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Sortilin Controls Intracellular Sorting of Brain-Derived
Neurotrophic Factor to the Regulated Secretory Pathway
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Brain-derived neurotrophic factor (BDNF), after activity-dependent secretion from neurons, modulates critical nervous system func-
tions. Recently, a variant in the human bdnf gene, resulting in a valine to methionine substitution in the prodomain, has been shown to
lead to defective regulated secretion from neurons and memory impairment. Here, we report a novel function for a Vps10p domain
protein, sortilin, in controlling BDNF sorting to the regulated secretory pathway. Sortilin interacts specifically with BDNF in a region
encompassing the methionine substitution and colocalizes with BDNF in secretory granules in neurons. A truncated form of sortilin
causes BDNF missorting to the constitutive secretory pathway without affecting neurotrophin-4 (NT-4) secretion. In addition, sortilin
small interfering RNA introduced into primary neurons also led to BDNF missorting from the regulated to the constitutive secretory
pathway. Together, these data suggest a mechanism to understand the defect associated with variant BDNF and provide a framework,
based on divergent presynaptic regulation of sorting to secretory pathways, to explain how two ligands for tropomyosin-related kinase B,
BDNF and NT-4, can mediate diverse biological responses.
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Introduction
Brain-derived neurotrophic factor (BDNF) plays key roles in ver-
tebrate nervous system development and function (Tessarollo,
1998; Huang and Reichardt, 2001; Chao, 2003). A single nucleo-
tide polymorphism in the bdnf gene leading to a valine (Val) to
methionine (Met) substitution at codon 66 in the prodomain
(BDNFMet) was found to be associated with increased suscepti-
bility in humans heterozygous for the polymorphism to neuro-
psychiatric disorders including Alzheimer’s disease (Ventriglia et
al., 2002), Parkinson’s disease (Momose et al., 2002), depression
(Sen et al., 2003), and bipolar disorder (Neves-Pereira et al., 2002;
Sklar et al., 2002). In addition, humans heterozygous for BDN-
FMet were shown to have memory impairments (Egan et al., 2003;
Hariri et al., 2003; Rybakowski et al., 2003). Less is known about
the molecular mechanisms underlying altered-variant BDNF
functioning. When expressed by itself in hippocampal or cortical
neurons, BDNFMet has reduced activity-dependent secretion

(Egan et al., 2003; Chen et al., 2004). In addition, when expressed
together in the same cell, BDNFMet alters the trafficking of wild-
type BDNF (BDNFVal) through the formation of heterodimers
that are less efficiently sorted into the regulated secretory path-
way (Chen et al., 2004).

These initial findings are consistent with previous studies in-
dicating that the prodomain of neurotrophins (NTs) plays im-
portant role in regulating their intracellular trafficking to secre-
tory pathways (Suter et al., 1991). More specifically, in vitro
secretion studies with BDNFMet point to the presence of a specific
trafficking signal in the BDNF prodomain region encompassing
the Met substitution that is required for efficient BDNF sorting to
the regulated secretory pathway. The specific protein compo-
nents of the regulated secretory machinery that interacts with a
signal in the BDNF prodomain are not well established.

Recently, a Vps10p domain protein, sortilin (Sort), which is
highly enriched in the vertebrate CNS (Sarret et al., 2003), was
shown to bind to the prodomain of nerve growth factor (NGF)
and to act as a cell-surface coreceptor with p75 to mediate
proNGF-induced cell death (Nykjaer et al., 2004). However, the
majority of sortilin (�90%) resides in intracellular membranes,
in particular, the Golgi apparatus (Petersen et al., 1997; Mazella,
2001; Nielsen et al., 2001). Sortilin also binds to other polypep-
tides such as neurotensin, sphingolipid activator protein (SAP),
and lipoprotein lipase (LpL) and has been suggested to be in-
volved in proper intracellular trafficking of these polypeptides to
and from the Golgi apparatus (Petersen et al., 1997; Mazella et al.,
1998; Munck Petersen et al., 1999; Nielsen et al., 1999; Lefrancois
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et al., 2003). Given its potential role in trafficking from the Golgi
apparatus, as well as sequence homology of NGF and BDNF
prodomains, we reasoned that sortilin might interact with the
BDNF prodomain and mediate efficient intracellular targeting of
proBDNF to secretory pathways. Here, we report that sortilin
interacts specifically with the prodomain of BDNF in a discrete
region containing the Met substitution. Our studies indicate that
in neurosecretory and neuronal cells, sortilin is a key regulator of
sorting of newly synthesized BDNF to appropriate secretory
pathways.

Materials and Methods
Reagents and antibodies. Murine NGF was obtained from Harlan Bio-
products (Indianapolis, IN). Anti-FLAG antibodies were obtained from
Sigma (St. Louis, MO) (monoclonal, M2, and polyclonal), and anti-
hemagglutinin (anti-HA) antibodies were obtained from Covance
(Denver, PA) (monoclonal, HA.11) and Sigma (polyclonal). Anti-
sortilin antibodies were from BD Biosciences (Franklin Lakes, NJ), and
anti-secretogranin II (SecII) antibodies were from Biodesign (Saco, ME).
Anti-microtubule-associated protein 2 (anti-MAP2) and anti-tubulin
antibodies were from Sigma. Fluorescent secondary antibodies were
from Molecular Probes (Eugene, OR) and Jackson ImmunoResearch
(West Grove, PA). The restriction enzymes were purchased from MBI
Fermentas (Hanover, MD), and Pfu Turbo DNA was from Stratagene
(La Jolla, CA). All other compounds were from Sigma.

DNA constructs. The human BDNF and NT-4 cDNA were subcloned
into pCDNA3.1hygro expression vector (Invitrogen, San Diego, CA)
using HindIII and XhoI sites. The HA epitope tag was added to either the
5� or 3� end of the BDNF or NT-4 cDNA by PCR method. The BDNF
Val-to-Met mutation at position 66 was generated by means of two-step
PCR. All the BDNF mutant constructs have a HA tag at the 3� end and
were generated by means of two-step PCR method. Human sortilin
cDNA was subcloned into pCDNA3.1hygro expression vector (Invitro-
gen) using NheI and XhoI sites. A Myc tag was inserted three residues
after the furin site by PCR method. Myc-tagged truncated sortilin was
generated by PCR to amplify the luminal domain of sortilin and cloned
into pCDNA3.1hygro vector using NheI and XhoI sites.

A recombinant adenovirus encoding BDNF was prepared as described
previously (Lee et al., 2001). A recombinant adenovirus for expression of
truncated human sortilin (amino acids 1–725) was generated as follows:
pCDNA3.1/Zeo(�) encoding the luminal domain of sortilin (Munck
Petersen et al., 1999) was digested with XbaI and PmeI, and the resultant
fragment was inserted into PAC-CMVpLqA (Gomez-Foix et al., 1992)
cut with HindIII, blunted, and further digested with XbaI. Twenty mi-
crograms of the soluble sortilin/PAC-CMVpLqA shuttle plasmid and 25
�g of pJM17 (McGrory et al., 1988) encoding part of the Ad5 genome
were subsequently cotransfected into human embryonic kidney 293
(HEK 293) cells. Plaques detected 10 d after transfection were picked and
tested for the ability to induce expression of truncated sortilin by West-
ern blotting. Positive colonies were propagated and adenovirus purified
by CsCl centrifugation according to standard procedures. The number of
pfus was �1010 per milliliter.

Viral vectors are derived from the human immunodeficiency virus-
based lentiviral backbones provided by Dr. Kerry Ressler (Emory Uni-
versity, Atlanta, GA). The lentivirus plasmid containing green fluores-
cent protein (GFP) is the pWPT-GFP. The BDNF1GFP and
BDNF23GFP fragments are generated by PCR to fuse BDNF encoding
amino acids 19 – 43 and 44 –102, respectively, to GFP. The BDNF1GFP
and BDNF23GFP fragments were subcloned into the pWPT-GFP plas-
mid to replace the GFP fragment using BamHI and SalI sites.

Preparation of viral stocks. Virus was generated by transient cotransfec-
tion of the expression plasmid (20 �g), vesicular stomatitis virus
G pseudotyping construct (10 �g), and the packaging construct
pCMVR8.91 (20 �g) into a 150 mm plate of 90% confluent HEK 293T
cells. Medium was collected 48 and 72 h after transfection, cleared of
debris by low-speed centrifugation, and filtered through 0.45 �m filters.
High-titer stocks were prepared by an initial ultracentrifugation for 1 h at
23,000 rpm (SW-28 rotor) and a secondary centrifugation at 13,000 � g

for 30 min. Viral titers were determined by infection of HEK 293T cells.
GFP-positive cells were visualized by fluorescent microscopy. Viral pellet
was resuspended in 1% BSA/PBS and stored at 80°C. After concentra-
tion, viral titers will be �3 � 10 7 � 7 � 10 7 transducing units/ml.
Pheochromocytoma PC12 cells were infected with the lentivirus contain-
ing GFP, Box1–GFP, or Box2�3-GFP gene for 24 h at a titer of 100%,
followed by a 24 h incubation in DMEM containing L-glutamine (1 mM).

Sortilin small interfering RNA. Knock-down of sortilin using RNA oli-
gonucleotides was achieved by transfection of duplex RNA oligonucleo-
tides (Dharmacon, Lafayette, CO) corresponding to part of the coding
region of sortilin (aatgttccaatggccccactc), as described previously (Le-
francois et al., 2003, 2005). Primary hippocampal– cortical neurons were
transfected with duplex RNA oligonucleotides by electroporation
(Amaxa, Cologne, Germany), as described previously (Gresch et al.,
2004) and experiments performed 3 d after transfection.

PC12 and HEK 293 cell culture and immunoprecipitation and immuno-
blotting. PC12 (615) cells stably overexpressing tropomyosin-related ki-
nase A (TrkA) receptors (Hempstead et al., 1992) were maintained in
DMEM (Invitrogen) containing 10% fetal bovine serum (Invitrogen),
5% horse serum (Invitrogen), supplemented with 100 U/ml penicillin/
streptomycin (Invitrogen), and 2 mM glutamine plus 200 �g/ml G418
(Invitrogen). HEK 293 cells were maintained in DMEM containing 10%
fetal bovine serum, supplemented with 100 U/ml penicillin, 100 U/ml
streptomycin, and 2 mM glutamine. Lipofectamine 2000 (Invitrogen)
was used to transfect DNA in cells. Forty-eight hours after transfection,
lysates were collected and analyzed by Western blot as described previ-
ously (Lee and Chao, 2001). Briefly, for immunoprecipitation experi-
ments, lysates were collected and incubated with polyclonal HA antibody
(Sigma) followed by incubation with protein A-Sepharose beads
(Sigma). Western blots were performed by separating proteins via SDS-
PAGE, transferring to a polyvinylidene difluoride membrane (Bio-Rad,
Hercules, CA) and immunoblotting with HA.11 (Covance). The immu-
noreactive protein bands were detected by enhanced chemiluminescence
(Pierce, Rockford, IL). For densitometric analysis, immunoreactive
bands were scanned and intensity quantitated using NIH Image (Scion,
Frederick, MD).

To construct HEK 293 cells stably expressing mouse proBDNF, full-
length BDNF cDNA (kindly received as a gift from Dr. Lino Tessarollo,
National Cancer Institute, Frederick, MD) was mutagenized at the furin
site (Arg129Ala/Arg130Ala) to generate furin-resistant proBDNF. In ad-
dition, the termination codon was replaced with a hexahistidine tag at the
C terminus, followed by the termination codon. A 5� BglII and 3� XhoI
sites were added to the cDNA. DNA fragment containing the proBDNF
was subcloned into pcDNA3.1(�)(Invitrogen) digested previously with
the same two enzymes. HEK 293 cells were transfected with the plasmid
construct using Lipofectamine, and stable clones overexpressing furin-
resistant proBDNF-His were selected with HEK 293 media (described
above) supplemented with 500 �g/ml G418. To investigate the effects of
overexpressing truncated sortilin on proBDNF secretion, the stable cells
were infected with adenovirus overexpressing either GFP or truncated
sortilin (described above) at multiplicity of infection of 1. Conditioned
media were harvested after 48 h after infection and analyzed on Western
blot using anti-BDNF and anti-sortilin antibodies.

Preparation of glutathione S-transferase fusion proteins and in vitro
binding assays. The glutathione S-transferase (GST)–proneurotrophin
constructs are pGEX-Val containing wild-type BDNF encoding amino
acids 44 –102, pGEX-Met containing variant BDNF encoding amino
acids 44 –102, with Met at position 66, pGEX-NT4 (provided by Claus
Munck Petersen, Aarhus University) containing NT-4 encoding amino
acids 25–76. These cDNA fragments were generated by PCR and sub-
cloned into the pGEX-6P1 vector (Amersham Biosciences, Arlington
Heights, IL), respectively using BamHI and XhoI sites. GST–
proBDNF(Val), GST–proBDNF(Met), and GST–proNT-4 proteins were
expressed in Escherichia coli and immobilized on glutathione-Sepharose
4B beads (Amersham Biosciences). HEK 293 cell lysates overexpressing
sortilin were prepared as described above and incubated with immobi-
lized GST fusion proteins at 4°C. The beads were then washed, and the
bound proteins were analyzed by SDS-PAGE followed by staining with
Coomassie blue (Sigma) or immunoblotting with anti-sortilin antibod-
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ies. For endogenous interaction, hippocampi or cortices were dissected
from postnatal day 10 (P10) rat brains and homogenized and lysed in 10
mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, and 0.5% NP-40 with
protease and phosphatase inhibitors. After centrifugation and preclear-
ing with protein A-Sepharose beads, lysates were incubated with anti-
BDNF antibody (Santa Cruz Biotechnology, Santa Cruz, CA) or normal
rabbit IgG (Santa Cruz Biotechnology). The immunocomplex was pre-
cipitated using protein A-Sepharose beads and analyzed by immunoblot-
ting with anti-sortilin antibodies (BD Biosciences).

Neuronal cell cultures. Dissociated primary cultures of hippocampal
and hippocampo-cortical neurons from embryonic day 18 (E18) rats
were prepared from timed-pregnant Sprague Dawley rats. Fetuses were
removed under sterile conditions and kept in PBS on ice for microscopic
dissection of the hippocampi. The meninges were removed and the tissue
was placed in Neurobasal media (Invitrogen). The tissue was briefly
minced with fine forceps and then triturated with a fire-polished Pasteur
pipette. Cells were counted and plated on culture wells coated with 0.01
mg/ml poly-D-lysine overnight in a Neurobasal medium containing B27
supplement (Invitrogen) and L-glutamine (0.5 mM) (Invitrogen). Exper-
iments were conducted 3– 4 d after plating.

Immunocytochemical staining and fluorescence microscopy. PC12 (615)
cells or hippocampal neurons were grown on glass coverslips (Corning,
Corning, NY) coated with poly-L-lysine (Sigma) and transfected with
epitope-tagged neurotrophin constructs. Forty-eight hours after trans-
fection, cells were fixed with a 4% paraformaldehyde solution in PBS and
permeabilized with brief treatment with cold methanol (5 min), followed
by washing with PBS three times. Cells were blocked with 5% milk in PBS
for 30 min. Specimens were incubated with primary antibodies and then
incubated with subtype-specific fluorescenated secondary antibodies.
Stained PC12 specimens were examined by epifluorescence microscopy
using a CoolSNAP CCD camera (PhotoMetrics, Huntington Beach, CA)
mounted on a Nikon (Tokyo, Japan) TE2000 microscope equipped with
a motorized Z drive and either a 100� numerical aperture 1.4 (NA1.4)
objective or 60� NA1.4 objective and standard FITC/Texas Red dichroic
filter sets. Confocal fluorescence microscopy was performed on hip-
pocampal neuron specimens using a Zeiss (Oberkochen, Germany)
LSM510 microscope fitted with a Zeiss 63�NA1.4 objective with stan-
dard filter sets and standard (1 Airy disk) pinhole.

Quantitative analysis of fluorescent images. To quantitate the propor-
tion of colocalization between BDNF or NT-4 and the secretory granule
marker, SecII or sortilin, PC12 cells were examined by epifluorescence
microscopy using appropriate filter sets to selectively detect Alexa488
(FLAG) and cyanine 3 (SecII). Optical slices were obtained by the use of
the Z drive mounted on a Nikon TE2000 microscope, and the slice con-
taining the maximal fluorescent intensity was chosen. For hippocampal
neurons, multiple optical confocal images (0.8 �m) were obtained across
the z-axis, and the slice containing the maximal fluorescent intensity was
chosen. Staining intensity for each fluor and the proportion of colocal-
ization was quantitated using the colocalization module in the Meta-
Morph software (Universal Imaging Corporation, West Chester, PA).
Approximately 30 cells were examined at random, and colocalization was
calculated for the entire cell. The results of three independent experi-
ments were compiled and SEM between these experiments indicated in
the error bars.

ELISA. PC12 (615) cells (4.5 � 10 5) were seeded to six-well plates. One
day before transfection, cells were placed in differentiation media (1.5%
horse serum, 1% fetal bovine serum, and 50 ng/ml NGF). Then, 4 �g of
BDNFVal or 4 �g of NT-4 construct in the presence or absence of 4 �g of
truncated sortilin was added per well. Forty-eight hours after transfec-
tion, cells were washed three time with Krebs’–Ringer’s–Henseleit
(KRH) buffer with the following composition (in mM): 125 NaCl, 4.8
KCl, 2.6 CaCl2, 25 HEPES, 1.2 MgSO4, 5.6 glucose, 1 sodium ascorbate,
and 1.2 KH2PO4, adjusted to pH7.4 with NaOH. The conditioned media
were collected after a 16 h incubation at 37°C and used as a measure of
constitutive secretion. To determine regulated secretion, cells were
washed three times with KRH buffer, followed by a 10 min incubation at
37°C in stimulated media [KRH buffer with an increased KCl concentra-
tion (56 mM) and decreased NaCl concentration (75 mM)]. Secretions
results from the constitutive secretion condition was normalized to 10

min. The BDNF protein concentrations in the respective media samples
were determined using the BDNF Emax ImmunoAssay system (Pro-
mega, Madison, WI) with recombinant BDNF as a standard. Standards
and samples were performed in duplicates, and each group contains six
independent samples. After collecting condition media, cells were fixed
and immunostained to determine the transfection efficiency. Each sam-
ple has a consistent transfection efficiency of �30%.

Results
Mapping the BDNF–sortilin interaction
In light of the Met substitution leading to altered BDNF activity-
dependent secretion, we sought to identify potential trafficking
proteins that interact with the BDNF prodomain region encom-
passing the Met substitution. We focused on sortilin, a Vps10p
domain protein, because it has been established to control the
intracellular trafficking from the Golgi for a variety of polypep-
tides, including neurotensin, SAP, and LpL (Petersen et al., 1997;
Mazella et al., 1998; Munck Petersen et al., 1999; Nielsen et al.,
1999; Lefrancois et al., 2003). First, we investigated whether sor-
tilin interacted with BDNF. We expressed both full-length ver-
sions of sortilin and C-terminal HA epitope-tagged BDNF
(BDNF–HA) in HEK 293 cells. After immunoprecipitation of
BDNF with HA antibodies, an association was observed with
sortilin, as assessed by Western blot analysis using sortilin anti-
bodies (Fig. 1A). As a control, we assessed whether a C-terminal
HA epitop-tagged NT-4 (NT-4 –HA), a neurotrophin family
member that has little sequence homology with BDNF in the
prodomain region (Berkemeier et al., 1991; Hallbook et al., 1991;
Ip et al., 1992), associated with sortilin. Unlike BDNF, when co-
expressed with sortilin and immunoprecipitated from HEK 293
cells with HA antibodies, NT-4 did not coimmunoprecipitate
with sortilin (Fig. 1A). Furthermore, when a C-terminal epitope-
tagged (HA) version of the variant BDNF (Val66Met) was co-
transfected with sortilin and immunoprecipitated with HA anti-
bodies, a significantly reduced association with sortilin was
observed (Fig. 1A). Quantitation of the Western blots as a per-
centage of sortilin coimmunoprecipitation by wild-type BDNF
indicated a significant decrease in interaction of BDNFMet with
sortilin (51 � 6% of wild-type BDNF control; p � 0.01; Student’s
t test).

Figure 1. Coimmunoprecipitation of sortilin with wild-type and variant BDNF. A, HEK 293
cells were cotransfected with cDNAs encoding sortilin and C-terminal BDNFVal–HA or
BDNFMet–HA or empty vector (�). Cell lysates were immunoprecipitated with HA antibodies
and immunoblotted with sortilin antibodies (top). Immunoprecipitation (IP) of BDNF–HA was
confirmed by immunoblotting with HA antibodies (middle). Crude lysates were immunoblotted
with sortilin antibodies and HA antibodies to confirm equivalent expression level (bottom). B, In
vitro binding assay. GST–BDNFVal, GST–BDNFMet, or GST–NT-4 prodomain fusion proteins were
incubated with lysates from HEK 293 cells overexpressing full-length sortilin. Bound sortilin was
detected by immunoblotting with anti-sortilin antibody.
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To confirm that this altered interaction was specific to the
prodomain region, in vitro binding studies were performed. GST
fusion proteins containing a portion of the BDNF prodomain
encompassing the Val/Met substitution (amino acids 44 –102) or
the NT-4 prodomain (amino acids 25–76) were immobilized on
glutathione beads and incubated with HEK 293 cell lysates over-
expressing sortilin (Fig. 1B). Strong binding of sortilin was ob-
served with the GST-prodomain fusion protein containing the
wild-type BDNF prodomain (Val). Weaker binding was observed
with the GST–prodomain fusion protein containing the variant
BDNF prodomain (Met). No binding of sortilin was observed
with the GST–NT-4 prodomain fusion protein. Together, these
results are consistent with the coimmunoprecipitation studies
(Fig. 1A) and point to a specific region in BDNF encompassing
the Met substitution as critical for binding to sortilin.

Additional coimmunoprecipitation experiments were per-

formed with a series of deletions of BDNF
that eliminated regions of the prodomain
(Fig. 2A). The BDNF prodomain were di-
vided into four “boxes” (Fig. 2C) based on
amino acid conservations between BDNF,
NGF, and NT-3, as was designated previ-
ously in a mutagenesis study of the NGF
prodomain (Suter et al., 1991). The entire
BDNF prodomain was capable of binding to
sortilin, and removal of Box 1 (amino acids
19–43) or Box 4 (amino acids 103–120) had
no effect on the baseline level of interaction
with sortilin (Fig. 2A,B). However, removal
of a portion of Box 2 (�2�; amino acids 62–
79) that contains the Val/Met substitution
site, Box 1, and Box 2 or the entire Box 3
(amino acids 76 –102) significantly dis-
rupted BDNF interaction with sortilin (Fig.
2A,B). Removal of both Box 2 and Box 3
(amino acids 44–102) abolished the interac-
tion. Together, these results indicate that
Box 2 and Box 3 mediate the interaction with
sortilin, which is consistent with the GST
pull-down experiments in which this same
region (amino acids 44–103) was capable of
precipitating sortilin (Fig. 1B). Conversely,
swapping the BDNF prodomain into NT-4
led to significant association of the BDNF/
NT-4 chimera with sortilin, confirming that
the BDNF prodomain alone is sufficient to
mediate interaction with sortilin.

In addition, a truncated form of sortilin
containing only the luminal domain (amino
acids 1–755) was able to associate with
BDNF at the same level as full-length sortilin
(Fig. 3A). On other hand, a GFP fusion pro-
tein containing only the sortilin transmem-
brane and cytoplasmic domain did not in-
teract with BDNF (supplemental Fig. 1,
available at www.jneurosci.org as supple-
mental material). These coprecipitation
studies suggested that the BDNF association
with sortilin specifically involves the luminal
domain of sortilin and a discrete region of
the BDNF prodomain (amino acids 44 –
102) that includes the site of Met
substitution.

The association of BDNF and sortilin was based on cotransfec-
tion experiments in HEK 293 cells. To examine whether this inter-
action occurs under physiological conditions, we performed addi-
tional coimmunoprecipitation experiments of endogenous
proBDNF and sortilin proteins from brain lysates from two regions,
hippocampus and cortex. Lysates from P10 rat hippocampus or cor-
tex were immunoprecipitated with anti-BDNF antibody and the im-
munocomplex analyzed by immunoblotting with anti-sortilin anti-
body. As shown in Figure 3B, the 95 kDa sortilin protein
coimmunoprecipitated with proBDNF similarly from both brain
regions. This result indicates that an endogenous association of
proBDNF could be detected with sortilin in brain tissues.

Effect of sortilin on constitutive BDNF secretion
Because sortilin appeared to interact specifically with BDNF, we
then hypothesized that sortilin may regulate intracellular BDNF

Figure 2. Mapping the interaction of sortilin with BDNF mutants. A, HEK 293 cells were cotransfected with sortilin and either
full-length BDNF or NT-4 or truncation mutants. Lysates were immunoprecipitated with HA antibodies and immunoblotted with
sortilin antibodies (top). Immunoprecipitation of BDNF–HA was confirmed by immunoblotting with HA antibodies (middle).
Sortilin expression was verified with sortilin antibodies (bottom). B, Quantitation of Western blots in the top panel of A as
a percentage of sortilin coimmunoprecipitation (Co-IP) by mutant neurotrophins compared with wild-type BDNF. Mean
proportions � SEM were determined from analysis of three independent experiments. C, Summary of BDNF and NT-4
mutants used in A and a summary of the sortilin interactions with the mutant BDNF and NT-4. IP, Immunoprecipitation; wt,
wild type; m, mature.
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trafficking and release. We first assessed
the effects of sortilin on BDNF secretion in
the same heterologous cell line, HEK 293
cells, which endogenously express low lev-
els of sortilin (Nykjaer et al., 2004) and
only has a constitutive secretory pathway.
We postulated that the luminal portion of
sortilin, which interacts with BDNF (Fig.
1E), may alter BDNF trafficking, because
it lacks the appropriate post-Golgi traf-
ficking signals located in the cytoplasmic
domain (Nielsen et al., 2001). HEK 293
cells, stably expressing proBDNF, were in-
fected with recombinant adenovirus ex-
pressing GFP or the truncated form of sor-
tilin (tSort). Constitutive BDNF secretion
was assessed 48 h later by Western blot
analysis of media collected from infected
cells. There was a significant increase in the
amount of BDNF detected in the media
from cells expressing the tSort when com-
pared with cells expressing GFP (Fig. 3C).
This result suggests that sortilin is involved
in mediating BDNF secretion from this
heterologous cell line, in that a truncated
form of sortilin altered the amount of
BDNF secreted.

Intracellular localization of BDNF and sortilin in
neurosecretory and neuronal cells
Because HEK 293 cells have only a constitutive secretory path-
way, we then investigated the effect of the sortilin–BDNF inter-
action in regulating BDNF trafficking in neurosecretory cells and
neurons. In these cells, there are both constitutive and the regu-
lated secretory pathways, and BDNF is primarily secreted via the
regulated secretory pathway (Lu, 2003). First, we wanted to assess
whether sortilin and BDNF were expressed in the same intracel-
lular compartment in neurosecretory cells as well as neurons. By
immunofluorescent microscopy, we determined the intracellular
distribution of sortilin and BDNFVal. In differentiated PC12
cells, we transfected an N-terminal epitope-tagged BDNFVal

(HA–BDNFVal), which allowed us to visualize the pool of intra-
cellular proBDNF, and costained for both the HA tag and endog-
enous sortilin (Fig. 4A). There was significant (�80%) colocal-
ization of sortilin and BDNFVal in the entire cell including both
perinuclear and distal neurite regions. In particular, in the distal
neurites, sortilin and BDNF colocalized in punctate structures.
Furthermore, a similar pattern of colocalization of Myc–sortilin
and HA–BDNFVal in punctate structures was also observed in
primary hippocampal neurons (Fig. 4B). To determine whether
the variant BDNFMet had an altered colocalization with sortilin,
compared with wild-type BDNFVal, HA–BDNFMet was trans-
fected into differentiated PC12 cells and costained with HA and
sortilin antibodies. There was decreased colocalization of HA–
BDNFMet with endogenous sortilin compared with BDNFVal as
determined by quantitative analysis of the proportion of colocal-
ization between BDNF and sortilin in the entire cell determined
from analyses of three independent experiments (Val, 78 � 7%;
Met, 47 � 5%; p � 0.01; Student’s t test).

In particular, because there was decreased distribution of
BDNFMet in the distal neurites, there was less colocalized in that
region of the cell. In addition, in hippocampal neurons, BDNFMet

also had reduced colocalization with sortilin, compared with
BDNFVal (Val, 66 � 4%; Met, 38 � 3%; p � 0.01; Student’s t test).

Because BDNF has been shown to be targeted to secretory
granules in neurons and PC12 cells (Moller et al., 1998; Mowla et
al., 1999; Wang et al., 2004), we assessed whether sortilin colocal-
ized in the same compartment in differentiated PC12 cells (Fig.
4A). We assessed sortilin colocalization with SecII, an established
marker of secretory granules in the regulated secretory pathway
(Huttner et al., 1991; Halban and Irminger, 1994; Ozawa and
Takata, 1995). There was significant colocalization of endoge-
nous sortilin and SecII, especially in punctate structures in the
distal neurites (Fig. 4A). In hippocampal neurons, endogenous
sortilin also had significant colocalization with SecII (Fig. 4B),
confirming that sortilin is properly localized in the secretory
granule compartment as BDNF destined for secretion. Quanti-
tating colocalization of endogenous sortilin with SecII in hip-
pocampal neurons revealed that there was significant localization
(80 � 5%) of sortilin to SecII-positive compartments. Because
BDNF has been established to reside in neurons in SecII-positive
secretory granules (Berg et al., 2000), sortilin is properly localized
in neurons to interact with and regulate BDNF trafficking. Fur-
thermore, these results are consistent with previous studies dem-
onstrating that less BDNFMet compared with BDNFVal was tar-
geted to SecII-positive secretory granules in neurosecretory cells
as well as neurons (Egan et al., 2003; Chen et al., 2004).

In the context of sortilin colocalizing with BDNF in the secre-
tory granule compartment, we performed experiments to deter-
mine whether it was feasible for such an interaction to occur
under the acidic conditions in the lumen of secretory granules.
The pH dependence of the sortilin–BDNF interaction was as-
sessed by coimmunoprecipitation studies from HEK 293 cells
lysates, based on the assumption that the intraluminal pH in
mature secretory granules is pH 5.5 (Johnson and Scarpa, 1976;
Hutton, 1982). In these coimmunoprecipitation studies, sortilin
binds to the same level at pH 7.4 compared with pH 5.5 but is
shown not to bind at pH 3.5 (supplemental Fig. 2, available at

Figure 3. Mapping the interaction of BDNF with sortilin mutants. A, Coimmunoprecipitation of tSort with BDNF. HEK 293 cells
were cotransfected with cDNAs encoding a mutant truncated sortilin or full-length sortilin along with C-terminal-tagged BDNF–
HA. Cell lysates were immunoprecipitated with HA antibodies and immunoblotted with sortilin antibodies (top). Immunoprecipi-
tation of BDNF–HA was confirmed by immunoblotting with HA antibodies (middle). Crude lysates were immunoblotted with
sortilin antibodies to confirm equivalent expression level (bottom). B, Endogenous association of BDNF with sortilin. P10 hip-
pocampal and cortical lysates were subjected to immunoprecipitation with anti-BDNF antibodies or normal rabbit IgG and
immunoblotted with sortilin antibodies (top). Immunoprecipitation of BDNF was confirmed by immunoblotting with BDNF
antibodies (middle). Crude lysates were immunoblotted with sortilin antibodies to confirm equivalent protein loading (bottom).
C, Constitutive secretion of BDNF in the absence and presence of truncated sortilin. HEK 293 cells stably expressing proBDNF were
infected with recombinant adenovirus encoding GFP or tSort at multiplicity of infection of 1. Media (25 �g per lane) was then
collected after 48 h after infection and immunoblotted with BDNF and sortilin antibodies. Wt, Wild type; IP, immunoprecipitation;
Hippo, hippocampus; Con, control.
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www.jneurosci.org as supplemental material). This result sug-
gests that the interaction of sortilin and BDNF is quite resistant to
pH changes and suggests the possibility that in secretory granules,
BDNF may not only be targeted to the same compartment but
remain bound to the luminal domain of sortilin in this
compartment.

Truncated sortilin disrupts BDNF targeting to
secretory granules
To determine whether sortilin is necessary for targeting wild-type
BDNFVal to secretory granules, we again used the use of a trun-
cated sortilin construct lacking the transmembrane and cytoplas-
mic region of sortilin. We also added a Myc epitope tag in the
N-terminal region, which did not impair proBDNF binding (Fig.
3A). Differentiated PC12 cells were cotransfected with the Myc-
tagged tSort as well as HA–BDNFVal and subsequently imaged for
Myc and HA staining patterns. In the presence of truncated sor-
tilin, BDNFVal was more diffusely distributed in the cell body,
with minimal staining in the processes (Fig. 5A). Distribution of
the truncated sortilin significantly overlapped with the staining
pattern of the coexpressed BDNFVal. When HA–BDNFMet was
coexpressed with the truncated sortilin, the same diffuse distri-
bution of HA staining was observed as with the wild-type BDNF
(data not shown). We subsequently quantitated the effect of the
truncated sortilin on HA–BDNFVal targeting to secretory gran-
ules in PC12 cells. We observed a significant low level of colocal-
ization (Val plus tSort, 35 � 4%; p � 0.01; Student’s t test) of
BDNF with secretory granule maker SecII in the presence of trun-
cated sortilin. In contrast, in PC12 cells transfected with or with-
out full-length sortilin, BDNFVal remained predominantly local-

ized to SecII-positive punctate structures (Val, 77 � 5%; Val plus
Sort, 75 � 7%). Furthermore, in cells transfected with full-length
sortilin, BDNFMet showed decreased colocalization with SecII
(Met plus Sort, 49 � 6%), consistent with the results obtained in
neurosecretory cells and neurons in the absence of overexpressed
sortilin (Egan et al., 2003; Chen et al., 2004). We used a similar
strategy in hippocampal neurons and noted that the truncated
sortilin significantly decreased BDNF colocalization with SecII
(control, 64 � 3%; tSort, 13 � 2%; p � 0.01; Student’s t test).
Together, these findings suggest that the truncated sortilin dis-
rupts BDNF targeting to secretory granules.

Role of sortilin–BDNF interaction in regulating
BDNF secretion
To assess the functional relevance of the BDNF prodomain inter-
action with sortilin, we performed two series of loss of function
studies on neurotrophin secretion with (1) BDNF mutants and
(2) a truncated sortilin mutant. First, we constructed GFP fusion
proteins containing Box 1, Box 2, Box 3, and Box 2 plus 3, of
which Box 2, Box 3, and Box 2 plus 3 all were able to disrupt
interaction of BDNF with sortilin by coimmunoprecipitation
studies (data not shown). We determined that in the presence of
Box2–GFP or Box3–GFP, BDNF regulated secretion was de-
creased significantly (Box2–GFP, 63 � 6% of control; Box3–
GFP, 53 � 6%; p � 0.001) (Fig. 6A). Box2 plus 3–GFP was able to
produce the largest disruption in regulated secretion (Box2 plus
3–GFP, 44 � 4% of control; p � 0.001). As controls, GFP alone or
Box1–GFP did not affect BDNF–sortilin interaction (data not
shown) or affect regulated secretion of BDNF (Fig. 4A). Further-
more, BDNF mutants lacking Box 2, Box 3, or both Box 2 plus 3

Figure 4. Subcellular colocalization of variant and wild-type BDNF with sortilin. A, Differentiated PC12 cells were transfected with N-terminal HA-tagged variant (Met) or wild-type BDNF (Val).
Cells were fixed after 48 h and permeabilized. Colocalization of BDNF and sortilin was visualized by costaining with anti-HA and anti-sortilin antibodies. In addition, untransfected differentiated PC12
cells were fixed after 48 h and permeabilized. Colocalization of endogenous sortilin and SecII was visualized by costaining with anti-sortilin and anti-SecII antibodies. Representative epifluorescence
images are shown. B, Hippocampal neurons were transfected with N-terminal HA-tagged variant (Met) or wild-type BDNF (Val) and Myc-tagged sortilin. Cells were fixed after 48 h and permeabil-
ized. Colocalization of HA–BDNF and Myc–sortilin was visualized by confocal microscopy, as described in Materials and Methods, using epitope antibodies. All neurons were confirmed using MAP2
antibodies. In addition, untransfected neurons were fixed after 48 h and permeabilized. Colocalization of endogenous sortilin and SecII was visualized by costaining with anti-sortilin and anti-SecII
antibodies. Representative epifluorescence images are shown. Scale bars, 20 �m.
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all demonstrated decreased regulated se-
cretion compared with full-length BDNF
(Fig. 6B). These loss of function studies
suggest that a discrete BDNF prodomain
region (amino acids 44 –102), which inter-
acts with sortilin, is required for efficient
regulated BDNF secretion.

Second, to test the whether tSort also
affects BDNF trafficking to the regulated
secretory pathway, we measured regulated
secretion of BDNF or NT-4 in PC12 cells
in the presence and absence of tSort. In the
case of NT-4, by ELISA analysis, we were
able to detect NT-4 secreted in both a reg-
ulated and constitutive manner. Cotrans-
fection with tSort led to no significant al-
teration in the amount of NT-4 secreted
from either secretory pathway (Fig. 7A),
which is consistent with the lack of inter-
action between sortilin and NT-4 (Fig.
1A). In the case of BDNF, we were able
to detect by ELISA BDNF secreted in a
depolarization-dependent manner as
well as decreased regulated secretion of
BDNFMet compared with BDNFVal (Fig.
7B). Cotransfection of tSort led to a signif-
icant decrease (54 � 5%; p � 0.001) in
BDNFVal regulated secretion. Interest-
ingly, there was a concomitant increase
(48 � 5%; p � 0.01) in constitutively se-
creted BDNFVal (Fig. 7C). This finding
suggests that altering the interaction of
BDNF with sortilin leads to BDNF mis-
sorting from the regulated to constitutive
secretory pathway. We used an additional
control to confirm the specificity of this
effect of tSort on BDNFVal secretion. Over-
expressed full-length sortilin had minimal
effect on either regulated or constitutive
BDNFVal secretion (Fig. 7B,C), suggesting
that the levels of endogenous sortilin in
PC12 cells (Fig. 4A) were sufficient to me-
diate BDNF trafficking.

Because BDNFMet has been shown to
have a decreased interaction with sortilin (Fig. 1A), we also de-
termined the effect of tSort on BDNFMet secretion. Truncated
sortilin had a diminished effect of decreasing the proportion of
BDNFMet secreted in a regulated manner compared with the ef-
fect on BDNFVal (Met plus tSort, 32 � 7% decrease; Val plus
tSort, 58 � 5% decrease) (Fig. 5A). However, the absolute level of
BDNFMet secreted in the presence of tSort (327 � 38 pg/ml) was
equivalent to that of BDNFVal secreted in the presence of tSort
(337 � 41 pg/ml). This result suggests that the impaired
BDNFMet regulated secretion observed in Figure 7A, and in pre-
vious studies (Egan et al., 2003; Chen et al., 2004) may be linked
to its decreased interaction with sortilin.

To confirm these findings on BDNF secretion in cells endog-
enously producing and secreting BDNF, we performed a similar
series of secretion studies in primary hippocampo-cortical neu-
ronal cultures. We were able to detect regulated and constitutive
secretion of transfected BDNF from these cultured neurons (Fig.
8A,B). Cotransfection of tSort led to a significant decrease (53 �
6%; p � 0.01) in BDNFVal-regulated secretion (Fig. 8A). Inter-

Figure 6. Role of the BDNF prodomain on activity-dependent BDNF secretion. A, Lentiviral
constructs containing differential regions of the BDNF prodomain (Box1, Box2, Box3, Box2 � 3)
fused to GFP or GFP alone were expressed in PC12 cells transfected with N-terminal HA-BDNF.
After 48 h, media were collected under depolarization secretion conditions, as described in
Materials and Methods, and analyzed by ELISA. Results are presented as a mean � SEM deter-
mined from six independent experiments (**p � 0.001; Student’s t test). B, Differentiated
PC12 cells were transfected with mutant forms of BDNF lacking certain regions of the prodo-
main (�Box1, �Box2�, �Box3, �Box2 � 3). After 48 h, media were collected under depolar-
ization secretion conditions, as described in Materials and Methods, and analyzed by ELISA.
Results are presented as a mean � SEM determined from analysis of six independent experi-
ments (**p � 0.001; Student’s t test). WT, Wild type.

Figure 5. Truncated sortilin alters intracellular BDNF targeting to secretory granules. A, Differentiated PC12 cells were cotrans-
fected with full-length or truncated Myc-tagged sortilin along with N-terminal HA-tagged BDNFVal or BDNFMet. Cells were fixed
after 48 h and permeabilized. Localization of sortilin (full-length, truncated), BDNF, and SecII was visualized by costaining with
anti-HA, anti-Myc antibodies, and anti-SecII antibodies. Representative epifluorescence images are shown. B, Hippocampal
neurons were cotransfected with truncated Myc-tagged sortilin along with N-terminal HA-tagged BDNF. Cells were fixed after
48 h and permeabilized. Localization of BDNF and SecII was visualized by costaining with anti-HA, anti-SecII antibodies, and
anti-MAP2 antibodies. Localization of truncated sortilin and BDNF and SecII was visualized by costaining with anti-HA, anti-Myc
antibodies, and anti-SecII antibodies. Representative epifluorescence images are shown. Scale bars, 20 �m.
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estingly again, there was a concomitant increase (25 � 9%; p �
0.05) in constitutively secreted BDNFVal (Fig. 8B). Overex-
pressed full-length sortilin had minimal effect on either regulated
or constitutive BDNFVal secretion (Fig. 8B,C). To determine fur-
ther the specificity of the role of sortilin in BDNF regulated se-
cretion, we assessed the effect of reducing endogenous sortilin
levels by small interfering RNA (siRNA) in these neurons. We
transfected duplex sortilin RNA oligonucleotides determined
previously to significantly reduce sortilin levels (Lefrancois et al.,
2003, 2005). Importantly, the sortilin siRNA sequence used is not
found in other Vps10p family members (Sorcs1, Sorcs2, Sorcs3,
SorLa) and thus allows for specific knock-down of sortilin.
Transfection of the duplex sortilin RNA oligonucleotides in these
neurons led to a significant reduction in endogenous sortilin lev-
els, as assessed by Western blot analysis (Fig. 8C). Cotransfection
of the siRNA with BDNFVal led to a significant decrease (45 �
8%; p � 0.01) in BDNFVal-regulated secretion (Fig. 8A), with a
concomitant increase (20 � 8%; p � 0.05) in constitutively se-
creted BDNFVal (Fig. 8B). In all, these findings in cell lines and
primary neurons demonstrate that sortilin through its interac-
tion with the BDNF prodomain selectively regulates the sorting
of BDNF into the regulated secretory pathway, the primary
means of BDNF secretion in neurosecretory cells and neurons.

Discussion
Trafficking of newly synthesized BDNF to
secretory pathways is a complex, highly
regulated process, which requires appro-
priate targeting to secretory granules des-
tined for release. The regulatory mecha-
nisms controlling this process are not
known. The recent human variant in the
BDNF prodomain (Val66Met) that has
impaired regulated secretion has provided
a tool to gain potential insights in that it
suggests that a trafficking signal in the
prodomain is involved in optimal BDNF
targeting to the regulated secretory path-
way. From our studies, we conclude that in
neurosecretory cells and neurons, efficient
BDNF sorting to regulated secretory path-
ways is controlled by a protein interaction
involving a region in the prodomain en-
compassing the Met substitution. We pro-
pose that this sorting operation is medi-
ated by an interaction with a Vps10p
domain protein, sortilin, that has been es-
tablished previously to have multifunc-
tional roles in intracellular trafficking of
polypeptide cargo from the Golgi appara-
tus to secretory and endocytic pathways
(Petersen et al., 1997; Mazella et al., 1998;
Munck Petersen et al., 1999; Nielsen et al.,
1999; Lefrancois et al., 2003).

Our studies have provided three new
insights into the regulation of BDNF traf-
ficking to secretory pathways. First, we
have mapped a region in the BDNF prodo-
main (amino acids 44 –102) that is respon-
sible for interaction with the luminal do-
main of sortilin and demonstrated
endogenous interaction of the two mole-
cules in brain lysates (Fig. 1F) as well as
localization in the same secretory granule

compartment in neurons (Fig. 2). Sequence comparison of this
prodomain region in BDNF demonstrates that there is marked
similarity with NGF, in particular in Box 3. However, despite
sequence similarities, this region may serve different functions
for these two neurotrophins. First, previous studies have shown
that deletion of the corresponding Box 3 in NGF has led to de-
creased expression of NGF protein, suggesting that this region is
possibly required possibly for proper folding of the protein (Suter
et al., 1991). Deletion of Box 3 in BDNF does not alter expression
levels of BDNF protein (Fig. 1C) but does significantly reduce its
regulated secretion (Fig. 4B). Second, it is also notable that al-
though it has been established that the majority of NGF is cleaved
to mature forms in the Golgi apparatus, the majority of BDNF
remains in the proform intracellularly and may be released as a
proform (Mowla et al., 1999; Chen et al., 2004; Pang et al., 2004).
In this context, the BDNF prodomain is capable of playing addi-
tional roles in post-Golgi trafficking of BDNF than in the parallel
case for NGF. Interestingly, another putative sorting motif was
recently mapped to the mature domain of BDNF (Lou et al.,
2005) consisting of four residues (I144, E146, I233, D234), which
interacts with a sorting protein, carboxypeptidase E. Mutation of
the acidic residues (E146, D234) to alanines led to missorting of

Figure 7. Truncated sortilin selectively alters activity-dependent BDNF secretion. A, Differentiated PC12 cells were transfected
with NT-4 in the presence or absence of tSort. After 48 h, media were collected under depolarization and constitutive secretion
conditions, as described in Materials and Methods, and analyzed by ELISA. Differentiated PC12 cells were transfected with BDNF in
the presence or absence of full-length sortilin (Sort) or tSort. After 48 h, media were collected under depolarization (B) and
constitutive secretion (C) conditions, as described in Materials and Methods, and analyzed by ELISA. All results are presented as a
mean � SEM determined from analysis of six independent experiments (*p � 0.01; **p � 0.001; Student’s t test).

Figure 8. Truncated sortilin and sortilin siRNA selectively alter activity-dependent BDNF secretion. Hippocampo-cortical neu-
rons were transfected with BDNF in the presence or absence of full-length sortilin (Sort), tSort, or sortilin siRNA (siSort). After 3 d,
media were collected under depolarization (A) and constitutive secretion (B) conditions, as described in Materials and Methods,
and analyzed by ELISA. All results are presented as a mean � SEM determined from analysis of six independent experiments
(*p � 0.05; **p � 0.01; Student’s t test). C, Hippocampo-cortical neurons were transfected in the presence or absence of sortilin
siRNA. After 3 d, cells lysates were immunoblotted for and sortilin and tubulin (loading control) as described in Materials and
Methods.
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BDNF to the constitutive pathway. Together with our present
findings, this study suggests multiple levels of regulation for
BDNF trafficking to the secretory pathways. Furthermore, the
prodomain of NT-4, which has only minimal sequence similarity
with the prodomain of BDNF or NGF, showed no interaction
with sortilin. These results provide evidence that BDNF interac-
tion with sortilin occurs in a prodomain region that may be
uniquely required for its efficient regulated secretion from
neurons.

Second, identification of the sortilin–proBDNF interaction
provides a plausible molecular model of understanding the traf-
ficking defect found in the human variant BDNFMet. The Met
substitution at position 66 significantly decreases BDNF interac-
tion with sortilin. The Met substitution has been shown to lead to
decreased colocalization with secretory granules and decreased
regulated secretion of BDNFMet from neurosecretory cells as well
as from hippocampal neurons (Egan et al., 2003; Chen et al.,
2004). In this context, our results imply that decreased protein
interaction with sortilin plays a direct role in the defective traf-
ficking of BDNFMet into the regulated secretory pathway and
provides a valuable molecular link for future studies that attempt
to understand how mistrafficking of this variant BDNF leads to
selective impairment of CNS function.

Third, the role of sortilin in determining BDNF trafficking to
secretory pathways in neurons has general implications for traf-
ficking and secretion of the other neurotrophins. In our studies in
neurosecretory cells, as well as hippocampal neurons, endoge-
nous sortilin appears to be localized in the same punctate secre-
tory granule compartment as BDNF (Fig. 4). Because a type 1
transmembrane protein targeted to secretory granules, the lumi-
nal domain of which binds to BDNF, sortilin is correctly posi-
tioned to be involved in appropriate membrane sorting and re-
tention of BDNF in this compartment. In this context, most
previous subcellular localization studies of sortilin were per-
formed in cells lacking regulatory secretory pathways (Petersen et
al., 1997; Nielsen et al., 1999, 2001; Lefrancois et al., 2003). In one
previous study, sortilin was localized in cortical, hippocampal,
and cerebellar neurons to a variety of compartments, including
vesicular organelles (Sarret et al., 2003). We cannot exclude that
overexpression of the truncated sortilin may affect sorting of
proBDNF by competing out binding to another unidentified
sorting protein. However, the loss of function studies with sorti-
lin siRNA (Fig. 8) provide evidence that sortilin specifically is
involved regulating BDNF secretion in neurons, because the
RNA sequence used is unique to sortilin and not in the other
Vps10p family members (Sorcs1, Sorcs2, Sorcs3, SorLa).

The efficient trafficking and regulated secretion of NT-4 un-
der the same conditions that disrupted BDNF trafficking and
secretion indicates that the sortilin may specifically control traf-
ficking of certain neurotrophins and does not serve a general
trafficking function. It should be noted although that regulated
secretion of NT-4 has been observed previously in PC12 cells
(Kruttgen et al., 1998) but also has not been observed in other
neurosecretory cells (Hibbert et al., 2003). This finding also im-
plies that NT-4 trafficking to these secretory pathways is likely
controlled by another set of sorting proteins. Because the trun-
cated form of sortilin contains the entire Vps10p domain, other
members of the Vps10p domain family (sorLA, SorCS1, SorCS2,
SorCS3) will not likely be involved in NT-4 sorting. It is plausible
that the evolution of their distinctly divergent prodomain se-
quences, which maintaining very similar mature domains, al-

lowed for differential regulation of sorting of BDNF and NT-4 to
secretory pathways while still activating the same neurotrophin
receptor, TrkB.

In this context, these findings shed new light into potential
mechanisms by which these two ligands for the same receptor can
be regulated and lead to different biological functions. Previous
analysis of the transgenic knock-out mice for NT-4 and BDNF
have determined that there are differences in these two neurotro-
phins roles in hippocampal synaptic transmission, and hip-
pocampal dependent behavior. In NT-4 knock-out mice, the
long-lasting form of long-term potentiation (LTP) in Schaffer
collateral CA1 synapses was selectively affected (Xie et al., 2000),
whereas both short- and long-term forms of LTP in the hip-
pocampus are affected in the BDNF knock-out mice (Korte et al.,
1995, 1998; Patterson et al., 1996). In addition, in behavioral
tests, long-term memory was selectively affected by loss of NT-4
(Xie et al., 2000), whereas both short- and long-term memory are
affected by loss of BDNF (Linnarsson et al., 1997; Minichiello et
al., 1999; Gorski et al., 2003). Previous studies have suggested that
subtle differences in NT-4 and BDNF activation of TrkB and in
downstream signaling pathways may mediate these differences
(Klein et al., 1992; Minichiello et al., 1998; Fan et al., 2000). Our
findings suggest that presynaptic sorting of NT-4 and BDNF to
secretory pathways may provide a more divergent point of regu-
lation that may explain the differences in activity-dependent bi-
ological functions of the two neurotrophins. Thus, in the future,
identification of the appropriate sorting molecules controlling
NT-4 trafficking will allow for direct comparison of differences in
regulation BDNF and NT-4 sorting to secretory pathways in
neurons.

In all, BDNF is primarily secreted from neurons in an activity-
dependent manner, after which it can have a variety of biological
effects such as modulating synaptic transmission and synaptic
plasticity. Our studies have identified a sorting mechanism in-
volving unique sequence elements in the BDNF prodomain, as
well as a sorting protein that specifically mediates this trafficking
decision to the regulated secretory pathway. Our studies suggest a
new framework, based on divergent presynaptic regulation of
sorting to secretory pathways, to reconcile how two ligands for
the TrkB neurotrophin receptor, BDNF and NT-4, can mediate
diverse biological responses.
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