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Structural and functional alterations of muscle fibres
in the novel mouse model of facioscapulohumeral
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We recently generated a mouse model of facioscapulohumeral muscular dystrophy (FSHD) by
selectively overexpressing FRG1, a candidate gene for FSHD, in skeletal muscle. The muscles
of the FRG-1 mice did not show any plasmamembrane defect suggesting a novel pathogenetic
mechanism for FSHD. Here, we study structure and function of muscle fibres from three lines of
mice overexpressing FRG1 at different levels: FRG1-low, FRGI-med, FRGI-high. Cross-sectional
area (CSA), specific force (Po/CSA) and maximum shortening velocity (V,) of identified types of
muscle fibres from FRGI-low and FRG1-med mice were analysed and found to be lower than in
WT mice. Fast fibres and especially type 2B fibres (the fastest type) were preferentially involved
in the dystrophic process showing a much larger force deficit than type 1 (slow) fibres. Consistent
with the latter observation, the MHC isoform distribution of several muscles of the three FRG1
lines showed a shift towards slower MHC isoforms in comparison to WT muscle. Moreover,
fast muscles showed a more evident histological deterioration, a larger atrophy and a higher
percentage of centrally nucleated fibres than the soleus, the slowest muscle in mice. Interestingly,
loss in CSA, Po/CSA and V, of single muscle fibres and MHC isoform shift towards a slower
phenotype can be considered early signs of muscular dystrophy (MD). They were, in fact, found
also in FRGI-low mice which did not show any impairment of function in vivo and of muscle
size in vitro and in soleus muscles, which had a completely preserved morphology. This study
provides a detailed characterization of structure and function of muscle fibres in a novel murine
model of one of the main human MDs and suggests that fundamental features of the dystrophic
process, common to most MDs, such as the intrinsic loss of contractile strength of muscle fibres,
the preferential involvement of fast fibres and the shift towards a slow muscle phenotype can
occur independently from obvious alterations of the plasma membrane.
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Muscular dystrophies (MDs) are a group of very
heterogeneous genetic diseases characterized by skeletal
muscle wasting and weakness. Most MDs have been
linked to mutations in genes coding for proteins of
the dystrophin-glycoprotein complex (DGC) (Durbeej &
Campbell, 2002) or for enzymes likely to be involved in
post-translational modification of such proteins (Muntoni
et al. 2004). Whatever the mutation involved, the
pathogenesis of most MDs can be traced back to a common
path: a primary defect in the DGC would alter the link
between cytoskeleton, plasmamembrane and extracellular
matrix and would make muscle fibres more susceptible
to contraction-induced damage. The latter phenomenon
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may depend either on a mechanical damage of the
membrane and/or on altered ion homeostasis across the
membrane ultimately bringing to calcium influx in muscle
fibres and activation of proteolysis (Allen et al. 2005).

On the contrary, the genetic defect of
facioscapulohumeral muscular dystrophy (FSHD),
which is one of the three most common MDs, does not
reside in any mutated genes. FSHD has been causally
related to deletion of tandemly arrayed 3.3 kb repeat
units (D4Z4) on chromosome 4q35. It has been shown
that three genes located upstream of D474, FRG2, FRGI
and ANTI, which have not been found to be mutated
in FSHD subjects, are overexpressed in FSHD-affected
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human muscles (Gabellini et al. 2002). Very recently we
demonstrated that transgenic overexpression of FRGI
in skeletal muscle was sufficient to cause MD in mice,
whereas mice overexpressing the two other candidate
genes, FRG2And ANT-1, did not show clear signs of MD
(Gabellini et al. 2006). Moreover, the link between MD
manifestations and FRGI overexpression could not be
ascribed to a plasma membrane defect, suggesting a novel
pathogenetic mechanism for FSHD. However, similarly
to other mouse models of MD, mice overexpressing
FRGI (FSHD mice) showed impaired mobility in vivo
and dystrophic features, which appeared differentially
distributed among skeletal muscles.

In this respect, the analysis of the structure and function
of muscle fibres from the FSHD mice is relevant for at
least two reasons. It will further the understanding of a
novel mouse model of one of the main human MDs which
will be used in the future to further our knowledge on
the pathogenesis of the disease and to develop therapeutic
strategies. Furthermore, the FSHD mouse model may help
understanding of whether and to what extent fundamental
features of the dystrophic process at muscle fibre level,
such as the intrinsic loss of contractile strength, the
preferential involvement of fast fibres, and the fast to
slow shift in muscle phenotype are necessarily linked to
alterations of the DCG complex or can be a common
path of alternative pathogenetic mechanisms. The FSHD
mouse represents in fact one model of MD displaying
histological and functional dystrophic features similar to
the most studied models of MDs (Gabellini et al. 2006)
which cannot be linked to a plasma membrane defect
and ultimately to altered calcium homeostasis across the
membrane (Allen et al. 2005). The absence of a clear
plasmamembrane defect, as demonstrated by no change
in serum creatine kinase (Richard et al. 2000) and lack
in Evans blue uptake, is found in other murine models
of MDs, as calpain-3 deficiency (Richard et al. 2000;
Fougerousse et al. 2003). Nevertheless, murine models
in which mutations do not involve proteins of the DCG
complex either ultimately show membrane alterations
such as the collagen VI deficient mouse (Bonaldo et al.
1998; Irwin et al. 2003) or do not show any clear sign
of skeletal muscle involvement, such as the Six5 deficient
mouse, amodel of myotonic MD (Klesert et al. 2000; Sarkar
etal. 2000). Notwithstanding thelarge body of information
accumulating on murine models of MD, key features of the
disease are still far from being fully understood.

In particular, muscle weakness is generally attributed to
replacement of degenerating and necrotic muscle fibres
with non contractile material (connective tissue and
fat), which ultimately causes a loss of contractile muscle
mass (‘quantitative mechanism’) even in the presence of
increased muscle weight (pseudo-hypertrophy) (Watchko
et al. 2002). Whether a ‘qualitative mechanism’, namely a
loss of the intrinsic capacity to develop force by a given
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amount of muscle mass, is also involved in generating
muscle weakness is unclear. In fact, whereas some earlier
studies suggested no loss in specific force of single muscle
fibres of mdx mice (Takagi et al. 1992; Lynch et al. 2000),
more recently we consistently showed a clear Po/CSA
deficit in several mouse models of MD: mdx (Denti et al.
2006), scid-madx (Torrente et al. 2004), az-sarcoglycan null
mice (Sampaolesi et al. 2003). Interestingly, in humans
affected by Duchenne MD, whereas Fink ez al. (1990) found
an impairment of specific force of muscle fibres, Horowits
et al. (1990) failed to show such impairment.

The origin of force loss in muscular dystrophies
appears to be far from understood. In particular an
imbalance between protein synthesis and breakdown
towards increased proteolysis (McKeran et al. 1977; Elia
et al. 1981; Warnes et al. 1981) and the replacement of
necrotic cells by weaker regenerating fibres which show
different functional characteristics from uninjured fibres
may contribute to reduced capacity to generate force
(Gregorevic et al. 2004). Furthermore, in intact fibres,
decreased evoked calcium release due to ongoing triadic
disruption might also contribute to force loss at least in
mdx mice (Allen et al. 2005). In any case, in all muscular
dystrophies the loss in force and specific force appear as
common endpoints of diverse primary defects.

In addition, it is generally believed that the dystrophic
processes preferentially strike fast fibres, and among fast
fibres the fastest, type 2B fibres (Webster et al. 1988).
However, such a preferential involvement has not been
definitely demonstrated by the comparative analysis of
strength of slow and fast muscle fibres.

As regards the origin of fibre deterioration in MDs,
an increased calcium influx across membrane tears and
calcium permeable leak channels followed by activation of
proteolysis is a candidate mechanism (Allen et al. 2005;
Yeung et al. 2005). Nevertheless it is still unclear what
is the link between the genetic defect and muscle fibre
deterioration, which are the cellular pathways involved and
whether alternative mechanisms can be identified in the
process (Gillis, 1999).

In this work, structure and function of identified types
of single muscle fibres from the mouse model of FSHD
were studied in comparison to corresponding types of WT
fibres. The existence of several lines of FSHD, expressing
FRG] atdifferent levels and showinga variable progression
of MD, enabled us to relate structural and functional
properties of muscle fibres to the progression of the disease.
Results of this study (i) provide a detailed characterization
of skeletal muscle fibres of a novel mouse model of
one of the main human MDs and (ii) point toward the
existence of alternative pathogenetic mechanisms, besides
altered calcium homeostasis through the membrane and
increased number of weaker regenerating fibres, which
can give rise to fundamental features of the dystrophic
process, common to other MDs, such as the intrinsic loss
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of contractile strength of muscle fibres, the preferential
involvement of fast fibres and the shift towards a slow
muscle phenotype.

Methods
Animals

Mice overexpressing FRGI to variable extents under
the control of the human skeletal «-actin (HSA) gene
promoter were previously generated (Gabellini et al. 2006).
Briefly, FRGI open reading frames were PCR-amplified
using the following primer: FRGI1, HSA-FRGI-F 50-GA-
TCTAGCGGCCGCCATGGCCGAGTACTCCTATGTGA-
AGTCT-300. PCR products were sequenced and cloned
into pBSX-HSAvpA, provided by J. Chamberlain.
Transgene was excised from agarose gels and purified
for microinjection into fertilized eggs recovered
from C57BL/6 females crossed with C57BL/6 males.
All procedures were performed at the University of
Massachusetts Medical School Transgenic Animal
Modelling Core Facility. In this work, we used the same
three lines of mice we previously characterized (Gabellini
et al. 2006) in which the transgene was overexpressed
at levels within the range previously reported for FRGI
overexpression in FSHD patients (Gabellini et al. 2002):
FRGI-low, FRG1-med, FRGI-high. In these lines RT-PCR
and Southern blot analysis were used to quantify the
FRGI expression levels and the transgene copy number (3
for FRGI-low, 5 for FRGI-med; 9 for FRGI-high) which
corresponded to 10- (FRGI-low), 30- (FRGI-med), and
50-fold (FRGI-high) over the endogenous level of the
murine FRGI gene (Gabellini et al. 2006).

This study was carried out on female FRGI transgenic
mice at 12 weeks of age; C57bL/6 mice of matched age
served as controls. Animals were initially housed in the
animal house facility of the Program in Gene Function
and expression of the University of Massachusetts Medical
School, under the care of the Department of Animal
Medicine. At the age of 8weeks mice were shipped
(World Courier) to Italy avoiding extreme temperature
during transportation. Once in Italy animals were
individually housed in the animal house facility of the
Department of Experimental Medicine (University of
Pavia, Italy), maintained on a 12:12h light—dark cycle
and given unlimited access to food (Dottori Piccioni
Italy) and water for the duration of the study. On the
day of the experiment, the animals were weighed and
killed by cervical dislocation. Muscles (facials: masseter;
respiratory: intercostals and diaphragm; anterior limbs:
deltoids, biceps and triceps; posterior limbs: soleus, tibialis,
vastus and gastrocnemius) were carefully dissected under
a stereomicroscope, blotted on filter paper, weighed
and stored for analysis. The experimental protocols
were approved by the Animal Ethics Committee of the
University of Pavia.
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Morphological analysis

Muscle samples were included in OCT (Tissue-tek)
embedding medium, frozen in liquid nitrogen and serial
transverse sections (8 pm thick) were cut usinga Leica CM
1850 cryostat. Sections were used for haematoxylin-eosin
(H&E) staining, according to standard procedures
(Gabellini et al. 2006). The percentage of centrally
nucleated fibres was calculated in non-consecutive sections
(at least five for each muscle) as (number of centrally
nucleated fibres/total number of fibres considered) x 100
(no less than 600 for each group of mice, n=>5).

Analysis of force and velocity of single muscle fibres

Absolute (Po) and specific force (Po over the fibre
cross-sectional area, Po/CSA) of single muscle fibres were
measured in skinned preparations using an approach
routinely used for years in our laboratory. All the
procedures used have been previously described in detail
(Bottinelli ef al. 1991, 1996; D’Antona et al. 2006) except
for the solutions which were modified. The skinning
solution previously described (D’Antona et al. 2006)
(150 mM potassium propionate, 5mm KH,PO,, 5mm
magnesium acetate, 3mm Na,ATP, 5mm EGTA, pCa
9.0) was enriched with protease inhibitors (leupeptin
20um and E-64 10 um). Pre-activating (PA) and
activating (A) solutions had the following composition:
PA: imidazole-propionate 10 mm, magnesium propionate
2.5 mwm, potassium propionate 170 mm, K,-EGTA 5 mwm;
A: Imid-p 10mm, magnesium propionate 2.2 mwm,
potassium phosphate 170 mMm, K;-EGTA 0.11 mm,
Ca-EGTA 4.8 mM. In both solutions, Na, ATP 5mm and
protease inhibitors leupeptin and E-64 were added. Ionic
strength was 200 mm in all solutions. The pH of all
solutions was set at 7.0.

Po was determined at pCa 4.5, 12°C and optimal
sarcomeric length for force developing (2.5um)
(Pellegrino et al. 2003). Po/CSA was expressed as kN m 2.

The set-up for single muscle fibre analysis was located
on the stage of an inverted microscope which enabled us
to view the specimen at x320 magnification. CSA was
determined, assuming a circular shape, from the mean
of three diameters without correction for the swelling
which is know to occur in demembranated specimens
(Godt & Maughan, 1977). As discussed before (D’Antona
et al. 2006), skeletal muscle fibres do not always have a
circular cross-section and, due to the procedure used to
mount the fibre in the set-up, only the largest of the two
main diameters could be routinely measured. Therefore,
an overestimation of CSA could occur and the degree of
overestimation was bound to depend on the shape of the
cross-section. To make sure that variation in the shape
of the cross-section between WT and dystrophic fibres
did not introduce a systematic error in the determination
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of CSA and affect the reliability of Po/CSA comparisons
we used a procedure previously described (D’Antona
et al. 2006). Briefly, immediately after dissection, muscles
were frozen in liquid nitrogen for subsequent histological
analysis. On such sections the larger and smaller diameter
of a large population of muscle fibres from WT and
FRGI-high mice were determined using freely available
image analysis software (Scion Image, Scion Corp., USA).
CSA was determined either using the largest diameter
and assuming a circular shape or using both the largest
and the smallest diameters and considering an elliptical
shape for both WT and FRGI-med fibres. The ratio
between the measurement based on a circular shape and
the measurement based on an elliptical shape was not
significantly differentamong WT (1.23 & 0.05 n = 40 from
4 mice), FRGI-low (1.21 0.07 n=40) and FRGI-med
(1.32 £ 0.06 n =40 from 4 mice) fibres. As expected, the
CSA determination assuming a circular shape somewhat
underestimated Po/CSA, but could not introduce any
systematic error in the comparison of Po/CSA (D’Antona
et al. 2006).

To determine maximum shortening velocity (V,), the
slack test technique was employed (Bottinelli e al. 1996);
V, was expressed as fibre lengths per second (Ls™!).
In skinned fibres, disorder of the striation pattern can
occur during maximal activation and this might affect
determination of V,. To ensure that specimens did not
go through any significant sarcomere disorganization: (i)
muscle fibres were viewed before, during and after each
activation at x 320 and were discarded if non-uniformities
were seen; (ii) fibres which went through a force loss of
more than 10% between the first and the last (fifth—sixth)
activation used to determine V, were discarded even in
the absence of clear non-uniformities. Indeed, as the fibre
segments used for functional analysis were kept short
(~1.0 mm), were chosen on the basis of uniform CSA and
were quickly and uniformly activated using a previously
described procedure (Bottinelli ef al. 1994), few fibres did
not pass the quality controls and had to be discarded.
The slack test manoeuvres enable us to determine the
series compliance. As expected, series compliance ranged
between 3.0% and 5.5% with no significant differences
between corresponding fibre types of WT and FSHD mice.

At the end of the mechanical experiment, fibres were put
in 20 ul of Leammli buffer (Laemmli, 1970) and stored at
—20°C for MHC isoform content analysis.

Fibre typing and myosin isoform identification

The composition in myosin heavy chain (MHC) isoforms
was determined in single fibres and in whole muscles by
polyacrylamide-gel electrophoresis on 8% polyacrylamide
slab gels after denaturation in sodium dodecyl sulphate
(SDS-PAGE) using a procedure previously described
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(Bottinelli ef al. 1994; Pellegrino et al. 2003). Four MHC
isoforms (MHC-1, MHC-2A, MHC-2X and MHC-2B)
could be separated on gels (Pellegrino et al. 2003). Single
fibres were classified in pure fibre types (type 1, or slow,
and type 2A, 2X and 2B or fast) and in hybrid fibre types
(type 1-2A, 2AX and 2XB). Densitometric analysis of the
MHC bands of whole muscle samples enabled us to assess
their MHC isoform distribution (Harridge et al. 1996).

Treadmill

On the day of the experiment each mouse was placed on the
belt of a six-lane motorized treadmill (Exer 3/6 Treadmill,
Columbus Instruments, OH, USA) supplied with shocker
plates which could be individually enabled or disabled for
each lane. During each test the electrical stimulus was
fixed at 200 ms duration, 0.34 mA amplitude and 1 Hz
repetition rate. After a 10 min period of acclimation the
treadmill was then started at 5 m min~!, 0 deg inclination
for 5 min. After this period the speed was incrementally
increased 1 m min~' every minute until the mouse reached
exhaustion. Exhaustion was defined as spending time
on the shocker plate without attempting to re-engage
the treadmill within 20s. A video camera (Panasonic,
NV-RX10EG) was positioned above the treadmill to record
each test on a S-VHS video recorder (Toshiba V-729 W)
at 25 frames s~! and video recordings were subsequently
used for analysis. The individual and the average time to
exhaustion and velocity of running were measured.

Statistical analysis

Data were expressed as means £ s.E.M., unless otherwise
stated. Statistical significance of the differences between
means was assessed by ANOVA followed by the
Student—Newman—Keuls test or by Student’s unpaired
t test. A probability of less than 5% was considered
significant.

Results
Mice phenotype and function in vivo

As expected (Gabellini et al. 2006), at 12 weeks, i.e. the age
of the mice used for structural and functional analysis,
no difference was observed in body weight between
FRGI-low mice (21.67 +0.28 g) and C57bL/6, WT mice
(22.33£0.57g). The FRGI-med mice (17.71 +2.49g)
were smaller than WT mice, and the FRGI-high mice
(13.66 £ 1.33 g) were significantly smaller than both WT
and FRGI-med mice. Table 1 reports the weights of
individual muscles of WT and FRG-1 mice. Overall, no
signs of muscle atrophy were observed in FRGI-low mice,
whereas muscle atrophy was clearly present in FRGI-med
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Table 1. Muscle weights (mg) from controls (WT) and FRG1 transgenic mice (FRG7-low expression;
FRG1-med expression and FRG1-high expression) at 12 week of age (intercostals and masseter are

not reported; see text)

District Muscle WT FRG1-low FRG1-med FRG1-high
Respiratory Diaphragm 95+7 104+ 14 74 + 15* 75+ 5%
Anterior Limb Biceps 14+2 14 +£1 12+3 9+ 1y
Triceps 66 + 2 83+8 46 + 1* 33 £ 2*

Posterior Limb Soleus 7+0.1 7+£0.1 7+£0.1 5+0.1*
Tibialis 42 +4 53 +12% 32+4 26 + 1*

Vastus 111+9 118 +9 61+ 19* 48 + 11*
Gastrocn. 94 +19 108 + 3 57 + 4* 46 + 3*

*Significantly different from WT and FRGT7-low; fsignificantly different from WT, FRG1-low and
FRG1-med; fsignificantly different from WT and FRG7-med. Means + s.p. P < 0.05, n = 5.

and FRGI-high, consistent with what has been previously
observed (Gabellini et al. 2006).

At the same age, tolerance to exercise, as evidenced in an
incremental treadmill test to exhaustion (see Methods),
was also in line with our previous observations (Gabellini
et al. 2006), being significantly lower in FRGI-high
(10.70 £1.57 min) and FRGI-med (13.50 = 3.41 min)
than in WT (20.80 +6.42min). FRGI-low mice
(22.30 & 5.29 min) were not different from WT mice also
in this respect.

Aslargely expected, the genotypic analysis and the above
data confirm that the three lines of mice overexpressing
FRG1 previously generated (Gabellini et al. 2006) and used
in the present study maintained the same characteristics.

Contractile properties of single muscle fibres

A large population (n=329) of single muscle fibres were
dissected from the gastrocnemius and soleus muscles of
WT, FRGI-low and FRGI-med mice at 12 weeks of age
(n=10). FRGI-high mice were not included in this study
as the severity of the disease precluded dissection of large
populations of well preserved individual muscle fibres. The
mean values of cross-sectional area (CSA), specific force,
and maximum shortening velocity and tension deficit
of the single muscle fibres analysed were reported in
Fig. 1. Interestingly, type 1 and type 2A single muscle fibres
not only from FRG1-med, but also from FRG1-low mice,
which did not show any clear phenotypic sign of MD and
whose muscles were not smaller than WT, were smaller
than corresponding fibre types of WT mice.

Figure 1B shows the mean values of Po/CSA of the
same fibres reported in Fig. 1A. Types 2X and 2B fibres
from both FRG1-low and FRGI-med transgenic mice were
significantly weaker than those from WT animals, whereas
type 2A fibres were significantly weaker only in FRGI-med
transgenic mice. Although a trend towards a lower
isometric force of type 1 fibres was reported in both
FRGI-low and FRGI-med, it did not reach statistical
significance. To more readily compare the impairment in
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strength of the different fibre types, the force deficit, i.e.
force FRGI1/force WT x 100 was calculated for each fibre
type and reported in Fig. 1D. Force deficit increased in
the order type 1 — 2A — 2X — 2B fibres. The latter
results indicate that fast muscle fibres, and especially the
fastest type 2B fibres, were preferentially involved in the
dystrophic process.

Unloaded shortening velocity (V,) was also impaired
in dystrophic fibres. With the exception of type 2X and 2B
fibres from FRGI-low, all fibre types of both FRGI lines
analysed (low and med) had lower Vo than corresponding
fibre type of WT mice (Fig. 1C).

Alterations of single muscle fibre properties, being
observed in FRG1-low mice that did not show clear
manifestations of MD (body weight loss, muscle atrophy,
decreasein exercise tolerance) can be considered early signs
of MD.

Myosin heavy chain isoform distribution of FRG1
mice muscles

The distribution of MHC isoforms, a widely used index
of fibre type distribution, was determined in 10 muscles
(facials: masseter; respiratory: intercostals and diaphragm;
upper limbs: deltoids, biceps and triceps; lower limbs:
soleus, tibialis, vastus and gastrocnemius) of WT and
FRGI-med mice by densitometric analysis of MHC bands
separated by SDS-PAGE (Table 2). Consistent with the
observation that type 1, slow fibres were relatively spared by
the dystrophic process whereas type 2B fibres were the most
affected fibre type, FRGI-med mice showed a significant
shift towards the expression of slower MHC isoforms in
all muscles studied.

In masseter the shift was from MHC-2B and 2X towards
2A, in intercostals and deltoid from MHC-2B towards
MHC-2X and 2A; in diaphragm the shift was from
MHC-2B, 2X and 2A towards MHC-1. As regards anterior
and posterior limb muscles, in biceps, triceps, vastus
and gastrocnemius the shift was from MHC-2B towards
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Table 2. Myosin heavy chain (MHC) composition (%) of muscles from controls (WT) and FRG7-med transgenic mice at 12 week of age

MHC-1 (%) MHC-2A (%) MHC-2X (%) MHC-2B (%)
District Muscle WT FRG1-m WT FRG1-m WT FRGT1-m WT FRG1-m
Facial Masseter 4.7 £5.5 9.3+10.4 0+0 16.1+17.7¢ 77.3+8.0 689+57* 17.9+126 57+6.1*

Respiratory Diaphragm 11.6 +2.5 15.7 £ 0.8* 39.5+0.5 54.7 +£2.0* 37.7+39 27.7+23* 11.1+£19 1.8+ 0.7*
Intercostal 6.1 +2.3 11.9+1.8* 173+3.2 247+39* 199+43 33+15* 567+23 303+3.7*

Anterior limb Deltoid 11.6+1.2 13.0+2.2 8.0+1.2 15.7+1.4* 140+1.2 21.0+ 1.5 66.4+06 50.2+4.7*
Biceps 0+0 0+0 16.1+2.9 27.2+05% 247+13 27.24+1.0* 584+48 458+1.2*
Triceps 0+0 28.7 £+ 3.0* 18.2 £ 1.9% 0+0 23.5+29 27.6+3.1* 58.2+3.7 457 +4.2*

Posterior limb Soleus 37.1+£13 64.1 + 3.5* 51.5+55 27.6+3.6* 11.4+47 82+2.1* 0+0 0+0
Tibialis 0+0 9.7 +£10.4* 54+74 749+80% 219+20 27.8+48* 727+42 551+22*
Vastus 0+0 2.3+0.3* 6.8+ 1.9 170+ 08 11.1+2.0 28.7+05* 821+13 52.0+1.3"
Gastrocn. 0+0 24.2 +£2.2* 73+79 11.4+123 16.1+24 23.7+2.7" 766+6.8 52.1+3.5*

*Significantly different from correspondent isoforms. Means + s.0. P < 0.05, n = 10.

MHC-1; finally in soleus the shift was from MHC-2Xand  distribution of soleus, as an example of a slow, mildly
especially MHC-2A towards MHC-1 (Table 2). affected muscle, and of biceps and vastus (Fig. 2) as

To clarify whether a shift of muscle phenotype could  examples of fast significantly affected muscles was studied
be considered an early sign of FSHD, the MHC isoform  in all lines of FRGI mice. Interestingly the overall shift
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Figure 1. Cross-sectional area (CSA, A), specific force (Po/CSA, B), maximum shortening velocity (V,,
C) and tension deficit ((FRG1/force of WT) x 100, D) of single muscle fibres from WT, FRG7-low and
FRG1-med mice

All fibres (n = 329) were identified on the basis of MHC isoforms content determined by SDS-PAGE in pure type
1, 2A and 2B. CSA is expressed in um, Po/CSA in kN m~", V, in length per second (L s~') and force deficit as
percentage force loss of corresponding fibres from WT mice. The height of each bar represents the mean (& s.e.m.).
*Significantly different from corresponding fibres type of WT, fsignificantly different from corresponding fibres of
WT and FRG1-low; fsignificantly different from type 1 and type 2A; #significantly different from type 1, 2A and
2X; P<0.05n=10.
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Figure 2. Myosin heavy chain (MHC) distribution of soleus, vastus and biceps in WT, FRG1-low, FRG1-med

and FRG1-high mice

MHC distribution determined from muscle samples (n = 5) of the four groups of mice by SDS-PAGE separation
followed by densitometric analysis of MHC bands. The height of each bar represents the mean (&£ s.e.m.).
*Significantly different from the other groups; fsignificantly different from WT and FRG7-low; P < 0.05, n = 5.

towards a slower phenotype appeared evident in all
muscles analysed and in all lines, even in soleus muscles
(Fig. 2) of FRGI-low mice which did not show clear
histological signs of MD (Fig. 3). Thus, change in MHC
composition of the muscle can be considered an early sign
of the disease.

Muscle morphology of slow and fast muscles

The observation that the dystrophic process preferentially
affected size and function of the fastest fibre type (2B)

vastus

biceps

and relatively spared the slowest fibre type (1) should
be reflected not only in a fast to slow transition in fibre
type composition of the muscles, but also in a differential
dystrophic deterioration of fast and slow muscle. To clarify
whether this was actually the case, the morphology of
the muscles, the ratio between muscle weight and body
weightand the percentage of centrally nucleated fibres were
compared through muscles and FRG-1 lines.

As expected (Gabellini et al. 2006), dystrophic
histological features, namely fibre necrosis, number
of centrally nucleated fibres, connective tissue, and

FRGl-med __FRGL-high

Figure 3. Heamatoxilyn-eosin stained sections from soleus, vastus and biceps muscle of WT, FRG1-low,
FRG1-med and FRG1-high mice
Distribution of muscle damage appeared to depend on the muscle considered and on the level of FRGT expression.
In all muscles no clear histological signs of muscular dystrophy were detectable in FRG 7-low mice, whereas signs of
fibre degeneration and necrosis (open arrows) as well as centrally nucleated fibres (close arrows) were detectable
in biceps and vastus from FRG7-med and FRG7-high mice and appeared to be more evident in FRG7-high than
FRG1-med mice. Bar represents 30 um.
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increased fibre size variability were found to depend on
FRGI expression levels being almost absent in muscles
of FRGI-low mice and increasingly more evident in
FRGI-med and FRGI-high. More interestingly, soleus
appeared much more spared by the disease process than
vastus and biceps (Fig. 3).

To compare the degree of atrophy of different muscles,
the ratio between muscle weight (MW) and body weight
(BW) was determined and expressed relative to the
MW/BW ratio of the same muscle of age-matched WT
mice (Fig. 4). The MW/BW ratio of soleus (relatively
spared by the disease process) was not smaller in FRGI-low
and FRGI-high mice than in WT mice and larger
in FRGI-med than in WT, suggesting compensatory
hypertrophy. In FRGI-high apart from soleus and
diaphragm all other muscles analysed showed significantly
lower BW/MW ratio in comparison with WT mice.
FRGI-med showed somewhat lower values and FRGI-low
somewhat higher values than WT, but the difference did
not reach statistical significance (Fig. 4). Some of the
muscles (masseter, intercostals) were not included in the
analysis of MW (Table 1) and MW/BW as their shape and
architecture did not enable us to determine their weight
consistently through experimental groups.
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Figure 5. Percentage of centrally nucleated fibres in soleus (S),
biceps (Bc) and vastus (V) of WT, FRG7-low, FRG1-med and
FRG1-high mice

At least 600 fibres were analysed from each group of mice (n = 5).
The height of each bar represents the mean (& s.e.m.). *Significantly
different from WT and FRGT- low, P < 0.05, n = 10.

Figure 4. Ratio between muscle weight (MW) and
B body weight (BW) expressed relative to the
E MW/BW ratio of the same muscle of age-matched
= WT, FRG1-low, FRG1-med and FRG1-high mice
E S, soleus; Ta, tibialis anterior; Ga, gastrocnemius; Tr,

e

triceps; Bc, biceps; Dia, diaphragm. The height of each
bar represents the mean (+ s.e.m.). *Significantly
different from the other groups; fsignificantly different
Dia FRG1- high; P < 0.05, n = 10.

o

The degree of involvement of soleus, vastus and biceps
was also quantified by determining the percentage of
centrally nucleated fibres, considered an index of muscle
fibre regeneration (Ferrari et al. 1998). Figure 5 shows
that in soleus the percentage of centrally nucleated fibres
was very similar in WT and in all FRGI lines, whereas
biceps and vastus had a highly significant increase of
centrally nucleated fibres in all FRGI-med and FRGI-high
in comparison with WT. In FRGI-lowasignificantincrease
of centrally nucleated fibres, but lower than in FRGI-med
and high, was only observed in vastus.

Discussion

The present work studied structure and function of muscle
fibres in a murine model of MD in which the pathogenesis
of the disease cannot be initially traced back to a membrane
defect. The main results indicate that: (i) muscle fibres
are intrinsically weaker in the FSHD mice, and their loss
of strength is an early sign of MD; (ii) fast muscle fibres
are preferentially involved in the dystrophic process; (iii)
the latter phenomenon can be a major determinant of the
slower muscle phenotype of dystrophic muscles and can
play a role in the differential distribution of the disease
among muscles of the same animal.

Muscle weakness in MDs is not only due to a loss
of contractile muscle mass

In the mouse model of FSHD, impaired mobility was
ascribed to muscle atrophy (quantitative mechanism)
which was observed at early stages of the disease in the
absence of any, even transient, significant compensatory
hypertrophy (Gabellini et al. 2006). The present findings,
showing a loss of specific force (Po/CSA) of single muscle
fibres, indicate the existence of a qualitative mechanism
of muscle weakness based on a loss of intrinsic contractile
strength. As type 2B fibres, which are the most represented
fibre type in mice muscles (Pellegrino et al. 2003), lose
approximately half of their intrinsic strength even in
FRGI-low mice, the latter mechanism can play a major
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role, together with a loss of muscle mass, in determining
muscle weakness in the FSHD mice in vivo. As muscle
weakness in vivo, the loss of specific force of muscle fibres
appeared related to the progression of the disease being
more evident in FRGI-med than in FRGI-low mice.

The results obtained in this work confirm and extend
previous findings. Earlier studies showed a loss of specific
force in some population of skinned muscle fibres in mdx
mice (Williams et al. 1993) and in an earlier murine
model of MD, 129Re] mice (Fink et al. 1986). Very
recently, we consistently showed a loss of specific force
in the fastest type 2B fibre type in several mouse models
of MDs: mdx mice (Denti et al. 2006), a-sarcoglycan
KO mice (Sampaolesi et al. 2003), scid-mdx mice
(Torrente et al. 2004). It appears that the intrinsic loss of
contractile strength is a major mechanism underlying
muscle weakness in MD. Moreover, the latter phenomenon
could be a fundamental feature of the dystrophic process
as it is common to MDs having different pathogenetic
mechanism and it is an early manifestation of the disease,
atleastin the only model, the FSHD mice, in which specific
force deficit could be related to the severity of the disease.

The loss in specific force of muscle fibres observed in
recent studies on mdx mice (Denti et al. 2006) is not
in agreement with some earlier findings on the same
mouse model (Takagi et al. 1992; Lynch et al. 2000). The
dependence of muscle fibre alterations on fibre type and
on the progression of the disease suggests possible causes
for such discrepancy. In fact, in earlier works, muscle
fibres were not precisely typed and results might have
been affected by pooling and comparing muscle fibres of
different types and therefore differentially affected by the
disease.

Mechanisms underlying the loss of specific force are
still unclear. Interestingly, the loss of Po/CSA in atrophic
muscle fibres of elderly sedentary and immobilized
humans has been shown to be linearly related to a
decrease in myosin concentration within the fibres (Hook
et al. 2001; D’Antona et al. 2003; D’Antona et al. 2006).
As in MDs the balance between myofibrillar protein
synthesis and degradation is shifted towards degradation
(McKeran et al. 1977; Elia et al. 1981; Warnes et al.
1981), the latter phenomenon might be involved in MDs
as well. Moreover a possible contribution to reduced
specific force generation may also arise from increased
number of weaker regenerating fibres which, in the
presence of degeneration—regeneration cycles, initially
replace necrotic fibres (Gregorevic et al. 2004).
Nevertheless in FRGI mice the observation of a limited
amount of necrosis and regeneration, even in FRGI-high
mice, suggests that this mechanism might play a minor
role.

The observation that dystrophic fibres have not only
lower specific force (Po/CSA), but also lower unloaded
shortening velocity (V,) than WT fibres is relevant as it
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can provide an additional explanation of muscle weakness
and altered motility of FSHD mice. During movement
and locomotion in vivo, muscles shorten against a load
developing power (i.e. force times velocity). A loss of both
Po/CSA and shortening velocity is bound to determine a
much higher loss of mechanical power of the muscles and
consequently a much more evident limitation of motility
than a loss of force per se. It is unclear, whether a loss of V,
is a common features of all mouse models of MD as most
studies so far focused on force. Recently it has been shown
that diaphragm strips from mdx mice shorten at lower
velocity than diaphragm strips from controls (Coirault
et al. 1999). The origin of such impairment is unclear.
In light of the modulator role played by myosin light chain
(MLC) isoforms on V, (Bottinelli et al. 1994), it might be
due to a MD coupled shift in MLC composition of muscle
fibres. However, it has been shown that V, of muscle
fibres and isolated myosin can change without a significant
change in MLC content (Hook et al. 2001; D’Antona et al.
2003, 2006) possibly due post-translational modifications
of the myosin molecule (Ramamurthy et al. 2001).

Fast muscle fibres are preferentially involved
in the dystrophic process

An earlymorphological analysis of muscle fibres of patients
affected by Duchenne MD (Webster et al. 1988) gave
rise to the strong belief that the dystrophic process
preferentially strikes fast fibres. The observation of a
lower stretch-induced damage in slow (soleus) than
in fast (EDL) muscles of mdx mice (Moens et al.
1993; Consolino & Brooks, 2004) supported such belief.
However, no systematic comparative analysis of specific
force of identified types of dystrophic fibres had been
performed so far. The only data available suggested a
significant force loss in slow muscle fibres from soleus,
but not in fast muscle fibres from EDL muscles of mdx
mice (Williams et al. 1993).

In this work, muscle fibres have been precisely identified
on the basis of MHC isoform content, and contra-
ctile properties of three of the four types of muscle
fibres expressed in skeletal muscle of the mice have been
compared. The results indicate that in the FSHD mice
the loss of specific force is significantly more evident in
type 2B than in type 1, slow fibres (type 2A and 2X fibres
being intermediate). Such findings support the general
belief of a preferential involvement of fast fibres in the
dystrophic process. Moreover, being observed in a murine
model of MD with very peculiar pathogenetic features, the
phenomenon appears a common feature of most MDs,
regardless the underlying genetic defect.

The preferential involvement of the fastest fibre types
in the dystrophic process is consistent with several
concomitant findings. The morphological signs of MDs
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were less evident in soleus, the slowest muscle of the mice
(45% MHC-1) than in fast muscles such as the biceps
(27% MHC-2X and 46% MHC-2B) and the vastus (11%
MHC-2X and 82% MHC-2B). MHC isoform distribution
of a large population of skeletal muscles was shifted from
faster to slower isoforms. The percentage of centrally
nucleated fibres was normal in soleus and diaphragm (15%
MHC-1 and 40% MHC-2A), but was much higher in fast
muscle such as the vastus and the biceps.

In FRGI mice a possible contribution to the observed
selective involvement of fast fibres and fast muscles
may take place from higher susceptibility of such fibres
and muscles to eccentric contraction-induced damage as
previously observed in mdx mice (Moens et al. 1993;
Raymackers et al. 2003; Yeung et al. 2003). Indeed, the
preferential deterioration of the fastest fibre types could
be a one of the major determinants of the latter features
common to most MDs.

Lack of plasmamembrane defect and muscle fibre
deterioration

This study suggests that fundamental features of the
dystrophic process are common to the FSHD mice and
to the most studied models of MD such as the mdx mice
and the o-SG-KO mice. The loss of intrinsic strength of
muscle fibres (Sampaolesi et al. 2003; Torrente et al. 2004;
Denti et al. 2006), the preferential involvement of fast
fibres (Webster et al. 1988), the fast to slow shift in muscle
phenotype (Petrof et al. 1993; Muller et al. 2001), and the
differential involvement of skeletal muscles with soleus
being less or later involved in MD (Nguyen et al. 2002;
Briguet et al. 2004) were, in fact, previously observed in
mdx and, to a certain extent, in «-SG-KO mice. Among the
dystrophic features observed, only muscle atrophy is rather
distinctive of the FSHD mice (Gabellini et al. 2006) and
the mouse model of myotonic dystrophy (Mankodi et al.
20005 Seznec et al. 2001). Pseudo-hypertrophy is mostly
observed, in fact, in the other mouse models (Watchko
et al. 2002).

In the FSHD mice we previously demonstrated
sarcolemmal integrity based on lack of Evans blue uptake
by muscle fibres, normal creatine kinase serum levels and
integrity of the DCG complex (Gabellini et al. 2006).
This feature is common to other murine models of MDs,
as calpain-3 deficiency, which also fails to show a clear
increase in serum creatine kinase (Richard et al. 2000)
and Evans blue uptake (Fougerousse et al. 2003). On the
contrary a consistent increase of creatine kinase serum
levels and the appearance of Evans blue positive cells are
considered distinctive features in animal models of MDs
due to alterations of the DCG complex (Sampaolesi et al.
2003; Denti et al. 2006).

In FRGI mice, lack of obvious sarcolemmal impairment
appeared in contrast with the observation of unspecific
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signs of fibre degeneration-regeneration. The extent of
unspecific histopathological signs of MD correlated with
FRGI overexpression but appeared somehow moderate
relative to mdx or «-SG-KO mice (Sampaolesi et al.
2003; Denti et al. 2006). In particular quantification
of the number of centrally nucleated fibres showed,
in all muscles analysed, a moderate level of central
nuclei in FRGI transgenic mice relative to mdx and
a-SG-KO even in the presence of FRGI-high expression
(Gabellini et al. 2006). Furthermore no regenerating
myosins (neonatal or developmental MyHCs) have been
detected in all FRGI lines thus suggesting a low level of
muscle degeneration—regeneration.

Nevertheless coexistence of unspecific dystrophic
changes and sarcolemmal integrity does not represent a
unique feature of the FRGI mouse and FSHD as it has been
already found in the mouse model of myotonic dystrophy
(Mankodi et al. 2000; Seznec ef al. 2001) and myotonic
dystrophy (Casanova & Jerusalem, 1979).

Overall sarcolemmal integrity in FRGI-mice suggests
that the dystrophic features observed so far cannot be
ascribed to an obvious change of calcium levels followed
by activation of proteolysis as in MDs due to alteration
of DGC (Allen et al. 2005; Deconinck & Dan, 2007).
Nevertheless no data on extracellular and intracellular
calcium levels are currently available for FRGI-mice and
the possible contribution of altered calcium homeostasis
in determining the observed histological changes should
be investigated.

Furthermore the present findings strongly suggest that
fundamental features of the dystrophic process very similar
to those observed in presence of DCG alterations can
be the common outcome of alternative pathogenetic
mechanisms. Such fundamental manifestations (loss of
specific force, preferential involvement of fast muscle
fibres, fast to slow shift in muscle phenotype, differential
involvement of muscles) occur at early stages of the disease
at least in the FSHD mice whereas histopathological signs
of MD increase with age (Gabellini et al. 2006). Therefore,
it can be ruled out that they are common in different
MDs just because they necessarily appear in any heavily
compromised muscle whatever the underlying myopathic
process.

The physiological role of FRGI and the mechanism
by which FRGI overexpression leads to the myopathic
response are largely obscure. FRGI is a nuclear protein
identified as a component of purified spliceosomes
(Rappsilber et al. 2002). We found that FRGI over-
expression is responsible for abnormal alternative splicing
of specific pre-mRNAs and this can play a major role
in the pathogenesis of FSHD (Gabellini et al. 2006).
In particular it is likely that both in FRGI mice
and FSHD patients the increased levels of aberrant
proteins may contribute to the histopathological features
arising.
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Interestingly abnormal mRNA processing plays a
pathogenetic role in other neuromuscular disorders such
as oculopharyngeal muscular dystrophy (Calado et al.
2000) and myotonic MD (Ranum & Day, 2004) and
a recent study on muscle fibres of patients affected by
myotonic MD (Krivickas et al. 2000) showed a loss of
specific force, although limited to slow fibres. The latter
observation strengthens the idea that abnormal mRNA
processing can determine the structural and functional
alterations at the fibre level. However the causal link
between aberrant pre-mRNA processing and loss in force
of dystrophic fibres is still unknown.

In conclusion, the analysis of the FSHD mice provided
a detailed characterization of a novel mouse model of
a major human MD which is bound to be used to
further study both the pathogenesis and the therapy
of such important disease. Moreover, the observation
that fundamental features of the dystrophic process are
common to the FSHD mice and to the most studied murine
models of MD strongly suggest they can be on a common
path of different pathogenetic mechanisms.
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