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Hippocampal neurons release nerve growth factor (NGF)
through the constitutive secretory pathway, thus allowing the
protein to be continuously available for promoting nerve cell
survival. In contrast, hippocampal neurons use the regulated
secretory pathway to process brain-derived neurotrophic factor
(BDNF), which alters synaptic activity when released acutely
from dense-core vesicles. Thus, understanding how neurons
sort and deliver neurotrophins may provide clues to their func-
tions in brain. In this study, we monitored the processing and
delivery of neurotrophin-3 (NT-3). Pulse–chase studies, immu-
nocytochemistry, and secretagogue-induced release experi-
ments were performed on cultured hippocampal neurons and
AtT-20 cells infected with vaccinia viruses encoding the NT-3
precursor (pro-NT-3). Results show that most newly synthe-
sized NT-3 is released through the constitutive secretory path-
way as a result of furin-mediated endoproteolytic cleavage of

pro-NT-3 in the trans-Golgi network. Pro-NT-3 can also be
diverted into the regulated secretory pathway when cells are
treated with a1-PDX, a selective inhibitor of furin-like enzymes,
or when pro-NT-3 expression is increased by transient trans-
fection methods. In cells coinfected with viruses coding for
pro-NT-3 and pro-BDNF, NT-3 is sorted into the regulated path-
way, stored in secretory granules, and released in response to
extracellular cues together with BDNF, apparently as a result of
heterodimerization, as suggested by coimmunoprecipitation
data. Taken together, these data show that sorting of the NT-3
precursor can occur in both the constitutive and regulated
secretory pathways, which is consistent with NT-3 having both
survival-promoting and synapse-altering functions.
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Neurotrophins are synthesized as high molecular weight precur-
sors containing a prodomain linked to the amino terminus of the
mature protein. The two components are separated by endopro-
teolytic cleavage within either the constitutive or regulated secre-
tory pathways. Understanding how neurotrophins are processed
in these pathways may help explain their physiological functions.

Hippocampal neurons and AtT-20 cells in culture process
nerve growth factor (NGF) within the constitutive secretory
pathway (Mowla et al., 1999). The NGF precursor is cleaved
within the trans-Golgi network (TGN) by the endoprotease furin,
a member of the subtilisin/kexin-like family of proteases (for
review see Seidah et al., 1998; Zhou et al., 1999). Constitutive
release of NGF occurs soon after the molecule is synthesized.
Thus, as a result of being processed in the constitutive pathway,
NGF is continuously available to cells that require it, which is
consistent with hippocampal neurons producing NGF as an

apoptosis-inhibiting survival factor for basal forebrain cholinergic
neurons (for review, see Yuen et al., 1996).

In contrast, hippocampal neurons process brain-derived neu-
rotrophic factor (BDNF) within the regulated secretory pathway
(Goodman et al., 1996; Mowla et al., 1999). Intact pro-BDNF is
shunted from the TGN into immature secretory granules where it
is likely cleaved by prohormone convertase 1 (PC1), another
member of the subtilisin/kexin-like endoprotease family (Seidah
et al., 1996b; Mowla et al., 1999). BDNF is stored within dense-
core vesicles (Fawcett et al., 1997; Michael et al., 1997) (for
review, see Altar and DiStefano, 1998), and once released, pre-
sumably in response to extracellular cues, it can induce changes in
neuronal structure (Ventimiglia et al., 1995; Fawcett et al., 2000),
membrane depolarization (Kafitz et al., 1999), and changes in
synaptic function (for review, see McAllister et al., 1999). Like-
wise, neurotrophin-3 (NT-3) may regulate neuronal depolariza-
tion (Kafitz et al., 1999) and synaptic plasticity (Kang and Schu-
man, 1995), but as yet little is known about its intracellular sorting
in vivo.

Neurotrophins are normally synthesized as noncovalently
linked homodimers consisting of two identical chains. When
different neurotrophins are coexpressed within the same cell,
however, they also form heterodimers. Heterodimers of BDNF
and NT-3 are stable, whereas heterodimers involving NGF are
not (Radziejewski and Robinson, 1993; Arakawa et al., 1994;
Jungbluth et al., 1994; Heymach and Shooter, 1995; Robinson et
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al., 1995). BDNF/NT-3 heterodimers can induce autophosphor-
ylation of Trk receptors, promote the survival of sympathetic
neurons in vitro, and induce dopamine uptake in cultures of
substantia nigra neurons (Arakawa et al., 1994; Philo et al., 1994).
However, the physiological functions of heterodimers remain
unknown.

In this study, we monitored the sorting of NT-3 by infecting
hippocampal neurons and AtT-20 cells with vaccinia viruses
(VVs) encoding pro-NT-3. Pulse–chase studies and immunocy-
tochemistry show that processed NT-3 is primarily released
through the constitutive secretory pathway. Inhibition of furin-
mediated cleavage or overexpression of pro-NT-3 shifts pro-NT-3
sorting into the regulated secretory pathway. NT-3 is also sorted
to the regulated secretory pathway when it is coexpressed with
BDNF. Immunoprecipitation data suggest that the transfer of
NT-3 to the regulated pathway occurs as a result of NT-3 and
BDNF heterodimerizing. Thus, either secretory pathway can sort
NT-3.

Some of these results have been published previously in ab-
stract form (Farhadi et al., 1998).

MATERIALS AND METHODS
Cell cultures. Hippocampal neurons were prepared according to the
method of Banker and Cowan (1977) as modified by Brewer et al. (1993).
Briefly, the hippocampus was dissected from embryonic day 18 (E18)
mice (Charles River, Montreal, Quebec, Canada), exposed to trypsin,
dissociated mechanically, and grown in 60 mm collagen/poly-L-lysine-
coated dishes. Cells from two litters of mice were plated into six dishes.
Cultures were maintained in serum-free Neurobasal medium (Life Tech-
nologies, Gaithersburg, MD) containing 0.5 mM glutamine and 13 B27
supplement (Life Technologies). AtT-20 cells and COS-1 cells were
cultured as reported previously (Seidah et al., 1996a). AtT-20 cells are a
neuroendocrine cell line that has been used extensively for studying the
regulated secretory pathway (Moore et al., 1983). We also used an
AtT-20 cell line stably transfected with a1-PDX cDNA that has been
described previously (Benjannet et al., 1997). Special care was taken to
ensure that cells were distributed in equal numbers in dishes that were to
be used for group comparisons.

VV recombinants and infections. Purified recombinant VVs containing
the full-length coding regions of mouse pro-NGF, human pro-BDNF,
and human pro-NT-3 (generously provided by Regeneron Pharmaceuti-
cals) were constructed as described previously (Seidah et al., 1996a,b).
VVs coding for a1-PDX were kindly provided by Dr. Gary Thomas
(Vollum Institute, Portland, OR). Separate plates of cells were infected
as described previously (Seidah et al., 1996a) with VV encoding pro-
NGF, pro-BDNF, or pro-NT-3, generally at a multiplicity of infection
(MOI) of 1. We incubated the cells for 8–10 hr in virus-free medium
before metabolic labeling. In some experiments, plates were coinfected
with pro-BDNF and either pro-NT-3 or pro-NGF, using an MOI of 0.5
for each. Under our experimental conditions, there was no evidence of
cell death after exposure to VVs for the times indicated.

Construction of expression vectors and transfections. In some experi-
ments, we transfected cells with DNA using the lipofectamine reagent
(Life Technologies). cDNAs corresponding to the full-length coding
regions of human pro-BDNF and human pro-NT-3 were subcloned into
the pcDNA3 expression vector (Invitrogen, San Diego, CA). AtT-20 cells
growing on poly-L-lysine-coated coverslips were transfected using lipo-
fectamine with a constant amount of DNA (2 mg DNA/2 ml medium)
that was composed of expression vector alone (with no insert) together
with 0.1, 0.5, 1, or 2 mg of pro-BDNF or pro-NT-3 plasmid DNA. After
5 hr of incubation, the transfection medium was diluted 1:1 with DMEM/
20% fetal calf serum, and after 2 d, coverslips were processed for
immunostaining (see below).

Metabolic labeling and immunoprecipitation. For pulse–chase experi-
ments, we incubated infected cells with 1.5 ml of Cys-Met-free DMEM
containing 10% FCS and 0.5 mCi/ml [ 35S] Translabel (ICN Biochemi-
cals, Costa Mesa, CA) (70% methionine, 30% cysteine) for 30 min.
Pro-BDNF contains eight methionines as compared with three in pro-
NT-3, and mature BDNF contains three methionines as compared with
none in mature NT-3. These differences, together with higher concen-
trations of methionine than cysteine in the Translabel, explain why, in

Figures showing the results of metabolic labeling experiments, pro-
BDNF and mature BDNF label more heavily than pro-NT-3 and NT-3.
For the chase periods, cells were washed, and the medium was replaced
with an equal volume of DMEM containing 10% FCS plus twofold
excess concentrations of nonradioactive cysteine and methionine for the
times indicated. In all experiments, conditioned media and cell lysates
were brought to final volumes of 1.5 ml, 750 ml of which was subjected to
immunoprecipitation. Samples immunoprecipitated with nonimmune
rabbit IgG showed no bands corresponding to standards of neurotrophin
precursors or products.

Immunoprecipitations were performed as described previously (Sei-
dah et al., 1996a). For NT-3, we used an affinity-purified rabbit anti-NGF
IgG that recognizes NT-3 (Murphy et al., 1993; Seidah et al., 1996a).
BDNF immunoprecipitations were performed using an antibody kindly
supplied by Amgen and characterized previously (Fawcett et al., 1997;
Yan et al., 1997). Cell lysates and conditioned media were analyzed by
electrophoresis on a 13–22% SDS-PAGE. Gels were fixed in 40% meth-
anol and 10% acetic acid, treated with ENHANCE (Dupont NEN,
Boston, MA), and washed in 10% glycerol, all for 1 hr. Dried gels were
analyzed by a phosphorimaging device (Molecular Dynamics, Sunnyvale,
CA), and radioactivity in each band was quantitated using the Image-
Quant program. Levels of radioactivity were within the linear range of
the device. Statistical significance was determined using the Student’s t
test on a minimum of triplicate experiments.

To monitor the effects of depolarization on neurotrophin release, we
infected hippocampal neurons with recombinant viruses, metabolically
labeled the cells for 30 min, and washed and incubated the cells in
medium containing excess nonradioactive methionine and cysteine for 4
hr. The cells were exposed to tissue culture medium supplemented with
or without KCl (56 mM) and CaCl2 (5.8 mM) for 15 min. Conditioned
media and cell lysates were collected, immunoprecipitated, and fraction-
ated by SDS-PAGE. Neurotrophin levels were estimated and compared
by PhosphorImager analysis. In a previous control experiment (Mowla et
al., 1999), we confirmed that KCl induces the release of endogenous
secretogranin II in cultures of VV:NGF-infected hippocampal neurons
to confirm that the regulated secretory pathway is fully functional in cells
infected with VV constructs (Mowla et al., 1999).

Immunocytochemistry and confocal microscopy. We visualized VV-
infected AtT-20 cells and primary cultures of hippocampal neurons as
well as controls consisting of uninfected cells or cells infected with
wild-type VVs. Cells were rinsed with PBS, fixed for 25 min in 4%
paraformaldehyde/15% picric acid in 0.1 M phosphate buffer, pH 7.4, and
incubated in PBS containing 20% horse serum for 30 min to reduce
nonspecific binding. The cells were incubated with 1 mg/ml of affinity-
purified anti-NT-3 (Chemicon, Temecula, CA) in PBS/0.2% Triton
X-100 overnight at 4°C, washed three times with PBS/0.05% Tween-20 (5
min each), and incubated for 1 hr with CY3-conjugated goat anti-rabbit
antibody (Jackson Laboratory, Bar Harbor, ME) diluted 1:2000 in PBS/
0.05% Tween-20 containing 10% goat serum. Cells were washed three
times in PBS and mounted in a Tris-buffered glycerol mounting medium
(Sigma, St. Louis, MO). In control experiments, the anti-NT-3 antibody
showed no detectable cross-reactivity by immunocytochemistry with
either NGF or BDNF (data not shown).

Double-label immunocytochemistry was also performed on VV-
infected AtT-20 cells to compare the distribution of NT-3 and NT-3/
BDNF with that of TGN38, a marker of the TGN (Luzio et al., 1990),
and ACTH, which is packaged in secretory vesicles. Antibody to TGN38
raised in guinea pig (kindly provided by Drs. G. Banting and W. Garten)
was used at a 1:50 dilution and visualized using an FITC-conjugated
secondary antibody raised in goat (Jackson Laboratory) diluted 1:50 in
PBS containing 10% goat serum. ACTH was localized with a monoclonal
antibody (Cortex Biochem) at a dilution of 1:1000, visualized with a
CY2-conjugated goat anti-mouse secondary antibody (Jackson Labora-
tory) diluted 1:1000 in PBS containing 10% goat serum.

Cells were analyzed by confocal laser scanning microscopy using a
Zeiss LSM 410 inverted confocal microscope and a 633, 1.4 NA objec-
tive. Cells were excited at 543 nm and imaged on a photomultiplier after
passage through FT 590 and LP 590 filter sets. The confocal images
represent one confocal level (a depth of ;1 mm) that includes the cell
nucleus along with as many cell processes as were possible to capture, the
goal being to evaluate the distribution of secretory vesicles. No differ-
ences were evident in the distribution of NT-3 or NT-3/BDNF immu-
noreactivity when we scanned at various levels below or above the
nucleus.
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RESULTS
NT-3 is released constitutively from hippocampal
neurons and AtT-20 cells
To determine the pathway by which NT-3 is processed and
released, we did the following: (1) measured the retention or
release of processed NT-3 from virally infected cells after pulse–
chase labeling; (2) determined whether agents that promote ves-
icle exocytosis promote the release of NT-3; and (3) used immu-
nocytochemistry to visualize the intracellular localization of
NT-3 in virally infected cells.

Figure 1 shows the results of 30 min pulse–chase studies
performed over 8 hr to monitor the processing of pro-NT-3 in
primary cultures of hippocampal neurons (Fig. 1A) and in AtT-20
cells (Fig. 1B). In both cell types, pro-NT-3 (33.5 kDa) is pro-
cessed to mature NT-3 (14.5 kDa). The precursor is detectable in
cell lysates at the start of the chase period, and levels decrease
thereafter; by 8 hr of chase, the precursor is barely detectable.

Intact pro-NT-3 is not detectable in conditioned medium at any
time point in either cell type. Mature NT-3 is visible in cell
lysates at the beginning of the chase period, but over time, levels
in cell lysates decrease. Over the same time period, NT-3 levels in
conditioned medium increase, and by 2 hr they exceed those in
cell lysates. Therefore, most newly processed NT-3 is rapidly
released from both hippocampal neurons and AtT-20 cells.

We were surprised that levels of pro-NT-3 were so low in these
cells and that processed NT-3 was evident immediately after the
30 min pulse period. In our previous studies, levels of pro-NGF
and pro-BDNF were much higher at the beginning of the chase
period, attributable in part to increased labeling efficiency (see
Materials and Methods). Also, significant processing of pro-NGF
and pro-BDNF was not evident until 30 min after the chase
began. To test whether these differences were caused by pro-NT-3
being processed more efficiently in the constitutive pathway than
either pro-NGF or pro-BDNF, we compared precursor process-
ing in virally infected COS-1 cells, a cell line that contains only
the constitutive secretory pathway. Results show that abundant
amounts of processed NGF and BDNF are detectable in cell
lysates and conditioned medium at the end of the test period (Fig.
2). As well, significant levels of unprocessed pro-NGF and pro-
BDNF are detectable in cell lysates and in conditioned medium,
which suggests that some precursor escapes proteolysis, perhaps
by overwhelming the processing capacity of the cell (Mowla et al.,
1999). In contrast, pro-NT-3 is detectable in cell lysates but not in
conditioned medium, whereas processed NT-3 is evident in both.
One explanation for these data is that pro-NT-3 is more effi-
ciently processed within the constitutive secretory pathway than
either pro-NGF or pro-BDNF.

We used pulse–chase labeling methods similar to those used in
Figure 1 to determine whether the endoprotease furin, which is
present in the constitutive pathway, is involved in pro-NT-3
processing in AtT-20 cells. For this experiment, we used AtT-20

Figure 1. Pulse–chase metabolic labeling of pro-NT-3 in primary cul-
tures of hippocampal neurons (A) and AtT-20 cells (B). Cells were
infected with VV encoding the NT-3 precursor for 1 hr and postincubated
in fresh medium without virus for 8 hr. Cells were then exposed to
medium containing [ 35S] Cys-Met for 30 min and chased for 0, 0.5, 1, 2,
4, and 8 hr. Identical volumes (750 ml) of cell lysates (CL) and conditioned
media (CM ) were incubated with antibodies to NGF, which immunopre-
cipitate NT-3, and electrophoresed on 13–22% SDS gradient gels.

Figure 2. Differential processing of neurotrophin precursors in COS-1
cells, which contain only the constitutive secretory pathway. Cells were
infected at an MOI of 1 with either wild-type VV (vv:WT ) or VV
encoding pro-NGF, pro-BDNF, or pro-NT-3. The cells were postincu-
bated in the absence of virus for another 8 hr and metabolically labeled
for 3 hr. Identical volumes of cell lysates (CL) and conditioned media
(CM ) from vv:WT-, vv:NGF-, and vv:NT-3-infected cells were immuno-
precipitated with an NGF antibody that recognizes both NGF and NT-3.
vv:BDNF-infected cells were immunoprecipitated with a BDNF-specific
antibody.
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cells that have been stably transfected with a1-PDX, an a1-anti-
trypsin structural variant that selectively inhibits furin-mediated
cleavage of precursor proteins in the TGN (Anderson et al., 1993;
Watanabe et al., 1995; Vollenweider et al., 1996; Benjannet et al.,
1997). In cells expressing a1-PDX (Fig. 3), significant levels of
pro-NT-3 are released into conditioned medium over the 8 hr
chase period, but levels of processed NT-3 are markedly reduced
(compare Fig. 3 with Fig. 1B). Therefore, inhibition of furin-
mediated cleavage prevents the processing of pro-NT3 and the
efficient generation of mature product.

The finding that a1-PDX prevents the processing of pro-NT-3
and induces its release into conditioned medium is identical to
that obtained previously with pro-NGF (Mowla et al., 1999). In
that study, we determined that inhibiting furin cleavage with
a1-PDX caused the shunting of pro-NGF from the constitutive to
the regulated secretory pathway (Mowla et al., 1999). We also
observed that some pro-BDNF is constitutively released in the
course of its processing within the regulated secretory pathway
(Mowla et al., 1999). Together, these results suggest that inhibit-
ing furin-mediated cleavage of pro-NT-3 may also direct the
precursor from the constitutive to the regulated secretory
pathway.

To test this idea, we monitored the effects of cAMP on NT-3
release from AtT-20 cells in the presence or absence of a1-PDX.
We also used immunocytochemistry to analyze the distribution of
NT-3 under both experimental conditions. Results show that
cAMP stimulates the release of NT-3 from AtT-20 cells in the
presence (Fig. 4, right panel) but not in the absence (lef t panel) of
a1-PDX. This result is consistent with immunocytochemical data
(Fig. 5) showing that in the absence of a1-PDX (Fig. 5A), NT-3
immunoreactivity is distributed in the perinuclear cytoplasm and
not in cell processes, an appearance identical to that previously
reported for NGF (Mowla et al., 1999). However, in the presence
of a1-PDX (Fig. 5B), punctate NT-3 immunoreactivity is evident
throughout the cytoplasm and in the tips of cell processes, which
is consistent with earlier results monitoring the distribution of
BDNF in wild-type cells and NGF in a1-PDX-treated cells
(Mowla et al., 1999). Thus NT-3, which is normally processed and
released from the constitutive pathway, can be rerouted to the

regulated secretory pathway when furin-mediated cleavage
within the TGN is inhibited.

In earlier studies, Heymach et al. (1996) and Moller et al.
(1998) showed that NT-3 is packaged in dense-core vesicles of
AtT-20 cells and PC12 cells and released in response to secreta-
gogues or cell depolarization. To explain why their results differ
from ours, we investigated whether elevating levels of pro-NT-3
expression could redirect NT-3 from the constitutive to the reg-
ulated secretory pathway, as has been shown previously for pro-
NGF (Mowla et al., 1999). Initially, we determined that infecting
AtT-20 cells with 5, 10, and 25 MOIs of VV encoding pro-NT-3
resulted in only a small amount of pro-NT-3 being redirected into
the regulated secretory pathway, as determined by the ability of
cAMP to induce NT-3 release (data not shown). Similar infection
levels were extremely effective in rerouting NGF from the con-
stitutive to regulated secretory pathway (Mowla et al., 1999). We
suspect that the differences are attributable to pro-NT-3 being
more efficiently processed than pro-NGF within the constitutive
secretory pathway, as shown in Figure 2. To achieve higher
intracellular concentrations of pro-NT-3, we opted for a lipo-
fectamine transfection method similar to that used by Heymach et
al. (1996) and Moller et al. (1998).

Lipofectamine transfection of pro-NT-3 DNA (0.1 mg with 1.9

Figure 3. Inhibition of pro-NT-3 processing in AtT-20 cells expressing
a1-PDX. AtT-20 cells stably expressing the furin inhibitor a1-PDX were
infected for 30 min with VV encoding pro-NT-3. Cells were then incu-
bated in virus-free medium for 8 hr, metabolically labeled for 30 min, and
chased for up to 8 hr. Cell lysates (CL) and conditioned media (CM ) were
immunoprecipitated and analyzed by SDS-PAGE.

Figure 4. cAMP-induced release of NT-3 from AtT-20 cells expressing
a1-PDX. Cells were infected with VV:pro-NT-3 for 1 hr, incubated in
virus-free medium for 8 hr, metabolically labeled for 3 hr, chased for 3 hr,
and treated for 3 hr with medium with or without 5 mM cAMP. CL and
CM were immunoprecipitated and the amount of processed, mature
NT-3 was analyzed by SDS-PAGE. Analysis was performed on a Phos-
phorImager, and values represent an average (6SEM) of three indepen-
dent experiments.

Figure 5. Confocal microscopy of AtT-20 (A) and AtT-20/a1-PDX cells
(B) infected with VV encoding pro-NT-3. Cells were infected for 1 hr
and postincubated in the absence of virus for another 8 hr. The cultures
were fixed and treated with antibodies against NT-3 (Chemicon), fol-
lowed by CY3-conjugated goat anti-rabbit IgG. Scale bar, 10 mm. Pho-
tomicrographs were obtained by overlaying confocal fluorescence images
over transmitted light images. Scale bar, 10 mm.
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mg vector DNA/2 ml of culture medium) resulted in NT-3 immu-
noreactivity in AtT-20 cells that is diffusely distributed in the
perinuclear cytoplasm (Fig. 6A), as seen earlier (compare with
Fig. 5A). However, when we transfected 0.5 or 1 mg of pro-NT-3
DNA (with vector DNA to a total of 2 mg/2 ml of culture
medium), NT-3 immunoreactivity is evident in punctate struc-
tures that extend into cell processes, which is consistent with the
appearance of secretory proteins processed in the regulated se-
cretory pathway (Fig. 6B). For comparison, we show in Figure 6C
the punctate localization of BDNF immunoreactivity in cells
exposed to only 0.1 mg of pro-BDNF with 1.9 mg of vector DNA/2
ml of culture medium. Pro-BDNF is processed within the regu-
lated secretory pathway (Mowla et al., 1999). Thus, cells trans-
fected with high concentrations of pro-NT-3 DNA process the
protein in the regulated secretory pathway, which likely explains
why our results with VV infection methods differ from those of
Heymach et al. (1996) and Moller et al. (1998) using lipo-
fectamine transfection.

NT-3 is sorted to the regulated secretory pathway
when coexpressed with pro-BDNF
Because NT-3 is processed in the constitutive pathway and
BDNF is processed in the regulated pathway (Mowla et al., 1999),
we questioned what would happen if we coexpressed precursors to

the two proteins within the same cell. Others have shown that
neurotrophins readily heterodimerize (Radziejewski and Robin-
son, 1993; Arakawa et al., 1994; Jungbluth et al., 1994; Philo et al.,
1994; Heymach and Shooter, 1995; Robinson et al., 1995; Treanor
et al., 1995), but nothing is known about the mechanisms regu-
lating the processing, sorting, and release of heterodimers within
cells.

For these studies, we first analyzed the specificity of our anti-
bodies, because previous studies have shown that antibodies to
one neurotrophin can cross-react on Western blots with the other
(Murphy et al., 1993). In these studies we infected AtT-20 cells for
1 hr with 1 MOI of VV coding for either pro-NT-3 or pro-BDNF,
incubated the cells for 8 hr without virus, metabolically labeled
the cells for 3 hr, and immunopreciptated cell lysates and condi-
tioned media with antibodies to NGF (for NT-3) or BDNF. In
some experiments, we coinfected cells with 0.5 MOI of VV
coding for pro-NT-3 and pro-BDNF to ensure that the total level
of viral infection (1 MOI) was held constant.

Figure 7 (lef t side) shows that antibody to NGF immunopre-
cipitates NT-3 but not BDNF or pro-BDNF. Similarly, antibody
to BDNF (Fig. 7, right side) immunoprecipitates BDNF and
pro-BDNF but not NT-3. In contrast, in cells coinfected with VV
coding for pro-NT-3 and pro-BDNF, antibody to NGF immuno-
precipitates in conditioned medium NT-3 as well as a protein
migrating in a position identical to that of pro-BDNF (Fig. 7, lef t
side). We interpret this result to mean that NT-3 and pro-NT3 are
associating with the BDNF precursor. In cell lysates as well as
conditioned medium, the NGF antibody immunoprecipitates a
doublet consisting of a higher molecular weight band (probably
arising from precipitation of NT-3 alone and with BDNF) as well
as a lower molecular weight band (BDNF) that precipitates be-
cause of association with NT-3. The right side of Figure 7 shows
that antibodies to BDNF precipitate in cell lysates, and to a lesser
extent in conditioned medium, a doublet consisting of a lower
band (probably arising from precipitation of the BDNF alone or
with NT-3) as well as an upper band (NT-3). Results identical to
those shown in Figure 7 were obtained when the same experi-
ments were performed in cultures of hippocampal neurons (data
not shown).

In short, NT-3-specific antibodies precipitate BDNF, and
BDNF-specific antibodies precipitate NT-3 only when the two
neurotrophins are coexpressed within cells. We strongly suspect
that these two independent but mutually consistent results arise
from NT-3 and BDNF forming heterodimers intracellularly. Im-
munoprecipitation methods similar to ours were used previously
by Jungbluth et al. (1994) and Heymach and Shooter (1995) to
characterize neurotrophin heterodimers, including NT-3/BDNF.
It should be noted that coinfection with wild-type and BDNF-
encoding VV and coinfection with VV:pro-NGF and VV:pro-
BDNF did not result in coprecipitated neurotrophins (data not
shown), probably because of the relative instability of NGF/
BDNF heterodimers, as reported previously (Radziejewski and
Robinson, 1993; Arakawa et al., 1994).

Evidence in support of the idea that coexpression of NT-3 with
BDNF results in some NT-3 being shunted from the constitutive
to the regulated secretory pathway is shown in Figure 8. The bar
graph (Fig. 8A) shows the amount of processed NT-3 in cell
lysates as a function of the total amount of NT-3 present in cell
lysates and conditioned media. Results indicate that more NT-3 is
retained within cells when pro-NT-3 is coexpressed with pro-
BDNF-encoding virus as compared with wild type. This result
suggests that NT-3 and BDNF are noncovalently associated

Figure 6. Overexpression of NT-3 results in rerouting from the consti-
tutive to the regulated secretory pathway. AtT-20 cells were transfected
with a construct encoding either pro-NT-3 (A, B) or pro-BDNF ( C), and
immunocytochemistry using NT-3 (A, B) and BDNF ( C) antibodies was
performed as described in Figure 5. In A, cells were lipofectamine-
transfected with 0.1 mg of pro-NT-3 DNA (and 1.9 mg vector DNA). In
B, cells were transfected with 2 mg pro-NT-3 DNA. In C, cells were
transfected with 0.1 mg of pro-BDNF (and 1.9 mg vector DNA). Scale
bar, 10 mm.
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through heterodimerization and that association of the two leads
to intracellular retention of NT-3, perhaps within dense-core
vesicles. Examination of a typical SDS gel used in this analysis
(Fig. 8B) shows that NT-3 and BDNF, which are coprecipitated
by the NGF (NT-3-reactive) antibody, are evident within the cell
lysate and conditioned medium, suggesting that coinfected cells
synthesize and release the NT-3 and BDNF together. In com-
panion experiments, coinfection with VV:pro-BDNF and VV:
pro-NGF had no effect on NGF retention as compared with the
wild-type coinfection control (data not shown).

The idea that NT-3 is diverted into the regulated secretory
pathway is further confirmed by secretion data presented in
Figure 9. When pro-NT-3 is coexpressed with pro-BDNF, pro-
cessed NT-3 can be released from AtT-20 cells (Fig. 9A) in
response to cAMP and from hippocampal neurons by KCl depo-
larization (Fig. 9B). Thus, release of NT-3 that is coexpressed
(and presumably dimerized) with BDNF appears to be regulated
by the same extracellular signals that regulate the release of
homodimeric BDNF (Mowla et al., 1999). Cell lysates and con-

ditioned media immunoprecipitated with NGF antibodies con-
tained both NT-3 and BDNF, further indicating that the two
neurotrophins are synthesized and released together in our cul-
ture system.

Finally, we used immunocytochemistry and confocal micros-
copy to compare the intracellular distributions of NT-3 and
BDNF when they are singly expressed or coexpressed in hip-
pocampal neurons. Figure 10 shows that in hippocampal neurons
infected with 1 MOI of VV:pro-NT-3, NT-3 immunoreactivity is
distributed in the perinuclear cytoplasm (Fig. 10A), as was seen
in AtT-20 cells (Fig. 5). However, in cells coinfected with 0.5 MOI
of VV encoding pro-NT-3 and pro-BDNF, NT-3 immunoreac-
tivity (Fig. 10C) is localized in punctate structures distributed
throughout the cell cytoplasm and in the tips of cell processes, an
appearance similar to that of BDNF immunoreactivity in cells
infected with pro-BDNF alone (Fig. 10B). In control studies,
coexpression of pro-NT-3 and pro-NGF did not change the dis-
tribution of NT-3, as assessed by immunocytochemistry (data not
shown). Furthermore, coexpression of pro-BDNF and pro-NGF
did not divert NGF from the constitutive to the regulated pathway
as assessed by either immunoprecipitation or immunocytochem-
istry (data not shown).

Figure 11 compares the distribution in virally infected AtT-20
cells of NT-3 alone and NT-3 coexpressed with BDNF with that
of endogenous TGN38, a Golgi marker, and endogenous ACTH,
which is packaged within secretory granules of AtT-20 cells. In
cells infected with VV:pro-NT-3 alone, immunoreactivity for
NT-3 (Fig. 11A) and TGN38 (Fig. 11B) colocalize in the perinu-
clear cytoplasm (Fig. 11C). In contrast, in cells coinfected with
VV encoding pro-NT-3 and pro-BDNF, NT-3 immunoreactivity
(Fig. 11D) is localized in the perinuclear cytoplasm as well as in
punctate structures within the cytoplasm and tips of cell pro-
cesses. In the same cells, ACTH immunoreactivity is distributed
in punctate structures within cell processes (Fig. 11E). In a
subpopulation of vesicles, NT-3 and ACTH immunoreactivity
colocalize (Fig. 11F).

DISCUSSION
Data in this study show that NT-3 is processed and released from
the constitutive secretory pathway of hippocampal neurons and

Figure 7. Immunoprecipitation of cell ex-
tracts and conditioned medium from cells
infected with 1 MOI of wild type (W.T.)
VV, VV:pro-NT-3, VV:pro-NGF, VV:pro-
BDNF, alone, or coinfected with 0.5 MOI
of pro-NT-3 and pro-BDNF. AtT-20 cells
were infected for 1 hr with the viruses indi-
cated, postincubated for 8 hr, and metabol-
ically labeled for 3 hr. Cell lysates and con-
ditioned media were immunoprecipitated
with either an anti-NGF antibody (lef t side)
or a BDNF antibody (right side).

Figure 8. NT-3/BDNF is retained in hippocampal neurons. A, The
methodology in Figure 1A (involving a 4 hr chase only) was repeated
three times with cells infected with either VV:pro-NT-3/VV:WT or
VV:pro-NT-3/VV:pro-BDNF. The NGF antibody was used for immu-
noprecipitations. Results were analyzed on a PhosphorImager and are an
average (6SEM) of the ratio of mature NT-3 in cell lysates (CL) over the
total amount of NT-3 in CL 1 conditioned medium (CM ). B, A repre-
sentative SDS gel from the experiments in A showing the NT-3/BDNF
heterodimer in the cell lysate and conditioned medium.
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AtT-20 cells. Pulse–chase experiments reveal that the NT-3 pre-
cursor is rapidly cleaved in cells infected with VV encoding the
NT-3 precursor (Fig. 1), with processed NT-3 being evident 30
min after cells are exposed to medium containing radiolabeled
amino acids. Over the next 8 hr, most processed NT-3 is released
into conditioned medium, a result similar to that reported previ-

ously for NGF (Mowla et al., 1999). Immunocytochemical anal-
ysis shows that NT-3 is diffusely distributed within the perinu-
clear cytoplasm (Figs. 5, 10, 11), and colocalizes with TGN38, a
marker of the trans-Golgi network (Figs. 11A–C). Secretagogues
(Figs. 4, 9A) and KCl-induced depolarization (Fig. 9B) do not
induce the release of radiolabeled NT-3 from virus-infected
AtT-20 cells or hippocampal neurons, respectively. Thus, NT-3
release is constant and not dependent on extracellular cues, which
is similar to the results we obtained for NGF (Mowla et al., 1999).

Pro-NGF, pro-BDNF, and pro-NT-3 were cleaved in COS-1
cells, which is a constitutively secreting cell line that does not
have a regulated pathway. Most pro-BDNF and some pro-NGF
(but not pro-NT-3) were released into conditioned medium (Fig.
2). This result could be attributable to pro-BDNF and to a lesser
degree pro-NGF not being cleaved as effectively as pro-NT-3 by
furin or furin-like enzymes within the TGN. The consensus
cleavage site of pro-NT-3 (Arg-Arg-Lys-Arg2Tyr) is ideally
suited for furin-mediated processing, probably even more so than
that of pro-NGF (Arg-Ser-Lys-Arg2Ser) (Decroly et al., 1994).
Basic residues at positions -4, -2, -1 are conducive to processing in
the constitutive secretory pathway (Watanabe et al., 1992). How-

Figure 9. Secretagogue-induced release of NT-3/BDNF but not NT-3.
A, AtT-20 cells coinfected with VV encoding pro-NT-3 and VV encoding
pro-BDNF were processed using the methodology described in Figure 4.
B, Hippocampal neurons from E18 mice were cultured for 7 d and
infected for 1 hr with either (1) VV encoding pro-NT-3 or (2) VV
encoding pro-NT-3 and VV encoding pro-BDNF. After 8 hr in medium
without virus, the cells were labeled for 30 min with [ 35S] Cys-Met,
incubated in medium without radiolabel for 4 hr, and treated with me-
dium with or without KCl and CaCl2 for 15 min. Cell lysates and
conditioned media were immunoprecipitated with the antibody to NGF
and electrophoresed on an SDS gel. Results were analyzed on a Phos-
phorImager and are an average (6SEM) of three independent
experiments.

Figure 10. Confocal microscopy of hippocampal neurons infected with
pro-NTs. Hippocampal neurons were infected with 1 MOI VV encoding
either pro-NT-3 (A) or pro-BDNF (B); in C, the cells were coinfected
with 0.5 MOI each of VV:pro-NT-3 and VV:pro-BDNF. Immunocyto-
chemistry was performed with the NT-3 antibody in A and C and the
BDNF antibody in B. Scale bar, 10 mm.
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ever, the presence of an additional Arg residue at position -3 in
pro-NT-3 may enhance even more the ability of furin to cleave
the protein at this site.

Although it has yet to be shown directly with neurotrophin
precursors, several lines of evidence suggest that sensitivity to
furin-mediated cleavage within the TGN is an important factor in
determining whether a protein is sorted to the constitutive or
regulated secretory pathway (Brechler et al., 1996). In this study,
blocking furin activity with a1-PDX inhibited pro-NT-3 process-
ing in the constitutive pathway and resulted in the constitutive
release of unprocessed pro-NT-3 (Fig. 3). In addition, a1-PDX
treatment caused a shift in the appearance of NT-3 immunore-
activity from diffuse and perinuclear to punctate and distributed
throughout the cell cytoplasm, including in the tips of cell pro-
cesses (Fig. 5). Also, processed NT-3 was released by cAMP
treatment (Fig. 4), which is characteristic of proteins within the
regulated secretory pathway. Insertion of furin-sensitive cleavage
sites into precursors that are normally processed in the regulated
secretory pathway favors release through the constitutive secre-
tory pathway (Oda et al., 1991; Yanagita et al., 1992), which is
further evidence of the importance of furin sensitivity in the
sorting decision (Jung and Scheller, 1991; Brechler et al., 1996;
Mowla et al., 1999).

Increasing the MOI of vaccinia virus also shifted pro-NGF
from the constitutive to the regulated secretory pathway (Ed-
wards et al., 1988; Mowla et al., 1999), probably by saturating the
ability of furin to cleave pro-NGF as a substrate. However,
increasing MOI had little effect on the subcellular localization of
NT-3 (data not shown), probably because pro-NT-3 is especially
well cleaved in the TGN by furin. In contrast, lipofectamine
transfection methods (Fig. 6) resulted in NT-3 immunoreactivity
becoming localized within punctate structures throughout the
cytoplasm and in the tips of cell processes. Lipofectamine trans-
fection may yield higher intracellular concentrations of neurotro-
phin precursors in the comparatively small number of cells that
are transformed (,10%) when compared with vaccinia virus
infection (.90% cells infected). These differences in intracellular

levels of the protein can be inferred by comparing NT-3 immu-
noreactivity in lipofectamine-transfected cells (Fig. 6B) with that
of vaccinia virus-infected cells (Fig. 11A). The differences prob-
ably explain why Heymach et al. (1996) and Moller et al. (1998)
detected NT-3 within the regulated secretory pathway of AtT-20
and PC12 cells. Similarly, increasing expression levels altered the
intracellular distribution of b2-microglobulin in pancreatic b cells
of transgenic mice (Allison et al., 1991).

Exogenously applied NT-3 is as effective as BDNF in poten-
tiating synaptic efficacy in hippocampal CA1 neurons, which
suggests that NT-3, like BDNF, may normally access the synapse
through its activity-dependent release from presynaptic neurons
(Kang and Schuman, 1995). However, removing endogenous
NT-3 has no effect on long-term potentiation (LTP) in mouse
hippocampal CA1 neurons (Chen et al., 1999; Ma et al., 1999). In
contrast, blocking endogenous BDNF reduces LTP (Korte et al.,
1995). Thus, exogenously applied NT-3 may mimic the effects of
BDNF through mechanisms that are unrelated to the way NT-3
normally accesses the synapse (Chen et al., 1999).

Neurotrophin heterodimers have not yet been detected in vivo,
even with antibodies that recognize them specifically (Kolbeck et
al., 1999). However, neurotrophins can form stable heterodimers
either when renatured together or coexpressed in cells (Radz-
iejewski and Robinson, 1993; Arakawa et al., 1994; Jungbluth et
al., 1994; Philo et al., 1994; Heymach and Shooter, 1995; Robin-
son et al., 1995; Treanor et al., 1995). Thus, cells that coexpress
neurotrophins such as hippocampal neurons (Maisonpierre et al.,
1990; Schecterson and Bothwell, 1992) could produce het-
erodimeric forms of these proteins. The NT-3/BDNF het-
erodimer is especially stable (Arakawa et al., 1994), which has
allowed its crystal structure to be resolved (Robinson et al., 1995).

In our experiments, coexpressing pro-NT-3 and pro-BDNF
resulted in the retention of NT-3 within vesicle-like structures
that were distributed throughout the cytoplasm and within cellu-
lar processes of both AtT-20 cells and hippocampal neurons, a
distribution that was identical to that of BDNF (Mowla et al.,
1999). NT-3 was also released together with BDNF in response to
secretagogues or depolarization. These data together with our
coimmunoprecipitation studies strongly suggest that in our exper-
imental system, NT-3 and BDNF heterodimerize, as shown pre-
viously by others (Philo et al., 1994; Heymach and Shooter, 1995).
However, confirming that idea will require isolating the het-
erodimers to purity and characterizing them chemically, which we
have not done.

As yet, we do not know how NT-3/BDNF heterodimers form.
Protein dimerization normally occurs between monomers of un-
processed precursors in the endoplasmic reticulum (Danielsen,
1990; Zhu et al., 1996), which would yield pro-NT-3/pro-BDNF
heterodimers. However, heterodimers could also exist between
NT-3, which is efficiently processed in the TGN, and pro-BDNF,
which is processed in immature secretory granules. Indeed, in our
coimmunoprecipitation experiments, we detect within condi-
tioned medium pro-BDNF along with mature NT-3 and BDNF.
Further processing of the NT-3/pro-BDNF heterodimer likely
occurs in immature secretory granules to yield heterodimers of
mature forms of NT-3 and BDNF.

Others have noted previously that heterodimerization can alter
the intracellular trafficking of proteins. For example, the common
a-subunit of lutropin, follitropin, and chorionic gonadotropin is
constitutively secreted when produced alone; however, het-
erodimerization with the appropriate b-subunit causes the het-
erodimer to be sorted and released by the regulated secretory

Figure 11. Double-label immunocytochemistry comparing the distribu-
tion in infected AtT-20 cells of NT-3 and NT-3/BDNF with that of
endogenous TGN38 and ACTH. NT-3 immunoreactivity (A) colocalizes
with TGN38 (B) in the perinuclear region as seen in C (NT-3 in red and
TGN38 in green). NT-3 immunoreactivity in cells coinfected with pro-
NT-3 and pro-BDNF (D) colocalizes with ACTH ( E) primarily in the tip
of the cellular process as seen in F (NT-3 in red and ACTH in green).
Scale bar, 10 mm.
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pathway (Blomquist and Baenziger, 1992; Bielinska et al., 1994).
Apparently, a single chain of a protein destined for the regulated
secretory pathway contains sufficient information to reroute the
entire heterodimeric complex.

The finding that pro-NT-3 can be released from either the
constitutive or regulated secretory pathways suggests that NT-3
could have multiple functions. The release of homodimeric NT-3
from the constitutive secretory pathway would allow NT-3 to be
constantly available as a differentiation and survival-promoting
factor for neurons, which appears to be its role during develop-
ment (for review, see Chalazonitis, 1996). In contrast, when NT-3
heterodimerizes with BDNF, as may occur when both are highly
expressed in adult hippocampus (Maisonpierre et al., 1990), NT-3
is sorted to the regulated secretory pathway, where the NT-3/
BDNF heterodimer is packaged within vesicles that are released
in response to activity. Under these conditions, NT-3 acting at
TrkC receptors or NT-3/BDNF heterodimers acting in concert at
TrkC and TrkB receptors (Philo et al., 1994) could regulate
synaptic transmission and plasticity. Thus, understanding how
NT-3 is processed in specific populations of neurons at different
times of development could reveal much about its physiological
functions.
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