B LE, EEEPICERSTRHMERY T
W P arA vy a2l Lt a8 O,
e EL, FHMEMNELEE, £
BRiC X Y AREA T MRAIXHL~ 7 A CD90 (Thy-1. 2
Hifk) LBEEYr—X#AVWTERELE
BHBEEZIIB Ly h= T RIS,
15-30 @#RaD DMRY B X UCREEFEZ AV, =
T A, B4 1 AT S 2 B
TT ey skEExl, HREBREBHI
H 3 X & PB4 45 MBR-1520R-3 Z B\ T,
9-12Grey @ X # (12Grey M4 11 66rey o
2oE) ARHLE, BREBEE, 1-2X10°
(500u] B5i) OFHMAREZEBIRL Y
EHLE,
MiEMEOx 2 FRORAER, ~1V
R LR M A SR MEBRAEAERL -
DL, AMROLZHEEBEMETICHD
Pl ¥ TArBEOERIE, T8
FHEEBHELLT, HPLCIZTERIEL
=

(B~ M)
TRToOBHERZ, B - fEE
RN EFTBOERICME TS M
BREHIZEEWTY, AR/ R ERT
YiwEHEENERSICTHEE - KB
BTWDE, T2LTOMBBRL DNA EBRIZ, b
N ~THRERICESS M FEARZE
WEOEBES OB L AEHOBREOR
RICBIT 5k LBRESL ML, Ex
Hith - P o & —H R BT EATAR 2 2 DNA
ERELL2ZRASOWE - KBEEZBTITR-T
N3,

C. IR

—[E® GFP-Tg = 7 A %6 Biji L 7= F i
B F ORI 3 x 10° THY., CDO
HUEIZ LD, 60%A3FEE Y HTIZ, 40%5BESR
E—AREE I B S, SEYIZER
Shi-flEoRe Cit, F6E Y B4 i CDo
BtEfRRE Eh T kot

12Grey OHBREEZ bRz~ Rz,
REMNFTHORLBHE L. RMETFRICMD
57, Btk | BT 90% D~ 7 ABFEL
L=, £, £ZB-7AEKICH, HLE
ICEBLLEMmERRONLE, 2T,
9Grey DHFUHBRBH Lk T M LZREEL:

BRAREBH T A - LI E2T 2,
9Grey OIRNTIL, Bhitk | BHETH 10%D
TOADBBELE LB, £HF~ 0 AICIEE
MolABHRRAKEIRGh 2o,
FmoamERDF A FRix, # 70-85%D
GFP MR THY ., FEAVARFT—daxD
BHARTHED N TW R, BiE%DORMH
ik L LIZETETERICH -7, MK
TARLALORETIR, Kb 7 ABEN
WML RATik, BH%k11 AT
0.18lnmol/1 TH N, MEEES T LEL2EE
Litw oA, BEZRLE,

D. B8

GFP-Tg= o A LA Blifla %2 AR L, DMRV
2 A~DBERZITo=, BERFIZRERE
BLOBRMETRo/, BE~OMEEZH<
To, HEETHHNRE I TRY
TAFEEZHRLER, ZLA YOI AN~
WM FEICE->TLE . L= AT,
FECRICBRL > M ET S 2d o288, &£
F=UR IRl BENEEL 5 R
HHRERERY T L, £2C, BEREZNE
DLEHEREICEREL, £, ERE—X
EIC L 0 AT 2 E D Rtk o B
EBMTAHEICLEER. vV RADETE
BHEREBICHE LT, < U ADKNBRIRT
A Z M dstrainic L o TRA Y  129SViiH:
BB eI #BELH S, HE, YOEF
BNEETHIONERITLTVS,
BHBHIC L - ThiFO7TABES R,
DMRV FEJRREREIC I, 2 Ll L=, &
ik, B4l B MERC O GNE B DRIE & bz,
B REHRE D 5 B OF R ~DHEL Y AL
EFWMABTETHSD. £, vV RADOERA
DA EBIE LTV FETH S,

E. &K

GFP-Tg v U A 6O Fifidia% DRV €5
N2 A CBH L, B~ A0MKDF
AZRIT0-85%TH D, MBEDOTABRIL2
Ll EosgmER Lz,

F. B fes B 1
¥z L

o i




G. TFERE
1. IRXREE
Ohkuma A, Nonaka I, Malicdan MCV, Noguchi
S, Nomura K, Sugie H, Hayashi YK, Nishino
I: Distal lipid storage myopathy due to
PNPLAZ mutation. Neuromuscul Disord 18:
671-674, 2008

Malicdan MCV, Noguchi S, Hayashi YK,
Nishino I: Muscle weakness correlates with
muscle atrophy and precedes the devel-
opment of inclusion body or rimmed vacuoles
in the mouse model of DMRV/hIBM. Physiol
Genomics 35: 106-115, 2008

Kawahara G, Ogawa M, Okada M, Malicdan MCV,
Goto Y, Hayashi YK, Noguchi S, Nishino I:
Diminished binding of mutated collagen VI
to the extracellular matrix surrounding
myocytes. Muscle Nerve 38: 1192-1195, 2008

Ohkuma A, Noguchi S, Sugie H, Malicdan MCV,
Fukuda T, Shimazu K, Lépez LC, Hirano M,
Hayashi YK, Nonaka I, Nishino I. Clinical
and genetic analysis of lipid storage
myopathies. Muscle Nerve 39: 333-342, 2009

2. FERR

PAfl—rk, BFO 1&, HEET, M R,
Efnk, $REE T, BHESR BAEF—=:
Becker i’ 2 b7 4 —lz kit A &MY

ZERAO HBUC BT 5 BARREERNHRT. F 49
Bl B A=MpEFEL#e, Bk, 5.16, 2008

B0 &, Malicdan MCV, HHBEF, BEH—
=: B ERaE S BRI A F—ET
N= g ADEBRERRRNT. FE3 BEBFST
EFS Bl B RFRE(LELSERAKRE, B
A, 12.12, 2008

Malicdan MCV, Noguchi S, Hayashi YK, Nonaka
I, Nishino I: Amyloidogenesis in a mouse
model of DMRV/hIBM. Congress of the World
Muscle Society (WMS), Newcastle Upon Tyne,
United Kingdom, 9.30, 2008

Nishino I, Oya Y, Monma K, Noguchi §,
Hayashi YK, Nonaka I: Cytoplasmic body with

acid phosphatase activity-Hallmark of
adult-onset Pompe disease on muscle pa-
thology. Congress of the World Muscle
Society (WMS), Newcastle Upon Tyne, United
Kingdom, 10.1, 2008

Monma K, Noguchi S, Hayashi YK: Clini-
co-pathological characteristics of the
Becker muscle dystrophy with rimmed va-
cuole. Congress of the World Muscle Society
(WMS), Newcastle Upon Tyne, United Kingdom,
10,1, 2008

H. A ERED L - B8R (PELSE

tr)

1. KR4S
iz L

2. EREFERE
izl L

3. F=Df
izl

~18%




M. WMERROHITIZEYT 2 —RE




HERREOTITICET 52— K

REERL : RXFA ME BRREBEL BF: -7, HRF

Ohkuma A, Nonaka I, Malicdan MCV, Noguchi S, Nomura K, Sugie H, Hayashi YK,
Nishino I Distal lipid storage myopathy due to PNPLAZ mutation. Neuromusewl Disord
18: 671-674, 2008

Malicdan MCV, Noguchi S, Havashi YK, Nishino I: Muscle weakness correlates with
muscle atrophy and precedes the development of inclusion body or rimmed vacuoles in
the mouse model of DMRV/hIBM. Physiol Genomies 35: 106-115, 2008

Kawahara G, Ogawa M, Okada M, Malicdan MCV, Goto Y, Hayashi YK, Noguchi S, Ni-
shino I' Diminished binding of mutated collagen VI to the extracellular matrix sur-
rounding myocytes. Muscle Nerve 38: 1192-1195, 2008

Malicdan MCV, Noguchi S, Nonaka I, Saftig P, Nishino I: Lysosomal myopathies: An
excessive build-up in autophagosomes is tco much to handle. Neuromuscul Disord 18
521-529, 2008

Malicdan MCV, Noguchi S, Nishino I: Recent advances in distal myopathy with rimmed
vacuoles (DMRV) or hIBM: treatment perspectives. Curr Opin Neurol 21: 596-600, 2008

Ohkuma A, Noguchi S, Sugie H, Malicdan MCV, Fukuda T, Shimazu K, Lépez LC, Hi-
rano M, Hayashi YK, Nonaka I, Nishino I. Clinical and genetic analysis of lipid storage
myopathms Mouscle Nerve 39: 333-342, 2009

-19=




V. BFEREOTITY - Bk




WMo

Neuromuscular Disorders |8 (2008) 671-674

Case report

Distal lipid storage myopathy due to PNPLA2 mutation
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Abstract

Distal myopathy is a group of heterogeneous disorders affecting predominantly distal muscles usually appearing from young to late
adulthood with very rare cardiac complications, We report a 27-year-old man characterized clinically by distal myopathy and dilated
cardiomyopathy, pathologically by lipid storage, and genetically by a PNPLA2 mutation. The patient developed weakness in his lower
legs and fingers at age 20 years. Physical examination at age 27 years revealed muscle weakness and atrophy predominantly in lower legs
and hands, and severe dilated cardiomyopathy. The patient had a homozygous four-base duplication (c.475_478dupCTCC) in exon 4 of

PNPLA2,
© 2008 Elsevier B.V. All rights reserved.

Keywords: Distal myopathy; Lipid storage myopathy; Neutral lipid storage disease with myopathy; PNPLA2

1. Introduction

Lipid storage myopathy (LSM) is a pathologically
defined entity with accumulation of triglycerides in the
muscle fiber. Six causative genes for only four diseases have
been identified: SLC22A435 for primary carnitine deficiency
(PCD); ETFA, ETFB, and ETFDH for multiple acyl-
CoA dehydrogenase deficiency (MADD); ABHDS for neu-
tral lipid storage disease with ichthyosis or Chanarin-Dorf-
man syndrome; and PNPLA2 for neutral lipid storage
disease with myopathy (NLSDM) [1-3].

PNPLA2 encodes an adipose triglyceride lipase; muta-
tions in this gene were recently reported in three patients
who presented with LSM and variable cardiac involvement
[1]. Here, we report a Japanese patient with a PNPLA2
mutation presenting with distal myopathy and severe

* Corresponding suthor. Tel.: +81 42 346 1712; fax: +81 42 346 1742
E-mail address: nizhmo o nenp g0 ip (1. Nishino)

0960-8966/S - see front matier © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/). nmd 2008.06.382

dilated cardiomyopathy and showing numerous rimmed
vacuoles on muscle pathology.

2. Case report

A 27-year-old man had slowly progressive muscle weak-
ness. Despite being a slow runner since childhood, he
belonged to a mountaineering club and had no difficultly
climbing mountains. At 20 years, he noticed difficulty
climbing down the stairs, and gradually developed distal
dominant muscle weakness and atrophy. Family history
was non-contributory.

Upon consultation with us at 27 years, he had marked
muscle weakness and atrophy in the extremities predomi-
nantly in the lower legs (Fiz 1A) and fingers (Fig IB).
Examination of the muscle strength showed 3-4/5 asym-
metric weakness over the deltoid, biceps brachii, extensor
digitorum, gastrocnemius, and tibialis anterior. Grasping
power was 12kg on right and 10kg on left (normal
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Fig 1. The patient had distal muscle atrophy especially in the lower legs (A) and thenar muscles (B). Chest X-ray showed cardiomegaly with
cardiothoratic ratio of 63% (normal cardiothoratic ratio <50%) (C). Echocardiogrum showed left ventricular enlargement with decreased ejection fraction
of 18% (normal >60%) (D). Calf muscles were involved relatively sparing tibialis anterior on CT (E). Note many vacuoles of leukocyte by Wright-Giemsa

(F), which are positively stained by oil red O (G)

values = 43-56 kg). Deep tendon reflexes were absent. No
skin abnormality was seen. Chest X-ray revealed cardio-
megaly (Fig 1C). Echocardiogram showed left ventricular
enlargement with decreased left ventricular ejection frac-
tion of 18% (normal >60%), left ventricular end-diastolic
dimension of 78 mm, left ventricular end-systolic dimen-
sion of 70 mm, interventricular septum thickness of 8 mm
and posterior wall thickness of 8 mm (Fizg. 1D). ECG
showed negative Q wave in lead I, negative P wave in V,
and occasional ventricular extra-systoles, EMG showed
myopathic changes. His respiratory function was normal.
Serum creatine kinase was elevated (412-1697 TU/L; nor-
mal value <170). Serum cholesterol, TG, LDL-cholesterol
and glucose were within normal ranges. In leukocytes, Jor-
dans anomaly [4], multiple tiny vacuoles due to lipid accu-
mulation, was seen (Fig |F and G). Muscle CT showed
decreased densities in both soleus, both gastrocnemius,
and right tibialis anterior muscles (Fig |E).

Muscle biopsy from the left biceps brachii muscle
revealed marked variation in fiber size. Numerous lipid
droplets were seen in virtually all type one fibers
(Fre 2A). In addition, rimmed vacuoles were observed
in scattered fibers (Fiz 2B). Dystrophin, caveolin-3,
and dysferlin immunohistochemistry were normal. On
electron microscopy, markedly increased lipid droplets

were seen between myofibrils where mitochondria
appeared pyknotic (Fig 3A). Numerous autophagic vac-
uoles were also observed (Fig. 3B). Total and free muscle
carnitine levels were 13.2 and 3.9 nmol/mg non-collagen
protein, respectively (reference: total, 15.7 4 2.8; free,
129 £ 13.7).

We sequenced all exons and the flanking intronic regions
of all six known causative genes for LSM in genomic DNA.
In the patient, we identified a homozygous four-base dupli-
cation (c.475_478dupCTCC) in exon 4 of PNPLA2 (Gene
[D: 57104), predicted to result in a premature stop codon
at amino acid position 178. Heterozygous c.475_478dup-
CTCC mutation was confirmed in both healthy parents.
We did not find any sequence variant in other candidate
genes, including GNE gene.

3. Discussion

The patient presented has been followed up with a ten-
tative diagnosis of distal myopathy. In fact, one patient
in the first report of PNPLA2 mutations had distal domi-
nant muscle weakness although the other two had proximal
muscle involvement [1]. Therefore, distal myopathy may
not be uncommon in LSM associated with PNPLA2
mutations.




A. Ohkuma et al | Newromusewlar Disorders 18 (2008) 671-674 673

Fig. 2. In addition to variation in fiber size, numerous small vacuoles and rimmed vacuoles were seen with H&E staining (A). Numerous lipid droplets

were seen with oil red O (B).

Fig. 3. Onelectron microscopy, markedly increased lipid droplets were seen intermyofibrillar spaces in most of fibers (A). In areas with the rimmed
vacuoles, the lipid droplets were not actively scavenged by autophagosome (K). Bar = | ym.

Miyoshi myopathy and distal myopathy with rimmed
vacuoles are the two most common distal myopathies in
Japan, but these were excluded by immunohistochemistry
for dysferlin and sequence analysis of GNE gene; more-
over, finger muscle atrophy and weakness are not usually
seen in these distal myopathies. There is a peculiar distal
myopathy due to caveolin-3 gene mutation that selectively
affected small muscles in hands and feet [5]. However, cave-
olin-3 immunohistochemistry was normal (data not
shown).

Rimmed vacuoles can also be seen in myofibrillar myop-
athy and inclusion body myopathy with Paget's disease of
bone and frontotemporal dementia (IBMPFD) [6.7]. Myo-
fibrillar myopathy is pathologically characterized by disor-
ganization of myofibrillar alignment and protein
aggregations, such as cytoplasmic body and spheroid body,
which were absent in our patient. IBMPFD is caused by
mutations in the gene encoding valosin-containing protein
and is clinically characterized by variable extent of demen-
tia and polyostotic skeletal disorganization. IBMPFD is
unlikely as our patient had neither intellectual deficit nor
bone abnormality although Kimonis et al. recently postu-
lated that IBMPFD is underdiagnosed and reported that
86% of patients had muscle disease while frontotemporal
dementia and Paget disease of bone was diagnosed in
27% and 57%, respectively [¥. On top of it, lipid droplets
are not a feature of any of the above-mentioned disorders.

In our patient, free carnitine was low in the muscle while
total amount was normal. Two patients in the first report
of PNPLA2 mutations showed normal serum carnitine lev-
els [1]. However, muscle carnitine levels were not measured
in these patients. Further studies are necessary to deter-
mine a relationship between NLSDM and carnitine levels.

The increased amount of lipid droplets in muscle fibers
led us to make a diagnosis of LSM. In PCD and MADD,
lipid droplets are seen next to mitochondria that are struc-
turally normal. In contrast, mitochondria are pyknotic in
our case, Furthermore, autophagic vacuoles have never
been reported in other LSM. These observations suggest
a possibility that NLSDM may have a myodegenerative
process different from other LSM.

We hiave 47 muscle biopsies diagnosed as LSM collected
from 1978-2006. Interestingly, all other 46 patients had
proximal dominant muscle weakness except for the present
case, suggesting a possibility that distal muscle involvement
may be unique to PNPLA2 mutations although further
studies are necessary to draw any conclusion.
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Malicdan MC, Noguchi S, Hayashi YK, Nishino I. Muscle weak-
ness comelates with muscle atrophy and precedes the development of
inclusion body or rimmed vacuoles in the mouse model of DMRV/AIBM
Pliysiol Genomics 35: 106=115, 2008, First published July 15, 2008;
doiz 10.1152/physiolgenomics.20219.2008 —Disial  myopathy  with
rimmed vacuoles (DMRV). also called hereditary inclusion body
myopathy (hIBM), is characterized clinically by weakness and atro-
phy that initially involves the distal muscles and pathologically by the
presence of immed vacuoles (RVs) or intracellular protein deposits in
myofibers. I is caused by mutations in the UDP-N-acetylglucosamine
2.cpimerase/N-acetylmannosamine kinase {GNE) gene that is impor-
tant in sialic acid synthesis. Recently, we generated a mouse model
(Gne ' hGNEDIT6VTg) that exhibits muscle weakness and patho-
logical changes similar to DMRYV patients. To gain better understand-
ing of the pathomechanism of DMRV. we determined temporal
changes in the overall motor performance of this model mouse for
DMRV in comelaion with the structure and function of isolated
skeletal muscles and muscle pathology. These DMRY mice exhibited
muscle weakness, decreased whole muscle mass and cross-sectional
area (CSA), and reduced contractile power in an age-related manner
Single-tiber CSA further supported the finding of muscle atrophy that
involved both type | and type Il fibers. These results suggest that
arrophy is highly correlated with reduced production of force at young
age. both in vive and ex vivo, thereby implicating the impartant role
of awophy in the pathomechanism of DMRV. In older age. and
particularly in gastrocnemius muscles. RVs and inraceliular inclo-
sions were seen in type [IA fibers, further aggravating reduction of
lorce and specific increase in twitch-tetanus ratio

distal myopathy with dmmed vacuolesMereditary inclusion bady
myopathy: skeletal muscle force; amyloid

DISTA MyoparHy with rimmed vacuoles (DMRV) or hereditary
inclusion body myopathy (hIBM) is un autosomal recessive
divorder caused by mutations in the UDP-N-acetylglucosamine
2.epimerase/N-acetylmannosamine kinase (GNE) gene (9, 12
21), This gene encodes the bifunctional enzyme catalyzing the
two critical steps in sialic acid synthesis.

Because DMRY and hIBM are the same disorder, these
terms ure used synonymously here. DMRY predominantly
affects distal muscles ar the initial stages but also involves
proximal muscles during the progression of the discase. This
condition has been reported as quadriceps-sparing myopathy
becuuse the guadriceps muscles are relatively spared during the
early stages of the disease (3). The skeletal muscles are
primarily affected, but other organs, including cardiae muscles

Nulddress for reprintt reguests and orher comespundence: § Nogocbi. Dept ol
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were affected in a group of patients as well (20), The term used
in the nosology of this condition panly arises from observa-
tions in pathological swdies. In skeletul muscles, rimmed
vacuoles (RVs) are seen in some fibers, in addition to the
finding of scattered atrophic fibers and intracellular congo-
philic deposits that are immunoreactive to amyloid and tau.
among other various proteins. Endomysial fibrosis, necrotic
and regenerating process, and inflammatory cell infiltrates are
not commonly seen but have been demonstrated in anecdotal
reports. Although speculations and hypotheses abound regard-
ing the pathomechanism to explain how these RVs are formed
and how they could lead to muscle weakness (1. 2, 18, 22, 23,
25, 31, 32), precise information is not fully elucidated ar this
time.

Muscle weakness in DMRV has been attributed to several
events. RV formation was generally believed to trigger a
downstream cascade thar ultimately leads to muscle fiber
degeneration and atrophy. Depesition of inclusion bodies
within myofibrils could physically interfere with the contractile
apparatus, or could instigate 4 process of myofiber degenera-
tion. RV formation in skeletal muscles, which indicates im-
paired autophagic process (15, 20, 23). is associated with
reduced clesrance of cytosolic proteins through basal auto-
phagy: the resulting accumulation of autophagic vacuoles may
interfere with the function of skeletal muscle. The contribution
of each phenomenon 1o muscle weakness and how these events
relate 1o each other have not been fully verified primarily
because of the lack of a detailed ime-course study, which is
rather difficult to accomplish in patients with gradually pro-
gressive illnesses

We recently generated the first mouse model for this
myopathy that resembles the phenotype in humans (16)
Gne ' hGNEDI76VL-Tg mice, which we refer to here as
“DMRV mice,” exhibited hyposialylation of serum und various
organs, muscle weakness, and mild to moderate serum creatine
kinase elevation from 30 wk of age, a time during which only
subtle changes were seen in skeletal and cardine muscles in
addition to intrucellular deposition of amyloid B in & few fibers
From 40 wk onward. RVs were seen in scattered fibers (15)

The primary pathogenesis in most murine models for mus
culur dystrophy can be rraced to a common defect on the
dystrophin-glycoprotein complex (DGC) that initiates o se-
quence of events that eventually leud to necrosis or apoptosis
partly due o increased intracellular calcium (14). In DMRV
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mice. however, we have excluded at least the “leaky hypoth-
esis,” because they have intact DGC complex. and this is
supported by the paucity of necrotic und regenerating process
The absence of definite sarcolemmal defect, nevertheless. is
also seen in other murine models of muscular dystrophies (8,
11, 26). making the origin of loss of force generation in these
murine models far from being understood. Unformunately, very
few studies have addressed the mechanism of muscle weakness
in nondystrophic states, including chronic myopathies

Our previous results prompted us to work on several hy
potheses. First, we hypothesize that factors other than the
presence of pathological hallmarks play an important role in
the pathogenesis of muscle weakness, because we have seen
generalized body weakness at the age when there were no
obvious pathological findings. Second, we think that the mech
anism underlying muscle weakness is distinct from the theories
established in other muscular dystrophies. Finally. because
some muscles are relatively spared from the formarion of RVs
and intrucellular inclusion. the degree of effect is most likely
pot the same among different muscles. Thus a study focusing
on the structure and function of the muscles of these DMRV
mice is appropriate, and could help us discover further clues
that we could use in developing methods useful for evaluating
treatment strategies for this debilitating myopathy
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Vimad groupy. Generation of Gre-knockout mice thay express the
human GNE mutation DIT6V was descnbed previously (16). In the
present study, we used the same line of Gre™ ' hGNEDITEVL-Tg mice
(DMRV mice). Four groups of DMRV mice were studied: 10-20 wk
21=30 wk, 3i=40 wk. and 41-50 wk ol age; each group consisied of five
males and five [emales matched and sex-matched livermates
(Gitne or Gie " hGNEDI76VL-T'g) served as controls. All animals
were housed in a bammier-protected facility that strictly adhered to specific
pathogen-free-grade maintenance at the National Institule of Neuro-
sciences. NCNP. The animals were maintained on a 12:12-h light-dark
vycle and given unlimited access o food and winer

Treudmill exercise testx. Mice were exercised on a l(klane tread-
mill (MK-680, Muromachi, Tokyo, Japan) with an adjustable belt
speed and equipped with adjustable-amperage shock bars at the rear of
the belt. The mice were acclimated to the weadmill with two | 3-min
running sessions at 7° incline (10 m/min and |5 m/min belt speed) for
7 days, afier which two exercise tests were performed on separate
days: a performance test and an endurance test. The performance test
began with a speed of 20 m/min, which was gradually increased by 10
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108 REDUCED FORCE GENERATION IN DMRVAIBM MOLISE MODEL

m/min every minute until the mouse was exhausied and could no
longer run Exhaustion was defined as the inability of the mouse o
reengage the treadmill belt after 10 s of staying on the shock bars
despite prodding The time of exhaustion was used to calculate the
distance the mouse covered during the exercise. The endurance exercise
cansisted of a 30-min treadmill ren at 30 m/min with a 7% incline. During
the test the towl number of beum breaks was recorded. and this was
inversely proportional to the ability of the mouse to sustain workload. A
digital video camera was positioned above the treadmill 1o recond each
test; video recordings were used for analysis. Both tests were done three
times, with a 3- 1o 4-day period of rest in between

Contractile properties. Measurement of muscle contractile proper-
tes was performed according 1o previous protocols (6, 14), with some
modifications. All materials used for in vitro measurement of force
were acquired from Nihon Kohden (Tokyo. Japan). We analyzed the
following muscles: gastrocnemius muscle, which is the preferentially
invalved muscle in terms of pathology; tbialis anterior (TA ) muscle.
which had no RVs even among aged DMRV mice; and quadriceps
femoris (QF) muscle. because DMRV was initially known to be
“quadriceps sparing.” The mice were weighed and deeply anesthe-
tized with pentobarbital sodium (40 mg/kg) intraperitoneally, with
supplemental doses as necessary o maintain adequate anesthesia,
which was judged by the absence of response o lactile simuli

The entire muscle was isolated, removed, and secured with a 4.0
silk suture gt the distal muscle tendon and proximal bone of origin,
after which the mice were killed by cervical dislocation. Subse
quently. the muscle was mounied in a vertical chamber, connected to
a force-displacement transducer (TB-632T for gastrocnemius and QF.
TB-653T for TA) and positioned between a pair of platinum elec-

>

trodes that delivered electrical stimulus. Throughout the analysis, the
muscle was bathed in a physiological solution consisting of (in mM)
150 NaClL 4 KCL, 2 CaCly, | MgCls. 56 glucose, 5 NaH:PO, (pH
7.4). and 0.02 p-whocurarine, maintained at & empemture of 20°C.
and perfused continuously with a mixure of 95% 0-5% CO: w0
facilitate acquisition of maximum level of force contraction us previ-
ously reported (6, 14) This supranormal oxygen level is nevertheless
nonphysiological. because it has been shown o produce oxidative
insult {10). Square wave pulses 0.2 ms in duration were generated by
a stimulator (SEN-3301 ) and amplified (PP-106H ), and subsequently
muscle length was adjusted to the length (L) that resulted in maximal
twitch force (P With the muscle held at Ly and the duration changed
10 3 ms. the force developed during trains of stimulation pulses
(10200 Hz) was recorded

Sumulation frequency was increased uniil the maximum absolute
tetanic force (Py) was achieved For TA muscles 300-ms trains of
pulses were used. while 600-ms ains were used for gastrocnemius
Data abtained were diginzed and analyzed with a Leg- 1000 polygraph
system equipped with QP-111H sofiware. Absolute force was normal
ized with the physiolugical cross-sectional area (CSA). which was com-
puted as the product of the ratio of muscle weight and L and the density
for mammalian skeletal muscle. 1.066 mg/mm’. to obtain specific force
(PJCSA and Py/CSA) After analysis of force generation, the muscles
were removed from the chamber, blotted dry. and weighed

Puthological amld morphological analvyiv. Muscle fissues wepe
processed for pathological analysis as previously reported (16). Serial
cryosections were stained with hematoxylin and eosin, modified
Gomori trichrome. and oacid phosphatase according to standard pro
cedures. Siained sections were visualized on a microscope (Olympus

w
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BX351. Olympus, Melville. NY). and digitized images (DP70. Olym-
pus) were acyuired for pathological analysis. Congo red suining.
visualized by Auorescence light. was likewise used (o probe for
intraceliular inclusions (4)
Imunolintochemical analysis. For single-fiber CSA, sections were g :
probed-wilh B-dystroglycan (rabbit polyelontl unibody. - gift fom Table 1. Comtractile properties of DMRV museles compared
Dr. Ejiro Ozawa, NIN, NCNP Tokyo, Japan) followed by appropriate with control
secondary antibody. Images _I{lllrl_ six random areas of Ihn.: nllu.wln:!\ Ik SEWwl 3wk A S
were caprured at X 20 magnification From these images, individual - =y
fiber diameter was measured from 600-800 fibers with J-image Gustrocnemius, male
software (National Instituies of Health. htip://rsb.info.nih.gov/ijl). "”"“lf"Lf #4.65 ’“'“‘2 60.60 63,61
taking note of the shurtest dinmeter. Histological CSA was ploued and ;f:"' e EIIC ':(; ;:1 :;.' :{ ‘i: [I:,] \:? o
. & amc ks - L 0 3 414 2123
analyzed according to ||f|uuké L_J"UI.IIJ Mouse monoclonal .un{lbudh,h Specific tetinic 96.70 96.17 70,66 6948
against myosin heavy chain (MHC) Fast type and slow type (Navocastra, Poto-P, rutio 97.35 9406 Hi7.72 12596
Newcastle upon Tyne, LK), BF-F3 (5. Schiaffino. ATCC) for MHC 2B,  Gasrocnemius, female
and SC-T1 (S, Schiaffine, ATCC) for MHC 2A were used for muscle Tsumets i R6.63 472 66,53 63.12
fiber type analysis Specific isomenric 10R:15 9414 2042 8907
Starixtical analysis. AIl data are presented as means = SE. For  Jewnic : 1,48 e (S .9
ol < and e o actil e T < Specific 1ctanic 9813 9175 X800 0l.62
muscle mass and muscle comractje properties. repeale -|rtn.|.\un_'. o ratio 17 19 9% &R o0 A8 134 {8
(mixed model) ANOVA was used 1o determine the primary effects of  Tibialis anerior, mule
age and genotype. Post hoc companson by Bonferroni test was used Isomerric 8603 T0.58 n3ds
to compare replicate rows, All statistical tesis were considered 10 be Specific iwmeiric 96 82 9251
significum when the ermor was < 3% (P < 0.03). Our analysis thowed T"'“"‘_‘ B2.RA
that uverall the effects of genotype on body weight. muscle weight. :,T‘:"';I‘ e ‘I‘:: b:
and contractile properties were aol different for muscles of male and A g -
Tibtahis anterion. female
lemale mice (data not shownj. but for clarity of presentation data [rom Icomenic W Ko ¥7 5
male and female mice are displayed separatcly and astensks in Figs Specific bametic #0972 LUNE] BTN
2-5 indicate only genowvpe dilferences. ic. between DMRV and Tetariic 8K IR 8952 SRR
Iermate mice For single-liber CSA, the data were not normally Spevific tetanic R7.87 w47 it 42
distribured. Comseyuently. cumulative frequency distributions of liber  P0-Pumie Ll yr 0 03 L SO
s o cach s penmental group were dewnmined and nonparametric DMRV. dlistal mvopaiss with timined vacuoles: Po isomtric i iich fonge
sttishical mmalyses were employed Pie tetamc firce
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RESL LTS with more remarkable decrease in muscle mass of gastrocne-

Gross morphology of mice. The DMRV mice weighed less,
and this difference in weight became more remarkable with age
{Fig 1) Body masses of both male and female control litter-
mates increased 35~40% between 10 ond 31 wk of age, with
barely appreciable changes from 41 o 50 wk. In contrast,
DMRV mice were at least 5-10% smaller at 10 wk of age and
only showed small increases of body mass with age. Weight
among these mice reached a plateau at around 30 wk of age.
but decreased considerably from 41 wk

DMRV mowse impaired motor pedformance and reduced
endurance by treadmill analyvsis. When subjected to increasing
workload, the DMRV mice performed worse than their liter-
mates. The total distance they were able (o run before total
exhaustion was significantly less than that of control mice, and
this was evident from the age of 21 wk in both males and
femules (Fig. 24; data of female mice not shown). When given
a consistent workload, the DMRV mice had greater beam
hreaks, reflecting less wbility for endurance, although signifi-
cum differences were only noted ar 41-50 wk (Fig. 28)
becuuse of lurge error bars,

Decreased muscle weight and CSA contribuire 1o weight loss
i DMRY mice. Both the gastrocnemius und TA muscles of
DMRY mice weighed less compared with control mice
(Fig. 3. A und €). More remarkiable and more significant
statistical differences were noted in the older age groups. In
addition, the muscles did not show any appreciable increases in
weight from 21 wk of age and instead demonstrated a steadily
decreasing muscle mass of at least 10-20% from 31 wk of age

PRk Giemonk s vA14 34

mius from 41 wk of age.

Compatible with the pattern of muscle mass with age, the
whole muscle CSA of both muscles in DMRV mice rather
exhibited a delay in increase in CSA with age compared with
control mice (Fig 3. B and DJ; as a result, the CSA is 10-15%
less than control mice from 21 wk of age and decreases by
40-50% more with age than that of control mice by 50 wk.

The guadriceps muscles of the DMRV mice were also
affected. bur at @ much later age. From 31 wk of age. the QF
muscles were lighter and had lower CSA compared with
control (Supplemental Fig. §1).'

Muscle contractile properties. In DMRV gastrocnemius
muscles, P, and Py, showed gradual decrements with age
(Fig. 4, A and B) compared with control: 90% by 10 wk.
80% by 21 wk, 70% by 31 wk. and 50% by 41 wk. Of note.
the Py values were markedly reduced after 41 wk of age
(Fig. 48); thus when the twitch-temnic ratio is computed. it
is significantly higher in hoth mule and femule DMRYV mice
compared with control mice (Table 1), Specific P, and Py
values showed similar temporal pattern of force reduction in
DMRV mice (Fig 4. € and D), except that significant
differences between DMRY and control mice were only
seen from the age of 31 wk

In DMRY TA muscles, Py showed o different pattern with
age, i contrast o control (Fig. 5, A and B), slightly increasing
from 10 o 20 wk and then gradually decreasing from 21 wk

The online version of i article contuins supplemental matcrial
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REDUCED FORCE GENERATION IN DMRVAIEM MOUSE MODEL 1

onward. Furthermore, P, was notably lower in all age groups.
despite the absence of any noted abnormality in pathology. Py
values in these model mice were likewise lower than in control
mice in all age groups. similar to the gastrocnemius, but with
statistical significance at 21 wk of age in male mice and at 31
wk of age in female mice. Similar to the gastrocnemius
muscles, the specific Py values of TA muscles of DMRV mice
were nearly normal during early age; remarkable reduction was
only seen from 31 wk (Fig. 5, € and D). Table | further
summarizes the contractile properties of the gastrocnemius and
TA muscles of the DMRV mice compared with littermates
Overall, ~ 10-50% deficit in generation of force is observed in
these muscles

Modified Gomori trichrome

A Hematoxylin & eosin

21-30w 10-20 w

M40 w

-
(=]

Fiber diameter
(microns)
L d
o

The QF muscles of the DMRV mice showed reduction of
both Py and Py from 31 wk of age. but no differences with
respect to control mice were seen when these values were
normalized with CSA (Supplemental Fig. 52)

Atrophic changes are noted hefore development of patho-
togival hallmarks in DMRY muscle. From 10 to 20 wk of age
the muscles from the DMRV mice appear morphologically
unremarkable on light microscopy, except for minimal varia-
tion in fiber size in the gastrocnemius (Fig. 64). TA (Fig. 7A).
and QF (Supplemental Fig. S3A) muscles. For both gastroc-
nemius and TA muscles, the number of small-sized fibers
increases from 21 to 30 wk of age. contributing to the
varation in fiber size. From 31 to 40) wk of age. scattered

Acid phosphatase

P~ .
- %)

Fig. 6. Gastrocnemius muscle: puthological
findings amd single-fiber CSA. A hematox-
slin und eosin (H&E) and modified Gomon
trichrome (mGT) sections show only mild
variation in fiber size in gastrocoemios mus-
cle of DMRY mice a1 10-20 wk, almost
indistinguishable from control. No endomy
stal fibrosis or inflammation is seen. Small
atrophic fibers ure seen randomly (Black ur-
rows} and aré observed by 21-30 whk and the
number of such fibers tends (o increase by
31=40 wk, making the variation i fiber vize
more remarkable. By 41-30 wk, rimmed
vacuoles (RVs) tred armows ) are noted o be
scattered in the muscle These RVs are more
highlighted in mGT and ure stained in acid
phosphitese. mdicaring upregulation of the
lysosomal system Double amows show in-
tracellular inclusions. Bars, 30 pm. B: sin-
gle-fiber CSA shows the varistion in Hbes
sige. which s inore remarkable in DMRV
mice as they age Note that myofibers of
DMRV mice wre generally smaller ar all
ages. implying gradual dec
ber af fibers. Values are expressed s incans
et hars represent SO

21-30w
Age (weaks)

3140w
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Fig- 7. TA muscle: pathological findings and

single-tiber CSA A: HEE and mGT sections
from TA muscles show only subtle changes,
including mild vanietion in fiber size. No
endomysial fibrosis or mflammation is seen
Small atrophic fibers ihlick wrows) are ob-
servead by 21-30 wk, and the number of such
fibers increases by 31-40 wk, making the
vartation in fiber size mode remarkable In
contrast 10 the gastrocnemius, no RVs are
noted even at the older stage. Burs, 50 wm
B: single-fiber CSA shows the varation in
fiber size. which b more remuskable in
DMRY mice us they age. The means of fiber
CSA are gencrully lower in DMRY mice
compared with control Values are eapressed
us means; emor bars represent SD
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Modified Gomori trichreme
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10-20w

sinall angular tibers are observed. At this age, at least in the
gastrocnemius, there are few Intracellular inclusions, which
are Congo red positive (data not shown) and imimunoreac
tive to various antibodies to amyloid B as we demonstrated
previously (16). RVs are noted from 42 wk and in older
mice in the gastroenemius muscles, while none is seen in the
TA Interestingly, the same changes were seen in the QF
(Supplemental Fig. S3A). although the onset of changes
notubly occurred at o later age; the presence of small
atrophic fibers was noted from 30 wk; few Congo red
positive inclusions were after 40 wk: und some RVs

cre visible after 5 wk

By mcusunng the diwmmeter of nbers in both gastrocncmius
wd TA muscles, we found that fiber size in DMRV mice is

e

Pl sied Lppinswh i

4150w
ago (wulua

almost normal and comparable 1o littermates from 10 to 20 wk
of age. After 20 wk of age, however, remarkable varations in
fiber size were seen in both gastrocnemius and TA muscles
(Figs. 68 and 78). and the frequency of smaller-sized fibers
increased with age, shifting the histogram fo the left (Supple
mental Fig. 84) und providing further evidence of atrophy
Similarly, the fibers of QF muscles also appear smaller, but the
variation is much more evident after 40 wk of age (Supple
mental Fig: §5).

Muscle areophy affects boath fiber type [and type 11 In terms
of fiber type effect. we did not find fiber type predominance in
DMRV muscles tduta not shown) At least in gastrocnemius
(Fig. 8A, rap). TA (Fig. 8A. hortom). and QF (Supplemental
Fig S4) muscle, we noted reduction in individual fiber CSA in
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rocnemius muscles (44
dition to marked vanation
nzes type 2B (fast glycolytic) fibers. Note that fibers
daining for SC-71 (D). Bars, 50 pm

ections from the

rowheads), in

both fast and slow fibers (quantitative data not shown). Inter
estingly, almost all fibers that had either RVs or intracellular
depositions were type [I fibers (Fig. 8, B und C) and were fast
oxidative type (Fig. 8. D and E).

MSCUSSION

Through the analysis of structure and function of the mus
cles of DMRV mice, we found that skeletal muscles exhibit
atrophy and that this phenomenon 15 well-correlated with
reduction in force generation and, consequently, development
of muscle weakness. More importantly, the onset of mus
atrophy predated the pathological hallmarks of DMRY, which
include intracellular inclusion body and RV formation, and
may be regarded to have a greater contribution to the devel-
opment of muscle symptoms than RV fornmation per se

The overall muscle fiber size is determined by the balance
between synthesis and degradation of intracellular compo-
nents. Muscle atrophy occurs when the protein degradation rate
15 higher than the synthesis rate and is noted in several
situations like disuse, fasting, aging, and 4 number of discase
states, Because of the variety of conditions in which muscle
puthways and molecular

~le

m.mln is evident, different signaling
s are thought to dete e the activation of ta
tems responsible for decreased protein synthesis or incre

pritenlysis

T lytic s ns that have heen imphcated 1n
scle | are the ubiquitin-proteasome (LIPS) ]
Iysesomal (13, 30), and calpain (7) systems. The activity of
UPS is murkedly incr d i atrophying muscles, mainly
he transc ctivation of two muscle: specific

munely. -1 and Murf among other
ession of ubrguitin 5 1s muinly
pathways liding Fox(

1 both

vy cluin (MHC) fast fiber type and MHC slow fiber 1ype. Compared with control. both l; e [and type H fibers in DMRV muscles are &
k-old female DMRV mouse) were siained with H&E showing
1 fiber size. €: MHC slow type for type 1(slow) fiber
with RVs and Inclusions are vinually type [1A (fust oxidarive) fibers, a
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Hematoxylin & eosin

SC-71 (Type II-A)

)
rows ) and nclusion
s} fibers, £ BF

s shown by positive

er. 8: muscle
iyofibers with RVs
s. £ MHC Fast type for type I (

esting to see whether the swme mechanism 15 involved in
DMRYV. because activation of both the UPS and lysosomal
systems have been demonstrated in this myopathy. Such sys-
tems, however, are thought to be stimulated as a response to
accumulation of vanous proteins in the myofibers (29) This
however, could not entirely explain the phenomenon of muscle
atrophy in the young DMRV mice, in which there are virtually
no abnormal intracellular protein accumulations that could
trigger these proteolytic systems. Thus it is more likely that it
could involve the activation of certain upstream moleculas
signals that may mitiate myofibrillar proteolysis; this notion is
worth exploring to get other clues for understanding how
muscles atrophy in DMRYV
The relationship of fiber type involvement and pathological
changes in DMRV has not been fully clarified, although it has
hr.‘cll suggested that type [l fibers are predominantly affected
The preferential involvement of type Il fibers in the
‘;!'l‘l'll‘(ll(.‘l]]il.lh muscles of DMRV mice, in terms of RV for-
mation and intracellular protein deposition. is not clear at the
moment. The predominant involvement of type [1 muscle fibers
s of muscular dystrophy and myopathies
(24) has been presumed to be due to the increased susceptibil
ity of these muscles 1o eccentric contraction-induced damage
(8, 33). In the DMRV mice, this is intriguing since the
mechanism underlying the disease is remarkably different from
these other murine models. However
overexpressing [F-umvlowd precursor protem (B-APP)
lular amy loid deposition has been noted predominantly
[l fibers (28
fast-type hibers may be se

in other murine model

in @ transgenic mouse
racel

in Bype

This could suggest thut the involvement of

ary o poor cnd If

and vesicular fusion, cha istics that ha bured to
fast-type fibers, Moy rexpressing B-APP
in type [l fibers. calcium and relative
membrane depolanzation in muoscle fibers have been ohserved
and are thought to represent o mechanism relating 3 APF
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mismetabolism to altered calcium homeostasis and clinical
weakness (19), Because intracellular amyloid depositions are
seen in muscles of DMRV mice, this topic may be of interest
for future investigations.

By analyzing physiological properties of the muscle in
DMRV mice, we have seen that as the mice age the difference
in force production becomes more remarkable. At least in the
gastrocnemius muscle, the reduction of force cun be attributed
to muscle atrophy during the earlier ages. From 31 to 40 wk of
age, the presence of intracellular deposits may interfere with
the function of myofibrils. From 41 to 50 wk, the remarkable
reduction in force generation can be attributed to RV formation
and muscle degeneration, which subsequently lead to myofi-
brillar disorganization and interfere with sarcomeric contrac-
tion

It is of particular interest, however, that isometric twitches
are particularly affected ar 31-40 wk of age, the age at which
inclusion bodies start to appear, while tetanic forces are pre-
dominantly affected at the age of RV formation. This may
imply that other signaling pathways in skeletal muscle contrac-
tion can be affected as well, The fact that the Py-to-Py rutio is
increased from 41 wk would additionally suggest that the
contribution of RV formation to weakness is greater than the
influence of the presence of intracellular inclusions. The same
deduction, however, cannot be applied to the DMRV TA
muscles, in which both P, and Py, values follow a gradual
reduction in an age-related manner, but where Py and Py/CSA
values are markedly reduced at 41-50 wk. It 15 tempting to
speculate that the Py-1o-Py, ratio is actually maintained because
of the aubsence of structural pathological changes in these
muscles. but this would need further studies.

The analysis of the physiological properties of muscles in
DMRV mice allowed us to demonstrate that atrophy is indeed
evident in the muscles of these DMRV mice, and this seems to
play a major role in the reduced generation of muscle force,
especially in the early ages before the appearance of RVs
andfor inclusion bodies. Furthermore, our data suggest that RV
formation is most likely a downstream event in the pathogen-
esis of DMRV. But because the most constant finding that we
have seen in all age groups is hyposialylation (16) long before
the development of any muscle phenotype, further studies to
clucidate how decreased sialylation triggers the complicated
pathways leading to atrophy may give further clues on disease
pathomechanism.
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SHORT REPORT ABSTRACT

In Ulirich congenital muscular dystrophy, due to heterozy-

gous mutations in COLE genes, collagen Vi is preserved in the interstitium
but lost in the sarcolemma. We found that the binding ability of mutated
collagen VI to extracellular matrix was markedly reduced compared to
control. This indicates that heterozygous mutations in COL& genes diminish
the anchorage of collagen VI microfibrils to the extracellular matrix surround-
ing myocytes This is the cause for sarcolemma-specific collagen VI defi-

ciency

Muscle Nerve 38: 1182-1185, 2008
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Ullrich congenital muscolar dysuophy (UCMD) is an
inherited muscular disorder characterized clinically by
muscle weakness, distal joint hyperlaxities, and proxi-
mal joint conuactures,' UCMD patienis show defi-
cienoy of collagen VI, We have previoush demon-
stratee] two modes of collagen VI deficiency based on
immunohistochemisty: complete deficiency (CD) 40
and  sarcolemmuspecific  collagen VI deficiency
(SSCD). In SSCD, collagen V1 is present in the inter-
stitivn but is barely detectable in the sncolemma”
Collagen VI is an extmacellular mawix (ECM)
component consisting of three chains, al, 2, and 3,
which” we encoded b COLAAL COLGAZ. and
COLGAZ respectively,* 1% Recent reports showed
that UCMD patients with SSCD have heterozygous
missense muiations in COLAAL including p.G28IR.
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1192 Coltagan VI Binding m UCMD

which lead 1o glycine substitution in the Glv-X-}
amino acid repeat in the triple helical domain
(THD). 310 Collagen V1 microfbrils  harboring
pGZBIR in COLAAT cause reduced cell adhesion of
fitwoblasis.* 1

In this article we report that the binding of mu-
rted collagen V1 o ECM sumrounding myocytes is
reduced. and this plays an important role in the
pathomechanism of SSCI.

MATERIALS AND METHODS

Clinical Materials. All subjecis enrolled in this study
were acquived with informed copsent. We studied six
Japanese patients who were diagnosed as having
UCNMD based on typical clinical features. e, muscle
wenkness, hvperexiensibility of distal joins. and con
tctures o proximal joinis !

Skin Abroblasis in this siudy were from six 2
Hents with SSCID., one patient with C1). and one from
a noroial contmol. In the six patients COLO mutations
haed been identificd by sequence analysis heleroagons
mutiation in PRI Patient 1 e BMGEA (pG2SIR)
COLANE Parient 2 ¢ BGSG =\ I|?(»'_"1‘||".I in COI6AL
cUGR_Y66cdel)  (pGR20_KA22del) ol
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