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Zuao, Y., Hacinova, K. and linuma, K. Strong Immunoreactiity of
Platelet-Derived Growth Factor and Its Receptor at Human and Mouse Neuromus-
cular Junctions. Tohoku J. Exp. Med., 1999, 189 (4), 239-244 —— Platelet-
derived growth factor (PDGF) and its a-receptor were localized at human and
mouse neuromuscular junctions (NMJs) using specific polyclonal antibodies against
each, antl--PDGF-A and anti-PDGF «-receptor, respectively. By applying double
fluorescence labeling, immunoreactivity for PDGF and its receptor was closely
co-localized with acetylcholine receptors, which were identified with a-
bungarotoxin. PDGF might be involved in the interaction between the
presynaptic and postsynaptic components. This is the first demonstration of
PDGF and its receptor concentrated at human and mouse NMJs. ————— platelet-
derived growth factor; platelet-derived growth factor receptor; neuromuscular
junction; immunohistochemistry (© 1999 Tohoku University Medical Press

Platelet-derived growth factor (PDGF) consists of two disulfide-bonded
peptide chains, A and B, and occurs naturally as three isoforms, PDGF-AA,
PDGF-AB and PDGF-BB (Heldin and Westermark 1990). PDGF is a growth
stimulant and chemoattractant principally for mesenchymal connective tissue-
forming cells (Ross et al. 1986; Heldin and Westermark 1990). PDGF induces
cell proliferation, as well as a number of other critical functions, by binding to
specific high-affinity cell surface receptors. The PDGF a-receptor binds PDGF
A- and B-chains, while the g-receptor recognizes only PDGF B-chains (Heldin et
al. 1988). There is evidence that PDGF and its receptors are present in the
central and peripheral nervous system, as well as in the muscle cells, and are
synthesized in specific spatial and temporal patterns. They have been shown to
be involved in regulating neuronal, glial and muscle cell development and
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differentiation (Sejersen et al. 1986; Jin et al. 1990, 1991; Pringle et al. 1991;
Sasahara et al. 1991; Yeh et al. 1991; Tidball et al. 1992). In this study, we
present evidence that PDGF and its receptor are strongly concentrated at the
human and mouse neuromuscular junctions (NMJs).

MATERIALS AND METHODS

Human muscle

The diagnostic muscle biopses were screened with hematoxylin and eosin,
modified Gomori-trichrome and a battery of histochemical reactions. Five speci-
mens that showed no abnormality and contained pan-esterase-positive NMJs were
selected for study. Two hundred sixty five NMJs in total were examined.

Mouse muscle

Mature C57BL /10 mice were sacrificed by cervical dislocation. The tibialis
anterior muscles were isolated quickly and frozen immediately in liquid-nitrogen-
cooled isopentane. One hundred fifty two NMJs in total were examined.

Immunohistochemistry

Immunohistochemistry was performed on cold aceton-fixed 10 ym transverse
sections of fresh-frozen human and mice muscle biopsies. The following anti-
bodies against PDGF and PDGF receptor were used : 1) rabbit polyclonal anti-
bodies against human PDGF-A from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA, USA), diluted 1:500, 2) rabbit polyclonal antibodies against human PDGF
a-receptor from Santa Cruz Biotechnology Inc., diluted 1:500. The specificity
of PDGF and its receptor immunoreactivity was determined by a) omitting the
primary antibody, b) replacing the primary antibody by the same concentration
of non-immune rabbit IgG (Zymed Laboratories, Inc., San Francisco, CA, USA).
In all experiments, NMJs were identified by binding of rhodamine-labeled
a-bungarotoxin (@-BT) (Molecular Probes, Inc., Eugene, OR, USA) to the
nicotinic acetylcholine receptors. In order to colocalize PDGF or PDGF receptor
with @-BT, indirect immunofluorescence staining with Cy2-conjugated secondary
antibody (Jackson Immunoresearch Laboratories Inc., West Grove, PA, USA) was
utilized.

REesuLTs

Antibodies against PDGF-A and PDGF «-receptor strongly immunostained
human and mouse NMJs that were identified by pan-esterase staining (Fig. 1).
Double immunolabeling with «-BT and PDGF-A or its a-receptor demonstrated
that more than 95%, of NMJs were closely associated with PDGF-A or its
a-treceptor in both human and mouse specimens (Fig.2). The muscle non-
junctional sarcolemma was not immunoreactive in humans; however weak stain-
ing of non-junctional sarcolemma was seen with both antibodies in some muscle
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Fig. 1. Pan-esterase-staining (a) and PDGF-A imunolabeling (b) on serial sec-
tions of the human muscle. Immunoreactivities for PDGF-A were closely
assoclated with acetylcholine receptors. (bar=20 ym)

fibers in mouse muscles. When the primary antibody was omitted or replaced by
non-immune rabbit IgG, no immunoreaction was evident.

Discussion

In vivo, PDGF-A 1s constitutively produced by neurons within the develop-
ing and mature central and peripheral nervous systems of the rodent (Yeh et al.
1991). Large motor neurons of the ventral gray matter in the spinal cord and
dorsal root ganglia in the peripheral nerve system were positive for PDGF-A, as
demonstrated by in situ hybridization and immunohistochemistry (Yeh et al.
1991; Eccleston et al. 1993). It has been suggested that PDGF is an important
regulatory factor in the differentiation of oligodendrocytes, since the expression of
PDGF a-receptors is seen in oligodendrocyte progenitors in the rodent brain
during the late embryonic and postnatal periods and decreases markedly after a
certain postnatal day (Yeh et al. 1991; Oumesmar et al. 1997). Moreover, recent
analysis has shown that neurons of various central nervous system regions also
express PDGF «-receptor transcripts and protein as early as postnatal day 1, and
this 1s maintained at all ages (Oumesmar et al. 1997). In the mature rodent
brain, PDGF «-receptor transcripts and protein were localized in the neurons of
many structures, 1ncluding the cerebral cortex, hippocampus, and brainstem
nuclei, and 1n motor neurons of the ventral horn of the spinal cord (Oumesmar et
al. 1997). The expression of PDGF «-receptors in mature neurons could play a
physiological role in the normal functioning of neurons in vivo (Oumesmar et al.
1997). PDGF-A transcripts are also expressed in developing rat muscle tissue and
cultured rat myoblasts (Sejersen et al. 1986; Jin et al. 1990). However, there are
no reports on the immunolocalization of PDGF and its receptors at NMJs. At
NMJs, the molecular compositions of the extracellular matrix, plasmalemma, and
subsynaptic cytoplasmic domain of muscle fibers are different from those in
non-synaptic regions (Froehner 1991). More than 50 proteins have been localized
to the synaptic region of muscle fibers (Hall and Sanes 1993; Askanas et al. 1998).
The mechanisms responsible for maintaining the high concentration of certain
proteins postsynaptically are largely unknown. Some growth factors, such as
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Fig. 2. Double immunolabeling with PDGF-A (a, ¢) or PDGF a-receptor (e, g)
and @-bungarotoxin (b, d, f, h) at human (a, b, e, f) and mouse (c,d, g, h)
neuromuscular junctions. PDGF-A and PDGF a-receptor immunoreactivity
closely co-localized with acetylcholine receptors identified with «-
bungarotoxin. (bar=20 gm)

fibroblast growth factor (Bilak et al. 1994) and transforming growth factor
(McLennan and Koishi 1994; Toepfer et al. 1999), have been identified at the
NMJs, suggesting that they function either as a trophic factor for mature
motoneurons or as an autocrine regulator of synaptic protein production
(McLennan and Koishi 1994). In demonstrating that PDGF-A and PDGF
a-receptors are strongly concentrated at the NMJs, our study raises the question
of their normal function at this site. PDGF-A and 1its a-receptor may be
involved in: (a) maintaining NMJs by regulating the activities of muscle jun-
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ctional (postsynaptic) nuclei that produce junctional-proteins (Askanas et al.
1998); (b) serving as a trophic or proliferating factor influencing terminal
Schwann cells and fibroblasts close to the NMJ, since PDGF has a mitogenic effect
on Schwann cells and fibroblasts (Davis and Stroobant 1990); or (c) serving as a
trophic factor for mature motoneurons (Oppenheim et al. 1993; Yin et al. 1994).

References

1) Askanas, V., Engel, W.K. & Alvarez, R.B. (1998) Fourteen newly recognized pro-
teins at the human neuromuscular junctions and their nonjunctional accumulation in
inclusion-body myositis. Ann. N.Y. Acad. Sci., 841, 28-56.

2) Bilak, M., Askanas, V., Engel, KW. & Alvaretz, R.B. (1994) Twisted
tubulofilaments (TTFs) in inclusion-body myositis (IBM) muscle contain fibroblast
growth factor (FGF) and its receptor (FGF-R). Neurology, 44, 130.

3) Davis, J.B. & Stroobant, P. (1990) Platelet-derived growth factors and fibroblast
growth factors are mitogens for rat Schwann cells. J. Cell Biol., 110, 1353-1360.

4) Eccleston, P.A., Funa, K. & Heldin, C.H. (1993) Expression of platelet-derived
growth factor (PDGF) and PDGF alpha- and beta-receptors in the peripheral nervous
system: An analysis of sciatic nerve and dorsal root ganglia. Dev. Biol., 155, 459-470.

5) Froehner, S.C. (1991) The submembrane machinery for nicotinic acetylcholine rece-
ptors clustering. J. Cell Biol., 114, 1-7.

6) Hall, ZW. & Sanes, J.R. (1993) Synaptic structure and development: The neur-
omuscular junction. Neuron, Suppl. 10, 99-121.

7) Heldin, C.H., Backstrom, G., Ostman, A., Hammacher, A., Ronnstrand, L., Rubin, K.,
Nister, M. & Westermark, B. (1988) Binding of different dimeric forms of PDGF to
human fibroblasts: Evidence for two separate receptors. EMBO J., 7, 1387-1393.

8) Heldin, C.H. & Westermark, B. (1990) Platelet-derived growth factor: Mechanism
of action and possible in vivo function. Cell Regul., 1, 555-566.

9) Jin, P., Rahm, M., Claesson-Welsh, L., Heldin, C.H. & Sejersen, T. (1990) Expression
of PDGF A-chain and beta-receptor genes during rat myoblast differentiation. /.
Cell Biol., 110, 1665-1672.

10) Jin, P., Sejersen, T. & Ringertz, N.R. (1991) Recombinant platelet-derived growth
factor-BB stimulates growth and inhibits differentiation of rat L6 myoblasts. J.
Buol. Chem., 266, 1245-1249.

11) McLennan, I.S. & Koishi, K. (1994) Transforming growth factor-beta-2 (TGF-beta
2) is associated with mature rat neuromuscular junctions. Neurosci. Lett., 177, 151-
154.

12) Oppenheim, R.W., Prevette, D., Haverkamp, L.J., Houenou, L., Yin, QW. &
McManaman, J. (1993) Biological studies of a putative avian muscle-derived neur-
otrophic factor that prevents naturally occurring motoneuron death in vivo. J.
Neurobiol., 24, 1065-1079.

13) Oumesmar, B.N.,, Vignais, L. & Evercooren, A.B.-V. (1997) Developmental expres-
sion of platelet-derived growth factor alpha-receptor in neurons and glial cells of the
mouse CNS. J. Newrosc., 17, 125--139.

14) Pringle, N., Collarini, E.J., Hart, L. K. & Raff, M.C. (1991) Platelet-derived growth
factor in central nervous system gliogenesis. Ann. N.Y. Acad. Sct., 633, 160 -168.

15) Ross, R., Raines, E.W. & Bowen-Pope, D.F. (1986) The biology of platelet-derived
growth factor. Cell, 46, 155-169.

16) Sasahara, M., Fries, JJW.U., Raines, E.W., Grown, A.M., Westrum, L.E., Frosch, M.P.,
Bonthron, D.T., Ross, R. & Collins, T. (1991) PDGF-B chains in neurons of the
central nervous system, posterior pituitary and in transgenic model. Cell, 64, 217-
2217.



244

17)

18)

19)

20)

21)

Y. Zhao et al.

Sejersen, T., Betsholtz, C., Sjolund, M., Heldin, C., Westermark, B. & Thyberg, J.
(1986) Rat skeletal myoblasts and arterial smooth muscle cells express the gene for
the A chain but not the gene for the B chain (c-sis) of platelet-derived growth factor
(PDGF) and produce a PDGF-like protein. Proc. Natl. Acad. Sci. USA, 83, 6844
6848.

Tidball, J.G., Spencer, M.J. & Pierre, B.A. (1992) PDGF-Receptor concentration is
elevated in regenerative muscle fibers in dystrophin-deficient muscle. Exp. Cell Res.,
203, 141-149.

Toepfer, M., Fischer, P., Abicht, A., Lochmiiller, H., Pongratz, D. & Miiller-Felber, W.
(1999) Localization of transforming growth factor beta in association with neuromus-
cular junctions in adult human muscle. Cell. Mol. Neurobiol., 19, 297-300.

Yeh, H.J., Ruit, K.G., Wang, Y.X., Parks, W.C., Snider, W.D. & Deuel, T.F. (1991)
PDGF A-chain gene is expressed by mammalian neurons during development and in
maturity. Cell, 84, 209-216.

Yin, Q.W., Johnson, J., Prevette, D. & Oppenheim, R.W. (1994) Cell death of spinal
motoneurons in the chick embryo following deafferentation: Rescue effects of tissue
extracts, soluble proteins, and neurotrophic agents. J. Neurosci., 14, 7629-7640.




