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Abstract Canine X-linked muscular dystrophy (CXMD)
is genetically homologous to Duchenne muscular dystro-
phy and shares the severe myopathy and lethal clinical
development of the human disease. We used immunohis-
tochemistry to characterize the time course of postnatal
expression of adult fast, adult slow and developmental
myosin in the muscle of CXMD dogs, carriers and healthy
controls. We also characterized the expression of utrophin
and dystrophin. This detailed immunolocalization study
confirmed that postnatal muscle maturation is delayed in
normal dogs compared to other animals and humans, and
isonly achieved at around 60 days. In CXMD dogs major
derangement of myosin expression became evident from
about 15 days; there was a selective loss of fibers ex-
pressing fast myosin and persistence of developmental
fibers compared to controls. In carriers, the proportion of
dystrophin-deficient fibers, which mainly expressed fast
myosin, decreased with age. In controls and carriers
utrophin was absent from muscle fiber surfaces in 2-day-
old animals but present between 15 and 30 days, to mostly
disappear by 60 days. In dystrophic animals, sarcolemmal
expression of utrophin was more marked and persistent.
That immature neonatal muscle from control dogs nor-
mally contains sarcolemmal utrophin may have implica-
tions for the success of utrophin up-regulation therapy to
correct the dystrophic phenotype. The data of this study
provide important baseline information for further studies
on the development and progression of pathological
changes in the muscle of CXMD dogs.
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Introduction

Canine X-linked muscular dystrophy (CXMD) is an in-
herited degenerative disorder genetically homologous to
Duchenne muscular dystrophy (DMD) [5]. DMD and
CXMD have progressive clinical signs and severe myopa-
thy in common; in both disorders skeletal muscle shows
early fiber necrosis and regeneration together with en-
domysial and perimysia connective tissue proliferation.
Furthermore, histopathological changesin skeletal muscle
appear at preclinical stages in both DMD and in CXMD
[10, 26, 27]. The other anima models genetically homol-
ogous to DMD, the mdx mouse and the cat with hyper-
trophic feline muscular dystrophy, have mild clinical fea-
tures and little or no endomysial fibrosis [4, 11]. CXMD
is, therefore, the most relevant animal model for DMD
particularly in regard to potential therapeutic approaches.

Postnatal skeletal muscle development in the dog is de-
layed, compared with other mammals (guinea pig, cow
and human [8, 9, 28]) as revealed by histochemical fiber
typing based on the myosin ATPase reaction [3]. Im-
munohistochemica characterization of myosin isoform
expression in the dog is still lacking.

We have now elucidated the time course of postnatal
expression of myosin isoforms in the skeletal muscle of
normal dogs, CXMD carriers (in correlation with mosaic
expression of dystrophin) and CXMD-affected animals.
Developmental, adult fast, and adult slow myosin iso-
forms were revealed by immunohistochemistry.

We performed this detailed morphological study of
early muscle maturation as part of our research on the de-
velopment of pathological changesin CXMD. Utrophin, a
protein closely homologous and structurally similar to dys-
trophin [16, 18], is normally present at the neuromuscul ar
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junction in adult skeletal muscle [22] and is expressed at
the sarcolemma in human fetal and regenerating fibers
[13, 17, 20]. It is also expressed — at a low level — at the
sarcolemma of DMD patients muscle [14]. Since skeletal
muscle development in dogs is delayed, the mature local -
ization of utrophin exclusively at the neuromuscular junc-
tion could aso be delayed; we therefore analyzed
utrophin expression in CXMD-affected animals, carriers
and controls.

Materials and methods

Animals

A colony of CXMD dogs was established from CXMD carriers ob-
tained from Dr. Barry J. Cooper of Cornell University, Ithaca, NY,
and maintained in our facilities in accordance with European legis-
lation. Control male and female mix-breed dogs, CXMD carriers
and CXMD male dogs of 2, 15, 30, and 60 days, and 2—-3 years of
age were used (three to six animals in each age group). The 2-day-
old dystrophic animals died naturally and were from different lit-
ters. Three CXMD individuals that died naturaly at 8, 9 and
11 days were aso studied. Samples from open biopsies were ob-
tained from the quadriceps femoris vastus lateralis muscle under
general anesthesia or immediately after death. In animals from
which biopsy samples were obtained from the same muscle at dif-
ferent ages, care was taken to avoid previous biopsy sites. Tissue
samples were snap-frozen in isopentane cooled with liquid nitro-
gen, and stored in liquid nitrogen. In selected cases and in eutha-
nized animals specimens were also taken from the tibialis anterior
(cranid tibial).

Plasma CK levelswere determined in all animals at birth and in
carrier dogs also at later stages. Levelswere 140 | 775 £+ 20 | 517 U/I
(mean = SD) in dystrophic dogs and 7260 + 8036 U/l in carriers at
birth (normal value: 2370 + 1286); 470 + 111 U/l in carriers at
60 days (normal: 141 + 38) and 35 + 2.5 in adult carriers (normal:
<50 U/).

Immunohistochemistry

Serial cryostat sections, 6 um thick, were collected on gelatin-
coated dlides for immunohistochemistry. For quantitations, sec-
tions from carriers and control dogs were double-stained either for
fast myosin plus dystrophin, slow myosin plus dystrophin, or de-
velopmental myosin plus dystrophin. In sections from dystrophic
animals, dystrophin staining was replaced by staining for the cy-
toskeletal membrane protein talin, allowing quantitation of fibers
in dystrophin-negative muscles. In the youngest dystrophic ani-
mals myosins were quantitated on peroxidase-immunostained sec-
tions counterstained with eosin, since talin is not expressed.

Monoclonal antibodies to slow, fast and developmental myosin
heavy chain isoforms (Novocastra Labs, Newcastle upon Tyne,
UK) were diluted, respectively, 1: 20, 1: 250 and 1: 20 in PBS plus
appropriate serum. Dystrophin antibodies (diluted 1:500) were
rabbit polyclonal antibodies raised in our laboratory against frag-
ments D8 or D11 of the human dystrophin rod domain and C-ter-
minal domain, respectively [21]. Utrophin was localized using two
commercial monoclonal antibodies (Novocastra) directed against
the N terminus and the C terminus of the protein (the latter corre-
sponding to Mancho-7 [13]) diluted, respectively, 1: 10 and 1: 5. In
selected cases utrophin was also detected by a polyclonal antibody
(diluted 1:2000) kindly donated by Drs. Kunkel and Khurana
(Children’'s Hospital and Harvard Medical School, Boston, Mass.
[16]). Monoclonal and polyclonal antibodies were detected using a
biotin-avidin system.

For co-localization of myosins and dystrophin, cryosections
were incubated in a mixture of anti-dystrophin and anti-myosin an-

tibodies, followed by incubation in biotinylated goat anti-rabbit
1gG (Vector Labs, Burlingame, Calif.), followed by rhodamine
avidin D (Vector), and then fluorescein-conjugated goat anti-
mouse IgG.

For co-localization of myosins and talin, samples were incu-
bated in anti-talin (monoclonal, from Sigma, St. Louis, Mo.) di-
luted 1: 50, then in biotinylated horse anti-mouse 1gG (Vector) and
in rhodamine avidin D. Sections were then treated with anti-
myosin antibodies and finally with fluorescein-conjugated goat
anti-mouse 1gG.

As control, in afew assays, secondary antibodies used for dou-
ble localizations were affinity purified and multiadsorbed (pur-
chased from Jackson ImmunoResearch Labs, West Grove, Pa.).
This allowed us to assess the presence of unwanted cross reactiv-
ity. Other controls were omission of primary antibodies or, for
utrophin detection, substitution with a nonimmune mouse isotype-
specific IgG1 (Sigma) on adjacent sections.

For immunoperoxidase staining, sections were incubated in
primary anti-myosin monoclonals (diluted as above), then in sec-
ondary biotinylated goat anti-mouse 1gG followed by peroxidase-
conjugated avidin (Vector) and diaminobenzidine development
(Sigma). They were washed in PBS and water, immersed for afew
seconds in eosin, dehydrated, and mounted.

Immunoblot of utrophin

Muscle cryosections were weighed and solubilized (50 mg/ml) in
sample buffer containing 10% SDS, 50 mM dithiothreitol, 10 mM
EDTA, 0.1 M TRIS, pH 8.0, and 0.001% bromophenol blue. After
electrophoresis of the solubilized tissue in SDS-polyacrylamide
gel (3-8%), the gel was blotted onto nitrocellulose paper. The ni-
trocellulose sheets were incubated with primary anti-N terminus
utrophin antibody, then with alkaline phosphatase-conjugated sec-
ondary antibody, followed by development with nitro blue tetra-
zolium.

Quantitations

Fiber counts were performed by two different operators. At least
500 fibers were counted on each section from randomly selected
fields; data recorded by the two researchers did not differ by more
than 5%. The same fields were chosen on consecutive sections
stained for different myosin isoforms. Mean percentages of fiber
types were calculated for each age group of affected dogs, carriers
and normal dogs. Student’s t-test was used to compare differences
between means from carrier or dystrophic and control muscles.

Both dystrophin-negative fibers and those partially immuno-
staining for dystrophin were counted as dystrophin-deficient fibers
in carriers. Myosin isoform expression was assessed in dystrophin-
deficient fibers and the mean percentages calculated for each age
group.

Utrophin was quantitated on immunoblot using a densitometer
and the BIO-PROFIL software system (Vilber-Lourmat, Tozcy,
France). Values were expressed as the ratio of the optical density
(OD) of the utrophin band (after subtraction of background) on im-
munobl ot to the OD of the myosin band (used as reference of mus-
cle protein) on the Coomassie blue-stained post-transfer gel.

Results
Evaluation of myosin heavy chain isoforms
The percentages of fibers expressing myosin isoforms ac-

cording to age in control, carrier and dystrophic dogs are
shown in the graphs of Fig. 1.



Fig.1 Graphs showing
quantitations of fiber types by
myosin expression. Note that
sums of percentages in the
age groups may be more than
100% because fibers co-
express different myosins
(CXMD canine X-linked mus-
cular dystrophy). * P = 0.0107;
** P =0.0385; #P = 0.0525;
#P = 0.0359; °P = 0.0043;
°°P =0.0001
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adult slow myosin and were larger than average (diameter
around 8-10 um, compared to about 6—7 um) (Fig. 2). Al-

At 2 days most fibers expressed developmental myosin. A though expressing adult myosin, these larger fibers often
proportion of fibers also co-expressed fast myosin. A had central nuclei.

small percentage of fibers (7.1 + 1.3%), usualy located With increasing age the proportion of fibers expressing
singly at the center of fascicles, exclusively expressed slow myosin and fast myosin (some retaining develop-
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Fig.2 Dystrophin (a—c) and developmental (d—f), fast (g—i) and
slow (j—I) myosin expression in 2-day-old control (a, d, g, j), car-
rier (b, e, h, k) and dystrophic (c, f, i, ) dogs. a—| x 400

mental myosin, but some expressing fast myosin only) in-
creased, while the proportion expressing developmental
myosin decreased.

Fiber diameters also increased with age: by 15 days
fibers expressing fast/devel opmental myaosin were 10-12 pm
in diameter and those expressing slow myosin were 18—
20 um (Fig. 3); at 30 days diameters were 12-16 pum and
20-24 um, respectively, and at 60 days both fast and slow
myosin-positive fibers were about 22 pm. With increasing
age fiber outline changed from round to polygonal. At all
ages there was considerable variation in fiber size within
individual muscles; in particular, at 15 and 30 days sev-
era puntiform fibers highly and exclusively positive for
developmental myosin were observed (Fig.3). Further-
more, from 15 to 60 days the population of fibers ex-
pressing slow myosin consisted of large fibers (very likely
those present at birth) and others of smaller and greatly

variable size. The size of these smaller fibers increased
and became more uniform with age (Figs. 3, 4).

In adult control dogs, muscle fibers were generally ho-
mogeneous and about 45 pm in diameter, although occa-
sional isolated small fibers were observed (Fig.5).

Analysis of the tibialis anterior in a 2-day-old and in
two 60-day-old control dogs revealed features similar to
those observed in the quadriceps of the same animal.

Carriers

The distribution of myosin expression in the fibers was
similar to that in control dogs, although there were less
slow myosin-positive fibers (significantly less in some
age groups) (Fig.1), but numbers were highly variable.
Fiber diameters and fascicle organization were also simi-
lar to controls of the same age (Figs. 2-5).

Inthetibialis anterior muscle of a 2-day-old carrier, the
proportions of myosins were similar to those in the
guadriceps muscle; in one 60-day-old and in two adult
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Fig.3a—| Dystrophin and myosin expression in 15-day-old dogs.
Panel organized asin Fig.2. a—| x 250

carriers the tibialis anterior had more fast and less slow-
positive fibers than the quadriceps.

Quantitation of myosin isoforms in dystrophin-defi-
cient fibers showed that these fibers mainly expressed fast
myosin, at all ages (Table 1). Almost all dystrophin-defi-
cient fibers expressed developmental myosin at 2 days,
but the proportion doing so declined steadily with age.

In the dystrophin-deficient fibers from the tibialis ante-
rior of one 2-day-old, one 60-day-old, and two adult car-
riers, the proportions of fast, sow and developmental
fibers were similar to those found in the dystrophin-defi-
cient fibers of the quadriceps of these animals.

Dystrophic dogs

In 2-day-old puppies, the overall organization of muscle
fascicles and proportions of fibers expressing fast, slow

and developmental myosin resembled that in normal dogs
of the same age (Fig. 2). In the 8-day-old dystrophic puppy,
the organization of some fascicles was atered, with increas-
ed space between fibers and presence of a few fibers of
larger size expressing fast myosin. In the dog of 9 days of
age, there was no apparent ateration in fascicle organiza-
tion. In the 11-day-old dog some fascicles showed altered
overall organization and contained several large fibers ex-
pressing either fast or developmental myosin or both, but
most fascicles appeared normal (data not shown).

At 15 days major derangement of muscle organization
was evident in all animals (Fig.3). Muscle fiber diameter
was highly variable (3-50 um); fascicles consisted of
many large round fibers with either slow or fast myosin,
and of smaller fibers (some centronucleated) that mainly
expressed developmental myosin.

Similarly deranged muscle organization was observed
at later stages (Figs.4, 5). Fiber diameters increased pro-
gressively with age, but were highly variable (from 25 um
to more than 200 um). At 30 and 60 days some fibers co-
expressed fast and slow myosin.



Fig.4a—| Dystrophin and myosin expression in 60-day-old dogs.
Panel organized as in Fig.2. Note small developmental myosin-
positive fiber (arrow) in carrier muscle (). a—l x 250

From 15 days on, the proportions of fast myosin-posi-
tive and developmental fibers decreased, the latter much
slower than in controls, and the proportion of slow
myosin-positive fibers increased, more than in controls. In
adult animals the number of fast myosin fibers was
markedly lessthan in controls and wasinversely related to
the number of slow fibers (Fig. 1, graph). Approximately
30% of fibersin these dogs continued to express devel op-
mental myosin.

The tibialis anterior of two 2-day-old, two 60-day-old
and two adult dystrophic dogs showed higher values of
fast fibers at 2 days, similar numbers of fast, slow and de-
velopmental fibers at 60 days, and higher percentages of
fast fibers at 6 months, compared to the quadriceps in the
same animals (data not shown).

Evaluation of utrophin and dystrophin

I mmunohi stochemistry

Control dogs. Dystrophin immunostaining was patchily
distributed on muscle fiber surfacesin 2-day-old dogs. No
cytoplasmic dystrophin was observed. From 15 days on,
the distribution of dystrophin became progressively more
homogeneous at the sarcolemma, athough with some
variability of intensity in younger animals (Figs. 2-5).

Utrophin was not detected on the muscle fiber surface
of 2-day-old control dogs with any of the antibodies used.
Large blood vessels, nerves and neuromuscular junctions
were intensely positive to the N-terminal monoclonal an-
tibody and to the polyclonal anti-utrophin antibody, while
no clear positivity was detected with the C-terminal anti-
body (Fig. 64, b). At this stage the morphology of the neu-
romuscular junctions was simplified.

At 15 days blood vessels, nerves and neuromuscular
junctions were intensely positive to utrophin (N-terminal
monoclona and polyclonal antibodies). Patchy utrophin



Fig.5a—| Dystrophin and myosin expression in adult dogs. Panel
organized as in Fig. 2. Dystrophin-deficient fibers in carrier indi-
cated by asterisks (b). a—I x 250

positivity was present on the surface of almost all muscle
fibers but intensity varied from fascicle to fascicle; posi-
tivity was particularly intense (especially with the N-ter-
minal monoclonal antibody) in fascicles where end plates
were present (Fig. 6d). Neuromuscular junctions appeared
still simplified.

At 30 days utrophin distribution was similar to that at
15 days, but immunostaining on fiber surfaces was more

,i,

intense, especially in fascicles containing neuromuscular
junctions (Fig.6g, h). By 60 days utrophin positivity on
fiber surfaces had become faint or absent except in fasci-
cles with neuromuscular junctions (Fig.6i). At this stage
serial sectioning showed that utrophin positivity was
mainly confined to the area close to neuromuscular junc-
tions. The C-terminal antibody detected faint positivity to
utrophin only at neuromuscular junctions from 15 days on
(Fig.6m).

In tibialis anterior from a 2-day-old puppy, utrophin
was absent on the fiber surface and dystrophin was
patchy. In tibialis anterior of two 60-day-old dogs dys-

Table 1l Quantitation of

myosin expression in the dys- Age Doys—defici ent Fast Slow Developmental

trophin-deficient fibers of car- (% of total)

ners 2 days (n = 4) 30.03 + 9.09 47.97 + 18.80 0.89+ 1.46 99.11 + 1.46
15 days (n = 3) 30.63+ 7.18 62.19 + 27.69 749+ 939 84.59 + 2.02
30 days (n = 4) 30.79 + 3.60 63.23+ 8.82 22.71+ 1522 78.39 + 6.65
60 days (n = 3) 33.32+ 7.60 64.42 + 587 3345+ 6.62 333+ 141
Adults (n = 6) 5.31+ 1.43 69.23 + 15.27 29.88 + 14.71 0.90 + 1.45




Fig.6a—n Utrophin expression at various ages by N-terminal mono-
clona (a—f, h, i, I, n), polyclonal (g) and C-terminal monoclonal
(m) antibodies. At 2 days (a—c), blood vessels (asterisk), nerves
(arrows) and capillaries (arrowheads) (a) as well as neuromuscu-
lar junctions (b) are utrophin positive in normal control (a, b). c At
this age utrophin is present on the surface of groups of muscle
fibers in dystrophic dog. d—f At 15 days utrophin is expressed on
the surface of fibers in fascicles containing neuromuscular junc-
tionsin control (d) and carrier (€). f In dystrophic animal utrophin
is present on most fiber surfaces. g, h At 30 days (both controls)

utrophin is expressed on most fiber surfaces, more intensely in fas-
cicles containing neuromuscular junctions (arrows); this is most
evident with the N-termina antibody (h). i—k At 60 days utrophin
is expressed on fiber surfaces in fascicles containing neuromuscu-
lar junctions in control (i). In carriers utrophin is up-regulated on
the fibers surface of dystrophin-deficient fibers but also on some
dystrophin-positive fibers (j, k, serial sections; k, dystrophin). [-n
In adult animals utrophin is present at neuromuscular junctions of
controls (I, m, serial sections with different antibodies) and is
abundant on surfaces of dystrophic fibers (n). a—n x 400
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Fig.7 Immunoblot of utrophin. Lane 1 Sample from a 2-day-old
control dog; lanes 3, 5, 7, 9 from dystrophic dogs and lanes 2, 4,
6, 8 from controls, at 15, 30, 60 days and adult, respectively. Lanes
1012 Samples from carriers at 15, 30 and 60 days, respectively.
Note doublet, more prominent in dystrophic dogs

trophin was uniformly distributed at fiber surfaces and
sarcolemmal utrophin was mainly confined to areas close
to neuromuscular junctions, as in the quadriceps.

Carriers. Dystrophin was patchily distributed on the sar-
colemma at 2 days and its distribution became progres-
sively more uniform with time (Figs. 2-5). Some faint cy-
toplasmic positivity to dystrophin was observed in the
quadriceps of 2-day-old carriers (Fig.2). The percentage
of dystrophin-deficient fibers remained stable at around
30% until age 60 days and then decreased to about 5-6%
(Table 1). This was particularly evident in two animals
undergoing biopsy on the same muscle at different ages,
percentages were 35.05, 36.54 and 6.62 at 30 days,
60 days and 22 months, respectively, in one, and 32.05,
24.64 and 6.65 at the same times in the other. Complete
lack of dystrophin was only seen in dystrophin-deficient
fibers of younger animals; from 30 days on some faint la-
beling was usually present on the surface of most dys-
trophin-deficient fibers.

Utrophin expression in CXMD carriers was similar to
that of normal dogs of the same age group (Fig.6e€), in-
cluding maximum expression on fiber surfaces at 30 days.

In 60-day-old and adult carriers, although dystrophin-
deficient fibers tended to express more utrophin on their
surface, no clear correlation was found between fibers
with increased utrophin and fibers lacking dystrophin —in
that dystrophin-positive fibers could also express utrophin
(Fig.6j, k)

In one 2-day-old, one 60-day-old and two adult carri-
ers, the tibialis anterior expressed percentages of dys
trophin-deficient fibers similar to those observed in the
guadriceps of the same animals. Utrophin was also ex-
pressed in this muscle as in the quadriceps and was absent
from the sarcolemma at 2 days.

Dystrophic dogs. From 15 days dystrophin immunostain-
ing showed afaint and patchy positivity on most fiber sur-
faces with both antibodies (Figs. 2-5). In the 15-day-old
animals occasional revertant fibers were revealed with
both anti-dystrophin antibodies.
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Table 2 Densitometric quantitation of utrophin
Age Controls Carriers CXMD
2days(n=3) 1.07+0.33 1.02+0.18 1.08+0.21
15 days (n = 3) 0.79 = 0.04 0.84 = 0.07 1.23+ 0.22*
30 days (n = 3) 124+ 0.26 124+ 0.16 1.12+0.10
60 days (n = 3) 096+ 0.1 1.06 + 0.21 1.09 + 0.22
Adults (n=23) 0.65 + 0.20 0.77 £ 0.09 1.2+ 0.19**

*P =0.0132; ** P = 0.0147

As in control and carrier muscles, blood vessels,
nerves and neuromuscular junctions were positive to
utrophin immunostaining (with the polyclonal antibody
and monoclonal antibody to the N terminus). At 2 days
muscle fiber surfaces were negative to utrophin immuno-
staining in two puppies, faintly positive in some fascicles
in another (Fig.6c¢); and all fibers were variably positive
in the fourth puppy. In the 8- and 9-day-old dystrophic ani-
mals utrophin was absent on fiber surface; in the 11-day-
old puppy all fiber surfaces were utrophin-positive but in-
tensity varied from fascicle to fascicle.

Using the N-terminal monoclonal and the polyclond
antibodies, almost all muscle fiber surfaces were utrophin
positive at 15 days, although positivity was patchy and in-
tensity variable (Fig.6f). Positivity at the sarcolemma
was more intense in 30- and 60 day-old and adult dys-
trophic animals, again with some variability between
fibers (Fig.6n). The antibody against the C terminus
showed very faint sarcolemmal positivity in a few fibers
from 15 days on; neuromuscular junctions also stained
faintly with this antibody.

Utrophin and dystrophin expression in the tibialis ante-
rior was always similar to that in the quadriceps (two
2-day-old puppies, two 60-day-old and two adult dys
trophic dogs).

Immunobl ot

On immunoblot a band, often a doublet, of about 400 kDa
corresponding to utrophin was detected in al animals
(Fig.7). The band was generaly of similar intensity in
control, carrier and dystrophic dogs until age 30 days;
from 60 days on the intensity of utrophin decreased in
controls and carriers but less so in dystrophic dogs. Quan-
titative analysis of utrophin in controls, carriers and dys-
trophic dogs is reported in Table 2.
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Discussion

This study confirms that skeletal muscle development in
the postnatal period is delayed in the dog. Complete mat-
uration is achieved in the quadriceps muscle of normal
dogs and CXMD carriers at around 60 days, by which
time fibers expressing devel opmental myosin have almost
disappeared, and utrophin expression on muscle fiber sur-
faces has become faint or absent. The tibialis anterior pre-
sents a closely similar picture. The presence of utrophin
on the muscle fiber surface of 15- and 30-day-old pupsis
probably a direct consequence of the delayed maturation
of canine skeletal muscle, while its absence in 2-day-old
controls suggests that, unlike in human muscle [17, 20],
utrophin is absent from the sarcolemma during fetal de-
velopment. It is possible that a fetal utrophin isoform,
which we do not detect, continues to be expressed soon
after birth; however, we did detect utrophin in blood ves-
sels, nerves and neuromuscular junctions in neonate ani-
mals.

Using histochemical fiber typing, Braund and Lincoln
[3] reported tissue organization and fiber differentiation
findings similar to ours. The type | fibers and undifferen-
tiated type 11 C fibers detected by these authors using AT-
Pases seem to correspond, respectively, to fibers express-
ing slow myosin and those expressing developmental
myosin (which we detected by immunohistochemistry).
However, the type 1A fibers detected by ATPase do not
completely correspond to our fast myosin-positive fibers,
at least in the early stages of fiber maturation: Although
co-expressing developmental myosin, we found fast
myosin-positive fibers at birth, while type 11A fibers ap-
pear abruptly in large numbers at around 3 to 4 weeks[3].

Valentine and Cooper [25] reported “moderate lesions’
in the quadriceps and crania tibia at birth in CXMD
dogs, but the proportion and pattern of fiber types (by AT-
Pase) were similar to those of control pups up to 4 weeks
of age. By contrast, we found deranged skeletal muscle
organization, manifest as aterations in fiber typing and
organization at around 15 days; differences between indi-
vidual animals cannot be excluded, however.

We and others [6, 29] found reduced numbers of dys-
trophin-deficient fibersin adult carriers compared to pups.
Thiswas particularly evident from our investigation of the
same muscle in the same animal at different ages. Al-
though the percentage of dystrophin-deficient fibers did
not decrease greatly until 60 days, CK levels had aready
declined by that time and were normal in adult carriers
with low proportions of dystrophin-deficient fibers. The
percentages of fiber types in the tibialis anterior were
closely similar to those in the quadriceps of the same ani-
mals.

In previous studies by Webster et al. [30] on DMD pa-
tients and by us [21] on DMD and BMD carriers, charac-
terization of myosin heavy chain expression in dys
trophin-deficient fibers revealed that the proportion of
type 1B fast fibers was significantly lower than in healthy
controls. We have now found that for CXMD carriers of

all ages, fibers lacking dystrophin were preferentially fast
fibers; similarly 60-day-old and adult CXMD dogs had
fewer fast fibers than controls. This suggests that patho-
genetic mechanisms leading to preferred involvement of
one fiber type rather than another are similar in DMD pa-
tients, DMD/BMD carriers, and CXMD dogs. Further-
more, type 11 C and fetal myosin-containing fibers are in-
creased in DMD patients and carriers [21, 30]. We found
this also to be the case in CXMD dogs: muscles had sig-
nificantly higher percentages of developmental myosin-
positive fibers than controls at 30 and 60 days and these
percentage remained high in adult animals. In carrier dogs
percentages of developmental fibers did not differ signifi-
cantly from those in controls, and were only occasionaly
detected in adults; likewise in DMD carriers, develop-
mental fibers are not detected in all cases[21].

Faint reactivity to dystrophin antibodies has previously
been reported in CXMD dogs [31], and may be due either
to the presence of abnormal dystrophin transcripts that
produce some protein, or to cross-reactivity with utrophin.
The latter explanation seems more likely aswe did not ob-
serve dystrophin labeling in 2-day-old dystrophic dogs, in
whom sarcolemmal utrophin was absent.

We observed up-regulation of utrophin at the sar-
colemma of dystrophic pups and the protein remained up-
regulated in adults (unlike in controls). Thisalso occursin
DMD muscle [13, 14]. By contrast, Wilson et al. [31] re-
ported sarcolemmal utrophin almost exclusively in regen-
erating fibers with traces of peripheral utrophin on some
large fibersin CXMD dogs. This discrepancy is probably
due to differing antibody reactivity. We used three anti-
bodies including the C-terminal antibody (corresponding
to the Mancho-7 monoclonal used in [31]) which in our
hands shows poor reactivity in human and canine tissues.

Immunoblot revealed a band, sometimes a doublet, of
molecular weight corresponding to that of utrophin, at all
ages and in al three groups of dogs. This may be attrib-
uted to utrophin expression in blood vessels, nerves and
neuromuscular junctions. Total estimates of utrophin are
influenced by the variable proportion of these components
in tissue samples. Furthermore, protein quantitation on
immunablot is influenced by the relative amount of mus-
cle proteins present in the tissue specimen. For this reason
our results are given as the ratio of utrophin to myosin
bands. Differences in utrophin expression between dys-
trophic and control animals were significant only at
15 days and in adults.

Utrophin gene therapy, or pharmacologica up-regula-
tion [15, 24], seem promising options in DMD as they
may avoid immunological reection problems of dys
trophin gene therapy in individuals who have never
“seen” the protein [1, 2, 19]. Furthermore, mdx mice
made knockout for utrophin, which are severely affected
because they lack both dystrophin and utrophin [7, 12],
show a marked reduction in dystrophic pathology when
they express a transgenic utrophin minigene at high levels
[23]. We found utrophin at the sarcolemma in normal
dogs in the postnatal period and considerably greater sar-
colemmal expression in dystrophic animals. The dys



trophic process may, therefore, develop irrespective of
utrophin up-regulation (as perhaps occurs in DMD). On
the other hand without utrophin up-regulation, the rate of
muscle fiber necrosis may have been faster and disease
progression more severe. Artificialy increasing utrophin
expression at the sarcolemma is, therefore, likely to be
beneficial. In this regard we note that in dystrophic pups,
utrophin appears when the first signs of muscle disorgani-
zation have become evident; it would, therefore, seem im-
portant to begin utrophin gene therapy in CXMD dogs
even earlier (i.e., from birth).

Because human DMD patients are usually diagnosed at
a much later stage and the pattern of utrophin expression
isdifferent in humans[17, 20], utrophin therapy might not
have the same effect in humans asin dogs. In any event it
would also seem important to begin such therapy at the
earliest possible stage, i.e., before pathological changes
have become extensive and clinical symptoms have be-
come evident.

In conclusion our detailed study confirms that postna-
tal muscle maturation is achieved at around 60 daysin the
dog, considerably later than other animals and humans. In
CXMD dogs major derangement of myosin expression
becomes evident from about 15 days as a selective loss of
fibers expressing fast myosin and excessive persistence of
developmental fibers compared to controls. Dystrophin-
deficient fibers in carriers decrease with age and mainly
express fast myosin. The data of this study provide im-
portant baseline information for further studies on the de-
velopment and progression of pathological changesin the
muscle of CXMD dogs.

Acknowledgements The authors thank Drs. Rocco Lombardo,
Liliana Carnevale and Alberto Perini for performing muscle biop-
sies in the dogs, Drs. Kunkel and Khurana of the Children’s Hos-
pital and Harvard Medical School, Boston, Mass,, for the kind gift
of the anti-utrophin polyclonal antibody, and Don Ward for help
with the English. This work was partially supported by Telethon,
Italy, grant N. 701 to L. Morandi.

References

1. Acsadi G, Jani A, Massie B, et a (1994) A differential effi-
ciency of adenovirus-mediated in vivo gene transfer into skele-
tal muscle cells of different maturity. Hum Mol Genet 3:
579-584

2.Acsadi G, Lochmiller H, Jani A, et a (1996) Dystrophin ex-
pression in muscles of mdx mice after adenovirus-mediated in
vivo gene transfer. Hum Gene Ther 7:129-140

3.Braund KG, Lincoln CE (1981) Histochemical differentiation
of fiber typesin neonatal canine skeletal muscle. Am JVet Res
42:407-415

4.Bulfield G, Siller WG, White PAL, Moore KJ (1984) X chro-
mosome-linked muscular dystrophy (mdx) in the mouse. Proc
Natl Acad Sci USA 81:1189-1192

5.Cooper BJ, Winand NJ, Stedman H, et a (1988) The homo-
logue of the Duchenne locus is defective in X-linked muscular
dystrophy of dogs. Nature 334: 154-156

6.Cooper BJ, Gallagher EA, Smith CA, Vaentine BA, Winand
NJ (1990) Mosaic expression of dystrophin in carriers of ca-
nine X-linked muscular dystrophy. Lab Invest 62:171-178

137

7.Deconinck AE, Rafael JA, Skinner JA, et a (1997) Utrophin-
dystrophin deficient mice as a model for Duchenne muscular
dystrophy. Cell 90:717-727
8. Dubowitz V (1965) Enzyme histochemistry of skeletal muscle.
Part |. Developing animal muscle. J Neurol Neurosurg Psychi-
atry 28:516-519
9. Dubowitz V (1965) Enzyme histochemistry of skeletal muscle.
Part I1. Developing human muscle. J Neurol Neurosurg Psychi-
atry 28:519-524
10.Engel AG, Yamamoto M, Fischbeck KH (1994) Dys
trophinopathies. In: Engel AG, Franzini-Armstrong C (eds)
Myology, 2nd edn. McGraw-Hill, New Y ork, pp 1133-1187
11. Gaschen FP, Hoffman EP, Gorospe JRM, et a (1992) Dystro-
phin deficiency causes lethal muscle hypertrophy in cats.
J Neurol Sci 110: 149159
12.Grady RM, Teng H, Nichol MC, Cunningham JC, Wilkinson
RS, Sanes JR (1997) Skeletal and cardiac myopathies in mice
lacking utrophin and dystrophin: a model for Duchenne mus-
cular dystrophy. Cell 90:729-738
13.Helliwell TR, thiMan N, Morris GE, Davies KE (1992) The
dystrophin-related protein, utrophin, is expressed on the sar-
colemma of regenerating human skeletal muscle fibers in dys-
trophies and inflammatory myopathies. Neuromusc Disord 2:
177-184
14.Karpati G, Carpenter S, Morris GE, Davies KE, Guerin C, Hol-
land P (1993) L ocalization and quantitation of the chromosome
6-encoded dystrophin-related protein in normal and pathologi-
cal human muscle. J Neuropathol Exp Neurol 52:119-128
15.Karpati G (1997) Utrophin muscles is on the action. Nat Med
3:22-23
16.Khurana TS, Hoffman EP, Kunkel LM (1991) Identification of
a chromosome 6-encoded dystrophin-related protein. J Biol
Chem 265:16717-16720
17.Khurana TS, Watkins SC, Chafey P, et a (1991) Immunolocal-
ization and developmental expression of dystrophin related
protein in skeletal muscle. Neuromusc Disord 1:185-194
18.Love DR, Hill DF, Dickson G, et a (1989) An autosomal tran-
script in skeletal muscle with homology to dystrophin. Nature
339:55-58
19.Mac Howell J, Lochmuller H, O'Hara A, et a (1998) High
level dystrophin expression after adenovirus-mediated dys-
trophin minigene transfer to skeletal muscle of dystrophic dogs
(GRMD): prolongation of expression with immunosuppres-
sion. Hum Gene Ther: 9:629-634
20.Mora M, Morandi L, Piccinelli A, et a (1993) Dystrophin ab-
normalities in Duchenne and Becker dystrophy carriers: corre-
lation with cytoskeletal proteins and myosins. J Neurol 240:
455-461
21.MoraM, Di Blasi C, Barres R, et al (1996) Developmental ex-
pression of dystrophin, dystrophin-associated glycoproteins
and other membrane cytoskeletal proteins in human skeletal
and heart muscle. Dev Brain Res 91: 70-82
22.Nguyen TM, Ellis IM, Love DR, et a (1991) Localization of
the DMDL gene-encoded dystrophin-related protein using a
panel of nineteen monoclona antibodies: presence at neuro-
muscular junctions, in the sarcolemma of dystrophic skeletal
muscle, in vascular and other smooth muscle, and in proliferat-
ing brain cell lines. J Cell Biol 115:1695-1700
23.Rafael JA, Tindey JM, Potter AC, Deconninck AE, Davies KE
(1998) Skeletal muscle specific expression of a utrophin trans-
gene rescues utrophin-dystrophin deficient mice. Nat Genet 19:
79-82
24.Tinsley M, Potter AC, Phelps SR, Fisher R, Trickett JI, Davies
KE (1996) Amelioration of the dystrophic phenotype of madx
mice using a truncated utrophin transgene. Nature 384:349—
353
25.Vaentine BA, Cooper BJ (1991) Canine X-linked muscular
dystrophy: selective involvement of muscles in neonatal dogs.
Neuromusc Disord 1:31-38



138
26.Valentine BA, Cooper BJ, Lahunta A de, O'Quinn R, Blue JT  30.Webster C, Silberstein L, Hays AP, Blau HM (1988) Fast mus-

(1988) Canine X-linked muscular dystrophy. An animal model clefibersare preferentially affected in Duchenne muscular dys-

of Duchenne muscular dystrophy: clinical studies. J Neurol Sci trophy. Cell 52:503-513

88:69-81 31.Wilson LA, Cooper BJ, Dux L, Dubowitz V, Sewry CA (1994)
27.Valentine BA, Cooper BJ, Cummings JF, Lahunta A de (1990) Expression of utrophin (dystrophin-related protein) during re-

Canine X-linked muscular dystrophy: morphological lesions. generation and maturation of skeletal muscle in canine X-

JNeurol Sci 97:1-23 linked muscular dystrophy. Neuropathol Appl Neurobiol 20:
28.0mmer PA (1971) Histochemical differentiation of skeletal 359-367

muscle fibers in the bovine fetus. Experientia 27: 173-174

29.Watkins SC, Hoffman EP, Slayter HS, Kunkel LM (1989) Dy-
strophin distribution in heterozygote mdx mice. Muscle Nerve
12:861-868



