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Abstract
Neurotrophic factors are target-derived proteins that promote the survival and differentiation of the innervating
neurons. Increasing evidence indicate the involvement of these factors and receptors during the formation and maturation of the neuromuscular junction. To gain further insight on the expression pattern of these factors and receptors in
developing spinal cord and skeletal muscle during the critical stages of synapse formation, a systematic study was
performed with chicken and rat tissues using Northern blot analysis. The expression of all the neurotrophins was
detected in skeletal muscle early in development, coincidental with the appearance of their corresponding receptors
in the spinal cord. Taken together, the similar regulatory patterns observed in both rat and chicken tissues suggest that
the potential roles of neurotrophins at the neuromuscular synapse are conserved throughout evolution. q 2001 Elsevier
Science Ireland Ltd. All rights reserved.
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Neurotrophic factors are proteins that are often synthesized by target tissues to promote the survival and differentiation of the innervating neurons. One major class of
neurotrophic factors is collectively known as the neurotrophins (for reviews see Refs. [10,11]). Nerve growth factor
(NGF) is the proto-type of the neurotrophin family with
other members including brain-derived neurotrophic factor
(BDNF), neurotrophin-3 (NT-3), neurotrophin-4/5 (NT-4/
5), neurotrophin-6 (NT-6), and neurotrophin-7 (NT-7).
NT-6 and NT-7 are neurotrophins that have only been
reported in ®sh and their mammalian counterparts have
not yet been identi®ed [6,12]. The neurotrophins bind and
activate a family of receptor tyrosine kinase known as Trks.
There are three members in this family, TrkA, TrkB and
TrkC, which exhibit ligand speci®city for different neurotrophins. NGF, NT-6 and NT-7 are the preferred ligands for
TrkA, BDNF and NT-4/5 activate TrkB, NT-3 activates
TrkC although it also binds TrkB in some cells [12,18].
The expression of speci®c Trk receptors in cells determines
the responsiveness to the corresponding neurotrophins (for
reviews see Refs. [9,10]).
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Besides the important roles for the neurotrophic factors in
the structural maintenance, synaptic plasticity, as well as the
repair of the central nervous system (for reviews see Refs.
[9±11]), increasing evidence indicates the critical involvement of these factors and receptors in the formation and
maturation of a peripheral synapse, the neuromuscular junction. The formation of neuromuscular junction involves
reciprocal interactions of molecules derived from both the
presynaptic motor neuron and postsynaptic muscle
membrane during the events of innervation and synapse
elimination [1]. Agrin and neuregulin, are the two major
nerve-derived factors that regulate most of the important
events during the course of synaptogenesis [2,16]. While
agrin regulates the precise localization of a variety of postsynaptic proteins, neuregulin speci®cally induces the
synapse speci®c gene transcription. The hallmark example
is the protein clustering and the speci®c subunit transcription of acetylcholine receptor on the subsynaptic muscle
membrane. On the other hand, muscle-derived factors,
such as the neurotrophic factors, have been shown to in¯uence the sprouting and differentiation of the presynaptic
nerve terminals. For example, NT-3 and BDNF have been
shown to potentiate the synaptic activity of developing
neuromuscular synapses in cultures [7,14], while NT-4/5
induces sprouting of the intact adult motor neuron [4].
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More recently, neurotrophins have been found to directly
regulate agrin-induced postsynaptic differentiation and
increase neuregulin expression [13,20]. In particular,
muscle-derived NT-3 has been demonstrated to increase
acetylcholine receptor clusters in a neuron-muscle coculture system [3]. Disruption of TrkB mediated signaling
results in the disassembly of agrin-induced acetylcholine
receptor clusters at the postsynaptic muscle membrane [5].
All these ®ndings demonstrate the potential functions that
may be elicited by the neurotrophic factors at the neuromuscular synapse in vivo.
To support the potential role of neurotrophins implicated
in neuromuscular junction formation, it is important to
delineate the expression pro®les of these factors and receptors in developing spinal cord and skeletal muscle during the
critical stages of synapse formation, i.e. embryonic day 7
(E7) to E10 in chick and E14±E16 in rat [15]. Although
scattered information regarding the expression of these
factors or their receptors during development has been
reported, a systematic analysis in both rat and chicken
tissues is lacking. The present study aims to systematically
examine the spatial and temporal expression pro®les of the
neurotrophins and Trk receptors during development. Our
®ndings reveal striking parallels in the expression patterns
of these factors and receptors in both rat and chicken tissues,
and lend support to the potential functions of these factors at
the neuromuscular synapse.
After the animals were sacri®ced by decapitation or
carbon dioxide inhalation, different tissues (brain, spinal
cord and skeletal muscle) of chicken (New Hampshire)
and rat (Sprague±Dawley) were dissected from various
developmental stages ranging from early embryonic stages,
postnatal stages to adult. The dissected tissues were then
immediately frozen by liquid nitrogen and stored at 2808
C before use. Total RNA extraction and Northern blot
analysis were performed as previously described [8].
Brie¯y, brain and skeletal muscle were homogenized in
lithium chloride/urea solution, while spinal cord was
extracted in guanidium thiocyanate. RNA samples were
subjected to formaldehyde agarose gel electrophoresis and
visualized under UV-illumination by ethidium bromide
staining. Full-length cDNAs of all factors and receptors
were used as template, except for chicken trkA (¯anking
473±1580 bp of coding region). Probes were randomly
labeled with [a 232P]dCTP using Megaprime labeling kit
(Amersham-Pharmacia Biotech, UK).
The expression of NGF was detected in most of the
chicken and rat tissues examined (Fig. 1A,C) with the transcript size of ~1.4 kb. Tissue speci®c regulation of NGF
transcript was observed. For example, a gradual increase
was observed in developing chicken brain and spinal cord.
On the other hand, NGF transcript was high in both chicken
and rat muscle during embryonic stages (E7±E18) and
down-regulated to a very low level after birth (Fig. 1A,C).
TrkA, the cognate receptor for NGF, was detected with a
transcript size of ~3 kb in both chicken and rat tissues (Fig.

1B,D). While the mRNA expression of TrkA increased in
chick cerebrum and rat brain during development, high level
of transcript was already found in E7 chick cerebellum
followed by a dramatic decrease at E12 (Fig. 1B,D). More
importantly, TrkA transcript was detected in spinal cord,
coincidental with the expression of NGF in muscle (Fig.
1). Interestingly, TrkA transcript was also detected during
the early embryonic muscle of both species.
Two transcripts of BDNF could be detected in both
chicken (~4.5 and ~1.4 kb) and rat (~4.0 and ~1.6 kb)
(Fig. 2A,C). The regulatory pattern was very similar in all
tissues examined (Fig. 2A,C). While BDNF mRNA was upregulated to an abundant level in chicken and rat brain
throughout the postnatal stages to adult, low level of transcripts was found in spinal cord and muscle during the early
embryonic stages and decreased to an undetectable level
after birth (Fig. 2A,C). On the other hand, multiple transcripts of NT-4/5 (~9, ~4, ~2.1 and ~1.1 kb) were observed
(Fig. 2D). While a constitutive level of transcripts was
detected in rat brain, the expression of NT-4/5 different
transcripts was differentially regulated in muscle during
development (Fig. 2D). An increase of TrkB transcripts

Fig. 1. Developmental expression of NGF and TrkA receptor in
chicken and rat tissues. The expression of these transcripts was
examined in brain, spinal cord and muscle of chicken (A,B) and
rat (C,D). Fifteen micrograms of total RNA were loaded; the ribosomal RNA bands (18S and 28S) are indicated on the right.
Detectable transcripts are indicated by arrowheads. Ethidium
bromide stained gels (EtBr-gel) of skeletal muscle and spinal
cord RNAs are shown at the bottom panels of NGF and TrkA,
respectively.
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of rat (~5.5 and ~14 kb; Fig. 3B,D). The mRNA expression
of TrkC showed a gradual increase pattern in brain of both
species during development. In chicken spinal cord, prominent expression of TrkC transcripts was detected from E7 to
E12, followed by a decrease and remained high level in
adult chicken (Fig. 3B,D). In chicken muscle, TrkC
mRNA was only found during embryonic stages and
decreased after birth.
A functional role for BDNF and NT-3, but not NGF, have
been implicated during the formation of neuromuscular
junction (NMJ) [13,14,19]. In the present study, the expression of all the neurotrophins, including NGF, was detected
in skeletal muscle during the critical stages of synapse
formation, coincidental with the expression of their corresponding receptors in the spinal cord. Our ®ndings in the
present study demonstrate that these regulatory patterns are

Fig. 2. Developmental expression of BDNF, NT-4/5 and trkB. The
expression of these transcripts was examined in brain, spinal
cord and muscle of chicken (A,B) and rat (C,D). Fifteen micrograms of total RNA were loaded; the ribosomal RNA bands (18S
and 28S) are indicated on the right. Detectable transcripts are
indicated by arrowheads. Ethidium bromide stained gels (EtBrgel) of skeletal muscle and spinal cord RNAs are shown at the
bottom panels of BDNF or NT-4/5 and TrkB, respectively.

(~9.0 kb) was observed in brain and spinal cord of E7±E10
chick and E14±E18 rat, and remained at detectable levels
throughout the development (Fig. 2B,E).
The chicken NT-3 transcripts (~4 and ~1.3 kb) were
observed in all tissues examined (Fig. 3A). A relatively
constant level of both NT-3 transcripts was found in cerebrum, cerebellum, and muscle during development with a
barely detectable level in chicken spinal cord. A single transcript (~1.4 kb) of rat NT-3 was observed in all types of
tissues examined (Fig. 3C). The mRNA expression of NT-3
in rat brain increased dramatically from E18 to E21, downregulated at P10 and remained at low level in adult (Fig.
3C). Low level of NT-3 mRNA was detected in spinal cord
during the embryonic stages and decreased after birth. Similarly, abundant level of NT-3 transcript was found in rat
muscle of E14±E18 and showed a ~20-fold decrease in
adulthood (Fig. 3C). Multiple transcripts of chicken TrkC
mRNA could be detected (~6.3 and ~10 kb), similar to that

Fig. 3. Developmental expression of NT-3 and trkC. The expression of these transcripts was examined in brain, spinal cord and
muscle of chicken (A,B) and rat (C,D). Fifteen micrograms of total
RNA were loaded; the ribosomal RNA bands (18S and 28S) are
indicated on the right. Detectable transcripts are indicated by
arrowheads. Ethidium bromide stained gels (EtBr-gel) of skeletal
muscle and spinal cord RNAs are shown at the bottom panels of
NT-3 and TrkC, respectively.
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strikingly similar between rat and chicken, suggesting that
the involvement of the neurotrophins at the neuromuscular
synapse is conserved throughout evolution. Although the
neurotrophins show an overlapping developmental expression pro®le, they might act to in¯uence different components of the NMJ formation, reminiscent of their distinct
properties on different populations of neurons during development. Unlike BDNF and NT-3, NGF has not previously
been suggested to be involved in the NMJ formation.
However, a recent study has reported that NGF selectively
regulates agrin mRNA induction and alternative splicing in
PC12 cells by Ras-dependent pathway [17]. Together with
our ®nding on the regulatory expression pro®le of NGF and
trkA in muscle and spinal cord, it is possible that NGF may
play a role in NMJ formation by regulating agrin expression
during those critical stages of synapse formation. In addition, the transient co-expression of NGF and its cognate
receptor during embryonic stages of chicken and rat muscle
suggests a novel function for NGF during that critical
period, possibly in an autocrine or paracrine manner.
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