© 2005 Nature Publishing Group http://www.nature.com/naturebiotechnology

ARTICLES

Adeno-associated virus serotype 8 efficiently delivers
genes to muscle and heart
Zhong Wang1,3, Tong Zhu1,3, Chunping Qiao1, Liqiao Zhou1, Bing Wang1, Jian Zhang1, Chunlian Chen1,
Juan Li1 & Xiao Xiao1,2
Systemic gene delivery into muscle has been a major challenge for muscular dystrophy gene therapy, with capillary blood vessels
posing the principle barrier and limiting vector dissemination. Previous efforts to deliver genes into multiple muscles have relied
on isolated vessel perfusion or pharmacological interventions to enforce broad vector distribution. We compared the efficiency of
multiple adeno-associated virus (AAV) vectors after a single injection via intraperitoneal or intravenous routes without additional
intervention. We show that AAV8 is the most efficient vector for crossing the blood vessel barrier to attain systemic gene transfer
in both skeletal and cardiac muscles of mice and hamsters. Serotypes such as AAV1 and AAV6, which demonstrate robust
infection in skeletal muscle cells, were less effective in crossing the blood vessel barrier. Gene expression persisted in muscle
and heart, but diminished in tissues undergoing rapid cell division, such as neonatal liver. This technology should prove useful
for muscle-directed systemic gene therapy.

Medicine currently offers no effective treatment for muscular dystrophies, which afflict a significant population of children and adults
worldwide. Gene therapy has great potential for the treatment of
genetic muscle diseases1–4. A major challenge is how to deliver the
therapeutic genes into most, if not all, of the diseased muscles.
Previously, muscle tissue has been targeted to produce therapeutic
proteins for gene therapy of metabolic diseases5–7. Delivery of gene
vectors to local muscle or heart tissue has been achieved by direct
intramuscular (i.m.) injection8–11 or by local blood vessel perfusion
with both nonviral and viral vectors, including plasmid DNA12,
adenovirus13 and adeno-associated (AAV) vectors13–15. Long-term
therapy of diseased muscles has been achieved with numerous treatments, particularly with AAV vectors1,2,4,7,15–18. However, multiple
intramuscular injections of the gene vector remain impractical for
large groups of muscles. Currently available techniques for blood
vessel–mediated gene delivery in muscle (isolated limb perfusion)
require the assistance of either pharmacological reagents to enhance
vasculature permeability13 or physical interference, such as largevolume and high-pressure injection, to force the vector particles out
of the blood vessels and into the muscle tissues12. As a result, these
methods are not feasible for whole-body vector delivery.
We have focused on AAV vectors because of their effectiveness for
systemic muscle gene delivery8–11,19. In addition to the advantages of
nonpathogenicity, robust infectivity and long-term gene transfer in
both skeletal and cardiac muscles, AAV is the smallest virus that has
been widely used as a gene vector system. With a diameter of B20 nm,
the physical particles of AAV are even smaller than naked plasmid
DNA20,21 and other viral and nonviral vectors such as adenovirus,
lenti- and retrovirus, herpes simplex virus and liposomes, which have

diameters of B100 nm or larger. Even though smaller particles have
intrinsic advantages in crossing the physical barriers of both the blood
vessels and basal lamina of differentiated muscle cells22, our attempts
to deliver AAV serotype-2 vectors into multiple muscles have been
unsuccessful. This suggests that it is just as important to overcome
biological as physical barriers in achieving efficient vector dissemination and infection of muscle tissues.
Recently, a number of new AAV serotype vectors, including AAV7
and AAV8, have become available23–25 and have made it possible to
reexamine the feasibility of systemic muscle gene delivery. Because
different AAV vectors exhibit distinct tissue tropism and interact with
different cellular receptors26–29, we investigated the behavior of the
new serotype vectors with regard to systemic delivery. Using intraperitoneal or intravenous vector delivery methods in neonatal and adult
mice and hamsters, we observed profound differences in systemic
vector dissemination and transgene expression in striated muscles by
different AAV serotype vectors. Whereas AAV8 showed the highest
efficiency in systemic gene transfer to striated muscles throughout the
whole body, AAV1 and AAV6 were the most efficient in local muscle
gene delivery by direct intramuscular injection.
RESULTS
Diverse efficiencies in systemic muscle gene transfer with AAV
vectors
Our initial intention was to target the respiratory muscles, such as
diaphragm and abdominal muscles, by injecting AAV vectors into the
peritoneal cavity of neonatal mice. Based on previous experience in
muscle tissues19,24, we chose to compare AAV serotypes 1, 2, 5, 6, 7
and 8. Each of these AAV vectors contained an identical vector DNA
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cassette that harbors a gene encoding green fluorescent protein (GFP)
driven by a constitutive CB promoter30,31. We could directly monitor
and compare both short- and long-term transgene expression in a
variety of organs and tissues. As expected, we observed a wide range
of gene transfer efficiencies 2 months after intraperitoneal (i.p.)
injection of different AAV vectors in neonatal mice (Fig. 1a).
Whole-body fluorescent photography revealed strong and widespread
GFP expression in chest and hind leg muscles from both ventral
and dorsal views after AAV1, 6, 7 and 8 vector treatment (Fig. 1a),
and more widespread expression in the forelimb and shoulder
muscles after AAV7 and 8 treatment. Lower levels of fluorescence
were observed in the AAV5- and AAV2-treated mice, mainly in
the abdominal muscle and localized on the vector injection
side (Fig. 1a). GFP expression started as early as 3 d after i.p. injection of AAV8 vectors and gradually increased and persisted to
adulthood in the vast majority of the muscles throughout the
body (Fig. 1b). These results indicate that AAV1, 6, 7 and most
particularly AAV8 are highly efficient in transducing muscles beyond
the intraperitoneal cavity.
We next examined GFP transgene expression semi-quantitatively
with fluorescent microscopy on muscle cross-sections, because wholebody fluorescence photography had low sensitivity and low depth of
detection. AAV8 vector–treated mice again exhibited strong GFP
expression in all the skeletal muscles examined (Fig. 1c and data
not shown). Highly efficient transduction was also observed in cardiac
muscle (Fig. 1c). Comparison of GFP expression by various AAV
serotype vectors revealed that AAV7 and particularly AAV8 effectively
transduced muscles not only in the vicinity of the peritoneal cavity
and hind limbs, but also at remote sites such as forelimb, facial and

heart muscles (Fig. 1d). These results suggest that AAV8 is the most
effective serotype in transducing the vast majority of striated muscles.
Because AAV7 had a similar, but slightly weaker, profile than AAV8,
we elected not to characterize both viruses in parallel in the subsequent experiments.
AAV1, 5 and 6 vectors were less effective than AAV7 and AAV8 in
transducing remote muscle sites. Although AAV1 and 6, the two
serologically identical vectors25, yielded the strongest GFP expression
in many muscles, they also showed a high degree of preference for the
abdominal wall, chest wall and hind limbs, as revealed by both wholebody fluorescence photography (Fig. 1a) and semi-quantitative fluorescent microscopy of muscle cryosections (Fig. 1d). A gradient of
fluorescence was often observed with prominent GFP expression on
the left side of the body, where the vectors were initially delivered into
the peritoneal cavity (Fig. 1a). Much weaker signals were detected in
the forelimb and facial muscles of AAV1- and AAV6-treated mice, and
background levels in AAV5-treated mice (Fig. 1d). Furthermore,
AAV1 and 6 were substantially less efficient in transducing cardiac
muscle when compared to AAV7 and 8, but much better than AAV5
and 2 (Fig. 1d).
We also examined nonmuscle tissues. In striking contrast to
the broad and robust GFP expression in skeletal and cardiac
muscle, GFP-positive cells were essentially undetectable in brain,
spleen, gonad glands (testes and ovary), or smooth muscle of the
intestine and blood vessels (data not shown) 2 months after vector
delivery into neonatal mice with all six serotypes. Only a few sporadic
positive green cells were detected in the lungs and kidneys of some
mice (Fig. 1c). Less than 1% of the hepatocytes remained GFPpositive in the liver even after AAV8 treatment (Fig. 1c), which was
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Figure 1 Systemic gene delivery to muscle and heart of neonatal mice by different
AAV serotypes via i.p. injection. (a) Whole-body fluorescent photography of 2-month-old
mice after i.p. injection of 2  1011 v.g. of various dsAAV-CB-GFP at 1 d old. Note the
widespread GFP expression in the foreleg, back and shoulder muscles in mice treated
with AAV7 and AAV8. (b) Time course of GFP gene expression in mice after i.p. injection
of 2  1011 v.g. of dsAAV8-CB-GFP at 6 d old. (c) GFP expression seen in cryosections
of heart, muscle and nonmuscle tissues at 2 months after neonatal i.p. injection of
2  1011 v.g. of dsAAV8-CB-GFP. Numbers in parentheses denote microscopy exposure
time in seconds (s). Note strong GFP expression in heart and muscles, and minimal to
undetectable GFP expression in nonmuscle tissues. Scale bar, 100 mm. (d) Quantification
of GFP fluorescence in muscle and heart cryosections of mice, which were injected i.p.
with 2  1011 v.g. of various serotypes of dsAAV-CB-GFP vectors at neonatal age.
Analysis was done 2 months after gene delivery.
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Figure 2 Systemic gene delivery to muscle of neonatal mice by different AAV serotypes via i.v. injection. (a) Whole-body fluorescent photography taken
one month after i.v. (temporal vein) injection of 2  1011 v.g. of various dsAAV-CB-GFP at 3 d of age. (b) GFP expression seen in cryosections of heart,
muscle and nonmuscle tissues one month after neonatal i.v. injection with 2  1011 v.g. of dsAAV8-CB-GFP. Numbers in parentheses denote microscopy
exposure time in seconds (s). Scale bar, 100 mm. Note the strong GFP expression in heart and muscles, and the minimal to undetectable GFP expression
in nonmuscle tissues. (c) Quantitative analysis of average fluorescence intensity of cryosections from various muscles of AAV1, 2 and 8 treated mice
(as shown in a).

reportedly the most efficient vector for liver transduction24. This
phenomenon is mainly due to vector instability in dividing cells and
will be discussed later.
Intravenous administration of AAV8 vectors is most efficient for
systemic muscle gene transfer in neonatal mice
Because i.p. vector delivery results preferentially in local muscle
transduction, we next investigated intravenous (i.v.) delivery as an
alternative approach. We compared AAV1, 2 and 8 by temporal vein
injection in neonatal mice. As expected, AAV8 rendered the most
efficient and persistent systemic transduction in both skeletal and
cardiac muscles after i.v. injection (Fig. 2a), at the same vector dose
(2  1011 vector genome (v.g.)/mouse) and duration (2 months) as
used in the i.p. studies (Fig. 1a and 1b). Importantly, i.v. injection
yielded more balanced and uniform GFP expression in various muscle
tissues (Fig. 2b). The average intensities of green fluorescence in facial,
forelimb, hind limb and abdominal muscles were comparable
(Fig. 2c). On the contrary, i.v. delivery of AAV1 and AAV2 vectors
in neonatal mice resulted in much less efficient systemic transduction
(Fig. 2a,c). These results strongly suggest that blood vessel–mediated
dissemination is a major route for systemic muscle gene transfer after
both i.v. and i.p. injections of AAV8, but not for AAV1 or 2. GFP
expression in nonmuscle tissues such as the liver (Fig. 2b) was not
persistent after i.v. administration, similar to i.p. injection.
Systemic gene transfer intravenously in adult mice and hamsters
We next investigated whether intravenous injection of AAV8 vectors in
adult mice could also achieve systemic gene delivery to muscle and
heart. Two-month-old mice were injected with the AAV8 vector via
the tail vein at a dose of 2  1012 v.g. (6  1010 v.g./g body weight)—
close to the dose used in neonates on the basis of body weight
(1  1011 v.g./g body weight). One month after i.v. injection, adult
mice also showed strong GFP expression in the heart and to a lesser
degree in various skeletal muscles (Fig. 3a). The GFP expression in
muscle was not strong enough to be detected by whole-body fluorescent photography (data not shown), suggesting that systemic vector
delivery in adult mice is achievable, but less efficient than in neonates.
Intravenous injection of other AAV serotype vectors including AAV1,
2, 5 and 6 at the same dose, however, resulted in much lower GFP
expression in muscle and heart (data not shown).
A notable difference between adult and neonatal delivery of
AAV8 was the persistent GFP gene expression in adult nonmuscle
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tissues, particularly the liver, followed by the pancreas and gonads
(Fig. 3a). The interstitial cells of the gonads showed significant GFP
expression (Supplementary Fig. 1a online), but the copy number of
the AAV vector DNA in the gonads was very low on the per
diploid cellular genome basis, as shown by quantitative PCR analysis
(Supplementary Fig. 1b online). This was expected and might be due
to the lower number of interstitial cells among the highly packed
spermatocytes. However, the lung, spleen and brain displayed very low
or undetectable levels of GFP expression in both adult and neonatally
treated mice.
We next compared the systemic gene transfer efficiency of AAV1, 6
and 8 in the presence or absence of a vasculature-permeable agent,
vascular endothelial growth factor (VEGF), which was described in a
recent report as enhancing gene transfer efficiency of AAV6 in adult
mice32. We chose to use adult male ICR-CD1 mice, which were
injected via the tail vein with 1  1012 v.g. of either AAV1, AAV6 or
AAV8 GFP vectors, with or without 10 mg VEGF32. The vectors were
driven by the cytomegalovirus (CMV) promoter to attain strong
cardiac expression. Two weeks after vector injection, however, no
significant increase in GFP expression was observed in either skeletal
or cardiac muscles under these conditions (Fig. 3b). However, in the
pancreas and testis, an increase in GFP expression was observed
in AAV1- and AAV6-treated mice after VEGF treatment (data
not shown). The behavior of AAV8 was essentially unaffected by
VEGF treatment.
To confirm the gene transfer efficiency in a different species,
we examined AAV8-mediated systemic delivery in hamsters. Adult
male F1B hamsters (6 weeks old, 60–70 g) were injected via the
jugular vein with 8  1011 v.g. (1.3  1010 v.g./gram of body weight)
of either AAV2 or AAV8 vectors expressing GFP. Four months
after vector injection, AAV8 vector–treated hamsters showed very
strong GFP expression that could be readily detected by wholebody fluorescent photography (Supplementary Fig. 2 online). GFP
expression in adult mice treated with AAV8 was insufficient to be
detected by this method. Fluorescent microscopy on cryosections
of hamster heart and various muscles confirmed the strong GFP
gene expression after AAV8 vector treatment (Supplementary
Fig. 2 online). As expected, AAV2 vector–treated hamsters showed
minimal GFP expression in the heart and muscle (Supplementary
Fig. 2 online).
In addition to the GFP reporter gene, we also tested a therapeutic
gene delivered by the AAV8 vector, the d-sarcoglycan (d-SG) gene,
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Figure 3 Systemic gene delivery to muscle and heart by intravenous (i.v.) injection in
adult mice and hamsters. (a) Fluorescent microscopy of cryosections of heart, muscle, and
nonmuscle tissues for GFP expression one month after tail vein injection of 2  1012 v.g. of
dsAAV8-CB-GFP in 10-week-old adult mice. Note that strong GFP expression is also seen in
certain nonmuscle tissues such as liver, pancreas and testes, but undetectable in lung, spleen
and brain. Numbers in parentheses denote microscopy exposure time in seconds (s). Scale
bar, 100 mm. (b) Comparison of AAV1, 6 and 8 for systemic muscle gene delivery in 2-monthold adult male mice with or without VEGF. Mice were injected via the tail vein with 1  1012
v.g. of dsAAV-CMV- GFP vectors, and sacrificed at 2 weeks after vector injection for muscle
analysis. Fluorescence microscopy (60-s exposure) of cryosections of heart and muscles were
taken. Scale bar, 100 mm. (c) Dose escalation of dsAAV8-d-SG vectors by i.p. injection in
10-day-old TO-2 hamsters led to lower and normal levels of muscle creatine kinase activities
in sera. Shown were results at 4 months after gene delivery. WT, wild-type hamster F1B.

whose mutation causes limb girdle muscular dystrophy 2F and heart
failure in the hamster model TO-2. Previously, we showed that local
intramuscular injection of an AAV2-dSG vector in adult hamster legs
could effectively alleviate the pathological signs of the dystrophic
muscle33. In this study, 6-week-old male TO-2 hamsters were systemically injected via the jugular vein 1  1012 v.g. with a AAV8-dSG
vector driven by a muscle-specific promoter34. Analysis of heart and
leg muscle at 7 months after vector delivery showed robust d-SG gene
expression and correction of pathological signs of the dystrophic
muscles, such as fibrosis, calcification, degeneration and regeneration
(Supplementary Fig. 3 online). The serum level of muscle-specific
creatine kinase (CK) was also normalized in those hamsters (data not
shown). Overexpression of d-SG was observed in the heart muscle,
where many cardiomyocytes showed membrane as well as cytoplasmic
staining of the d-SG13–15.
Finally, we carried out a vector dose-escalation experiment in
10-day-old TO-2 hamsters (about 10 g in weight) by intraperitoneal
injection of different doses of the AAV8-dSG vector ranging from
109–1012 v.g. per animal. Because the untreated TO-2 hamster muscle
cells were so leaky that their CK activities in the sera were 100–200
times higher than the normal hamster F1B, we used serum level
measurements of muscle-specific creatine kinase (CK) as an indirect
indicator of d-SG gene expression. Correction of CK leakage is an
excellent indicator of the efficiency of whole-body therapeutic gene
transfer. Data obtained 4 months after gene delivery showed a robust
dose response (Fig. 3c). Higher vector doses (1011–1012 v.g./hamster)
decreased serum CK levels by 200-fold, returning levels to baseline.
These results indicated that the vast majority of the myofibers were
biochemically corrected on the cell membrane due to systemic d-SG
gene transfer and expression.
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AAV8 vectors effectively cross blood vessel barriers in muscle
Next, we investigated whether AAV8 vectors were more efficient
in infecting muscle or in crossing the blood vessel barrier than other
AAV serotypes. We first compared the capacity of AAV1, 2 and 8
in infecting muscle by direct intramuscular injection, hence
bypassing the blood vessel barrier. Two months after an injection of
1  1010 v.g. in both hind leg muscles of neonatal mice, whole-body
fluorescent photography showed that AAV1 vectors were superior to
both AAV2 and AAV8 vectors in directly infecting muscle tissue.
GFP expression by AAV1 was observed not only in both hind legs,
but also in the abdominal and intercostal muscles (Fig. 4a).
These results were similar to those obtained by i.p. injection of
AAV1 in neonates (Fig. 1a). Similar profiles were obtained in
adult mice after local i.m. injection in their hind legs (Fig. 4b).
Interestingly, significant GFP expression was also observed in the heart
after hind leg injection of AAV8, but not of AAV1 and AAV2 (data
not shown). Such a phenomenon indicates stronger tropism of
AAV8 vectors for heart muscle and effective dissemination through
the blood stream.
We next tested the efficiency of AAV8 vectors in crossing the blood
vessel barrier in muscle tissues. To avoid the interference of other
organs such as the liver, we used the isolated hind limb perfusion
method in adult mice. Identical doses of the AAV2 or AAV8 vectors
were slowly perfused into the femoral vein without any other interventions such as high pressure/large volume, histamine or VEGF.
As expected, strong and widespread GFP expression was readily
visualized in the AAV8-perfused, but not the AAV2-perfused hind
legs (Fig. 4c,d), and quantified (Fig. 4e). Consistent results were also
obtained in hamsters using the same limb perfusion method with the
AAV2 and AAV8 vectors (data not shown). These experiments support
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Figure 4 Comparison of gene transfer efficiency of AAV serotype vectors
by direct i.m. or i.v. injection on hind limbs. (a) Whole-body fluorescent
photography shown at 1 month after i.m. injection of 1  1010 v.g. of
various dsAAV-CB-GFP in the right and left hind legs of 1-week-old neonatal
mice. (b) Fluorescent photography of hind legs shown at 1 month after i.m.
injection of 4  1010 v.g. of dsAAV-CB-GFP in 2-month-old adult mice.
(c) GFP expressions at 1 month after slow and retrograde perfusion of
2  1011 v.g. dsAAV-CB-GFP via the femoral vein of the hind leg of
8-week-old adult mice, of which the blood circulation in the hind leg was
temporarily blocked during the procedure. (d) Fluorescent microscopy of
cryosections of the hind leg muscles shown in c. Shown are the entire crosssections of gastrocnemius (GAS), tibialis anterior (TA) and thigh muscles.
Numbers in parentheses denote microscopy exposure time in seconds (s).
Scale bar, 200 mm. (e) Quantification of GFP fluorescence intensity in
cryosections of gastrocnemius muscles of directly injected (as shown in b)
and perfused (as shown in c) hind limbs.
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growth, we performed Southern blot analysis of mouse liver DNA at
different time points after AAV8 injection. DNA from the heart, which
had stable GFP expression, was used as a control. High copy numbers
of AAV8 genomes (450 copies per cell) were detected in the liver at
3 d after injection (Fig. 5b). The majority of vector DNA existed as
episomal supercoiled and linear monomers. The episomal AAV8
genomes rapidly decayed from more than 50 copies/cell on day 3 to
less than 1 copy/cell by 2 months (Fig. 5b). By contrast, the vector
copy number in the heart was much more stable. Most of the input
linear monomer vector DNA was rapidly converted to circular
monomers (Fig. 5b). Southern analysis of a wide range of tissues at
2 months after AAV8 i.p. injection also showed persistence of vector
DNA in various skeletal muscles and in the heart (Fig. 5c and
Table 1), but not in nonmuscle tissues including the liver, kidney,
lung, pancreas and gonads (Fig. 5c and Table 1). These findings are
consistent with their low level or lack of GFP expression (Fig. 1c).
These results suggest that the loss of GFP expression in the liver and
other tissues is mainly due to the loss of vector DNA.

AAV8

AAV2

PBS

the notion that AAV8 is highly effective in crossing the blood vessel
barrier of muscle tissues.
Persistence of vector DNA in muscle and heart correlates with
transgene expression
We next investigated why persistent gene expression was seen in the
skeletal and cardiac muscles, but not in the liver and other tissues after
neonatal delivery of AAV8 vectors. Time course analysis of GFP
expression in the liver revealed that the difference was not due to
the lack of gene transfer to the liver, because 3 d after i.p. injection the
entire liver showed very strong green fluorescence (Fig. 5a). However,
GFP expression rapidly declined over time. By 2 weeks, green
fluorescence could no longer be detected by gross liver photography.
By 2 and 5 months after injection, GFP expression further declined
and was detectable in less than 1–2% of hepatocytes. By contrast, GFP
expression in the skeletal and cardiac muscles increased greatly from
3 d to 2 weeks, and was sustained for 5 months (Fig. 5a and Fig. 2b).
To determine whether the rapid decline of GFP expression in liver
was due to promoter shut off or loss of vector DNA during liver

DISCUSSION
We have overcome the physical and biological barrier imposed by
the capillary blood vessels of the muscle tissue on systemic gene
delivery in neonatal mice with a single-dose of i.p. or i.v. administration of AAV vectors. In particular, AAV8 vectors led to efficient,
systemic and prolonged transduction of skeletal and cardiac muscles
and persisted into adulthood. Similar results were obtained in adult
mice, although the efficiency was lower than in neonatal mice.
Intraperitoneal injections of AAV vectors in adult mice resulted
in more localized gene transfer than in the neonates, particularly in
the abdominal and diaphragm muscles (data not shown). Lower
efficiency in adult mice suggests that there exist additional barriers
to systemic gene delivery that are not present in neonates. In addition,
we have further shown the effectiveness of the AAV8 vector in both
adult and neonatal hamsters, using either the GFP reporter gene

Table 1 AAV vector DNA distribution 2 months after i.p. injection in neonatal mice
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AAV vector DNA copy numbers in various tissues were determined by Southern blot analysis at 2 months after neonatal injection of 2  1011 dsAAV8-CB-GFP vector. Total DNA
(10 mg) from each tissue was double digested with BamHI and XhoI, which dropped an internal fragment from the vector genomes. Semi-quantitative densitometry scanning of the
X-ray film was performed and copy numbers determined against known amount of plasmid DNA reference standards. Copy numbers 41 were rounded up to the nearest integer.
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in normal hamsters or the d-sarcoglycan (d-SG) gene in muscular
dystrophy hamsters.
The major difference between this and previous studies is the lack of
additional interventions required for AAV8 vector transduction, such
as the use of high pressure and large volume delivery12,35 or the use of
pharmaceutical reagents including histamine13,36 and VEGF32 for gene
delivery in the limb12,13,35,36 heart14 or the entire body32. We attribute
the superiority of systemic gene delivery by AAV8 vectors to its
capability to cross the blood vessel barrier. Our side-by-side comparison of AAV2 and AAV8 in direct intramuscular and intravascular
injections in adult mouse and hamster hind limbs supports this
notion. However, potential mechanisms such as transcytosis across
the endothelial cells remain to be further investigated.
Recently, VEGF was used as a pharmaceutical reagent to increase
blood vessel permeability and enhance whole-body gene delivery into
muscle and heart tissues with AAV6 vectors32. However, these
enhanced effects diminish at higher doses of AAV vectors32 (also see
Fig. 3b). Furthermore, the safety profile of high-dose VEGF administration and the secondary immune consequences such as the elevation of cytokines remain to be investigated37.
With systemic gene delivery comes unwanted gene transfer to other
tissues such as the liver and gonads. This may pose safety concerns
because of the potential to increase germline transmission. It is,
therefore, highly desirable to achieve muscle-specific gene transfer
and gene expression. An ideal vector system should demonstrate high
efficiency at crossing the blood vessel barrier, high infectivity of muscle
cells and minimal infectivity of nonmuscle cells. Such specificity could
be achieved through multi-layer mechanisms: selection of naturally
occurring viruses with high affinity to muscle tissues19, optimization
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Figure 5 Time course of GFP gene expression and the presence of vector DNA in liver and heart
after i.p. injection of AAV8 in neonatal mice. (a) Time course of GFP expression in liver and heart
after i.p. injection of 2  1011 v.g. dsAAV8-CB-GFP into 6-day-old mice. Shown are thin sections
of the tissues, except the first panel, which was the liver harvested 3 d after vector injection and
showing strong GFP expression as an entire organ. Numbers in parentheses denote microscopy
exposure time in seconds (s). Scale bar, 100 mm. (b) Vector DNA analysis of liver and heart at
different time points, 3 d, 2 weeks (2 w), and 2 months (2 m) after vector injection in neonatal
mice. Total DNA (10 mg) from liver or heart of three treated mice were pooled and analyzed by
Southern blot with or without BamHI digestion, which cut the 2.1 kb linear monomer (LM) into
1.3 kb tail (T) and 0.8 kb head fragments. It also cut the circular monomer (CM) into a 2.1 kb
linear monomer (LM), and the tail-to-tail dimmer into a 2.6 kb fragment (T-T). The GFP DNA
probe used here only detected the full-length and tail fragments. Note that the vector DNA
diminished rapidly in the liver, but persisted in the heart. The majority of linear monomer vector
DNA was rapidly converted into supercoiled circular monomers (CM). (c) Southern blot analysis of
viral genomes in various tissues/organs at 2 months after neonatal injection of 2  1011 dsAAV8CB-GFP vector. Only the undigested DNA samples are shown. Note that the vector DNA was
detected primarily in cardiac and skeletal muscle as supercoiled (lower band) and relaxed (upper
band) circular monomers. Minimal vector DNA (less than 1 copy per cell) was detected in
nonmuscle tissues.
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of viral tissue tropism by site-directed mutagenesis38, using chimeric
viral particles consisting of a mixture of different serotype capsids39,40,
modification of the viral particle surface with cell-specific ligands41–43
and using muscle-specific promoters to limit gene expression in
nonmuscle tissues.
Another mechanism observed in this study is the selective retention
of vector DNA in muscle and heart cells after systemic gene delivery in
neonatal mice. Despite the fact that AAV8 was highly effective at
transducing cells in the liver, the vector DNA was rapidly degraded
during liver growth and cell division. On the other hand, in tissues
that undergo minimal cell division, such as heart and muscle, vector
DNA persisted. However, this same phenomenon was not observed in
adult mice because adult tissues, such as the liver, are largely quiescent,
allowing vector DNA to remain stable. These findings suggest that
systemic gene delivery in neonates may be a viable therapeutic option,
particularly for childhood diseases with high mortality and morbidity
that can be decreased with early intervention. Nonetheless, it remains
a formidable challenge to translate the results from small rodents to
large animals and eventually human patients.
METHODS
Vector production. AAV vectors were generated by triple plasmid transfection
of 293 cells44. For pseudo-typed AAV serotype vector production, the adenovirus helper plasmid XX644, and the vector plasmid dsAAV-CB-GFP containing
an GFP gene driven by the CB promoter30, or by CMV promoter were identical
for all serotype vectors. Vector plasmid dsAAV8-d-SG contains human dsarcoglycan cDNA driven by the CMV promoter. The pseudo-typed AAV
packaging plasmids, however, contained each individual serotype-specific
capsid gene24,45,46 and coupled with a universal AAV2 rep gene, which has
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an ATG to ACG start codon mutation to increase the virus yield47. Thus, the
resultant AAV serotype viral particles contained the identical AAV vector DNA
cassette of GFP gene that was packaged by specific serotype capsids (AAV1,
AAV2, AAV5, AAV6 and AAV7 and AAV8). Viruses were purified twice with
CsCl gradient ultracentrifugation48. The titers of v.g. particles were determined
by a standard dot-blot assay48.
Animals and vector administration. Housing and handling of the mice and
hamsters are in compliance with the National Institutes of Health and
institutional guidelines and approved by the Institutional Animal Care and
Use Committee of the University of Pittsburgh. In detail, eight- to twelve-week
adult mice and breeding pairs (ICR-CD1, C57BL10 mice) were purchased from
Charles River and National Cancer Institute. Most of the experiments were
done using the ICR-CD1 mice, which is an outbred strain. F1B and TO-2 males
hamsters were purchased from Bio Breeders. For intra-peritoneal (i.p.) injection in neonatal mice, 100 ml of viral solution was slowly injected with a U-100
insulin syringe. For neonatal hamsters (10-day-old), 1 ml viral solution was
used. For i.v. injections, temporal vein was used in neonates49 and tail vein was
used in adult mice. Intravenous vector administration in adult hamsters was
performed via the jugular vein. For i.m. delivery in neonate mice, 30 ml of
viral solution was injected into both left and right hind legs. For i.m.
injection in adult mice, 50 ml of viral solution was directly injected into the
gastrocnemius muscle.
Vector perfusion in mouse hind limb was performed as follows. Under
general anesthesia, the hind limb of a 3-month-old mouse was tightened right
beneath the inguinal ligament with a rubber band to isolate the blood stream
from the systemic circulation. Because of the difficulty of catheter insertion into
the femoral artery, retrograde perfusion via the femoral vein was performed.
One half of a milliliter of viral solution or saline were slowly injected (over
3 min) into the femoral vein. The blocked blood stream of the lower limb was
reopened 20 min after perfusion.
Detection of transgene expression. To examine the whole body expression of
the enhanced green fluorescent protein, GFP (Clontech), we killed the mice or
hamsters and removed skin and subcutaneous fat tissue. A handheld, longwavelength UV lamp (Multiband UV –254/366nm, Model UVGL-58, UVP
Inc.) was used to illuminate the mice. Whole-body photographs were taken
with a Nikon E5700 digital camera. We then prepared 6-mm cryosections of
various tissues for microscopic examination. GFP expressions were observed
using a Nikon TE-300 fluorescent microscope with Spot digital camera. For
quantitative analysis of the intensity levels of GFP expression, 12-bit monochrome photographs (4 objective lens) were taken, and the exposure conditions were maintained throughout the experiments to keep the data
comparable. The average intensities were analyzed by the MetaMorph software
(Meta Imaging Series, version 6.1) from Universal Imaging Corporation and
the average grade level was used as the unit of fluorescence intensity in tissues.
The intensity of GFP expression was presented as the obtained intensity minus
the background intensity of corresponding tissues from mice without AAV
vector treatment. Immunofluorescent staining of sarcoglycan was performed as
described previously33.
Note: Supplementary information is available on the Nature Biotechnology website.
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