%2 BHE BEHCEIIHTRENMER

£ 2 M S5R (mg) PR
RH B (me/kg/B)

PLFSS5L]0.5~0.6 HF2~3 |0.5~0.8 H2~3 0.005~0.05
7=k PRV A 0.25 M 15 #3 0.02~0.1
(=l R FAPN 0.5~0.8 & 2~3 1.0~15 42~3 0.02~0.1

ZMFER, L RERMERRE~ YT EE Y
CloTb I 50RME, TREEELLETV, &
B, TRCERRETREEIBECIERTS
60
RV ITEEOBREFERE LTFE, TE
it wosox, HE BT HEASER T
R, R RTERESHE, £, TuhADER
BEOHHRTIR, ~¥YVPTYEEORROTH
WDV hARESNFERIh DRSNS D,
2) SHTIA ZB{GIEEE
FLWIALELLTeo b= SHTIARE
HIEBNIE (F v F AV DY) dihd, xob=oy
SHTI1A ZEEFEEEOHTRYGEDERABFIE
BAS 2 Tid eV, BRI R L, HITEERANE
N3 ETHREMGER 2 EEE Y 28T 5,
SHTIA ZEKEEREOBHEARLSDE, B
MORS, RA%, EE BNTRELrETHss
25, HoTHEETHL I LMD W, FLEte
EE R YT, BIERERS Ky TH S DR
& SHT1A ZEAEEEER/NRTLIL Ebh
T35, NREBT BRI 2%
L, TOREMEREFREIIATLRY,
3) %xoft
TCA 2 SSRI & X F X 4T TEECH LR
NHHEFEISNTVS, TTRHFEMNTTCA
£ SSRI BMEEshTWAIBETH, WHISERE
HFTCE s RERITHETZ LIV,
REAZ 2y ERENELLTLIIAWLNS
S, HifE, HRELLUERAIE L DS,
FOLet, BHE2VWTORBR—ELTwE
Vv, BEREEEERLEVWI EhS, VST
PrryORbYCFRATEZLTZ2BR,S, H
HRERBAHMCE EDTBWRIEI NI WL
WIBHE TS EEETH D,

AN
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PR #BL TR 7 g 25HH
S (Fors  u—hy) BEEshE L
BHEZH, FTOEMERELFEIIRTVLRN,
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1) Panksepp'J : The source of fear and anxiety in the
animal. In Affective Neuroscience ..the Founda-
tions of Human and Animal! Emotions, Oxford
Univesity Press, pp 204-214, 1998

2} Allen RR, Casey KL : Pain  general recommenda-
tions. In Johnson RT, Riffin JW (eds) : Current
Therapy in Neurologic Disease, Mosby-Year Book,
pp 70-78, 1993

3) Olsson GL : Neuropathic pain in children. In
McGrath PJ, Finley GA (eds) : Chronic and Recur-
rent Pain in Children and Adolescents, IASP Press,
Seattle, pp 77-79, 1599

4) Hershey AD, Powers SW, Bentti AL, Degrauw

T] : Effectiveness of amitriptyline in the prophy-
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ache 40 : 539-549, 2000

Saruhashi Y, Young W, Perkins R : The recovery

of 5-HT immunoreactivity in lumbosacral spinal

cord and locomotor. function after thoracic hemis-

ection. Exp Neurol'139 : 203-213, 1996

6) Hains BC, Everhart 'AW, Hulsebosh CE I Changes

in serotonin, serotondn transporter expression and

serotonin denervation supersensitivity © involve-

ment in chronic central pain after spinal hemisec-

tion in the rat. Exp Neurol 175 : 347-362, 2002

Galenotti N, Ghelardini C, Bartolini A I Involve-
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clomipramine analgesia. Neuropharmacology 40 :

75-84,72001

8) Aronoff GM, Gallagher RM, Patel JG: Phar-
macological management of chronic pain : Review.
In Tollison CD, Satterthwaite JR, Tollison JW
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fHRCEIRA « KINEERE

ENiEOIE TS L AEF B, BRI R EL
neuronogenesis, MEFMMOAMEB~OKE), v+ 7AERLY
OREBEE, O3IEBERFETEMASRA5Y(E). Neuronogenesis @
BT, ARGE R T O MR M FEE MR neuronal progenitor
cells(NPC) 147 E85, SEFERHshZ e b VEEI LY
(E). Neuronogenesis & iZEAT OHHESH 5. (DBEEHOHRS L
F-EAR (b FTREFESBEM S IIs A, w7 A TIRREE 108
Er o6 AR Ko &as I 5, (2)NPC DHllasRE BT B HERE
B EAMAFICE D BERHEERT w3, KR B
ST ARSI WL, Lichio T, HiRM 02 DREET (B
int T A e s OHHEER, EMEE, RERLEV RO
neuronogenesis ICBEE FIZL, ABEETORLE, DoTHEER
DS K mEOBSIERALET e RIZTAREESH 5.

KEAE PS4 151 B HIRR AW HE T 2 HFid, NPC D EE
B, AHEhoEE, GlHoRs, THS.

NPC BB EE % :  Neuronogenesis iz fiai o> & 5 B4
MoREs s - 20, e ADBE NPCIRE&FH 11 EHD
RBESYZ 5 U TSI £ ¥ 5. Neuronogenesis ORI
P xRN R FTEERT I, RETC L & h IR I TR
BA#iTd w7 ACEOTR AEANRESQ-NE L, &4
DRSS EE SRR AREITIRA 6 Yy — v O8
B MME N ERQIIIIF S R TS, &= 2 —0 »DEE
BEUBEE, AEEEARAALERCMEELTWEI L,
MRANES L EEEOFERE L I ERCHEL TV ETFE

YR Y :\‘» !\r Wy
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FEEH R LN 3 =P
NPC #5453 2Umas L M ilanEL 2 R 5,
SRR AE 2 T thAS T PR HART i KRR ~ &
BE#Ts. AREATHYFTARK - 2
D oFEEE - IR FORREENE IS,
G1lMD NPCIs, SEERHEFFTINEP
fate}, HEMKLE LTAEERET 55(0Q
fate DLy Fh o fate FHIRNT 5.

#Fﬂﬁi‘ﬂo‘)ﬁﬂz

BAG % fe TREUATRS
i gL e B

ahd,

SMEBAtAORER © G2WkH B NPC i, MWIGERAR) #4F

T2o0RMMELD G AL, GlHoRERE, O SH
#4H NPC & LT OHBE % REFT 5 (proliferative fate ¥ &b 5
P fate), @ ARA/EMI%E ORI L L THME MG T 2 (quies-
cent fate T b5 Q fate), OLFhHERIRNTS([E), G1HL
A= NPCD> %, Pfate ZHIRT 20 HE % P, Q fate
RERTIERODET QEEERET L™, NPCO7Hb—¥ A
EFEEALBE, B P+Q=1.01% 35, Q=0, P=1.0 TH1E

NPC i i sy sm L, Mugdie & L TabeRG T 2 Mk
i7svs, T b5 neuronogenesis iR E - Tusdevy, —EID NPC
DRSS, SMEEEET LEET, Q>0, P10 &%
0, neuronogenesis 304 % 3. T T D NPC »HRI A A & B
LS b2 LA T Q=1.0, P=0 &4 D, neuronogenesis i
VT35,

G1HME S . neuronogenesis HIHETT 2 DLW, NPC®D
HEFIHE Y s SR 2 R L, BT 20 IRRTIE T
2% - EEENEOERR, Gl1HOEBS SN FICERTS
gHrhH0, S G2, MloRAREFIZ—EicFEohs, T4hbsb,
G1HnE 2%, neuronogenesis DR CEERHEE IR T V3T
el h 5,

(=] G113 FRAEIHRE

SRR OH#ETIE. cyclinSF, cyelin K FEHEF +—+ cyclin
dependent kinase(CDK), CDK fllJAF cyclin dependent kinase
inhibitor (CDKD OMEMERIC L v #EIfSsS 2" G LIHOMEEME P
fate 2 HRLERD SHK AD oo, MTO & 3 2—HO5Fi
AT A REMNS D, Cyclin D—2TH 5 cyclinD i, BlEH
Fhroffass vty —ORAERALTV:S L
#xah, CDK4/6 2 HESHEETE RbEAY ) VBT 5, 3]&
31373 cyclin E-CDK 2 &0 (i L 9, RoFEARER
Y vEMbanG, 2OBERDEA»SEFETE2F M3 1,
HAHT S HINET T 20 LERBEFORES A Eh 5. -FlX
X, HNERESEGTHD p27 it cyclin E-CDK 2 Eigfkic ity
SMHEFTHY, Gl HOETEMHT 2.
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BEzara— VL TwaEFIOND,
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Zonisamide = X D EHIEHE{L%® &2 L7/ E

IR TADADLIE

WEZET Ml B2

wEAME KB —F

g A4 West ERR, SEMELEOREE S PBETAPADS mERIHLT
sonisamide (ZNS) 2135 L7zk A, RIEMHEET 5 L EARICEEMBER (JAEMHZT 2=
r—ta yBE, HAMEEE, b0 TH) SEBLEREFFRLL. ZNS )k & b 5T
L 7= 45 e KL fluvoxamine {512 & DERRL, ThE R CAPARIENBERIALL. &
MEECBRERATE L, FHO L) SRERTORERINE TIZRE ARV, ZNS OFFHY
ERE L CRHERSCBRECORETALENSHS, $722 OEHIC fAuvoxamine S HER R

S5,

Bl LB WEES{E, NREETAPA, zonisamide, fluvoxamine, b 1TE

it U &

BHTEE{LRE LI, TAPADERP, RIE
D E EREOEE LI > THMERIHRT 2
JEET, 10FLEDTAPAOBRENHERAICA
LB LEMRAEKRTHE. TRITORSETH
MABIAZ VA, SRTHLERRAIBEGEHESN
Twh., LaL, 2o E fmRREI T
WEFAL V. RAGBATATAD SRR
zonisamide (EAT ZNS) %35 L, HMUERLHR
LELALENTRBELIOTHRET S,

I IE 3l

£ M s, xR

WHEAE, HIREE, HERE fFRTEdIeLl.
BEE E#%3VAILI) - XFHREE-LH
EREE L, SEREMHBL . B hypsar-

wibRFEERDRH

gk T 980-8574 (ST HEXERAE 11
MiLAXEFENAH (KHZET)
E-mail: mhirose@ped.med.tohoku.ac.jp

(<Sf1E ; 2001, 10. 12, SEB 2002, 11. 5)

thythmia % 3%, BB CT CREMBEERKTIE
FALAiH Y, MRITIRELRALC T, THETREE
B LII—TLHEEEROHL. ThOOFR
B OEEHBIEICE D West ERREFLBHTL 2.
Vitamin B, valproate 125 TR AT ROBE IR 6
P, SBLACTH SRR T L. TOHRERIIE
fefmE & Bk O ERIL £ BT, nitazepam THLBHR
BashTwi.

13537 B O EMRSRIES LU 2 Kk ekl
RENUTEL, FEHTALABICLBER (car
bamazepine, ZNS, valproate, phencbarbital, clonazepam,
phenytoin, potassium bromide, loflazepate, diazepam,
dextromethorphan hydrobromide) ATh iR, B
VSRR ED O ol TOMIZZINS #XF 30
TVLA, RERNMEISAT, HEERE Lo
wrARThEshiI Y- FibbE. E1,
199928 @R N AA) CERFAREREE
T L7, BEE#IEen A, FOEBH2X L
A A, BEMBVERIFN AR, SAMFEIR2Y
H, BE2&8 1 »H, EBEBEM3IRI107A,
DQ73 M L s ERIEORNE RO LrL,
DY ARBRELZEREHLNTY,
CARS (NREPALEFERRE) 237122375 (&
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zonisamide i

soiracetam [ ]

Muyoxamine
EX-NE il
SEHUITR

A & I

#i5E W3H

Y

wANENE

:l-.:t—‘r—.liJ

RQATDOHNE

TANA
R»ir

@
L
-

00.3A

)

EEFR £:18

INS 158, TADARMEOHEESTEOLGIE N ZbYITH, MAMERMEL EHEH
¥ tr 72, Flovoxamine Fr S5 CHMEIKIZIR A 128 L1osS, TAPARMEAMERBIL.

WX 5 : EARMEE) Th-i,

BERRERER b Im LA 1999 FE 3590 (40%
11 #R) 75 ZNS 35mg (2 mgkgday) 5L, 2
BRI 60 mg (3.5 mghkg/day) ZHSE LA, BiE
LIZBHPLTADAREDHEE LN ZNS %
S5 A0, GRAASWRL, BaEHLhCH
BEhdphd, HELWLEEOSRAEEFEBEL .
418X ZNS 2B OANIES L L, AEMHIZH
. T aniracetam 350 mg/day O A LA, H
RS LS s h, PREHEAEINM s
A, R LIHERVFBELAE Lo

FOHERKIZLL T OB D Th D,

OHEHHEORE FrrTonTh KEN%L
W, EERER LAV, FEELETZIEL LV,
AL BAEbR ., BRIZEZ, RREO(LED
EHITEA v,

@3iazr—varOUNEE I VEVEET
BMHSERHEL, FE-BAZELSTL, &
FTELTW/AT» Il (RET208) 2L A
v,

QI KD NITHOLIR  BEORIZIV -2 F7 %
WO THEDELMMTS, SREEHMRICEAL
HEATRBEIZAD, FROLERL, FLOHEMS
TG L&

@ eERPAOET ALy P ML—= >
FOELALEL —ANCRT—%{foTT

LARCY AN

37570 : LA ¥ cR AR A
ZENTELLL kT
ZNS DEIER & L TORMEREREY, 4H27H
ZNS % 20 mg/day 2 #EL L, aniracetam D FF & #E
th7:, EEAOEMEFERTULEER SN2 P
A, BRhEgH3s24H, FoEH1%:8 A, &
EHTE2&E5HH, HAMBIES A, BEN
358, SEERIEIAAT, DQIIISHELT
ot FoEE, P ARE, HIE - SEMBEO
FBEEAMEHE o7, CARS A7 43 (BWES :
AEERAE) Thot, TOHRLERIIEHE LT,
5B 25 B ~NTOEEL Pk LA, Pk#ELT
ADAREIR G D, | VAL EZSBALTHH
FEKIINE LYo, ZNS R SEIERITS
WTHEP L Y EROBRSTALSNLZETTSH
LA, fERIIMB L er o/, MPEREERENS
mEICHEMNELON, INS THEEShABHIER
tHE 2o, RRADLHEEER, HIZILbY
7823 L T fluvoxamine 25 mg/day X5 2 RS L
. TAISAL Y TADARENEHALALLS,
7R 228 &V mexiletine x5 HEL A~ 8 Bl
AoTREMHADEEDIERELENESI LS
I h, U HGELE T L 2 W ARBECE
FARENEDHLERZ, IBILRTA»ARER
ZNS AR EHIZESEE T LA, SO, i
ADSHIZEEBELATENERLE N0z

fo. BREFLDBGEDNT S
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o] /\ .
. b 1&/‘“”%)"1‘"&4‘[
AT e A AR IRt an PO TS,
rrte \*\-&A_ ﬁ'\\\:f/., \fU / 01kt AAMAA A ANy CaPT
N e A AV,

it

a 1999 £ 1 AR, EEMTRI b FEiRE, MiRmEENl,
b. 1999 £ 4 B RS, TAPAMENELZSY, EFERALELGNL,
c. 1990 47 J3IEIREE. AATHISRICEMACLIL, Rk EXEMm AR L.

108, TADPAREDHINIIO 2% carbamazepine 1%
5&mMaL. ARALEEOHANRL G
BHORESRTREIMENRSET 7 H, B8
W3 eH R, FoEH2IE N AN, BRGE
W20, AR 2E 200, REIROA
B, S@EMEIge H, DQ4fiGTAHN, HA
BURTEIATE ¢, BE/5T7 » AOTHM L AT 4w,
CARS 22 71427 (BWiX% : EHME) Th-
2. HBTAPARERIB4~6H. 1ATH
CEHFHTOFAHLTL R L 0o 12
BitldbdLy b bL—oy 7 bWhek ot £
DELTAPARMELL B S ~8ET, RIEQIFH
HEE KAV I, R R IR 2 IR L
A

2000 £ 0 Az EmERKISEIREAR LD
fluvoxamine ¥ & L7z, LA L 10 BiZiL, #HAME
w, U AREREIYELCE LY, B
HRICHELL Bl SREREELHES
YEOREL, 200068 (Tw3HA) AEET
fluvoxamine {EZE T HEF L T B,

El2atz 19991 A 120 (411 #7) ZNS IR

SO IERERRE I 2R L2, AN AT S iR,
IR E S A, EARTEENIHIE R B .
26tz 1999¢ 4 H 1B (S0 H) ZNS 51
20 [, SelEideiady | AR - 2B o B ER AR
R TASAMKERAZL, EHEANEE
zoht. 1, E2EmRL Ty, ERE
B LI IE AT TR s R R38O/, [ 2e 4l
TTIERES I 1999 £ 7 A7 H (544 H),
RUEMEEY 3 T AEEBL, ZINS EHELTEH
| 7 B £ B THBEROYEEIFDH 6L ho i
MR Th s, EEENEE4 FoREEHIL
THENEIAL N 0h, ERERKEE
e A R L, MELTWS, JORED 12
Higi TA»ARIESBRBLL .

I # =

Landolt 7t forcierte Normalisierung (58 ¥ £ % 1k)
A LTy, TAMAREIIBITAHAER
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Abstract

This study has examined the Immunological localization of platelet-derived growth factor
(PDGF)-A, PDGF-B, and PDGF receptor (PDGFR) salpha and beta to clarify their role
in the progression of muscnlar dystrophy. Blopsied frozen muscles from patients with
Duchenne muscular dystrophy (DMD), Becker muscular dystrophy (BMD), and congenital
muscular dystrophy (CMD) were analysed immunchistochemically using antibodies raised
agalnst PDGF-A, PDGF-B, and PDGFR alpha and beta. Muscles from two dystrophic
mouse models (dy and mdx mice) were also immunostained with antibodles raised against
PDGFR alpha and beta. In normal human control muscle, neuromuscular Junctions and
vessels were positively stained with antibodies against PDGF-A, PDGF-B, PDGFR alpha
and PDGFR beta. In human dystrophle muscles, PDGF-A, PDGF-B, PDGFR alpha and
PDGFR beta were strongly Immunolocalized in regenerating muscle fibres and infiltrating
macrophages. PDGFR alpha was also Immunolocalized to the muscle fibre sarcolemma and
necrotic fibres. The most significant finding in this study was a remarkable overexpression
of PDGFR beta and, 1o a lesser extent, PDGFR alpha in the endomysium of DMD and CMD
muscles. PDGFR was also overexpressed in the interstitium of muscles from dystrophic mice,
particularly dy mice. Double immunolabelling revealed that activated interstitial fibroblasts
were clearly positive for PDGFR alpha and beta. However, DMD and CMD muscles with
advanced fibrosis showed very poor reactivity against PDGF and PDGFR. Those findings
were confirmed by Immunoblotting with PDGFR beta. These findings indicate that PDGF
and its receptors are significantly invelved in the active stage of tissue destruction and are
associated with the initiation or promotion of muscle fibrosts. They also have roles in muscle
fibre regeneration and signalling at neuromuscular junctions in both mormal and diseased
muscle. Copyright © 2003 John Wiley & Sons, Ltd.

Keywords: platelet-derived growth factor; platelet-derived growth factor receptor alpha;
platelet-derived growth factor receptor beta; muscular dystrophy; fibrosis; mdx mice; dy
mice

introduction

also suggest that growth factors such as transforming
growth factor beta 1 (TGFB1) and basic fibroblast
growth factor (bFGF) have important roles in disease

The progression of muscular weakness in patients suf-
fering from Duchenne muscular dystrophy (DMD)
and congenital muscular dystrophy (CMD) correlates
directly with the progressive loss of myofibres, which
is accompanied by connective tissue and adipose tissue
replacement. The mechanism of histological progres-
sion remains unclear. Previous studies suggest that
there is a progressive loss of regenerating capacity in
muscle fibres [1]. Interstitial fibrosis may be atributed
to a loss of regenerating capacity in satellite cells,
which is caused by a reduced blood supply to indi-
vidual muscle fibres [2,3]. Alternatively, Melone et al
recently proposed that growth factors released locatly
by disecased muscle tissue may reduce the regener-
ating capacity of satellite cells [4,5). Recent studies

Copyright © 2003 John Wiley & Sons, Ltd.

progression [6-10].

Platelet-derived growth factor (PDGF) consists of
two disulphide-linked peptide chains, A and B, and
occurs naturally in three isoforms, PDGF-AA, PDGF-
AB, and PDGF-BB [11]. PDGF is a growth stimu-
lant and chemoattractant, principally for mesenchymal
connective tissue-forming cells [11,12). By binding
to specific high-affinity cell surface receptors, PDGF
induces cell proliferation and a number of other critical
processes. There are two PDGF receptor subunits; the
alpha subunit (PDGFR alpha) binds both the PDGF-
A and the PDGF-B chains, while the beta subunit
(PDGFR beta) binds only the PDGF-B chain [13].
There have been some reports of PDGF and PDGFR
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expression in muscle tissue. PDGF-A chain mRNA
and PDGFR beta mRNA are expressed in rat L6 cul-
tured myoblasts [14,15} and PDGFR beta immunore-
activity has been reported in regenerating muscle fibres
of dystrophin-deficient mdx mice [16]. L6 myoblasts
bind the PDGF-BB isoform, but not the PDGF-AA
isoform, and the addition of PDGF-BB to culture
media results in myoblast proliferation and the inhi-
bition of myoblast differentiation {17]. These results
suggest that the BB isoform of PDGF has a significant
effect on skeletal muscle regeneration.

There have been no studies of the functional role
of PDGF and its receptors in diseased human muscle.
This prompted us to examine the immunolocalization
of PDGF-A, PDGF-B, PDGFR alpha, and PDGFR
beta in biopsied muscle from patients with various
types of muscular dystrophy to clarify their role in
disease progression. In addition, we compared PDGFR
alpha and beta expression in muscles from dy and mdx
mice to confirm the results from human muscles.

Materials and methods

We studied diagnostic muscle biopsies from 32
patients, aged 8 months to 18 years. Written informed
consent to use these specimens for research was
obtained from all of the patients’ families. Of the
biopsies studied, cight had a diagnosis of DMD,
nine had congenital muscular dystrophy (CMD} {six
with Fukuyama-type CMD (FCMD) and three with
merosin-positive CMD], five had Becker muscu-
lar dystrophy (BMD), and ten were normal. Diag-
nosis was based on clinical, laboratory, muscle

Table I. Clinical summary of the patients

Y Zhao et al

biopsy histochemistry, and dystrophin and merosin
immunohistochemistry. A clinical summary of the
patients is given in Table 1. Transverse sections
(10 um) of fresh-frozen muscle biopsies were used
for immunchistochemical staining. For the detection of
PDGF-A, PDGF-B, PDGFR alphz, and PDGFR beta,
affinity-purified rabbit antisera were raised against
the following: (1) a synthetic peptide mapping to the
carboxy-terminal of human PDGF-A (sc-128; Santa
Cruz Biotechnology; dilution 1:400; 0.5 pg/ml); (2) a
synthetic peptide (amino acid sequence 136-190)
mapping to the carboxy-terminal of mature human
PDGF-B (5c-7878; Santa Cruz Biotechnology; dilu-
tion 1:400; 0.5 ug/ml); (3} a synthetic peptide map-
ping to the carboxy-terminal of human PDGFR alpha
(sc-338; Santa Cruz Biotechnology; dilution 1:400;
0.5 pg/ml); and (4) a synthetic peptide mapping to
the carboxy-terminal of human PDGFR beta (sc-339;
Santa Cruz Biotechnology; dilution 1:400; 0.5 pg/mb).

Indirect immunoperoxidase (ABC) (Vectastain ABC
kit; Vector, Burlingame, CA, USA) and immunoflu-
orescence methods were used to stain the samples.
For ABC reactions, the sections were fixed with 4%
formaldehyde in phosphate-buffered saline (PBS) for
5 min at room temperature and washed in PBS. Sec-
tions were pre-incubated for 30 min in normal goat
serum (1 : 10) and incubated for 36 h at 4 °C in the pri-
mary antibody and for 1 h in biotinylated anti-rabbit
IgG diluted 1:200. The sections were then incubated
for 1k in ABC complex and visualized in 0.03%
diaminobenzidine (DAB) (Dojin, Kumamoto, Japan)
containing (.005% peroxide. The specificity of the
immunoreactivity was verified by omitting the pri-
mary antibody, replacing the polyclonal antibody with

Age(y) Age(y) Clinical symptoms
Patient Diagnosis Sex of onset at blopsy at biospy Serum CK
I DMD M 08 12 Difficulty in standing up 22000
2 oMD M 2 28 Frequent falling down 14250
k) DMD M 1.5 35 Frequent falling down 16130
4 DMD M 2 4 Abnormial gait 21000
5 oMD M 3 44 Unsteady gait 14690
13 DHMD M 4 5 Frequent falling down 14550
7 DMD M 3 8 Abnormal gait 13600
8 DMD ™ 3 15 Frequent falling down . 2428
9 FCMD F 0.1 o7 Hypotonia 3600
10 FCMD M al o7 Floppy infant 2716
H FCMD M 03 [ Motor delay 11850
12 FCMD M a5 27 Motor delay 8009
13 FCMD M Q. 7 Severe developmental delay 3930
14 FCMD F 05 13 Motor delay 300
15 CMD M ol 0.7 Floppy infant 2463
16 D ™ 03 07 Delayed head control 6092
17 tMD F 1.5 22 Gait disturbance 965
18 BMD M no symplom 5 Hyperdnemia 1847
19 BMD M 5 7 Musdle pain 3844
20 BMD M 5 i Slow runner 5159
21 BMD M 6 t Leg pain 5159
22 BMD M no symptom i3 Hyperdnemia 5000

DMD: Duchenne musailar dystrophy, FCMD: Fukuyama type congenital muscular dystrophy, CMD: merosin-positive congenital muscular

dystrophy, BMD: Becker muscular dystrophy.

Copyright © 2003 John Wiley & Sons, Ltd.
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non-immune rabbit IgG (Zymed, San Francisco, CA,
USA) at-the -same concentration, and absorbing the
primary polyclonal anti-PDGFR alpha or beta anti-
body with recombinant PDGFR alpha or beta pep-
tides (sc-338p and s¢-339p; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA). Omission of the primary
antibody and replacement of polyclonal antibodies
-with non-immune IgG abolished reactivity. Absorp-
tion of anti-PDGFR alpha or beta antibody (0.5 pg/ml)
with PDGFR alpha or beta peptide (final concentra-
tion 100 pg/ml) overnight at 4°C resulted in complete
blocking of the reaction products.

For immunohistochemical analysis of PDGFR alpha
and beta in dystrophic mouse models, we used ham-
string muscles from B-10 mice as a control, dy mice
as a progressive and fibrotic model, and mdx mice as
a non-fibrotic model at 16 weeks old, The dy mice are
known to be a merosin-deficient CMD model and mdx
mice are known to be a DMD model [18]. Muscles
were obtained after neck dislocation and were imme-
diately frozen in isopentane and stored at —80 °C until
used. Immunohistochemica! stodies were performed
with the same antibodies that were used for human
muscle biopsies using the ABC reaction. The proto-
col for the use of mouse tissue was approved by the
Animal Experimentation Committee of the School of
Medicine, Tohoku University.

Double or triple fluorescence labelling was used
to co-localize PDGF-A, PDGF-B, PDGFR alpha or
PDGFR beta with desmin, e-bungarotoxin (x-BT),
CD31, CD68, prolyl 4-hydroxylase (P-4-H) or Hoechst
33342. For double fluorescence staining, sections wete
fixed with 4% formaldehyde in PBS for 5 min at
room temperature, washed in PBS, and pre-incubated
for 30 min in normal donkey serum diluted 1:10.
Sections were incubated for 36 h at 4°C in the
appropriately diluted mixture of primary antibodies
and then incubated for 1 h in a mixture of sec-
ondary antiserum containing Texas Red-labelled don-
key anti-rabbit IgG and Cy2-labelled donkey anti-
mouse IgG (Jackson Immuno Res, West Grove, PA,
USA) diluted at 1:200. To visvalize intramuscular
nuclei, some sections were triple labelled by incuba-
tion in 10 pp/ml Hoechst 33342 (Molecular Probes,
Eugene, OR, USA) for 5 min. Monoclonal antibod-
ies against desmin (1:100) (Zymed, San Francisco,
CA, USA), CD31 (1:100) (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), CD68 (1:100), and P-4-
H (1:100) (Dako, Glostrup, Denmark) were used to
identify regenerating fibres, vessels, macrophages, and
fibroblasts actively producing collagen [19], respec-
tively. Neuromuscular junctions (NMJs) were identi-
fied with tetramethylrhodamine-labelled «-BT (Molec-
ular Probes, Eugene, OR, USA) diluted at 1:1000.
Immunofluorescence images were observed with a flu-
orescence microscope and were captured separately
from the same area with a CCD camera connected to a
personal computer. The images were combined using a
Q550CW fluorescence imaging system (Leica, Cam-
bridge, UK). The staining intensity of muscle fibres

Copyright © 2003 John Wiley & Sons, Ltd.

151

and extracellular matrix (ECM) was scored separately
by reviewing the entire tissue section with 2 semi-
quantitative scale: 0, no staining; 0.5, trace staining;
1, light staining; 2, moderate staining; and 3, intense
staining.

To evaluate endomysial fibrosis, serial sections were
stained for cytochrome ¢ oxidase and three images

that included only the endomysial area (0.403 mm?®

in total) were captured at x200 magnification with
a CCD camera connected to a personal computer.
The endomysial interstitial area of each image (ie the
cytochrome ¢ oxidase-negative area) was measured
using 2 colour image computer analyser (MacSCOPE,
version 2.5, Mitani Corp, Hukui, Japan) and the
mean value of three images was determined as the
endomysial interstitial area for each sample, which is
expressed as a percentage in Table 2.

For immunoblot analysis, ten 10-pm-thick cryosec-
tions of three FCMD muscles biopsied in early infancy
(two) and at an advanced stage (one) and one con-
trol muscle biopsy were collected on ice; homoge-
nized in 10 mm Tris—HC1 (pH 7.4) containing 150 mM
KF, 15 mm EDTA, 1 mM phenylmethylsuiphonyl flu-
oride, 10 mg/m! leupeptin, 1 mM benzamidine, and
1 pum/ml 2-mercaptoethanol; and centrifuged at 10
000 g for 15 min at 4°C. For SDS-PAGE, equal
amounts of muscle protein [10 pg diluted in SDS incu-
bation medium: 62.5 mm Tris—-HCI (pH 6.8), 2% SDS,
10% glycerol, 5% 2-mercaptoethanol, and 0.02% bro-
mophenol blue] were loaded on the gel (12.5% acry-
larzide) according to the method of Lacmmli [20]. The

upper and lower running buffers contained 25 mum Tris

{(base), 192 mM glycine, and 0.1% SDS, and the gel
was run at 200 V for 30 min, The proteins were then
transferred onto nitrocellulose sheets for 1 h at 4°C
at 100 V using a transfer buffer containing 182 mm
glycine, 6 mM Tris, and 20% methanol at pH 8.2.
After blocking the blots in 5% non-fat dry milk in
PBST (PBS, pH 7.4, containing 0.1% Tween-20) for
2 h, they were incubated with the primary antibody
(anti-PDGFR beta; 1:100) overnight and then incu-
bated with horseradish peroxidase-conjugated donkey
anti-rabbit IgG (1:1500; Chemicon, Temecula, CA,
USA) for 1 h. Immunoreactive proteins were visual-
ized using a DAB kit (Vector, Burlingame, CA, USA)
or with enhanced chemiluminescence (Bio-Rad, Her-
cules, CA, USA).

Resuits

Human muscular dystrophy (Figures |14
and Table 2)

PDGF-A immunolocalization (Figures 1 and 2)

In normal muscle biopsies, trace PDGI-A immunore-
activity was observed in vascular smooth muscle
(Figure 1A). The neuromuscular junctions in all mus-
cles were stained positively, as described in our

J Pathol 2003; 201: 143159
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Table 2. Results of inmunolocalization of PDGF-A, PDGF-B, PDGFR alpha, and PDGFR beta

Age ) PDGF-A PDGF-B PDGFR alpha PDGFR beta Interstitial
Patient  atbiopsy  Diagnosis MF'  ECM  MF ECM MF'¥  ECM  MF! ECM Area (%)
I 12 DMD 05 05 2 1 2 05 0 2 149
2 28 DMD 05 { f 2 2 05 0 3 205
3 35 DMD ! I i I 2 I 0 2 166
4 4 OMD 05 I 05 I 1 05 0 2 167
5 44 oMD | 05 { ! 2 ! 0 2 207
é 5 DMD 05 05 1 i 05 05 0 3 158
7 8 oMD | 05 I | I | o 2 163
8 1S DMD 05 05 0 05 0 0 0 l 373
9 07 FCMD I 05 2 2 2 2 0 3 296
10 07 FCMD I 05 2 2 2 ! 0 3 409
" 1 FCMD 05 05 | 05 05 2 0 3 407
12 27 FCMD 05 05 05 05 (113 05 0 1 678
13 7 FCMD ] 05 0 05 0 0 0 0 526
14 18 FCMD 0 0 0 0 0 0 0 0 92
15 07 D [ 05 2 | 2 05 0 2 498
16 07 CMD I 05 2 I 2 | 0 3 4313
17 22 CMD I 05 2 I 2 1 0 2 498
18 5 BMD 0 0 0 05 05 0 0 ] 1
19 7 BMD 0 0 0 0 05 0 0 0 44
20 t BMD 0 0 0 0 05 0 0 0 75
21 il BMD 05 0 0.5 05 05 0 0 0 62
22 13 BMD 05 0 0.5 05 05 0 0 0 88
23 £.5 norrrial 0 0 0 0 0 0 0 0 88
24 22 norrnat 0 0 0 0 0 0 0 0 85
25 23 normal 0 0 0 0 ] 0 0 0 75
26 3 normal 0 0 0 0 0 0 0 0 52
27 35 normal 0 0 0 0 0 0 0 0 63
28 5 nomal 05 0 0 0 0 0 0 ] 45
29 65 norrnal 05 0 ) 0 0 0 0 0 8.8
30 8 normal 0 0 0 0 0 0 0 0 56
31 12 nonmal 0 0 0 0 0 0 0 0 78
2 i3 normal 0 0 0 0 0 ] 0 0 86
MF: muscle fibers.

ECM: extracellular matrx.

MF': immunolocalization except for regenerating fibers.
MF?: sarcolemmat immunclocalization.

PDGF: platelet-derived growth factor.

PDGFR: pltelet-derived growth factor receptor.

Intenstty of immuncstaining: 0; ne staining, 0.5; trace staining, [; light stalning, 2; moderate staining, 3; Intense stalning.

previous report [21]. Necrotic fibres with mononu-
clear cell infiliration showed positive immunoreac-
tivity (Figure 1B) in all dystrophic muscles exam-
ined. The cytoplasm and nuclei of regenerating mus-
¢cle fibres were strongly positive in all dystrophic
muscles (Figure 1C); this was confirmed by dou-
ble labelling with PDGF-A and desmin (Figures 2A
and 2B). Triple labelling with PDGF-A, CD68, and
Hoechst 33342 (Figures 2C and 2D) demonstrated
co-localization of PDGF-A immunoreactivity on the
regenerating fibre nuclei and macrophages infiltrat-
ing the endomysium. However, elderly CMD and
DMD cases with advanced fibrosis showed trace or
no PDGF-A reactivity (Table 2).

PDGF-B immunolocatization (Figures | and 2)

In normal muscle biopsies, trace PDGF-B immuno-
reactivity was observed in muscle fibre nuclei and

Copyright © 2003 John Wiley & Sons, Ltd.

vascular smooth muscle (Figure 1E), Double immuno-
labelling with PDGF-B and &-BT showed that neu-
romuscular junctions in all muscles were positively
stained (Figures 2H and 2I). Mononuclear cells that
infiltrated in and around necrotic fibres showed intense
positivity for PDGF-B in DMD, CMD, and BMD
(Figures 1F-1H). Double labelling with antibodies
against PDGF-B and CD68 showed exclusive PDGF-
B co-localization (Figures 2E-2G) on almost all
macrophages in ‘the endomysium. The vascular walls
and muscle fibre nuclei of non-regenerating fibres
in dystrophic muscles were lightly to moderately
immunostained (Figures 1F-1H and 2E). The cyto-
plasm and nuclei of regenerating muscle fibres, which
were characterized by strong desmin immunoreac-
tivity (data not shown), showed intense staining in
all dystrophic muscles. However, elderly CMD and
DMD cases with advanced fibrosis showed trace or
no PDGF-B reactivity (Table 2).

J Pathol 2003; 201: 149-159.
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Figure 1. Immunclocalization of PDGF-A (A~D) and PDGF-8 (E-H) In biopsied muscles from control (A, E). BMD (B, F), DMD
{C, G), and FCMD (D, H). PDGF-A and PDGF-B immunoreactivity was prominent in infiltrating cells, regenerating muscle fibres,

and muscle fibre nuclei in dystrophic muscles

PDGFR alpha immunolocalization (Figures 3 and 4)

In control muscle biopsies, moderate PDGEFR alpha
immunoreactivity was observed in neuromuscular
junctions {20] and trace immunoreactivity was
observed around muscle fibre nuclei (Figure 3A).
Some sections showed moderate staining of the
petimysial connective tissue. In the DMD and CMD
muscle fibres examined, muscle fibre sarcolemma
was lightly immunostained in 20-40% of muscle

Copyright € 2003 John Wiley & Sons, Ltd.

fibres (Figures 3B and 3D), whereas in BMD muscle
fibres, 1-3% of muscle fibre sarcolemma was
faintly immunostained. The cytoplasm of necrotic and
regenerating muscle fibres was moderately to intensely
stained in dystrophic muscles (Figures 4A and 4B)
and nuclei of non-regenerating muscle fibres were
also lightly to moderately stained. The endomysium
of CMD cases biopsied at an early stage showed
moderate staining of the endomysium (Figure 3D).

J Pathof 2003; 201: 149-159.
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Figure 2. Immunolabelling of DMD muscles. (A, B} PDGF-A was immunclocalized in regenerating muscle fibres that showed
strong desmin immunoreactivity and in their nuclei [double kbelling; A: PDGF-A (red); B: desmin (green)]. (C, D} Infiltrating
macrophages were positive for PDGF-A (yellow). Nuclei of regenerating fibres were intensely positive for PDGF-A and nuclei of
non-regenerating fibres were also lightly positive [triple kabelling C: merged PDGF-A {red}/CDé8 (green): D: merged PDGF-A
(red)/Hoechst 33342 (blue)]. (E-G) PDGF-B was strongly expressed in the intramuscular vessels and phagocytic macrophages
{yellow) infiltrating into the necrotic fibre [double labelling; E: PDGF-B (red); F: CDé8 (green); G: merged PDGF-B/CDé8]. (H-I)
PDGF-B co-localized with o-BT at the neuromuscular junctions [double labelling H: PDGF-B (green); I: «-BT (red)]

However, relatively elderly CMD and DMD cases with
advanced fibrosis showed very poor PDGFR alpha
reactivity (Table 2). Double labelling with antibodies
against PDGFR alpha and CD68 demonstrated that
PDGFR alpha was intensely expressed in macrophages
infiltrating in and around necrotic fibres (Figure 4C).
Double immunolabelling with antibodies against
PDGFR alpha and P-4-H demonstrated that P-4-H-
positive activated fibroblasts were clearly positive for
PDGFR alpha in DMD and CMD muscle (Figure 4D).

PDGFR beta immunolocalization (Figures 3 and 4}

In control muscle biopsies, light PDGFR beta immu-
noreactivity was observed in neuromuscular junc-
tions (data not shown), capillaries, and vascular
smooth muscle (Figures 3E, 4E, and 4F}. The cyto-
plasm of strongly desmin-positive regenerating mus-
cle fibres showed light staining in dystrophic muscles
(Figures 4G and 4H). Triple labelling with PDGFR
beta, CD68, and Hoechst 33342 demonstrated that
PDGFR beta was expressed partly by CD68-positive
macrophages infiltrating the endomysium and by
other monenuclear cells in the interstittum (Figures 41
and 47). The most remarkable finding was the intense
immunoreactivity of the endomysium in DMD and
CMD muscles (Figures 3F, 3H, and 3I). However,
there was no endomysial PDGFR beta expression in
BMD muscles (data not shown). Compared with DMD
muscle, PDGFR beta expression was clearly pre-
dominant in CMD muscles biopsied in early infancy

Copyright © 2003 John Wiley & Sons, Ltd.

(Figures 3H and 3I). Double immunolabelling with
antibodies against PDGFR beta and P-4-H demon-
strated that P-4-H-positive activated fibroblasts were
exclusively PDGFR beta-positive in DMD and CMD
muscle (Figures 4K~4M). In contrast to CMD and
DMD muscles biopsied in early infancy, CMD and
DMD muscles with advanced fibrosis showed no or
faint reactivity against PDGFR beta (Figure 3J).

Immuncblots for PDGFR beta (Figure 5)

Immunoblots of muscle extracts from FCMD patients
biopsied in early infancy revealed a clear immunore-
active band with an apparent molecular mass of 180
kD cormresponding to the 180 kD PDGFR beta, while
muscle extracts from a FCMD patient biopsied at an
advanced stage and the control patient lacked this 180
kD immunoreactive band. These findings are consis-
tent with the results of the immunohistochemical anal-
ysis. Owing to the small size of the diagnostic muscle
biopsies, we did not have-sufficient material to perform
immunoblotting with anti-PDGFR alpha, PDGF-A, or
PDGF-B antibodies.

Mouse muscular dystrophy (Figure 6)

In B-10 mouse muscle, PDGFR alpha was faintly
immunolocalized on muscle sarcolemma and intensely
localized at nenromuscular junctions (Figure 6A). In
mdx mouse mauscle, PDGFR alpha was immunolo-
calized lightly to moderately on the sarcolemma of

J Pathol 2003; 201: 149159
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A - .

Figure 3. Immunolocalization of PDGFR alpha {A-D) and PDGFR beta (E-]) in biopsied muscles from control (A, E), DMD (B,
C,F, G), FCMD (D, H, }), and merosin-positive CMD (I}. Inmunoreactivity against PDGFR alpha (B} and beta (F) was completely
abolished after absorption with antigen peptides (C, G). Immunoreactivity against both PDGFRs in CMD muscle biopsied in early
infancy was marked in the endomysium {D, H, 1), while FCMD muscles biopsied from elderty cases with advanced fibrosis showed

a lack of immunoreactivity {J)

Copyright © 2003 fohn Wiley & Sons, Ltd. | Pathol 2003; 20 1: 149-159.
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Figure 4. Double and triple hbelling of PDGFR alpha and beta in DMD muscles (A~D, G-M} and contrel {E, F). (A, B) PDGFR
atpha was expressed in regenerating fibres with remarkable desmin positivity and necrotic fibres without desmin immunoreactivity
[double tabelling; A- PDGFR alpha (red): B: desmin {green}]. (C) PDGFR alpha was co-localized with CD68 in the macrophages
infiltrating into and around necrotic fibres (yellow) [merged PDGFR alpha {red)/CDé8 (green)]. () PDGFR alpha was co-localized
with a marker of activated fibroblasts, P-4-H (yellow) [double labelling; merged PDGFR alpha (red)/P-4-H {green)]. (E, F) PDGFR
beta was co-localized with CD31 at the intramuscular capillaries [doubte labelling E: POGFR beta {red); F: CD3} (green)]. (G,
H) PDGFR beta was lightly expressed in regenerating fibres with remarkable desmin positivity, while vessels and interstitium
showed intense staining [double labelling: G: PDGFR beta (red); H: desmin (green)]. (I, |} PDGFR beta was co-localized with
CD&8 in some macrophages (yellow) in the interstitium. Other mononuclear interstitial cells were also positively stained [triple
labelling; i: merged PDGFR beta (red)/CDé8 (green); |: merged PDGFR beta (red)/Hoechst 33347 (blue)]. (K-M) PDGFR beta was
exclusively co-localized with activated fibroblasts in the endomysium (yellow) [double labelling; K: PDGFR beta {red); L P-4-H

(green); M: merged PDGFR beta/P-4-H]

regenerating muscle fibres (Figure 6B). The cytoplasm
and internal nuclei of regenerating muscle fibres were
also lightly stained. In dy mouse muscle, PDGFR
alpha was moderately to intensely immunolocalized
in the endomysium and muscle fibre sarcolemma also
showed light to moderate staining. Cells distributed in
the endomysium and nuclei of regenerating fibres were
intensely immunostained (Figure 6C).

PDGFR beta immunostaining showed light posi-
tivity in the vessels and interstiium in B-10 mice
(Figure 6D). while in mdx mice, the cytoplasm of
regenerating muscle fibres and endomysium were
lightly stained (Figure 6E). In dy mice, the intersti-
tium and cells distributed in the endomysium were
intensely stained with PDGFR beta, as seen in human

Copyright © 2003 John Wiiey & Sons, Ltd.

DMD and CMD muscles (Figure 6F). Regenerating
fibre cytoplasm was also lightly immunostained.

Discussion

Previous studies have shown that TGFB1 and bFGF
are involved in the pathophysiology of human muscu-
lar dystrophy, particularly in muscle fibrosis {6-8,22].
However, their distinct localization in dystrophic mus-
cles had not been studied in detail with double
immunolocalization. Moreover, receptors for these
growth factors had not been studied. except for
FGF receptor 4, which was expressed in one patient
with FSHD [22]. Our study has shown that PDGF

J Pathol 2003; 201: 149-159.
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Figure 5. Immunoblot analysis of PDGFR beta in extracts from
muscles from the normal control (lane I), FCMD biopsied in
early infancy (lnes 2 and 3), and FCMD biopsied in an elderly
patient (lane 4}. A 180 kD band corresponding to PDGFR beta
protein is dearly present in the muscles of cases with early
FCMD, while the muscles of normal controls and cases with
advanced FCMD lacked a recognizable band for PDGFR beta

and its receptors are involved in the pathophysiol-
ogy of dystrophic muscles. Using double immuno-
histochemistry, we have shown that in dystrophic
muscles, PDGF is immunolocalized in infiltrating
macrophages, regenerating muscle fibres, and myofi-
bre nuclei, and that PDGFR is immunolocalized in
infiltrating macrophages, regenerating and necrotic
muscle fibres, interstitial fibroblasts, and muscle fibre
sarcolemma,

It is well known that fibrotic changes cccur in the
muscle tissue of dy mice in the early stage of develop-
ment, while mdx mice show minimal fibrotic changes
throughout their life, despite their lack of dystrophin
[18]. There has been no reasonable explanation so far
why mdx mice have a very slight clinical alteration,
unlike DMD muscle. In the present study, PDGFR
alpha and beta were immunolocalized markedly in the
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endomysium of dy mice, compared with mdx mice.
These results were comparable to the results for human
dystrophic muscles. The relative abundance of intersti-
tial PDGFR expression might contribute to the tissue
fibrosis seen in dy mice.

The present study is the first report of signifi-
cant PDGFR beta and alpha overexpression in the
endomysium in human and mouse dystrophic mus-
cles, particularly in dy mouse muscle. The present
study is also the first to demonstrate that P-4-
H-positive activated fibroblasts in the endomysium
clearly express PDGFR alpha and beta. These find-
ings demonstrate that fibroblasts in the endomysium
of dystrophic muscles remain activated partly through
paracrine regulation by PDGF. Interestingly, PDGF
and its receptors are remarkably expressed in DMD
and CMD muscles biopsied at an ecarly stage of
disease progression. However, immunoreactivity was
almost abolished in DMD and CMD muscles biopsied
from elderly patients with advanced fibrosis. This was
clearly confirmed by immunoblot analysis, as shown
in Figure 5. These findings suggest that PDGF and
its receptors are significantly involved in the active
stage of tissue destruction and are associated with the
initiation or promotion of muscle fibrosis. These pro-
cesses might occur in concert with other cytokines
and growth factors, since in vitro studies have shown
that (1) TGFB increases PDGF-B mRNA transcrip-
tion in microvascular endothelial cells [23] and also
increases PDGFR beta transcription in human liver
fat-storing celis [24]; (2) TGF8 up-regulates PDGFR
alpha expression in human scar fibroblasts and fibrob-
lasts from scleroderma patients [25]; (3) bIFGF up-
regulates PDGFR alpha expression in smooth muscle
cells [26]; (4) PDGF-BB up-regulates PDGFR alpha
and beta expression in human foreskin fibroblasts [27];
and (5) tissue fibroblasts are activated and transformed

Figure 6. Immunolocalization of PDGFR alpha (A—C) and beta {D—F) in musdles of B-10 (A, D), mdx (B, E}, and dy (C, F) mice.
Immunoreactivities of the endomysium for both PDGFRs were prominent in dy mice compared with those of mdx mice

Copyright © 2003 John Wiley & Sons, Ltd.
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to myofibroblasts by TGFg and PDGF [28}]. In fibro-
sis, PDGF-BB and PDGFR alpha or beta contribute to
scleroderma formation and liver fibrosis, while PDGF-
AA and PDGFR alpha contribute to pulmonary fibrosis
[29]. In dystrophic muscles, our study clearly shows
that fibrosis is controlled by both PDGFR alpha and
beta signalling.

Previous studies have shown that necrotic mus-
cle fibres release chemotactic factors to attract poly-
morphonuclear leukocytes and macrophages, while
macrophages release factors that induce a chemotac-
tic response in satellite cells [30-32]. Satellite cells
migrate to the necrotic area and begin to proliferate,
and muscle fibre regeneration is accomplished after the
fusion of those cells [30]. In all the dystrophic muscles
examined in this study, PDGF-A and PDGF-B were
strongly immunolocalized in the cytoplasm and nuclei
of regenerating muscle fibres and in macrophages infil-
trating into necrotic fibres. PDGFR alpha and beta
were also immunolocalized in regenerating muscle
fibre cytoplasm and macrophages. Previous in vitro
studies using mouse and porcine cultured myoblasts
demonstrated that the PDGF-BB/PDGFR beta sig-
nalling pathway is mainly involved in myoblast prolif-
eration [13,33]. However, our study shows that PDGF-
A and PDGF-B peptides and their beta and alpha
receptors are expressed equally in regenerating fibres.
This suggests that both chains have autocrine and
paracrine roles in muscle fibre regeneration or satellite
cell chemotaxis in dystrophic skeletal muscles.

PDGFR alpha was overexpressed in the non-
regenerating muscle fibre sarcolemma in DMD and
CMD, but faintly expressed in BMD. However, it
remains to be clarified whether PDGFR alpha has any
physiological function in non-regenerating dystrophic
muscle fibres. Utrophin, an autosomal homologue to
dystrophin, preferentially accumulates at the postsy-
naptic membrane in normal muscle fibres [34), but
is overexpressed at the sarcolemma of DMD mus-
cle fibres [35]. Recent rescarch revealed that the vp-
regulation of utrophin functionally compensates for the
lack of dystrophin in mdx mice [36]. Since PDGFR
alpha also accumulates at the newromuscular junc-
tion in normal muscle, it will be interesting to study
the functional relationship between PDGFR alpha and
dystrophin-related proteins.

The present study demonstrates that PDGF-A,
PDGE-B, PDGFR alpha, and PDGFR beta are all
immunolocalized at the neuromuscular junction, sug-
gesting that they have physiological roles in the inter-
action between the presynaptic and postsynaptic com-
ponents [21]. Similar roles have been reported for
other growth factors expressed at the neuromuscular
junction, such as bFGF, TGFA1 and TGFA2 [37-39].

We have demonstrated that PDGF and its receptors
are related to muscle fibre regeneration and fibrosis,
and that they may be important for the progression of
muscular dystrophy. Recently, the in vivo transfer of
the PDGFR beta extracellular domain effectively ame-
liorated bleomycin-induced pulmonary fibrosis [40].

Copyright © 2003 John Wiley & Sons, Ltd.
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Other PDGF antagonists have also been used to reduce
pathological changes induced by PDGF [41,42]. These
methods should also be tested in models of muscular
dystrophy.
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