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In skeletal muscle, brain-derived neurotrophic factor (BDNF) has long been thought to serve as a retrograde trophic factor for innervating
motor neurons throughout their lifespan. However, its localization in mature muscle fibers has remained elusive. Given the postulated
roles of BDNF in skeletal muscle, we performed a series of complementary experiments aimed at defining the localization of BDNF and its
transcripts in adult muscle. By reverse transcription-PCR, in situ hybridization, and immunofluorescence, we show that BDNF, along
with the receptor p75 NTR, is not expressed at significant levels within mature myofibers and that it does not accumulate preferentially
within subsynaptic regions of neuromuscular junctions. Interestingly, expression of BDNF correlated with that of Pax3, a marker of
muscle progenitor cells, in several different adult skeletal muscles. Additionally, BDNF was expressed in Pax7� satellite cells where it
colocalized with p75 NTR. In complementary cell culture experiments, we detected high levels of BDNF and p75 NTR in myoblasts. During
myogenic differentiation, expression of BDNF became drastically reduced. Using small interfering RNA (siRNA) technology to knock
down BDNF expression, we demonstrate enhanced myogenic differentiation of myoblasts. This accelerated rate of myogenic differenti-
ation seen in myoblasts expressing BDNF siRNA was normalized by administration of recombinant BDNF. Collectively, these findings
show that BDNF plays an important regulatory function during myogenic differentiation. In addition, the expression of BDNF in satellite
cells is coherent with the notion that BDNF serves a key role in maintaining the population of muscle progenitors in adult muscle.
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Introduction
Neurotrophins are known to modulate various neuronal pro-
cesses throughout development. The mammalian family of neu-
rotrophins consists of nerve growth factor, neurotrophin-3, neu-
rotrophin-4/5 (NT-4/5), and brain-derived neurotrophic factor
(BDNF). Depending on the developmental context and availabil-
ity of their putative receptors, these neurotrophins promote neu-
ronal survival, differentiation, synaptic potentiation, and depres-
sion as well as apoptosis. Among these neurotrophins, BDNF has
been the focus of intense studies, because it has been associated
with various neurological disorders. Accordingly, via binding to
its receptors tyrosine receptor kinase B (TrkB) and/or p75 NTR,
BDNF initiates intracellular events central to neuronal develop-
ment and maturation (Huang and Reichardt, 2003; Nykjaer et al.,
2005).

In the neuromuscular system, it has been hypothesized that
skeletal muscle-derived BDNF enhances the survival of innervat-
ing motor neurons throughout their lifespan and potentiates

neuromuscular transmission (Oppenheim et al., 1992; Sendtner
et al., 1992; Lohof et al., 1993; Yan et al., 1993; Zhang and Poo,
2002). This hypothesis is supported by several lines of evidence
including, for example, the expression of BDNF in skeletal mus-
cle and retrograde transport of exogenously applied BDNF to
distinct motor neuron cell bodies (DiStefano et al., 1992; Funa-
koshi et al., 1993; Yan et al., 1993; Griesbeck et al., 1995; Mousavi
et al., 2004). Moreover, BDNF enhances the survival of motor
neurons in culture and rescues motor neurons after severing their
connection with target skeletal muscles in neonates (Sendtner et
al., 1992; Yan et al., 1992; Koliatsos et al., 1993; Mousavi et al.,
2004). Collectively, these results suggest that skeletal muscle-
derived BDNF acts as a retrograde survival factor for motor neu-
rons in the neuromuscular system.

During embryonic development, primordial skeletal muscle
cells express relatively high levels of BDNF with subsequent
downregulation with maturation (Griesbeck et al., 1995). More-
over, the expression of BDNF is associated with developing myo-
fibers, which later express myosin heavy chain (MyHC) IIB
(Griesbeck et al., 1995; Mousavi et al., 2004). In contrast to de-
veloping muscle, the localization and role of BDNF in mature
skeletal muscle has remained controversial (Copray et al., 2000;
Liem et al., 2001). Here, we examined the expression and local-
ization of BDNF in synaptic and extrasynaptic regions of mature
diaphragm skeletal muscle. We demonstrate that expression of
BDNF occurs in skeletal muscle satellite cells as well as in myo-
blasts in culture. Furthermore, we show that reduction in BDNF
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levels results in early myogenic differentiation of myoblasts in
culture, which can be rescued with exogenous BDNF treatment.
We conclude by proposing that the primary role of BDNF in
mature skeletal muscle is to inhibit myogenic differentiation of
satellite cells or muscle progenitor cells.

Materials and Methods
Animals and tissues. Adult (1–2 months of age) female Sprague Dawley
rats (Charles River, Quebec, Canada) were housed in the animal care
facility at the University of Ottawa and were provided with unlimited
access to food and water. All surgical procedures and skeletal muscle
biopsies were approved by the University of Ottawa Animal Care and Use
Committee.

Cell culture. All cell cultures were incubated at 37°C with 5% CO2 and
maximum humidity. Satellite cells were isolated in culture as described
previously (Rosenblatt et al., 1995). In brief, diaphragm skeletal muscle
fibers were dissociated using collagenase (10 mg/ml) in DMEM for 30
min at 37°C. Dissociated fibers were placed onto Matrigel-treated (In-
vitrogen, Burlington, Ontario, Canada) plates in growth media (GM)
containing 10% fetal calf serum (FCS), 100 U/ml penicillin/streptomy-
cin, and 292 ng/ml L-glutamine in DMEM for 1–2 weeks or until satellite
cells began to detach from fibers. Satellite cells were subsequently fixed in
cold (�20°C) methanol and used for immunofluorescence (IF) thereaf-
ter (see below).

L6 myoblasts (American Type Culture Collection, Manassas, VA)
were plated at a density of 10,000 cells/ml in GM until harvest. GM was
changed every 48 h. For RNA and protein extraction, L6 myoblasts were
harvested at 60 –70% confluency. For myogenicity and fusion index, cells
were processed for immunofluorescence as described below. For differ-
entiation, 80 –90% confluent cultures were placed in differentiation me-
dia containing 10 nM insulin, 2% FCS, 100 U/ml penicillin/streptomycin,
and 292 ng/ml L-glutamine in DMEM for 4 d.

RNA extraction and quantitative reverse transcription-PCR. Total RNA
extraction and quantitative reverse transcription (RT)-PCR was per-
formed as described previously (Mousavi et al., 2004). Briefly, total RNA
was extracted using Trizol extraction according to the protocol of the
manufacturer (Invitrogen). Total RNA was quantified and diluted to 50
and 500 ng/�l. Relative expression of genes was compared at two differ-
ent starting RNA concentrations. Similar results were obtained using
both starting RNA concentrations. Reverse transcription protocol was
followed as described previously (Mousavi et al., 2004).

Sequences of primers have been published previously: skeletal muscle
�-actin and BDNF (Mousavi et al., 2004), � subunit of acetylcholine
receptor (�-AChR) (Boudreau-Lariviere et al., 1996), rat p75 NTR (Yabe
et al., 2004), rat TrkB (Yabe et al., 2004), exon-specific primers of BDNF
(Tabuchi et al., 2002), and Pax3 (Nakagawa et al., 1996). The content of
PCR mix has been described previously (Mousavi et al., 2004); except for
PCRs starting with 50 ng/�l total RNA, 8.0 pmol/�l primers were used to
account for template:primer ratio. All PCRs were preheated to 94°C for 2
min followed by repetitive cycles of denaturation (94°C for 30 s), anneal-
ing (60°C for 30 s), and extension (72°C for 30 s). The annealing temper-
ature for BDNF exons, Pax3, and �-AChR was 55, 56, and 62°C, respec-
tively. PCR cycle numbers are shown in parentheses for the following
genes: �-actin (18), BDNF (30), �-AChR (30), p75 NTR (30), TrkB (50),
BDNF exon-1 (40), BDNF exon-2 (40), BDNF exon-3 (36), BDNF
exon-4 (32), and Pax3 (32). Finally, PCRs were extended for 10 min at
72°C followed by storage at 4°C until use. For quantitative purposes, we
made certain that all PCRs were within linear range of amplification as
described previously (Mousavi et al., 2004).

In situ hybridization. The BDNF cDNA construct was kindly provided
by Regeneron Pharmaceuticals (Tarrytown, NY). Acetylcholinestrase
(AChE) cDNA encoding exon 6 and 3�-UTR (nucleotides 1476 –1987 of
the AChE mRNA sequence; GenBank accession number S50879) was
inserted into pBS II-SK and used as in situ hybridization (ISH) probes.
ISH was performed as described previously (Young et al., 1998). Briefly,
BDNF cDNA in pBSII-SK- was linearized with EcoRI or KpnI for in vitro
transcription of antisense and sense probes, respectively. In the case of
AChE, plasmid construct was linearized with EcoRI or XbaI for transcrip-

tion of antisense and sense probes, respectively. Radiolabeled probes
were generated using the following in vitro transcription mix: 1� tran-
scription buffer, 10 mM DTT, 0.6 mM ATP and GTP, 0.5 �g/�l linearized
DNA template, 10 U of RNase inhibitor; and 1.5 �Ci/�l 35S-UTP and
35S-CTP (Amersham Biosciences, Piscataway, NJ). The reactions were
incubated at 37°C for 2 h, after which cDNA template was digested with
RNase-free DNase I (10 U). Unincorporated nucleotides were removed
from the mixture using a Sephadex column (NAP-5; Amersham Bio-
sciences). After ethanol precipitation, riboprobes were suspended in
DTT and hybridization buffer as described previously (Young et al.,
1998). Activity of the radioprobes was measured by scintillation count-
ing, and the probes were stored at �80°C until use.

Skeletal muscles were cryosectioned at 10 �m thick and subjected to
prehybridization protocol described previously (Young et al., 1998).
Briefly, sections were fixed in 2% paraformaldehyde (PFA), placed in 100
mM citrate buffer, pH 6.0, containing 5�-bromoindoxyl acetate and
hexazotized pararosaniline at 4°C for 1 h for staining the neuromuscular
junctions (NMJs), and then placed in 4% PFA. Subsequently, sections
were treated with proteinase K (20 �g/ml) in 50 mM Tris-HCl, 5 mM

EDTA for 7.5 min, and acetylated in a solution containing 2.5% (w/v)
acetic anhydride in 100 mM triethanolamine, pH 7.5. After dehydration
in graded alcohol solutions, sections were left to dry for 1 h. BDNF or
AChE antisense and sense probes (40 �l of 20,000 –30,000 cpm/�l) were
placed on sections and mounted with a sterile coverslip. After an over-
night incubation at 50°C in a moist chamber, samples were processed for
posthybridization and autoradiography as described previously (Young
et al., 1998). For all ISH, sections were exposed to autoradiographic
emulsion for 2–3 weeks in the dark at 4°C.

In ISH experiment using postnatal day 10 (P10) diaphragm, alterna-
tive serial sections were processed for Karnovsky and Roots (1964)
method of staining the NMJs. In short, sections were placed in a solution
containing 65 mM sodium acetate, 5 mM sodium citrate, 0.5 mM potas-
sium ferricyanide, 3 mM copper sulfate, and 0.1 mg of acetylthiocholine
iodide for 10 –15 min for color development.

ELISA. BDNF ELISA was performed as described previously (Mousavi
et al., 2004). In short, junctional and extrajunctional regions of dia-
phragm skeletal muscle samples were weighed and homogenized in lysis
buffer (1:2 w/v) (Mousavi et al., 2004). L6 cultures were lysed with 100 �l
of lysis buffer (per 75 mm dish). In all cases, samples were vortexed,
diluted with four times Dulbecco’s PBS (v/v), sonicated, and spun at
14,000 � g for 20 min. ELISA was performed following the protocol of
the manufacturer (Promega, Madison, WI) and is described previously
(Mousavi et al., 2004).

Immunofluorescence. Antibodies were polyclonal anti-BDNF (Pro-
mega), anti-myosin heavy chain (MyHC) (MF20), anti-MyHC slow
(A4 – 840), anti-Desmin (D3), anti-Pax7 (Developmental Studies Hy-
bridoma Bank, Iowa City, IA), and anti-p75 NTR (192-IgG). Anti-Pax7
was kindly provided by Dr. Michael A. Rudnicki (Ottawa Health
Research Institute, Ottawa, Ontario, Canada). 192-IgG was a gift
from Dr. Philip A. Barker (McGill University, Montreal, Quebec,
Canada). Secondary antibody to anti-BDNF was FITC-conjugated
donkey anti-chicken (Jackson ImmunoResearch, West Grove, PA).
Secondary antibody for MF20, A4 – 840, D3, anti-Pax7, and 192-IgG
was goat anti-mouse Texas Red (Invitrogen).

Skeletal muscle sections were washes in PBS between every step. First,
sections were fixed with 1% PFA for 10 min at room temperature and
blocked (1% BSA, 0.1% Triton X-100 in PBS) for an additional hour.
Samples were incubated overnight (4°C) with primary antibodies. For
blocked experiments, anti-BDNF was incubated with human recombi-
nant BDNF (Promega) in a 1:1 ratio for 30 min at 37°C before placing on
sections. The next day, sections were incubated with appropriate second-
ary antibodies for an extra hour. Sections were incubated with
�-bungratoxin 594 (Invitrogen) for 1 h to stain acetylcholine receptor
densities at NMJs. Finally, slides were mounted with Vectashield (Vector
Laboratories, Burlington, Ontario, Canada) and coverslips.

Western blotting. Total protein was extracted as in ELISA protocol
(Mousavi et al., 2004). Protein concentration was determined using
Bradford Assay (Bio-Rad, Hercules, CA). Samples (25 �g) were run on
6% SDS-PAGE and electroblotted onto polyvinylidene difluoride mem-
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branes. After blocking with 5% nonfat milk in Tris-buffered saline Triton
X-100, blots were incubated with appropriate antibodies directed against
MyHC or tubulin (Sigma, St. Louis, MO). After incubation with goat
anti-mouse conjugated to horse-radish peroxidase (Chemicon, Te-
mecula, CA), protein bands were visualized using SuperSignal Substrate
(Pierce Biotechnology, Rockford, IL) on a Kodak (Rockford, NY) imag-
ing station.

BDNF small interfering RNA and stable cell lines. The small inter-
fering RNA (siRNA) fragments were designed using BDNF cDNA
sequence (GenBank accession number NM_012513) and Ambion
(Austin, TX) design guidelines/Target Finder. Fragments were de-
signed to have 19 –22 bases, 30 –50% guanine cytosine content while
avoiding sequence ending with four or higher consecutive thymi-
dines. Two different siRNA fragments were designed and named after
their first starting nucleotide within NM_012513 sequence. In addi-
tion, siRNA Wizard (Invivogen, San Diego, CA) was used to design
hairpin fragments: BDNF599 5�-TCCC-ATTACCTGGATGCCGCA
AA-TCAAGAG-TTTGCGGCATCCAGGTAAT-TT-3� and BDNF948
5�-TCCC-AAGGATAGACACTTCCTGTGT-TCAAGAG-ACACAG
GAAGTGTCTATCCTTTT-3�. LacZ siRNA (5�TCCC-AAATCG
TCTGACCGATGATCCGT-TCAAGAGACGGATCATCGGTCAGA
CGATT-TT-3�) was used as scrambled control sequence in these
experiments (Shafey et al., 2005). LacZ siRNA construct was a gift
from Dr. Robin J. Parks (Ottawa Health Research Institute, Ottawa,
Ontario, Canada). The siRNA fragments were inserted into psiRNA-
hH1neo construct following the protocol of the manufacturer (Invi-
vogen). Accordingly, siRNA fragments were annealed with their com-
plementary strands, ligated to BbsI-digested psiRNA-hH1neo
construct, and used for plasmid amplification. After plasmid purifi-
cation, constructs were sequenced to establish correct insertion.

BDNF599, BDNF948, and LacZ siRNA constructs were transfected
into L6 myoblasts following Lipofectamine 2000 transfection protocol
(Invitrogen). A ratio of 1:1 [DNA (�g):lipofectamine (�l)] in Opti-

MEM (Invitrogen) was used to transfect cells
overnight. Then, cells were placed in GM for
48 h and subsequently in selective media (SM)
containing 600 �g/ml G418 (Invitrogen) in
GM. In parallel, nontransfected cells were also
placed in SM to ensure the potency and selec-
tivity of G418. Clonal populations were isolated
from G418-resistant cells for additional analy-
sis. For PCR, total DNA was extracted using the
Trizol method according to the protocol of the
manufacturer (see above). PCR mix consisted
of reagents previously mentioned (see above,
RNA extraction and quantitative reverse
transcription-PCR), except nucleotides were
added directly to PCRs. PCR primers were
OL178 and OL381 (Invivogen). For rescue ex-
periments, BDNF599 and BDNF948 cells were
treated daily with 100 ng/ml human recombi-
nant BDNF (Regeneron Pharmaceuticals) for
6 d in GM.

Statistical analysis. Student’s t test was used to
determine the significant difference between
two groups. For comparison between three or
more groups, one-way ANOVA and least
square difference tests were used to determine
statistical significance. The level of significance
was set at p � 0.05.

Results
Expression and localization of BDNF in
mature skeletal muscle
Initially, we began examining the distribu-
tion of BDNF transcripts and protein in
synaptic and extrasynaptic regions of ma-
ture skeletal muscle. For this, we surgically
dissected adult diaphragm into its junc-

tional and extrajunctional regions. To ascertain proper surgical
separation, the levels of �-AChR mRNA was quantified to mark
for junctional regions (Boudreau-Lariviere et al., 1996) (Fig. 1A).
As expected, the levels of �-AChR mRNA were approximately
fourfold higher in junctional compared with extrajunctional re-
gions (Fig. 1B). Using primers to amplify all splice variants, we
detected BDNF transcripts in both compartments of diaphragm
skeletal muscle (Fig. 1A,C). In fact, there was a tendency toward
higher levels of BDNF transcripts in extrajunctional regions of
mature diaphragm skeletal muscle (Fig. 1A,C). As well, p75 NTR

transcripts were equally distributed in the two compartments of
mature diaphragm (Fig. 1A,D), whereas full-length TrkB tran-
script was not detected, even after 50 cycles of PCR (Fig. 1A).

The genomic structure of BDNF consists of four different 5�
exons, which are alternatively spliced into coding exon-5 (Tim-
musk et al., 1993, 1995). Each of these 5� exons contains different
promoters, which drive expression of BDNF in the CNS (Tim-
musk et al., 1993, 1995). In peripheral tissues including skeletal
muscle, promoters 3 and 4 are used to drive the expression of
BDNF (Timmusk et al., 1993, 1995). Using exon-specific prim-
ers, we found BDNF transcripts containing exon-3 and exon-4 in
adult diaphragm skeletal muscle, suggesting that expression of
BDNF in this tissue is driven by promoters upstream of these
exons as it has been suggested previously (Timmusk et al., 1995)
(Fig. 1E). Moreover, similar to the trend observed when using
primers to amplify all BDNF transcripts (Fig. 1C), there was a
tendency toward higher levels of BDNF transcripts containing
exon-3 or exon-4 in extrajunctional regions of mature dia-
phragm skeletal muscle (Fig. 1E–G).

Figure 1. Expression of BDNF and p75 NTR is observed in junctional and extrajunctional regions of adult diaphragm skeletal
muscle. A, Representative ethidium bromide gels showing RT-PCR products of �-AChR, BDNF, p75 NTR, TrkB, and �-actin in
junctional (J) and extrajunctional (EJ) regions. Also, total RNA from brain (B) and no RNA (CL) were used as positive and negative
controls, respectively. B–D, Arbitrary levels of �-AChR, BDNF, and p75 NTR as normalized to �-actin in junctional (Junc) versus
extrajunctional (EJunc) regions (n � 4; *p � 0.05). E, Representative ethidium bromide gels showing RT-PCR products of BDNF
exon variants in junctional and extrajunctional regions of adult diaphragm skeletal muscle. F, Arbitrary levels of BDNF transcript
containing exon-3 (normalized to �-actin levels). G, BDNF transcript containing exon-4 was significantly higher in extrajunctional
regions than in the junctional compartment (n � 4; *p � 0.05). Error bars represent SE.
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To determine the precise localization of BDNF transcripts, we
performed radioactive ISH with long exposure time (see Materi-
als and Methods) on transverse sections of adult skeletal muscles.
Accumulations of silver grain densities representative of BDNF
mRNA were barely above sense background levels across sections
(Fig. 2). Furthermore, we did not observe concentrations of silver
grains overlaying mature NMJs in diaphragm (Fig. 2A, arrows).
This trend was also observed in adult soleus and extensor digito-
rum longus (EDL) skeletal muscles (Fig. 2C,E, arrows). To ascer-
tain that our hybridization approach and probe were appropri-
ate, we performed two sets of control experiments. First, we used
an antisense probe against AChE mRNA to demonstrate our abil-
ity to localize transcripts in muscle fibers and at the NMJs (Fig.
2G, arrows) as demonstrated previously (Michel et al., 1994).
Second, coronal sections of neonatal brain were processed for
BDNF ISH, which, as expected, displayed high levels of BDNF
mRNA in the CA1–3 regions of the hippocampus (Fig. 2 I, ar-
rows). Additionally, serial coronal brain slices processed for
BDNF sense control probe showed minimal homogenous silver
grains across sections that were considered as background signal
(data not shown).

To establish whether the levels of BDNF transcript(s) were
correlated with that of its protein within diaphragm, we mea-
sured the levels of BDNF protein using ELISA. For this, total
protein was extracted from junctional and extrajunctional re-
gions of adult diaphragm and processed for BDNF ELISA. There
were equal levels of BDNF protein in junctional and extrajunc-
tional regions of the diaphragm, albeit with a trend toward higher
levels in extrajunctional compartment (Fig. 3A). It is important
to note that in these assays, the concentrations of BDNF detected
in junctional and extrajunctional regions were �75 pg/ml, which
corresponds to values that are approximately fivefold above the
sensitivity threshold of this particular ELISA assay. Furthermore,
BDNF was not immunolocalized to myofibers or to subsynaptic
regions of NMJs (Fig. 3B, arrows, D). In parallel to BDNF localiza-
tion experiments, muscle sections were also processed for detection
of MyHC slow or �/I (Fig. 2E) to ascertain our ability to detect
muscle antigen in these experiments. Specificity of BDNF antibody
was tested on myogenic cell cultures (see below). Thus, the above

Figure 2. BDNF is low or absent in mature myofibers and not restricted to NMJs. ISH of BDNF
probes on transverse sections of adult skeletal muscles. A, C, E, Representative micrographs
showing hybridization of BDNF antisense probe on diaphragm, soleus, and EDL, respectively. B,
D, F, BDNF sense control on diaphragm, soleus, and EDL, respectively. Arrows point to NMJs
(brown staining). G, Representative micrograph showing hybridization of AChE antisense probe
on adult diaphragm muscle sections. Arrows point to silver grain densities overlaying mature
NMJs. H, Representative micrograph showing hybridization of AChE sense probe. Scale bar, 50
�m. I, A micrograph of coronal sections of neonatal (P10) brain showing hybridization of BDNF
antisense probe. Scale bar, 500 �m. Arrows point to CA1–3 hippocampal regions.

Figure 3. BDNF protein is found in junctional and extrajunctional compartments of adult
diaphragm skeletal muscle but not in mature myofibers or within the subsynaptic regions of
NMJs. A, Levels of BDNF protein, per milligram of wet muscle mass, in junctional (Junc) and
extrajunctional (EJunc) regions of diaphragm (n � 4). B, D, Immunofluorescence of BDNF on
transverse sections of the diaphragm. Arrows point to subsynaptic areas of NMJs. Insets are
4�,6-diamidino-2-phenylindole staining of myonuclei. C, Same section as in B showing the
localization of postsynaptic acetylcholine receptors stained with �-bungratoxin depicting the
presence of NMJs. E, Same section as in D but stained for MyHC slow or �/I. Scale bar, 50 �m.
Error bars represent SE.
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results suggest that expression and localization of BDNF is low or
absent in myofibers and not restricted to mature NMJs.

Because developing skeletal muscle contains comparatively
higher levels of BDNF (Funakoshi et al., 1995; Griesbeck et al.,
1995), we decided to examine its mRNA localization in neonatal

(P10) diaphragm. For this, alternative se-
rial sections of neonatal diaphragm were
processed for BDNF ISH and NMJ stain-
ing (Fig. 4). Silver grain densities represen-
tative of BDNF mRNAs were observed in
regions of the diaphragm, which were
above background sense control levels
(Fig. 4, compare B and C). Moreover,
BDNF silver grain densities (Fig. 4B, ar-
rows, E, arrowheads) were detected in re-
stricted areas not associated with develop-
ing NMJs (Fig. 4A, arrows; or E,
arrowheads).

BDNF localization in muscle
satellite cells
Because BDNF transcript(s) and protein
were detected in skeletal muscle but not
associating with mature myofibers or
NMJs, we questioned whether its synthesis
occurs in other components of skeletal
muscles and, in particular, in satellite cells.
To this end, we quantified the levels of
BDNF mRNA in adult diaphragm, soleus,
and EDL skeletal muscles, which are
known to contain a different number of
satellite cells (Schmalbruch and Hellham-
mer, 1977). Diaphragm contained ap-

proximately fourfold and �17-fold the levels of BDNF mRNA
compared with soleus and EDL, respectively (Fig. 5A). Further-
more, to establish whether levels of BDNF in these skeletal mus-
cles correlate with their respective populations of satellite cells,
we measured the levels of a skeletal muscle satellite cell marker,
Pax3 (Relaix et al., 2005). Levels of Pax3 mRNA in the diaphragm
were approximately threefold and �6.5-fold higher than in so-
leus and EDL, respectively, thus corresponding to levels of BDNF
mRNA in these muscles (Fig. 5B). Overall, levels of BDNF were
highly correlated (R 2 � 0.98) to that of Pax3 in adult skeletal
muscles.

To determine whether expression of BDNF does indeed occur
in skeletal muscle satellite cells, we performed immunolocaliza-
tion studies. To identify skeletal muscle satellite cells in these
experiments, we used an antibody directed against Pax7, a para-
log of Pax3, which has recently been shown to be expressed in all
skeletal muscle-derived Pax3� cells (Seale et al., 2000; Montarras
et al., 2005). BDNF was immunolocalized to the cytoplasmic por-
tion of Pax7� skeletal muscle satellite cells (Fig. 6A–C, arrows).
Approximately 64% (of 111) of Pax7� cells were immunoreac-
tive for BDNF. Moreover, isolated desmin� satellite cells, which
were harvested from dissociated mature diaphragm myofibers in
culture (see Materials and Methods) were also immunoreactive
for BDNF (Fig. 6G–I) (Rosenblatt et al., 1995).

BDNF and p75 NTR transcripts were expressed in diaphragm
skeletal muscle, suggesting that BDNF signaling is mediated by
p75 NTR in this tissue (Fig. 1). To further examine whether BDNF
was spatially restricted to p75 NTR-positive regions of skeletal
muscle, we performed immunofluorescence experiments, which
illustrated that BDNF was indeed colocalized with p75 NTR (Fig.
6D–F).

Expression of BDNF during myogenic differentiation
To elucidate the role of BDNF in satellite cells, we decided to
perform experiments using cell cultures. To this end, we used rat

Figure 5. Levels of BDNF are highly correlated to those of a muscle progenitor marker, Pax3.
A, Arbitrary levels of BDNF mRNA (normalized to �-actin levels) in adult diaphragm (DIA),
soleus (SOL), and extensor digitorum longus (EDL) skeletal muscles (n � 3). B, Arbitrary levels
of Pax3 (relative to �-actin) in DIA, SOL, and EDL (*p � 0.05 vs DIA; #p � 0.05 vs soleus). Error
bars represent SE.

Figure 4. Concentrations of BDNF transcript(s) do not colocalize with NMJs in neonatal diaphragm skeletal muscle. A, Micro-
graph of a transverse section of a neonatal diaphragm stained for NMJs. This micrograph is devoid of any NMJ. Arrows point to the
same regions as in B. B, Serial section to A showing hybridization of BDNF antisense probe. Arrows point to concentrations of silver
grains representing BDNF transcripts. C, Serial section to A processed for BDNF sense control. Scale bar, 25 �m. D, A micrograph
showing NMJs in the developing diaphragm. E, Serial section to D showing hybridization of BDNF antisense probe. Arrowheads
point toward NMJs. F, Serial section to D processed for BDNF sense probe. Scale bar, 25 �m.
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myogenic cells L6, which have been dem-
onstrated to retain their ability to undergo
myogenic differentiation after several
months in culture (Yaffe, 1968). Thus, ex-
tracts from L6 myoblasts and 4 d differen-
tiated myotubes were used to investigate
the expression of BDNF, p75 NTR, TrkB,
and Pax3 during myogenic differentiation.

BDNF and p75 NTR transcripts were de-
tected in myoblast cultures (Fig. 7A). Fur-
thermore, their expression was decreased
by approximately fivefold after myogenic
differentiation (Fig. 7B,C). Levels of
BDNF transcripts containing exon-3 and
exon-4 were also downregulated to an ex-
tent similar to levels of all BDNF tran-
scripts after myogenic differentiation
(data not shown) (Fig. 7B). Pax3 levels
were also considerably reduced after dif-
ferentiation (Fig. 7A,D). As in diaphragm
muscle, full-length TrkB transcripts were
not present in either myoblasts or 4 d dif-
ferentiated myotubes (Fig. 7A).

To determine whether BDNF protein
followed the same trend as its transcript
during myogenic differentiation, we per-
formed immunofluorescence experiments
on myoblasts and 4 d differentiated myo-
tubes. BDNF was immunolocalized to the
cytoplasmic region of myoblasts (Fig. 7E).
As expected, differentiated myotubes did
not stain (or stained weakly) for BDNF
(Fig. 7H). To establish the specificity of
our primary antibody, anti-BDNF was
blocked with recombinant BDNF before
incubation with samples (Fig. 7F, I). In a
parallel experiment, we also omitted incu-
bation with the primary BDNF antibody
to show specificity of our secondary antibody (Fig. 7G,J). Total
BDNF protein levels were also decreased after myogenic differ-
entiation, replicating the extent of decrease in mRNA levels (Fig.
7, compare B, K). Collectively, these results demonstrate that
expression of BDNF, including its exon variants, is similar in
skeletal muscle satellite cells and L6 myoblasts in culture. Fur-
thermore, expression of BDNF decreases in myotubes and is
hardly detectable in adult skeletal myofibers.

BDNF inhibits myogenic differentiation
To decipher the role of BDNF in myoblasts, we used siRNA tech-
nology to decrease the endogenous levels of BDNF in myoblasts.
Two siRNA fragments were designed to target the coding region
of BDNF (Fig. 8A). After stably transfecting L6 myoblasts, clonal
populations containing the siRNA constructs were isolated as
verified by PCR (Fig. 8B). BDNF siRNA clonal populations,
BDNF599 and BDNF948, contained significantly reduced levels
of BDNF compared with parallel control cells containing siRNA
for a bacterial gene (LacZ) (Fig. 8C). Levels of BDNF did not
significantly differ between LacZ and L6 parental cells (compare
Figs. 8C and 7K).

Remarkably, 2–3 d after equal plating of cells in growth media,
we noticed significant morphological differences between
BDNF599 clonal cells compared with LacZ or parental (L6) con-
trol cells (see below). BDNF599 clonal cells consistently exhibited

an elongated mononucleated form and even formed multinucle-
ated myotubes after 2–3 d in growth media. In contrast, parallel
LacZ and L6 cultures consisted of relatively rounder mononucle-
ated cells with no apparent multinucleated myotubes (see below).
The above observations suggested that BDNF599 clonal cells
were exhibiting a relatively faster rate of myogenic differentiation
and fusion in growth media. To quantify the extent of myogenic
differentiation between BDNF599 cells and parallel controls, cul-
tures were analyzed for the expression of a terminal differentia-
tion marker, MyHC. Using an antibody that recognizes all iso-
forms of MyHC (MF20), we detected MyHC in BDNF599
myoblast cultures but not in parallel LacZ or parental L6 myo-
blast cultures 6 d after equal plating in growth media (Fig. 9A). In
agreement with previous findings (Conway et al., 2004), we de-
tected two isoforms of MyHC in differentiated cultures of control
myotubes. BDNF599 cultures were expressing high levels of em-
bryonic MyHC isoform, whereas 4 d differentiated myotubes
expressed similar levels of embryonic and neonatal isoforms of
MyHC (Fig. 9A). These observations were confirmed using spe-
cific antibodies directed against embryonic and neonatal MyHC
isoforms (data not shown).

After 6 d incubation in growth media, BDNF599 cultures con-
sistently exhibited an elevated number of MyHC� myotubes
compared with LacZ or parental L6 cultures (Fig. 9B–D, red
staining). Moreover, the number of nuclei in BDNF599 cultures

Figure 6. BDNF is localized to skeletal muscle satellite cells. A–C, BDNF is colocalized to Pax7� cells. A, BDNF IF in adult
diaphragm skeletal muscle. B, Same section stained for Pax7. C, Overlay of A, B, and 4�,6-diamidino-2-phenylindole (DAPI)
staining of nuclei (blue), showing BDNF in cytoplasmic regions of Pax7� cells (arrows). D, E, Colocalization of BDNF with p75 NTR

in adult diaphragm skeletal muscle. D, BDNF IF. E, p75 NTR IF. F, Overlay of D, E, and DAPI (blue), showing the colocalization of BDNF
with p75 NTR (arrows). Scale bar, 12.5 �m. G–I, Isolated diaphragm skeletal muscle satellite cells express BDNF in culture. G, BDNF
IF. H, Same cell as in G stained for the myogenic marker desmin. I, Overlay of G, H, and DAPI (blue). Scale bar, 12.5 �m.
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was �70% of LacZ or parental L6 cultures after the 6 d incubation
period (Fig. 9E). To assess the extent of myogenic fusion in
growth media, the number of myonuclei within myotubes (more
than two nuclei) was expressed as a percentage of total nuclei per
field of view (i.e., fusion index). BDNF599 cultures contained
approximately twofold the number of nuclei within myotubes
compared with LacZ or parental L6 cultures after 6 d incubation
in growth media (Fig. 9F). Finally, we measured the levels of
BDNF mRNA at the end of 6 d incubation in growth media.
BDNF599 clonal cultures contained �55% less BDNF mRNA
(normalized to �-actin) compared with parallel LacZ control cul-
tures (supplemental figure, available at www.jneurosci.org as
supplemental material). Together, the above observations sug-
gest that the reduction in levels of BDNF promotes myoblasts to
exit the cell cycle and initiate the myogenic differentiation pro-
gram despite still being in growth media.

To determine whether the enhanced differentiation of
BDNF599 clonal cells was exclusively caused by a reduction in
BDNF, we sought to rescue their relatively rapid rate of myogenic
differentiation with daily doses of exogenous BDNF during the
6 d incubation period in growth media. Treated BDNF599 cells
exhibited a reduced number of MyHC� mononucleated cells
and myotubes compared with parallel, vehicle-treated BDNF599

cultures (Fig. 10, compare red staining in
A and B). Furthermore, treatment of these
cells with recombinant BDNF resulted in a
50% reduction in the fusion compared
with parallel, vehicle-treated cultures.
Vehicle-treated cultures contained 18.2 �
1.6% fused cells, whereas those treated
with recombinant BDNF displayed 9.7 �
1.1% of total nuclei within myotubes. The
number of nuclei (per 0.38 cm 2) in BDNF
(325 � 22) and vehicle (306 � 15)-treated
cultures did not differ significantly.

Similar to BDNF599 cultures, we ob-
served enhanced myogenic differentiation
and fusion of BDNF948 clonal cells (Fig.
11). After 6 d incubation in growth media,
there was a higher percentage of MyHC�
myotubes in BDNF948 (Fig. 11A) com-
pared with LacZ (Fig. 11B) or parental L6
(Fig. 11C). The number of nuclei in
BDNF948 cultures (380 � 22 per 0.38
cm 2) was significantly lower than those of
LacZ (544 � 23) or parental L6 cells
(842 � 45) after 6 d incubation in growth
media. Moreover, there were higher inci-
dents of myogenic fusion in BDNF948 cul-
tures compared with LacZ or parental L6
cells (Fig. 11E). BDNF948 cultures con-
tained �66% less BDNF mRNA (normal-
ized to �-actin) at the end of the 6 d incu-
bation in growth media (supplemental
figure, available at www.jneurosci.org as
supplemental material). Administration
of daily doses of BDNF during the 6 d in-
cubation period delayed the relatively
rapid rate of differentiation as evident by
reduced number of MyHC� cells (Fig.
11D) and decreased fusion of BDNF948
cells (Fig. 11E). Altogether, the above re-
sults suggest that BDNF impedes the dif-

ferentiation and fusion of myoblasts.

Discussion
Skeletal muscle-derived BDNF has been hypothesized previously
to act as a retrograde signaling factor for innervating motor neu-
rons throughout their lifespan. However, its localization in ma-
ture myofibers has remained enigmatic. Here, we report that ex-
pression of BDNF was not detectable in mature myofibers or
within the subsynaptic regions of NMJs. Most notably, BDNF
was found in a Pax7� muscle satellite cell, and the overall levels
of BDNF mRNA were highly correlated with that of a progenitor
marker, Pax3, in mature muscles. In complementary cell culture
experiments, BDNF was found in myoblasts, and its expression
was repressed in differentiated myotubes. By reducing the endog-
enous levels of BDNF using siRNA, myoblasts engaged in early
myogenic differentiation while still being in growth media. This
effect could be reversed with the addition of recombinant BDNF.
Our data provide evidence indicating that the primary role of
BDNF in mature skeletal muscle is to maintain the population of
satellite cells by preventing their myogenic differentiation. Be-
cause TrkB was not detected in skeletal muscle, satellite cell-
derived BDNF signaling is proposed to occur via p75 NTR.

BDNF mRNA and protein were detected in junctional and

Figure 7. Repression of BDNF and p75 NTR expression during myogenic differentiation. A, Representative ethidium bromide
gels of BDNF, p75 NTR, TrkB, Pax3, and �-actin RT-PCR products from L6 myoblasts (MB) and myotubes (MT). No RNA (CL) was used
as negative control. TrkB was not detected in MB or MT samples. B, There was an approximate fivefold reduction in the levels of
BDNF mRNA, as normalized to �-actin after myogenic differentiation (*p � 0.05). C, The expression of p75 NTR followed the same
trend as BDNF during differentiation (*p � 0.05). D, Pax3 levels are reduced by �50% after myogenic differentiation (n � 6;
*p � 0.05). E–J, BDNF protein is detected in myoblasts and not in myotubes. E, H, BDNF IF of myoblasts and myotubes,
respectively. Scale bar, 50 �m. Insets are staining for all isoforms of MyHC (red). F, I, Same as in E and H, except BDNF antibody was
blocked with BDNF before incubation (see Materials and Methods). G, J, No primary control. K, BDNF protein levels per microgram
of total protein in MB and MT (n � 3; *p � 0.05). Error bars represent SE.
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extrajunctional regions of mature dia-
phragm muscle, albeit with a tendency to-
ward higher levels in extrajunctional com-
partment. Moreover, closer examination
indicated that BDNF transcript(s) and
protein were absent within subsynaptic re-
gions of NMJs, thus suggesting that
muscle-derived BDNF may not serve as a
retrograde survival factor for innervating
motor neurons throughout their lifespan.
In fact, higher levels of BDNF in extrajunc-
tional regions clearly argue against the ret-
rograde signaling role of BDNF in mature
neuromuscular system. In agreement with
our observations, Liem et al. (2001) re-
ported that subsynaptic regions of NMJs
in soleus muscle were devoid of BDNF
transcript(s). Here, we also demonstrated
the absence of BDNF protein at the sub-
synaptic regions of mature NMJs. This is
in contrast to what is observed in adult
CNS, where BDNF and TrkB associate
with synapses (Bramham and Messaoudi,
2005). Therefore, we postulate that unlike
CNS synapses, mature NMJs are stable ar-
rangements that do not require BDNF sig-
naling for remodeling and modulation of
neuromuscular transmission.

Expression of BDNF in skeletal muscle satellite cells has been
controversial (Copray et al., 2000; Liem et al., 2001). However,
considering that levels of BDNF were highly correlated with that
of Pax3 in adult skeletal muscles, and that BDNF was present in
64% of Pax7� satellite cells, our results strongly suggest that
BDNF is indeed expressed in satellite cells. To our knowledge,
this is the first time BDNF has been specifically localized to im-
munologically characterized satellite cells in mature skeletal mus-
cle. Our findings also support the notion of BDNF expression in
muscle progenitor cells. In fact, paraxial somitic muscle progen-
itors express BDNF during embryogenesis (Jungbluth et al.,
1997).

Repression of BDNF synthesis was found to be differentiation
dependent in skeletal muscle. BDNF was highly expressed in
muscle satellite cells and myoblasts in culture, whereas its expres-
sion was absent in myofibers (or very low) and repressed after
myogenic differentiation. Our results are consistent with the
findings of Seidl et al. (1998), who reported expression of BDNF
in C2C12 myoblasts. BDNF transcripts containing exon-3 and
exon-4 were detected in skeletal muscle satellite cells and myo-
blasts in culture, suggesting that expression of BDNF is driven by
upstream promoters of these exons. Although the activity of these
promoters is regulated by calcium-mediated signaling in neu-
rons, this type of regulation may not be relevant for repression of
BDNF during myogenic differentiation (Tao et al., 1998). That is,
the repression of BDNF coincides with increased levels of intra-
cellular calcium needed for myogenic differentiation (Shainberg
et al., 1969). Thus, one plausible mechanism by which BDNF
transcription is repressed during myogenic differentiation in-
volves the induction of methyl CpG binding proteins (MeCP2
and/or MBD2) (Brero et al., 2005). MeCP2, by recruiting histone
modifying enzymes, binds to methylated promoter regions up-
stream of exon-3, thereby silencing BDNF expression in neurons
(Chen et al., 2003; Martinowich et al., 2003). The induction of
MeCP2 and MBD2 in differentiated myotubes enhances the clus-

tering of heterochromatin (i.e., silenced genes), which may con-
tribute to repression of BDNF (Brero et al., 2005).

An important question raised by our findings is whether in-
deed BDNF also inhibits myogenic differentiation of satellite cells
in skeletal muscle in vivo. Although we do not currently have data
to address this issue directly, there are converging lines of evi-
dence in the literature that suggest that BDNF acts as a potent

Figure 8. siRNA design for BDNF. A, Representative map of BDNF NM_012513 sequence. BDNF599 and BDNF948 siRNA
fragments are shown to be targeted to the coding regions (exon 5) of BDNF. B, Amplification of siRNA fragments from stably
transfected siRNA cell lines. Using psiRNA-hH1neo specific primers (arrows), siRNA fragments (red) were amplified using DNA
preparations from stable cell lines. A representative ethidium bromide gel showing amplified PCR products of psiRNAhH1neo in
transfected cells. PCR product length is �290 bp. siRNA constructs are present in stably transfected clonal cells. L6 extracts and no
DNA (BL) were used controls. C, Reduction of BDNF, per microgram of total protein, in BDNF599 (n � 9) and BDNF948 (n � 6)
clonal cells compared with LacZ (n � 9) control cells (*p � 0.05 vs 599; ˆ p � 0.05 vs 948). Error bars represent SE.

Figure 9. Suppressing BDNF synthesis enhances myogenic differentiation. A, A Western blot
showing expression of MyHC in BDNF599, LacZ, and parental (MB) after 6 d of incubation in
growth media. Four day differentiated myotubes (MT) were used as MyHC� control. Tubulin is
shown as a loading control. Right markers show the position of embryonic (EMB) and neonatal
(NEO) MyHC bands on the blot. B–D, Representative micrographs of BDNF599, LacZ, and pa-
rental cultures, respectively, stained for MyHC (red) after 6 d of incubation in growth media.
Nuclei are stained with 4�,6-diamidino-2-phenylindole (blue). Scale bar, 100 �m. E, Number of
nuclei in BDNF599, LacZ, and parental cultures after 6 d of incubation in growth media (n � 5;
*p � 0.05). F, BDNF599 clonal cells exhibit a higher rate of fusion compared with LacZ and
parental controls (n � 5; *p � 0.05). Error bars represent SE.
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inhibitor of myogenic differentiation in vivo. For example,
whereas the levels of BDNF are significantly reduced in gastroc-
nemius skeletal muscle during postnatal development, those of
NT-4/5 are increased (Funakoshi et al., 1995). Similarly, levels of
BDNF are decreased in mature gastrocnemius muscle hours after
electrical stimulation of sciatic nerve, whereas those of NT-4/5
are increased, suggesting that BDNF and NT-4/5 may have dif-
ferent functions in skeletal muscle (Funakoshi et al., 1995). Given
our findings that BDNF, conceivably by acting on p75 NTR, inhib-
its myogenic differentiation, its decline in skeletal muscle during
postnatal development is required for the progression of myo-
genic differentiation. Moreover, the reduction in BDNF levels
after electrical stimulation suggests an enhanced myogenic differ-
entiation of skeletal muscle satellite cells. In fact, electrical stim-
ulation or exercise promotes activation and incorporation of sat-
ellite cells into skeletal myofibers (Schultz, 1989).

Similar to electrical stimulation, denervation results in incor-
poration of satellite cells into myofibers concomitant with the
reduction in BDNF levels in adult skeletal muscle, further sup-
porting the role of this neurotrophin as a potent inhibitor of
myogenic differentiation (Funakoshi et al., 1993; Jejurikar and

Kuzon, 2003). In contrast, the rise in the levels of NT-4/5 in
skeletal muscle during development and after electrical stimula-
tion suggests it may, by binding to p75 NTR, act as a mitogen for
satellite cells. Consistent with this notion, our recent unpublished
data show higher expression of NT-4/5 in myoblasts than in myo-
tubes. Altogether, the above observations suggest the functional
diversity of neurotrophins in mature muscle with BDNF as a
potent inhibitor of myogenic differentiation and NT-4/5 as a
mitogen of satellite cells.

Although full-length TrkB has been implicated in the cluster-
ing of postsynaptic acetylcholine receptors, we could not detect
its transcript, even at high PCR cycles, in mature skeletal muscle
(Gonzalez et al., 1999; Wells et al., 1999). Gonzalez et al. (1999)
reported the disruption of acetylcholine receptors by overexpres-
sion of dominant-negative truncated TrkB in adult sternomas-
toid muscle, thereby concluding that TrkB signaling is involved

in the maintenance and/or aggregation of
postsynaptic NMJ components (Gonzalez
et al., 1999). However, considering that
BDNF has been observed in satellite cells,
the overexpression of truncated TrkB may
result in depletion of BDNF, thus exhaust-
ing the normal regenerative capacity and
the maintenance of postsynaptic acetyl-
choline receptor densities. In a separate
study, Wells et al. (1999) illustrated the
disruption of agrin-induced acetylcholine
receptor clusters with BDNF stimulation.
Given our findings that BDNF inhibits
myogenic differentiation, it is plausible
that the effects of BDNF on acetylcholine
receptor clustering is observed as a con-
sequence of delayed myogenic
differentiation.

Our current observations, in conjunc-
tion with previous findings, allow for for-
mulation of a model regarding the role of
BDNF in the development of neuromus-
cular system. During embryonic develop-
ment, motor axons enter the primordial
skeletal muscle comprised of mainly
mononucleated muscle progenitors (Allan

and Greer, 1997; Babiuk et al., 2003). Furthermore, these progen-
itors express BDNF and p75 NTR as their innervating motor neu-
rons in the spinal cord express p75 NTR and TrkB (Ernfors et al.,
1988; Griesbeck et al., 1995; Allan and Greer, 1997; Wheeler et al.,
1998). As axons begin to traverse through the primordial skeletal
muscle, they form synapses with muscle progenitors and pro-
mote their myogenic differentiation (Ross et al., 1987a; Allan and
Greer, 1997). Given that BDNF potentiates this nerve-muscle
synapse formation in culture (Lohof et al., 1993; Zhang and Poo,
2002), progenitor-derived BDNF may in fact facilitate this initial
synaptogenesis between motor axons and primordial skeletal
muscle. Motor axons, in turn, promote the commencement of
myogenic differentiation program and myotube formation in
skeletal muscles (Ross et al., 1987b; Allan and Greer, 1997; Greer
et al., 1999). Given our findings that downregulation of BDNF
promote myogenic differentiation and fusion, we envisage that
motor axons, by attracting progenitor-derived BDNF to their
neuropodia, promote the differentiation and fusion of muscle
progenitors during this critical period of neuromuscular contact
formation. This mechanism allows for synchronized neuromus-
cular differentiation thereby potentiating presynaptic acetylcho-

Figure 11. BDNF impedes the myogenic differentiation program. A–D, Micrographs of BDNF948, LacZ, parental (L6), and
BDNF-treated 948 cultures, respectively, stained for MyHC (red) after 6 d in growth media. Scale bar, 100 �m. Nuclei are stained
with 4�,6-diamidino-2-phenylindole (blue). E, BDNF948 cells fused at a higher rate than LacZ and parental (L6) cells (*p � 0.05
vs BDNF948). BDNF treatment of 948 cells reduced the fusion of these cells (n � 12). Error bars represent SE.

Figure 10. Recombinant BDNF rescues the accelerated myogenic differentiation of
BDNF599 siRNA clonal cells. A, A representative micrograph of vehicle-treated BDNF599 cells
stained for MyHC (red) after 6 d of incubation in growth media. Nuclei are stained with 4�,6-
diamidino-2-phenylindole (blue). B, A micrograph of parallel BDNF599 cultures, which were
treated with daily dose of BDNF, stained for MyHC (red). Scale bar, 100 �m.
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line release and, at the same time, upregulating postsynaptic ace-
tylcholine receptors as a result of myogenic differentiation
(Paterson and Prives, 1973; Lohof et al., 1993; Kues et al., 1995;
Zhang and Poo, 2002). Subsequently, after establishing contact
and the differentiation of muscle progenitors (i.e., in the absence
of BDNF signaling), anterograde signals (i.e., acetylcholine,
agrin, and neuregulin) from motor axons initiate the specializa-
tion of postsynaptic densities (Sanes and Lichtman, 2001).
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