syntrophin knockout mice (alsyn™). In addition, we used
nNOS knockout (nNOS™) and eNOS knockout (eNOS™
) mice to clarify which NOS is involved in vasodilation
under shear stress.

Materials and methods

Animals

Mdx mice and their controls, C57Bl/10 mice (B10),
alsyn” mice generated in C57BI/6 mice (B6), and their
wild-type littermates (alsyn®™), aged 8-10 weeks were
used (17). Eight- to 10-week-old nNOS* and eNOS
" mice (B6 background) were supplied by the Jackson
Laboratory. They were anesthetized by intraperitoneal
injection of 1.2x10” g carbamic acid ethy] ester per gram
of body weight. At the end of the experiment, animals
were sacrificed by an overdose of pentobarbital. All
protocols were approved by the Institutional Animal
Care and Use Committee of the National Institute of
Neuroscience and were performed in compliance with
the Guide for the Care and Use of Division of Laboratory
Animal Resources.

Experimental Design

We mounted and fixed mouse on experimental stage under
anesthesia and scrotum of each mouse was placed on a
clear silicone dish as shown in Figure la. The cremaster
muscle was exposed as described with minor modification
(18), and was observed under an intravital microscope
at 450 magnifications. The exposed cremaster muscle
was deoxygenated by continuous superfusion (5 ml/
min) of buffered Tyrode solution (34 + 0.5 *°C, pH 7.35-
7.45) bubbled with 95% N, and 5% CO, gas. Captured
microcirculatory images were converted to digital
images by the computer and recorded by VTR (Fig. 1a).
To calculate the shear stress, we used CapiFlow® (IM-
Capiflow, Kista, Sweden), a fully computerized system for
the measurement of red blood cell velocity, as previously
described (19, 20).

Drug treatment

We first examined the vasodilatory response of third-
order arterioles (A3; about 20 pm) in mouse cremaster
muscles (Fig. 1b) (22). ACh or SNP was added to the
buffer solution and applied directly to the muscle, based
on previous reports with modification (23, 24). The
vessel diameter was measured before and just after drug
administration and the dilatory ratio was calculated as:
diameter of arteriole after drug treatment/ before drug
treatment. To determine adequate dose, ACh or SNP
was exposed from its lower concentration to higher
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cremnaies musg le

hnmm"

Figure 1. Observation and measurement of dilation of
intramuscular arterioles induced by drug treatment or
by shear stress in mouse cremaster muscle. (a) Optical
system consisting of a cool light unit, mirror box, 450X
intravital microscope (MZFL3, Leica Microsystems,
Heidelberg, Germany). cooled. color 3 charge-coupled
device (CCD) camera, image capture unit (C5810,
Hamamatsu Photonics K.K.,, Hamamatsu, Japan),
computer (Apple Macintosh G4, Apple, Cupertino,
California), and video casselte recorder (HR-STG300,
Victor JVC, Yokohama, JAPAN). (b) Arterioles in the
mouse cremaster muscle are classified as indicated. A1;
first-order arterioles, A2; second-order artericles, A3;
third-order arterioles. Observation area was indicated
by circle. (¢) Measurements of arteriole diameter were
performed 120-1000 pm from the point of divergence,
and the observation point was decided in reference to
the border of muscle fibers. (d). Points for measurements
of tissue pO, during parallel occlusion in A3 area: A,
around the main arteriole; B, around the ligation site;
and C, the original point for measurements of dilation
of arterioles.

concentration. Before increasing dose, we waited for
maximum ten minutes until no more dilatory effect was
observed by previous dose. Papaverin was added at the
final part of experiments to know the extent of maximum
dilation of vessels. We also examined the effect of NO
synthesis inhibition by adding N-omega-nitro-L-arginine
methyl ester (L-NAME, 0.1 mmol/L) to the buffer from
10 minutes before ACh or SNP administration.
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Shear stress

We used parallel occlusion method to increase the
blood flow velocity in nonoccluded parallel arteriolar
branches in vivo, based on the previous studies (13-16).
The arteriole was ligated using 10-0 nylon thread with
needle to produce shear stress (Fig. 1¢) (13). The ligated
portion and the measured point (A3) were remote enough
from the branching point to avoid artifactual effects. The
dilatory ratio for shear stress experiments was calculated
as: diameter of arteriole after ligation/ before ligation.
The dilatory ratio was also examined under indomethacin
(1.0x107, 5.0x10%, 1.0x10* or 0.5 mmol/L) administration,
when Prostaglandin I, (PGI,) (1.0x10" mmol/L) was added
to the buffer solution or we induced vasodilation by parallel
occlusion, L-NAME and indomethacin were supplied from
10 minutes before ligation. Without L-NAME treatment,
shear stress-induced vasodilation was observed for alonger
period as long as 20 minutes in 4 B10 and 4 mdx mice.

Measurements of partial pressure of oxygen (p0O,)

Observations of the microcirculation and in vivo partial
pressure of oxygen (pO,) measurements were made
with a microscope and the oxygen-dependent quenching
of phosphorescence decay technique, as previously
described (21). We measured tissue pO, of B10 (n = 3)
and mdx mice (n = 3) at three distinct points of cremaster
muscles before and after ligation by the phosphorescence
quenching method (Fig. 1d).

Histological analysis and immunohistochemistry

Ten-micrometer cryosections of cremaster muscles were
prepared, air-dried, and stained with hematoxylin and
eosin (H&E). Six-micrometer acetone-fixed cryosections
were prepared, blocked with goat serum, and then
incubated with primary antibodies, rabbit against nNOS
(Zymed Laboratories) and rat against CD31/PECAM-
1 {Southern Biotechnology Associates) at room air
temperature. Alexa 488-labeled goat anti-rabbit IgG (H
+ L) (Molecular Probes) and Alexa 594-labeled goat anti-
rat 1gG (H + L) were used as the secondary antibody.
The sections were viewed and photographed by a laser
microscope, TCSSP™ (Leica Microsystems).

Sraristical analysis

Results were expressed as means + standard error of the
mean (SEM). Results were compared between mdx mice
and B10, alsyn™ and alsyn*” mice, and eNOS* or nNOS
" mice and B6. The effect of L-NAME pretreatment was
also evaluated. The significance of the differences between
groups was determined by Mann-Whitney UtestorANOVA,
Values of p < 0.05 were considered to be significant.
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Results

Drug induced vasodilation

Maximum arteriolar dilation was determined for
administration of ACh or SNP, and then compared with the
dilation by the treatment with 1.0 mmol/L of Papaverine.
The optimal dose of both ACh and SNP was 1.0 mmol/L
for maximum dilatory ratio (Fig, 2) and the dose was used
for subsequent examinations (Fig. 3).

The administration of ACh or SNP gave almost the same
dilatory ratio between B10 (n = 7) and mdx mice (n = 7),
alsyn (n =5) and alsyn” (n = 5) and, eNOS" (n=4) or
nNOS* mice (n = 4) and B6 (n = 4) (Figs. 3a and 3b). This
result does not conflict with the conclusion of a previous study
using nNOS- and eNOS-deficient mice that expression of
either nNOS or eNOS is sufficient for ACh-induced dilation
(25). Pretreatment of L-NAME gave the same degree of
inhibition in ACh-induced vasodilation in B10 (n = 5) and in
madx mice (n = 5), but did not significantly alter the dilatory
ratio in SNP-induced vasodilation in these mice.
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Figure 2. Responses of arterioles for vasodilatory
agents, ACh and SNP in three B10. Graphs are showing
dilatory ratio against various doses of ACh (a) or SNP (b),
in reference to maximum dilation by treatment of 10 M of
Papaverin (Pap).
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Figure 3. Effects of vasodilative agents on dilation
of mouse cremaster arterioles of B10 (black bar), mdx
(white bar), B10 pretreated with L-NAME (black bar), mdx
pretreated with L-NAME (white bar), a1syn** (black bar),
alsyn” (white bar), B6 (black bar), eNOS* (white bar),
and nNOS” (black bar) mice. (a) After pretreatment with
L-NAME, ACh-induced vasodilation was reduced both in
B10 and in mdx mice. Values are indicated as mean =
SEM. Asterisk (*) shows statistical significance (p < 0.05)
(b) Vasodilation induced by SNP was not statistically
significant between the mice we examined

Shear stress-induced vasodilation

In contrast, shear stress-induced vasodilation was
significantly impaired in mdx mice (n = 10) compared
with that of B10 (n = 10) (Fig. 4a), and in addition,
the calculated shear stresses were different (Table 1).
Interestingly. although nNOS” mice (n = 5) showed
impaired vasodilation, eNOS™ mice (n = 5) did not show
significant differences in the dilatory ratio when compared
with that of B6 (n = 5), indicating that nNOS is the main
supplier of NO in the shear stress-induced vasodilation of
arterioles in skeletal muscle. On the other hand, alsyn”
mice (n = 5) did not show significant differences in the
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Figure 4. Effects of shear stress-induced dilation of
mouse cremaster arterioles of B10 (black bar), mdx
(white bar), B10 pretreated with L-NAME (black bar),
mdx pretreated with L-NAME (white bar), a1syn** (black
bar), alsyn’ (white bar), B6 (black bar), eNOS" (white
bar), and nNOS”" (black bar) mice. (a) mdx mice, B10
pretreated with L-NAME, mdx mice pretreated with L-
NAME and nNOS* mice showed impaired vasodilation
under shear stress. (b) Extended cbservalion of shear
stress-induced vasodilation. The vessel diameter in
B10 rapidly increased after vessel ligation and reached
a stable level within 10 minutes (n = 4). The dilation of
arterioles was severely impaired in mdx mice (n = 4). The
difference between mdx mice and B10 was observed as
long as 20 minutes after the ligation.

dilation compared with the control alsyn** mice (n = 5),
suggesting that the intramuscular localization of nNOS
at the sarcolemma is not critical for shear stress-induced
vasodilation. After pre-treatment with L-NAME, shear
stress-induced vasodilation was significantly decreased
inB10 (n=5).

As shown in Figure 4b, under a longer observation
of shear stress-induced vasodilation in the absence
of L-NAME, the difference between mdx mice and
B10 was still observed at least 20 minutes after the
ligation.
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Table 1. Relationship of vasodilation and shear stress in mouse cremaster arterioles.

Blood cell velocity (cm/s) Diameter (um) Shear stress
rate
before ligation after ligation before ligation after ligation
B10(n=23) 0.48 £ 0.05 0.67 + 0.20 18.7+09 242+02 1.02 + 0.16
mdx (n=3) 0.41 £0.05 091 + 023 1BB+ 0.7 198+ 0.1° 2.02 +0.23°

asmean+ SEM. "=p<0.05

Shear stress rates were calculated as (shear stress before ligation) / (shear stress after ligation). Values are expressed

PG, induced vasodilation

There were significant differences between shear stress-
induced and PGI -induced vasodilation in dilatory ratios
against high concentrations of indomethacin in B10
(Fig. 5). These data indicated that high concentration
of indomethacin treatment could completely antagonize
PGl -induced vasodilation, but the treatment cannot
completely inhibit shear stress-induced vasodilation.

Alternarion of pO, before and after ligation

There were no significant differences in tissue pO, levels
between before and after ligation not only in B10 but also
in mdx mice (Fig. 6).

Immunohistochemical observation of NOS expression

In H&E stained tissues, centrally nucleated fibers,
which represent muscle regeneration. were observed in
only medy mice (Figs. 7a-e). The immunohistochemical
analysis showed that nNOS was observed mainly at the

li6i- —=— ligation

—a— PGl

Dilatory ratio
~
T

0.6 — ‘ : :

i 10" sxl0’ "

Indomethacin

Figure 5. Under wvarious dose of indomethacin,
vasodilation was induced either by treatment of
Prostaglandin |, (PGI,) or by parallel occlusion (ligation)
in B10 cremaster muscle arterioles (n = 5)
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sarcolemma rather than in the endothelium and vascular
smooth muscle in B10 and eNOS™ mice (Figs. 7b and
7h). In alsyn” mice, nNOS was not localized at the
sarcolemma but remained in the cytoplasm (Fig. 7f), as
previously reported (14, 26). Less nNOS was found in
mdx mice, and it was not detected in nNOS* mice (Figs.
7d and 7j).

Discussion

Nitric oxide is one of the most important factors in shear
stress-induced vasodilation especially by parallel occlusion
method (10, 14, 27). Other factors, such as prostaglandins,
were reported (o contribute to shear stress-induced
dilation in various models (15, 16, 28), but we showed
that indomethacin, an inhibitor of prostaglandins, did not
prevent the increase in diameter in shear stress condition.
In addition, we concluded that the parallel occlusion
method did not cause tissue hypoxia or acute ischemia.
Thus, we demonstrated that dilation of arterioles in the
mouse cremaster muscle under shear stress by the parallel
occlusion method depends mainly on NO, especially
that produced by nNOS. In particular, mdx and nNOS™
mice showed impaired vasodilation in parallel occlusion,

R0 control
L1 B10 after ligation
v control
P!O: G B muedv after ligation
Rorrd
50
40
10
20
10+
0 - :

Figure 6. Histogram showing pO, at the observation
points. There are no significant differences in alterations
of tissue pQ, during parallel occlusion




Figure 7. nNOS expression and localization in vascular
endothelium and cremaster muscles of mice. H&E (a, ¢,
€, g, and i) and double staining with nNOS (green) and
FPECAM-1 (red) antibodies (b, d, f, h, and i) of B10 (a
b). mdx (¢, d), alsyn® (e, f), eNOS™ (g, h), and nNOS

(i, J) mice. Centrally located nuclei, a typical feature of
regenerated muscle, are found only in mdx mice (c). In
B10 and eNOS* cremaster muscles, nNOS expression
was observed at the sarcolemma. In contrast, the
expression was greatly reduced or nol delected in mdx
or nNOS* mice, respectively. Bar, 40 pm.

whereas responses 0 ACh and SNP were unaliered.
Decreased expression of nNOS in mdy skeletal muscle
may be important as a cause of this inding.

It is intriguing to know the relationship between shear
stress-induced vasodilation and the localization of nNOS.
Koller et al. showed that shear stress-induced vasodilation
of 80- to 156-um arterioles was inhibited by removal of
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the endothelium or by addition of indomethacin in rat
cremaster muscle, but they did not identify the responsible
molecules of vascular dilation (29). In our study, nNOS
expression was mainly found in the sarcolemma and less
frequently in the endothelium or vascular smooth muscle,
implying that skeletal muscle nNOS is possibly involved
in dilation of intramuscular arterioles at the very end of
the skeletal muscle circulation under shear stress, nNOS is
anchoredtothesarcolemmathroughal-syntrophin.alsyn
mice showed altered distribution of nNOS expression
in cytoplasm, but showed no significant differences in
shear stress-induced vasodilation between alsyn’ mice
and alsyn** mice. Thus, the sarcolemmal localization
of nNOS through expression of «l-syntrophin is not
indispensable for vasodilation. However, how dystrophin
or other molecules transduce mechanostress to soluble
nNOS is unresolved (6). The defective vasodilation under
shear stress due to nNOS deficiency in mdx mice might
be related to its muscle degradation (14).
It is very interesting to note the amelioration of dystrophic
phenotypes in nNOS transgenic mdx mice, although the
localization of nNOS cannot have been improved (30).
Decreased vasodilation just after muscle contraction
has also been demonstrated in mdx skeletal muscle (31).
Leinonen et al. found that capillary circulation in skeletal
muscle was impaired in DMD (32), and deteriorated
attenuation of a-adrenergic vasoconstriction during
exercise may participate in this pathophysiology (7).
Moreover, blood flow must be increased to accommodate
the augmented metabolic demands of the muscle, not
only in exercise. Intramuscular arterioles in mdx mice
cannot afford to respond to the increased demands,
and their failure may result in relative ischemia in the
skeletal muscle and cardiac phenotypes of dystrophin
deficiency. Asai et al. very recently showed that the
functional ischemia in contraction-induced myofibers in
mdx mice is due to nNOS deficiency and indicated that
vasoactive drugs may ameliorate muscle damage (33).
Even in dystrophin-deficient skeletal muscle, cholinergic
vascular modulation was well preserved. Therefore, our
study indicates that pharmacological treatment using a
vasoactive agent is applicable to at least skeletal muscle
symptoms in patients suffering from DMD,
In conclusion, we demonstrated that vasodilation of
intramuscular arterioles under shear stress was impaired
in dystrophin-deficient mdx mice. This impairment may
be related to phenotypes of DMD, not only in skeletal
muscle but also in cardiac muscle.
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Introduction

Anxiety disorder represents one of the most common mental
illnesses  [1-3]. Recently, disturbance in adult  hippocampal
neurogenesis was proposed to underlie anxiery-like behavier in
rodents [4,5]; however, molecular mechanisms that link lippo-
campal neurogenesis 10 anxiety disorder remains poorly under-
stood,

Activin, a member of the wansforming growth factor-fi
superfumily, is an endocrne hormone that regulates differennanon
and proliferstion of a wide variety of cells [6), In the brain, activin
receptor Ac(R1l & highly expressed in forebrain region |7,8], and
ite scaffold protein ARIP/S-SCAM is also localized in synaptic
regon  |9,10]. Furthermore, activin protects  neurons from
wchemic damage [11], and s expression s upregulated by
newronal activity  [12,13]. Recently, we showed that activin
modulates dendritic spin morphology  that s importam  for
synaptic plasticity in the hippocampus [1415].

In this study, we generated and analyzed transgenic mice in
whieh acovin function in the lorebrain is either suppressed or
enhanced. We found that the activin vity in the adul forebrain
activity, anxiety-related and

influences  locomotor hehavior,

hippocampal neurogenesis,

'@ PLoS ONE | www.plosone.org

Results

We explored the role activin plays in anxiety-refated behavior
using a transgenic mouse model that overexpresses activin or
follistatin, an activin-inhibitory protwin, in a forebrain-specific
manner. Disturbance of activin signal during the developmenial
stage causes a lethal phenotype in mammals [16,17]. To achieve
postnatal, forehrain-specific expression, the 2CaMKI promoter
was used to drive expression of a transgene (Fig. LA) [18,19]. We
microinjected activin and follistann ransgenes into 549 and 1183
fertilized eggs, and obained 42 and 35 weaned mice, respectively.
From these, two lines of activin transgene-integrated  mice
(clesignated ACM3 and ACM4) and one line of follistatn
transgene-integrated  mice  (designated  FSM)  were obtamed.
Transgene-imegrated mice were generated in 1% of microinjected
Fenilized eges [20). This low ellicacy may have been caused by
unexpected transgene expression in vanous tisues during the
embryonic stage, hecause the activin signal is importam for normal
development. In contrast 10 previously generamed activin- or
[llistatin-transgenic mice |21 23], these heterozygous ransgenic
mice were fertile and bred healthily, and their bady weight (daia
not shown) and muscular sitrength were normal when compared o
their wild-rype linermanes (Figare 81), Since ACM3 mice showed
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phenatypes similar 10 ACM4 mice in behavioral experiments, we
hereafier describe the phenotypes of ACM4 and FSM mice,

In situ hybridization analyses of brain sections revealed that
trunsgene expression was restricted 10 the forebrain such as the
hippocampus and neocortex in the adult brain (Fig. 1B). ELISA
analyses also showed forebrain-specilic expression of activin and
follistatin in ACM4 and FSM aduli mice, respectively (Fig. 1C).
Low level of endogenous activin was detected in the hippocampus
and neoconex in wild-type mice. Follistatin level in FSM was
enough to antagonize this level of activin activity [24]. Follistatin
was not detected in the mfant hippocampus of FSM  mice
(Fig. 1C). R'I-PCR revealed thar follistaine and activin-iansgene
were not expressed in peripheral tssues including, heart, lung,
spleen, liver and kidney (Figure §2). Nissel staining showed no
apparent stuctural abnormality i the hippocampus of each
transgenic mice (Figure 83,

Open field tests were performed  on wransgenic mice 10
imvestigate locomotor activity (Fig. 2). FSM miee showed a
decrease i ume spent in locomotion and rearing when compared
with wild-type livernuates, In contrast, ACMA mice showed a

| PLoS ONE | www.plosone.org

significant increase in rearing tme. There was no genotype effect
n the wilking speed (Fig, 2ZB) and ihe total pathlength (Fig, 2C),
indicating that walking ability of FSM and ACMI mice was
normal. These results indicate that the level of functional activin in
the brain i related 10 general locomotor activity in a novel
environment,

In open field ests, the amount of time spent in the center of the
field s srongly correlated with an animal’s level of anxiery, o
characteristic called risk-taking  behavior [25,26]. FSM mice
showed decreased performance in risk-taking behavior (Fig. 2D),
while ACM4 mice showed increased performance. To lurther
assesy these dillerences, a light and dark choee st and elevated
plus-maze test were conducted. In the light and dark test, ACM4
mice aceesserd the lighted compariment significantly more oflen
than wild-type linermares (Fig. 3A), however, FSM mice spem
significanly maore time in the dark companment as compared 10
wildtype Bermates. In the elevated plus-mice s, ACMI mice
spent signilicantly more time in the open arms of the testing
apparatus than did wild-type and FSM mice (Fig. 3B). FSM mice
showed no significant change in phenotype for this test.

April 2008 | Volume 3 | Issue 4 | e1B869
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We next designed and performed an original behavioral test 10
measure anxiety levels (Fig. 3C), based on the observation thar
mice generally prefer novel objects encountered in a familiar place
[27]. In this test, mice were placed in a closed box on the first day
to become Lamiliar with the box. On the second day mice were
placed in the same box to which a cylinder with two entrances
(novel area) had been added. FSM mice spent signilicantly less
time accessing the novel area as compared 10 wild-type mice, while
the total distance they rraveled during the test was normal, This
suggests that higher anxiety in FSM mice resulted in lower acces
10 the novel arca, "Faken together, the level of functional activin in
the brain modulates anxicty-related behavior. Finally, no depres-
sive behavior was observed in FSM mice in the forced swimming
test (Figure §4),

Adult neurogenesis is the production of new neurons in areas of
the adult brain including the subventricular zone (SVZ) and
subgmnular zone (SGZ) of the hippocampus |28). This formation
ol new neurons plays a number of physiological roles including
damaged neuron replacement|29,30], memory formation [31,32]
and response 1o stress |33, Moreover, some reports have recently
shown that neurogenesis is involved in depression | 34,35,

We iherelore e ined adult neurogenesis i hippocampal
SGEL of FSM and ACM4 mice (Fig, 4) wsing S-bromodeoxyur-

'@ PLoS ONE | www.plosone.org

wline (BrdU)-abelmg experiments. |ransgenic mice were mjecied
with BrdU (75 mg/kg body weight) three times per day for three
consecutive days. Mice were sacrificed either 24 h or + weeks after
the final mjection day. BrdU is incorporated into genomic DNA
by cells a1 S-phase, therefore, by swining with a neuronal marker
(NeuN) and an anti-BrdU amibody, newly generated neurons
were cily detecied. A significant dilference between FSM and
ACM4 mice was observed in the number of SGZ BrdU-positive
cells alter 24 h (Fig. 4A, B). No significamt dillerence, however,
was observed between ransgenic mice and wild-type liermanes,
indicating that the number of neuronal progenitor cells and the
rate of BrdU incorporation into progenitor eells in transgenic mice
were essentially normal, A the 4-week stagr, however, the number
of BrdU- and NeuN-double positive cells in FSM mice was
markedly decreased (Fig. 4C). This reduction was  partially
rescued by crossing with ACM4 (Fig. 4D). These results indicated
that the level of activin in the brain is crucial for the matration
and maintenance of newly generated neurons.

The decrease in BrdU- and NeuN-double positive cells at the
Fweek stage may be attributed 1o a decrease in the survival e
of newly formed neurons or a decrease in the rate for neuronal
dilferentiation of new cells. Therelore, the change in the number
of Brdls and NeuN-double positive cells following  Brdl!

i April 2008 | Volume 3 | Issue 4 | e1869
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njections (Fig, 4E) was monitored a0 various  developmenral
stages, The number of BrdU- and NeuN-double positive cells
was normal al the l-week siage in FSM mice, suggesiing a
normal dilferentiation rae. However, a marked decrease was
observed in the number of BrdU- and NeuN-double positive cells
at 2= and J-week stages compared with wildetype linermunes,
Therefore, in FSM mice, the survival of newly generated neurons
is significantly decreased. This indicates that activin signal i
essential for the maintenance of newly generated neurons.
Activin overexpression did not enhance the number of BrdU-
and NeuN-double positive cells at 4 weeks, suggesting  that
activin overexpression is not sufficient for enhancement of adult
neurogenesis (Fig. 4C).

Taken together, FSM and ACMA mice showed opposite
phenotypes in behavior, Funhermore, deerease in neurogenesis
in FSM mice was partially rescued in FSM/ACMA double
ransgenic mice. These stongly  suguest  thar 1he
observed ellects of overexpression, either follstatin or activin,
are pot positonal

results

transgene efleas such as  insertional

mutations,

'@ PLOS ONE | www.plosane.org

Discussion

There is w marked overdap and coincidence between anxiety and
depression [1-3). Depression s a serious disorder in our current
society, Many popularly preseribed antidepressamt drugs work 10
madulate monoamine neurotransmission, and take six w eight weeks
to exen their effects [3]. Each drg is eflicacious in only 60-70% of
patients, Therefore, a conceprually novel antidepressant thin acts
rapiclly and safely in a high proportion of patients would e highly
achantagrous [3]. We show here that activin i the forehrain bi-
directionally  influences  anxiery-related  behavior,  Depression s
usually seen in anxiety patients, and anxiery is ofien reponed in
depressed patients [1-3). A recem paper by Dow #f al. showed that
activin infusion into the hipporampus produced an antidepressam-
like effect |36]. Therelore, the level of actvin n the hippocampus
modulates both depressive and anxiery-relaed behavior. "Uherefore,
arthvin may represent a new contributing facor for the modulation
ol wnxiery, The trnsgenic mice wsed in this study may be uselul Tor
sereening compounds in the development of new mechanistically-
novel anti-depressant drugs.
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Materials and Methods Ceterminus, The resulting ¢DNAs were cloned into pcDNAI
(Ivitrogen) o append an SVA0 intron/ polyadenylation signal a

Transgene construction and generation of transgenic the 3"-end. These constructs were inserted into the Not 1 site of
mice pMMA03 vector (kindly provided by Dr, M. Mayford) | 18] which
Coding regpon for mouse activin or human  [ollstatin was comains the alpha caleium/calmodulin-dependent protein kinase
amplified by PCR using specific PCR primers designed 10 add a II' (zCaMKI) promoter to generawe pCaM-activin-Mye and
Kozae sequence an the Neteeminus and a mye-tag sequence at the pCaM-follistin-Myc plismids. Sfi 1 fragmems were isolated from
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pCaM-activin-Myc or pCaM-lollistarin-Mye and micminjected
into the pronuclei of ope-cell embryos of CHTBL/G) mice w0
produce wransgenic mice  [37]. Microinjected  embryos  were
trnsferred 1o the oviducts of pseudo-preguant females, Founder
wmansgenic mice were identified by Southern blot analyses and
PCR analysis with genomic DNA prepared from tail, and bred
with C37BL/6) mice. Forward (f) and reverse (1) PCR primers for
genonyping were as follows: ACM, 5'-CACCCACTAGCCGT-
TACCAT-3"and r-3"-ATCCTCTCAGOCUCAAAGCAAG-3"; IFSM,
F-GAGGTAGGAAGAGCGATGAT-%"and r-5"-CTCCATCA-
TTCCOACAGAGA -3, C5TBL/G] mice were purchased from
Clea Japan Inc. (Tokyo, Japan)

ELISA analysis

Alfier removal of the brain, each neuronal rissue (hippocampus,
cortex, cerehellum and medulla) was quickly disseeted oun, Vissues
were homogenized in lysin buller |5 mM T'ris-HCL, pH 8.0,
0.32 M sucrose, protease inhibitor cockiail (Sigma)], and homog-
enates were centrifuged ar 20000xg ar 4°C for 10 min.
Supematant was collected and asayed for quantification of wotal
protein with the BCA™ Prowein Assay Kit (Pierce). Follistatin and
activin levels were assayed by using commercial ELISA kits
(Human Follistatin Innmunoassy, AN'ALYZA and  Activin-A
ASSAY, Oxford Bio-lnnovation, respectively).

Neurogenesis

Mule mice at 5 weeks-old  received  daily  intraperitoneal
injections of Bedl! (Sigma) in 0.9% NaCl solution (75mg/kg,
three times per day for three days). Animals were sacrificed with
an overdose of anesthetics and perfused ranscardially with 0.9%
saline followed by 4% paraformaldehyde (PFA) in PBS. Brains
were stored in lxative (4% PFA in PBS) for 3 h ar 4°C, and
incubated overnight in 30% sucrose, and then immened in dry ice
powder. A cryostat was used to collect sagittal sections of 14-pm
thickness, The sections were hoiled for 10 min, and then treated
with 2M HCI for 30 mu. Alier rinsing in 0.1 M boric acid
(pH 8.5) for 10 min, rissues were incubated in 1% Hyl), in PBS for
30 min, and then blocked with 0.1% BSA and 3% goat serum in
PBS containing with 0.1% Tween20 (PBST) at room temperature
lor | h. Alier blocking, tissues were mcubated with blocking
solution contaming rat monoclonal ant-BrdU (1:230; Accurate)
and mouse monoclonal anti-NeuN [ 1:200; Chemicon) antihodies,
Sections were then incubated with anti-ran IgG-FITC and angi-
mouse lpG-Rhodamine,

For gquantification, three consecutive serial sections ar sections
interval 13 were used for counting Brd U-positve cells though an
xH) objectve (BXA1, OLYMPUS) in a genotype-hlinded
manner, Total number of BrdU-positive cells was obtained by
multiplying the number of BrdU-positive cells counted in all the
sectiions by 13/3. Fyares were imaged by confocal microscopy
operated under manual comral (LSM5 PASCAL, ZEISS).

Animal care and data analysis

All procedures involving mice were pedormed in compliance
with National Instinutes of Health guidelines and were approved
by the Amimal Care and Use Committee of Misubishi Kagaku
Insiitute of Life Sciences, MITILS. We ahided by MITILS
guidelines on animal hushandey. All behavior experiments were
conducted in a blinded fashion on male, heterozygous ransgenic
mice and their wild-type linermates (5 6 months). “T'wo werks
hefore behivioral analysis, animak were housed individually in
plastic cages and maintained on s 12:12-h lightdark cvele. Fomd
andd water were provided ad filitum. For five days before behawioral
analysis, ihe miee were handled daily. Sunistical analyses were
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conducted using StView  (Abacus  Coneepts).  Values  were
expressed as mean®s eom..

In situ hybridization

To deiect tmsgene expression the SVA0 poly A signal
sequence, which s found in cach transgene, was wsed as an
antisense probe (Fig 1A). T'o prepare the probe, this region was
subcloned into pBluescript 11 (Stratagene) to generate pSVa(,
PSVA0 was digested with BamHI 10 generate DNA template for in
witre transeription of antisense ¢RNA probe. Digoxigenin-labeled
antisense ¢RNA probe was produced by ranscription with ‘17
polymerase, For hybrdization experiments, animals were sacri-
ficed with an overdose of anesthetics, and the brain was dissected
and immediately frozen on dry ice. Cryostat sections (20-pm
thickness] were cut and mounted onto polylysine-coated  glass
slides. Sections were air-dried and stored at —80°C until use in
hybridization. In site hybridi was carried out as described
previously [38).

Behavioral analysis

Behavioral experiments were basically carried out as described
previously [39]. In the open ficld test, spomancous locomotor
activity was measured in 4 square arena (30 %5030 cmy;
Muromachi  Kikai, Japan) by using a device owtfitted with
photo-beam  detectons for monitoring horizontal and  vertical
activity, namely, distance raveled, time spent in locomaotion,
rearing counts and time in rearing, For statistical analysis on the
percentage pathlength in the center region, we used  Image)
program (developed at the U, 8. National Institutes of Health, and
available on the Internet at hup://rsh.nfo.nib.gov/1)/), Mice were
allowee 10 explore freely while dat was collected for 30 min. In
the light and dark test, the square arcna was divided mto light and
dark compurtments, Dita was collected as mice were allowed 10
freely traverse the arena among the two comparuments for 30 nun.

The elevated plus-mize comprises areas of two opposing open
amis (29x5x05 em) and  two  opposing  enclosed  anns
(25%5x15 em), connected by a central platform ((YHARA &
Co, Japan). Mice were placed in the center area, and allowed 10
explore for 10 min. Their activity was recorded by video camera.
Results were analyzed on a Macintosh computer using Image
EP2.13 (O'HARA & Co), moddified sofiware of the public domain
NIH Image program (developed at the U, S, National Institutes of
Health, and available on the Internet at hup:/ Zeshinfo.nih.gov/
nih-image/).

In the novel-area accessing test (Fig. 3C), mice were placed in
the center of a box (60x60 x50 cm) for 10 min on the first day in
arder to habituate the apparatus. ‘The next day mice were placed
in the same hox 1o which a novel eylinder (13 em in diamerer) with
two eitrances (6x3.5 em) was added. Mice were allowed 1o
explore for 10 min, while their activity was recorded by video
camera. Results were analyzed on a Macintosh computer using
Image OEC LO2e1 (O'HARA & Ca), a modified soltware of the
public domain NIH Image program,

Supporting Information

Figure 81 ‘I'raction test indicates that grip strength was
comparable between imnsgenic mice and wild-type litermanes.
Forelimb grip strength was quantitatively assessed using a spring
straimn gauge (('HARA & Co., Japan). Animals held by the taul
grasped a wire neting and were genily pulled away from the bar
with a smoath steady pull until they released the wire netting. The
Yeaxis indicates grip steengih (g).

Found at: doiz 10137 L/ jonmal.pone 000 THEY.001 (0,16 MB 'T1E
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Figure 582 ‘l'ransgene expression was not detecred in the internal
organs of FSM and ACM4 mice. R'T-PCR-based idemtification of
Iransgene expression was carried out in various iternal organs,
Transgene plasmid DNA and total cellular RNA prepared from
cortex of each transgenic mice line served as a positive control.
Water and total cellular RNA from cortex of wild-type mice served
as i negative control. Actin gene was used as an internal control.
Unspliced products were detected at the upper position of mature
andl spliced product when transgene plasmid DNA or ACM4's
cortex RNA were wsed as o template. To rule out the possibility
that genomic DNA was amplified, we performed RT-PCR
withour reverse tanscription (middle row panels, R1%), which
showed no signals,

Found av: doi: 10,137 1 /journal pone. 0001 869.5002 (0.56 MB T1F)

Figure 83 Nissl staining of the coronal brain section from wild-
type, FSM and ACM4, Lower panels, high magnification images
of the hippocampus. Scale bar, 500 gm. Method. Animals were
sacrificed with an overdose of anesthetics, and the brain was
dissected and immediately frozen on dry ice. Cryostat sections (18-
jim thickness) were cut and mounied onto polylysine-coated glass
shdes. Sections were air-dried and stored . —80°C umil use.
Slides were immersed in the 10% formalin solution for 30 min at
4°C for the fixation, and washed twice with PBS for 15 min at
room temperature. Slides were then stained with 0.1% Cresyl
Violet for 10 min, They were differentied in HyO for 3-5 min
and then dehydeated through 70%, 95%, 100% and 100%
alcohol. “I'hey were then put in xylene and cover-slipped.

Found at: dei:10.1371/journal.pone. 000 1869.5003 (0.76 M '1'1F)
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Figure 84 Analysis of forced swimming test [wild-type Titter-
mates (black circles), n= 18; FSM (blue squares), n= 8] on day 2.
The immobilizing tme (sec) was plotted [or each minute. No
significant genotype eflect was observed for FSM. On day |, mice
were placed in a container with water at a depth of 20 em (23~
25"C) for 15 min. and forced o swim as they were unable w touch
the bottom with their hind limbs. On day 2, the mice were placed
back into 20 em deep water for 5 min. When mice were unable 1o
avoid the lorced swimming, they exhibited immobility. Immobility
was monitored by infra-red detector (CompACT FSS, Muromachi
Kikai).
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Transduction Efficiency and Immune Response
Associated With the Administration of AAV8
Vector Into Dog Skeletal Muscle
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Recombinant adeno-associated virus (rAAV)-mediated
gene transfer is an attractive approach to the treatment
of Duchenne muscular dystrophy (DMD). We investi-
gated the muscle transduction profiles and immune
responses associated with the administration of rAAV2
and rAAV8 in normal and canine X-linked muscular
dystrophy in Japan (CXMD) dogs. rAAV2 or rAAVE
encoding the lacZ gene was injected into the skeletal
muscles of normal dogs. Two weeks after the injection,
we detected a larger number of p-galactosidase-positive
fibers in rAAV8-transduced canine skeletal muscle than
in rAAV2-transduced muscle. Although immunohis-
tochemical analysis using anti-CD4 and anti-CD8 anti-
bodies revealed less T-cell response to rAAV8 than to
rAAV2, p-galactosidase expression in rAAV8-injected
muscle lasted for <4 weeks with intramuscular transduc-
tion. Canine bone marrow-derived dendritic cells (DCs)
were activated by both rAAV2 and rAAVS, implying
that innate immunity might be involved in both cases.
Intravenous administration of rAAV8-lacZ into the hind
limb in normal dogs and rAAV8-microdystrophin into the
hind limb in CXMD, dogs resulted in improved trans-
gene expression in the skeletal muscles lasting over a
period of 8 weeks, but with a declining trend. The limb
perfusion transduction protocol with adequate immune
modulation would further enhance the rAAV8-mediated
transduction strategy and lead to therapeutic benefits in
DMD gene therapy.

Received 16 March 2008; accepted 17 September 2008; published
online 21 October 2008. doi:10.1038/mt.2008.225

INTRODUCTION

Duchenne muscular dystrophy (DMD) is an inherited disorder
causing progressive deterioration of skeletal and cardiac muscles
because of mutations in the dystrophin gene. No effective treat-
ment has been established despite the development of various

novel therapeutic strategies including pharmacologic and gene
therapies. Dystrophin-deficient mdx mice and dystrophin-
utrophin double-knockout mice are the animal models most
widely used to evaluate therapeutic efficacy, although the symp-
toms of mdx mice are not comparable to those of human DMD
patients. Dystrophin-deficient canine X-linked muscular dystro-
phy was found in a golden retriever,'? and we have established
a Beagle-based model of canine X-linked muscular dystrophy in
Japan (CXMD)) dogs.” The clinical and pathological character-
istics of the dystrophic dogs are more similar to those of DMD
patients than murine models.’

The recombinant adeno-associated virus (rAAV) can be used
for delivering genes to muscle fibers. Several serotypes of rAAV
exhibit a tropism for striated muscles.** Intramuscular or intra-
venous administration of rAAV carrying the microdystrophin
gene was reported to restore specific muscle force and extend
the lifespan in dystrophic mice.*” In contrast to the success of
transgene delivery in mice, rAAV2 or rAAV6 delivery to canine
striated muscles without immunosuppression resulted in insuf-
ficient transgene expression, and rAAV evoked strong immune
responses.™ An assay of interferon-y released from murine and
canine splenocytes suggested that the immune responses against
rAAV and transgene products in mice and in dogs are dissimi-
lar.* Uptake of rAAV2 by human dendritic cells (DCs) and T-cell
activation in response to the AAV2 capsid have been reported,"
indicating that DCs play key roles in the immune response
against rAAV-mediated transduction, On the other hand, other
serotypes, including rAAV8, that are capable of whole-body skel-
etal muscle expression after intravenous administration,“*induce
less T-cell activation.! We hypothesized that the level of activa-
tion of canine DCs by rAAVS might be lower than that achieved
by rAAV2. However, the transduction profile and immune
response in the rAAVS-injected dog skeletal muscle have not
been elucidated.

In this study, we chose to use intramuscular injections under
ultrasonographic guidance so as to minimize the inflammatory
reaction caused by incisional intramuscular injection.' In

Correspondence: Shin‘ichi Tokedo or Takashi Okada, Department of Moleculor Therapy, National Institute of Neuroscience, Notional Center of
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addition, intravascular delivery was performed as a form of limb
perfusion, in an attempt to bypass the immune activation of DCs
in the injected muscle. We investigated the transgene expression
and host immune response to two distinct serotypes of rAAV in
normal and dystrophic dogs after direct intramuscular injection
and after limb perfusion.

RESULTS

Extensive expression of f-galactosidase

in rAAVEB-transduced muscles in wild-type dogs

We administered nonincisional intramuscular injections under
ultrasonographic guidance so as to minimize injury. With inci-
sional injection, the ordinary method of intramuscular viral
administration in dogs," the skin is opened to identify the individ-
ual muscles. This may enhance the immune reaction by recruit-
ing inflammatory cells for wound healing. After nonincisional
injection of rAAV2-lacZ, faint p-galactosidase (B-gal) expres-
sion was detected, whereas lymphocyte infiltration still occurred
(Supplementary Figure S1). To investigate the transduction
efficiency of rAAVS in canine skeletal muscle, normal dogs were
transduced with rAAV-lacZ serotypes 2 and 8 (Table 1). Prominent
expression of P-gal was observed in the rAAVS-lacZ-injected
muscles, whereas the rAAV2-lacZ-injected muscles showed mini-
mal transgene expression (Figure 1). While p-gal expression in
the rAAV8-injected muscle was correlated with the viral dose,

Table 1 Summary of gene transduction experiments

© The American Society of Gene Therapy

B-gal expression in the rAAV2-injected muscle was not aug-
mented with viral dose escalation. However, rAAV8-lacZ-injected
muscles, which showed extensive B-gal expression at 2 weeks,
also exhibited reduced expression at 4 weeks after the injection,
thereby suggesting that the transgene product had immunogenic-
ity (Supplementary Figure $2).

To evaluate the difference in transduction efficiency between
rAAV2 and rAAVS at 2 weeks after the injection, relative quanti-
fications of the vector genome and mRNA were performed. The
result demonstrated higher transduction rates in the rAAVS-
injected muscles as increasing amounts of the vector were admin-
istered (Figure 2a,b). The amount of protein expression was
also well correlated with that of transgenic DNA (Figure 2c,
Supplementary ‘Table S1). Immunohistochemical analysis
revealed that the rAAV2-injected muscles showed much more
infiltration of CD4* and CD8* T lymphocytes in the endomysial
space than the rAAVS-injected muscles did (Figure 3a). mRNA
levels of TGE-B1 and IL-6 (representative markers of inflamma-
tion) in the rAAV-injected muscles were standardized with the
{-gal expression. rAAV2-injected muscles had higher TGF-p1 and
1L-6 expression than rAAVS8-transduced muscles (Supplementary
Figure $3). We also examined humoral immune responses against
the rAAV particles in the sera of rAAV-injected dogs. The levels
of serum IgG in reaction to rAAV2 or rAAVE gradually increased
with time in both serotypes (Figure 3b). These results suggest

Transgene expression? Cellular infiltration*

Dog 1D Sex Age* Bwe se::;;e Transgene Route Muscle Vector dose 2 weeks 4 weeks 8 weeks 2 weeks 4 weeks B weeks
2201MN M 10 45 2 lacZ im. TA,ECR 1 x 10" - - - ++
3D04MN M 5 28 2 lacZ im.  TA,ECR 1= 10" - - + +

3007FN F 5 15 2 lacZ im. TA,ECR 1= 10" - - - ++ ++

2204FN F 10 25 2 lacZ Lm. TA,ECR 1= 10" . i

2B01FN F 10 5.2 2 lacZ i.m. TA,ECR 110" + - + ++
2901MN M 6 28 2 lacZ im.  TA,ECR 1108 ~ x

TM4R M 7 33 2 lacZ km. TA, ECR 1x 10" - +

2206FN F 10 30 2 lacZ im. TA, ECR 1% 10" + + + ++

2205MN M 10 42 8 lacZ im. TA,ECR 1% 10" +4 + - e

2905MN M 6 28 ] lacZ im. TA,ECR 1= 10" + -

NL52F F 10 35 8 lacZ iim.  TA,ECR 1 x 10" bt +

2106FN F 6 32 8 lacZ im. TA,ECR 1= 10% 44 - - e

7M49 F 6 32 B lacZ tm.  TA,ECR 1% 10% + +4 - -
2109FMN M 7 i3 L] lacZ, im.  TA,ECR 1= 107 4t

2903MN M & 32 L] lacZ im, TA, ECR 1= 107 it

2209MN M 10 43 8 lacZ Lm. TA,ECR 1= 10" 44 + 4

2309FA F 6 32 8 M3 im. TA ECR 1= 104 + +

LLH49F F 8 33 8 lacZ v 110" e '

IR05SMN M [ 35 8 lacZ L. 1 = 10" 444 + + +
2704FA F B 36 8 M3 Lv. 1x 10" + +++

4001MA M 6 il 8 M3 Lv. 110" +++ +

BW, body weight; F, lernale; M, male.

*Age at injection (weeks). "BW at injection (kg). “Vectors (vg/mil) were intramuscularly (i.m.) injected into extensor carpi radiolis (ECR) (1 ml) and tibialis anterior (TA) (2 ml)
on both sides. Vectors were also intravenously (i.v.) injected into the lateral saphenous vein (vg/kg/limb} by using limb perfusion method. *p-Gal or microdystrophin-
pasitive fibers per 3,000 fibers: =, 0; +, <100; +, <300; ++, <1,000; +++, 1,000, *Infiltrating cells: -, not detected; &, a few, +, moderate; ++, extensive,
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1= 10" 1x10"

12 10" {vgimi)

rAAV2-Lack

rAAVE-LacZ

Figure 1 Canine skeletal muscles stained for p-galactosidase. Twa
milliliters of rAAV2-lacZ or rAAVB-lacZ (1 = 10"-10"vg/ml) were
injected intramuscularly into the tibialis anterior (TA) muscle of normal
dogs (n = 16) under ultrasonographic guidance. The muscles were biop-
sied 2 weeks alter the injection. Upper: rAAVZ-lacZ-injected TA muscles,
Lower: rAAVB-lacZ-injected TA muscles. Bar = 200 um.
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Figure 2 Quantification of viral vector genome, mRNA, and trans-
gene expression, (a) Relative quantification of genomic PCR for rAAV2-
lacZ-injected muscle (black bars) or rAAVB-lacZ-injected muscle (gray
bars). DNA samples were extracted from the TA muscles. *P < 0.05. **P <
0.01. Error bars represent 2 5D. (b) Relative quantification showed maore
extensive f-gal mRNA expression caused by rAAVE-lacZ (gray bars) as
compared to that caused by rAAV2-lacZ (black bars). 185 rRNA was used
for an internal control, ***P < 0.05, Error bars represent 2 5D. (c) Western
blots of f-gal protein (120 kDa) and a-actin (42kDa); the -gal signal was
normalized to a-actin for comparison,

that cellular and humoral immune responses are elicited in both
rAAV2- and rAAVE-transduced muscles.

Bone marrow-derived DC reactions to rAAV2

and rAAVS8

We next cultured bone marrow-derived DCs to investigate
their response to rAAV injection in dogs. Flow cytometric
analyses of these cells at 7 days of culture revealed marked
expressions of CD11c¢ and MHC class II molecules on the

Molecular Therapy vol. 17 no. | jan, 2009
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Figure 3 Immune response Lo rAAV. (a) Lymphocyte infiltration after
rAAV transduction. Muscles were biopsied 2 weeks after rAAV2- or rAAVE-
lacZ injection (2 = 10" vg/muscle). Serial cross-sections were stained with
p-gal and H&E, and were immunohistochemically stained with antibod-
ies against canine CD4, CDBa (Alexa 568, red), and a-sarcoglycan (a-5G,
Alexa 488, green). Upper: rAAV2-lacZ-injected TA muscle; lower: rAAVE-
locZ-injected TA muscle, Bar = 100pm, (b) Humoral immune responses
to rAAV capsid in dogs. Serum was collected weekly from rAAV2- or
rAAVE-lacZ-injected dogs and analyzed for the presence of IgG antibody
against the rAAV2 or rAAVE capsid. The data represent dilution rates with
50% reactivity of anti-rAAV2 (black boxes) and anti-rAAVE (gray boxes)
capsid antibodies. The mean reconstitution values are shown as straight
lines. Each symbol represents an individual dog that was injected with
rAAV at 2 x 10" vg/muscle,

surface (Figure 4a,b), The DCs were cultured with the rAAV-
luciferase of either serotype 2 or 8 for 48 hours to evaluate
transduction efficiency, or cultured with rAAV-lacZ for 4 hours
to investigate kinetic changes in mRNA. The luciferase assay
showed that the transduction efficiency of rAAV2-luciferase
in DCs was approximately two times that of rAAVS-luciferase
(Figure 4c). mRNA levels of MyD88 and costimulating factors,
such as CD80, CD86, and type I interferon (interferon-f, IFN-p)
were elevated in both conditions (Figure 4d), suggesting that
rAAVE also induces a considerable degree of innate immune
response in dog skeletal muscles. Although rAAV2-transduced
DCs showed higher IFN-p expression than rAAVE-transduced
DCs, the differences between the effects of rAAV2 and rAAVS
on the mRNA levels of MyD88, CD80, CD86, and IFN-p were
not statistically significant.

Successful microdystrophin gene transfer

with rAAVS into dystrophic dogs

Dystrophin expression in normal skeletal muscle is localized
on the sarcolemma, whereas it is totally absent in CXMD, dogs
(Supplementary Figure S4a,b). Microdystrophin expression in
the rAAV8-injected skeletal muscle of CXMD, dogs was main-
tained, even in the absence of any immunosuppressive therapy,
for at least 4 weeks after the injection (Table 1). Previously, we
had shown that microdystrophin expression of ca 20% was suf-
ficient to achieve functional recovery in mdx mice®, However, the
amount of the expression in intramuscularly injected muscles

e |
L)
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Figure 4 Responses of dendritic cells (DCs) to rAAV in dogs. Bone
marrow-derived DCs were obtained from the humerus bones of dogs
and cultured in RPMI (10% FCS, p/s) for 7 days with canine GM-CSF
and IL-4. (a) Flow cytometric analysis of cell surface molecules on day 7.
The cells were stained with PE-conjugated CD11c antibody and isotype
control, (b) DCs were stained with FITC-conjugated MHC Class Il anti-
body and isotype control. (€) DCs were transduced with rAAV-luciferase
(1 = 10*vg/cell) for 48 hours. To analyze luciferase expression relating to
the use of rAAV2 or rAAVE, relative light unit (RLL) ratios were measured.
*F < 0.0, Error bars represent s.e.m., n = B. (d) DCs were transduced
with 1 = 10*vg/cell of rAAV2 (black bars) or rAAVB-lacZ (gray bars) for
4 hours, and mRNA levels of MyD88, CDBO, CDB6, and IFN- were
analyzed. Untransduced cells were used as a control lo demonstrate the
relative value of expression. The resulls are representative of two inde-
pendent experiments. Error bars represent s.e.m., n= 3.

seemed to be insufficient to produce the expected functional
recovery (Supplementary Figure S4¢).

For more efficient gene delivery by rAAVS, we tried a limb
perfusion method in the hind limb through the lateral saphen-
ous vein, in an attempt to prevent muscle damage due to direct
injection and to bypass immune activation through DCs in the
injected muscle, We had observed highly efficient p-gal expres-
sion in nearly all the muscles of the distal hind limb at 2 weeks
after a single injection (Table 1, Figure 5a). We then injected
rAAVE-M3 into the hind limbs of CXMD, dogs, using the same
method (Table 1). The induction of microdystrophin expression
in the muscle at 4 weeks after intravascular injection was more
efficient and free of noticeable immune response as compared
to intramuscularly injected muscle (Figure 5b, Supplementary
Figure S4d). These results suggest that the intravascular method
is superior to the intramuscular method of administration.
Although microdystrophin expression persisted at 8 weeks after
injection of rAAV8-M3, the number of microdystrophin-positive
cells at this time point was lower than in the muscles that were
sampled at 4 weeks after injection. It is clear, therefore, that long-
term microdystrophin expression can be obtained by the limb
perfusion method, but that the expression does not last at the
same level over a period of weeks. The same phenomenon was

76

€ The American Soclety of Gene Therapy

Nontreated
CXMD, muscle

TAAVB-M-injected
CAMD, muscle

Figure 5 rAAVB-mediated muscle transduction using the limb perfu-
sion method. (a) Transduction of normal dog with rAAVE-locZ, using the
limb perfusion method. Muscles were biopsied 2 weeks after the injec-
tion and stained with B-gal and H&E. TA, tibialis anterior, EDL, extensor
digitorum longus. Bar = 200pum. (b) Transduction of canine X-linked
muscular dystrophy in Japan (CXMD) dog with rAAVB-M3. Muscles of
CXMD, dogs were biopsied 4 and 8 weeks after limb perfusion with rAAVE-
M3. Samples were immunohistochemically stained with anti-dystrophin
antibody (dys2, NCL), Left: nontreated CXMD, muscle. Middle and right:
muscles injected with rAAV-M3 using limb perfusion method, examined
at 4 or 8 weeks alfter the transduction, Bar = 100um,

observed in rAAV8-lacZ-transduced muscles (Supplementary
Figure §5).

DISCUSSION

In this article, we present evidence that the transfer of rAAVS-
lacZ to canine skeletal muscles produces higher transgene expres-
sion with less lymphocyte proliferation than rAAV2-lacZ does,
at 2 weeks after injection. Given the advantages of rAAVS, the
administration of rAAV8-M3 by limb perfusion produced exten-
sive transgene expression in the distal limb muscles of CXMD,
dogs without obvious immune responses for as long as B weeks
after injection. However, transgene expression in the rAAVS-
transduced muscles attenuated in the absence of an immuno-
suppressive regimen over the course of observation. In addition,
humoral immune responses were elicited by both rAAV2 and
rAAVS. mRNA levels of MyD88 and costimulating factors such
as CD80, CD86, and type | interferon (interferon-p) were elevated
in both rAAV2- and rAAVS-transduced DCs in vitro.

In our previous study, we had demonstrated extensive
lymphocyte-mediated immune responses to TAAV2-lacZ after
direct intramuscular injection into dogs, in contrast to the reported
successful delivery of the same viral construct into mouse skeletal

www.moleculartherapy.org vol. 17 no. | jan, 2009
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muscle.” The fact that the promoter-deleted rAAV2 caused fewer
cytotoxic cellular responses suggested that the massive destruction
of transduced muscle cells might be the result of cellular immunity
against the transgene product. In this study, there was extensive
expression of B-gal in rAAV8-lacZ-injected canine muscles even
in the absence of any immunosuppressive treatments (Figure 1),
while the rAAV2-lacZ-injected muscles showed minimal p-gal
expression with considerable inflammatory infiltration. If the
transgene product were the main inducer of immune responses,
lymphocyte activation would be correlated with transduction effi-
ciency; however, this is not the case based on our results relating to
the vector genome, mRNA expression level, and protein delivered
through cither rAAV2 or rAAVS (Figure 2). These data suggested
that the rAAV particle is associated with potent immunogenicity,
Besides, B-gal expression disappeared 4 weeks after injection in
the rAAV8-injected muscle as in the rAAV2-transduced muscles
(Supplementary Figure $2). To investigate whether AAV itself has
immunogenicity properties, we further characterized the immune
responses caused by rAAV2 or rAAVS,

Immunohistochemical analysis revealed that the rAAV2-in-
jected muscles showed higher rates of infiltration of CD4* and
CD8" T lymphocytes in the endomysium than rAAVS-injected
muscles did (Figure 3a). Considering the stringent immuno-
penicity of lacZ gene expression, we normalized the activity of
TGF-B1 and IL-6 by lacZ expression to exclude the effect of trans-
gene products (Supplementary Figure S3a). The total activity of
TGF-1 and IL-6 in the rAAV8-injected muscles was higher than
that in rAAV2-injected muscles (Supplementary Figure $3b),
As a result, rAAV2 induced a stronger cellular immune response
than rAAVS did. To investigate the humoral immune response, we
quantitated neutralizing antibodies against rAAV particles in the
sera of rAAV-injected dogs (Figure 3b). Antibodies against AAV2
and AAVE capsids were below the detectable level before the
injection and were elevated with time after the injection. Because
the dogs were bred in a specific pathogen-free facility and not vac-
cinated, we assume that the elevation of antibody levels was nol
caused by anamnestic reaction.

Recently, Li et al."” reported that the AAV2 capsid can induce
a cellular immune response through MHC class 1 antigen pre-
sentation with a cross-presentation pathway, and the effects of
rAAV2 on human DCs have been described."" In contrast,
other serotypes such as rAAVS induced less T-cell activation. !
Plasmacytoid DCs are critically important in innate immunity
because of their unsurpassed ability to present adenoviral anti-
gens to T-cells for the generation of primary cellular and humoral
immune responses.'”'” The response of DCs against rAAV in dogs
was yet to be elucidated. We prepared bone marrow-derived DCs
to investigate rAAV-mediated transduction of DCs. The differ-
ence between rAAV2 and rAAVS in respect of the transduction
rate of DCs in vitro was no greater than the difference in distinct
B-gal expressions in vivo (Figure 2,4c). Quantitative analysis of
mRNA of the transduced DCs by RT-PCR revealed that both
rAAVZ and rAAVS upregulated the expression of costimulating
factors, with no significant difference between mRNA levels in
rAAVZ- and rAAVS-transduced cells. Therefore, both rAAV2
and rAAVS may activate innate immunity in the context of exten-
sive muscle transduction. Whereas AAV capsids cause immune
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response, transgene products may play adjuvant roles in the
immunity to the AAV capsids."

rAAVS encoding the human microdystrophin gene was also
intramuscularly injected into the skeletal muscles of CXM D,
dogs. rAAVS-mediated gene expression without any immunosup-
pression was confirmed over a period of 8 weeks after the injec-
tion, whereas there was much less transduction with the use of
rAAV2 (data not shown). rAAVS-mediated transduction was also
expected to provide effective intravenous delivery.” In this con-
text, the venous system is an attractive route for limb perfusion
administration because it is a direct channel to multiple muscles
of the limb. Moreover, veins are easier to access through the skin
and there is less potential for muscle damage during injection.
By using the limb perfusion method, we could reach nearly all
the muscles of the lower limb, held transiently isolated by a tour-
niquet around the thigh. Limb perfusion administration could
possibly have the potential to bypass the DC recognition caused
by intramuscular injection. We intravenously injected rAAVS-
lacZ into the hind limbs of normal dogs and rAAVS-M3 into the
hind limbs of CXMD, dogs, and obtained more extensive expres-
sion of p-gal or microdystrophin than by intramuscular injection,
Interestingly, the inflammatory response was not significant in the
intravenously injected muscles, although no immune suppression
was attempted. We think that one reason rAAVS-M3 resulted in
better expression than rAAV8-lacZ is that the immunogenicity of
M3 is lower than that of lacZ. Although microdystrophin expres-
sion was lower at 8 weeks after the transduction with the limb
perfusion, cellular infiltration was not significant,

In the future, systemic delivery of rAAVS-microdystrophin
could ameliorate the symptoms of DMD patients. Even though
portal vein injection of rAAV2-FIX into hemophilia B dogs pro-
duced long-term expression, a clinical study failed to demonstrate
long-term expression in humans."”® In advance of future clinical
trials, several studies are required to confirm safety. Sequential
peripheral blood monitoring showed no severe adverse events,
including liver dysfunction, during 8 weeks (data not shown). We
are now developing a systemic delivery strategy with a muscle-
specific promoter. Itisalso necessary to improve vector constructsor
regulate immune reaction against transgene products. Recently,
Wangetal reported sustained AAV6-mediated human microdystro-
phin expression in dystrophic dogs for 30 weeks, using combined
immunosuppressive therapy of Ciclosporin, Mycophenolate
Mofetil, and anti-thymocyte globulin.” In this study with rAAVS-
M3, we confirmed effective transduction into dog skeletal muscle
for 4 weeks without immunosuppressive therapy. However, consid-
ering the fact that not only rAAV2 but also rAAVS induced activa-
tion of DCs in vitro,immunological modulation would be required
for sufficient long-term expression. A novel protocol with systemic
or localized immunosuppression using immunosuppressive drugs
or local immunosuppression with an IFN-a or -B blockade could
help avoid host immune reaction.

In summary, we achieved successful rAAVS-mediated muscle
transduction in wild-type dogs as well as in dystrophic dogs by
using the limb perfusion method of administration. Also, by
manipulating bone marrow-derived DCs, we observed the prob-
able contribution of antigen-presenting cells to the immune
response against rAAVB-mediated gene therapy. Although the
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cellular responses against rAAVS were not significant in vivo, this
DC activation may possibly be involved in limiting long-term
transduction when the limb perfusion method is used. The limb
perfusion transduction protocol with improved AAV constructs
or immune modulation would further enhance rAAVS-mediated
transduction strategy and lead to therapeutic benefits,

MATERIALS AND METHODS

Animals. Five- 1o ten-week-old male and female wild-type dogs obtained
from the Beagle-based CXMD, breeding colony at the National Center
of Neurology and Psychiatry (Tokyo, Japan) were used for the lacZ
gene transduction.” Six- to eight-week-old CXMD, dogs were used for
microdystrophin gene transduction. All the animals were cared for and
treated in accordance with the guidelines approved by the Ethics Committee
for Treatment of Laboratory Animals at National Center of Neurology
and Psychiatry, where the three fundamental principles of replacement,
reduction, and refinement are also considered. Dogs were nol vaccinated
to avoid the immune responses to vaccination.

Construction of proviral plasmid and recombii AAV  vector
production, The mW'! w.-ctor proviral plasmids harboring the lacZ or
luciferase gene witha CMV promoter and SV40 late-gene polyadenylation
sequence were propagated” As a therapeutic gene for DMD, the human
microdystrophin gene, M3, was used under the :onlml of the CMV pro-

moter and a bovine growth hormone polyad n sequence.’’ The
vector genome was packaged into the AAV2 (.HPSId or pseudotyped AAVE
capsid in HEK293 cells. A large-scale cell culture method with an active
gassing system was used for transfection.” The vector production process
involved triple transfection of a proviral plasmid, an AAV helper plasmid
pAAV-RC (Stratagene, La Jolla, CA) or p5E18-VD2/8, and an adenovirus
helper plasmid pHelper (Stratagene).” All the viral particles were puri-
fied by CsCl gradient centrifugation. The viral titers were determined by
quantitative PCR using SYBR-green detection of PCR products in real
time with the MyiQ single-color detection system (Bio-Rad, Hercules,
CA) and the following primer sets: for AAV-lacZ, lacZ-Q60: forward
primer 5-TTATCAGCCGGAAAACCTACCG-¥, and reverse primer
5-AGCCAGTTTACCCGCTCTGCTA-3:  for  AAV-microdystrophin:
forward primer 5-CCAAAAGAAAAAGGATCCACAA-3, and reverse
primer 5-TTCCAAATCAAACCAAGAGTCA-3"; and for AAV-luciferase:
forward primer 5-GATACGCTGCTTTAATGCCTTT-3', and reverse
primer 5-GTTGCGTCAGCAAACACAGT-3".

Direct administration of rAAVs into normal and dystrophic skeletal
muscle. Experimental dogs (n = 16) were sedated with isoflurane by mask
inhalation and intubated. Anesthesia was d with 2-4% isoflu-
rane. Two milliliters of rAAV2-lacZ or rAAVS-lacZ (1 x 10"-10" vg/ml)
were injected intramuscularly into the tibialis anterior muscles and 1 ml
into the extensor carpi radialis muscles of the normal dogs under ultra-
sonographic guidance. rAAVB-M3 (1 x 10" vg/ml) was intramuscularly
injected at a volume of 2ml into the tibialis anterior muscles and 1 ml into
the extensor carpi radialis muscles of a CXMD, dog,

Intravenous delivery of rAAVs into the limb veins of dogs. Intravenous
injection was administered as described elsewhere.* Briefly, a blood
pressure cuff was applied just above the knee of an anesthetized nor-
mal dog. A 24-gauge intravenous catheter was inserted into the lateral
saphenous vein, connected 1o a three-way stopeock, and flushed with
saline. With the blood pressure cuff inflated to over 300 mm Hg, saline
(2.6 mlfkg) containing papaverine (0.44 mg/kg, Sigma-Aldrich, 5t Louis,
MO) and heparin (16 Ulkg) was injected by hand over 10 seconds. The
three-way stopcock was connected 1o a syringe containing rAAVS-lacZ
(1 x 10" vgrkg, 3.8 ml/kg). The syringe was placed in a PHD 2000 syringe
pump (Harvard Apparatus, Edenbridge, UK). Five minutes after the
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papaverine/heparin injection, the rAAVS-lacZ was injected at a rate of
0.6ml/second. Two minutes after the rAAV injection, the blood pressure
cuff was released and the catheter was removed. The CXMD, dogs were
injected with rAAVS-M3 using the same method.

Sampling of transduced muscles, Either the muscles of the transduced
dogs were biopsied or the animals were killed at 2, 4, and 8 weeks after
the injection. We sampled tibialis anterior and extensor carpi radialis
muscles on both sides in the intramusculary transduced dog. In the case
of the limb perfusion study, tibialis anterior or extensor digitorum lon-
gus muscle of the injected side of the leg was sampled. For biopsy and
necropsy, the individual muscle was cropped tendon-to-tendon, divided
into several pieces, and immediately frozen in liquid nitrogen-cooled
isopentane. Two to cight blocks were pled from the transduced
muscle. We analyzed at least 30 sections from the blocks to observe the
general representation.

Histologicol analysis. Transverse cryosections (10um) from the rAAV-
lacZ-injected muscles were stained with hematoxylin and eosin or
5-bromo-4-chloro-3-indolyl-f-D- galactopyranoside.” Eight-micrometer-
thick cryosections from the rAAV-M3-injected muscles were immu-
nohistochemically stained as described* Briefly, the cryosections were
fixed by immersion in cold acetone at —20°C. Fixed frozen sections were
blocked in 5% goat serum in phosphate-buffered saline at room tempera-
ture and incubated with mouse monoclonal anti-dystrophin C-terminal
antibody (NCL-dys2, Novocastra, Newcastle upon Tyne, UK). The signal
was visualized with an Alexa 568-conjugated anti-mouse IgG. Fluorescent
signals were observed using a confocal laser scanning microscope (Leica
TCS SP. Leica, Heidelberg, Germany). Immunohistochemical analyses
were performed with mouse monoclonal antibodies against canine CD4
(CA13.1E4, Serotec, Oxford, UK), canine CD8a (CA9. |D3, Serotec), and
double-stained with rabbit polyclonal antibody against a-sarcoglycan.®
The signal was visualized with an Alexa 568-conjugated anti-mouse IgG,
and 488-conjugated anti-rabbit IgG.

Detection of AAV genomes. Total DNA was extracted from muscle cryo-
sections. Cryosections were homogenized using a Multi-beads shocker
(Yasui Kikai, Osaka, Japan), and extracted using a Wizard SV Genomic
DNA purification system (Promega, Madison, WI). The rAAV genome
was detected by relative quantitative PCR using SYBR-green detection of
PCR products in real time with a primer set of lacZ-Q60, For an internal
control, forward primer, 5-GAACACGCGTTAATAAGGCAATCA-3,
and reverse primer, 5-CTGACATTCATCGCATCTTTGACA-3, directed
to an ultra-conserved region, were used.”

Real-time RT-PCR. Total RNA was isolated from cryosections using a
Multi-beads shocker (Yasui Kikai), and RNeasy Fibrous Tissue Mini kit
(Qiagen, Hilden, Germany), and first-strand cDNA was synthesized using
a QuantiTect Reverse Transcription kit (Qiagen). mRNA was detected
using primer sets of lacZ-Q60, forward primer 5-TGATGGCTA
CTGCTTTCCCTAC-¥ and reverse primer 5-GAGATTTTGCCGA
GGATGTACT-3 for 1L-6, and forward primer 5-CAAGGATCTGGGC
TGGAAGTGGA-3" and reverse primer, 5-CCAGGACCTTGCTGTA
CTGCGGT-3 for TGF-P1. For an internal control, a primer set of 185
rRNA (Ambion, Foster City, CA) was used.

Western blot analysis, Muscle cryosections were homogenized with
four volumes of sample buffer (10% SDS, 70 mmol/l Tris-HCL, 10mmol/I
EDTA, and 5% p-mercaptoethanol). The samples were boiled for 5 minutes
and centrifuged at 14,500 rpm for 15 minutes. Protein samples (30 pg per
lane) were electrophoresed on a 7.5% polyacrylamide gel (Bio-Rad). The
membranes were incubated with a 1:1,000 dilution of the primary anti-
body for detecting 120kDa lacZ protein (rabbit anti-f-galactosidase 1gG
fraction, Molecular Probes, Eugene, OR) or 42kDa a-actin (mouse anti
a-sarcomeric actin IgM, Sigma-Aldrich). Anti-rabbit IgG peroxidase F(ah")
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