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Limb girdle muscular dystrophy (LGMD) 2F is caused by mutations in the d-sarcoglycan (SG) gene.
Previously, we have shown successful application of a recombinant adeno-associated virus (AAV) vector for
genetic and biochemical rescue in the Bio14.6 hamster, a homologous animal model for LGMD 2F (J. Li et al.,
Gene Ther. 6:74–82, 1999). In this report, we show efficient and long-term d-SG expression accompanied by
nearly complete recovery of physiological function deficits after a single-dose AAV vector injection into the
tibialis anterior muscle of the dystrophic hamsters. AAV vector treatment led to more than 97% recovery in
muscle strength for both the specific twitch force and the specific tetanic force, when compared to the
age-matched control. Vector treatment also prevented pathological muscle hypertrophy and resulted in normal
muscle weight and size. Finally, vector-treated muscle showed substantial improvement of the histopathology.
This is the first report of successful functional rescue of an entire muscle after AAV-mediated gene delivery.
This report also demonstrates the feasibility of in vivo gene therapy for LGMD patients by using AAV vectors.

Limb girdle muscular dystrophies (LGMD) are a group of
heterogeneous inherited neuromuscular diseases. The severe
and early-age onset phenotypes are often caused by mutations
in sarcoglycan (SG) genes a (LGMD 2D), b (LGMD 2E), g
(LGMD 2C), and d (LGMD 2F) (for a review, see reference 10
and references therein). These small transmembrane proteins
associate in equal stoichiometry on the muscle cell membrane
to form a heterotetramer, termed the SG complex. Primary
deficiency of any single SG protein generally results in partial
or complete disappearance of the entire SG complex on the
sarcolemma, leading to muscular dystrophy. The lack of effec-
tive treatment for LGMD necessitates the search for innova-
tive therapeutic strategies, such as gene therapy (8, 12, 17).
Although LGMD 2F itself is a rare and genetically recessive
disease, the success of gene therapy in treating this disease will
benefit other genetic disorders as well.

The first available animal model for LGMD is the naturally
occurring cardiomyopathic Syrian hamster Bio14.6 (13), which
has a deletion in the d-SG gene (25, 27). This primary genetic
impairment causes secondary biochemical deficiency of the
entire SG complex on sarcolemma of myofibers. In addition,
no SG proteins can be detected within the muscle cells due to
rapid degradation in the absence of the SG complex, although
the mRNA transcripts are normal for a, b, and g components
(25, 27). Besides severe cardiomyopathy, the Bio14.6 hamsters
also suffer from skeletal muscle myopathy, with degeneration
and regeneration, necrosis, and central nucleation of myofi-
bers. Muscle physiology studies have revealed overt patholog-
ical hypertrophy accompanied by profound deficits in contrac-
tile forces, compared to normal F1B hamsters (J. F. Watchko,

J. Li, M. J. Daood, E. P. Hoffman, and X. Xiao, submitted for
publication). Since the disease in the hamster is genetically and
biochemically similar to that in human LGMD 2F patients, the
Bio14.6 hamster provides an excellent animal model to de-
velop gene therapy for LGMD.

Vectors based on the nonpathogenic and defective adeno-
associated virus (AAV) (2, 23, 34) have proven to be the most
successful in vivo gene transfer system currently available for
muscle-directed gene therapy (15, 35). AAV vectors are capa-
ble of efficiently and stably transducing both mature and im-
mature muscle cells (26a) but incapable of eliciting host
cytotoxic T-lymphocyte immune responses against vector-
transduced cells (14, 35). The vectors can also integrate into
the host chromosome DNA, therefore rendering long-term
gene transfer. These features have been employed for gene
transfer of both cellular and secretable proteins by using mus-
cle as a platform (1, 7–9, 15, 17, 22, 30). Previously, we have
shown efficient transduction of the human d-SG gene by an
AAV vector and restoration of the SG complex to the sarco-
lemma in the Bio14.6 dystrophic hamsters (17). In addition,
others have shown a protective effect at the myofiber level after
d-SG gene transfer with either adenoviral (12) or AAV vectors
(8). However, no previous report has shown functional rescue
in an entire muscle tissue, e.g., muscle weakness and patho-
logical hypertrophy. Here we report the first evidence of effi-
cient and long-term rescue of muscle functional deficits in
Bio14.6 hamsters after a single administration of an AAV
vector containing the d-SG gene. Specifically, direct intramus-
cular injection of the AAV–d-SG vector into the tibialis ante-
rior (TA) muscle resulted in extensive gene transfer and high
levels of d-SG expression, leading to sustained restoration of
the SG complex throughout the muscle tissue. More impor-
tantly, biochemical recovery, as a result of AAV vector-medi-
ated gene therapy, produced therapeutic efficacy at the physi-
ological levels, including rescue of the contractile force deficits,
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correction of pathological hypertrophy, and major improve-
ment in muscle histology. Our results demonstrate feasibility
for clinical application of AAV vector-mediated gene therapy
for SG deficiency in human patients.

MATERIALS AND METHODS

Production of AAV vectors. Construction of an AAV vector containing human
d-SG cDNA under the control of the cytomegalovirus (CMV) promoter (AAV–
CMV–d-SG) has been reported previously (17). The recombinant viral vector
stocks were produced by cotransfection methods as described by Xiao et al. (36).
The AAV vector was purified twice through CsCl density gradient purification
according to the previously published protocols (29, 35). The vector titers of viral
particle number were determined by the DNA dot blot method and were in the
range of 2 3 1012 to 5 3 1012 viral particles per ml.

Intramuscular injection of AAV vectors. The dystrophic Bio14.6 hamsters
were purchased from Bio Breeders (Fitchburg, Mass.) and handled in accor-
dance with the institutional guidelines of the University of Pittsburgh. Before
AAV vector injection, 40-day-old hamsters were anesthetized with 2.5% Avertin
intraperitoneally. The TA muscle was exposed after a small skin incision. Two
30-ml doses of AAV–CMV–d-SG (5 3 1010 viral particles each) were injected
into the middle region of the TA muscle. The two injection sites were about 5
mm apart from each other. The skin was sutured after vector injection. At 3
weeks and 4 months postintramuscular vector injection, the hamsters were eu-
thanized and the muscle tissues were harvested for further analyses.

Western analysis. Western analysis was carried out according to a previously
published method (17). Briefly, 50 mg of the TA muscle was homogenized and
lysed in radioimmunoprecipitation assay buffer (10 mM Tris-Cl [pH 8.2], 1%
Triton X-100, 1% sodium dodecyl sulfate, 150 mM NaCl). The samples were
separated on sodium dodecyl sulfate–10% polyacrylamide gel electrophoresis
and transferred to nitrocellulose membrane. After blocking in 10% nonfat dry
milk in Tris-buffered saline (TBS) buffer (50 mM Tris-Cl [pH 7.5], 200 mM
NaCl) for 1 h, the membranes were incubated with primary antibodies in TBS
containing 0.5% Tween 20 at room temperature for 1 h. The polyclonal antibody
recognizing a conserved epitope of human, mouse, and hamster d-SG was used
in this experiment with a 1:5,000 dilution (27). Following primary antibody
incubation and rinses, the membranes were incubated with the secondary anti-
body, goat anti-rabbit immunoglobulin conjugated with horseradish peroxidase
(Sigma), with 1:5,000 dilution in 2% dry milk and TBS buffer. After a 1-h
antibody incubation and three washes with TBS buffer containing 0.5% Tween 20
and one wash with TBS, the d-SG protein band was visualized with a chemilu-
minescence reagent (DuPont) and exposed to X-ray film.

Immunofluorescence staining. Cryostat sectioning of the TA muscle tissue was
performed at 5 mm thickness with an IECMinotone (International Equipment
Company). For immunofluorescence staining, the unfixed muscle cryosections
were immediately blocked in 10% horse serum and phosphate-buffered saline
(PBS) at room temperature for 1 h. Monoclonal antibodies against a-SG and
d-SG (Novocatra Laboratories) or a polyclonal antibody to b-SG and g-SG (21)
was diluted 1:100 in 10% horse serum–PBS and incubated with the cryosections
for 2 h at room temperature. After three washes, the sections were incubated
with Cy-3-labeled antimouse or antirabbit secondary antibodies at 1:500 dilution
in 10% horse serum–PBS (Jackson Immuno Research Laboratories). After three
washes, the samples were mounted in 90% glycerol–PBS or Gelmount (Fisher).
Photographs were taken with a Nikon Microphot-FXA microscope, using an
Optronics DEI750 color-integrating digital camera.

Muscle physiology. The TA muscle was isolated for in vitro study by removing
the overlying bicep femoris and gently opening the fascia of the anterior com-
partment. The distal portion of the TA tendon was secured with 5-0 silk suture,
the tendon was cut from its insertion, and the entire TA was removed with its
tibial origin intact. The TA was mounted in a vertical tissue chamber which was
constantly perfused with mammalian Ringers solution aerated with 95% O2–5%
CO2 and maintained at 25°C. The TA tibial origin was fixed by securing the head
of the tibia with a vascular clamp mounted in series to a micropositioner near the
base of the tissue chamber. Care was taken to position the tibia in a vertical
orientation so that TA fibers were in vertical alignment. The tendinous insertion
was secured with a microaneurism clip (Fine Science Tools, Inc.) which was
connected to a force transducer and length servosystem (Model 305B, dual
mode; Aurora Scientific) via fine wire, providing a noncompliant attachment to
the force transducer.

The muscle was stimulated (Grass model S-88 stimulator and current ampli-
fier) by use of monophasic rectangular pulses of cathodal current (1.0-ms dura-
tion) delivered through platinum plate electrodes placed ;1 cm apart. The TA
was positioned midway between the two electrodes. To ensure supramaximal
stimulation, the current was increased by 50% over the current necessary to
obtain peak twitch force (;250 to 300 mA). Muscle fiber length was adjusted
incrementally by using a micropositioner until maximal isometric twitch force
(Pt) responses were obtained (i.e., optimal fiber length [Lo]). Lo was measured
with a microcaliper accurate to 0.1 mm (Fisher Scientific). The dependence of
force generation on the rate of stimulation and maximum tetanic force (Po) was
assessed by use of a range of stimulation frequencies (20, 50, 75, and 100 pulses
per second) delivered in 500-ms duration trains with 2 min intervening between

each train. Following these measurements, the stimulated muscle was weighed
on an analytic balance (model 2100; Fisher Scientific) after tendon and bone
attachments were removed and the muscle blotted dry. All forces (Newtons)
were normalized for a muscle cross-sectional area (CSA), the latter estimated on
the basis of the following formula: muscle weight (in grams)/[Lo (in centime-
ters) 3 1.056 (in grams per cubic centimeter)]. The estimated CSA was used to
determine specific twitch (Pt/CSA) and specific tetanic (Po/CSA) forces of the
muscles.

RESULTS

Efficient and sustained restoration of the SG complex. In
our previous studies, we have demonstrated highly efficient
gene transfer in the dystrophic muscle of the Bio14.6 hamster
by an AAV vector carrying the therapeutic d-SG gene (17).
Although efficient restoration of the missing SG complex was
demonstrated in the gastrocnemius muscle, the studies were
carried out for only a short term and in limited regions of the
muscle group. In this study, we chose the TA muscle, an easily
isolated muscle of appropriate size, for vector injection as well
as for force measurement.

The TA muscles of Bio14.6 hamsters were injected in two
sites with a total dose of 1011 AAV–CMV–d-SG vector parti-
cles at the age of 40 days. At 4 months post vector injection, the
experimental animals were sacrificed and the TA muscle was
isolated. After in vitro muscle physiology measurement (see
below), the TA muscles were subjected to biochemical exam-
inations by Western blot and immunofluorescence analyses. As
shown in Fig. 1, high levels of human d-SG cDNA expression
were observed by Western blot analysis in the vector-injected
TA muscle. AAV vector-mediated d-SG gene expression is
significantly higher than that in the same muscle from the
wild-type F1B control hamster (Fig. 1, lane 1). The results
show efficient and stable gene transfer by AAV vectors in the
dystrophic muscle.

To assess the distribution of d-SG expression within the
vector-injected muscle, immunofluorescence staining was per-
formed. The TA muscles from wild-type, vector-treated, and
untreated dystrophic hamsters were cryosectioned and stained
with antibodies against the four individual SG proteins (Fig.
2a). The TA muscle from the wild-type F1B hamster revealed
uniform sarcolemma staining (Fig. 2a, top row) with antibodies
against a-, b-, and g-SG. Absence of d-SG staining in the
wild-type hamster muscle is due to the nature of the monoclo-
nal antibody, which recognizes only human (not hamster) d-SG
protein. As expected, the negative control Bio14.6 TA muscle
that was not treated with the AAV vector revealed no immu-
nofluorescence staining for all four SG proteins (Fig. 2a, bot-
tom row). However, the AAV vector-treated TA muscle of the
Bio14.6 hamster showed widespread positive staining by all
four antibodies against the individual SG proteins (Fig. 2a,
middle row). These results indicate that sustained and wide-
spread expression of human d-SG cDNA from the AAV vector
compensated the genetic defect in the dystrophic muscle, re-

FIG. 1. Western analysis of d-SG expression in the TA muscle in the wild-
type F1B hamster (lane 1), Bio14.6 dystrophic hamster (lane 2), and Bio14.6
dystrophic hamsters treated with the AAV–CMV–d-SG vector (lanes 3 to 8) 4
months earlier. Note various high levels of d-SG gene expression in all TA
muscles which were treated with the recombinant AAV vector containing human
d-SG cDNA.
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sulted in restoration of the entire SG complex, and lead to
positive staining for all four SG proteins on the sarcolemma.

It is noteworthy that in our previous short-term (3 weeks)
study with the gastrocnemius muscle, we observed overexpres-
sion of the d-SG gene and accumulation of d-SG protein in
cytosol in numerous muscle fibers (17). In this study, a subset
of myofibers in the TA muscle also revealed overexpression of
d-SG with the inappropriate cytoplasmic localization. Exam-
ples of the persistent overexpression of d-SG are shown in Fig.
2b, as well as in Fig. 2a. Despite large amounts of d-SG protein
in those fibers, no detectable muscle impairment or immune
consequences, such as lymphocyte infiltration, were observed.
Interestingly, during the course of our present study, a dura-
tion of 4 months, overexpression of d-SG in those myofibers
apparently persisted. These findings suggest that overexpres-
sion of human d-SG in a dystrophic hamster muscle can fulfill
its normal functions without causing detrimental effects.

Correction of muscle hypertrophy and morphology. A com-
parative evaluation of muscle weight in a group of age-
matched (4 to 5 months old) hamsters was performed by using
TA muscles isolated from normal F1B hamsters, untreated
Bio14.6 hamsters, and vector-treated Bio14.6 hamsters. Since
the lengths of TA muscles from all the above hamsters are

identical (Watchko et al., submitted), the muscle weight dif-
ferences reflect the degree of hypertrophy. As shown in Table
1, the TA muscle from the normal F1B hamster weighed 117 6
9 mg, while TA from Bio14.6 weighed 172 6 13 mg. However,
after vector treatment the Bio14.6 TA muscle weighed 111 6
7 mg, essentially corrected to the levels of normal F1B ham-
sters. This result indicated that the hypertrophy was fully re-
versed. Morphologically, the vector-treated TA muscle exhib-
ited indistinguishable gross appearance from that of the wild
type, while the untreated TA muscle was apparently hypertro-
phied.

Histological examination of the normal, vector-treated, and
untreated dystrophic TA muscle samples yielded results con-
sistent with the gross morphology data. Hematoxylin and eosin
staining of cross sections from the normal hamster TA muscle
displayed uniform myofiber sizes and peripherally localized
nuclei (Fig. 3A), while the untreated Bio14.6 hamster muscle
suffered focal necrosis and displayed uniform central nucle-
ation (Fig. 3C), an indication of muscle degeneration and re-
generation. However, the age-matched AAV vector-treated
TA muscle of the Bio14.6 hamster showed little evidence of
degeneration and regeneration with more consistent fiber size.
Necrosis was absent in the vector-transduced muscle, and a

FIG. 2. Immunofluorescence analysis of the SG complex in the TA muscle. (a) Cryosections of the TA muscle from the wild-type (WT) F1B hamster (top row),
Bio14.6 hamster treated with the recombinant AAV vector (middle row), and untreated Bio14.6 hamster (bottom row) were immunofluorescently stained with
antibodies against the four components of the SG complex (a-SG, b-SG, g-SG, and d-SG). Note that the anti-d-SG monoclonal antibody is specific to the human d-SG
protein. Therefore, it was unable to detect the d-SG in the wild-type hamster, but it was able to detect the human d-SG expressed in the recombinant AAV
vector-treated Bio14.6 hamster muscle. (b) Cryosections of the TA muscle from another Bio14.6 hamster treated with the recombinant AAV vector. The consecutive
sections were immunofluorescently stained with antibodies either against d-SG (A) or against a-SG (B). Note that overexpression of d-SG in different regions of the
vector-treated muscle did not interfere with the distribution of a-SG on the myofiber sarcolemma.
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majority of the centrally localized nuclei were reversed to the
normal peripheral location (Fig. 3B). It is noteworthy that at
the age of vector injection (40 days), degeneration and regen-
eration and central nucleation were already extensive in most
of the myofibers of the Bio14.6 hamster TA muscle (Fig. 3D).
Similar partial reversal of the central nuclei to the peripheral
location has been observed in a genetically normal mouse
muscle after an acute degeneration-regeneration process was
stopped (19).

Recovery of muscle force deficits. A major functional deficit
in muscular dystrophy patients is the loss of muscle strength. In
our previous physiological study with the Bio14.6 hamster TA
muscle, we revealed profound muscle force deficits (Watchko
et al., submitted), similar to those seen in the dystrophic pa-
tients. Although long-term and efficient restoration of the
d-SG complex and substantial improvement of muscle mor-
phology and histology have been accomplished, the most im-
portant criterion is to see whether the muscle force can be
subsequently recovered as a result of AAV vector gene therapy

in the dystrophic TA muscle. Therefore, we performed in vitro
contractile force measurement by using the TA muscles from
age-matched (4 to 5 months old) normal F1B hamsters, un-
treated Bio14.6 hamsters, and vector-treated Bio14.6 hamsters.
The latter had received an intramuscular administration of
1011 viral vector particles 4 months before. The TA muscles
were carefully separated from the hind legs and subjected to in
vitro electrophysiological stimulation and contractile measure-
ment on a force transducer (see Materials and Methods).

Two different muscle contractile forces were tested, i.e.,
peak twitch force and maximal tetanic force. In those tests, the
untreated Bio14.6 TA muscle displayed significant lower mus-
cle force than the F1B muscle when the forces were normal-
ized for the muscle CSA. The specific peak twitch force in
Bio14.6 hamsters was 5.5 6 1.2 N/cm2 versus 9.3 6 1.5 N/cm2

in F1B normal hamsters, showing a 41% deficit. Similarly, the
specific tetanic force in Bio14.6 hamsters was 15.6 6 2.8 N/cm2

versus 22.8 6 2.3 N/cm2 in F1B normal hamsters, showing
a 32% deficit. However, AAV–CMV–d-SG vector-treated

FIG. 3. Histological staining (hematoxylin and eosin) of the TA muscle samples from the 5-month-old wild-type F1B hamster (A), 5-month-old AAV-treated
Bio14.6 hamster (B), 5-month-old untreated Bio14.6 hamster (C), and 40-day-old untreated Bio14.6 hamster (D). Note the extensive degeneration and regeneration
and focal necrosis in the untreated TA muscles.

TABLE 1. Measurements of TA muscle weighth and forcesa

Hamster Muscle weight
in mg (n)

Specific twitch force
in N/cm2 (n)

Specific tetanic force
in N/cm2 (n)

F1B (wild type) 117 6 9 (8) 9.3 6 1.5 (8) 22.8 6 2.3 (8)
Bio14.6 (untreated) 172 6 13 (9) 5.5 6 1.2 (9) 15.6 6 2.8 (9)
Bio14.6 (AAV vector treated) 111 6 7 (4) 9.2 6 0.8 (4) 22.6 6 1.7 (4)

a Forty-day-old male Bio14.6 hamsters were injected with 1011 particles of an d-SG–AAV vector into the TA muscle. At 4 months after vector injection, the animals
were sacrificed and the TA muscle was isolated. Age-matched F1B hamsters (wild type) and Bio14.6 hamsters (mutant) not treated with the recombinant AAV vector
were used as controls. The in vitro muscle force measurement was performed according to standard protocols (see Materials and Methods). The weight of the TA
muscle was determined on an analytic balance after force measurement. All values in the table include standard deviations.
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Bio14.6 muscles regained muscle strength, generating a spe-
cific twitch force of 9.2 6 0.8 N/cm2 and a specific tetanic force
of 22.6 6 1.7 N/cm2. Quantitation of the force recovery score
demonstrated almost complete regain of muscle strength in the
vector-treated TA muscle to wild-type F1B levels. The specific
peak twitch force recovered to 97.4% of the wild-type level
(versus 59% in the untreated muscle). The specific tetanic
force recovered to 97.2% of the wild-type level (versus 68% in
the untreated muscle). The results are summarized in Table 1
and depicted in Fig. 4. The calculations of the specific peak
twitch and specific tetanic force recovery scores are adopted
from Deconinck et al. (4) and are respectively illustrated as
follows:

Bio14.6AAV 2 Bio14.6
F1B(wild type) 2 Bio14.6

9.2 2 5.5 N/cm2

9.3 2 5.5 N/cm2 5 97.4%

Bio14.6AAV 2 Bio14.6
F1B(wild type) 2 Bio14.6

22.6 2 15.6 N/cm2

22.8 2 15.6 N/cm2 5 97.2%

DISCUSSION

In this report we describe the first evidence of muscle force
recovery and reversal of pathological hypertrophy in the d-SG-
deficient dystrophic Bio14.6 hamsters after intramuscular in-
jection of an AAV vector containing the human d-SG cDNA.
The therapeutic effects were achieved as a result of sustained
and widespread restoration of the d-SG complex on sarco-
lemma by one-time AAV vector treatment in the TA muscle of
this LGMD animal model. The contractile force recovery rates
of the vector-treated TA muscle were 97.4% for specific twitch
force and 97.2% for specific tetanic force. Thus, the vector
treatment essentially restored the contractile forces of the dys-
trophic muscle to the levels of the age-matched wild-type con-
trol hamsters. In addition, the pathologic hypertrophy was also
fully reversed. The vector-treated muscle exhibited normal-size
weight and morphology when compared to those of the wild-
type age-matched control hamsters.

Recent studies with the Bio14.6 hamsters have demon-
strated the feasibility of gene therapy for LGMD. Efficient
restoration of the missing SG complex in the TA and gastroc-
nemius muscles was achieved by either adenoviral vector (12)-
or AAV vector (8, 17)-mediated in vivo gene transfer of the

human d-SG gene in this hamster model. Furthermore, the
protective effect of muscle cell membrane integrity has also
been observed in myofibers positive for vector gene transfer, as
judged by the fluorescent dye leakage tests and improvement
of muscle histology (8, 12). However, because loss of muscle
strength is the most direct and disabling deficiency in muscular
dystrophy patients, the ultimate test to evaluate therapeutic
effects in dystrophic muscle should include contractile force
recovery. Partial muscle contractile force recovery has been
shown in the mouse model (mdx) for Duchenne muscular
dystrophy after adenoviral vector-mediated dystrophin gene
transfer (3). Nonetheless, no force recovery has been previ-
ously reported in Bio14.6 hamsters after gene vector treat-
ment, possibly due to relatively low vector transduction effi-
ciency (8).

The Bio14.6 hamster is an excellent LGMD animal model
for muscle force deficit studies and for gene therapy strategy
development. The dystrophic TA muscle displays significant
deficiency in muscle strength. Thus, the specific twitch force
and tetanic force are 59 and 68% of those of the wild-type
hamster, respectively. In addition, the TA muscle also dis-
played extensive central nucleation and pathological hypertro-
phy, which are common signs of dystrophy. Furthermore, this
muscle is large enough to readily perform intramuscular vector
injection but small enough to carry out in vitro contractile
force measurement. Nonetheless, the TA muscle in the
Bio14.6 hamster does not seem ideal for an in vivo myofiber
membrane leakage test, because in vivo administration of
Evans Blue dye did not reveal significant myofiber leakage
under the unstressed condition (data not shown and references
8 and 31). On the contrary, the gastrocnemius muscle endured
much more significant cell membrane leakage under the same
unstressed condition (12). Due to the large size and large force
generated beyond our instrument scale, we could not deter-
mine whether the gastrocnemius muscle suffers more force
deficits than the TA muscle or how much contractile force the
former recovers after AAV vector treatment (17).

AAV vectors are based on a nonpathogenic and replication-
defective human parvovirus (2, 23). A large body of previous
studies has demonstrated that not only wild-type AAV but also
recombinant AAV vectors can integrate into the host chromo-
somes both in vitro and in vivo (7, 16, 18, 20, 24, 28, 33, 35).
Recently, circular episomal forms of vector DNA have been
discovered to also persist in vivo (5, 6). Stable vector DNA
persistence and lack of host cytotoxic T-lymphocyte reactions
enable efficient and long-term in vivo gene delivery by AAV
vectors to treat genetic diseases. In particular, AAV can effi-
ciently and stably transduce normal, regenerating, immature,
and mature muscles (35; Pruchnic et al., submitted). This is
especially suitable for muscle-orientated gene therapy for both
muscular and nonmuscular diseases. Due to the small particle
size and abundant receptors, the AAV vector can render wide-
spread intramuscular gene delivery far beyond the injection
needle track. In this study, immunofluorescence analysis re-
vealed a high percentage of myofibers displaying the SG com-
plex on the sarcolemma of vector-treated dystrophic TA mus-
cles. Due to operation variability, gene transfer rates varied
among individual samples, ranging from 60% to more than
90% of the myofibers transduced within the injected TA mus-
cles (data not shown). Interestingly, despite the variation in
transduction percentages, muscle forces as well as hypertrophy
data showed nearly complete recovery in the TA muscles ex-
amined with little variation (Table 1). These results suggest
that correction of over half of the diseased myofibers in a
muscle will confer nearly full recovery of physiological func-
tions in a dystrophic muscle tissue. This notion is consistent

FIG. 4. Comparison of TA muscle mass, twitch force, and tetanic force in
wild-type F1B hamsters (dotted bar; n 5 8), untreated Bio14.6 hamsters (white
bar; n 5 9), and AAV vector-treated Bio14.6 hamsters (hatched bar; n 5 4) (see
Table 1 for details).
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with the observations in Duchenne muscular dystrophy pa-
tients (11) as well as in Duchenne muscular dystrophy animal
model mdx mice (26), where approximately 20% of the normal
dystrophin expression can confer normal muscle functions.

It is noteworthy that certain areas adjacent to the injection
site or certain muscle fibers had supranormal levels of trans-
gene expression (Fig. 2b). A similar phenomenon was also
observed in the gastrocnemius muscle in our previous studies
(17). This overexpression might be due either to high doses of
vector uptake in areas near the injection sites or to high re-
ceptor levels in a certain subtype of myofibers (32; Pruchnic et
al., submitted). However, the overexpression of the human
d-SG gene has persisted in numerous myofibers through the
duration of the 4-month period. No deleterious consequences
to the muscle cells were detected due to the overexpression.
No cellular immune responses, such as lymphocyte infiltration,
were detected in the transduced muscle. These observations
support the safety profile of intramuscular injection of the
AAV vector that expresses the human d-SG protein in the
immunocompetent animals. Because of the short life span of
Bio14.6 hamsters, which is reportedly 146 days on average (13),
we did not carry out any long-term studies on hamsters beyond
5 months of age. However, recently the vender Bio Breeders
informed us that under the improved animal care conditions,
Bio14.6 hamsters can have prolonged life spans of up to 10 to
12 months, much longer than that originally reported about 30
years ago. This will allow us to carry out longer-term safety
studies. Since muscle is one of the largest organs in humans,
gene therapy through direct intramuscular injection requires
the production and in vivo delivery of enormous amounts of
viral vectors. This challenging task awaits novel technological
advancement in vector production and delivery, as well as
preclinical and clinical safety studies. Interestingly, a novel
vector delivery methodology has been developed recently
which administers the vectors through the blood vessel into the
muscle tissue. Such a systemic gene delivery method in com-
bination with high-titer AAV vectors (36) should render more
widespread and uniform transduction than direct intramuscu-
lar injection in the target muscle tissues (8).
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