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Table 1

Previously reported missense mutations in HSPG2 in SJS.

Position (hgl9/GRCh37) Exon cDNA Amino acid Domain Reference
chrl: 22202483G>A 24 ¢.3056C>T p-Prol019Leu I11-2 [4,17]
chrl: 22191530G>A 36 c.4432C>T p.Argl1478Cys 1I-3 [4]

chrl: 22191367C>T 36 c.4595G>A p.Cys1532Tyr 1-3 2]

chrl: 22190685G>A 37 c.4648C>T p.Argl550Cys 1I-3 4]

chrl: 22162131C>T 75 c.10355G>A p.Arg3452GIn v [4]

chrl: 22159874C>T 80 c.10982G>A p.Arg3661Gln v [4]

Genomic coordinates are according to hg19/GRCh37. cDNA positions are according to NM_005529.5.

inside the cells. A similar study with a similar result has been
reported for p.Cys1532Tyr in domain III-3 [21]. Rodgers and
colleagues initially reported that p.Cys1532Tyr-knockin mice
did not exhibit typical features of SJS [21]. Nicole and colleagues,
however, later reported that the p.Cys1532Tyr-knockin mice
exhibited partial deficiency of endplate acetylcholinesterase
[12], dysmyelination of the preterminal Schwann cells [11],
and continuous neuromyotonic discharges [10]. Among the
seven missense mutations including the currently reported one
in HSPG?2 causing SJS, five are clustered in domain III (Fig. 1).
Domain IIT has been known to bind to and regulate growth
factors including FGF7 [22,23], FGF18 [24], and PDGF [25].
As both the p.Leul088Pro and p.Cys1532Tyr mutations similarly
inhibit secretion of perlecan, domain III is also likely to be
crucial for secreting perlecan into the extracellular space.
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Abstract

The autophagy—lysosome system is essential for muscle protein synthesis and degradation equilibrium, and
its dysfunction has been linked to various muscle disorders. It has been reported that a diverse collection of
extracellular matrix constituents, including decorin, collagen VI, laminin a2, endorepellin, and endostatin, can
modulate autophagic signaling pathways. However, the association between autophagy and perlecan in
muscle homeostasis remains unclear. The mechanical unloading of perlecan-deficient soleus muscles
resulted in significantly decreased wet weights and cross-section fiber area compared with those of control
mice. We found that perlecan deficiency in slow-twitch soleus muscles enhanced autophagic activity. This
was accompanied by a decrease in autophagic substrates, such as p62, and an increase in LC3Il levels.
Furthermore, perlecan deficiency caused a reduction in the phosphorylation levels of p70S6k and Akt and
increased the phosphorylation of AMPKa. Our findings suggested that perlecan inhibits the autophagic
process through the activation of the mTORC1 pathway. This autophagic response may be a novel target for

enhancing the efficacy of skeletal muscle atrophy treatment.

© 2015 Published by Elsevier B.V.

Introduction

Skeletal muscle is a plastic tissue that continuously
adapts in response to a variety of stimuli, including use
and disuse. Mechanical load causes hypertrophy,
while physical inactivity leads to atrophy. Muscle
mass is in a dynamic equilibrium between protein
synthesis and protein degradation, the latter being
ensured by the ubiquitin—proteasome pathway and
the autophagy process [1]. Animal models of skeletal
muscle atrophy have been used to identify various
pathways, including the autophagy-lysosomal path-
way, the matrix-metalloproteinase (MMP) pathway,
and the ubiquitin—proteasome pathway, via methods
such as hindlimb casting, denervation, and Achilles
tendon tenotomy. Atrophy induced via tenotomy has

0022-2836/© 2015 Published by Elsevier B.V.

been shown to increase the expression of MMP genes
and genes involved in the lysosomal degradation
pathway [2]. It has also been shown that soleus
muscle from autophagy-impaired (Atg7-deficient:
Atg7 KO) mice maintained muscle mass, while soleus
muscle from wild type mice and fast-twitch muscles
from both wild type and Atg7 KO mice atrophied after
denervation; this indicated that autophagy contributed
to denervation atrophy in the soleus muscle [3].
Perlecan, a heparan sulfate proteoglycan (HSPG),
is a component of basement membranes that
surrounds the skeletal muscle. Perlecan is implicated
in many biological functions in tissue development,
homeostasis, and diseases [4-8]. It is also implicated
in modulating cellular processes by regulating growth
factor signaling pathways [9-12]. We have previously
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examine the effect of tenotomy in the soleus muscle, the gastrocnemius and soleus muscles but not the plantaris muscle
were tenotomized (G/S-Ten) in the distal tendons of the left hindlimbs, and the wet weight of the soleus muscle was
measured 14 days after surgery. Data are shown as the mean x s.e.m. ***P < 0.001 vs. the contralateral sham muscle
from the right limb. (b) Percentage change in muscle wet weight. The effect of unloading on muscle wet weight was
determined by comparing muscle wet weight to the contralateral sham muscle from the right limb; *P < 0.05 vs. WT-Tg
mice. (c) Quantification of the cross-sectional area (CSA) of the soleus muscle. Data are shown as the mean + s.e.m.
*P < 0.05, ***P < 0.001 vs. the contralateral sham muscle from the right limb of the same mice. P < 0.01 vs. WT-Tg
mice. (d) Percentage change in muscle CSA. The effect of unloading on muscle CSA was determined by comparing
muscle wet weights from the CSA of the contralateral sham muscle from the right limb. Data are shown as the mean =

s.e.m. **P < 0.001 vs. WT-Tg mice.

demonstrated that mechanical overioad of the
plantaris muscle, a fast-twitch skeletal muscle, in
perlecan-deficient mice causes greater muscle
increase and that mechanical unload causes less
muscle loss, accompanied by decreased myostatin
expression and signaling [13]. Myostatin is preferen-
tially expressed in fast-twitch fibers, and inactivating
mutations are essentially associated with fast-twitch
fiber hyperplasia [14]. However, due to the lack of
myostatin in the soleus muscle, the differences
between the contributions of different signaling
pathways to the atrophy of fast-twitch and slow-twitch
muscles in perlecan-deficient mice remains to be
clarified.

Macroautophagy (simply referred to as autophagy
hereafter) is a basic catabolic mechanism that
involves the degradation of unnecessary or dysfunc-
tional cellular components through the action of
lysosomes [15]. Itis regarded as an important process
that maintains tissue integrity and overall organismal
homeostasis [16—18]. Abnormal autophagy, defined

by either inadequate autophagy levels or hyperactive
autophagic flux, is detrimental to normal tissue
function and manifests as neurological disorders
such as Parkinson's disease or congenital myopa-
thies [19]. The alteration of autophagy contributes
to myofiber degeneration, which leads to the accu-
mulation of abnormal organelles. Extracellular matrix
proteins, such as decorin, collagen VI, laminin a2,
endostatin, endorepellin, and kringle V, modulate the
autophagic signaling pathway [19]. For example,
collagen VI, endorepellin, decorin, kringle V, and
endostatin promote autophagy [20], while laminin a2
inhibits the autophagy process [21]. The C-terminal
fragment of perlecan, endorepellin, inhibits angiogen-
esis in vitro and in vivo [22]. More recently,
endorepellin has been shown to promote autophagy
in endothelial cells by regulating the expression of
autophagy marker genes [23].

In this report, we studied the association between
perlecan and autophagy in the slow-twitch soleus
muscle using a lethality-rescued perlecan knockout
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Fig. 2. Autophagy is increased in soleus muscles from Hspg2™~ Tg mice. (a) Representative images of the sham and
tenotomized soleus muscles from double-transgenic WT-Tg/GFP-LC3-Tg mice and Hspg2™~ Tg/GFP-LC3-Tg mice at
14 d after the operation. (b) The number of GFP-LC3 dots was counted and divided by the corresponding area. For
the analysis of the skeletal muscles, transverse sections were used. The y-axis indicates the number of GFP-LC3 dots
(10%/mm?). Each value represents the mean = s.e.m. ***P < 0.001 vs. Sham, TP < 0.001 vs. WT-Tg mice. (c) Electron
micrographs of the sham and tenotomized soleus muscles from transgenic WT-Tg, Hspg2~" Tg mice at 14 d after the
operation. The boxed region in the Hspg2™~ tenotomy panel is shown in the next panel on the right. Arrow: autophagic
vacuoles. (d) Percentage of myofibers containing autophagic vesicles in sham and tenotomized soleus of WT-Tg and
Hspg2™~Tg mice. Each value represents the mean = s.e.m. **P < 0.01 vs. Sham, P < 0.01, ™"P < 0.001 vs. WT-Tg mice.

mouse model (Hspg2™/7; Tg), in which the perlecan revealed that perlecan deficiency enhanced autoph-
transgene is expressed specifically in cartilage but  agy of the slow-twitch soleus muscle through the
not other tissues, including muscles [24]. Our results  inhibition of the mTORC1 pathway.
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Results

The absence of perlecan increases the level
of tenotomy-induced atrophy in the soleus
muscle

We first examined the role of perlecan in teno-
tomy-induced atrophy in the soleus muscle of the
pennatal Iethallty -rescued perlecan knockout
(Hspg2~~; Tg) mice, which express the perlecan
transgene specifically in cartilage under the control
of the ColZa1 collagen promoter and enhancer [25]
in Hspg2™" mice [13]. In the previous study, we
showed that perlecan is absent in skeletal muscle
the kidneys, the heart, and the liver in Hspg2™ Tg
mice, whereas it is expressed in those tissues in
WT-Tg mice, and the recombmant perlecan is
expressed in the cartilage of Hspg2 ™~ Tg mice [13].

To analyze the role of perlecan in the mechanical
unloading of slow twitch muscles, we performed
tenotomy of the distal tendons of the left hindlimbs
of WT-Tg and Hspg2~~Tg mice. The soleus and
the gastrocnemius muscles were tenotomized,
but the plantaris muscle was left intact in both
groups of mice (soleus and gastrocnemius tenoto-
mized, G/S-Ten). At 14 days post-surgery, the wet
weights of the soleus muscles were compared with
those of the non-tenotomized muscles of the right
hindlimbs, which underwent a control sham opera-
tion. The wet weights of the unloaded soleus muscle
in the WT-Tg- and Hspg2 ™~ Tg-G/S-Ten mice were
48% and 56% lower, respectively, than in the
sham-operated WT-Tg-Con and Hspg2~™~ Tg- Con
mice (Fig. 1a). In the soleus muscles of Hspg2™ Tg
mice, unloading led to a more significant reduction in
wet weight (P < 0.05) (Fig. 1b). We further measured
the cross section area (CSA) of the soleus muscle
unloaded via the G/S-Ten operation. The CSAs

of the unloaded soleus muscles in the WT-Tg- and
Hspg2 7~ Tg-G/S-Ten mice were 18% and 37%
smaller, respectively, than those in the sham-
operated WT-Tg-Con and Hspg2~~Tg-Con mice
(Fig. 1¢). In the soleus muscles of Hspg2 ™~ Tg mice,
unloading caused a more significant decrease in
CSAs (P < 0.05) (Fig. 1d). These results indicate
that perlecan deficiency enhanced unloading-
induced soleus muscle atrophy.

Perlecan deficiency increases the number of
autophagosomes

Autophagy can contribute to muscle loss during
atrophy [26] and sarcopenia [27]. To determine
whether autophagy contributes to the increased
atrophy of Hspg2™ Tg soleus muscles, we first
analyzed the number of autophagosomes in perle-
can-deficient muscles. We crossed Hspg2™ Tg
mice with GFP-LC3 transgenic mice [28], and their
progeny underwent a tenotomy operation. We then
investigated the number of green fluorescent protein
(GFP)-positive punota which is representative of
autophagosomes in the WT-Tg and Hspg2' Tg
mice. The number of GFP-L.C3 puncta in the soleus
muscle was higher in the Hspg2 ™~ Tg mice than in
the WT-Tg mice under both the sham and unloading
conditions (Fig. 2a and b). We then analyzed the
u|trastructure of the soleus muscles of WT-Tg and
Hspg2 ™~ Tg mice under sham and tenotomy condi-
tions (Fig. 2c). There were no defects detected in the
architecture of the contractile apparatus or in the
mitochondria of the WT-Tg-Con muscles. Although
the contractile apparatus seemed normal in the
WT-Tg-Ten and Hspg2 " Tg-Con mice, we ob-
served degenerating mitochondria and a small
number of autophagic vacuoles (AVs). In muscles
derived from the Hspg2~~Tg-Ten mice, we ob-
served the more prominent presence of autophago-
somes (Fig. 2c and d) associated with degenerating
mitochondria.

Mechanical unloading-induced atrophy is
prevented in autophagy-deficient soleus muscle

To determine whether autophagy contributes to
tenotomy atrophy in the soleus muscle, we used an
autophagy deficient mouse model [3].

The mice were generated with a skeletal muscle-
specific Atg7 (an essential gene for autophagy)
knockout under the control of the tamoxifen-
inducible human skeletal actin (HAS) promoter
(Atg7 oFox: HAS-Cre-ER™2, hereinafter referred
to as Atg7 KO mice). The soleus muscles of Atg7 KO
mice showed resistance to atrophy at 14 d after
tenotomy (Fig. 3), suggesting a direct effect of
autophagy deficiency on muscle atrophy. These
results indicate that autophagy contributes to tenot-
omy atrophy.
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the formation of mTORC1. Akt functions as an upstream activator of the mechanistic target of mTORC1. mTORCH1
phosphorylates its downstream targets p70 ribosome S6 kinase (p70S6K). Low glucose activates AMPKa, which directly
phosphorylates the TCS2 tumor suppressor and leads to the inactivation of mTORC1 kinase. Erk1/2 can be activated by
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Perlecan deficiency increases basal
autophagic activity through the inhibition of
the mTORC1 pathway

Because the autophagy seemed to be overactive
in Hspg2 ™~ Tg soleus muscles, we further confirmed
the basal autophagic activity and explored the ability
of 15-week-old WT-Tg and Hspg2™~Tg mice to
increase autophagy flux in the soleus muscle when
submitted to a physiological stimulus such as fasting
[28]. In order to differentiate between basal and
starvation-induced autophagy, mice were examined
under refed and starved conditions. Refed mice
were fasted for 24 h and then refed for 2 h. The level
of the lipidated form of microtubule-associated
protein-1 light chain 3 (LC3-II), which is generated
during autophagosome formation and reflects active
autophagy [29], was significantly higher both in the
refed and starved soleus from the Hspg2 ™~ Tg mice
as compared with those of the WT-Tg mice.
However, the level of p62, a protein known to be
incorporated into autophagosomes and efficiently
degraded [30], was decreased (Fig. 4a—c). The
mammalian target of rapamycin kinase complex 1
(mTORCH1) is a critical regulator of autophagy
induction, with activated mTORC1 suppressing
autophagy, and the negative regulation of
mTORC1 promoting it [31]. p70S6K is the main

mTORC1 substrate regarded as an mTORC1
activation marker [32]. In WT-Tg mice, autophagy
was induced under starved conditions, as shown by
the increased level of LC3-Il and the decreased level
of p62 as compared with refed mice (Figs. 4a-c). This
induction of autophagy correlated with mTORC1/
p70S6K inhibition (Fig. 4a and d). In Hsng“"Tg
mice, autophagy was also induced under starved
condmons Flg 4a-c). However, in contrastto WT-Tg
mice, Hspg2™ Tg mlce showed constant low levels
of phosphorylation of p70S6K (Fig. 4a and d).

We analyzed the activation of Akt to determine if
inhibition of the mTORC1 pathway in the absence of
perlecan is associated with the Akt pathway, which
functions as an upstream activator of the mechanis-
tic target of mMTORC1 and is a downstream target for
mTORC2 [33], We found that perlecan deficiency
decreased phosphorylation levels of Akt (Fig. 4a and

e). Starved condition decreased the phosphorylatlon
levels of Akt in WT-Tg mice but not in Hsp2™~Tg
mice (Fig. 4a and e). We also investigated the
activation of AMPKa to determine if the inhibition of
the mTORC1 pathway in the absence of perlecan is
associated with the AMPK pathway, which directly
phosphorylates the TCS2 tumor suppressor and
leads to the inactivation of mMTORC1 kinase [34,35].
We found that perlecan deficiency enhanced phos-
phorylation levels of AMPKa and starved condition
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promoted the phosphorylatlon levels of AMPKa in
both WT-Tg and Hsp2 ™~ Tg mice (Fig. 4a and f). To
examine if the inhibition of the mTORC1 pathway in
the absence of perlecan is growth factor-dependent,
we investigated the activation of the ERK1/2
pathway, which can be activated by insulin-like
growth factor 1 (IGF1) and inhibits the TSC1/TSC2
complex, activating mTORCH1 [36]. The basal phos-
phorylatlon level of Erk1/2 was similar between
Hspg2”~-Tg and WT-Tg mice. Starved condition
induced a 5|gn|f|cant increase in the phosphorylation
levels of Erk1/2 in the WT-Tg mnce whereas this
effect was much less in Hspg2 ”~-Tg mice (Fig. 4g).
These data suggests that perlecan deficiency
activates the autophagy pathway via the mTORC1
pathway.

Mechanical unloading-induced autophagy is
independent of the mTORC1 pathway in the
soleus muscle

We have demonstrated that autophagic activity is
increased in Hspg2 ™~ Tg soleus muscle, which is
associated with an increased atrophy rate. To
investigate whether the mTORC1 pathway regulates
unloading soleus muscle atrophy via the autophagy
pathway, we tested the activity of the mTORCH1
pathway in the unloadmg soleus muscles of WT-Tg
and Hspg2™~Tg mice. We found that mechanical
unloading increased LC3-Il levels (Fig. 5a and b), but
it did not change p62 levels in both the WT-Tg and
Hspg2~~Tg mice (Fig. 5a, ¢). The phosphorylatlon
level of p70S6K was significantly lower in both the
sham and tenotomized soleus muscles of the
Hspg2™~Tg mice as compared with those of the
WT-Tg mice. However, the phosphorylation levels of
p70S6k in the tenotomized muscles were similar to
those of the sham muscles in both the WT-Tg and
Hspg2™ mice (Fig. 5a and d), indicating that
mechanical unioading does not affect the activity of
the mTORC1 pathway, regardless of the presence
or absence of perlecan. Perlecan deficiency
enhanced the phosphorylation levels of AMPKa
and decreased the phosphorylatlon levels of Akt
and ERK in Hsp2™~ Tg mice. However, mechanical
unloading did not affect the phosphorylation levels of
AMPKa, Akt, and ERK in either the WT-Tg or the
Hsp2"'Tg mice (Fig. 5a, f, g). Together with the
data from the atrophy-deficient mouse model, these
results demonstrate that tenotomy-induced auto-
phagy is independent of the mTORC1 pathway in
soleus muscles.

Discussion

Two major signaling pathways control skeletal
muscle growth; the myostatin-Smad3 pathway acts
as a negative regulator, and the insulin-like growth

factor 1-phosphoinositide-3-kinase-Akt/protein
kinase B-mammalian target of rapamycin (IGF1-
PIBK-Akt/PKB—-mTOR) pathway acts a positive
regulator of muscle growth [37]. Our previous studies
have shown that perlecan deficiency in fast-twitch
muscles results in hypertrophy and decreased
myostatin expression. Perlecan deficiency amelio-
rates atrophy in unloading fast-twitch muscles, but
it fails to improve atrophy in unloading slow-twitch
muscles [13]. This suggests that myostatin reduction
induced by perlecan deficiency contributes to the
improvement of atrophy in unloading fast-twitch
muscles; however, because the slow-twitch
muscle contains little myostatin, skeletal muscle
atrophy cannot be inhibited. It has been shown that
the Akt/mTORC1 signaling pathway negatively
requlates the autophagy pathway (Fig. 6) [34,35].
In this study, we show that perlecan plays an
important role in the maintenance of muscle mass
by modulating autophagy. In our previous study,
the absence of perlecan does not affect the level of
muscle mass in the slow-twitch soleus muscles
under unloading conditions [13]. However, in this
study, our CSAs analyses revealed that perlecan
deficiency affected unloading soleus muscle
atrophy (P < 0.01). Also increased number of wet
weights analyses showed the significant difference
(P < 0.04) between control and perlecan deficient
soleus muscle. These results suggest that perlecan
is important to regulate mechanical stress in
homeostasis of slow-twitch muscles.

Autophagy plays a pivotal role in skeletal muscle
atrophy, which requires massive protein degradation
[38]. It has been shown that soleus muscles from
autophagy-impaired Atg7 KO mice maintain muscle
mass after denervation [3]. A diverse collection of
matrix constituents can modulate the autophagic
signaling pathways [19]. In this study, we showed
that the absence of perlecan in muscles increased
the level of tenotomy-induced atrophy in the soleus
muscle through the autophagy pathway. To the best
of our knowledge, this report is the first to show
the association between perlecan and autophagy.
The present results suggest that perlecan inhibits
the autophagic process via the mTORC1 signaling
pathway in the mouse soleus muscle. In our
previous study, we showed that FGF-2 mediated
neurogenesis is impaired in the absence of perlecan,
and that the activation of Akt, a major downstream
signaling pathway of FGF-2, is also impaired in
perlecan-deficient mice [12]. Thus, in this study,
there was a possibility that the activation of Akt was
also impaired in the soleus muscle in Hspg2 ™" Tg
mice, resulting in the upregulation of the autophagy
pathway; however, this remains to be directly
investigated. The C-terminal fragment of perlecan,
endorepellin, has been shown to promote autophagy
in endothelial cells by regulating the expression of
autophagy marker genes [23]. These results suggest
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that the whole perlecan protein and its processed
endorepellin molecule have distinct functional roles.

The present study demonstrates starvation- mduced
autophaglc activity in both WT-Tg mice and Hspgz -
Tg mice, but the unaltered mTORC1 pathway activity
was not consistent with the induced autophagy
observed in the Hspg2™~Tg mice. The explanation
for this may be that perlecan deficiency induces
constant low basal activity regarding the mTORC1
pathway and therefore that the activity of this pathway
cannot be further reduced following the induction of
autophagy. However, it was found that tenotomy did
notchange the phosphorylatlon level of p70S6K either
in the WT-Tg or Hspg2~”~Tg soleus muscles,
suggesting that the tenotomy-induced activation of
autophagy is independent of the mTORC1 signaling
pathways. Muscle atrophy caused by immobilization
[39] or unloading [40] is associated with oxidative
stress. Therefore, it may be possible that the oxidative
stress induced by tenotomy upregulates the autoph-
agy signaling pathway via an mTORC1-independent
pathway, but this has yet to be directly determined. In
summary, our findings suggest that periecan is a
critical extracellular matrix component of skeletal
muscle and serves to maintain soleus muscle mass
and suppress the autophagic pathway via the
activation of the mTORC1 pathway.

Materials and methods

Mice

Perlecan-deficient (Hspg2 ") mice die perinatally
due to premature cartilage development [4,41]. To
rescue cartilage abnormalities, we used a cartila-
ge-specific Col2a1 promoter/enhancer to generate a
perlecan transgenic mouse line (WT-Tg, Hspg2*'™;
Col2a1- Hspg2Tg/ ) that expressed recombinant
perlecan in the cartilage [25]. We subsequently
created lethality-rescued mice (Hspgz ~-Tg,
Hspg2™"; Col2ai-Hspg2Tg/") by mating the trans-
genic mice with heterozygous Hspg2*'~ mice [13].
We maintained these mice on a mixed genetic
background of C57BL/6 and 129SvJ. In thls study,
WT-Tg mice (control) mice and Hspg2™"-Tg mice
were used. GFP-LC3 (GFP-LC3-Tg) transgenic
mice have been prewously described [28]. Double
transgenic Hspg2 ™~ Tg and GFP-LC3-Tg mice were
generated and used for the evaluation of GFP-LC3
puncta. Atg7 KO mice were described previously [3].
All animal protocols were approved by the Animal
Care and Use Committee of Juntendo University.

Tenotomy procedures and tissue preparation

Tenotomies were performed under aseptic con-
ditions under anesthesia. In each group of WT-Tg

and Hsp2 ™~ Tg mice, the right hindlimbs underwent

sham surgeries (sham) and the left hindlimbs
had the distal tendons of the gastrocnemius and
soleus muscles tenotomized (G/S-Ten) [13]. Four-
teen days after surgery, the hindlimb muscles were
harvested, wet weighted, pinned on a cork, and
immediately frozen in acetone cooled with dry ice.
The muscles were stored at —80 °C for subsequent
experiments.

Histochemistry

Muscles frozen in acetone were cross-sectioned
(7 pm) mid-belly and fixed in 1.5% formalin. Sections
were then stained with H&E following standard
procedures [42]. The CSAs were analyzed using
Image-Pro Plus software.

Fluorescence microscopy and electron micro-
scopy

Cryosections of muscle transfected with GFP-LC3
were examined using a fluorescence microscope,
and fluorescent dots were counted as described
previously, normalizing for CSA [28]. For electron
microscopy analysis, the muscles were directly fixed
in 2.5% glutaraldehyde in 0.1 M cacodylate buffer
on ice. Embedding and sectioning were performed
by the Laboratory of Ultrastructural Research,
Juntendo University. For statistical analysis, we
studied at least 1000 muscle fibers. We considered
positive fibers presenting at least one autophagic
vesicle [20].

Western blot analyses

The mouse skeletal muscle extracts were pre-
pared by homogenizing the tissues in a lysis buffer
containing 50 mM Tris (pH 7.6), 0.5% sodium
deoxycholate, 150 mM NaCli, 1 mM EDTA, 1%
Triton X-100, protease, and phosphatase inhibitor
cocktails (Complete Protease Inhibitor Cocktail
and PhosSTOP; Roche, Rotkreuz, Switzerland).
Samples were centrifuged at 12,000 x g for 15 min
at 4 °C to collect the cytosolic fraction. The protein
was quantified via BCA assay (Thermo Scientific,
Rockford, IL) and subjected to Western blot analysis
with anti-LC3A/B (1:1000; Cell Signaling, Danvers,
MA, USA), anti-P62 (1:1000; Progen, Germany),
anti-phospho-p70S6 kinase (1:1000; Cell Signaling),
anti-phospho-Akt (1:1000; Cell Signaling), anti-Akt
(1:1000; Cell Signaling), anti-p70S6 kinase (1:1000;
Cell Signaling), anti-phospho-AMPKa (1:1000; Cell
Signaling), anti-AMPKa (1:1000; Cell Signaling),
anti-phospho-Erk1/2 (1:1000; Cell Signaling), anti-
Erk1/2 (1:1000; Cell Signaling), and anti-GAPDH
(1:500; Millipore, MA, USA) antibodies. Densitomet-
ric analysis was performed using Multi Gauge V3.0.
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Statistical analysis

All values are expressed as mean = SE. A two-
sided Student's ttest was used for comparisons
between the two groups. A P value < 0.05 was
considered statistically significant. For all experiments,
four mice/groups were used.
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Clearing methods that render the brain optically transparent allow high-resolution three-
dimensional (3D) imaging of neural networks. We used diffusion tensor imaging (DTI) and
two-photon imaging of cleared brains to analyze white matter in BTBR mice. We con-
firmed corpus callosum agenesis and identified an abnormal commissure close to the third
ventricle. DTI and cleared-brain two-photon imaging revealed that these commissural fi-
bers constituted a frontal clustering of the ventral hippocampal commissure and provided a
detailed assessment of white matter structure in mice.

Keywords: CLARITY, cleared brain, CUBIC, diffusion tensor imaging, mice

Introduction

Various methods of rendering the mouse brain
transparent (SCALEA2, CLARITY, SeeDB, 3DIS-
CO, CUBIC) have recently been developed.'+?
These techniques yield optical transparency and
thus allow the creation of three-dimensional (3D)
neural network images with single-cell resolution;
they are therefore highly advantageous in neuro-
science because they create novel perspectives
completely different from those available with
standard glass slide immunostaining. In addition,
clinically oriented human brain imaging methods
such as diffusion tensor imaging (DTI) have been
applied to laboratory animals, enabling improve-
ments in current experimental neuroscience. DTI
allows researchers to measure the characteristics of
local microstructural water diffusion in the brain,>*
taking advantage of the macroscopic geometric ar-
rangement of white matter bundles.

*Corresponding author, Phone: +81-3-3813-3111, Fax: +81-
3-5684-0476, E-mail: kkamagat@juntendo.ac.jp

The inbred BTBR T+tf/J (BTBR) mouse strain
is a mouse model of autism that displays robust
analogies to the diagnostic signs of this disorder
in humans.’ Neuroanatomical studies of the BTBR
mouse brain have shown total agenesis of corpus
callosum (CC) connective tissues, lack of a hippo-
campal commissure, and a putative accessory inter-
hemispheric white matter tract that is implicated in
abnormal behaviors.®-® Here, to better characterize
the inter-hemispheric commissure in the BTBR
strain of mice, we performed a neuroanatomical
analysis by using both 3D high-resolution two-
photon images of the transparent mouse brain and
DTI. To our knowledge, this is-the first report on
the use of this dual procedure in the mouse brain.

Materials and Methods

Sample preparation

We performed two-photon analysis on the brains
of five BTBR mice and five C57BL/6J (B6) mice
(obtained from Jackson Laboratory, Bar Harbor,
ME, USA) as controls. The brains of two of the
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BTBR mice and two of the B6 mice were also scan-
ned by MRI. Twelve-week-old male BTBR and B6
mice were deeply anesthetized and then perfused
with 25 ml of ice-cold PBS-heparin (10 U/ml) solu-
tion followed by 25ml of ice-cold paraformalde-
hyde (PFA) hydrogel solution (acrylamide 4%, bis
0.05%, Bio-Rad Laboratories, Inc., Hercules, CA,
USA; PFA 4%, VA-044 initiator 0.25%, 145-
05605, Wako Pure Chemical Industries Ltd., O-
saka, Japan). The brain was carefully dissected and
incubated in 10 ml of fresh hydrogel PFA solution
in a sealed 50-ml conical tube for 2 days at 4°C.
The tube containing the brain sample was then de-
gassed and placed in a water bath for 3h at 37°C
for hydrogel polymerization. The brain was then
carefully removed from the polymerized hydrogel
and embedded in 1% agarose for MRI. All animal
protocols were approved by the Animal Care and
Use Committee of Juntendo University.

MRI

MR images were acquired within 2 weeks from
perfusion using a 7T animal MRI system (MRI Sys-
tem, Agilent Technologies Inc., Palo Alto, CA,
USA). The DTI sequence used was a 3D diffu-
sion-weighted FSE, with TR = 300ms, echo train
length = 4, TE = 31.86 ms, two averages, field of
view 19.2 x 19.2 x 19.2 mm, and matrix size 128 x
128 x 128, yielding an image with 150-pm isotrop-
ic voxels. The b value was 1,000 s/mm2 (6 = 8ms,
A = 13.0ms), and there were 30 diffusion direc-
tions. The total imaging time was 21 h and 10 min.
Maps of fractional anisotropy (FA) and mean dif-
fusivity (MD) were computed by using dTV II and
VOLUMEONE 1.72, developed by Masutani et al.’
Diffusion tensor tractography (DTT) of the BTBR
mice and the B6 controls was performed with a de-
terministic fiber assignment by using a continuous
tracking approach.!® The FA threshold for tracking
was set at 0.13, and the stop length was set at 160
steps. The bending angle of the tract was not al-
lowed to exceed 45°.

In the B6 mice, we identified the corpus callosum
(CC), dorsal hippocampal commissure (DHC), an-
terior commissure (AC), posterior commissure
(PC), and ventral hippocampal commissure (VHC)
as red areas on a mid-sagittal color-coded map
(Fig. 1A). In BTBR mice, on the same type of map,
we confirmed a total lack of the CC and DHC, al-
though the AC and PC were present (Fig. 1E). We
did not identify the VHC in BTBR mice, but we did
find a red area in the rostral region of the third ven-
tricle (Fig. 1E). The seed region of interest (ROI),
including the entirety of the AC (blue), PC (yel-
low), and VHC (red) or abnormal commissure in
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the rostral region of the third ventricle (red), was
placed manually on a reconstructed mid-sagittal
isotropic diffusion-weighted image by referring to
the mid-sagittal color-coded map (Fig. 1A, B, E,
F). Because the habenular commissure (HBC) was
a very small structure, we did not identify it in red
on the mid-sagittal color-coded map; instead, we
drew the seed ROI of the HBC on the mid-sagittal
isotropic diffusion-weighted image while referring
to a coronal non-diffusion-weighted image (Fig.
1C, G).

Tissue clearing and two-photon image acquisition

We used a modified version of the CLARITY!
and CUBIC? protocols. The brain was removed
from the agarose and washed in PBS-Triton X-100
(0.1%) for 1 h on a moving plate at 37°C. Sections
(2 mm thick; coronal or sagittal) were obtained by
using a mouse brain matrix (Muromachi Kikai Co.,
Ltd., Japan). Brain slices were incubated for 3 days
at 37°C on a moving plate in a solution composed
of 5wt% urea (35904-45; Nacalai Tesque Inc., Ja-
pan), 25 wt% N,N,N',N'-tetrakis(2-hydroxypropyl)
ethylenediamine (T0781; Tokyo Chemical Industry
Co., Ltd., Japan), and 15 wt% Triton X-100 (25987~
85; Nacalai Tesque Inc.). The brain slices were
washed in PBS-Triton X-100 (0.1%) overnight and
then incubated with FluoroMyelin green (1:100;
Invitrogen) for 5 days at 37°C on a moving plate.
They were then washed in PBS-Triton X-100
(0.1%) overnight and incubated with a solution
composed of 50wt% sucrose (30403-55; Nacalai
Tesque Inc.), 25 wt% urea, 10 wt% 2,20,20’-nitrilo-
triethanol (145-05605; Wako Pure Chemical Indus-
tries Ltd., Japan), and 0.1% (v/v) Triton X-100. Im-
age acquisition was performed with a Carl Zeiss
LSM 780 two-photon microscope (two-photon
Chameleon laser; wavelength 800 nm) with a x10
Plan Apochromat objective (numerical aperture
0.45; working distance 2mm). Image processing
was performed with Imaris Interactive Microscopy
Image Analysis software (Bitplane).

Results

DTI and DTT revealed agenesis of the CC but
intact inter-hemispheric tracts in the AC, PC, and
HBC of all BTBR mice (Fig. 1), along with abnor-
mal commissure fibers in the rostral region of the
third ventricle. DTT revealed that these abnormal
commissural fibers seemed to connect with the fim-
bria (Figs. 1H and 2B), which is the route followed
by hippocampal axons to reach the hippocampal
commissure at the midline. Therefore, we suspect-
ed that the abnormal inter-hemispheric commissure
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Fig. 1.

““abnormal

commissure

N

abnormal
commissure

Diffusion tensor imaging (DTI) and diffusion tensor tractography (DTT) of B6 mice and

BTBR mice. Mid-sagittal color-coded fractional anisotropy (FA) map (A), isotropic diffusion-weight-
ed image (B), coronal non-diffusion-weighted image (C), and DTT (D) in a B6 mouse. Mid-sagittal
color-coded FA map (E), isotropic diffusion-weighted image (F), coronal non-diffusion-weighted

image (G), and DTT (H) in a BTBR mouse.

was the VHC positioned more rostral than in B6
mice (Fig. 1D). By using two-photon imaging of
cleared mouse brains, we assessed whether the ab-
normal commissural fibers were in fact connected
to the fimbria. In all BTBR mice, they were indeed
connected to it (Fig. 2A).

Discussion

There were two main findings of our analysis.
First, in BTBR mice, we confirmed agenesis of the
CC and found intact inter-hemispheric tracts in the
AC, PC, and HBC. Second, we identified an abnor-
mal inter-hemispheric commissure in the rostral re-
gion of the third ventricle, and we found that this
abnormal commissure constituted a frontal cluster-
ing of the VHC.

The CC agenesis and intact inter-hemispheric
tracts in the AC, PC, and HBC in BTBR mice were
in line with the findings of previous reports.’~% In
addition, Miller et al.’ reported that the abnormal
inter-hemispheric commissural fibers in the rostral
region of the third ventricle constituted a novel
connective inter-hemispheric structure between
the left and right hemispheres that may contribute

Magnetic Resonance in Medical Sciences

Fig. 2. Two-photon

imaging of cleared BTBR
mouse brain (A) and diffusion tensor tractography of
BTBR mouse brain (B). In BTBR mice, the abnormal
inter-hemispheric commissural fibers were connected
to the fimbria; we considered them equivalent to the
ventral hippocampal commissure (VHC).
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to the behavioral abnormalities of BTBR mice.
However, we confirmed by DTI and two-photon
imaging that the abnormal inter-hemispheric com-
missural fibers in the rostral region of the third ven-
tricle were connected to the fimbria. Wyss et al.!!
reported that the topographic organization of the
fibers in the fimbria is reflected in the arrangement
of the crossed components in the VHC. Therefore,
the inter-hemispheric commissural fibers in the ros-
tral region of the third ventricle in BTBR mice rep-
resent not a novel inter-hemispheric commissure,
as reported by Miller et al.,% but the VHC.

White matter voxels in the brain contain multiple
fiber bundles in tracts that are oriented in different
directions (e.g., crossing, “kissing,” and “fan-
ning”); in these areas, DTT is not reliable.!> DTT
evaluations of the connectivity of nerve fibers can
depict nerve fiber connectivity where none is pres-
ent. By using 3D images of cleared mouse brains
with single-cell resolution, we confirmed here that
the inter-hemispheric fibers were connected to the
fimbria. Because two-photon imaging of cleared
mouse brains enables the evaluation of the brain
microstructure with high resolution, it is useful for
local-area characterization of the brain. However,
evaluating macroscopic nerve fiber connectivity by
this method is difficult. Therefore, combining DTI
and two-photon imaging of cleared mouse brains
improves the reliability of analyses of brain white
matter connections.

Conclusion

DTI combined with two-photon imaging of the
cleared mouse brains enables detailed assessment
of white matter structure.
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Introduction

Vascular endothelial cells and vascular smooth muscle
cells are two major research targets in the field of vascu-

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
the American Physiological Society and The Physiological Society.

Abstract

Perlecan is a major heparan sulfate proteoglycan found in the subendothelial
extracellular matrix of the vascular wall. The aim of this study was to investi-
gate the role of perlecan in the regulation of vascular tone. A previously devel-
oped conditional perlecan-deficient mouse model was used to measure
changes in the isometric force of isolated aortic rings. The vessels were first

‘precontracted with phenylephrine, and then treated with increasing concentra-

tions of vasorelaxants. Endothelium-dependent relaxation, elicited by acetyl-
choline, was significantly reduced in the perlecan-deficient aortas, whereas
endothelium-independent relaxation caused by the exogenous nitric oxide
donor sodium nitroprusside remained well preserved. The expression of the
endothelial nitric oxide synthase (eNOS) gene, detected by real-time polymer-
ase chain reaction, was significantly decreased in the perlecan-deficient aortas.
The expression of eNOS protein detected using Western blotting was also sig-
nificantly decreased in the perlecan-deficient aortas. We examined the role of
perlecan in eNOS gene expression by creating perlecan knockdown human
aortic endothelial cells using small interfering RNA (siRNA) for perlecan. Perl-
ecan gene expression was significantly reduced in the perlecan siRNA-treated
cells, resulting in a significant decrease in eNOS gene expression. Perlecan
deficiency induced endothelial dysfunction, as indicated by a reduction in
endothelium-dependent relaxation due, at least partly, to a reduction in eNOS
expression. Theée findings suggest that perlecan plays a role in the activation
of eNOS gene expression during normal growth processes. :

lar physiology. The extracellular matrix in the vascular
wall has recently attracted attention, as it not only pro-
vides structural support, but also modulates several cellu-
lar functions, including cellular adhesion, proliferation,
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differentiation, and development (Pillarisetti 2000; Jiang
and Couchman 2003; Iozzo 2005). The basement mem-
brane is a thin sheet of the extracellular matrix that
underlies the vascular endothelium and surrounds
smooth muscle cells. Some of the key constituents of the
subendothelial extracellular matrix are heparan sulfate
proteoglycans (HSPGs). Perlecan (HSPG2) is a major
HSPG in the basement membrane, with a molecular
weight of over 400 kDa and a protein core consisting of
five domains. It interacts with a number of extracellular
matrix molecules, including laminin, collagen IV, fibro-
nectin, fibrillin, and several growth factors, such as vas-
cular endothelial growth factor (VEGF), fibroblast
growth factors (FGFs), and platelet-derived growth factor
(PDGF) (Iozzo 2005). Perlecan also interacts with plasma
lipoprotein very low density lipoprotein (VLDL) (Hum-
mel et al. 2004) and integrin cell surface receptor (Hum-
mel et al. 2004). It also plays a role in a number of
processes in the vasculature, including atherosclerosis,
tumor angiogenesis, smooth muscle cell activity modula-
tion, endothelial proliferation, and vascular development
(Segev et al. 2004).

Others and we have previously reported that the
homozygous deletion of HSPG2 (HSPG2™7) in mice
results in lethal chondrodysplasia and in cardiovascular
abnormalities, such as transposition of the great arteries
(Arikawa-Hirasawa et al. 1999; Costell et al. 1999, 2002).
Perlecan deficiency (HSPGZ_/ ~) also causes perinatal
lethal chondrodysplasia in humans (Costell et al. 1999;
Arikawa-Hirasawa et al. 2001), suggesting a crucial role
for perlecan in the development of cartilage and in the
cardiovascular system. Mutations in the perlecan gene
(HSPG2) have been identified in patients with Sch-
wartz—Jampel syndrome, a nonlethal condition character-
ized by myotonia and mild chondrodysplasia (Nicole
et al. 2000; Arikawa-Hirasawa et al. 2002; Stum et al.
2006). We investigated the role of perlecan in adult
organs using a lethality rescued perlecan-null mouse
model expressing recombinant perlecan specifically in
cartilage (HSPGZ_/ “-Tg) (Xu et al. 2010; Inomata et al.
2012; Ishijima et al. 2012; Kaneko et al. 2013). In addi-
tion to our lethality rescued HSPG27~-Tg mouse
model, studies employing mutant mice, such as hetero-
zygous perlecan knockout (HSPG2™™) mice (Vikrama-
dithyan et al. 2004) or heparan sulfate (HS)-deficient
perlecan expressing mice (Tran-Lundmark et al. 2008),
have provided further insights into the in vivo function
of perlecan in adult tissues.

Endothelial dysfunction is considered to be a key var-
iable in the pathogenesis of atherosclerosis and in its
complications (Bonetti et al. 2002). The dysfunctional
condition includes reduction in nitric oxide (NO) bio-
availability, which may result in reduced vasorelaxation,
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thrombus formation, deposition of serum lipids, and
the migration and proliferation of vascular smooth mus-
cle cells (VSMCs), which leads to the formation of ste-
notic lesions in blood vessels (Cai and Harrison 2000).
The regulation of vascular tone is the most widely stud-
ied aspect of the endothelial function, and NO is the
major contributor to endothelium-dependent relaxation
in large arteries. In the present study, we investigated
the effects of perlecan deletion on endothelium-depen-
dent vascular relaxation during the normal growth pro-
cess and explored the mechanisms underlying the
effects.

Materials and Methods

Animals

Perlecan-null (HSPG2™'~) mice die perinatally due to
premature cartilage development (Arikawa-Hirasawa et al.
1999; Costell et al. 1999). We previously created a perlec-
an transgenic mouse line (WT-Tg, HSPG2"'*; COL2AI-
HSPG2"¥~), which expresses recombinant perlecan in
cartilage, using a cartilage-specific COL2A1 promoter/
enhancer (Tsumaki et al. 1999) to restore cartilage abnor-
malities. Subsequently, we created lethality-rescued mice
(HSPG2™'~ -Tg, HSPG2™/~;COL2A1-HSPG2™~), by mat-
ing the transgenic mice with heterozygous HSPG2" ™ mice
(Xu et al. 2010). We maintained these mice on a mixed
genetic background of C57BL/6 and 129Sv]. In the present
study, we used HSPG2™/~ -Tg mice for the experimental
group and WT-Tg (HSPG2""*; COL2A1-HSPG2"~), mice
(10 weeks of age) for the control group. All experimental
procedures were performed in accordance with the guide-
lines for the care and use of animals at Juntendo University,
Tokyo, Japan.

Measurement of changes in force in the
mice aorta

The mice were sacrificed under anesthesia (Pentobarbital;
50 mg/kg, intraperitoneal administration). The descend-
ing thoracic aorta was isolated and cut into transverse
rings (~2 mm in length), which were used to measure the
changes in force. Care was taken not to touch the endo-
thelial surface in order to preserve the functional endo-
thelium. The techniques used to measure the changes in
force were adapted from previously described methods
(Tesaki et al. 1999; Sumiyoshi et al. 2008). Briefly, aortic
rings were mounted on wire hooks attached to force dis-
placement transducers (Nihon Kohden, Tokyo, Japan)
and changes in the isometric force were recorded on a
thermal recorder (Rika Denki, Tokyo, Japan). The rings
were incubated in individually thermostated (37°C)
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10-mL baths filled with oxygenated Krebs bicarbonate
buffer (118 mmol/L NaCl, 4.7 mmol/L KCI, 1.5 mmol/L
CaCl,, 25 mmol/L NaHCO;, 1.1 mmol/L MgSO,, 1.2
mmol/L KH,PO,, and 5.6 mmol/L glucose at pH 7.4). An
optimal passive tension of 0.5 g was applied to the rings
throughout the experiment. The vascular rings were ini-
tially exposed to high-K™ Krebs bicarbonate buffer, con-
taining 60 mmol/L. KCl in place of NaCl to produce
maximal force and to enhance the reproducibility of sub-
sequent contractions. After a wash out of high-K" buffer,
the vessels were submaximally contracted with 1 umol/L
phenylephrine. Once a steady-state level of contraction
was achieved, endothelial-dependent relaxation and endo-
thelial-independent relaxation were elicited by the admin-
istration of increasing concentrations of acetylcholine
(ACh) and sodium nitroprusside (SNP), respectively.
Relaxation was expressed as the percent change in the
steady-state  level ~of  contraction.  Comparisons
between groups were made with two-way reported measure
ANOVA.

Quantitative real-time polymerase chain
reaction

Total RNA was isolated from mouse thoracic aortic tissue
or human aortic endothelial cells (HAECs; LONZA, Walk-
ersville, MD) using TRIzol reagent (Life Technologies,
Carlsbad, CA), according to the manufacturer’s instruc-
tions. cDNA was generated from 1 ug of total RNA with
M-MLYV reverse transcriptase (Promega, Madison, WI) and
a random primer (TAKARA, Siga, Japan). SYBR Green was
used for detection, and RNA expression was normalized to
that of the housekeeping gene f-actin for mouse, GAPDH
for human. In the graph, the eNOS, von Willebrand factor,
and perlecan (HSPG2) expression levels are indicated as
relative to f-actin or GAPDH. The PCR reaction was car-
ried out in an ABI Prism® 7500 Fast Sequence Detection
System (Life Technologies). The primer sequences were as
follows: For the mouse tissue, mouse eNOS forward 5'-
CTGGCAGCCCAAGACCTA-3', mouse eNOS reverse 5'-
GTGACATCGCCGCAGACAA-3', mouse von Willebrand
factor forward 5-GATGCCCCAGTCAGCTCTAC-3,
mouse von Willebrand factor reverse 5~ TCAGCCTCGG-
ACAACATAGA-3', mouse f-actin forward 5-TGGAATC
CTGTGGCATCCATGAAAC-3, mouse f-actin reverse
5'-TAAAACGCAGCTCAGTAACAGTCCG-3. For the
HAECs, human HSPG2 forward 5'-GGCTGAGGGCATAC-
GATGGCT-3, human HSPG2 reverse 5-CCCACTGC
CCAGGTCGTCTCC-3', human eNOS forward 5-CCCTT
CAGTGGCTGGTACAT-3', human eNOS reverse 5-CAC-
GATGGTGACTTTGGCTA-3', human GAPDH forward 5'-
ACCACAGTCCATGCCATCAC-3', human GAPDH reverse
5'-TCCACCACCCTGTTGCTGTA-3'

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Western blotiing

Thoracic aortic tissue was isolated and then homoge-
nized in cold lysis buffer, and the lysate was centrifuged
at 16,000 g for 15 min at 4°C. The lysis buffer contained
50 mmol/L. Tris-HCl (pH 7.2), 150 mmol/L NaCl, 1%
Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS con-
taining protease, and phosphatase inhibitor cocktails
(Complete Protease Inhibitor Cocktail and PhosSTOP;
Roche, Rotkreuz, Switzerland). The protein concentration
was determined using a BCA protein assay kit (Thermo
Scientific, Rockford, IL) and then solubilized in
NuPAGE® LDS sample buffer (Life Technologies) con-
taining dithiothreitol. The samples (15 ug/lane) were
resolved via electrophoresis on 4-12% SDS-PAGE gels,
and then transferred to a PVDF membrane (Life Tech-
nologies, Carlsbad, CA). After blocking with PVDF
blocking reagent (TOYOBO, Osaka, Japan), the mem-
brane was incubated with primary antibodies in blocking
reagent overnight. After washing, the membrane was
incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies in blocking reagent and visualized
with SuperSignal®West Dura Extended Duration Sub-
strate (Thermo Scientific, Rockford, IL). Specific bands
were quantitated using the Image] software program. In
the graph, the eNOS protein level is indicated as relative
to f-actin. The experiments were performed at least
three times using different sibling pairs of animals. The
antibodies were prepared as follows: the primary anti-
bodies, mouse anti-eNOS/NOS type III antibodies (BD
Biosciences, Franklin Lakes, NJ) or mouse anti-f-actin
antibody (Santa Cruz Biotechnology, Inc., Dallas, TX)
were diluted at 1:1000 or 1:5000 in blocking reagent.
The secondary antibodies, anti-mouse IgG HRP-conju-
gated secondary antibodies (GE Healthcare, Little Chal-
font, UK) were diluted at 1:5000 in blocking solution.

Cell culture and small interfering RNA
{siRNA)

Human aortic endothelial cells (HAECs) were grown
using the Endothelial Cell Growth Media Kit (EGM-2
BulletKit; LONZA), and plated at a density of 2 x 10°
cells on 6-well plates. Perlecan siRNA and control siR-
NA were purchased from Santa Cruz Biotechnology.
HAECs were transfected with either perlecan or control
siRNA, according to the manufacturer’s recommenda-
tions. Forty-eight hours after transfection, knockdown
efficiency was assessed using quantitative RT-PCR
(gPCR), as described above. For perlecan rescue experi-
ments, we used the recombinant perlecan protein (rPerl-
ecan) kindly provided by Dr. Sasaki. The recombinant
perlecan was purified from the condition media of 293
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