tively, a novel pathway of NT-3 internal-
ized in endosomes fuses with mem-
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Retina Chiasm

branes of the Golgi apparatus: Golgi
Pathway. This sorting requires tyrosine
kinase activity (presumably #kC, Y),
and this pathway may join that of newly

synthesized neurotrophins as well as p75

receptor (U) from the endoplasmic reticulum (ER) via the Golgi into an anterograde axonal path (von Bartheld et al., 2001). After passage through the
Golgi system, internalized NT-3 is packaged in presumptive large dense-core vesicles (LDCV') (Wang et al., 2001) for anterograde axonal transport. In
this pathway, internalized N'T-3 binds preferentially to p75. Anterogradely transported NT-3 is released from RGC axon terminals in the tectum, and
after release it binds predominantly to trkC in tectal cells where it accumulates in multivesicular bodies (MVB) (von Bartheld et al., 1996a).

neurotrophin binding to the 10,000 isthmo-optic nerve fibers
(Clarke et al., 1976), as opposed to the 2.5 X 10° RGC fibers in
the optic nerve (Rager, 1980). Injection of monensin in the eye
abolishes anterograde transport of neurotrophins but leaves ret-
rograde axonal transport via isthmo-optic fibers undisturbed (von
Bartheld et al., 1996b). When monensin was coinjected, NT-3
binding to receptors in the isthmo-optic fibers was similar to the
NT-3 binding for combined RGC fibers + isthmo-optic fibers in
the chiasm (data not shown). Because the isthmo-optic nucleus
contributes <10% of the total axonal transport of neurotrophins
from the retina to the brain, as revealed by coinjection experi-
ments with monensin (von Bartheld et al,, 1996b), the ratios
observed would be minimally altered because of “contamination”
by ~0.5% isthmo-optic fibers among 99.5% RGC fibers in the
optic nerve.

In conclusion, the receptor binding data suggest intriguing
dynamics of receptor association and dissociation, namely the
initial binding of N'T-3 to trkC in the RGC cell body, followed by
trafficking in which trkC binding is diminished and p75 binding is
increased. This likely represents the fusion of trkC endosomes
with p75-containing membranes in the Golgi. The subsequently
increased binding of N'T-3 to trkC in the tectum is likely caused
by the binding of NT-3 to trkC after its release from RGC
terminals, uptake into tectal neurons, and accumulation in MV Bs
(von Bartheld et al., 1996a). The proposed model of NT-3 traf-
ficking in RGCs and in the retinotectal projection is schemati-
cally summarized in Figure 8.

DISCUSSION

The subcellular distribution and pathways of internalized neuro-
trophins, NGF, BDNF, and NT-3, were examined and compared
in RGCs. Internalized BDNF and NT-3 can follow a novel
pathway into the Golgi apparatus, not previously described for
trophic factors in neurons, and this pathway correlates with an-
terograde axonal transport. Tyrosine kinase activity is required
for sorting into this pathway, but not for internalization. Rather
than being rapidly degraded after internalization, a significant
fraction of exogenous N'T-3 is targeted within neurons and recy-
cled for further uses.

Internalization of neurotrophins: roles of receptors

All three internalized neurotrophins accumulated in MV Bs and
endosomes. This is remarkable for NGF, because chick RGCs do

not possess trkA receptors (Karlsson et al., 1998), indicating that
NGF was internalized by the p75 receptor, as shown previously
for glial cells (Kahle and Hertel, 1992). There were significant
subcellular differences in the labeling densities between neuro-
trophins. BDNF and NGF accumulated at the plasma membrane,
indicating retention, a slower internalization, or possibly recy-
cling of these neurotrophins after internalization (Eveleth and
Bradshaw, 1988, 1992). By contrast, NT-3 was conspicuously
absent from the plasma membrane (Tables 1, 2). NT-3 may be
more efficiently or rapidly internalized than BDNF and NGF, or
may lack a recycling pathway to the cell surface membrane.
Consistent with previous studies, internalized NGF did not ac-
cumulate in the Golgi system (Schwab and Thoenen, 1977;
Claude et al., 1982; Bernd and Greene, 1983; Stieber et al., 1984).
Although N'T-3 can bind to trkB (Squinto et al., 1991; Farinas et
al., 1998), NT-3 appears to be internalized predominantly by the
trkC receptor in chick RGCs, although some contribution of trkB
or p75 cannot be ruled out.

Internalized NT-3 accumulates in a novel Golgi
pathway in RGCs

It is remarkable that internalized NT-3, and to a lesser extent
BDNF, was abundant in the Golgi apparatus of RGCs (up to
20%), with a peak at 10 hr after injection (Fig. 6A4). At this time
point, NT-3 would be expected to concentrate in the Golgi
apparatus before being moved by anterograde axonal transport to
the tectum where it maximally accumulates 20 hr after injection
(von Bartheld et al., 1996a). Although we do not have direct proof
that the Golgi-sorted NT-3 is the one that will be anterogradely
transported, our data are consistent with this notion: correlations
of Golgi passage and anterograde transport between neurotro-
phins, and with inhibitors such as brefeldin A and K252a (Figs.
1B, 6A4). Newly synthesized proteins require passing through the
Golgi apparatus before anterograde axonal transport (Hammer-
schlag et al., 1982). Toxins and other receptor ligands follow an
endocytic recycling pathway from the plasma membrane to the
Golgi (Joseph et al., 1978; Sandvig and van Deurs, 1996; Mukher-
jee et al., 1997), and this pathway seems to be particularly prom-
inent in secretory cells (Green and Kelly, 1992; Hurtley, 1993;
Pavelka et al., 1998). Our data indicate that the same endocytic
Golgi pathway is used by internalized NT-3 in RGCs, thus
demonstrating for the first time that neurotrophic factors follow
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this pathway as predicted (Hemar et al., 1997). This may be a
common trafficking and recycling pathway among neurotrophic
factors in neural circuits (von Bartheld et al., 2001). Internalized
neurotrophins may merge with secretion pathways of newly syn-
thesized neurotrophins, or there may exist two parallel pathways,
one for newly synthesized and one for recycled neurotrophins. It
is currently controversial whether regulated release is restricted
to BDNF among the neurotrophins (Blochl and Thoenen, 1995;
Goodman et al., 1996; Heymach et al., 1996; Griesbeck et al.,
1999; Mowla et al., 1999; Farhadi et al., 2000; von Bartheld et al.,
2001; Wang et al., 2001).

Sorting of internalized NT-3 between the lysosomal
and the Golgi pathway by trkC activity

After internalization by surface receptors, NT-3 is sorted into at
least two distinct pathways (Fig. 8), either via presumptive endo-
somes/M VBs into lysosomes (degradation) or via presumptive
endosomes into the Golgi apparatus and subsequent anterograde
axonal transport to the nerve terminals (recycling). Treatment
with K252a largely reduced anterograde transport of internalized
NT-3 and diverted NT-3 away from the Golgi pathway into the
lysosomal pathway (Fig. 64,B). Our data implicate tyrosine ki-
nase activity, and in particular trkC kinase activity, as a sorting
signal for internalized NT-3. Coexpression and interactions of
p75 and trk receptors seem to complexly alter internalization as
well as intracellular pathways of neurotrophins (Eveleth and
Bradshaw, 1992; Gargano et al., 1997). The mechanisms of sort-
ing of internalized proteins are an area of intense research.
Potential sorting signals include signal sequences, acidification,
and tyrosine kinase activity (Felder et al., 1990; Bos et al., 1993;
Chapman and Munro, 1994; Mukherjee et al., 1997). Our data
indicate that tyrosine kinase activity is involved in one of the
major sorting steps, possibly by exposing cryptic sorting signal
sequences (Opresko et al., 1995).

Binding to receptors after internalization and during
anterograde trafficking of neurotrophins

Very little is known about receptor binding of internalized neu-
rotrophins (Rakowicz-Szulczynska et al., 1989) and particularly
during anterograde axonal transport. Will neurotrophins remain
bound to their receptors during axonal transport, or will they
dissociate from receptors during vesicular transport? In glial cells,
some of the endocytosed BDNF remains associated with trun-
cated trkB (Alderson et al., 2000). By immunoprecipitating cross-
linked neurotrophins during anterograde axonal transport with
antibodies to neurotrophin receptors, we show that a significant
fraction of internalized neurotrophins binds to receptors, and that
the dynamics of receptor association and dissociation during
membrane trafficking and sorting are surprisingly complex. NT-3
appears to internalize predominantly via trkC in RGCs, as evi-
denced by the almost exclusive precipitation of NT-3 with trkC
antibodies in purified ganglion cell bodies (Fig. 7C) and lack of
competition with heterologous neurotrophins (Fig. 14). After
sorting into the anterograde axonal transport, however, a signif-
icant fraction of the NT-3 becomes associated with p75 (Fig. 74),
possibly after merging of trkC-endosome membranes with p75-
containing Golgi membranes. “Free” trkC on early endosome
membranes may recycle back to the plasma membrane, as de-
scribed for many surface receptors (Mukherjee et al., 1997),
whereas dissociated N'T-3 may bind to p75 receptors in Golgi
membranes that are destined for anterograde axonal transport in
RGCs. P75 receptors are anterogradely transported by chick
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RGCs (von Bartheld and Butowt, 2000). After release from
retinotectal terminals, NT-3 appears to bind preferentially to
trkC, which is expressed by tectal neurons in the superficial optic
tectum (von Bartheld et al., 1996a). Anterogradely transported
NT-3 in the tectum likely has multiple functions, including neu-
ron survival (von Bartheld et al., 1996a), neurite branching (In-
oue and Sanes, 1997), and synaptic plasticity (Wang et al., 2000).

Are internalized neurotrophins in RGCs intact?
Internalized NGF is rapidly degraded in neurons and PC12 cells
(Johnson et al., 1978; Eveleth and Bradshaw, 1992; Ure and
Campenot, 1997), yet neurotrophins transcytosed by intestinal
epithelial cells or glial cells remain intact (Siminoski et al., 1986;
Rubio, 1997; Alderson et al., 2000). Exogenous NT-3 and BDNF
arrive in the tectum intact after transcytosis of RGCs (von
Bartheld et al., 1996a; von Bartheld and Johnson, 2001). Our
study shows surprising differences in the susceptibility of neuro-
trophins to cleavage after internalization in RGCs (Fig. 6D).
Most of the BDNF, but not NGF or NT-3, was cleaved, possibly
because of a 10 min exposure to trypsin during the dissociation
for RGC purification. These data may indicate that BDNF rap-
idly recycles to the cell surface (where 20% of the BDNF accu-
mulates) (Table 2), so that most of the BDNF was cleaved by
trypsin, indicating a rapid turnover of the trkB receptor. Indeed,
neurotrophin receptors (NGF receptors and trkB) rapidly recycle
to the cell surface with half-lives on the order of minutes (Eveleth
and Bradshaw, 1988; Grimes et al., 1996), presumably by traffick-
ing within presumptive endosomes (Meyer-Franke et al., 1998;
Du et al.,, 2000). Rapid recycling of neurotrophin receptors to the
plasma membrane may regulate receptor densities and thus tro-
phic responsiveness.

Implications for recycling of neurotrophins and
therapeutic uses

The possibility of recycling and transcytosis of endogenous and
exogenous neurotrophins in the CNS has received little attention
(von Bartheld et al., 2001), yet this feature may have important
functions for the normal physiology of neural circuits. Neurotro-
phins may follow different subcellular pathways and thus activate
different signaling pathways, e.g., survival versus neuritogenesis
(Saragovi et al., 1998; Zhang et al., 2000). Transcytosis of neu-
rotrophins may also explain mismatches between neurotrophin
transcript and protein levels (Nawa et al., 1995). Anterograde
trafficking of BDNF in the adult CNS may be more prevalent
than retrograde trafficking (Conner et al., 1998), and some of this
trafficking may constitute physiological transcytosis (Spalding et
al., 1999; Caleo et al., 2000). TrkB receptors on cortical neurons
are essential for the maintenance of functional dendritic mor-
phology and the survival of these neurons (Xu et al., 2000).
Degenerative neuronal diseases may be caused by insufficient or
misdirected neurotrophins (Saper et al., 1987), and targeting of
neurotrophins to their proper destinations may prevent or allevi-
ate trophic deficits. Once the mechanisms of targeting of neuro-
trophins to their subcellular destinations are better understood, it
may be possible to manipulate trafficking of endogenous and
exogenous neurotrophins and target them to alleviate neuronal
dysfunction and degenerative diseases (Caleo et al., 2000).
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