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966 AdDYSpgal, was designed for gene transfer for DMD 
and contains a two-part expression cassette: (1) the full- 
length murine dystrophin cDNA under control of the 
murine muscle creatine kinase (MCK) promoter includ- 
ing the first intron; and (2) the E. coli lacZ gene under 
control of the cytomegalovirus (CMV) promoter. The vec- 
tor is propagated in the 293 cell line with necessary viral 
functions provided by the cell line and a helper virus. 
Purification of the vector is accomplished by cesium 
chloride banding that, by current technology, leaves a 
helper virus level of 1% or less remaining in the purified 
vector stock. The helper virus is a first-generation adeno- 
viral vector with an additional deletion of the packaging 
signal in order to favor packaging of the vector, which 
has a wild-type packaging signal, over the helper. We 
showed that this recombinant virus efficiently infected 
cultured primary muscle cells, and the foreign DNA 
independently expressed both dystrophin and p-galacto- 
sidase in uitro.15 Here we report the expression from 
AdDYSPgal in dystrophin-deficient rndx mice in uiuo, and 
demonstrate the first successful somatic delivery of full- 
length dystrophin at high levels to skeletal muscle. 

Results 

Expression and localization of dystrophin, 
P-galactosidase and dystrophin-associated proteins in 
vector-injected rndx muscle 
Full-length dystrophin and P-galactosidase were both 
expressed in muscle fibers after an intramuscular injec- 
tion of the AdDYSPgal vector into 6-day-old m d x  mice 
(Figure 1A and C). Most fibers expressing dystrophin 
also express P-galactosidase, as would be expected. In a 
few fibers, dystrophin is detected, but not P-galactosid- 
ase. This discrepancy most likely occurs because the 
immunohistochemical detection of dystrophin, which is 
localized to the muscle membrane, is more sensitive than 
the histochemical detection of P-galactosidase, which is 
diffused throughout the cytoplasm. Very rarely, a muscle 
fiber expresses p-galactosidase, and not dystrophin. The 
simplest explanation for this phenomenon would be that 
dystrophin expression along the length of an infected 
muscle fiber occurs regionally in the vicinity of the nuclei 
containing the vector DNA. Dystrophin and P-galactosid- 
ase expression were not observed in the opposite hind 
limb that was sham-injected with diluent buffer except 
for rare revertant fibers normally seen in rndx muscle 
(Figure 1D and Figure 28, D, F).16 

We examined dystrophin and P-galactosidase 
expression from the vector at three time-points after 
intramuscular injection of AdDYSPgal in 6-day-old mice. 
At 2 weeks after iniection of 2 x lo7 vector   articles in the 
right gastrocnemius muscle, membrane-localized dystro- 
phin was detected by immunohistochemistry in regions 
of the vector-injected muscle, but not in the sham-injected 
left gastrocnemius (Figure 2A and B). At 4 weeks after 
injection of 2 x lo7 vector particles, large areas of muscle 
expressed dystrophin (Figure ZC), and high levels of full- 
length dystrophin were detected by Western blot analysis 
(approximately 50% of normal levels corresponding to 
approximately 50% of fibers expressing dystrophin in 
cryosections) (Figure 3). The dystrophin expressed from 
the vector showed no evidence of degradation or short- 
ened forms. At this same time-point after injection of 

1 x 10"ector particles, the region of muscle expressing 
dystrophin was even more extensive (data not shown). 
At 6 weeks after injection of 2 x lo7 vector particles, dys- 
trophin continued to be expressed, but the proportion of 
fibers expressing dystrophin had decreased (Figure 2E). 
At all time-points, the expression of P-galactosidase from 
the vector paralleled the expression of dystrophin (data 
not shown). 

The distribution of dystrophin expressed from 
AdDYSPgal and dystrophin-associated proteins (DAPs) 
restored to treated muscle was analyzed in uiuo by immu- 
nohistochemistry. Full-length dystrophin expressed from 
the vector in rndx muscle was correctly localized to the 
sarcolemma (Figure 1C and Figure 2A, C, E). The DAPs, 
a-sarcoglycan, y-sarcoglycan (not shown), P-dystrogly- 
can and syntrophin, were expressed at the sarcolemma 
of those fibers expressing dystrophin in the vector- 
injected limb and were absent from the sham-injected 
limb (Figure 4). 

Therapeutic effect of vector administration on rndx 
histopathology 
In cross-sections of normal skeletal muscle, cell nuclei are 
found at the periphery of muscle fibers. In contrast, cen- 
trally placed nuclei are characteristic of fibers that have 
undergone degeneration and subsequent regeneration. 
Therefore, the ongoing muscle fiber degeneration and 
regeneration in rndx mouse muscle results in an increas- 
ing proportion of fibers with centrally placed nuclei as 
the mouse ages. In our studies, rndx mice receiving either 
2 x lo7 or 1 x lon vector particles in a single intramuscular 
injection at day 6 of life and killed 4 weeks after injection 
demonstrated large areas of muscle with a marked 
decrease in the proportion of fibers with centrally placed 
nuclei and a decrease in the variation in fiber size (Figure 
18). Entire cross-sections of vector-injected and sham- 
injected gastrocnemius muscles were analyzed for the 
percentage of fibers harboring centrally placed nuclei 
(Table 1). Four weeks after a 2 x lo7 vector particle injec- 
tion, the percentage of muscle fibers with centrally placed 
nuclei was 10.8 + 5.5 (mean * standard deviation for the 
entire cross-section) for the vector-injected gastrocnemius -. 

muscle in contrast to 40.1 f 7.4 for the sham-injected 
opposite gastrocnemius muscle. We also calculated the 
percentage of fibers with centrally placed nuclei in selec- 
ted regions of the cross-section of vector-injected muscle 
in which most fibers expressed dystrophin. The analysis 
limited to these regions showed that 7.4 f 6.0% of fibers 
had centrally placed nuclei. We observed similar results 
in mice injected with a larger amount of AdDYSPgal 
(Table 1). Four weeks after a I x loX vector particle injec- 
tion, the percentage of fibers with centrally placed nuclei, 
analyzed for the entire cross-section of muscle, was 
17.4% 4.8 for the vector-injected gastrocnemius muscle in 
contrast to 51.5f 0.3 for the sham-injected opposite 
gastrocnemius muscle. The analysis limited to regions of 
vector-injected muscle with most fibers expressing dys- 
trophin showed that 7.3 f 1.8% of fibers had centrally 
placed nuclei. In contrast, 4 weeks after an intramuscular 
injection of only 2 x 106 vector particles no morphological 
difference was observed between vector-injected and 
sham-injected muscles (Table 1). This observation was 
consistent with the finding that very few fibers expressed 
dystrophin 4 weeks after a 2 x 106 vector particle injection 
(data not shown). Although mice collected at 6 weeks 
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ified vector preparat ion wi th  helper virus, a s  determined 
by plaque assay a n d  by Southern blot analysis of isolated 
DNA, was 1 % or less. 

In vivo transduction of mdx mouse muscle with 
AdD YSpgal 
Six-day-old v idx  mice were each given a 5-10-p1 intra- 
muscular  injection of purified AdDYSPgal in the pos- 
terior right h ind  limb. The s a m e  volume of PBS2+ wi th  
5% glycerol w a s  injected in the posterior left hind limb. 
Duplicate mice were  used for each dose  a n d  collection 
time. Experimental mice injected w i t h  2 x lo6 particles 
were killed a t  2 a n d  4 weeks after injection. Mice injected 
wi th  2 x lo7 particles were  killed a t  2 , 4  and 6 weeks after 
injection. Mice injected wi th  1 x los particles were killed 
a t  4 weeks after injection. The left a n d  right gastro- 
cnemius muscles were  snap-frozen in liquid nitrogen- 
cooled isopentane. 

Detection of p-galactosidase, dystrophin and DAPs in 
cryosections of skeletal muscle 
Muscle blocks were cryosectioned a t  5-10 pm. Histo- 
chemical staining for p-galactosidase w a s  performed as 
previously d e ~ c r i b e d . ' ~  Muscle sections were  incubated 
w i t h  X-gal staining solution a t  37°C for 12-16 h and 
subsequently counterstained wi th  hematoxylin and 
eosin. Dystrophin was detected using the  affinity purified 
anti-dystrophin ant ibody d10'6,26,27 as the pr imary anti- 
body, biotinylated donkey anti-sheep ant ibody a s  the sec- 
ondary  antibody, and Texas-Red-labeled streptavidin for 
detection. a-Sarcoglycan, P-dystroglycan and syntrophin 
were detected using a rabbit polyclonal ant ibody against 
the  a-sarcoglycan (adhalin) C-terminal p e ~ t i d e , ~ ~  a n  
affinity-purified sheep polyclonal ant ibody against dys- 
troglycan fusion protein,29 and an affinity-purified sheep 
polyclonal ant ibody against syntrophin fusion protein3' 
for the pr imary antibody, respectively. After incubation 
with biotinylated secondary antibodies, sections were 
labeled w i t h  FITC-conjugated streptavidin. 

T o  obtain percentages of fibers harboring centrally 
placed nuclei, serial sections were stained for P-galactosi- 
dase and immunostained for dystrophin t o  identify 
regions of P-galactosidase and dystrophin-expressing 
fibers and wi th  hematoxylin and eosin to  identify the  
position of nuclei within muscle fibers. A representative 
section from the  mid-portion of each muscle was 
analyzed. Counts  of total fiber number  and fibers with 
centrally placed nuclei were m a d e  from hematoxylin and 
eosin-stained sections. 

Protein extraction and Western blot analysis for 
dystrophin expression 
Muscle homogenates  were prepared by homogenizing 
several sections f rom the  same tissue block used for 
immunohistochemical analysis in 50 mM Tris pH 7.4, 
5 mM EDTA, 5 mM EGTA and 0.2% SDS. Homogenates  
were  incubated on ice for 30 min and then centrifuged a t  
16 000 g a t  4°C. Supernatant  protein concentrations were 
assayed using the  bicinchoninic acid protein assay 
reagent (Pierce, Rockford, IL, USA). SDS-PAGE and 
Western blot analysis were performed, a s  previously 
des~ribed.~ 
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