igation to produce MI. The surgical procedures are described in detail
Isewhere (28). Briefly, after pentobarbital sodium anesthesia (25-40
mg/kg ip) and intubation with a polyethylene tube (size 60), animals
were ventilated by. using a volume-cycled rodent respirator with 2 to
ml/cycle at a respiratory rate of 120 breaths/min. After thoracotomy,
he LCA was ligated with a suture, 3'to 4 mm from the tip of the left
uricle. The chest wall and skin were closed with a suture. The same
urgical procedures were performed in sham mice, except that the
oronary artery was not ligated.

LV morphology and morphometry. Four weeks after LCA ligation,
he left ventricle (LV), including the septum, and the right ventricle
ere dissected to confirm MI'in some groups of mice. After the major
ong-axis intracavitary diameter was measured, each LV was serially
ectioned into three rings perpendicular to the major axis of the heart,
fter which the short-axis diameter was measured. At the midregion,
he minimal and maximal chamber diameters were used with the
ong-axis diameter to compute the LV chamber volume. Infarct size in
hese hearts was determined by the method described previously (40).
riefly, serial 5-um sections were prepared, mounted, and stained
with Masson trichrome. Infarct length was measured along the endo-
nd epicardial surfaces from each of the three LV sections, and values
rom all three sections were summed. Total LV circumference was
alculated as the sum of the endo- and epicardial segment lengths
rom -all three sections. Infarct size (in %) was calculated as the total
nfarct circamference divided by the total circumference times [00.

Measurement of blood pressure and heart rate during intracister-
al administration of L.-NMMA. In a separate group of animals, we
xamined the effects of intracisternal injection of N°-monomethyl-L-
rginine (L-NMMA), a NOS inhibitor, on blood pressure in the MI
nd sham-operated mice (n = 6 mice each) to confirm that the NOS
s activity was altered in MI mice. Four weeks after LCA ligation, the
mice were anesthetized with pentobarbital sodium (50 mg/kg ip) and
mechanically ventilated with room air supplemented with oxygen. A
atheter was introduced into the left femoral vein for the administra-
| tion of anesthetics. Another catheter was introduced into the aorta
hrough the femoral artery to monitor and record systemic arterial
pressure. The mice were placed in a stereotaxic frame, the dorsal
i surface of the medulla was then exposed, and the tip-of a polyethylene
ube (PE-10) was placed into the cisterna magna. Bolus injections of
-NMMA (100 nmol, - 10 wl):were made through this tube. The drugs
were dissolved in artificial cerebrospinal fluid containing (in mM) 123
NaCl, 0.86 CaCls, 3.0 KCl, 0.89 MgCl,, 25 NaHCO3, 0.5 NaH,PO,,
1 and 0.25 Na,HPO,; pH 7.4.
' Construction and purification of recombinant adenovirus, We used
denoviral vectors encoding either the bacterial P-galactosidase
| (Adpgal) gene or bovine endothelial NOS (eNGS) gene (6, 30). A
eplication-deficient adenovirus encoding the bovine eNOS gene ex-
ressed from a long-terminal repeat of the Rous-sarcoma viras-as a
| promoter was generated by using standard methods from the Univer-
ity of fowa Gene Transfer Vector Core (Iowa City, IA) (6,30). These
vectors were suspended in PBS with 3% sucrose and stored at —~80°C
until use.
. In vivo gene transfer into NTS. Four weeks after LCA ligation,
mice were anesthetized with pentobarbital sodium (25-40 mg/kg ip),
laced on a stereotaxic frame, and the dorsal surface of the medulla
was exposed. A glass micropipette (5 wm, outer diameter) was filled
with PBS containing Adfgal or AdeNOS. Bilateral injections were
made into the NTS. One microinjection site in each NTS was defined
according to a mouse atlas (35). An adenoviral suspension containing
1 X 10% plaque forming units per milliliter was injected into each
: injection site over 10 min (200 nl/each NTS; infusion rate, ~40
nl/min). After the injection, all mice recovered from the anesthesia
and were unrestrained and free to move in their cages.
Histochemical analysis of 3-galactosidase gene expression. On day
7 after the gene ftransfer, the mice were deeply anesthetized with
pentobarbital sodium (100 mg/kg ip) and perfused transcardially with
| PBS, followed by 4% paraformaldehyde in PBS. The brains were
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removed, and the coronal sections of the medulla were cut serially (50
um) using a vibratome. The sections of the medulla were evaluated
for B-galactosidase expression by histostaining with X-Gal in PBS at
37°C for 4 h.

Quantification of 3-galactosidase activity. We quantified B-galac-
tosidase activity in the mice (n = 4 mice at each time point)
transfected with AdPgal with a colorimetric assay using o-nitrophe-
nyl-B-p-galactopyranosidase (Boehringer Mannhein Biochemica; Mann-
heim, Germany) as described previously (2, 9, 17), before and on days
1,3, 5,7, 10, 14, 21, and 28 after the transfection of Adpgal.

Immunohistochemistry for eNOS and nNOS. In another group of
animals, sheep anti-nNOS antibody (kindly provided by P. Emson,
Department - of Neurobiology, The Babraham Institute, Cambridge,
UK) was used for an immunohistochemical analysis of endogenous
nNOS (19). Four weeks after LCA ligation, serial sections of the
medulla were obtained. The sections were incubated in sheep anti-
nNOS antibody (1:10,000) and then rinsed in PBS. After overnight
incubation in biotinylated donkey anti-sheep IgG (1:1,000, Jackson;
Baltimore, MD), the sections were rinsed in PBS-and incubated in a
mixture of streptavidin-conjugated fluorescein isothiocyanate (1:200;
Vector; Burlingame, CA). After being rinsed in PBS, the sections
were mounted in Vectashield (Vector). In a separate group of mice
transtected -with AdeNOS, we performed immunohistochemistry for
eNOS as described previously (22, 39). On day 7 after the gene
transfer, the sections were incubated in rabbit anti-eNOS IgG (1:200;
Transduction; Lexington, KY) at room temperature overnight and
then rinsed three times in PBS. After incubation with biotinylated
horse anti-rabbit IgG (1:1,000, Vector), the sections were rinsed in
PBS and incubated in a mixture of streptavidin-conjugated rhodamine
(1:100, Vector). After being rinsed in PBS, the sections were mounted
i Vectashield (Vector). The stained sections were photographed by
using a confocal laser scanning microscope (MRC 1000, Bio-Rad;
mounted on a Nikon light microscope Optiphot, Hemel Hempstead,
UK) using laser beams of 488 nm for nNOS-stained sections and 580
nm for eNOS-stained sections for excitation  with appropriate filter
sets. Confocal images were then transferred to a personal com-
puter and analyzed by using the National Institutes of Health Image
program.

Western blot analysis for eNOS and nNOS. We performed Western
blot analysis to determine the level of endogenous nNOS protein
expression in MI mice. We also performed Western blot analysis to
determine the time course-of eNOS protein expression in AdeNOS-
transfected mice. A coronal block of the brain (n = 4 mice for each
line) containing the NTS was dissected, and the NTS tissues were
obtained by using the punch microdissection technique (32, 33, 41) in
MI mice and AdeNOS-transfected mice at 4 wk after LCA ligation
and on days 0, 3, 5, 7, 10, 14, and 28 after AdeNOS transfer,
respectively. The NTS tissues were homogenized and sonicated in a
lysis buffer containing 40 mmol/l HEPES, 1% Triton X-100, 10%
glycerol, and [ mmol/l phenylmethylsulfonyl fluoride. The tissue
lysate was centrifuged at 6,000 rpm for 5 min at 4°C using a
microcentrifuge. The supernatant was collected. and the protein con-
centration was determined by using a bicinchoninic acid protein assay
kit (Pierce Chemical; Rockford, IL). An aliquot of 5 pg of protein
from each sample was separated on a sodium dodecyl sulfate gel and
transferred electrophoretically onto polyvinylidene difluoride mem-
branes (Immobilon-P membrane; Millipore, Bedford, MA). After we
confirmed that equal amounts of protein were applied into each well
using Ponceau S (Sigma Chemical, St. Louis, MQ) staining, the
membranes were incubated with either sheep anti-nNOS antibody
(1:10,000) in MI mouse samples or rabbit anti-eNOS (1:200) in
AdeNOS-transfected mouse samples. Membranes were then washed
and incubated with a horseradish peroxidase conjugated horse anti-
sheep IgG antibody (1:10,000) or horse anti-rabbit IgG (1:100,000),
respectively. Immunoreactivity was detected by enhanced chemilumi-
nescence autoradiography (ECL Western blotting detection kit; Am-
ersham; Arlington Heights, IL).
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Echocardiographic imaging. Four weeks after LCA ligation, i.e.,
just before the adenoviral gene transfer, serial two-dimensional and
M-mode echocardiography was performed in all groups of animais
under light pentobarbital sodium anesthesia with spontaneous respi-
ration (15). An echocardiography system (SSD5000; Aloka, Tokyo)
was used with a dynamically focused [0-MHz linear.array transducer
using a depth setting of 200 mm, as. described previously (15, 28).
Two-dimensional images and -M-mode.tracings were recorded from
the short-axis view at the level of the papillary muscle. Care was taken
to avoid applying too much pressure to the chest wall. The M-mode
tracings were printed on glossy paper using. a digital color printer
(SSZ337). LV end-diastolic diameter (LVEDD), LV end-systolic
diameter (LVESD), and wall thickness were measured, and the mean
of three-to-five cardiac cycles was used for analysis. Percent fractional
shortening (%FS) was calculated as follows: %FS = (LVEDD) —
(LVESD)/(LVEDD) X 100. The same echocardiographic experiments
were performed 6 and 8 wk after LCA ligation, i.e., 2 and 4 wk after
AdeNOS gene transfer, respectively.

Measurement of -urinary norepinephrine excretion. The urinary
norepinephrine concentration was measured 4 wk after LCA ligation,
i.e., just before ‘gene transfer, and 7 days after the gene transfer by
high-performance liquid chromatography, and urinary norepinephrine
xcretion over 24 h (ug/day) was then calculated as described previ-
ously (17, 22, 39).

Statistical .analysis. All values were expressed .as means = SE.
One-way ANOVA was used to compare the 3-galactosidase activity.
n unpaired ¢-test was used to compare:values between the MI mice
and sham-operated mice. Two-way ANOVA with repeated measures
was used to.compare the time course values of LVEDD and %FS
between- AdBgal and AdeNOS-transfected MI mice groups. A paired
+-test was used to compare the values before and after each operation,
or before and after the gene transfer, in sham-operated and MI mice.
Differences were considered to be significant when P < 0.05.
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RESULTS

HF characteristics of MI mice. Echocardiographic assess-
ment of cardiac function was performed, and infarct size was
estimated using Masson trichrome staining before and 4 wk
after LCA ligation. Echocardiographic evaluation revealed that
LVEDD: was greater (5.2 = 0.4 vs. 3.6 = 0.2 mm,; P < 0.01)
and fractional shortening was smaller (19.1 = 0.2% vs. 42.7 =
0.1%; P < 0.01) in MI mice than in sham-operated mice (n =
11, each group) (Fig. I, A and B). Examples of coronal sections
of the LV are shown in Fig. 1, C and.D. Infarct size of MI mice
was 42.5 = 2.3% (see Fig. 1, C and D). Furthermore, 24-h
urinary norepinephrine excretion was significantly higher in
MI'mice compared with that in sham-operated mice (MI mice,
0.33 = 0.06 wg; sham mice, 0.18 * 0.03 ng; n = 13 mice for
each group, P << 0.05). There was no difference in 24-h urinary
volume between MI mice and sham-operated mice (data not
shown).

Brain stem nNOS is reduced in HF. In this model, we
evaluated nNOS protein expression in the brain stem by West-
ern blot.analysis. and immunohistochemistry 4 wk after LCA
ligation. Western blot analysis for nNOS in the NTS revealed
reduced nNOS protein levels in MI mice compared with
sham-operated mice (Fig. 24). Immunohistochemical staining
for nNOS protein was reduced in MI mice compared with that
in sham-operated mice (Fig. 2, B and C).

Effect of intracisternal injection of L-NMMA on blood pres-
sure. To .determine whether endogenous NOS activity was
altered in MI mice; we examined the effects of intracisternal
injection of L-NMMA on blood pressure in sham-operated and

B

Fig. 1. B-mode and M-mode echocardiograms of left ventricular (LV) in parasternal short-axis view obtained from sham-operated (A) and myocardial infarction
(MI) (B) mice. EDD, end-diastolic diameter; AW, anterior wall; PW posterior wall. MI mice exhibited LV dilatation and decreased fractional shortening.
Low-power photograph of Masson-trichrome-stained LV cross-section was obtained from sham-operated (C) and M1 (D) mice.
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MI mice. Intracisternal injection of L-NMMA elicited a smaller
increase in blood pressure in MI mice than in sham-operated
mice (6.9 * 3.4 vs. 20.6 = 4.9 mmHg; P < 0.05) (Fig. 3B).
Effect of eNOS overexpression in NTS. Figure 4A shows the
X-Gal staining for B-galactosidase in a section of the mouse
brain medulla on day 7 after the gene transfer. Positive staining
for B-galactosidase was observed in the NTS where AdRgal
had been microinjected. In - the AdeNOS-transfected mice,
eNOS protein expression was observed immunohistochemi-
cally in the NTS where AdeNOS had been microinjected (Fig.
4B). Figure 4C shows the time course of B-galactosidase
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Fig. 2. Western blot analysis in nucleus lractus solitarius (NTS) demonstrating
reduction in endogenous neuronal nitric oxide synthase (nNOS) protein in MI
mice (# = 4 mice for each) A: lane 1, sham-operated mouse; lane 2, Ml mouse;
lane 3, untreated mouse. Immunohistochemical staining visualized with rho-
damine-conjugated fluoroprobe for endogenous nNOS protein within NTS
tissue in sham-operated (B) and MI (C) mice. *P < 0.05 compared with the
value of sham-operated mice.
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Fig. 3. Typical effects (A) and summary (B) observed in blood pressure
changes after intracisternal (i.c.) injection of NY-monomethyl-L-arginine (L-
NMMA) in sham-operated and Ml (B) mice, suggesting that NOS activity was
reduced in MI mice (n = 6 mice for each, *P < 0.05),

activity before and after AdBgal transfection. The [3-galac-
tosidase activity in the medulla peaked on day 7 and then
declined over time. Figure 4D shows the time course of
eNOS protein expression as determined by Western blot
analysis. eNOS protein expression peaked at day 7 and then
declined over time until day 28. Urinary norepinephrine
excretion in MI mice transfected with Adpgal or AdeNOS
was also measured. Urinary norepinephrine excretion did
not differ before adenoviral gene transfer (Fig. 5). Urinary
norepinephrine excretion after transfection with AdeNOS,
however, was significantly lower than before transfection
with AdeNOS. In addition, after the gene transfer, urinary
norepinephrine excretion in AdeNOS-transfected MI mice
was significantly lower than in AdBgal-transfected MI mice.
There was no change in 24-h urinary volume after AdeNOS
transfection (data not shown). Adenoviral-mediated eNOS
gene delivery did not improve the LV systolic function
determined by EDD and %FS (Table 1).
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Fig. 4. Site-specific expression of B-galactosidase or endothelial NOS (eNOS) protein within NTS. A: dark blue X-Gal staining was observed locally in NTS
of AdBgal-wansfected mice. B: images of section of medulla stained with anti-eNOS antibody (red, visualized with rhodamine-conjugated fluoroprobe). C: eNOS-
immunopositive sites are also detected locally in bilateral NTS of AdeNOS-injected mice. Time course of -galactosidase activity in medulla. wansfected with
Adpgal. B-Galactosidase activity was quantified by using colorimetric assay (n = 4 mice at each time point). D and £: time course of eNOS protein expression

in medulla transtected with AdeNOS by Western blot. analysis.

DISCUSSION

The major findings of the present study are as follows. First,
the characteristics of MI mice were consistent with those of
HF, a particularly increased activation of the symmpathelic
nervous system as determined by an increase in urinary nor-
epinephrine excretion. Second, nNOS expression levels were
significantly reduced in this MI mouse model. Finally, in-
creased NO production induced by eNOS overexpression in the
NTS in MI mice reduced urinary norepinephrine excretion to
the levels of the sham-operated mice, suggesting that increased
NO production in the NTS reduced the enhanced sympathetic

NS T
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Fig. 5. Twenty-four-hour urinary norepinephrine excretion (in p.g) before and
after gene transfer in AdeNOS- and Adfgal-transfected M1 1mice. NS, not
significant. *P < 0.05; 1 < 0.01.
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drive in MI mice. Taken together, these results indicate that
decreased NO in the brain, especially in the NTS, contributes
1o the enhanced sympathetic drive observed in HF.

M1 mouse model of HF. HF was produced by coronary artery
ligation in mice. This model is often used as a model of LV
remodeling, myocardial ischemia, and reperfusion injury (5.
24, 28, 36, 39, 40, 43). Little is known, however, regarding the
neurchumoral aspects of this model in mice. In our study, we
demonstrated that urinary norepinephrine excretion measured

Table |. Time course of LV end-diastolic diameter and %FS
in Ml and sham-operated mice transfected
with either AdfBgal or AdeNOS

Sham Mice MI Mice
AdeNOS Adpgal AdeNOS Adpgal
n 0 7 9 [§]
LV end-diasiolic diameter, mm
Before LCA Ligation 3.7+0.2 3.6x02 53+03 52204
2 Wk 3.6+03 3.7%03 53+0.4 5406
4 Wk 3.8%03 3.8+0.3 49+05 5209
%FS
Before LCA Ligation 45.5+0.2 42.7+0.3 19.7£0.9 19.1 0.9
4 Wk 44.2+0.3 44.9+0.3 227x1.2 208 1.7
8 Wk 39.1+0.4 40.5%0.3 247+1.4 193+1.5

Values are means % SE; n, number of mice. LV, left ventricular; % FS,
percent fractional shortening; MI, myocardial infarction; Adfgal and Ad-
eNOS, adenoviral vectors encoding 3-galactosidase or endothelial nitric oxide
synthase, respectively.
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in a conscious state, which is a marker of sympathetic nerve
activity, was significantly increased in mice 4 wk after M1
Consistent with the results of previous studies from Takeshita’s
laboratory (15), LV dilatation and reduced LV systolic func-
tion were also observed.

Sympathoexcitation in HF and role of NO in brain stems. HF
is characterized by an enhanced neurohumoral drive in exper-
imental animals as well as in patients (27, 29, 55). In patients
with HF, plasma norepinephrine levels increase with severity
and relate to the mortality rate (4, 38). The mechanism(s)
underlying the sympathoexcitation observed in HF is not fully
understood. Although it has been thought that abnormal arterial
baroreflex and cardiopulmonary barorefiex control of sympa-
thetic nerve activity are responsible for the sympathoexcitation
in HF, recent studies (27, 29, 55) suggest that involvement of
the CNS is important. Many studies (10, 27, 29, 55) predict an
important role of angiotensin II, particularly in the forebrain, in
HF. Liu and Zucker (25) suggested that a loss of NO and an
increase in angiotensin II are necessary for sustained increases
in sympathetic nerve activity in HF. In fact, inhibition of
angiotensin Il type I receptors in the NTS reduces arterial
blood pressure, heart rate, and sympathetic nerve activity in
rats with chronic inhibition of NOS (8). Previous studies from
our laboratories and others (17, 22, 39) have established that
NO in the brain inhibits sympathetic nerve activity, There are
few studies (34, 54), however, regarding NO in the brain,
especially the NTS, in HF. Patel et al. (33) reported decreased
nNOS gene mRNA expression levels in the hypothalamus,
dorsal pons, and dorsal medulla of rats with MI compared with
those in sham-operated rats. In addition, the number of
NADPH-diaphorase-positive neurons, a marker of aNOS ac-
tivity, was significantly decreased in the PVN (54). In animal
models of HF, blunted NO inhibition mediated sympathoexci-
tation in the PVN (53) and reduced central NO-mediated
enhanced sympathetic afferent baroreflex gain (26).

In the present study, nNOS expression evaluated by Western
blot analysis and immunohistochemical staining in the brain
stem, particularly in the NTS, was reduced in HF mice com-
pared with that in sham-operated mice. Also, the pressor
response evoked by intracisternal injection of L-NMMA was
lower in MI mice compared with that in sham-operated mice,
suggesting that NOS activity in the NTS is reduced in our MI
mouse model.

Effect of eNOS overexpression in NTS. The most important
finding of the present study is that the increase in urinary
norepinephrine excretion in MI mice was significantly reduced
compared with that in the sham-operated mice after eNQS
overexpression in the NTS in a conscious state, This finding
indicates that an increase in NO production in the NTS nor-
malizes the enhanced sympathetic drive observed in HF. In the
present study, we transfected adenoviral vectors encoding
either the B-galactosidase gene or the eNOS gene into the NTS
of mice in vivo, which was confirmed by Western blot analysis
and immunohistochemical staining. Furthermore, consistent
with previous studies from Takeshita’s laboratory (39) using
rats, the time course of B-galactosidase activity or eNOS
expression peaked on day 7 after the gene transfer. Because we
(20) and others (44) previously demonstrated that overexpres-
sion of eNOS in the brain does not affect the nNOS expression
levels, the maximum physiological effect of viral-mediated
gene transfer was anticipated to occur on day 7 after the gene
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transfer. Therefore, we measured urinary norepinephrine ex-
cretion on day 7 after the gene transfer. As discussed in
previous studies (17, 22, 39) using this technique, we used
eNOS instead of nNOS, which normally exists in the CNS,
because the purpose of this study was to increase the local NO
production in the NTS for a relatively long period in mice
transfected with AdeNOS. We previously demonstrated that
this method is useful for examining the effect of NO overpro-
duction in a specific nucleus of the brain on cardiovascular
regulation in conscious animals (17, 22, 39). The increase in
NOS expression in the NTS attenuated the increase in urinary
norepinephrine excretion, which is a marker of sympathetic
nerve activity, in MI mice in a conscious state. These results
suggest that the reduced NO production in the NTS contributes
to the enhanced sympathetic drive in HE.

Waki et al. (49) reported that chronic inhibition of endoge-
nous eNOS in the caudal NTS enhances baroreflex and sug-
gested that NO might be functionally diverse within the NTS.
In the present study, we did not address the role of endogenous
NO released from neurons and endothelium (34) on the barore-
flex function in HF. There are functionally discreie subregions
that exhibit a different response to the same neuropeptide, even
within the NTS (45). Thus various results between the caudal
subregion of the NTS in the study by Waki et al. (49) and the
entire NTS in the present study might reflect the diverse
physiological functions of NO based on discrete subgroups of
neurons within the NTS.

A recent study (51) indicated that NO in a different brain
stem nucleus, the rostral ventrolateral medulla, also improves
HF pathophysiology. Therefore, increasing NO in the brain
stem might be a new therapeutic target for the treatment of HF
from the aspect of neurohumoral activation.

Study limitations. It is possible that the reduced blood
pressure response to L-NMMA in mice with HF was due to
elevated basal sympathetic nerve activity that cannot be further
increased. This possibility is unlikely, however, because the
sympathetic nerve response to blocking the airway in HF rats
was higher than that elicited by t.-NMMA (53). Recently, it
was suggested that NADPH-dependent superoxide anions are
increased in the brain in experimental chronic HF and that
increased reactive oxygen species in the brain contribute to
increased sympathetic nerve activity (12, 21, 24). Because
brain NO might be trapped by increased superoxide anions in
chronic HF states, it is possible that the sympathoexcitation in
HF is determined by the balance between NO and reactive
oxygen species. Further studies are required to elucidate this
point.

We found that eNOS gene transfer in the NTS normalized
the enhanced sympathetic drive observed in our HF model. We
measured urinary norepinephrine excretion as a marker of
sympathetic nerve activity. Direct measurement of sympathetic
nerve activity is preferable, but it is technically difficult to
perform in conscious mice. Because the expression of the gene
using adenovirus vectors remains high enough for only sev-
eral days, this technique does not allow us to observe an
improvement in survival (data not shown) or inhibition of LV
remodeling (Table 1). Further experiments to examine the
long-term effect of an increase in NO within the brain stem in
HF are important. Another efficient vector system that ex-
presses the gene for a longer period, such as the adenovirus-
associated virus (37) or feline immunodeficiency virus (42),
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the NTS on HF.

In conclusion, MI mice have characteristics consistent with
HF, particularly from the aspect of sympathetic nervous system
ctivation. This :activation is mediated, at least in part, by
decreases in nNOS expression, resulting in decreased NO
roduction in the NTS. Overexpression of eNOS in the NTS
| decreases urinary norepinephrine excretion, suggesting that
ncreased NO production in the brain stem, particularly in the
| NTS, reduces the enhanced sympathetic drive observed in HF.
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Critical Role of Mstl in Vascular Remodeling After Injury

Hiroki Ono, Toshihiro Ichiki, Hideki Ohtsubo, Kae Fukuyama, Ikuyo Imayama, Yasuko Hashiguchi,
Junichi Sadoshima, Kenji Sunagawa

Objective—Apoptosis of vascular smooth muscle cells (VSMCs) is observed in chronic vascular lesions such as
atherosclerotic plaques and is believed to contribute to the vascular remodeling process. Mst] is a ubiquitously
expressed serine/threonine kinase known to be activaied in response to a wide variety of nonphysiological apoptotic
stimuli. However, little is known of the physiological function of Mstl, and its role in VSMCs has never been examined.

Methods and Results—Treatment of VSMCs with staurosporine induced apoptosis and cleavage of Mstl, which is a
marker of its activation, as well as activation of caspase 3. Adenovirus-mediated overexpression of wild-type Mstl
(AdMstl) in VSMCs increased apoptotic cells with activation of caspase 3. Mstl was induced and activated in the
balloon-injured rat carotid artery. Infection with AdMst1 in balloon-injured rat carotid artery suppressed neointimal
formation compared with infection with AdLacZ. Infection with AdMstl significantly increased the apoptotic cell
number in the neointima compared with infection with AdLacZ without affecting BrdU incorporation.

Conclusion—Our results suggest that Mstl plays an important role in the induction of apoptosis of VSMCs, mediating the
vascular remodeling process, and may be a potential therapeutic target for vascular proliferative diseases. (Arferioscler

Thromb Vasc Biol. 2005;25:1871-1876.)
Key Words: Mst!

m caspase 3 @ apoptosis ® vascular smooth muscle cell & balloon injury

poptosis, or programmed cell death, is an active process

fundamental to the development and homeostasis of
multicellular organisms. Many studies have documented
apoptosis of vascular smooth muscle cells (VSMCs) in
human advanced atherosclerotic plaques.*—* Apoptosts of
VSMCs has also been documented in various animal models
of acute vascular injury.*~¢ These studies suggest that the
balance between proliferation and apoptosis of VEMCs is one
of the critical determinants of atherosclerotic lesion formation
and the vascular remodeling process.” Therefore, knowl-
edge of the key regulators of apoptosis may offer novel
therapeutic targets in both the prevention and treatment of
atherosclerosis.

Mammalian sterile 20-like kinase 1 (Mstl) is a ubiqui-
tously expressed serine/threonine kinase'” which belongs to a
mammalian sterile 20-like kinase (Ste20) family.!! Several
Ste20 group kinases, including Mstl, have been reported to
be involved in apoptotic response and cytoskeletal regula-
tion.!! Mstl is cleaved by caspase 3 and this cleavage
increases kinase activities of Mstl by removal of the regula-
tory C-terminal region, which in turn activates caspase 3.'>13
Thus, Mst}l contributes to a positive feedback loop that
amplifies apoptotic responses. Most Ste20 group kinases
activate the mitogen-activated protein kinase (MAPK) cas-
cades and act as MAP kinase kinase kinase kinase
(MAP4K)."" It has been reported that Mstl activates the

p38-MAPK and the c-jun N-terminal kinase (JNK) path-
ways.!2 Mstl is known to be stimulated in response to a wide
variety of nonphysiological apoptotic stimuli such as stauro-
sporine, UV, etoposide, and serum starvation;!*-'¢ however,
few physiological activators of Mstl are known other than
engagement of Fas ligand. Recently it was reported that
overexpression of Mstl in cardiac myocytes caused dilated
cardiomyopathy by stimulating apoptosis.'” However the role
of Mst! in VSMCs or blood vessel has never been examined.
We report in the present study that overexpression of Mst]
induces VSMC apoptosis both in vitro and in vivo and
suppressed neointimal formation in balloon-injured artery.

Materials and Methods

Materials

Dulbecco’s modified Eagle's medium (DMEM) and fetal bovine
serum (FBS) were purchased from GIBCO BRL. Bovine serum
albumin (BSA), staurosporine, and SP600125 were purchased from
Sigma Chemical Co. PD98059 was purchased from BIOMOL
Research Laboratories Inc. SB203580 wus a generous gift from
GlaxoSmithKline (Middlesex, UK). Horseradish peroxidase conju-
gated secondary antibodies (anti-rabbit or anii-mouse [gG) were
purchased from VECTOR Laboratories Inc. Other antibodies used in
the experiments were obtained from Cell Signaling Techunology.
Ac-DEVD-CHO was purchased from BD Biosciences. Other chem-
ical reagents were purchased from Wako Pure chemicals unless
specifically mentioned.
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Cell Culture

VSMCs were isolated from the thoracic aorta of Sprague—Dawley
rats and grown in a humidified atmosphere of 95% air/5% CO, at
37°C in DMEM. Cells were grown to confluence and growth-
arrested in DMEM with 0.1% BSA for 2 days before use. Passages
between 5 and [4 were used for the expetiments.

Adenovirus Vector Expressing Wild-Type Mstl
and LacZ

A recombinant adenovirus vector expressing wild-type Mstl
(AdMstl) was reported previously.'” Confluent VSMCs were
washed 2 times with PBS and incubated with AdMst! or adenovirus
vector expressing LacZ (AdLacZ) under gentle agitation for 2 hours
at room temperature. Then the cells were washed 3 times, cultured in
DMEM with 0.1% BSA for 2 days, and used for the experiments.
Multiplicity of infection (moi) indicates the number of virus per cell
added to a culture dish.

Detection of Apoptosis

After floating cells in the supernatant were collected, attached cells
were harvested through trypsinization. Collected cells were stained
with Hoechst 33258. The number of apoptotic cells (cell shrinkage,
chromatin condensation, and nuclear fragmentation) was counted
from 500 cells under fluorescence microscopy. Cells were incubated
with cold 70% ethanol and stained with propidium iodine (PI) in the
presence of RNase. The fluorescence of PI from 10 000 cells was
measured by flow cytometry (EPICS ALTRA MultiCOMP, Beck-
man Coulter) as described previously.'$

Western Blot Analysis

VSMCs were lysed in a sample buffer (5. mmol/L EDTA, 10 mmol/L
Tris-HCI, pH 7.6, 1% Triton X-100, 50 mmol/L. NaCl, 30 mmol/L
sodium phosphate, 50 mmol/L NaF, 1% aprotinin, 0.5% pepstatin A,
2 mmol/L phenylmethylsulfony! fluoride and 5 mmol/L leupeptin).
Western blot analyses of Mstl, cleaved caspase 3, extracellular
signal-regulated protein kinase (ERK), p38-MAPK, or INK were
performed as described previously.!”

Balloon Injury Model and Infection

With Adenovirus »

All procedures were approved by the institutional animal use and
care committee and were conducted in conformity with institutional
guideline. Balloon injury and infection with adenovirus were per-
formed as described previously.'® A male Wistar rat (300 to 350 g)
was anesthetized by intraperitoneal administration of pentobarbital
sodium. The left common carotid artery was denuded of the
endothelium with a 2F Fogarty balloon catheter (Baxter) that was
introduced through the external carotid artery. Inflation and retrac-
tion of the balloon catheter were repeated 5 times. AdMst!l or
AdLacZ was introduced into the lumen, and the carotid artery was
incubated for 20 minutes without blood flow. Then viral sotution was
removed, and blood flow was restored. 3-galactosidase activity was
observed in both the neointima and media in the AdLacZ-infected
artery (data not shown).

Morphometry and Immunohistochemistry
Morphometry was performed as described previously.'® Immunohis-
tochemistry for Mstl was performed in frozen cross sections. In
brief, after the rats were killed, the carotid artery was embedded in
Optimal Cutting Temperature compound and quick-frozen in liquid
nitrogen. The samples were sectioned serially at 4 g thickness,
fixed in acetone, and stained immunohistochemically with Msti
antibody.

Detection of Apoptosis and DNA Synthesis In Vivo
Apoptotic cells were detected by the terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP nick end-labeling (TUNEL)
method with an apoptosis in situ detection kit (Wako Pure Chemi-
cals) as described previously.'® The counterstain was hematoxylin.

September 2005

In vivo labeling with BrdU (0.5 mg/kg), a thymidine analogue that
was injected intraperitoneally 3 hours before preparation of the
artery, was performed to identify replicating cells by detection of
DNA synthesis. Incorporated -BrdU was .detected immunohisto-
chemically with an anti-BrdU-antibody (cell proliferation kit, Am-
ersham Pharmacia Biotech). Quantitative. analysis was performed
from 500 cells in-independent sections from each rat (n=5). The
ratio of TUNEL--or BrdU-positive cells-to total nucleated cells was
expressed as the TUNEL index or BrdU labeling index, respectively.

Statistical Analysis

Statistical analysis was performed with [-way ANOVA and Fisher
test if appropriate. P<<0.05 was considered to be statistically signif-
icant. Data are:shown as mean=SEM.

Results

Mstl Was Activated by Apoptotic Stimuli

in VSMCs

Staurosporine is a-potent inducer of apoptosis in many cells.
We examined whether staurosporine induced apoptosis in
VSMCs. Staining with Hoechst 33258 showed that stauro-
sporine increased the number of apoptotic cells, characterized
by chromatin condensation and nuclear fragmentation (Figure
la). Flow cytometric analysis of DNA content by PI staining
showed that staurosporine increased hypodiploid cells, indi-
cating an increase in DNA fragmentation (Figure I, available
online at http://atvb.ahajournals.org). Increases in the number
of hypodiploid cells by staurosporine were time- and dose-
dependent (Figure 1). Staurosporine induced cleavage of
caspase 3 with a peak at 12 hours (Figure 1b), which indicates
activation of caspase 3. These results suggest that staurospo-
rine induced VSMC apoptosis. Mstl cleavage was induced by
staurosporine with a peak at 12 hours, which is the same peak
as cleavage of caspase 3 (Figure 1b; Figure I, available
online at http://atvb.ahajournals.org). Pretreatment with Ac-
DEVD-CHOQ, a specific inhibitor of caspase 3,202' inhibited
Mstl1 cleavage (Figure lc). Although Ac-DEVD-CHO almost
completely inhibited Mstl activation, it partially suppressed
staurosporine-induced apoptosis (Figure Ic). These data sug-
gest that staurosporine-induced apoptosis is partially depen-
dent on Mstl pathway. Previous report demonstrated that
H,0, causes VSMC apoptosis?. H.0, induced Mst1 cleavage
with the same peak as cleavage of caspase 3 (Figure 1d).
Mst! cleavage induced by H,O, was also inhibited by
Ac-DEVD-CHO (data not shown). These data suggest that
Mstl was activated by apoptotic stimuli downstream from
caspase 3 in VSMCs.

Mstl Induced VSMC Apoptosis

To clarify the role of Mstl in VSMCs, we overexpressed
Mstl, which induces activation of Mst! by unknown mech-
anism.'>2 Infection with AdMstl dose-dependently in-
creased expression of both uncleaved and cleaved Mstl
(Figure 2a). AdMst! dose-dependently induced cleavage of
caspase 3 (Figure 2a), suggesting that Mstl activated the
caspase pathway. Staining with Hoechst 33258 and PI
showed that AdMstl dose-dependently increased apoptotic
cells (Figure 2b). The magnitude of the apoptotic effect of
Mstl overexpression is 29% to 44% of the apoptosis induced
by staurosporine. Although infection of AdLacZ slightly
increased hypodiploid cells (Figure 2b), it did not activate
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Mstl or caspase 3 (Figure 2a) suggesting that the effect of
AdLacZ may be nonspecific.

Role of MAPKs

Many mammalian Ste20 homologs have been shown to
function as MAP4K."" Overexpression of Mstl induced
phosphorylation of p38-MAPK and JNK; however, it did not
affect phosphorylation of ERK in VSMCs (Figure 1lla,
available online at http://atvb.ahajournals.org). This suggests
that p38-MAPK and JNK were activated downstream from
Mstl. Staurosporine induced phosphorylation of ERK, p38-
MAPK, and JNK (Figure IlIb). We therefore examined which
pathway was responsible for Mstl and caspase 3 activation
by staurosporine. SB203580, a p38-MAPK inhibitor; partially
decreased staurosporine-induced Mstl and caspase 3 cleav-
age. However, PD98059, an ERK kinase inhibitor, and
SP600125, a INK inhibitor, did not affect them (Figure Ilic).
These data suggest that p38-MAPK is, at least in part,

indicated in the figure, and expression of
cleaved and uncleaved Mst1 and
cleaved caspase 3 was detected by
Western blot analysis. Density of the
spegcific band was 'scanned and guanti-
fied with an imaging analyzer. The statis-
tical analysis of densitometric measure-
ments of uncleaved and cleaved Mst1
expression is.shown in Figure il {n=5). ¢,
VSMCs were preincubated with
Ac-DEVD-CHO (100 umol/L) for 6 hours
then stimulated with staurosporine (1
pmol/L) for 12 hours. Expression of Mst1
and cleaved caspase 3 were detected by
Western blot analysis. The same results
were obtained in other independent
experiments and a-representative autora-
diogram is shown (n=4). Proportion of
apoptotic cells is shown in the right
panel (n=4). *P<0.01 vs control. d,
VSMCs were simulated- with H,O, (1
mmol/L) for varying periods as indicated
in the figure, and expression of Mst1 and
cleaved caspase 3 was detected by
Western blot analysis. The same results
were obtained in other independent
experiments, and a representative auto-
radiogram is shown (n=4).

(hour)

involved in staurosporine-induced Mstl activation and
apoptosis.

Activation of Mstl in Balloon-Injured Artery

It was reported that both proliferation and apoptosis were
increased in the neointima of the balloon-injured rat carotid
artery, and that the number of apoptotic cells in neointima
peaked after 7 to 14 days.2* We therefore examined whether
Mstl was activated in balloon-injured rat carotid artery.
Immunohistochemistry revealed that immunoreactive Mstl
was hardly detectable in intact artery. At 14 days after balloon
injury, expression of Mstl was observed in the nuclei and, to
a lesser extent, in the cytoplasm of the neointimal cells
(Figure 3a}, most of which are positive for «-SM actin.'®
Western blot analysis showed that expression of both un-
cleaved and cleaved Msti was significantly increased at 14
days after balloon injury, along with cleavage of caspase 3
(Figure 3b). This suggests that Mstl was increased and
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Figure 2. Overexpression of Mst1 induced VSMC apoptosis. a,
VSMCs were infected with AdMst1 (1 to 10 moi) or AdLacZ (10
moi) for 48 hours, and expression of Mst1 and cleaved caspase
3 was detected by Western blot analysis. The same results were
obtained in other independent experiments, and a representa-
tive autoradiogram is shown (n=4). b, VSMCs were infected
with AdMst1 (1-to 10 moi) or AdlacZ (10 moi) for 96 hours, and
apoptotic cells were detected with Hoechst 33258 and Pl:stain-
ing as described in the legend to Figure 1. Proportion of apo-
ptotic cells is shown as a bar graph (n=4). *P<0.01 vs controf
and AdLacZ. *P<0.01 vs control

activated in the process of vascular remodeling after balloon
injury. We overexpressed Mstl in balloon-injured artery by
infection with AdMstl. Infection with AdMst! suppressed
neointimal formation (I/M ratio) compared with infection
with AdLacZ 14 days after balloon injury (Figure 4a and 4b).
The intimal area was suppressed in AdMstl-infected artery
compared with AdLacZ-infected one without affecting the
medial area. (Figare 4b). It was previously reported that the
TUNEL index peaked after 7 to 14 days of vascular injury,
and the BrdU labeling index peaked after 7 days.>* TUNEL
index in the neointima of AdMstl-infected arteries was
significantly increased compared with that of AdLacZ-
infected arteries, whereas AdMst! did not affect the TUNEL
index in medial cells at 14 days after balloon injury (Figure
4c). Infection with AdMst} did not affect the BrdU labeling
index in either the neointima or media at 7 days after injury
(Figure 4c).

Discussion
In the present study, we showed that overexpression of
Mstl induced VSMC apoptosis in vitro and in vivo and
suppressed neointimal formation in balloon-injured artery.
This is the first report examining the function of Msti in
VSMCs and in balloon-injured artery. A recent study
reported that cardiac-specific overexpression of Mstl
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Figure 3. Expression of Mst1 in balloon-injured artery. a, Repre-
sentative microphotographs of immunohistochemistry for Mst1
in intact and injured carotid artery at 14 days after injury (n=5).
by, Western blot analysis of Mst1 and cleaved caspase 3 in
balloon-injured rat carotid artery at 14 days after injury is
shown. The ratio of uncleaved Mst1 (white bars) or cleaved
Mst1 (black bars) to c-tubulin is shown in the right panel (n=6).
The values are expressed as mean=SEM, **P<0.01 vs control,
*P<0.05 vs control.

causes dilated cardiomyopathy,'” suggesting that apoptosis
of cardiac myocytes impairs cardiac function. However,
overexpression of Mstl in injured artery has anti-
proliferative effect by stimulating apoptosis, which may be
used as a therapeutic tool for vascular proliferative lesion
such as in-stent restenosis.

Numerous animal models of acute balloon injury of
artery have documented apoptotic VSMC death. Several
studies demonstrated that balloon injury of vessels induces
two waves of YVSMC apoptosis. The first wave of apoptosis
occurred in the media within hours of the injury.’ The
second wave occurs at much later times after injury (days
to weeks). VSMC accumulation in the neointima of injured
rat carotid arteries reached a maximal level at 2 weeks
after injury; however, cellular proliferation continues for
up to 12 weeks, 25 Therefore, it is thought that this second
wave of apoptosis limits lesion growth. The rates of
neointimal VSMC death and proliferation are in equilib-
rium at 2 weeks, thereby preventing further increase in
lesion size. Expression of both the uncleaved and cleaved
forms of Mstl was increased after balloon injury. Upregu-
lation of uncleaved and cleaved Mst! indicated that Mst!
kinase activity was increased and may contribute to the
delayed enhancement of apoptosis in the neointimal for-
mation. Although genotoxic agents are known to activate
Mstl, this is the first report showing that clinically relevant
stimuli such as balloon injury activate Mstl in blood
vessel. An in vitro study suggested that reactive oxygen
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Figure 4. Overexpression of Mst1 in balloon-injured artery. a,
Representative microphotographs of hematoxylin-eosin staining
of cross sections of carotid arteries 14 days after balloon injury.
The same results were obtained in other independent experi-
ments (n=5). b, The intima/media area ratio (/M ratio) and
cross-section area (CSA) of intima, media, lumen, and total
artery in injured-artery are shown as bar graphs (n=5). The val-
ues are expressed as mean=SEM, *P<0.05 vs control or
AdlLacZ. ¢, TUNEL or BrdU labeling were performed in cross
sections of carotid arteries 14 or 7 days after balloon injury.
TUNEL index of intima (black bars) or media (white bars) is indi-
cated in a left bar graph (n=5). BrdU labeling index of.intima
(white bars) or media (black bars) is indicated in a right bar
graph (n=5}. The values are expressed as mean=SEM,
*P<0.01 vs control or AdLacZ; N.S.=not significant.

species may be involved in the activation of Mstl in
injured artery. Regulation of Mst] expression has not been
examined in detail, and the mechanism of Mstl upregula-
tion and activation in injured rat carotid artery is not clear
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at this point. Further studies are necessary to determine the
mechanism of Mstl upregulation and activation in injured
blood vessel.

We showed in the present study that Mstl was activated in
apoptotic response by staurosporine and that overexpression
of Mstl induced apoptosis in VSMCs. Several studies have
demonstrated that Mstl is necessary for the induction of
apoptosis. A kinase-negative mutant of Mst1 in which Lys-59
is changed to Arg inhibited staurosporine-induced chromatin
condensation? and chelerythrine-induced DNA fragmenta-
tion.'” Suppression of endogenous Mstl by cardiac-specific
overexpression of the kinase-negative mutant of Mstl in
transgenic mice prevented myocyte death induced by ische-
mia/reperfusion.'” These data suggest that Mstl plays an
essential role in mediating apoptotic response, which may be
true in blood vessel as well,

Most Ste20 group kinases act as MAP4K, and it has been
reported that Mstl activates the p38-MAPK and JNK path-
ways.'? Mstl has been shown to function upstream from
MEKK1 and MKKT7 in the JINK pathway!227 and upstream
from MKKGO in the p38-MAPK pathway.!? These results are
consistent with Mstl function as a MAP4K. However, there
are conflicting evidences as to which pathway mediates
apoptosis downstream of Mstl. Graves et al reported that the
p38-MAPK pathway may mediate Msti-induced apoptosis
because SB203580 inhibited Mstl-induced morphological
changes in 293T cells.”> Another group reporied that a
dominant-negative. mutant of JNK inhibited Mstl-induced
morphological changes as well as caspase activation, while a
dominant-negative p38-MAPK did not.* In VSMCs, p38-
MAPK and JNK were both activated downstream of Mstl,
and a p38-MAPK inhibitor partially inhibited staurosporine-
induced Mstl and caspase 3 cleavage. These data suggest that
p38-MAPK, at least in part, mediates apoptotic response
through Mstl in VSMCs. p38-MAPK is activated both
upstream and downstream of Mst]l and may be involved in
the positive feedback loop formed by Mstl and caspase 3.
However, the effect of SB203580 was partial, suggesting that
some pathway other than p38-MAPK is also involved in
apoptosis induced by staurosporine, thus requiring further
investigation.

Recently, it has been reported that Hippo, the Drosophila
homologue of Mst1/2, promotes apoptosis and proper termi-
nation of cell proliferation during development, together with
Salvador, the Drosophila homologue of hWW435, and Warts,
the Drosophila homologue of large tumor suppressor (LATS),
in a signal module complex.?829 Althongh mutations in the
hWW45 gene have been reported in three cancer cell lines,
its function has not been examined in detail. The roles of
hww45 or LATS in VSMCs and the relationship between
Mstl1/2 and hWW45 or LATS in blood vessel require further
investigation.

Many environmental factors and endogenous proteins reg-
ulate the struggle between apoptosis and proliferation in
atherosclerotic lesion. Several reports suggest that apoptosis
in atherosclerotic plague may decrease its stability and induce
plaque rupture.’'-32 A recent report showed that proapoptotic
genes were highly expressed in atherosclerotic plaques from
patients with acute coronary syndrome compared with those
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from patients with stable angina.’* However, induction of
apoptosis may be useful for the treatment of in-stent resteno-
sis that is rich in cellular component such as VSMCs, 3435

The data presented in the present study suggest that Mstl

plays a critical role in the vascular remodeling process and
could be a therapeutic target for prevention of restenosis after
vascular injury.
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Matsusaka, Hidenori, Masaki Ikeuchi, Shouji Matsushima,
- Tomomi Ide, Toru Kubota, Arthur M. Feldman, Akira Takeshita,
- Kenji Sunagawa, and Hiroyuki Tsutsui. Selective disruption of
MMP-2 gene exacerbates myocardial inflammation and dysfunction
n mice with cytokine-induced cardiomyopathy. Am J Physiol Heart
Circ Physiol 289: H1858 -H 1864, 2005. First published June 3, 2005;
+ doi:10.1152/ajpheart.00216.2005.—Tumor necrosis factor-ce (TNF-w)
ays a pathophysiological role in the development and progression of
eart failure. Matrix metalloproteinase (MMP)-2 is involved in extra-
ellular matrix remodeling. Recent evidence suggests a protective role
‘or this protease against tigsue inflammation. Although MMP-2 is
pregulated in the failing heart, little is known about its pathophysi-
iogical role. We thus hypothesized that ablation of the MMP-2 gene
ould affect cardiac remodeling and failure in TNF-a-induced cardio-
myopathy. We crossed transgenic mice with cardiac-specific overex-
ression of TNF-a (TG) with MMP-2 knockout (KO) mice. Four
roups of male and female mice were studied: wild-type (WT) with
wild MMP-2 (WT/MMP*/*), WT with MMP-2 KO (WT/MMP /"),
TNF-o TG with wild MMP-2 (TG/MMP*'*), and TG with MMP-2
KO (TG/MMP /7). The upregulation of MMP-2 zymographic activ-
ty in TG/MMP*/~ mice was completely abolished in TG/MMP ™/~
mice, and other MMPs and tissue inhibitors of metalloproteinase were
omparable between groups. Survival was shorter for male TG/
MMP =/~ than TG/MMP*/* mice. Female TG/MMP ™/~ mice were
more severely affected than TG/MMP™* mice with diminished
ardiac function. Myocardial TNF-« and other proinflammatory cy-
okines were increased in TG/MMP™*/* mice, and this increase was
similarly observed in TG/MMP ™"~ mice. The extent of myocardial
nfiltrating cells including macrophages was greater in TG/MMP ™/~
han in TG/MMP™* mice. Selective ablation of the MMP-2 gene
reduces survival and exacerbates cardiac failure in association with
he increased level of myocardial inflammation. MMP-2 may play a
ardioprotective role in the pathogenesis of cytokine-induced cardio-
nyopathy.

netalloproteinases; heart faijure; tumor necrosis factor

HE DYNAMIC SYNTHESIS and breakdown of extracellular matrix
ECM) proteins play an important role in myocardial remod-
ling and failure. In particular, increased expression and acti-
vation of matrix metalioproteinases (MMPs) have been impli-
cated in heart failure (4, 8, 20, 23, 26, 27). The activity of
MMPs is controlled by transcription, activation of the latent
proenzymes, and inhibition of MMPs by tissue inhibitors of
MMPs (TIMPs). Although transcriptional regulation is essen-
ial for MMP production, activation of latent enzymes by
proteolytic cleavage is required for matrix degradation. In

€]

Selective disruption of MMP-2 gene exacerbates myocardial inflammation
‘and dysfunction in mice with cytokine-induced cardiomyopathy

Hidenori Matsusaka,! Masaki Ikeuchi, Shouji Matsushima,! Tomomi Ide,! Toru Kubota,’
Arthur M. Feldman,” Akira Takeshita,’ Kenji Sunagawa,! and Hiroyuki Tsutsui?
'Department of Cardiovascular Medicine, Kyushu University Graduate School of Medical Sciences,
Fukuoka; 3Department of Cardiovascular Medicine, Hokkaido University Graduate School of Medicine,
Sapporo, Japan; and *Department of Medicine, Jefferson Medical College, Philadelphia, Pennsylvania

addition, TIMPs modulate ECM deposition through inhibition
of activated MMPs. Together, activation of latent MMP and
inhibition of MMPs by TIMPs contribute to myocardial re-
modeling and failure. Among the known MMPs, MMP-2 is
ubiquitously distributed in cardiac myocytes and fibroblasts (2)
and has been shown to be upregulated in heart failure (1, 8).
Recent studies have shown that MMP-2 has diverse cellular
function, such as attenuation of the tissue inflammatory re-
sponse, independent of its action on the ECM (3, 13, 29).
Therefore, the ultimate effects of MMPs may include modu-
lation of ECM proteins, as well as modification of cellular
functions, including cell migration.

Myocardial production of proinflammatory cytokines, in-
cluding tumor necrosis factor-a (TNF-ar), plays an important
role in the pathogenesis of heart failure (5, 22). Transgenic
(TG) mice that overexpress TNF-« specifically in the heart
developed myocardial inflammation, with premature death
from heart failure in association with ECM remodeling (16,
17). Activation of MMPs, t.e., MMP-2 and MMP-9, has been
demonstrated in this model (17, 18). Furthermore, expression
of MMP-2 can be regulated by the inflammatory cytokines
(19). Therefore, MMP-2 could influence the progression of
inflammation by affecting the function of mediators such as
cytokines/chemokines and could play an important role in
myocardial remodeling. In the present study, we evaluated the
effects of a targeted deletion of the MMP-2 gene on cardiac
structural and functional alterations in this type of heart failure.
To ensure selective and long-term complete inhibition of
MMP-2, we crossed TNF-o¢ TG mice with MMP-2 knockout
(KO) mice (8, 12). The most effective way to evaluate the
contribution of a specific MMP and obtain direct evidence for
a role of MMP is through gene manipulation instead of an
MMP inhibitor.

MATERIALS AND METHODS

Animal model. We used TG mice with cardiac-specific overexpres-
sion of TNF-a, which have been well characterized as a model of
cytokine-induced cardiomyopathy (16). To ensure complete inhibition
of MMP-2 activity, we crossed TG mice with MMP-2 KO (MMP /")
mice, There were no detectable differences in cardiac size and
structure between MMP ™/~ and MMP*/* mice either macroscopi-
cally or microscopically (8). The original breeding pairs used to
develop the mice for this study were obtained from Dr. Shigeyoshi
Itohara (Laboratory for Behavioral Genetics, RIKEN). Because
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MMP-2 IN CYTOKINE-INDUCED CARDIOMYOPATHY

TNF-« TG (FVB) and MMP-2 KO (C57BL/6J) mice arise from
different genetic backgrounds, we generated all mice as mixed genetic
background (1:1 ratio of C57BL/6J to FVB) to minimize genetic
heterogeneity of the mice, as described previously (6, 10). Briefly,
mating male TG mice with female MMP™'~ mice yielded TG or
wild-type (WT) mice with MMP™/~ (F1). Then we mated TG and WT
mice with MMP*/~ mice to obtain TG or WT mice with MMP*/*,
MMP*~, and MMP™/~ (F2). To minimize the effect of genetic
background, littermates were studied in each analysis. The study was
approved by our Institutional Animal Research Committee and con-
formed to the animal care guidelines of the American Physiological
Society.

MMPs and TIMPs. Myocardial MMP levels, including MMP-2 and
MMP-9, were determiined in the left ventricle (LV) from 12-wk-old
female mice by gelatin zymography (8). The LV myocardial samples
were homogenized (~30-s bursts) in | ml of an ice-cold extraction
buffer containing cacodylic acid (10 mmol/l), NaCl (0.15 mol/l),
ZnCla (20 mmol/1), NaN» (1.5 mmol/l), and 0.01% Triton X-100 (pH
5.0). The homogenate was then centrifuged (4°C, 10 min, 10,000 g),
and the supernatant was decanted and saved on ice. The pH levels of
the samples were adjusted to 7.5 with Tris (1 mol/l). The final protein
concentration of the myocardial extracts was determined using a
standardized colorimetric assay. The extracted samples were aliquoted
and stored at —80°C until the time of assay. The myocardial extracts
were then directly loaded onto electrophoretic gels (SDS-PAGE)
containing | mg/ml gelatin urider nonreducing conditions. The myo-
cardial extracts at a final protein content of 5 wg were loaded onto the
gels using a 3:1 sample buffer (10% SDS, 4% sucrose, 0.25 mol/l
Tris-Cl, and 0.1% bromphenol biue, pH 6.8). The gels were run at 15
mA/gel through the stacking phase (4%) and at 20 mA/gel for the
separating phase (10%), while the running buffer temperature was
maintained at 4°C. After SDS-PAGE, the gels were washed twice in
2.5% Triton X-100 for 30 min each, rinsed in water, and incubated for
24 h in a substrate buffer at 37°C (50 mmol/t Tris-HCI, 5 mmol/l,
CaCl,, and 0.02% NaNs;, pH 7.5). After incubation, the gels were
stained with Coomassie brilliant blue R-250. The zymograms were
digitized, and the size-fractionated bands, which indicated MMP
proteolytic Jevels, were measured by integrated optical density in a
rectangular region of interest.

The mRNA levels of myocardial MMPs, including MMP-I,
MMP-2, MMP-3, MMP-8, and MMP-9, as well as TIMPs, including
TIMP-1, TIMP-2, TIMP-3, and TIMP-4, were determined by multi-
probe ribonuclease protection assay (RiboQuant, PharMingen). Each
value was normalized to that of glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) in each template set as an internal control and then
calculated as a ratio to WI/MMP*/+,

Survival. Survival was analyzed in male and female WT/MMP ™/,
WT/MMP~~, TG/MMP*'*, and TG/MMP ™'~ mice. During the
study period, the cages were inspected daily to identify any deceased
animals. All deceased mice were examined for the presence of pleural
effusion (serous fluid within the chest wall cavity) in the postmortem
examination. Because most of the male TG mice died earlier, we used
12-wk-old female mice for the subsequent analyses.

Echocardiographic and hemodynamic measurements, Echocardio-
graphic studies were performed under light anesthesia with tribromo-
ethanol-amylene hydrate (Avertin, 2.5% wt/vol, 8 pl/g ip) and spon-
taneous respiration as described previously (24). A two-dimensional
parasternal short-axis view of the LV was obtained at the level of the
papillary muscles. In general, the best views were obtained with the
transducer lightly applied to the midportion of the upper left anterior
chest wall. The transducer was then gently moved cephalad or caudad
and angulated until desirable images were obtained. After confirma-
tion that the imaging was on axis (on the basis of roundness of the LV
cavity), two-dimensional targeted M-mode traces were recorded at a
paper speed of 50 mm/s. Then a |.4-Fr micromanometer-tipped
catheter (Millar) was inserted into the right carotid artery and ad-
vanced into the LV to measure LV pressures. Our previous validation
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study showed that intra- and interobserver variabilities of our echo-
cardiographic measurements for LV cavity dimensions and fractional
shortening were small and that measurements made in the same
animals on separate days were highly reproducible (24).

Histopathology. After in vivo echocardiographic and hemodynamic
studies, the heart was excised and dissected into right ventricle and
LV, including the septum. From the mid-LV transverse sections,
S5-pwm sections were cut and stained with -hematoxylin and eosin and
Masson’s trichrome for determination of myocyte cross-sectional area
and collagen volume fraction. They were stained also with picrosirius
red for visualization of the interstitial collagen fibers.

Myocardial infiltration was quantified in hematoxylin-and-eosin-
stained sections by determination of nuclear density (nuclei/mm?)
according to methods described previously (15, 21). Because it is
difficult to differentiate inflammatory cells from myocytes and/or
fibroblasts, all nuclei were included. In each animal, five independent
high-power fields were analyzed. To further determine the number of
macrophages, an immunohistochemical analysis using a specific an-
tibody against mouse Mac-3 (BD Pharmingen) was performed.

Cytokine gene expression. To determine the myocardial gene ex-
pression of TNF-o as well as other proinflammatory cytokines,
including regulated on activation, normal T cell expressed and se-
creted (RANTES), interleukin (IL)-6, IL-1§3, transforming growth
factor (TGF)-B, and monocyte chemoattractant protein (MCP)-1,
ribonuclease protection assay was performed with 5 pg of total RNA
isolated from LV tssue samples according to methods described
previously (11).

Plasma cytokine and MMP levels. Plasma levels of TNFE-q, as well
as other cytokines, were measured with commercially available
ELISA kits for mouse TNF-«, IL-6, IL-13, and MCP-! (Quantikine,
R & D Systems). Plasma MMP-2 was also measured with commer-
cially available ELISA kits (Quantikine). All assays were done in
duplicate. Results were analyzed spectrophotometrically at a wave-
length of 450 nm with a microtiter plate reader.

Statistical analysis. Values are means = SE. A survival analysis
was performed by the Kaplan-Meier method, and between-group
difference in survival was tested by the log-rank test. Between-group
comparisons of the means were performed by one-way ANOVA
followed by s-tests. Bonferroni's correction was done for multiple
comparisons of the means.

RESULTS

MMPs and TIMPs. Zymographic MMP-2 levels increased in
TNF-a TG/MMP*'* compared with WT/MMP*'* mice (Fig.
1). As expected, MMP-2 activity was not detected in - WT/
MMP~/~ and TG/MMP™'~ mice. Importantly, the MMP-9
zymographic levels, even though they were faint in WT/
MMP** mice, did not increase in WT/MMP '~ mice. They
significantly increased in the TNF-a TG groups; however, no
difference was seen between TG/MMP™* and TG/MMP™/~
mice.

Again, the MMP-2 mRNA levels significantly increased in
TNF-o. TG/MMP™'* compared with WI/MMP ™" mice (Fig.
2). This increase was completely prevented in TG/MMP ™/~
mice. The MMP-9 mRNA levels also increased in the TNF-«
TG groups; however, no difference was seen between TG/
MMP** and TG/MMP '~ mice. These results were consis-
tent with those observed in gelatin zymography (Fig. 1). Other
MMPs, including MMP-1, MMP-3, and MMP-§, were not
altered in these mice (Fig. 2). The changes in TIMPs (TIMP-1,
TIMP-2, TIMP-3, and TIMP-4) were comparable between
TG/MMP*'* and TG/MMP ™'~ mice.

Survival. Survival rate was shorter for male TG/MMP ™/~
than TG/MMP*"* mice (Fig. 3). Although MMP-2 gene ab-
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ation was also observed in female mice, it has less effect on
urvival. These observations of gender differences in survival
were consistent with results from a previous study (14), which
emonstrated that such gender differences might be -due to
igher expression of TNF-a receptors in the myocardium of
male TG mice, because the extent of myocardial expression of
TNF-a was comparable in both genders (14). All the TG mice
hat died spontaneously developed cardiac dilatation and pleu-
al effusion, suggesting that they died of heart failure. Because
most of the male TG mice died earlier, we used surviving
2-wk-old female mice for the subsequent analyses.
Echocardiography and hemodynamics. The echocardio-
raphic and hemodynamic data of the surviving 12-wk-old
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female mice are shown.in Table 1. Presence or absence of the
MMP-2 gene did not affect baseline echocardiographic param-
eters in WT mice. LV end-diastolic diameter was significantly
greater, and fractional shortening was significantly less in
TG/MMP™* than in WT mice. TG/MMP ™/~ mice exerted
more impaired LV contractile function than TG/MMP*/*
mice.

There was no significant difference in heart rate or LV
end-diastolic pressure (EDP) between WT/MMP™/* and WT/
MMP /™ mice.. LV EDP increased slightly, but significantly,
in TG/MMP™* mice and further increased in TG/MMP ™/~
mice. Consistent with LV EDP, pleural effusion was observed
only in TG/MMP ™~ mice. On the basis of these results, the
exacerbation -of heart failure might contribute to premature
death in TG/MMP ™/~ mice.

Histopathology. We examined the histopathology of the
heart from 12-wk-old female mice. LV weight was signifi-
cantly increased in the TG groups compared with the WT
groups (Table 1); however, LV weight did not differ between
TG/MMP*"* and TG/MMP ™'~ mice. Furthermore, myocyte
cross-sectional area and collagen volume fraction were in-
creased in TNF-a TG groups (Fig. 4, A and B). However, the
extent of these histopathological changes was comparable
between TG/MMP** and TG/MMP ~/~ mice. Moreover, in
picrosirius red-stained sections, the structure of the interstitial
collagen fibers was similar between TG/MMP** and TG/
MMP ™'~ mice (Fig. 4C), indicating that selective disruption of
the MMP-2 gene did not alter collagen content or structure in
this mouse model.

The number of infiltrating interstitial cells in the myocar-
dium was greater in TNF-o TG than in WT mice (Fig. 5). The
extent of infiltration was significantly greater in TG/MMP ™/~
than TG/MMP ™" mice. Macrophages infiltrated into the myo-
cardium from TG mice, and, importantly, selective MMP-2
ablation further augmented their infiltration (Fig. 6).

Cytokine gene expression. TNF-o gene expression was sig-
nificantly upregulated in the TNF-a TG myocardium (Fig. 7).
In addition, overexpression of the TNF-a gene increased ex-
pression of other cytokines and chemokines, including
RANTES, IL-6, IL-1§3, and MCP-1, indicating that overexpres-
sion of TNF-a induced “downstream” cytokines and chemo-
kines in this. model. Importantly, upregulation of TNF-a was
not altered by ablation of the MMP-2 gene. Similarly, MMP-2
gene ablation in TG mice had no significant effects on myo-
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Table 1. Characteristics of animal models

WT/MMP* " (n = [5) WT/MMP='~ (n = 15) TG/MMP** (n = 15) TG/MMP™/~ (n = 17)

Echocardiographic data

Heart rate, beats/min 45011 44610 452+12 45311

LV EDD, mm 3.4=0.1 3.3=0.1 43+0.1* 4.5%0.2%

Fractional shortening, % 37.4=0.8 36.8£0.7 26.7+0.9% 22.9+1.3%
Hemodynamic data

Heart rate, beats/min 471=10 46910 4609 459+8

LV EDP, mmHg 0.5+0.7 0.2x0.3 1.5x0.7* 7.2£2.5%f
Organ weight data

Body wt, g 20.7+0.5 19.2+04 21.7x0.4 20.7+0.5

LV wt/body wt, mg/g 3.0=0.1 29+0.0 3.8+0.1* 3.9x0.2%

Pleural effusion, % 0 18

Values are means = SE. WI/MMP*/*, wild-type mice with matrix metalloproteinase-2 (MMP-2); WI/MMP~/~, wild-type mice with MMP-2 knockout;
TG/MMP*, transgene (TG) mice with cardiac overexpression of TNF-a with MMP-2; TG/MMP~/~, TG mice with cardiac overexpression of TNF-a with
MMP-2 knockout; LV, left ventricular; EDD, end-diastolic diameter; EDP, end-diastolic pressure. *P << 0,01 vs. WT/MMP*/*. 1P < 0.05 vs, TG/MMP*+/~,

cardial mRNA levels of other cytokines/chemokines, indicat-
ing that the decline in survival and LV function in TG/
MMP ™'~ mice was not due to enhancement of myocardial
cytokine/chemokine expression by selective disruption of the
MMP-2 gene.

Plasma cytokine and MMP levels. Plasma levels of TNF-«,
as well as other cytokines, were below detection in the four
groups of animals (Table 2), consistent with previous studies
demonstrating that the TNF-oo TG transcripts were limited to
the heart (16). As expected, plasma levels of MMP-2 were very
low in MMP-2 KO mice. Plasma MMP-2 was comparable
between WT/MMP ™™ and TG/MMP ¥ mice.

DISCUSSION

In the present study, we demonstrated that selective disrup-
tion of the MMP-2 gene exacerbated survival and LV function
in TG mice with cardiac-specific overexpression of TNF-c.
Disruption of the MMP-2 gene did not alter myocardial hy-
pertrophy and interstitial fibrosis but exacerbated inflammatory
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cell infiltration. These results indicate that MMP-2 plays a
protective role against myocardial inflammation and dysfunc-
tion in cytokine-induced cardiomyopathy.

Consistent with previous studies (17, 18), MMP-2 mRNA
and activities were upregulated in myocardium from animals
with TNF-a-induced cardiomyopathy (Figs. | and 2). Al-
though the mechanisms responsible for this activation remain
to be determined, cellular constituents of cardiac muscle,
including fibroblasts, inflammatory cells, and myocytes, are
known to be capable of expressing MMP-2 in response to
specific stimuli (25). Activation of MMPs may be involved in
the remodeling process of the failing heart by provoking
alterations of the ECM (4, 8, 20, 23, 26, 27). Indeed, MMP-9
disruption reduced myocardial remodeling and improved LV
function and survival rate after myocardial infarction (9).
Similarly, MMP-2 ablation inhibited cardiac rupture and re-
modeling after myocardial infarction (8).

The present study investigated the long-term effects of
selective MMP-2 gene disruption on development of TNF-a-
induced cardiomyopathy. We employed KO mice, because
selective MMP-2 inhibitors are not available and “selective”
MMP-2 disruption is possible only with a KO mouse model.
As expected, no. MMP-2 expression was observed in myocar-
dium from WT/MMP ™/~ and TG/MMP ™'~ mice (Figs. | and
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MMP ™/~ mice. Scale bar, 100 wm. B: summary data for nuclear density of
infiltrating cells (n = 6/group). Values are means ® SE. **P < 0.01 vs.
WT/MMP*'*. ¥1P < 0.01 vs, TG/MMP™'*,

» NOVEMBER 2005 « www.ajpheart.org




WT/MMP+/+

WITMMP-/-
400 -

sestt

300

Macrophage
(cells/mm?}
e
S

100

D -
MRMP-2 j@- ol
THF- WT TG

: Fig. 6. A: representative photomicrographs of anti-Mac-3 antibody-stained LV
. sections from WT/MMP*/~, WT/MMP~/~, TG/MMP*/*, and TG/MMP~/~
- mice. Scale bar, 100 pm. B: summary data for density of Mac-3-positive cells
- (n = 5/group). Values are means = SE. *#P < 0.0 vs. WI/MMP ¥+, $1P <
. 0.01 vs. TG/MMP*/™,

2). We had expected that MMP-2 disruption could ameliorate
ccardiac ECM remodeling and dysfunction in TNF-o TG mice
-and prolong survival. On the contrary, selective blockade of the
i MMP-2 gene exacerbated LV contractile dysfunction and fail-
e (Table I) and even shortened survival (Fig. 3), suggesting
- that myocardial induction of MMP-2 may play a protective role
gainst the development of cytokine-induced cardiomyopathy.

The most striking finding of the present study was an
ncrease in inflammatory cell recruitment into the myocardium
een in MMP-2 KO mice due to overexpression of TNF-a in
he heart (Figs. 5 and 6). Even though the pathophysiological

significance of cellular infiltrates in myocardial remodeling and
failure remains mostly speculative in this model, the observed
iincrease in inflammation might exacerbate myocardial contrac-
tile and structural defects, which could lead to premature death
A B TNFo RANTES 1L
+ k * w0
TNF-a WT TG o F :
MMIP-2 +/s - +la 1 o &
RANTES 2
TNF-a ep T g
L6 MM
{L-1p
TGF-B
MCP-1

GAPDH i@ 453w

Ratio fo
WT/MMP+/+

=
E

ig. 7. A: myocardial gene expression of proinflammatory cytokines and
i chemokines from WT/MMP*'*, WI/MMP~/~, TG/MMP** and TG/
AMP~'~ mice. B: densitometric analysis of gene expression in myocardium
rom TG/MMP*'™ (n = 7) and TG/MMP ™~ (n = 6) mice. Each value was
ormalized to that of GAPDH in each template set as an internal control and
4 expressed as ratio to WI/MMP™~ (n = 6). MCP, monocyte chemoattractant
% protein; TGF, transforming growth factor; RANTES, regulated on activation,
ormal T cell expressed and secreted. Values are means = SE. *#P < 0.0) vs.

MMP-2 IN CYTOKINE-INDUCED CARDIOMYOPATHY

A B

Table 2. Plasma levels of cytokines and MMPs

WT/MMP**  WT/MMP™= TG/MMP*/* TG/MMP~/~

Cytokines/chemokines

TNE-w, pg/ml ND ND ND ND

IL-6, pg/mi 9.0+0.2 9.0+0.8 90x0.6  104=25

IL-18, pg/ml ND ND ND ND

MCP-1, pg/ml 207102 83%32 173233 249+63
MMP

MMP-2, ng/ml 60.9£3.0 0.9x02% 632225 0.8+0.2*

Values are means * SE: n = 5. ND, nol detectable; MCP, monocyte
chemoattractant protein. *P < 0.01 vs. WT/MMP*/*,

in TG/MMP ™/~ mice. Several potential mechanisms of
MMP-2 deletion are responsible for exacerbating cellular in-
flammation in TNF-« TG hearts. One possible mechanism is a
further increase in expression of the TNF-o gene in TG/
MMP ™'~ mice and the resultant enhancement of inflammation.
However, this possibility is less likely, because the gene
expression of cytokines, TNF-a and MCP-1, was not altered by
selective -disruption of the MMP-2 gene (Fig. 7), perhaps in
part because expression of TNF-a in TG mice is driven by
o«-myosin heavy chain promoter, which is supposed to be
MMP-2 independent. Another possibility is that MMP-2 might
alter the milieu of the ECM, which could accelerate the
infiltration of cells. In the present study, no significant changes
were observed in collagen deposition between TG/MMP™/*
and TG/MMP ™~ mice (Fig. 4). Therefore, exacerbation of
myocardial inflammation in TG/MMP ™/~ mice was not due o
impairment of interstitial collagen formation and/or structure.

Theoretically, an increase in MMP activity would result in a
decrease in the MMP substrate, collagen, whereas inhibition of
MMP-2 would result in an increase in collagen. However, in
agreement with previous studies (18), the present study dem-
onstrated that an increase in MMP-2 activity was.accompanied
by an increase in fibrosis in TNF-o TG mice (Fig. 4). More-
over, selective disruption of the MMP-2 gene did .not alter
these changes in interstitial fibrosis. The present study could
not provide a definite explanation for these paradoxical find-
ings, perhaps because total ECM collagen content is a complex
function of synthesis and degradation.

Although the functional role of MMP-2 in this aspect and its
significance in myocardial inflammation remain unknown, on
the basis of a previous study by Heymans et al. (9), we could
not exclude the possibility that deletion of the MMP-2 gene
might alter ECM components other than collagens, disrupt the
alignment of myocytes with the ECM or degrade the ECM
surrounding the myocytes, and promote the further progression
of inflammatory cell migration into the interstitial space.
MMPs have been shown to facilitate inflammatory cell recruit-
ment (7). However, the present study does not provide a direct
proof for the cause-and-effect relation between the increase in
cellular infiltration and the exacerbation of heart failure, and
further investigation is clearly needed.

The results of the present study are consistent with those of
previous studies of MMP-2 gene ablation in other models of
tissue inflammation (3, 13). Disruption of the MMP-2 gene
exacerbated allergic lung inflammation and increased lethal
susceptibility to asphyxiation in a mouse model of asthma (3).
Furthermore, Itoh et al. (13) demonstrated an increase in
severity of arthritis in association with tissue inflammation in
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