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Electron Paramagnetic Resonance Spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy was used Lo
quantify vascular NO production according to previously described
and validated methods.® In brief. freshly harvested aortas (n=8 to
11 per group) were stimulated with calcium jonophore (A23187;
I pmol/L) in 100 pl. Krebs—HEPES buffer, then incubated with
colloid iron (II) diethyldithiocarbamate [Fe(DETC),] (285 wmol/l.)
at 37°C for 90 minutes. After incubation, aortas were snap-frozen in
a column of Krebs-HEPES buffer in liquid nitrogen, and FPR
spectra were obtained using an X-band EPR spectrometer (Minis
cope MS 200; Magnettech). Signals were quantified by measuring
the total amplitude. after correction of baseline, and afler subtracting
background signals from incubation with colloid Fe{DETC), alone

Lucigenin-Enhanced Chemiluminescence Detection
of Superoxide in Heart Lysates

Basal O, production was measured in left ventricular (L V) homog-
enates (n=7 to 10 per group) using the technique of lucigenin
(5 pwmol/l.) chemiluminescence according to methods described
previously.’*3! In bnef, hearts were flushed with ice-cold Krebs—
HEPES buffer, the LV excised. and snap-frozen in liquid nitrogen
Samples were homogenized in Kreb—HEPES buffer containing
protease inhibitors (Complete; Boehringer Mannheim) at pH 7.4.
Chemiluminescence was measured in a FB12 luminometer (Berthold
Detection Systems) at 37°C. Chemiluminescence of 200 pg IV
protein was recorded every minute for 8 minutes. The NOS inhibitor
New-nitro-1.-arginine methyl ester hydrochloride (I.-NAME:
I mmol/L) was subsequently added and chemiluminescence rec
orded for an additional 5 minutes. Background readings were
subtracted from sample readings and results expressed as counts per
second

Lucigenin-Enhanced Chemiluminescence Detection
of Superoxide in Intact Aorta

Basal O, production was measured in intact aorta (n=8§ to 12 per
group) according to methods described previously.'#32 In brief.
freshly cleaned and harvested thoracic aortas were opened longitu-
dinally. cut into 2, and transferred to ice-cold Krebs—HEPES buffer
Vessels were equilibrated in Krebs—HEPES buffer gassed with 95%

oxygen/3% carbon dioxide for 30 minutes at 37°C. with one half of

each vessel being incubated in the presence of L.-NAME (1 mmol/1.)
Lucigenin (20 pmol/L) chemiluminescence was then recorded every
minute for 10 minutes as above. Background readings were sub-

tracted from sample readings and results expressed as counts per
second per milligram dry weight of aorta

Oxidative Fluorescent Microtopography

0, production in tissue sections of mouse aorta (n=5 to 7 per
group) was detected using the fluorescent probe dihydroethidium
(DHE), as described previously.!4243* Fresh segments of thoracic
aorta were frozen in optimal cutting temperature compound. Cryo-
sections (30 pm) were incubated with Krebs—HEPES buffer with or
without L-NAME (1 mmol/L: to inhibit eNOS) for 30 minutes at
37°C, then for an additional 5 minutes with DHE (2 pmol/L:
Molecular Probes). Images were obtained using a Bio-Rad laser
scanning confocal microscope. equipped with a krypton/argon laser.
using identical acquisition settings for each section. DHE fluores-
cence was quantified by automated imag
Plus software (Media Cybernetics). DHE fluorescence from high
power (X60) images was measured only on the luminal side of the
internal elastic lamina to quantify endothelial cell fluorescence. For

analysis using Image-Pro

each vessel, mean fluorescence was calculated from 4 separale
high-power fields taken in each quadrant of the vessel to produce
n=1, and all experiments were performed in a batch design

Statistical Analysis

One-way ANOVA tests were used to compare data sets. with
appropnate post hoc correction for multiple comparisons. P<0.05
was considered significant. Data are expressed as means and SEM
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Figure 1. Immunoblotting with a murine anti-eNOS monocional
antibody to detect native and transgenic eNOS monomer pro-
tein in boiled lung lysates (A) and eNOS dimer:monomer protein
bands in aortic lysates from wild-type (WT), eNOS-Tg, GCH-Tg,
and eNOS/GCH-Tg mice (B); n=4 animals per group; *P<0.05
and ""P<0.001 compared with WT. a.u. indicates arbitrary units.
C, Immunofiuorescent detection of eNOS (green), counter-
stained with propidium iodide (red), in primary endothelial cells
cultured from WT, eNOS-Tg, GCH-Tg, and eNOS/GCH-Tg mice
Bar=20 um.

Results

e¢NOS Protein Levels and Subcellular Localization

Western blot analysis confirmed that eNOS protein levels
were elevated 8-fold in eNOS-Tg compared with wild-type
animals (P<0.001; Figure 1A). Overexpression of endothe-
lial GTPCH, the rate-limitin
GCH-Tg mice did not significantly alter eNOS protein levels

enzyme in BH4 synthesis, in

compared with wild type. However, as for eNOS-Tg mice,
eNOS protein levels were elevated 8-fold in double-
transgenic eNOS/GCH-Tg mice

We used low-temperature SDS-PAGE and immunoblotting
to investigate eNOS homodimerization and the ratio of eNOS
dimer to monomer in aortas. In eNOS-Tg aortas, eNOS
dimer:monomer was significantly depleted compared with
wild type (P<<0.05) but unchanged in GCH-Tg mice (Figure
IB). Importantly, the reduced eNOS dimer:monomer ratio in
the eNOS-Tg group was restored to wild-type levels in
double- transgenic eNOS/GCH-Tg mice.

We investigated the subcellular localization of eNOS in
primary cultures of lung endothelial cells using Immunocy-
tochemistry. eNOS appeared to be localized mainly to plasma
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Figure 2. BH4 levels in aortas from wild-type (WT), eNOS-Tg,
GCH-Tg, and eNOS/GCH-Tg mice. *P<0.05 compared with WT
and $P<0.05 compared with eNOS-Tg; n=6 to 8 animals per
group.
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membranes and the Golgi apparatus in endothelial cells from
all 4 groups (Figure 1C). However, in accordance with the
immunoblotting data, the intensity of eNOS immunostaining,
unchanged in GCH-Tg mice, was markedly increased in
endothelial cells from eNOS-Tg and eNOS/GCH-Tg animals
compared with wild type.

Aortic BH4 Levels

We next measured vascular BH4 levels in homogenates of
snap-frozen aorta using iodine oxidation and HPLC. Surpris-
ingly, BH4 levels were significantly depleted in eNOS-Tg
mice compared with wild type, suggesting oxidative degra-
dation of BH4 (P<0.05; Figure 2). We then sought to
confirm that increased endothelial GTPCH expression led to
increased BH4 levels in aortic homogenates of GCH-Tg and
eNOS/GCH-Tg mice. As reported previously > aortic BH4
levels were significantly elevated by >2-fold in GCH-Tg
mice compared with wild type (P<<0.05). Importantly, aortic
BH4 levels were also elevated in eNOS/GCH-Tg mice and
were not significantly different between GCH-Tg and eNOS/
GCH-Tg mice.

eNOS Enzymatic Activity and NO Production

To determine the relationship between eNOS protein levels
and eNOS enzymatic activity, we measured conversion of “C
L-arginine to "C L-citrulline by eNOS in intact aorta using
HPLC with online scintillation detection. Citrulline produc-
tion was increased only 2-fold in eNOS-Tg aortas compared
with wild type (P<0.05; Figure 3A and 3B), despite eNOS
protein levels being elevated 8-fold in these animals. Indeed,
the ratio of eNOS enzymatic activity to eNOS protein was 0.6
in eNOS-Tg mice compared with 2.0 in wild-type animals. A
similar pattern of results was obtained when using lung tissue
lysates (Figure 3C). To further investigate the stoichiometric
relationship between eNOS and endothelial BH4 in vivo and
to determine whether increasing endothelial BH4 in
eNOS-Tg mice could augment eNOS enzymatic activity, we
next measured eNOS enzymatic activity in GCH-Tg and
eNOS/GCH-Tg mice. NOS activity was increased 2-fold in
GCH-Tg aorta and lung compared with wild type (P<<0.05;
Figure 3A through 3C). Indeed, eNOS enzymatic activity was
similar in GCH-Tg and eNOS-Tg mice despite eNOS protein
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Figure 3. A, Representative HPLC chromatograms showing '“C
citrulline peaks for wild-type (WT,; gray triangles), eNOS-Tg
(black triangles), GCH-Tg (white squares), and eNOS/GCH-Tg
(hatched squares) mouse aortas. Graphs show percentage ''C
citrulline conversion from '*C arginine as a measure of eNOS
activity measured in total fresh intact aorta (B) and lung tissue
lysates (C); n=5 to 8 animals per group; *P<0.05, *P<0.01,
and "*P<0.001 compared with WT; and $P<0.05 compared
with eNOS-Tg.

levels being considerably higher in eNOS-Tg animals. Criti-
cally, eNOS enzymatic activity was further elevated in
eNOS/GCH-Tg mice compared with eNOS-Tg animals
(P<0.05): augmented levels of endothelial BH4 in eNOS/
GCH-Tg mice resulted in an =4-fold increase in eNOS
enzymatic activity in aorta and lung compared with wild-type
mice (P<<0.01). These data suggest that eNOS activity is
exquisitely dependent on endothelial BH4 levels even in the
absence of vascular disease.

In complementary experiments, we used Fe-DETC EPR to
directly measure NO bioavailability in mouse aortas. In
accordance with measures of enzymatic activity, net NO
levels were increased ~2-fold in eNOS-Tg aortas compared
with wild type (Figure 4). These results demonstrate that
there was a striking discordance between eNOS protein
levels, eNOS enzymatic activity, and NO production in
eNOS-Tg mice. We then determined the effects of increased
endothelial BH4 using the GCH-Tg and eNOS/GCH-Tg mice
and observed a similar pattern of results as for NOS enzy-
matic activity. Aortic NO bioavailability was elevated almost
2-fold in GCH-Tg mice compared with wild type and not
significantly different from eNOS-Tg mice (Figure 4). Criti-
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Figure 4. Net NO levels in intact aorta measured using
Fe-DETC EPR. Graph shows mean quantitative data with corre-
sponding representative EPR spectra showing the characteristic
peaks associated with the Fe-DETC signal above. n=8 to 11
animals per group; *P<0.05 and **P<0.01 compared with wild
type (WT). a.u. indicates arbitrary units.

cally, net NO bioavailability was further elevated (=~3-fold
compared with wild type) in eNOS/GCH-Tg mice.

eNOS Uncoupling: Effect of eNOS and GTPCH
Overexpression In Vivo

To investigate whether eNOS uncoupling results from dis-
cordance between eNOS and BH4, we measured O, pro-
duction and, more specifically, eNOS-derived O, produc-
tion using the NOS inhibitor L-NAME. We first measured
0, production in tissue lysates using lucigenin chemilumi-
nescence. Chemiluminescence was increased 2-fold in
eNOS-Tg mice compared with wild-type animals (P<<0.05;
Figure 5A) but was unchanged in GCH-Tg mice. Critically,
O, production was restored in eNOS/GCH-Tg mice. The
proportion of O, production attributable to uncoupled NOS,
assessed by quantifying L-NAME-inhibitable chemilumines-
cence, was significantly increased in eNOS-Tg lysates com-
pared with wild type, indicating increased NOS uncoupling
(P<<0.05; Figure 5B). L-NAME-inhibitable chemilumines-
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Lucigenin Chemiluminescence to Measure 0, Production in
Intact Aortas Incubated for 30 Minutes at 37°C in the Presence
or Absence of L-NAME (1 mmol/L)

Wild Type  eNOS-Tg GCH-Tg  eNOS/GCH-Tg
Basal, RLU/s/mg 39.5+45 59.7+66" 52B8+58 462+47
+ L-NAME, RLUfs/mg 42.5+101 39.2+48f 54.0+132 493+11.2

Results are expressed as counts per second per milligram of dry weight of
aorta

*P<0.05compared with wild type; tP<<0.05 compared with baseline
(without L-NAME).

RLU indicates relative light units.

cence was unchanged in GCH-Tg mice. The presence of the
GTPCH transgene in eNOS/GCH-Tg mice restored the en-
hanced L-NAME-inhibitable chemiluminescence of the
eNOS-Tg group back to wild-type levels. We also investi-
gated O, production in intact aorta under basal conditions
and after incubation with L-NAME using lucigenin chemilu-
minescence and saw a similar pattern of results. Basal
chemiluminescence was significantly increased in eNOS-Tg
aortas compared with wild type (P<<0.05: Table). Impor-
tantly, basal O, " production in GCH-Tg and eNOS/GCH-Tg
aortas was similar to wild type. Incubation of aortas with
L-NAME caused a significant reduction in the O, signal in
eNOS-Tg mice (P<<0.05). indicating NOS uncoupling. How-
ever, L-NAME had little effect in wild-type, GCH-Tg, and
eNOS/GCH-Tg aortas, suggesting that NOS coupling is
preserved in these mice. Together, these observations suggest
that in eNOS-Tg mice elevated O, production is at least
partly attributable to uncoupled NOS, likely resulting from
discordance between eNOS protein and endothelial BH4
because NOS coupling is preserved by increasing endothelial
BH4 in association with elevated eNOS levels in eNOS/
GCH-Tg amimals.

To investigate O, production specifically from the aortic
endothelium. we quantified endothelial DHE fluorescence
using oxidative confocal microtopography. Endothelial DHE
fluorescence was increased 2-fold in eNOS-Tg mice com-
pared with wild-type and GCH-Tg mice (Figure 6). Impor-
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Figure 5. Lucigenin (Sumol/L) chemiluminescence (CL) in cardiac tissue lysates from wild-type (WT), eNOS-Tg, GCH-Tg, and eNOS/
GCH-Tg mice to measure basal O, production (A) and L-NAME (1 mmol/L}-inhibitable O~ production (B) as a marker of NOS uncou-
pling. *F<0.05 compared with WT; n=7 to 10 animals per group. RLU indicates relative light units; a.u., arbitrary units.
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Figure 6. DHE staining, to measure in situ O,~ production, in
aortic sections. A, Representative aortic sections (x60) showing
red endothelial cells (arrows) from wild-type (WT; a and e),
eNOS-Tg (b and f), GCH-Tg (c and g}, and eNOS/GCH-Tg (d
and h) mice in the presence (e through h) and absence (a
through d) of L-NAME (1 mmol/L}). B, Quantified specific endo-
thelial DHE fluorescence is expressed for sections in the pres-
ence (hatched bars) and absence (gray bars) of L-NAME in arbi-
trary units (a.u.) for each group. *P<0.05 comparing sections in
the presence or absence of L-NAME; n=5 to 7 animals per
group.

tantly, endothelial fluorescence was restored to wild-type
levels in eNOS/GCH-Tg mice. Fluorescence from the other
layers of the vessel wall was not significantly different
between groups. Incubation with L-NAME had little effect in
wild-type aortas but reversed the clevated DHE signal in
eNOS-Tg endothelium back to wild-type levels, again indi-
cating that the source of O, was likely uncoupled eNOS. In
contrast, L-NAME significantly increased the endothehal
0, signal in GCH-Tg mice, indicating that in these aortas,
eNOS was predominantly coupled and producing NO. Criti-
cally, as in wild-type aortas, NOS inhibition with L-NAME
had little effect in eNOS/GCH-Tg mice, indicating restored
eNOS coupling compared with eNOS-Tg animals. In accor-
dance with the data for O, production measured by chemi-
luminescence, these results suggest that increased eNOS
uncoupling in eNOS-Tg aortas increases eNOS-derived O, ",
but that eNOS coupling is, at least in part, preserved by
increased endothelial BH4 synthesis in eNOS/GCH-Tg mice.

Discussion
In this study, we describe a new double-transgenic mouse
model in which endothelial-targeted overexpression of
GTPCH leads to increased endothelial BH4 levels in mice
with endothelial-targeted eNOS overexpression. We used this
model to investigate the role of BH4 in the regulation of
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eNOS coupling in vivo, specifically in the absence of patho-
logical oxidative stress associated with vascular disease
states.® The major findings in this study are as follows. First,
eNOS protein levels are markedly elevated in eNOS-Tg and
eNOS/GCH-Tg mice but not in GCH-Tg animals, although
the proportion of eNOS dimer to monomer is depleted only in
eNOS-Tg aortas. Second, endothelial-specific overexpression
of GTPCH is sufficient to increase vascular BH4 levels in
GCH-Tg and in eNOS/GCH-Tg aortas, whereas BH4 levels
are depleted in eNOS-Tg aortas. Third, this increase in BH4
is sufficient o augment vascular eNOS enzymatic activity
even in GCH-Tg mice, which have unchanged ¢eNOS protein
levels. Indeed, eNOS activity is similar between GCH-Tg and
eNOS-Tg mice despite eNOS-Tg mice having 8-fold more
eNOS protein. Importantly, the increase in endothelial BH4
in eNOS/GCH-Tg mice further enhances eNOS activity and
NO bioavailability compared with eNOS-Tg mice. Fourth,
the discordance between endothelial BH4 and eNOS protein
in eNOS-Tg mice results in uncoupled eNOS and increased
NOS-derived O, production in tissue lysates and intact
aorta. However, increased vascular BH4 in eNOS/GCH-Tg
mice is sufficient, at least in part, to restore eNOS coupling,
increase NO production, and reduce eNOS-dependent O,"
production.

These findings provide important insights into the role of
endothelial BH4 synthesis in regulating eNOS activity hnd
eNOS coupling even in the absence of vascular oxidative
stress. Previous studies have reported that endothelial dys-
function in vascular diseases, such as hypertension,'* diabe-
tes,?* and atherosclerosis,?¢ is associated with increased O,
production deriving principally from NADPH oxidases.”*
Landmesser et al’> demonstrated that the increase in NADPH
oxidase—derived O, in deoxycorticosterone acetate—salt hy-
pertensive mice led to enhanced oxidation of BH4, resulting
in eNOS uncoupling, increased eNOS-derived O, produc-
tion, and reduced NO formation, thereby exacerbating oxida-
tive stress. Oral supplementation with BH4, or a reduction in
NADPH oxidase activity (using p47phox—/— mice), re-
versed eNOS uncoupling. However, the mechanistic relation-
ship between eNOS and its cofactor BH4 has not been
investigated in vivo in the absence of pathological oxidative
stress. We now show that a stoichiometric discordance
between eNOS protein and BH4 levels is alone sufficient to
cause eNOS uncoupling, and that eNOS uncoupling in the
absence of vascular disease is sufficient to deplete BH4 levels
by oxidation. Laursen et al'® demonstrated that peroxynitrite
may be the principal ROS involved in oxidation of BH4.

NO, constitutively produced by eNOS in the vascular
endothelium, is a potent vasodilator and exerts numerous
vasoprotective antiatherogenic effects. Reduced NO bioactiv-
ity is an early feature of a number of vascular diseases,
including atherosclerosis.® Short-term in vivo gene transfer of
eNOS or neuronal NOS can improve NO-mediated vascular
relaxarion in atherosclerotic arteries.* However, previous
studies investigating the possible vasoprotective effects of
chronic eNOS overexpression in eNOS-Tg mice have yielded
conflicting results. Kawashima et al** demonstrated reduced
lesion formation after carotid artery ligation in eNOS-Tg
mice. In conrrast, Ozaki et al,'® using the same strain of
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eNOS-Tg mice as used in the present study. found that eNOS
overexpression accelerated rather than reduced atherosclero-
sis in apolipoprotein E knockout mice, at least in part,
because of eNOS uncoupling and O, generation. In the
present study, using a mouse model not exposed to patholog-
ical vascular oxidative stress, we also show that eNOS-
derived O, production is enhanced in eNOS-Tg mice, in
cardiac tissue lysates and intact aorta, indicating increased
eNOS uncoupling in these animals. We performed additional
experiments, using quantitative RT-PCR, to confirm that the
increased O, in eNOS-Tg animals is not a result of a
concomitant increase in the expression of the NADPH oxi-
dase system, a major source of vascular O, generation (data
not shown). These findings agree with those from Ohashi et
al*® using nondiseased eNOS-Tg mice. This enhanced vascu-
lar oxidative stress may account for the depleted aortic BH4
levels observed in the eNOS-Tg mice because BH4 is readily
oxidized by ROS to BH2 that is inactive for eNOS cofactor
function. In accordance with having increased uncoupled
eNOS and depleted BH4 levels, specific NOS enzymatic
activity is markedly attenuated in eNOS-Tg mice (elevated
only 2-fold compared with wild type) relative to eNOS
protein levels (clevated 8-fold compared with wild type).
Indeed, the ratio of eNOS enzymatic activity to eNOS protein
was only 0.6 in eNOS-Tg mice compared with 2.0 in
wild-type animals.

Several previous studies have established that BH4 is a
required cofactor for NOS activity.?2%3% Recent studies,
including those in atherosclerotic eNOS-Tg mice,'® have
demonstrated that NOS uncoupling can be reversed and NOS
enzymatic activity increased by augmenting BH4 levels.10-12
However, an advantage of the present study is that by
targeting overexpression of GTPCH, the rate-limiting enzyme
in BH4 biosynthesis, to the vascular endothelium, we avoid
the potential confounding antioxidant effects of high-dose
pharmacological BH4 supplementation used in other stud-
ies.!"™12 Furthermore, we have been able to specifically
evaluate the role of endothelial BH4, as opposed to systemic
BH4, in the regulation of eNOS activity. Importantly, using 2
methods to measure O, production in cardiac tissue and
intact aorta, as well as specifically in aortic endothelium, we
demonstrate that NOS-dependent O, generation, elevated in
eNOS-Tg mice, is normalized in eNOS/GCH-Tg mice. These
data support the hypothesis that discordance between eNOS
protein and endothelial BH4 levels is sufficient to cause
eNOS uncoupling even in the absence of pathological oxida-
tive stress. In support of this conclusion, NOS enzymatic
activity and the ratio of enzymatic activity relative to eNOS
protein levels were increased in eNOS/GCH-Tg compared
with eNOS-Tg mice. Interestingly, GCH-Tg mice also had
increased NOS enzymatic activity compared with wild type,
indicating that even in the absence of either enhanced eNOS
protein or disease, BH4 levels may limit eNOS enzymatic
activity in vivo. These data therefore suggest that eNOS
activity (to generate NO) can be augmented by modestly
increasing BH4 levels, specifically in the endothelium, even
under normal physiological conditions.

Previous data have shown that eNOS dimerization is an
important aspect of eNOS activation and NO production.>

BH4 has been suggested to increase the stability of the eNOS
homodimer such that the ratio of dimer to monomer is
increased.*?7 In eNOS-Tg mice, the discordance between
high levels of eNOS protein and depleted aortic BH4 levels
may account for the relative decrease in homodimeric eNOS
protein that we observed. In support, the increased production
of endothelial BH4 in eNOS/GCH-Tg mice was sufficient to
maintain the ratio of eNOS dimer to monomer. These in vivo
findings corroborate previous in vitro studies suggesting that
an important action of BH4, in addition to its direct contri-
bution to electron transport within the eNOS active site, is to
maintain eNOS in its homodimeric conformation.

We conclude that eNOS uncoupling is an independent and
direct consequence of a stoichiometric discordance between
enzyme and its cofactor BH4. BH4 is critical for regulating
eNOS activity and its production of NO, as opposed to 0,7,
even in the absence of increased oxidative stress associated
with vascular disease states. Thus, strategies to increase
eNOS protein without a concomitant augmentation of endo-
thelial BH4 levels may lead to eNOS uncoupling and para-
doxically exacerbate oxidative stress and the progression of
vascular diseases. Although reduced biosynthesis of BH4
may not be the principal mechanism of BH4 loss in vascular
disease, strategies aimed at increasing BH4 synthesis or
reducing BH4 oxidation may be valid therapeutic approaches
in vascular disease states.
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Abstract

Objective: Intimal hyperplasia plays an important role in a variety of types of vascular remodeling, particularly luminal narrowing after
vascular injury. The vascular smooth muscle cells (VSMCs) in the neointimal area are a synthetic phenotype and have ditferent epitopes from
VSMCs in the normal media. The synthetic VSMCs in the neointima contain various possible antigens that can be targeted by the immune
system. In this study, we tried to develop a new immunotherapy, which targets the synthetic VSMCs, for prevention of neointimal formation after
angioplasty.

Method and results: Rabbits were repeatedly immunized with fixed xenogenic rat cultured VSMCs suspended in adjuvant as
immunogens or injected with adjuvant and phosphate-buffered saline (PBS) or rat hepatocytes as controls every 2 weeks for 3 times.
One week after the last immunization/injection, balloon injury of the lefi common carotid artery was performed. Four weeks after the
injury, rabbits were euthanized and the neointimal lesion formation was assessed. The mean neointimal area of the PBS-injected, non-
immunized group and the rat hepatocyte-immunized, control group was not statistically different (0.339+0.036 and 0.350£0.041 mm?,
P=NS). However, immunization with rat VSMCs significantly reduced the ntimal lesion area (0.219+0.0286 mm>; P<0.05 vs. PBS-
injected, non-immunized group and rat hepatocyte-immunized group.) PCNA-immunopositive proliferating VSMCs in the neointima
were suppressed by the rat VSMC immunization (1.34:0.49% vs. 5.78+0.47%; P <0.05 vs. PBS-injected, non-immunized group). Rat
VSMC immunization induced antibodies which had strong cross-reactivity against rabbit synthetic VSMCs. In experiments in vitro,
proliferation and migration of rabbit VSMCs that were stimulated by serum, angiotensin (AT) II, platelet-derived growth factor (PDGF)-
BB, fibroblast growth factor (FGF), and the phorbol ester PMA were significantly suppressed by treatment with immunoglobulin
extracted from the VSMC-immunized rabbit plasma, implying that the immunoglobulin had some global effects on VSMCs. The rat
VSMC-immunized rabbit immunoglobulin bound the rabbit ATla receptor protein, which was expressed in COS7 cells by transfection of
rabbit ATla receptor pcDNA3. This binding to ATla receptor may be one of mechanisms of the effects of VSMC-immunized
immunoglobulin.

Conclusion: Xenogenic, synthetic rat VSMC immunization in rabbits induced auto-antibodies against synthetic rabbit VSMCs in a cross-
reaction. The induced auto-antibodies against synthetic VSMCs may provide a possibility of new immunotherapy for vascular remodeling
that forms neointumal lesions.

© 2005 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.
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This article is referred to in the Editorial by Thaunat et al.
(pages 183—1835) in this issue.

1. Introduction

Intimal hyperplasia plays an important role in a variety of
types of vascular remodeling, particularly luminal narrow-
ing after vascular injury such as that seen in restenosis
following percutaneous coronary intervention. Proliferation
and migration of vascular smooth muscle cells (VSMCs)
from the media play a central role in neointimal formation,
and various strategies have been developed to inhibit it,
mcluding mhbition of cell cycle of VSMCs, induction of
apoptosis of VSMCs, and inhibition of intracellular signal
transduction m VSMCs [1 -4].

Recently immunological modulation has attracted atten-
tion as a possible therapeutic strategy of atherosclerosis [5-
22]. Although only limited information is available, several
studies have shown the possibility of immunotherapy
against neointimal lesion formation after balloon injury. It
seems that adequate induction of B-lymphocyte-related
immunity has potential beneficial effects on neointimal
formation. Nilsson et al. showed that immunization with
homologous oxidized low density lipoprotein reduced
neointimal formation after balloon injury in hypercholester-
olemic rabbits [23]. In balloon-injured rat carotid arteries, it
was demonstrated that treatment with an anti-P selectin
monoclonal antibody reduced inflammation, in neointimal
formation, and vascular remodeling [24]. However, until
now, only few epitopes have been reported as appropriate
targets of immunotherapy against neointimal formation.

It 1s possible that synthetic VSMCs in the neointima
contain various possible antigens that can be targeted by the
immune system. Since VSMCs play a central role in
neointimal formation, we hypothesized that immune mod-
ulation targeting the synthetic VSMCs-associated antigens
may inhibit neointimal formation after balloon injury. To
prove this hypothesis, rabbits were immumized with the
synthetic xenogenic rat VSMCs and then balloon-injured to
induce neointimal formation.

2. Methods
2.1. Materials and animals

All drugs and culture media used in this study were
purchased from Sigma Chemical Co. (MO) and WAKO
(Japan). Male Japanese White Rabbits were purchased from
a breeder (SLC, Hamamatsu, Japan) and kept under
conventional conditions in our animal facility. Rabbits were
fed normal chow (Oriental Yeast, Japan) and water ad
libitum and maintained on a 12 h light/dark cycle. All
animal experiments were conducted according to the
“Guidelines for Animal Experiments at Kobe University

Graduate School of Medicine”, which complies NIH
Guidelines.

2.2, Preparation for rat vascular smooth muscle cells and
rat hepatocytes as immunogens

Rat VSMCs were prepared from thoracic aortas of male
Sprague—Dawley rats by the collagenase digestion method
and cultured as described [25]. For all experiments, rat
aortic VSMCs from passage 5 to 8 were used. Rat
hepatocytes (RLC-18, Cell No. RCB1484) were purchased
from Rikken Cell Bank (Japan).

Rat VSMCs and rat hepatocytes were cultured in DMEM
with 10% fetal bovine serum (FBS), and approximately
1 x 10% cells were collected and washed three times with
phosphate buffered saline (PBS). The cells were fixed with
10% neutralized formaldehyde (WAKO, Japan) for 24 h at 4
°C. After being washed three times and incubated at 37 °C
for 2 h to remove residual formaldehyde, the cells were
washed again and re-suspended in PBS for use as
nmmunogens.

2.3. Experimental protocol

Male Japanese White Rabbits (body weights were 2.0 kg)
were divided into three groups. Injection of either rat VSMCs
as immunogens (1 x 10% cells per rabbit), vehicle PBS for
control non-immunized group or rat hepatocytes (1 x 10°
cells per rabbit) for control immunized group was started.
Those injections were subcutaneously performed in the
rabbits” back with an equal volume of adjuvant every two
weeks for three times. We used the Freund complete adjuvant
for the first immunization, and the Freund incomplete
adjuvant for the second and the third immunization.

One week after the last injection, rabbits were anesthetized
with sodium pentothal. Blood sample was collected from the
ear vein. Plasma immunoglobulin (IgG) levels were assessed
using a commercially available kit (Bethyl Laboratories Inc.
TX). A 2F Fogarty embolectomy catheter (Baxter, USA) was
introduced through an aseptic neck incision produced in the
facial branch of the external left carotid artery and positioned
approximately at the origin of the common carotid artery. An
acute balloon injury was performed by inflating the balloon
with 0.1 mL saline solution and then gently pulling it back
along the entire length of the common carotid artery with
constant rotation as described before [26]. The catheter was
then removed, the artery branch was ligated, and the surgical
wound was closed. Two and four weeks after balloon injury,
rabbits were euthanized, and the neointimal lesion formation
was assessed.

2.4. Histological and immunohistochemical analysis of
neointimal lesions

Serial equally spaced cross sections (5 pum thick) were
obtained throughout the entire length of the carotid artery
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for histological analysis (average of six sections per animal).
All samples were routinely stained with hematoxyline and
eosin or subjected to immunostaining with the anti-
proliferating cell nuclear antigen (PCNA). For immunohis-
tochemistry, slides were preincubated with 1% bovine
serum to decrease nonspecific binding. Sections were
incubated overnight at 4 °C with the mouse anti-PCNA
antibody (DAKQO, Denmark).

2.5. Quantification of neovintimal lesions in sections of
carotid arteries

Six equally spaced cross sections of the entire length of
carotid arteries were used in all rabbits to quantify
neointimal lesions. Using NIH imaging software, total
cross-sectional neointimal area was measured between the
endothelial cell monolayer and the internal elastic lamina.
Total cross-sectional medial area was measured between the
external and internal elastic lamina,

2.6. Quantification of proliferating neointimal cells

Serial cross sections (5 um thickness) of carotid arteries
were made. One section was used for HE-staining to
calculate the total cell number in the neointimal area, and
the next section was used for PCNA immunohistochemistry.
The total PCNA-immunopositive neointimal cells and total
neointimal cells in HE-staining in each serial section were
counted. Then, the percentage of PCNA-immunopositive
cells per total number of neointimal cells in each section was
calculated, and the average of the six sections per animal
was obtained for each animal.

2.7. Detection of apoptosis in the neointimal cells

Apoptosis in the neointimal cells was detected by TUNEL
technique. Modified TUNEL assay was performed by use of
DeadEnd colorimetric apoptosis detection system (Promega)
according to the manufacturer’s nstructions. Briefly, tissue
sections from the neointima of PBS injected non-immunized
group and rat VSMC-immunized group were washed m
PBS, and endogenous peroxidase was blocked by 0.3%
hydrogen peroxide. Biotinylated nucleotide was incorpo-
rated at the 3*OH DNA ends using terminal deoxynucleo-
tidyl transferase (TdT). Streptavidin-HRP was then bound to
these biotinylated nucleotides, which were detected using
hydrogen peroxide and diaminobenzidine (DAB). Some of
slides were treated with Dnase I for positive controls. Stained
cells were counted under a light microscope.

2.8, Immunoglobulin purification from rabbit plasma

The immunoglobulin from the pooled plasma derived
from the rabbits on day 7 after the third immunization or
from control tabbits was purified with the use of a
Protem G column (Sigma, MO).

2.9. Immunoblotting using rabbit plasma and protein
analysis

Rabbit VSMCs were primarily cultured by the explant
method and cultured in DMEM with 10% fetal bovine
serum (FBS). Rabbit VSMCs were homogenized in a
homogenizing buffer containing 50 mM Tris-HCl (pH
7.4), 1 mM EDTA, 1 mM phenylmethyosulfonylfluoride,
10% glycerol, and 20 mM CHAPS. The whole proten (50
ng per lane) was resolved by SDS-PAGE (10% polyacry-
lamide), transferred to a PVDF membrane and probed with
rabbit plasma obtained from PBS injected non-immunized
control rabbits, rat hepatocyte-immunized control rabbits, or
rat VSMC-immunized rabbits. Immunoreactive bands were
visualized with horseradish peroxidase-conjugated anti-
rabbit IgG (Amersham, England; 1:3000 dilution) and an
ECL detection kit (Amersham, England).

2.10. Counting of VSMC number in vitro

Cell proliferation was quantified by total cell number
as previously described [27]. Rabbit VSMCs (5000 per
well) were seeded in 96-well microtiter plates in 0.1 mL
of DMEM-10% FBS. After 12 h incubation, the
medium was replaced by DMEM with purified immuno-
globulin from rat hepatocyte-immunized group and that
from rat VSMC-immunized group (20 pg/mlL, respec-
tively). At 48 h after stimulation with agonists (10%
FBS, 1 uM ATII, 10 ng/ml PDGF-BB, 10 ng/ml FGF, 1
uM PMA), cells were fixed by addition of 10 uL of
glutaraldehyde and shaken for 15 min. After being
washed 3 times with deionized water, plates were air-
dried and stained for 20 min with 0.1% crystal violet
solution in 200 mM MES, pH 6.0. After being washed 3
times with deionized water to remove excess dye, plates
were air-dried before solubilization of the bound dye in
10% acetic acid. The optical density of dye extracts was
measured at 595 nm by using a microplate reader (Bio-
Rad). Values are means+SEM of & separate experiments
m each group.

2.11. VSMC migration

Rabbit VSMCs were grown to confluence in 6-well
culture plates. The monolayer-wounding cell migration
assay was performed as described previously [28,29].
Cell layers were scraped with a sterile single edged razor
blade and re-incubated in DMEM containing 5 mM
hydroxyurea with purified immunoglobulin from rat
hepatocyte-immunized rabbits or rat VSMC-immunized
rabbits (20 pg/mL, respectively). Hydroxyurea was added
to eliminate any confounding effects of cell proliferation.
At 24 h after stimulation with agonists (10% FBS, T pM
ATIL, 10 ng/ml PDGF-BB, 10 ng/ml FGF, 1 uM PMA),
cells were fixed and the maximum migration distance
across the wound edge was analyzed.
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2.12. VSMC viability assay by measuring mitochondrial NADH-dependent dehydrogen-

ase activity with a Cell Counting Kit (Dojindo Molecular

Rabbit VSMCs (5000 per well) were incubated in 96-well Technologies, Inc., Kumamoto, Japan) using sulfonated

plastic plates with purified immunoglobulin from rat VSMC- tetrazolium salt, 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-

immunized rabbits or rat hepatocyte-immunized rabbits (20 disulfophenyl)-2H-tetrazolium monosodium salt (WST-1)

ng/mL, respectively). After 24 h, cell viability was assessed [30]. Each measurement was done in triplicate and the results
A B
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Fig. 1. (A) Representative light photomicrograph images showing injured carotid arteries from PBS-injected non-immunized control group, rat hepatocyte-
immunized control group, and rat VSMC-immunized group at 4 weeks after balloon njury. Arrowhead indicates intemnal elastic lamina (IEL). Original
magnifications are x 40 (upper) and x 200 (lower panels). Bars indicate 100 um. (B) Representative light photomicrograph images showing the untouched
contralateral common carotid artery from rat VSMC-immunized group. Arrowhead indicates internal elastic Jamina (IEL). Original magnifications are x 40
(upper) and x 200 (lower panels). Bars indicate 100 um. (C) Quantitative analysis of neointimal area and 1/M ratio in rabbit carotid arteries at 4 weeks after
mjury in rat VSMC-immunized group (white bars), PBS-injected non-immunized control group (black bars), and rat hepatoeyte-immunized control group
(striped bars). Values are means+ SEM in each group. *P <0.05 vs. PBS-injected non-immunized control group and rat hepatocyte-immumized control group.
**P<0.05 vs. PBS-injected non-immunized control group.
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were presented as a percentage of the value for rat
hepatocyte-immunized and control-immunized groups.

2.13. Identification of a target protein which rat VSMC-
immunized immunoglobulin recognizes

Rabbit ATla receptor cDNA was a generous gifi from
Dr. Raymond C. Harris (Vanderbilt Medical Center,
Vanderbilt University). The complete coding site was
excited and cloned into the expression vector pcDNA3
(Invitrogen), and pcDNA3 without any expression insert
was used as the control vector. COS7 cells were purchased
from the American Type Culture Collection (Manassas,
VA) and cultured according to the manufacture’s recom-
mendations. COS7 cells were transfected by control
pcDNA3 and rabbit ATla receptor pcDNA3, respectively.
The whole protein of these two groups of COS7 cells were
resolved by SDS-PAGE, transferred to a PVDF membrane
and probed with rabbit plasma obtained from PBS injected
non-immunized control rabbits or rat hepatocyte-immu-
nized control rabbits or rat VSMC-immunized rabbits
respectively. Immunoreactive bands were visualized with
horseradish peroxidase-conjugated anti-rabbit 1gG (Amer-
sham, England; 1:3000 dilution) and an ECL detection kit
(Amersham, England).

2.14. Statistical analysis

Values represent means*SEM. Differences between
groups were compared using a one-way analysis of

Primar PBS-injected non-  Rat hepatocyte-immunized
nay immunized control  control plasma
Antibody plasma

variance test followed by Fisher protected least signifi-
cant difference. P<0.05 was accepted as statistically
significant.

3. Results
3.1. Blood analysis and general appearance of rabbits

Rat VSMC-immunization induced no significant changes
in liver function, renal function and lipid profiles. Mean body
weight and behavior of rabbits did not change by the
immunization. In comparison with the PBS injected non-
immunized control group, rat VSMC-immunization did not
affect plasma IgG levels (284 +61 mg/dl in PBS injected group
vs. 268+ 44 mg/dl in rat VSMC-immumzed group; P=NS).

3.2. Effect of rat VSMC immunization on the neointimal
lesion formation

All animals developed concentric intimal lesions in
response to the balloon injury. At 4 weeks after balloon
injury, the mean neointimal area of PBS injected non-
immunized group and rat hepatocyte-immunized control
group were 0.339+0.036 and 0.350+0.041 mm’, respec-
tively (P=NS). The intimal lesion area was not significantly
reduced by the rat hepatocytes control immunization.
However, immunization with rat VSMCs significantly
reduced the intimal lesion area (0.219+0.0286 mm’;
P<0.05 vs. PBS ijected non-immunized group and rat

Rat VSMC-immunized
plasma

Fig. 2. Immunoblottings of proteins extracted from rabbit VSMCs using the plasma obtained from PBS injected non-immunized control rabbits (left), rat
hepatocyte-immunized control rabbits (middle), or rat VSMC-immunized rabbits (right) as primary antibodies, respectively.
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hepatocyte-immumzed control group, Fig. 1A and C). The
intimal/medial ratio was also significantly reduced in rat
VSMC-immunized group (0.349£0.049) compared with
PBS injected non-immunized group (0.662+0.114;
P<0.01). There was no sign of infiltration of inflammatory
cells at the contralateral common carotid artery (Fig. 1B).
Immunization with rat VSMCs did not induce any pro-
inflammatory effects on normal contractile VSMCs.

3.3. Rat VSMC immunization induced rabbit VSMC-reactive
antibodies

To detect the antibodies, which were induced by
xenogenic rat VSMC immunization, rabbit VSMCs proteins
were resolved by SDS-PAGE, and immunoblotted with
plasma obtained from the PBS injected non-immunized
control rabbits, rat hepatocyte-immunized control rabbits .

=
4
Rat VSMC-immunized group
B
PCNA staining
positive cell (%)
6 =
4w
F
7 i
0 =d
PBS-injected non- Rat VSMC-immunized
immunized control group
group

Fig. 3. (A) Photomicrographs of HE stamings (left panels) and PCNA immunostainings (right panels) in the neointima of injured carotid arteries at 2 weeks
after balloon injury. Original magnification 1s x 200. A bar indicates 100 pm. (B) Quantitative analysis of PCNA positive proliferating cells in the neointima at
2 weeks after injury. Values are means+ SEM of at least six rabbits in each group. 17 <0.01 vs. PBS injected non-immunized control group,
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or the VSMC-immunized rabbits. Only a few non-specific
bands were detected when the plasma from the PBS injected
non-immunized control rabbits was applied. Some bands
were detected when the plasma from rat hepatocyte-immu-
nized control rabbits was applied. In contrast, several new
bands were clearly recognized in the immunoblot when we
applied the plasma from rat VSMC-immunized rabbits (Fig.
2). It implies that the rat VSMC-immunized immunoglobu-
lin recognized some new proteins of rabbit VSMCs that
reacted with neither immunoglobulin from PBS injected
non-immunized rabbits nor that from rat hepatocyte-immu-
nized rabbits.

3.4. Effect of rat VSMC immunization on the proliferation
and apoptosis of neointimal cells

To investigate whether the reduced ncointimal lesion
formation was due to the reduced proliferation of VSMCs in
the neointimal lesion, the proliferation of neointimal VSMCs
was investigated by the PCNA immunostaining on the day
14 after the injury (Fig. 3A). The percentage of PCNA-
immunopositive cells was significantly reduced in VSMC-
immunized group compared with in PBS injected control
group (1.34%+0.49 vs. 5.78%+0.47, P<0.01, Fig. 3B).

Then to clarify the role of apoptosis in the reduction
of neointimal formation, the TUNEL assay was carried
out. As shown in Fig. 4, rat VSMC-immunization did
not increase the number of TUNEL positive neointimal
cells.

140007
]

12000

10000

000

6000

Cell number {per well)

4000

20001

AR R ..
AR,

RN,

Agonist(-) FBS ATT PDGF FGF

Rat hepatocyie-immunized
ZA control mmunogloblin

D Rat VSMC-immunized immunogloblin

Fig. 5. Quantitative analysis of proliferation of cultured rabbit VSMCs
meated with immunoglobulin obtained from rat hepatocyte-immunized
control rabbits (striped bars) or rat VSMC-immunized rabbits (white bars).
Values are meanstSEM of separate six experiments in each group.
+P<0.01 vs. the rat hepatocyle-immunized control group. *P<0.05 vs.
PBS-injected non-immunized control group.

3.5 Effect of VSMC immunized immunoglobulins on rabbit
VSMC proliferation and migration in vifro

The immunoglobulin (20 pg/ml) obtained from VSMC-
immunized rabbits significantly suppressed rabbit VSMC
cell numbers stimulated by FBS, ATII, PDGF, FGF, and
PMA (Fig. 5) and rabbit VSMC migration stimulated by
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Fig. 4. Representative light photomicrograph images showing apoptosis in the neointimal cells using TUNEL technique.
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Fig. 6. Quantitative analysis of the migration distance evaluated by
the maximally migrated point from the wounded edge in rat hepatocyte-
immunized control group (striped bars) and in rat VSMC-immunized
group (white bars), respectively. Values are means+SEM of five
separate experiments i each group. tP<0.01 vs. the rat hepatocyte-
immunized control group. *P<0.05 vs. PBS-injected non-immunized
control group.

FBS, ATIIl, PDGF, and PMA (Fig. 6), compared with that
from rat hepatocyte-immunized control rabbits.

3.6. Effect of immunized immunoglobulin on VSMC viability

The rat VSMC-immunized immunoglobulin used in the
proliferation and the migration assays did not alter rabbit
VSMC viability assessed by WST-1 assay (rat hepartocyte-
immunized control group: 100% vs. rat VSMC-immunized
group: 106=8.6%, P=NS).

3.7. ATla receptor may be one of a target protein which rat
VSMC-immunized immunoglobulin recognizes

As shown in Fig. 7, only rat VSMC-immunized rabbit
plasma recognized the rabbit ATla receptor protein which
was expressed in COS7 cells by transfection of rabbit AT la
receptor pcDNA3 (molecular weight is about 50 kDa). No
bands were detected by immunoglobulin from PBS-injected
rabbits or that from hepatocyte-immunized rabbits.

1 2. |

50KDa » ' % l

4. Discussion

In the present study, we demonstrated for the first time
that, immunization with xenogenic rat synthetic VSMCs
reduced neointimal formation after balloon injury, in
association with induction of auto-antibodies against rabbit
VSMCs. The VSMCs which contribute to form neointimal
lesions are different in phenotype from ones in the normal
media [31]. VSMCs in the normal media consisted of a
contractile phenotype, whereas VSMCs which contribute to
form neointimal lesions show a synthetic phenotype [32].
And the epitopes of VSMCs also may be different between
the contractile phenotype and the synthetic phenotype. We
used cultured rat VSMCs as the xenogenic immunogens
against rabbits. These rat VSMCs are the synthetic
phenotype, and therefore immunization with rat VSMCs
was likely to induce various antibodies against the synthetic
VSMCs. And importantly, it seemed that certain antibodies
cross-reacted between rat and rabbit VSMCs.

As demonstrated in Fig. 2, when we applied rat VSMC-
immunized plasma as the primary antibody, several new
proteins of rabbit VSMCs were detected by the Western blot
analysis, which were not detected when PBS injected non-
immunized control plasma or rat hepatocyte-immunized
control plasma was applied It implies that the rabbit plasma
obtained from rat VSMC-immunized rabbits had an anti-
body response distinct from the one induced by PBS or rat
hepatocytes. Importantly, as demonstrated in Fig. 1, only rat
VSMC-immunization reduced the neointimal lesion forma-
tion after balloon injury. These results might implicate that
the induced antibodies reacting with the synthetic VSMCs
but not others might play critical roles in the reduction of
neointimal area in this study.

Apoptosis of VSMCs 1s implicated in the formation of
neointimal lesions [33]. In the aortic allograft model in rats,
Plissonnier et al. reported the induction of apoptosis by
alloantisera [34]. Therefore, we investigated apoptosis of
VSMCs i both the neointimal lesion and the normal media
by TUNEL staining, but we did not find significant
differences between rat VSMC-immunized group and PBS
injected non-immunized group. On the other hand, the
proliferative capability of VSMCs estimated by PCNA
staining in neointimal lesions was significantly suppressed

2.

Prissacy PBS-injected non-

Antibody

plasma

immunized control  control plasma

Rat hepatocyte-immunized Rat VSMC-immunized

plasma

Control pcDNA3 transfected COS
Rabbit AT1aR-pcDNA3J transfected COS

Fig. 7. The rabbit ATla receptor protein expressed in COS7 cells by transfection of the rabbit ATla receptor pcDNA3J was immunoblotted with PBS injected
non-immunized control rabbit plasma (left panel), rat hapatocyte-immunized rabbit plasma (middle panel), or rat VSMC-immunized rabbit plasma (right
panel), respectively. pcDNA3 without any expression inserts was used as the control transfection
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by rat VSMC-immunization (Fig. 3A and B), whereas no
differences were detected in the media, at 2 weeks after
balloon injury. Thus, proliferation of VSMCs in the
neointima was suppressed by rat VSMC-immunization,
This may be related to that neointimal lesions themsclves
may be more antigenic than the normal media. Plissonnier et
al. reported that normal media was a “privileged” immuno-
logical site as compared to neointimal lesions in the vascular
chronic rejection process in allotransplantation/immuniza-
tion [35].

To further clarify the effects of the immunization on
VSMC function, we performed in vitro assay. For in vitro
assay, we purified immunoglobulin from plasma using a
protein G column, because we needed to avoid the effects of
many cytokines and growth factors which were contained in
the immunized plasma. Therefore, in the study in vitro, we
could investigate the direct effect of induced immunoglo-
bulins. At first we compared viability of rabbit VSMCs
between rat hepatocyte-immunized immunoglobulin treated
control group and rat VSMC-immunized immunoglobulin
treated group by use of WST-1 assay, and confirmed that
viability of VSMC did not differ between two groups.
Therefore VSMC-immunized immunoglobulin didn’t have
severe cell toxicity against VSMCs. The VSMC-immunized
rabbits immunoglobulin significantly suppressed rabbit
VSMC cell numbers stimulated by FBS, ATII, PDGEF,
FGF, and PMA (Fig. 5) and rabbit VSMC migration
stimulated by FBS, ATII, PDGF, and PMA (Fig. 6). We
applied immunoglobulins to the culture media, which bind
only to the cell surface proteins. Therefore we speculate that
rat VSMC-immunized immunoglobulin might bind to some
surface proteins which globally regulate the proliferation
and migration of rabbit VSMCs. As one of candidates for
such surface proteins, we focused on ATla receptor, since
the inhibitory effects of VSMC-immunized rabbits immu-
noglobulin were prominent in ATll-induced proliferation
and migration. As shown in Fig. 7, rat VSMC-immunized
immunoglobulin was mmunoreactive against the ATla
receptor protein which was expressed in COS7 cells by
the rabbit AT la receptor pcDNA3 transfection, whereas no
bands were detected by immunoglobulin from PBS-injected
rabbits or that from hepatocyte-immunized rabbits. There-
fore, it is possible that rabbit AT1a receptor protein is one of
target proteins which rat VSMC-immunized immunoglobu-
lin recognizes and that binding of rat VSMC-immunized
immunoglobulin to rabbit ATla receptors might have
inhibited the ATII signaling. Not only ATII signaling but
almost all stimuli tested, however, were affected by the
adjunction of rat VSMC-immunized immunoglobulin.
Therefore it is likely that a much more global effect than
the blocking effect on these receptors was involved. At the
present lime, we cannot show more detailed molecular
mechanisms of the mhibitory effects of xenogenic VSMC
immunization, and further investigation is needed.

This study demonstrated for the first time that xenogenic
VSMC immunization significantly reduced neointimal

formation in the balloon-injured carotid arteries. Our data
indicate the possibility of immunotherapy for neointimal
formation with xenogenic VSMCs by breaking immune
tolerance against autologous VSMCs in a cross-reaction
between the xenogenic homologs and self molecules,
similar to the case of immunotherapy for tumor angio-
genesis [36].

In the present study, rat VSMC-immunization didn’t
cause any serious side effects. The body weight and
behavior of rabbits did not change by the immunization,
and also blood analysis didn’t show any significant changes
in liver functions, renal functions, and lipid profiles.
However, at the present time we cannot show the target
protein(s) of VSMC-immunized immunoglobulin that reg-
ulates the functions of rabbit VSMC globally. Although
further investigation on the target protein(s) and the
possibility of immunological regulation is needed, immuno-
logical regulation shown in our smudy may be a new
immunotherapy for vascular remodeling which forms neo-
mtimal lesion.
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An X-Ray Diffraction Study on Mouse Cardiac Cross-Bridge Function In
Vivo: Effects of Adrenergic -Stimulation

Ryuji Toh,* Masakazu Shinohara,* Tomofumi Takaya,” Tomoya Yamashita,” Shigeru Masuda,”
Seinosuke Kawashima,* Mitsuhiro Yokoyama,* and Naoto Yagi'

*Division of Cardiovascular and Respiratory Medicine, Department of Intemal Medicine, Kobe University Graduate School of Medicine,
Kobe 650-0017, Japan; and 'SPring-8/JASRI, Sayo, Hyogo 679-5198, Japan

ABSTRACT To investigate how -stimulation affects the contractility of cardiac muscle, x-ray diffraction from cardiac muscle
in the left ventricular free wall of a mouse heart was recorded in vivo. To our knowledge, this is the first x-ray diffraction study on
a heart in a living body. After the R wave in electrocardiograms, the ratio of the intensities of the equatorial (1,0) and (1,1)
reflections decreased for ~50 ms from a diastolic value of 2.1 to a minimum of 0.8, and then recovered. The spacing of the (1,0)
lattice planes increased for ~90 ms from a diastolic value of 37.2 nm to a maximum of 39.1 nm, and then returmed to the
diastolic level, corresponding to ~10% stretch of sarcomere. Stimulation of g-adrenergic receptor by dobutamine (20 pg/kg/
min) accelerated both the decrease in the intensity ratio, which reached a smaller systolic value, and the increase in the lattice
spacing. However, the intensity ratio and spacing at the end-diastole were unchanged. The recovery of the lattice spacing
during relaxation was also accelerated. The mass transfer to the thin filaments at systole in a g-stimulated heart was close to
the peak value in twitch of frog skeletal muscle at 4°C, showing that the majority of cross-bridges have been recruited with few in

reserve.

INTRODUCTION

Stimulation of cardiac (-adrenergic receptors has been
known to enhance contractility of cardiac muscle through
phosphorylation of various enzymes, including troponin-I,
C-protein, and phospholamban (1-6). Although these effects
have been extensively studied both physiologically and
biochemically in isolated cardiac muscles and myocytes,
they can be studied in a living body by only a limited number
of methods. Lack of a molecular index that can be measured
in vivo has made it difficult to study the mechanism of the
B-stimulation. Since the overall influence of neurohumoral
factors on functional properties of cardiac muscle can only
be studied in vivo, it is important to develop a method to
monitor contractility at the molecular level in a live animal.
This is especially important when investigating the conse-
quences of genetic alterations.

It is usually difficult to study murine, especially mouse,
cardiac muscle in an isolated specimen under physiological
conditions. Perfusion with oxygenated saline does not pro-
vide enough oxygen, and a heart tends to be in a hypoxic
condition at physiological heart rates. Although an x-ray
diffraction study on an intact rat papillary muscle has the
advantage that force and sarcomere length can be measured
simultaneously, such experiments have been made at a heart
rate lower than 1 Hz (7.8). Since the heart rate is an important
factor in cardiac physiology, which affects calcium handling
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and contractile force, it is necessary to make these exper-
iments at higher heart rates. This is especially the case if the
increase in the contractile force with increased heart rate (the
staircase phenomenon) is due to a higher number of cross-
bridges associated with the thin filament during diastole (9).

X-ray diffraction has been used to study contractility of
cardiac muscle. Itis a noninvasive method which enables us to
study myosin cross-bridge activity in striated muscles (10).
Two pieces of information can be obtained: one is the inten-
sity ratio of the (1,0) and (1,1) equatorial reflections from the
hexagonal lattice of myofilaments, which can be used as an
index of the number of myosin cross-bridges formed during
contraction (mass transfer from the thick to the thin filament),
This correlates well with tension development in cardiac mus-
cle, especially during the early phase of contraction under an
isometric condition (9). Theoretically, the intensity ratio might
be affected by a conformational change of cross-bridges. How-
ever, experiments on skeletal muscle showed that a force-
generating conformational change does not affect the ratio
(11). Thus, the change in the ratio is mostly caused by a mass
movement from the thick filaments to the thin filaments due to
cross-bridge formation. The other piece of available informa-
tion is the (1,0) spacing of the lattice, which is equal to V372 of
the distance between neighboring thick filaments. Since the
volume of a cardiac cell remains approximately constant dur-
ing a cardiac cycle (7), the lattice spacing can be used as an
index of sarcomere length.

Recently, it was shown that diffraction patterns from a
whole heart can be interpreted based on the orientation of
muscle fibers in the heart (12), and a time-resolved x-ray
diffraction study was made on a heart of a thoractomized rat
(13). Here we applied this technique to a heart in a body of a

doi: 10.1529/biophys. 105 074062
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living mouse to study physiological functions of myosin
cross-bridges in vivo. Without thoractomizing, this is the
first time the contractility in heart muscle was studied at a
molecular level in a living body. Effects of B-stimulation by
dobutamine were investigated.

METHODS
Animal preparation

Eight-week-old male mice (CS7BL/6, purchased from CLEA Japan, Tokyo,
Japan) were anesthetized with isoflurane (0.25-0.5%) and artificially
ventilated (MmiVent, Hugo Sachs Elektronik, March-Hugstetten, Germany;
stroke volume 200 pl, 250 strokes/min). To avoid strong x-ray diffraction
spots from skeletal muscles (see below), part of the breast muscles was
surgically removed. The mouse was fixed vertically in the x-ray beam, which
entered the thorax from the third intercostal space. In this configuration, the
x-ray beam passed through the upper part of the left ventricle, whose motion
during a heart beat 15 smaller than in the lower part. The electrocardiogram
was recorded with three electrodes (Fig. 1). Systemic blood pressure was
measured by a computerized tail-cuff apparatus (MK-2000, Muromachi Kikai,
Tokyo, Japan). The ventilator was stopped during an x-ray exposure (for ~2
s) to avoid movement due to respiration. Dobutamine was mfused from
carotid artery at a rate of 20 pug/kg/min. The animal experiments were con

ducted in accordance with the guidelines of SPring-8 for care and welfare of
experimental animals.

X-ray diffraction methods

Xeray diffraction experiments were conducted at BL4OXU in the SPring-8
third generation synchrotron radiation facility (Harima, Hyogo, Japan) (14).
The peak x-ray energy was adjusted to 15.0 keV. This high energy ensured
sufficient penetration of x-rays through the body of a mouse. The x-ray flux
was adjusted by the front-end slits and aluminum absorbers to ~3 X 10"
photons/s. The beam size was ~0.10 mm vertically, 0.25 mm horizontally at
the specimen.

The x-ray detector was an x-ray image intensifier with a beryllium
window (V5445P, Hamamatsu Photonics, Hamamatsu, Japan) (15) coupled
by atandem lens t a fast charge-coupled device (CCD) camera (C4880-80-
24A, Hamamatsu Photonics). The time resolution was 15 ms/frame. An
x-ray shutter was opened for 1.1 s, and 70 successive frames were recorded.
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FIGURE 1 Electrocardiogram (blue) and frame timing of the CCD

camera (red) during time-resolved x-ray recording. There is noise in the
electrocardiogram from the power line (60 Hz) but sharp QRS peaks and
preceding small Q peaks are clearly seen. The rising edge of the frame
timing pulses corresponds to the beginning of a new frame.
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The specimen-to-detector distance was 3.2 m. The lattice spacing was
cahibrated with the third-order meridional refection from the thick filament
of frog skeletal musele at 1/14.34 nm ™. Both the electrocardiogram and the
frame timing signal from the CCD camera were recorded with a data
acquisition system with 1-ms sampling,

Experimental protocol

Since there are layers of skeletal muscles in the path of the x-ray beam,
diffraction patterns from a mouse heart in vivo are always mixed with
equatonial diffraction spots from skeletal muscles. With a mouse positioned
vertically and an x-ray beam passing between the third and fourth ribs,
usually two sets of spots were found in the directions of 10 o'clock and
4 o'clock, and 9 o'clock and 3 o'clock (Fig. 2). The areas between these spots
were free from reflections due to skeletal muscles. Initially, the x-ray beam
was positioned in the left side of a mouse thorax (Fig. 3, position A). Then,
the mouse was moved across the beam horizontally so that its left ventricular
free wall came into the beam (Fig. 3, position B). When the x-ray beam
passed through the epicardium of the free wall, the equatorial reflections,
which appear as spots (12), were observed in the directions similar to those
of skeletal muscles. Thus, the epicardium surface plane seems to be approx-
imately vertical in the mouse body. At this position, the movement of the
heart due to beating shifted the heart in and out of the beam in every heart
beat, making 1t impossible to observe the diffraction pattern continuously.
When the mouse was moved further and the x-ray beam passed through the
deeper layer of the free wall (Fig. 3, position C), the equatorial diffraction
pattern became arcs (12). At this stage, it was still difficult to observe the
diffraction patten continuously because the beam passed through different
regions of the wall in diastole and systole. When the mouse was moved
further in the beam (Fig. 3, position D), the diffraction pattemn appeared as a
ring or a long arc with maximum intensity in the direction perpendicular to
the diffraction from skeletal muscles (Fig. 2). The diffraction pattem was
continuously observed during a heart beat, allowing us to study the molec-
ular changes throughout a cardiac cycle. Thus, experiments were made under
this condition. The x-ray beam is presumed 1o be passing through endo-
cardium and left ventricle (12). Marking the recorded region after an ex-
petiment, with an x-ray flux three orders of magnitude higher than that used
for the x-ray diffraction measurement, confirmed that the beam actually passed
through the Teft ventricular free wall.

The x-ray recording was repeated up 10 10 times (average 5.3 recordings)
with a horizontal shift of a mouse by 0.2 mm. The data were analyzed only
when distinct diffraction from cardiac muscle was observed throughout a
cardiac cycle. After dobutamine infusion, the mouse was moved vertically
by ~0.2 mm to avoid radiation damage, and the recordings were repeated,
No sign of radiation damage, such as broadening or weakening of the
equatorial intensity profile, was seen.

Since the x-ray recording was not in synchrony with the cardiac cycle, it
was necessary lo determine comespondence between the x-ray frames and
the cardiac cycle. At the heart rate of 400-500 per min, there were 8-9
frames per each cycle, and 7-8 cycles were recorded in each x-ray recording,
which lasted for 15 X 70 = 1050 ms. In this study, only the data with nine
frames per cycle were analyzed. The frames that contained the R wave in the
electrocardiogram (Fig. 1) were used as the first frame of a cycle (end-
diastole). Then, frames in the same phase of the cycle were averaged. Thus,
for each recording, a set of images was obtained. As the R wave could take
place any time within a frame, the data had an ambiguity of one frame
(15 ms) in ime. This ambiguity is averaged out because, in total, data from
53 and 58 recordings were used for the baseline and dobutamine conditions,
respectively.

Data analysis

Diffraction in the region of the x-ray pattern without contribution from
skeletal muscles was circularly averaged. The background was fitled with a
cubic spline function, and the area above the background was used as the
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diffraction peak (Iig. 4). The integrated area was used as the integrated
intensity, and the center of gravity of the (1,0) reflection was converted to the
(1,0) lattice spacing. The inlegrated intensity of the (1,1) reflection obtained
this way is underestimated by \‘H compared to that of the (1,0) reflection
because the intensily is averaged, not summed, along an arc, Thus, the (1,1)
intensity was multiplied by /3. Since the intensity of each equatorial
reflection depends on the thickness of the sample, which changes con
siderably across a heart, the ratio ol the intensities of the (1,0) and (1,1)
reflections (1(1,0)/1(1,1)) was used as an index of the equatorial miensily
change.

Then, data from different x-ray recordings were analyzed. Results from
recordings on each mouse were averaged, providing a sel of intensily ratios
and lattice spacings for each mouse over frames. Then, data sets from 10
mice were lreated statistically. The same procedure was used on the data
taken after dobutamine infusion

The half-time of contraction and relaxation was obtained by the following
method: 1), The intensity ratio or lattice spacing in the first frame was taken
as a diastolic level. 2), The smallest inlensily ratio or the largest lattice
spacing value was taken as a systolic level. 3), The average of the diasiolic
and systolic levels was taken as the midlevel. 4), The time when the intensity
ritio or lattice spacing crossed the midlevel during the early or late phase of a

FIGURE 3
shaded areas represent a left ventricular free wall. The area between solid

Positions of the x-ray beam relative to the left ventricle. The

curves 15 a wall in diastole, and that between broken curves a wall in sysiole.
Al position A, the beam is out of the hearl. AL B, the beam 1s passing through
the epicardium in diastole but out of the heart in systole. Al (', the beam is
always in the wall but it 15 in the epicardium in diastole and in the
endocardium in systole, Al D, the beam is always passing through the wall
on both sides of the heart, At E, the beam also passes through the wall on
both sides bul absorpuion by blood in the cavity hampers the x-ray
measurement, In the actual experiment, a mouse (hence a heart) was moved
relative to a fixed x-ray beam.
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FIGURE 2

vivo. (@) In end-diastole (first frame), (b) in systole (fourth

X-ray diffraction pattems from a hearl n

frame). The intensity distribution is shown in pseudocolor
The lour spots are [rom skeletal muscles. The rings in the
rest of the pattern (arrows) are Irom cardiac muscle: the
inner one is the (1,0), and the outer (1,1) equatorial reflec-
tion. These are averages of six diffraction patlerns from a

normal mouse

heart beat was obtained by interpolation between [rames and taken as the
half-time of contraction or relaxation

Using the ratio of the (1,0) and (1,1) intensities (1(1,0)/1(1,1)), the
electron-density distribution in the transverse section of the hexagonal
myofilament lattice was calculated by Fourier synthesis. From this, the mass
associated with the thin filaments was estimated following the method of
Haselgrove and Huxley (10) on the assumption that the lowesl density in the
electron-density map represented the background level. The *‘apparent’”
thin-filament mas4 thus calculated was interpreted as consisting of the thin
filament and the myosin heads present in the vicinity of the thin filament
The mass of the thin filament was approximated by assuming that no myosin
heads are present in the vicinity of the thin filament at the resting state. Then,
by subtracting this from the apparent thin-filament mass, the mass of heads
associated with the thin filamenl was obtained, The same procedure was
done with the inlensity ratio obtained in the rigor state, and the wtal mass of
heads can be obtained by assuming that all heads are attached to the thin
filament. From these masses of heads, the proportion of heads present in the
vicinity of thin filaments was calculated.

All data are expressed as mean * SD. Differences were analyzed us-
ing Student’s paired r-test with p < 0.05 being regarded as statistically
significant.

RESULTS

Fig. 2 shows x-ray diffraction patterns from a mouse heart
in vivo at end-diastole and systole. Although diffraction
spots from skeletal muscles are superposed, arcs of equato-
rial diffraction from cardiac muscles are clearly seen. The
origin of the reflection can be assigned without ambiguity
because the skeletal muscle has a smaller filament lattice
spacing and hence the reflections appeared at a larger radius.
When the region where the equatorial reflections from cardiac
muscle were strong, it was possible to subtract background
from other tissues such as skin, lung, and skeletal muscle
(Fig. 4). Fig. 5 a (open squares) shows the time course of
changes in the (1,0)/(1,1) intensity ratio during a cardiac
cycle at baseline. The diastolic intensity ratio was ~2.1 at
end-diastole and decreased to a minimum of 0.8 in ~50 ms,
which is comparable to the ratios observed in rat heart
muscle (13).

Fig. 5 b (open squares) shows the time course of changes
in the (1,0) lattice spacing at baseline. The lattice spacing at
end-diastole was 37.2 nm and increased to 39.1 nm within

Biophysical Journal 90(5) 1723-1728
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FIGURE 4 Intensity profiles of the (1.0) and (1,1) equatorial peaks. (a) in end-diastole, (h) in systole. The data were from Fig. 3, integrated within arcs of
10.5 o’clock through 2 o’clock and its opposite side. The background was drawn using a spline function.

—~90 ms after the R wave in the electrocardiogram. If strict
constant-volume behavior is assumed, this corresponds to
~10% shortening of sarcomere. The lattice spacing contin-
ued to increase after the intensity ratio started to increase
(that is, after the muscle began to relax). until the mitral valve
opened and the left ventricular volume began to increase.
The experiment was repeated after dobutamine had been
infused for 10 min (20 pg/kg/min). The heart rate did not
change significantly (from 446 = 26 to 449 = 26 beats per
min, n = 10). The systemic blood pressure increased sig-
nificantly from 83.9 * 13.1 10 97.1 = 14.9 mmHg (n = 10).
Fig. 5 a (solid circles) shows the change in the (1,0)/
(1,1) intensity ratio under the influence of dobutamine. The
second, third, and fourth data points between 20 and 60 ms
after the R wave were significantly lower than those in the
control mouse, showing a faster and larger shift of mass of
cross-bridges. Fig. 5 b (solid circles) shows the time course
of the (1.0) spacing change. The third and fourth data points
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are significantly larger than those in the control mouse,
showing a faster shortening of muscle. The half-time of the
reduction in the intensity ratio was significantly shortened by
dobutamine (24.4 + 1410 20.3 = 1.3 ms, n = 10), and that
of the lattice spacing was also shortened (52.8 + 5.9 to 38.3
= 1.8 ms, n = 10). The half-relaxation time of the lattice
spacing was significantly shorter after dobutamine (112.6 +
3.0to 106.8 = 2.8 ms, n = 10). Since the larger change in the
lattice spacing suggests larger sarcomere shortening, the
systolic intensity ratio might be affected by a larger filament
overlap in the presence of dobutamine. However. since
cardiac muscle normally works at a sarcomere length shorter
than 2 um where the thick and thin filaments are fully
overlapped, this effect is not considered significant.

After an experiment, a mouse was killed by overdose of
pentobarbital and left for 30 min. Then, a diffraction pattemn
in the rigor state was recorded. The (1.0)/(1.1) intensity ratio
was 0.30 * 0.08 (n = 8).

(1,0) spacing (nm)

Y i i ! | —o—bacsliie
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FIGURE 5 Effects of B-stimulation on the cross-bridge activity of mouse heart muscle. (a) The (1,0/(1.1) intensity ratio, (h) the (1,0) lattice spacing. The
abscissa is the time after the R wave in the electrocardiogram. Open squares represent data obtained before dobutamine infusion, and solid circles after
dobutamine infusion (20 pg/kg/ml). The error bars represent the standard error of the mean of data from 10 mice. The asterisks indicate the data points that are

statistically different in paired ¢-tests between baseline and dobutamine data.
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