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Fig. 3. The number of animals died of cardiac rupture in the p53™*+MI, p53™~+MI, and p53~"~+MI mice.

antibody against phospho (Serd73)-Akt and Akt (Cell
Signaling). In brief, the LV tissue was homogenized
with the lysis buffer (25 mmoVL Tris, 150 mmol/L
NaCl, 5 mmol/L EDTA, 1 mmol/L Na;VOy; pH 7.4). After
centrifugation, equal amounts of protein (15 pg protein/
lane), estimated by the Bradford method using a protein
assay (Bio-Rad), were electrophoresed on a 12.5% SDS-
polyacrylamide gel, and then electrophoretically transferred
to a nitrocellulose membrane (Millipore). After blocking
with 2.5% nonfat milk in TBS containing 0.1% Tween 20
at room temperature for 30 min, the membrane was
incubated with the first antibody, and then with the
peroxidase-linked second antibody (Santa Cruz). Chemilu-
minescence was detected with an ECL Western blot
detection kit (Amersham Pharmacia) according to the
manufacturer’s recommendation.

2.5. Statistical analysis

All data are expressed as the means+S.E.M. A survival
analysis was performed by the Kaplan—Meier method, and
between-group difference in survival was tested by the
logrank test. Between-group comparisons of the means were
performed by one-way ANOVA, followed by #-tests. The

Bonferroni’s correction was done for multiple comparisons
of the means.

3. Results

3.1. Experimental protocel 1: 7-day post-MI study

3.1.1. Survival and LV rupture

p53*~+MI and p53~'~+MI mice had significantly better
survival than p53™*+MI mice (Fig. 2). The number of the
mice that died of LV rupture was significantly less in p53~/~ +
MI and 3537~ +MI than in p53**+MI mice (Fig. 3). There
were no deaths in the sham-operated groups. There were no
significant differences in the survival rate among these 3
groups of survivor mice followed after 7 days up to 4 weeks.

3.2. Experimental protocol 2: 3-day post-MI study

3.2.1. Echocardiography and hemodynamics

The echocardiographic and hemodynamic data of the
surviving mice at 3 days of MI are shown in Table 1. The
LV diameters increased and fractional shortening decreased
significantly in the pS3™"+MI, p53"~+M], and p53~~+

Table 1
Echocardiographic and hemodynamic data at 3 days after surgery

p53%" +Sham p53*~+ Sham p53 "+ MI P53+ MI p53™"+MI
Echocardiographic data
n 7 7 13 12 7
Heart rate, bpm 49143 487+5 4927 4935 484+15
LVEDD, mm 3.7+£0.1 3.7x0.1 4.6£0.1%* 4,7£0.1%* 4.7£0.1%*
LVESD, mm 23+0.0 2.3x0.1 3.9+£0.1%* 3.840.1% 3.8£0.1%
Fractional shortening, % 36.6£04 37.7£04 16.5+1.0% 17.9£0.7% 19.2£1.0%
Hemodynamic data
n 7 7 11 10 5
Heart rate, bpm 492+ 14 49110 48115 490£13 494+6
Mean aortic pressure, mm Hg 794 792 772 79%2 74%1
LVEDP, mm Hg 1.3+04 1.3£04 12.0£1.9% {L7£2.9% 10.242.8%*
LV dP/dty., mm Hg/s 9055+1133 8299332 5927 £409%* 5710+240%* 6417 £466™

MI, myocardial infarction. LV, left ventricular. EDD, end-diastolic diameter. ESD, end-systolic diameter. EDP, end-diastolic pressure. bpm, beats per min.

Values are means®S.E.M. ¥P<0.01 vs. p53™ + Sham.
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MI mice compared to sham operated mice. However, these
changes were comparable among p53*+MI, p53*~+MI,
and p53™'~+ ML

There was no significant difference in the heart rate-and
mean aortic blood pressure among 5 groups of mice. The
LV end-diastolic pressure (EDP) increased and LV dP/df .«
decreased in p53™*+MI compared to sham, which was
similarly observed in p53*/~+MI and p53 ™~ +ML

The infarct size determined by the morphometric analysis at
3 days of MI was comparable among the p53 ™" +MI, p53*~+
MI, and p53~~+MI (2=6 each) mice (Fig. 4A). Moreover,
percentages of LV at risk (risk area/LV; 60.4£5.2% vs.
59.1£2.8%, P=NS) and the infarct size (infarct/risk area;
58.7+7.8% vs. 61.4%2.5%, P=NS) measured by Evans blue-
and TTC staining at 24 h of MI were also comparable between
p53¥~+Ml and p53™*+MI (n=>5 each).

A

p53* M

p53* M

30004 5

2000 - 0N

1000 1 [0

04

Nuclear density (nuclei/mmz_)

p53 ++ 4~ - L e

infarct area Border zone

The thickness of the infarcted LV wall and that of the
noninfarcted LV in p53~/"+MI were 0.43+0.02 and
0.70+£0.03 mm, respectively, those in p537~+MI were
0.41£0.02 and 0.67+0.03 mm, respectively, and those in
P53 +MI were 0.39£0.01 and 0.70£0.02 mm, respec-
tively. Thus infarct wall thinning ratio, the thickness of the
infarcted LV wall normalized to that of the noninfarcted LV,
was significantly greater in p53 ™'~ +MI or p53*/~+MI than

in pS3**+MI (Fig. 4B).

3.2.3. Myocardial histopathology

MI mice had more infiltrating interstitial cells in the
border zone and infarcted myocardium than sham-operated
mice. However, the extent of infiltration was comparable
among p53*"+MI, p53¥/~+MI, and p53 "~ +MI (Fig. 5A).
Moreover, the infiltration of macrophages was similar
between groups (Fig. 5B).

Interstitial fibrosis, measured as collagen volume frac-
tion, in the infarcted as well as border zone LV was also
comparable among p53™*+MI, p53*~+MlI, and p53 ™"+
MI (Fig. 6A).

3.2.4. MMPs

The zymographic MMP-2 and MMP-9 levels signifi-
cantly increased in the infarcted LV from MI groups,
however, no difference in this regard was seen between
p53**+MI and p53*~+MI mice (Fig. 6B).

3.2.5. Myocardial apoptosis

There were rare TUNEL-positive nuclei in sham-operat-
ed mice. The number of TUNEL-positive cells was
increased in p53**+MI, which was significantly prevented
in p53*/~+MI and p53~/~+MI (Fig. 7A). In addition, DNA
ladder appeared faint in the infarcted LV from p53*/~+MI
compared to that from p53**+MI (Fig. 7B).
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Fig. 5. Representative photomicrographs of LV sections and summary data for nuclear density of infiltrating cells stained with hematoxylin and cosin (A) and
macrophages (B) at the infarct area and border zone. Scale bar, 10 pm. Values are means+S.E.M.- (n=6 cach).
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Fig. 6. (A) Summary data of collagen volume fraction at the infarcted area and border zone of LV tissue sections (=6 for each). (B) Representative LV
zymographic MMP-2 and MMP-9 levels and summary data at 3 days of MI (=6 for each).

3.2.6. Akt protein

Either Akt protein (fotal) or phospho-Akt levels did not
differ between 4 groups of p53**+Sham, p53™~+Sham,
p53*7*+MI, and p53*/~+MI mice (Fig. 8).

4. Discussion

The major new finding of the present study is the
significant improvement in the survival of MI mice by the
targeted deletion of p53 gene, which was mainly attributable
to the inhibition of early LV rupture. After ML, p53-
dependent apoptosis might contribute to the thinning of the
infarct wall and eventual LV rupture. Our observations thus

A

p53** M p53*+M

{/10° nuclei)

TUNEL-paositive cells

suggest that an anti-p53 strategy may be of therapeutic
benefit against the evolution of cardiac rupture after M1
Cardiac rupture is the most drastic and severe complica-
tion of acute M1. Following M1, a reparative process, infarct
healing, is immediately initiated, including inflammatory
cell infiltration, activation of MMPs, extracellular matrix
remodeling and scar formation. Thinning of the infarcted
wall and dilatation of LV cavity, which occur during the
acute phase of M], are termed as “infarct expansion™ {1].
The delay or impairment of this process may jeopardize
infarct healing, aggravate extracellular matrix remodeling,
and cause cardiac rupture. Previous studies demonstrated
that p53 was increased [8] and apoptosis of cardiac
myocytes were detected in the infarcted regions during the
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Fig. 7. (A) Representative photomicrographs of LV sections and summary data for the number of TUNEL-positive cells in the infarcted area and border zone of
LV (n=6 each). Scale bar, 10 pm. Values are meansxS.EM. *¥P <0.05, *P <0.01 for difference from the p53 * + MI values. (B) DNA ladder indicative of
apoptosis in the genomic DNA from the LV. M, marker. P, positive control.
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Fig. 8. (A) Representative Western blot analysis of Akt (total) and phospho-Akt protein levels in LV tissue obtained from 4 groups of p53™*+Sham, p53*~+

S

Sham, p53*"*+MI, and p33*'~+MI mice. Summary data for total Akt (B) and phospho-Akt (C) protein levels in p53**+Sham, p53™~ +Sham, p33™*+MI,

and p53™~ +MI mice (=3 for each). M, marker.

early days after MI [9,10]. Therefore, p53-dependent
apoptosis at the infarcted myocardium may contribute to
cardiac rupture. However, no previous studies have provid-
ed direct evidence supporting this notion. The present study
has demonstrated that p33 is indeed involved in cardiac
rupture after MI (Fig. 3) via mediating apoptosis (Fig. 7)
and wall thinning at the infarct area (Fig. 4B).

The beneficial effects of p53 deletion were not due to its
MI size-sparing effects because the infarct size was
comparable between the p53™* and p53"~ mice (Fig.
4A). Further, its effects might not be attributable to those on
hemodynamics because the blood pressure and heart rate
showed no alterations (Table 1). In addition, inflammatory
cell infiltration and inadequate fibrosis have been postulated
to cause myocyte separation in the infarct area, which may
lead to eventual cardiac rupture [4]. However, the present
study could not find any alterations in the infiltration of
inflammatory cells or collagen deposition between p53™**
and p53™~ mice after MI (Figs. 5 and 6A). Further, even
though recent studies have demonstrated that the inhibition
of MMPs can prevent cardiac rupture [4,5], targeted deletion
of p53 gene did not affect the increase in MMP-2 or MMP-9
activities in the post-MI hearts in the present study (Fig.
6B). These lines of evidence indicate that the inhibition of
cardiac rupture in p53*/~ mice was not due to the altered
reparative process of extracellular matrix or the infiltration
of inflammatory cells and further confirm the significance of
attenuated apoptosis and infarct wall thinning in the
prevention of cardiac rupture.

Previous experimental [9] and human [10] studies have
detected TUNEL-positive cells in the post-MI hearts. Even

though they implicated apoptosis in the pathogenesis of late
LV remodeling after MI [19], it may also contribute to the
early phase structural alterations known to occur within the
infarct area, which is characterized by a significant net loss
of cardiac myocytes as well as myocyte slippage and
elongation {24]. However, the significance of myocardial
apoptosis in this phase of MI has been mostly speculative.
Thus the present study clearly demonstrated for the first
time that p53-dependent apoptosis is involved not only in
late remodeling after MI [19] but also in early cardiac
rupture.

The present study was in contrast to the previous study
by Bialik et al., in which myocyte apoptosis was not altered
after MI in the hearts of mice nullizygous for p53 [25]. It is
difficult, however, to find identical experimental conditions
between their study and the present study by that would be
necessary for a direct comparison; the age of the animals
(6—8 weeks in the study by Bialik vs. 10—14 weeks in this
study) and the time at which apoptosis was assessed (10 and
48 h vs. 3 days). In addition, the infarct size was comparable
between p53~'~ and p53*/~ in the present study although it
was not clearly mentioned in the study by Bialik. Although
the present study demonstrated the survival benefit in p53
deletion, no survival data were provided in their study.

p53 is known to be dynamically regulated via Akt, a
serine/threonine kinase, that promotes cell survival {26].
Specifically, proapoptotic stimulation leads to p53-depen-
dent destruction of Akt whereas Akt activation leads to
inhibition  of p53. The state of this signaling network
determines the fate of the cell to survive or fo enter
apoptosis or hypertrophy. Howeéver, either Akt protein
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(total) or phospho-Akt levels did not differ between 4
groups of p53**+Sham, p53™~+Sham, p53* +MI, and
p53*~+MI mice in the present study (Fig. 8), suggesting
that Akt might not play a2 major role in myocyte apoptosis in
this model. Moreover, a recent study by Dr. Field’s group
has demonstrated that p193 and p33 exert a cell cycle
regulatory role in the adult heart [27]. In their studies, target
expression of the pl93 and/or the p53 dominant-interfering
mutants increased cardiac myocyte DNA synthesis after MI
in mice, suggesting that cardiac cell cycle reentry is
regulated by these proapoptotic proteins. Therefore, we
could not exclude the possibility that pl193 might also be
involved in post-MI remodeling.

Even though the previous studies reported a difference in
the phenotype between p53~'~ and p53™~ mice [15,16], the
echocardiographic data (Table 1), hemodynamic data (Table
1), infarct size (Fig. 4), infarct wall thinning ratio (Fig. 4),
nuclear density (Fig. 5), collagen volume fraction by
myocardial histopathology (Fig. 6), and the number of
TUNEL-positive cells (Fig. 7) were comparable between
these 2 groups of mice in the present study. Based on these
results, there might be a threshold in the effects of p53 gene
expression on cardiac pathophysiology after MI.

There are several limitations to be acknowledged in this
study. First, although p53 is activated in the post-MI hearts
[8], the mechanisms responsible for this activation are not
determined in the present study. One important aspect of
ischemia is prolonged hypoxia, which has been shown to
increase p53 expression and result in apoptosis in cultured
cardiac myocytes [6]. Furthermore, oxidative stress, which is
also increased in post-MI hearts, is a powerful inducer of
apoptosis [28]. However, further studies are needed to clarify
the mechanisms for the modulation of p53 after MI. Second,
even though the previous study demonstrated that p53
expression was increased in post-MI rat hearts [8], the
present study did not determine whether endogenous pS3
expression was altered in post-MI mouse hearts. Third, p53-
dependent apoptotic pathways may not be a sole mechanism
for cardiac rupture after Ml. Cardiac repair after MI is a
highly complex process, involving diverse inflammatory and
growth factor signaling pathways, and extracellular matrix
remodeling, Thus the mechanisms other than p53 may be
also involved in this deleterious complication. Fourth,
echocardiographic assessment of LV function in mice is
known to be difficult. However, intra- and interobserver
variabilities of our echocardiographic measurements for LV
cavity dimensions and fractional shortening were small and
measurements were highly reproducible [14]. Therefore, our
technique was capable of noninvasively assessing the LV
structure and function in mice with a large ML

Cardiac rupture usually occurs unexpectedly and is often
fatal, thereby resulting in one of the major causes of in-
hospital death in patients with acute ML It is difficult to
predict its occurrence by the previously reported clinical risk
factors such as aging, hypertension, and delayed thrombol-
ysis [29]. We found that target deletion of p53 had a

significantly reduced cardiac rupture rate after MI. This was
accompanied by a reduction of apoptosis and wall thinning
of the infarcted myocardium. Our results may provide a
novel insight regarding the pathophysiological role of p53-
dependent apoptosis in cardiac rupture and thus help to
establish an effective therapeutic strategy.
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Targeted Deletion of Matrix Metalloproteinase 2
Ameliorates Myocardial Remodeling in Mice
With Chronic Pressure Overload

Hidenori Matsusaka, Tomomi Ide, Shouji Matsushima, Masaki Ikeuchi, Toru Kubota, Kenji Sunagawa,
Shintaro Kinugawa, Hiroyuki Tsutsui

Abstract—Matrix metalloproteinases (MMPs) play an important role in the extracellular matrix remodeling. Experimental
and clinical studies have demonstrated that MMP 2 and 9 are upregulated in the dilated failing hearts and involved in
the development and progression of myocardial remodeling. However, little is known about the role of MMPs in
mediating adverse myocardial remodeling in response to chronic pressure overload (PO). We, thus, hypothesized that
selective disruption of the MMP 2 gene could ameliorate PO-induced cardiac hypertrophy and dysfunction in mice. PO
hypertrophy was induced by transverse aortic constriction (TAC) in male MMP 2 knockout (KO) mice (n=10) and
sibling wild-type (WT) mice (n=9). At 6 weeks, myocardial MMP 2 zymographic activity was 2.4-fold increased in
WT+TAC, and this increase was not observed in KO+TAC, with no significant alterations in other MMPs (MMP 1,
3, 8, and 9) or tissue inhibitors of MMPs (1, 2, 3, and 4). TAC resulted in a significant increase in left ventricular (LV)
weight and LV end-diastolic pressure (EDP) with preserved systolic function. KO+TAC mice exerted significantly
lower LV weight/body welght (4.2%£0.2 versus 5.0+0.2 mg/g; P<0.01), lung weight/body weight (4.970.2 versus
6.2+0.4 mg/g; P<<0.01), and LV end-diastolic pressure (4=*1 versus 102 mm Hg; P<<0.05) than WT+TAC mice
despite comparable aortic pressure. KO+TAC mice had less myocyte hypertrophy (cross-sectional area; 322+ 14 versus
392+14 um?; P<0.01) and interstitial fibrosis (collagen volume fraction; 3.3+0.5 versus 8.2%+1.0%; P<0.01) than
WT+TAC mice. MMP 2 plays an important role in PO-induced LV hypertrophy and dysfunction. The inhibition of

MMP 2 activation may, therefore, be a useful therapeutic strategy to manage hypertensive heart disease. (Hypertension.
2006;47:711-717.)

Key Words: hypertrophy m heart failure @ fibrosis ® extracellular matrix @ hypertension, experimental
@ myocardium

eft ventricular (LV) hypertrophy is an adaptive process

that compensates for pressure overload (PO) caused by
hypertension or valvular heart disease, such as aortic stenosis.
This remodeling process consists of hypertrophic changes of
cardiac myocytes and abnormalities of the extracellular ma-
trix (ECM) network, which are both responsible for changes
in systolic and diastolic function.!

The dynamic synthesis and breakdown of ECM proteins
play an important role in adverse myocardial remodeling. In
particular, the increased expression and activation of the
matrix metalloproteinases (MMPs) have been shown in var-
ious forms of heart failure and implicated in the process of
myocardial remodeling that is characteristic of developing
heart failure.2 Despite a number of studies implicating MMPs
in cardiac pathophysiology, little is known about the role of
MMP in the development of myocardial remodeling in
response to chronic PO. MMP 2 and 9 expression has been

shown to be enhanced in pressure-overloaded cardiac hyper-
trophy in spontaneously hypertensive rats® and in Dahl
salt-sensitive hypertensive rats.* Similar upregulation of
MMPs has been also observed in human pressure-overloaded
hearts because of aortic stenosis.® Recently, Heymans et al®
have demonstrated that MMP 9 is involved in cardiac
remodeling associated with hypertension. However, MMP-9
is mainly expressed in such infiltrating inflammatory cells as
neutrophils and macrophages.” Conversely, MMP 2 is ubig-
uitously distributed in cardiac myocytes and fibroblasts.s
Therefore, MMP 2 may also play an important role in the
development and progression of myocardial remodeling in
response to PO. However, no previous studies have yet
determined the pathophysiological significance of MMP 2 in
this disease state.

In the present study, we evaluated the effects of a targeted
deletion of the MMP 2 gene on both LV structural and
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functional alterations during pressure-overloaded cardiac hy-
pertrophy. To ensure selective and long-term complete inhi-
bition of MMP 2, we used MMP 2 knockout (KO) mice.?-!!
The most effective way to evaluate the contribution of the
specific MMP and obtain the direct evidence for a role of
MMP is through gene manipulation instead of MMP
inhibitor.

Methods

Experimental Animals

The study was approved by our Institutional Animal Research
Committee and conformed to the animal care guidelines of the
American Physiological Society. We used the progeny of homozy-
gous breeding pairs of C57BL/6J mice with targeted disruption of
MMP 2 ranging in age from 11 to 14 weeks old.!® The mutation
heterozygous mice were obtained by crossing the chimeras to
C57B1L/6] mice. Heterozygotes were backerossed to C57BL/6J 1 to
5 times and then crossed to obtain the mutation homozygous mice.
The original breeding pairs used to develop the mice for this study
were obtained from Dr Shigeyoshi Itohara (Laboratory for Behav-
ioral Genetics, RIKEN, Tsukuba, Japan).

Transverse Aortic Constriction

Transverse aortic constriction (TAC) was performed in male MMP 2
KO and sibling wild-type (WT) mice as described previously.'2
Briefly, after anesthetizing by tribromoethanol/amylene hydrate
(Avertin; 2.5% weight/volume, 8 1L/g IP), mice were intubated and
ventilated, and a thoracotomy was performed via the second inter-
costal space at the left upper sternal border. The transverse aortic
arch was ligated between the innominate and left common carotid
arteries with an overlying 28-gauge needle, which, after removal of
the needle, left a reproducible discrete region of stenosis. Sham-
operated mice underwent a similar procedure without ligation of the
aorta.

Tail clips and a PCR protocol to confirm the genotype were
performed by a group of investigators. Next, TAC was induced in
these mice by another subset of investigators, who were not informed
of the genotyping results. This assignment procedure was performed
using numeric codes to identify the animals.

MMPs and Tissue Inhibitors of MMPs

First, the myocardial MMP levels, including MMP 2 and MMP 9,
were determined in the left ventricle (LV) using gelatin' zymography
as described previously.!* The LV myocardial samples were homog-
enized (=30-s bursts) in 1 mL of an ice-cold extraction buffer
containing cacodylic acid (10 mmol/L), NaCl (0.15 mol/L), ZnCl,
(20 mmol/L), NaN, (1.5 mmol/L}), and 0.01% Triton X-100 (pH 5.0).
The homogenate was then centrifuged (4°C, 10 minutes, 10 000g)
and the supernatant decanted and saved on ice. The pH levels of the
samples were adjusted to 7.5 using Tris (1 mol/L). The final protein
concentration of the myocardial extracts was determined using a
standardized colorimetric assay. The extracted samples were then
aliquoted and stored at —80°C until the time of assay. The myocar-
dial extracts were then directly loaded onto electrophoretic gels
(SDS-PAGE) containing 1 mg/mL of gelatin under nonreducing
conditions. The myocardial extracts at a final protein content of 5 g
were loaded onto the gels using a 3:1 sample buffer (10% SDS, 4%
sucrose, 0,25 mol/L Tris-Cl, and 0.1% bromophenol blue =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%), whereas 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 minutes each,
rinsed in water, and incubated for 24 hours in a substrate buffer at
37°C (50 mmoV/L Tris-HCI, 5 mmol/L., CaCl,, and 0.02% NaN, [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 the MMP proteolytic levels,

were measured by the integrated optical density in a rectangular
region of interest.

Next, the mRNA levels of myocardial MMPs including MMP 1,
2,3, 8, and 9 as well as tissue inhibitors of MMPs (TIMPs) including
TIMP 1, 2, 3, and 4 were determined by multiprobe ribonuclease
protection assay (RiboQuant, PharMingen). Each value was normal-
ized to that of glyceraldehydes-3-phosphate-dehydrogenase in each
template set as an internal control, followed by calculation as a ratio
to WT+Sham. The amount of tissue was limited in mice and, thus,
tissue needed to be divided so that all of the biochemical analyses
could be performed.

Echocardiographic and Hemodynamic Measurements

Echocardiographic studies were performed under light anesthesia
with tribromoethanol/amylene hydrate (Avertin; 2.5% weight/vol-
ume, 8 ul/g IP) and spontaneous respiration as described previ-
ously.!* A 2D 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 mid-upper left
anterior chest wall. The transducer was then gently moved cephalad
or caudad and angulated until desirable images were obtained. After
confirming that the imaging was on axis (based on roundness of the
LV cavity), 2D targeted M-mode tracings were recorded at a paper
speed of 50 mm/s. Two consecutive heartbeats of each frame were
analyzed to measure the wall thickness and end-diastolic (EDD) and
end-systolic (ESD) internal dimensions of the LV. LV fractional
shortening (FS) was calculated as LV EDD minus LV ESD normal-
ized for LV EDD and was taken as an index of LV systolic
performance. Echocardiographic LV mass was calculated according
to the standard cube formula as described previously.!s Our previous
validation study has shown that the intracbserver and interobserver
variabilities of our echocardiographic measurements for LV cavity
dimensions and FS were small, and measurements made in the same
animals on separate days were highly reproducible.!? Next, a 1.4-Fr
micromanometer-tipped catheter (Millar) was inserted into the right
carotid artery and then was advanced into the LV to measure the LV
pressures. Arterial blood pressure and heart rate were also measured
with the use of a noninvasive tail-cuff system (BP-98A, Softron).16

Organ Weight and Histopathology

After in vivo echocardiographic and hemodynamic studies, the heart
and lung were excised, and their weights were determined. The heart
was dissected into the right and left ventricles, including the septum.
From the mid-LV transverse sections, 5-um sections were cut and
stained with hematoxylin/eosin and Masson’s trichrome to determine
the myocyte cross-sectional area and collagen volume fraction. To
measure the myocyte cross-sectional area, each section was photo-
graphed using a microscope and magnified (final magnification:
X750). Connective tissue and muscle areas were identified, and the
profile margin of 30 to 40 myocytes cut into cross-sections was
manually traced and digitized. The digitized profiles were transferred
to a personal computer that calculated the area. Three to 4 fields were
randomly selected from 2 to 3 coronal sections of each heart. Thus,
~100 to 200 myocytes were measured for each animal, and the mean
myocyte cross-sectional area was calculated.'” Collagen volume
fraction was measured at =5 to 7 fields for each heart.!® Within each
field, segments representing connective tissue and myocyte were
identified and manually traced by using a digitizing pad with a
computer to calculate the traced area. Collagen volume fraction was
then calculated for the heart as the sum of all of the connective tissue
areas divided by the sum of all of the connective tissue and muscle
areas in all fields. Collagen surrounding intramyocardial coronary
arteries was excluded from the analysis.

Statistical Analysis

All of the data are expressed as the mean*=SEM. Between-group
comparisons of the means were performed by l-way ANOVA,
followed by ¢ tests. The Bonferroni’s correction was done for
multiple comparisons of the means.
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MMP-2 Figure 1. (A) Representative gelatin
zymography of the LV from 4 groups of
WT4Sham, KO+Sham, WT+TAC, and
KO+TAC mice. (B and C) Densitometric
B C analysis of MMP-2 (B} and MMP-8 (C)
MMP-9 zymographic activity (n=3 each). Data
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MMPs and TIMPs

At 6 weeks of TAC, the zymographic MMP 2 levels in-
creased by 2.4-fold compared with WT+Sham mice (Figure
1). As expected, MMP 2 activity was not detected in
KO+Sham and KO+TAC mice. Importantly, the MMP 9
zymographic levels did not differ between WT+TAC and
KO+TAC.

Again, the MMP 2 mRNA levels significantly increased in
the WT+TAC compared with WT+Sham (Figure 2). This
increase was not observed in KO+TAC. These results were
consistent with those observed in gelatin zymography (Figure
1). Other MMPs, including MMP 1, 3, 8, and 9, were not
altered in these mice (Figure 2). The changes of TIMPs
(TIMP 1, 2, 3, and 4) were also comparable between
WT+TAC and KO+TAC.

A B
Sham TAC g MMP-9
WT KO WT KO %
MMP-1 +
MMP-2 = 8 g
MMP-3 °
MMP-9 o
MMP-8 =]
& WT KO
TIMP-4 TAC TAC
TIMP-3 £, TiMP-2 TIMP-3
g .
TIMP-1 b4
je
TIMP-2 B
205
2
GAPDH e

The presence or absence of MMP 2 gene did not affect
baseline heart rate or echocardiographic parameters in Sham
mice (Table 1). TAC significantly increased LV wall thick-
ness (Table 1) and echocardiographic LV mass (Figure 3)
without affecting LV diameters or FS in WT+TAC. These
LV hypertrophic changes in WT+TAC were significantly
ameliorated in KO+TAC.

Hemodynamics

LV systolic pressure was markedly elevated by TAC (Table
2). However, there was no significant difference in LV
systolic pressure between WT+TAC and KO+TAC mice.
LV EDP increased significantly in WT+TAC mice, and this
increase was significantly attenuated in KO-+TAC mice.

TIMP-1

Figure 2. (A) Representative image of
myocardial gene expression of MMPs
and TiMPs. (B) Densitometric analysis of
WT KO MMP and TIMP gene expression from
e e WT+TAC (n=5) and KO+TAC (n=4).
TAC Each value was normalized to that of
glyceraldehydes-3-phosphate-
TiIMP-4 dehydrogenase in each template set as
. an internal control and expressed as the
" ratio to WT+8ham (n=3). Values are
mean*SEM, *P<0.01 vs WT+Sham;
TP<0.01 vs WT+TAC.
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TABLE 1. Echocardiographic Data

WT-+Sham KO+Sham WT+TAC KO+TAC
Variable (n=6) (n=0) (n=9) (n=10)
Heart rate, bpm 469+10 467+13 4758 4706
LV EDD, mm 3.6=01 3.6+0.1 3.7%0.1 3601
LV ESD, mm 2.2x0.1 22x0.1 2.4+0.1 2.3x0.1
Fractional shortening, % 37.2+08 36.3x1.0 35.1%0.9 35.5x0.7
Anterior wall thickness, mm 0.70+0.03 0.70x0.03 0.89=0.02% 0.840.03*1%
Posterior wall thickness, mm 0.770.02 0.78=0.02 1.04+0.02*F 0.92:0.03%t%

Sham indicates sham operation without ligation of the aorta. Values are mean=SEM.
*P<0.01 vs WT+Sham; 1P<0.01 vs KO+Sham; $P<0.01 vs WT+TAC.

Organ Weights

In agreement with echocardiographic LV mass (Figure 3),
TAC increased LV weight in WT mice (Figure 4A). Further-
more, in accordance with LV EDP, lung weight/body weight,
indicative of pulmonary congestion, increased significantly in
WT+TAC (Figure 4B). In KO+TAC, both increased LV and
lung weights were significantly reduced.

Histopathology

Masson’s trichrome staining showed the increase in myocyte
size and interstitial collagen volume fraction in WT+TAC
mice compared with WT+Sham mice (Figure 5). The selec-
tive disruption of the MMP 2 gene significantly ameliorated
myocyte hypertrophy and interstitial fibrosis by TAC. Simi-
larly, picrosirius staining also demonstrated collagen deposi-
tion in the interstitial areas in LV sections from WT+TAC
mice and the amelioration of interstitial fibrosis in KO+TAC
mice (data not shown).

Discussion
In the present study, we demonstrated that the selective
disruption of the MMP 2 gene ameliorated LV remodeling,
such as myocyte hypertrophy and interstitial fibrosis in TAC

1607 *t
120 - *i§
B 7
N /
é 80 %
2 %
40 %
_

WT KO WT KO
Sham TA

Figure 3. Echocardiographic LV mass from 4 groups of
WT+S8ham (n=6), KO+Sham (n=6), WT+TAC (n=9), and
KO+ TAC (n=10) mice. Values are mean+=SEM. *P<0.01 vs
WT+8ham; 1P<0.05, £P<0.01 vs KO+Sham; §P<0.01 vs
WT+TAC.

O

mice, thus providing direct evidence that MMP 2 is involved
in mediating PO-induced cardiac hypertrophy. These benefi-
cial effects of MMP 2 inhibition occurred without affecting
hemodynamics.

Upregulation of MMP 2 in PO Hypertrophy

The present study demonstrated that the MMP 2 gene
expression and gelatinolytic activities were upregulated in the
myocaidium during PO (Figures 1 and 2). These findings,
coupled with past reports, suggest that an increase in myo-
cardial MMP levels is a fairly uniform event in myocardial
remodeling.>*61920 Although the mechanisms responsible
for this activation remain to be determined, cellular constit-
uents of cardiac muscle, including fibroblasts, inflammatory
cells, and myocytes, are known to be capable of expressing
MMP 2 in response to specific stimuli, including mechanical
stress.®2!

Role of MMP 2 in PO Hypertrophy
Alterations in the expression and activity of MMP 2 have
been demonstrated in a number of pathophysiological condi-
tions, such as myocardial infarction (MI) and heart failure.
Our previous study!® and a recent study by Matsumura et al22
have demonstrated that the inhibition of MMP 2 activity
improves the survival rate after acute MI by preventing
cardiac rupture and delays after MI remodeling. A recent
study by Wang et al*® has shown that cardiac-specific,
constitutively active MMP 2 expression leads to impaired
contraction and diminished responses to inotropic stimula-
tion, indicating that MMP 2 can directly impair cardiac
function in the absence of superimposed injury.

Broad-spectrum pharmacological inhibition of MMPs sig-
nificantly attenuated myocardial remodeling associated with
chronic volume overload® or hypertension.!®* However, the
most effective way to evaluate the contribution of the specific
MMP and to obtain the direct evidence for a role of MMP in
myocardial remodeling and failure is through such gene
manipulation as that used in the present study. As expected,
no MMP 2 expression was observed in the myocardium from
KO mice in this study (Figures 1 and 2). Thus, the present
study could investigate the effects of selective disruption of
the MMP 2 gene on the development of myocardial hyper-
trophy induced by PO. _

The most striking finding of the present study was the
inhibition of myocardial hypertrophy in MMP 2 KO mice
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TABLE 2. Hemodynamic Data

MMP 2 in Pressure Overload Hypertrophy 715

WT+Sham KO+Sham WT+TAC KO+TAC
Variable (n="5) (n=6) (n=9) (n=10)
Heart rate, bpm 503%3 504=5 5076 512+6
Arterial blood pressure, mm Hg 73x2 765 74+2 71x2
LV systolic pressure, mm Hg 1044 104+3 2026t 196£9%F
LVEDP, mm Hg 15212 24+038 9.8x2.2% 35071

Sham indicates sham operation without ligation of the aorta. Values are mean+SEM.
*P<0.01 vs WT+Sham; 1P<0.01 vs KO+ Sham; £P<<0.05 vs WT+TAC.

under PO (Figures 3 through 5). Our previous studies dem-
onstrated the beneficial effects of MMP 2 deletion also on
postinfarct LV remodeling and failure.!® Similar to the
present study, both myocyte hypertrophy and interstitial
collagen accumulation were ameliorated in the MMP 2-de-
ficient mice after MI. Moreover, the present study is consis-
tent with previous studies from other laboratories, which
demonstrated the involvement of myocardial MMP in heart
failure.2242% Therefore, the present study builds on these past
reports by demonstrating that MMP inhibition attenuated
myocardial remodeling that occurred also under PO.

The present study demonstrated that increased MMP 2
activity was associated with the interstitial fibrosis in
pressure-overloaded LV and the selective inhibition of MMP
2, indeed, ameliorated these changes (Figure 5). Theoreti-
cally, an increase in MMP activity would result in a decrease
in the MMP substrate, collagens, whereas an inhibition of
MMP would result in an increase in collagens. However, in
agreement with previous studies,'® an increase in MMP 2
activity was accompanied by increased fibrosis in our model
of LV hypertrophy, which is probably because of the direct
proteolysis of myocardial matrix components, as well as by
facilitating a profibrotic response. In fact, the selective
disruption of the MMP 2 gene did attenuate interstitial
fibrosis. Although the present study could not provide the
definite explanation for these paradoxical findings, this might
be because of the fact that the total ECM collagen content is
a complex function of both synthesis and degradation.

>
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In addition to interstitial fibrosis, myocyte cellular hyper-
trophy was also ameliorated by the selective blockade of the
MMP 2 gene (Figure 5), suggesting that myocardial induction
of MMP 2 is involved in the development of myocyte
hypertrophy during PO. Recently, Heymans et al® demon-
strated that MMP 9 gene inactivation reduced hypertrophic
changes in cardiac myocytes during acute PO. These results
suggest that there is an intimate link between MMPs and the
myocyte hypertrophic process, which might be mediated, at
least in part, by the tissue infiltration of inflammatory cells.
However, the precise role of MMPs in the development of
myocyte hypertrophy has not been fully explored. MMPs
may be involved in a complex myocyte—matrix interaction,
because the basement membrane components, collagen IV
and laminin, are the substrates for MMP 2 and MMP 9.26
Thus, increased MMP 2 activity within the myocardium can
contribute to the discontinuity of the basement membrane,
thereby disrupting the normal myocyte-matrix interface. The
findings that MMP inhibition limited the degree of myocyte
hypertrophy raise an issue requiring additional studies.

Limitations

There are several issues to be acknowledged as a limitation in
this study. First, although in vivo assessment of LV function
with echocardiography is feasible and reproducible in the
mouse, it might still be difficult to interpret the indices of LV
function. However, our validation study has shown that the
intraobserver and interobserver variabilities of our echocar-

*
o

Figure 4. LV weight and lung weight

from 4 groups of WT-+Sham (n=6),
KO+8ham (n=6), WT+TAGC {n=9), and
KO+TAC {(n=10) mice. Values are
mean=SEM. *P<0.01 vs WT+Sham;
1P<0.01 vs KO+Sham; $P<0.01 vs
WT+TAC.
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Figure 5. (A) Representative high-power
photomicrographs of LV cross-sections
stained with Masson’s trichrome from 4
groups of WT+S8ham, KO+Sham,
WT+TAC, and KO+TAC mice. Scale
bar, 10 um. (B) Summary data of myo-
cyte cross-sectional area (top) and colla-
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KO+TAC

Collagen volume
fraction (%)

gen volume fraction (bottom) by the his-
tomorphometric analysis of LV tissue
sections from 4 groups of WT+Sham
(n=4), KO-+Sham (n=4), WT+TAC (n=5),
and KO+TAC (n=5) mice. Values are

TII meanxSEM. *P<0.01 vs WT+Sham;

—

1P<0.01 vs KO+Sham; #P<0.01 vs
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diographic measurements for LV dimensions and FS were
small, and the measurements made in the same animals on
separate days were highly reproducible.’* Therefore, our
technique could be considered to allow for a noninvasive
assessment of the LV structure and function. Second, the
heart rate values in the present study (460 to 480 bpm) were
lower than those (600 bpm) measured in conscious mice.
Therefore, the LV size and function data might be greatly
influenced by differences in anesthetic regimens and the
experimental conditions, such as the heart rate. Third, MMP
9 was not increased in our model of PO hypertrophy.
Although the present study could not provide the definite
explanation for these results, they might be related to the
small number of infiltrating inflammatory cells as neutrophils
and macrophages, in which MMP 9 is mainly expressed,
within the hypertrophied LV.

Perspectives

Diastolic dysfunction is an important factor contributing to
the development of heart failure. One of the most common
causes for diastolic heart failure is LV hypertrophy associated
with hypertension. The present study demonstrated that MMP
2 inhibition reduced myocyte hypertrophy and interstitial
fibrosis, which might contribute to a decrease in LV EDP and
lung weight, an index of pulmonary congestion, without
affecting LV systolic function. Therefore, although the pres-
ent study did not directly evaluate the diastolic function itself,
the reduction of LV EDP and lung congestion achieved with
MMP 2 inhibition in this model! is considered to be because
of the attenuation of LV hypertrophy and the resultant
improvement of diastolic function.

Conclusions

Chronic PO results in an initial cardiac hypertrophic response
followed by progressive failure. Our findings provide the first
direct evidence that MMP 2 is involved in mediating the
adverse myocardial remodeling that occurs in response to a
common form of hemodynamic overload. The beneficial

TAC

effects of MMP 2 inhibition occurred in the absence of a
decrease in systemic blood pressure. These findings suggest
that the early institution of MMP 2 inhibition may have use in
preventing the development of maladaptive myocardial re-
modeling in response to hypertension.
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Microtubules Modulate the Stiffness of Cardiomyocytes
Against Shear Stress

~ Satoshi Nishimura, Shinya Nagai, Masayoshi Katoh, Hiroshi Yamaéhita, Yasutake Saeki,
Jun-ichi Okada, Toshiaki Hisada, Ryozo Nagai, Seiryo Sugiura

Abstract—Although microtubules are involved in various pathological conditions of the heart including hypertrophy and
congestive heart failure, the mechanical role of microtubules in cardiomyocytes under such conditions is not well
understood. In the present study, we measured multiple aspects of the mechanical properties of single cardiomyocytes,
including tensile stiffness, transverse (indentation) stiffness, and shear stiffness in both transverse and longitudinal’
planes using carbon fiber—based systems and compared these parameters under control, microtubule depolymerized
(colchicine treated), and microtubule hyperpolymerized (paclitaxel treated) conditions. From all of these measurements,
we found that only the stiffness against shear in the longitudinal plane was modulated by the microtubule cytoskeleton.
A simulation model of the myocyte in which microtubules serve as compression-resistant elements successfully
reproduced the experimental results. In the complex strain field that living myocytes experience in the body, observed
changes in shear stiffness may have a significant influence on the diastolic property of the diseased heart. (Circ Res.

2006;98:81-87.)

Key Words: cytoskeleton m microtubules & cardiomyocyte

In mammalian cells, microtubules and actin filaments con-
i_stitute the major components of the cytoskeleton and
participate in a variety of cellular processes, including or-
ganelle transport, cell division, and migration as well as
maintenance or alteration of the cell morphology in response
- to mechanical stimuli transmitted from the surrounding ex-
tracellular matrix.!-* However, in the case of postmitotic
adult ventricular cardiomyocytes, the functional significance
of microtubules may be somewhat different. Their relative
content’ of microtubules (tubulin) is small compared with
other types of cells* but increases in various disease condi-
tions, such as cardiac hypertrophy or heart failure, in which
the heart is subjected to abnormally high loads.’6
" In this context, studies at the tissue (papillary muscle) and
cellular levels have focused on the impact of microtubule
proliferation on the contractile function of the myocardium,
but the results obtained are controversial. The microtubule
proliferation observed in hypertrophied hearts was associated
with contractile dysfunction and pharmacological disruption
of the microtubules by colchicines (COLs) normalized the
contractile function.”$ However, in the absence of the pre-
ceding hypertrophic proliferation of microtubules, COLs do
not improve contractile function.®!° The structural role of the
microtubules has also been evaluated by recording the stress—
strain relationship of single cardiomyocytes in the longitudi-

nal direction, but the results failed to establish causality for
the stiff passive properties observed in the diseased heart.!':2
Studies using magnetic twisting cytometry revealed increased
cytoskeletal stiffness and viscosity in hypertrophied myo-
cytes with a high microtubule density,!? but this methodology
did not provide any information regarding the anisotropic
properties of these polarized cells or allow evaluation of the
reported parameters in the complex strain field that living
myocytes experience in the body.

The current study investigated the role of microtubules in
the cardiac adaptation process by evaluating the structural
properties of single rat cardiomyocytes containing variable
amounts of microtubules. In addition to ordinary measure-
ments of the stress—strain relationship in the long axis of each
myocyte, we also recorded the transverse stiffness and shear
stiffness in both the longitudinal and transverse planes. It was
found that microtubules modulate the stiffness of cardiomyo-
cyte only against the shear stress in the longitudinal plane.
This result can be taken to indicate that microtubules serve as
compression-resistant elements as suggested by the cellular
tensegrity model.! Simulation study based on this model
successfully reproduced the experimental findings.

Materials and Methods

An expanded Materials and Methods section is provided in the online
data supplement available at http://circres.ahajournals.org.

Original received August 1, 2005; revision received November 15, 2005; accept'ed November 16, 2005.
From the Department of Cardiovascular Medicine (S. Nishimura, M.K., H.Y., R.N.), Graduate School of Medicine, and The Institute of Environmental
Studies (S. Nagai, J.-i.0., T.H., S$.8.), Graduate School of Frontier Sciences, The University of Tokyo; and the Department of Physiology (Y.S.), Dental

School, Tsurumi University, Japan.

Correspondence fo Seiryo Sugiura, Institute of Environmental Studies, Graduate School of Frontier Sciences, The University of Tokyo, Hongo 7-3-1,

Bunkyo-ku, Tokyo 113-0033, Japan. E-mail sugiura@k.u-tokyo.ac.jp
© 2006 American Heart Association, Inc.

Circulation Research is avaiiable at http://cireres.ahajournals.org

DOI: 10.1161/01.RES.0000197785.51819.e8

Downloaded from circres.ahajournals.org at Mational Cardiovascular Center on April 9, 2007



82 Circulation Research ~ January 6/20, 2006

Isolation of Cardiomyocytes

Single ventricular myocytes were isolated from 7-week-old female
‘Wistar rats as described previously.!4 We also studied the myocytes
from 10-week-old male cardiomyopathic hamsters (Bio TO-2 strain)
and age-matched Syrian golden hamsters (Bio-Breeders Institute,
Cambridge, Mass). All the experiments were performed at room
temperature. All studies were conducted in accordance with the NIH
Guide for the Cure and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committee,

Cell Mechanics Measurements

We characterized the mechanical properties of cardiomyocytes in 3
ways, ie, “tensile stiffness,” “transverse stiffness,” and “shear stiff-
ness.” The tensile stiffness was measured using a cell adhesive
carbon fiber—based system as described previously.i#!5 Briefly, a
rod-shaped quiescent single cardiomyocyte was selected under a
microscope and a pair of carbon fibers was attached to both ends
using micromanipulators (Figure 1A). One fiber was compliant,
whereas the other was thick and rigid and served as a mechanical
anchor. The position of the compliant fiber was controlled by a
piezoelectric translator (PZT; P-841.40; Physik Instrumente,
Karlsruhe, Germany) by a personal computer, and the position of the
free end (attached to the cell) was monitored by projecting its image
onto a linear photodiode array (§3903; Hamamatsu Photonics,
Hamamatsu City, Japan).!* The sarcomere length was simulta-
neously measured by real-time fast Fourier transform analysis of the
striation pattern (IonOptix, Milton, Mass). To measure the tensile
stiffiness, the cell was stretched at a strain rate of 0.01/sec by pulling
the attached carbon fibers, and the tensile stress—strain relationship
was obtained.

We used the same experimental setup to measure the transverse
stiffness, with some modifications. We attached a latex microsphere
(diameter: 5 um; Polysciences, Warrington, Pa) to the side of the tip
of the compliant carbon fiber, such that the microsphere could be
pushed against the myocyte horizontally (Figure 3A). In each
experiment, we selected a myocyte with a rectangular shape, placed
it along the sidewall in a glass chamber, and performed an indenta-
tion test by moving the compliant fiber (2 pum/sec). Because the area
of contact clearly increased during the experiment and this was
difficult to quantify, we determined the effective transverse stiffness
(Keff) by evaluating the slope of the force-indentation curve as the
indentation (8) approached 01¢:

__applied force
Keff= indentation |0

To evaluate the shear stiffness, we held the myocyte between the

bottom coverglass and a small thin glass plate at the top. Small

pieces of thin glass plates (thickness: 5 um; Glass Flakes, REF-160;
Nippon Sheet Glass, Tokyo, Japan) were precoated with laminin
(Sigma, St Louis, Mo). Under a microscope, a selected single piece
of an appropriate size to cover the whole cell was glued to the tip of
the thin carbon fiber (Aronalpha; TOAGOSEI, Tokyo, Japan) in the
experimental chamber consisting of a Plexiglas frame and a laminin-
coated coverglass at the bottom. We gently attached the glass plate
to the top surface of the cell (Figure 4A and 4B), and the myocyte
was placed either parallel or perpendicular to the direction of the
applied shear force. A 10% shear strain was applied by shifting the
glass flake connected to a piezoelectric translator via the carbon fiber
in 10 seconds in both the longitudinal and transverse plan. All the
signals were recorded at 1 kHz by a personal computer (PowerLab/
8SP; AD Instruments, Castle Hill, NSW, Australia).

Altering the Polymerization State of Microtubules
To alter-the polymerization state of microtubules, COL (Sigma) or
paclitaxel (PAC) (Sigma) was added to Tyrode solution and incu-
bated before the mechanics measurements.

Immunocytochemical Procedures

The microtubules were immunocytochemically labeled with a mono-
clonal antibody against tubulin after fixation, and actin was simul-

10
—t 1 1
s4 [T
0 COLCTRL PAC COL CTRL PAC
5% . 10%
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Figure 1. Tensile stiffness. A, Tensile stiffiness was evaluated by
applying a tensile strain via a pair of carbon fibers. The cell was
stretched by displacing the attached carbon fibers using a
piezoelectric translator. Scale bar=10 pum. B, The tensile stifi-
ness was calculated from the obtained siress-strain relationship
(6.020.80 mN/mm? at 5% strain and 12.81+0.73 mN/mm? at
10% strain for CTRL myocytes, n=38). Scale bar=10 um. The
stifiness remains unchanged after treatment with COL
(6.07+0.44 mN/mm? at 5% and 13.71+0.45 mN/mm? at 10%,
n=10) or PAC (8.04=0.54 mN/mm? at 5% and 14.18+1.36
mN/mm? at 10%, n=10). P=0.99 for group comparisons by
ANOVA.

taneously stained with rhodamine phalloidin (Invitrogen). The cells
were observed using a laser confocal microscopy (CSU2I1;
Yokogawa-Denki, Musashino, Japan).

Data Analysis

Results are expressed as the mean==SEM. The statistical significance
of the microtubule density for each mechanical property was
assessed by ANOVA. If statistically significant differences were
discovered, pairwise comparisons (Student’s ¢ test) were performed.
A probability value of less than 0.05 was considered statistically
significant.

Simulation Model

Microtubules, cytoskeletal actin filaments, and desmin filaments
(intermediate filaments) were modeled by truss elements (no. 1874)
using the Young’s moduli and geometrical parameters listed in the
supplemental Table.1™-20 Young’s modulus of microtubule has been
estimated by either applying bending force to microtubules!®2!22 or
recording thermally induced shape fluctuations (statistical mechanics
model).222% From the reported values ranging from 100 MPa to 1.2
GPa, we adopted an intermediate value of 500 MPa, which corre-
spouds to a persistence length of 2200 um. Myofibrils were modeled
as solid elements (no. 21540), the material properties of which were
characterized using the anisotropic hyperelasticity proposed by
Humphrey et al for cardiac muscle tissue.?*

Results
Mean sarcomere length of studied rat cardiomyocytes was
1.93x0.08 pum (n=8) before the strain was applied. When
tensile stress was applied to a myocyte by pulling a pair of
carbon fibers attached to both ends of the cell (Figure 1A), the
simultaneously measured sarcomere length changed propor-
tionally to the segment length, demonstrating that the stress
was distributed homogeneously along the myocyte. From the
stress—strain relationship obtained, the average stiffness value
for control (CTRL) myocytes (n=38) under tensile stress was
determined to be 6.02+0.80 mN/mm’ at 5% strain and
12.81%0.73 mN/mm? at 10% strain (Figure 1B). Visualiza-
tion of the microtubule density in CTRL myocytes by
immunolabeling with an anti-B-tubulin antibody (red) re-
vealed a fine network spread over the entire cell surrounding
myofibrils (blue), with occasional formation of loop-type
structures (Figure 2A). After COL treatment (1 pmol/L, 60
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Figure 2. Alterations of microtubule polymerization. A, Immunolabeling of CTRL, COL-treated, and PAC-treated cells with an anti-g-
tubulin antibody (red) and actin stain (blue) by rhodamine phalloidin A fine tubulin network spread over the entire cell, with occasional
formation of loop-like structures, and perinuclear distribution are observed in CTRL myocytes. After COL treatment, the mesh-like
microtubule network almost disappears, whereas PAC treatment significantly increases the number of longitudinal microtubules
apposed to the myofibrils. B, These tendencies are confirmed by quantification of the light intensities of the S-tubulin flucrescence (red)
in the confocal images normalized to the cell area. COL: n=9; CTRL: n=9; PAC: n=10 cells. P=0.00 for group comparisons by

ANOVA.

minutes), the mesh-like microtubule network had almost
disappeared, whereas the number of microtubules apposed to
myofibrils increased significantly after PAC treatment
(10 pmol/L, 3 hour) (Figure 2A). These tendencies were
confirmed by quantification of the red-light intensities in
confocal images normalized to the cell area (Figure 2B). We
also noted that these dynamic changes occurred preferentially
in the longitudinal microtubules, consistent with previous
immunolabeling light and electron microscopic studies.2’
These drug-induced changes in the microtubule density did
not have any effect on the tensile stiffness of the myocytes
(Figure 1B).

The transverse stiffness (Keff) was 11.6%£1.6 nN/um for
CTRL myocytes (n=9). Keff tended to change in parallel with
the microtubule density (Figure 3B), but the difference did
not reach statistical significance (£=0.19 for group compar-
isons by ANOVA).

We also evaluated the shear stiffness (shear stress/shear
strain) in 2 directions, ie, the longitudinal and transverse
planes, using a novel technique involving a small glass plate
coupled with a carbon fiber (Figure 4A and 4B). The myocyte
was held between the bottom coverglass and a small thin
glass plate attached onto the top surface. We applied shear
stress by shifting the top glass plate connected to a piezoelec-
tric translator via the carbon fiber. Fluorescent staining with
a voltage-sensitive indicator (Di2-ANEPEQ) facilitated visu-
alization of the area in contact with the glass plate, and we

A © B mnem)

15}'

COL CTRL PAC

Figure 3. Transverse stiffness. A, Transverse stifiness was eval-
uated by the indentation test. The cell surface was indented
transversely using a small microsphere attached to the carbon
fiber. Scale bar=10 um. B, The transverse stiffness was defined
as the effective stifiness (Keff) by evaluating the slope of the
force-indentation curve at the origin (11.6=1.6 nN/um for CTRL
myocytes, n=9). The transverse stifiness tends to change with
the microtubule density after treatment with COL (10.2+1.5
nN/um, n=10) or PAC (14.7+2.0 nN/um, n=8), but the differ-

" ences did not reach statistical significance {P=0.19 for group
comparisons by ANOVA).

Em

confirmed that this contact area did not change appreciably
during the shear deformation. We confined our analysis to
small deformations (linear range) by evaluating the slope at
the origin. The shear stiffness values thus obtained for the
longitudinal plane (4.57%0.20 kPa, n=15) was nearly double
that for the transverse plane (2.94%=0.27 kPa, n=13) in CTRL
myocytes at 10% strain (Figure 4C and 4D). As in the case of
the tensile stiffness, the shear stiffness in the transverse plane
did not change significantly by the drug interventions (Figure
4D). However, in the longitudinal plane, hyperpolymerization
induced by PAC treatment caused increased the shear stiff-
ness by approximately 2-fold, whereas COL treatment de-
creased the value by approximately 50% (Figure 4C).

In some myocytes, we evaluated the contribution of cross-
bridge formation by repeating these measurements in the
calcium-free (Ca 0 mmol/L, EGTA 0.4 mmol/L) solution
with 20 mmol/L of butane-dione monoxime (BDM). Inhibi-
tion of cross-bridge formation decreased the tensile stiffness

A
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COL CiRL PAC COL CTRL PAC

Figure 4. Shear stiffness. A and B, Shear stifiness was evalu-
ated by applying shear siress in both the longitudinal (A} and
transverse (B) planes while holding a myocyte between horizon-
tally arranged glass plates. The shear stress was applied by
shifting the fop glass plate connected to a piezoelectric transla-
tor via the carbon fiber. Scale bars=10 um. C, The shear stiff-
ness (shear stress/shear strain) in longitudinal planes. Shear
stifiness of the CTRL myocytes (4.57+0.20 kPa, n=15)
increased after treatment with PAC {(7.21=0.56 kPa, n=16) and
decreased after treatment with COL {2.70=0.14 kPa, n=18) in
the long-axis (fiber) direction (P=0.00 by ANOVA). D, The shear
stiffiness in transverse planes remains unchanged by the drug
interventions (CTRL: 2.94+0.27 kPa, n=12; COL: 3.37x0.21
kPa, n=15; PAC: 3.66%0.25 kPa, n=15) (P=0.13 by ANOVA).
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Figure 5. The contribution of cross-bridge formation 1o tensile stifiness, shear stifiness, and transverse stifiness. A, Inhibition of cross-
bridge formation with free extracellular calcium concentration (Ca 0 mmol/L, EGTA 0.4 mmol/L) and 20 mmol/l. BDM. BDM decreased
the tensile stiffiness by 29% at 5% strain and 27% at 10% strain compared with 1.1 mmol/L extraceliular calcium {(CTRL) (CTRL:
6.02+0.80 mN/mm? at 5% strain and 12.8+0.73 mN/mm? at 10% strain, n==8; BDM: 4.26+0.39 mN/mm? at 5% strain and 9.36=0.60
mN/mm? at 10% strain, n=15) (P=0.04 at 5% strain; P=0.00 at 10%). B, Transverse stifiness was not altered by BDM treatment

(20 mmol/L) at the extracellular calcium of 1.1 mmol/L (CTRL: 11.6£0.42 nN/um, n=12; BDM: 11.2x0.51 nN/um, n=10; P=0.32). C,
Shear stiffness in longitudinal and transverse planes did not change by free exiracellular calcium and BDM treatment. (Longitudinal

shear stifiness: CTRL, 4.57+0.20, n=15; BDM: 4.69+0.33, n=9; P=

BDM: 3.13£0.23 kPa, n=6; P=0.29.)

by 27% at 10% strain (Figure 5A). On the other hand, neither
transverse stiffness (Figure 5B) nor shear stiffness in both
longitudinal and transverse planes was altered by cross-
bridge inhibition (Figure 5C).

Because a previous study showed the effect of microtu-
bules proliferation on the viscosity of the myocardial tissue in
response to the tensile deformation,!? we also evaluated the
viscous properties of cardiomyocyte by applying sinusoidal
strain of varying frequencies. The elastic (Storage) and
viscous (Joss) components of the stress/strain modulus were
estimated using Fourier transform at the frequency between 1
and 10 Hz (corresponding to the strain rate of 0.1 to 1 sec™)
(Figure 6A and 6B). Whereas the elastic moduli did not
change appreciably over the examined frequency range, the
viscous moduli were dependent on the strain rate. Neither
COL nor Taxol treatment altered the relation between the
elastic modulus and strain rate, but the PAC treatment
increased the slope of the relation between the tensile strain
rate and the viscous modulus significantly (COL: 9.4%0.5
mN/mm’ per second; CTRL: 11.020.8 mN/mm? per second;
PAC: 14.8=1.1 mN/mm?® per second; n=6 for each, P<0.05
PAC versus COL and CTRL) (Figure 6B). All of these results
were consistent with the previous report.!?

In the case of shear in the longitudinal plane, elastic moduli

were also independent of the frequency (Figure 6C), but the
average value over the tested range (1.0 to 10 Hz correspond-
ing to the shear rate of 0.5 to 5/sec) differed among the 3
groups (COL: 3.4%0.3 kPa; CTRL: 4.8%0.4 kPa; PAC:
8.40.6 kPa; n=6 for each, P<<0.05 for group comparisons
by ANOVA). Similar to the tensile stiffness measurement,
the viscous moduli were dependent on the shear rate (Figure
5D), and the slope of the relation was significantly greater in
PAC-treated myocytes (COL: 0.46+0.01 kPa per second;
CTRL: 0.46+0.02 kPa per second; PAC: 0.53%+0.013 kPa per
second; n=06 for each, P<<0.05 PAC versus COL and CTRL).

To study the roles of microtubules in pathological condi-
tions, measurements were performed on myocytes from
cardiomyopathic (CMP) hamster (Bio-TO2 strain), a well-
known hereditary animal model of congestive heart fail-
ure6:27 using Syrian hamsters as CTRL. The CMP myocytes
showed increased level of microtubules proliferation, which
was normalized after COL treatment (Figure 7A). Tensile

0.37.) (Transverse shear stiffness: CTRL, 2.94x0.27 kPa, n=12;

stiffness at 10% strain did not differ between the 2 groups
(Figure 7B), but longitudinal shear stiffness was increased in
CMP. Furthermore, this increase in shear stiffness was
normalized by COL treatment (Figure 7C).
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Figure 6. The elastic and viscous modulus. A, The representa-
tive data of elastic modulus at 5% tensile strain applied at the
frequency between 1 and 10 Hz (COL, open circles; CTRL, open
boxes; PAC, closed circles). The elastic moduli averaged over
the frequency between 1 and 10 Hz were not different among
the 3 groups (COL: 136.3:10.3 mN/mm?, CTRL: 151.2+16.6
mN/mm?; PAC: 141.8%x16.4 mN/mm?;, n=6 cells for each; not
significant). B, The viscous modulus at 5% tensile strain, which
was dependent on the strain rate. The slope of the relation
between the frequency and the viscous modulus was signifi-
cantly increased by PAC treatment (COL: 9.4=0.5 mN/mm? per
second; CTRL: 11.0:0.8 mN/mm? per second; PAC: 14.8=1.1
mN/mm? per second; n=6 for each; £<0.05 PAC vs COL and
CTRL). G, The elastic modulus at 10% shear strain in the longi-
tudinal plane. The elastic moduli were independent of the fre-
quency, but the average value over the tested range (1.0 40 10
Hz) differed among the 3 groups (COL: 3.4x0.3 kPa; CTRL:
4.8x0.4 kPa; PAC: 8.4+0.6 kPa; P<0.05 for group comparisons
by ANOVA). D, The viscous modulus at 10% shear strain in the
longitudinal plane. Similar to the tensile stifiness measurement,
the viscous moduli were dependent on the frequency, and the
slope of the relation was significantly greater in PAC treated
myocytes (COL: 0.46=0.01 kPa/sec; CTRL: 0.46::0.02 kPa/sec;
PAC: 0.53%0.013 kPa/sec; n=6 for each; P<0.05 PAC vs COL
and CTRL).
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Figure 7. Cell stifiness under pathological condition. A, Proliferation level of microtubules in CMP hamster was elevated compared with
the control hamsters (CTRL) but normalized after COL treatment (CMP-COL). The proliferation level was quantified as the light intensi-
ties of the anti-tubulin fluorescence in the confocal images normalized to the cell area. (CTRL: n=9; CMP: n=8; CMP-COL: n=10;
P=0.00 for group comparisons by ANOVA.) B, Tensile stiffness at 10% strain was-not significantly different among 3 groups. (CTRL:
15.621.43 mN/mm?, n=11; CMP: 15.6:20.72 mN/mm?, n=11; CMP-COL: 15.2+1.28 mN/mm2, n=10; P=0.96 for group comparisons
by ANOVA,) G, Shear stifiness in longitudinal plane was increased in CMP, and normalized by COL treatment: (Longitudinal: CTRL,
4.6=0.43 kPa, n=12; CMP, 8.8=0.87 kPa, n=11; CMP-COL, 4.5:0.39 kPa, n=11; P=0:00 for group compariscns by ANOVA.) (Trans-
verse: CTRL, 3.1x0.21 kPa, n=12; CMP, 3.2x0.31 kPa, n=11; CMP-COL, 2.9%0.26 kPa, n=10; P=0.66 for group comparisons by
ANOVA.) Shear stiffness in the transverse plane did not differ among the 3 groups.

Discussion
In the present study, we measured cellular stiffness as well as
stiffness against shear deformation in both the longitudinal
and transverse planes. From all of these measurements, we
found that changes in the microtubule density induced by
drug interventions had marked influences on the shear stiff-
ness in the longitudinal plane. In animal model of heart
failure, we also demonstrated that the elevated level of
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Figure 8. Finite element model of cardiomyocyies. A, Three-
dimensional image of cytoskeleton structures. Microtubules
were stained by anti-g-tubulin antibody (red) and actin stained
by rhodamine phalloidin (blue). The obtained images using con-
focal microscopy with 0.2-um thick slices were reconstructed
using Micro-AVS software (KGT Inc; Tokyo Japan). B, Sche-
matic representation of the model. Myofibrils {light blue boxes)
are interconnected transversely by desmin intermediate fila-
ments (thin red fines). A cytoskeletal network composed of
microtubules (thick red rods) and actin filaments (green lines)
surrounds the myofibrils. C, Microtubules under control (no-
load) conditions are in a compressed state (see color-coding
scale, bottom right). D, Microtubules during tensile deformation
show no change in the strain-state. E, Some of the microtubules
are highly compressed during shear deformation. F, Calculated
moduli under 5% tensile (T), 10% longitudinal shear (S(L)), and
10% transverse shear (S(T)) deformation. Black bars indicate
control condition; white bars, reduced number of microtubules
mimicking COL treatment.

microtubule proliferation in pathological condition was asso-
ciated with an increase in shear stiffness in longitudinal plane,
which was normalized by COL treatment.

Because microtubules have been implicated in many
pathological conditions of the heart, such as cardiac hyper-
trophy, heart failure, and ischemia,®®2 many researchers
have studied their roles in determining the mechanical prop-
erties.!'-1429.30 These studies by applying either stretch or
anisoosmotic stress to the myocyte or muscle preparations
found no significant change in the passive stiffness of the
myocardium'!-1229-30 but only found an effect on viscosity of
the microtubule proliferation. Our measurement using carbon
fiber technique confirmed these findings. Quantitative com-
parison of the viscosity with previous studies is difficult
becanse various indices of viscosity have been used.!2!?
However, in a similar study applying cyclic stretch to the rat
papillary muscle,’? Yamamoto et al reported approximately
1.7 fold increase (estimated from their Figure 7) in the slope
of the relation between viscous constant (the area of the
hysteresis loop) and the strain rate by PAC treatment. The
increase in slope identified in this study (=1.35) is a little
smaller, but the use of different index of viscosity may
account for this discrepancy.

Although the effect on the tensile stiffness has not yet been
definitely identified, a few studies have suggested the me-
chanical rolé of microtubules against shear strain. Tagawa et
al,'* using magnetic twisting cytometry, showed a 100%
increase in the stiffness and a 300% increase in the viscosity
after microtubule proliferation induced by pressure overload
hypertrophy. Recently, Lammerding et al*' measured local
cell stiffness and reported anisotropy in the material proper-
ties of adult mouse cardiomyocytes. Their index of local
stiffness differed by a factor of 2 between the longitudinal and
transverse directions. We also found that, at the baseline, the
cellular shear stiffness was anisotropic in nature (also differed
by factor of 2), probably reflecting the preferential distribu-
tion of the microtubule density in the longitudinal direction.?®
Although the data in these studies'?3! were obtained by
applying rotational shear locally using magnetic twisting
cytometry, thus not translated into cellular stiffness measured
in this study in a straightforward manner, they can be taken to
support the present finding,
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The change in cross-bridge state induced by BDM did not
affect the shear stiffness. This may be a surprising result if the
shear stiffness of the intact myocytes measured in this study
directly reflects the property of myofibril. However, as
Palmer and Ross have shown in isolated rat cardiomyo-
cytes,?? the lateral coupling between domains of sarcomeres
(myofibril) is loose, and these domains slip in response to
externally applied force as if they were solid bodies con-
nected by strings. Therefore, we consider that the shear
stiffness measured in the intact myocytes mainly reflects the
property of cytoskeleton connecting the myofibrils. Similarly,
our index of lateral stiffness derived from the initial phase of
contact might not probe the small BDM-induced change in
myofibrillar stiffness of the resting myocyte.

Why do microtubules modulate only the stiffness against
shear strain without changing the tensile stiffness? Gittes et
2123 measured the flexural rigidity of microtubules and actin
filaments to find that the rigidity of microtubules is 3 orders
of magnitude greater than that of actin filament. Because the
estimated tensile stiffness of a single microtubule was much
greater than that of the longitudinal stiffness of the cell, they
concluded that, to accommodate strain, microtubules cannot
be continuous throughout the length of the cell and that
sliding must occur between the filaments. Similar reasoning
can be applied to the cardiomyocyte in which microtubule
structure has no effect on the tensile stiffness but does affect
the viscosity. On the other hand, to modulate the stiffness
against shear applied either locally'? or globally (in the
present study), microtubule cytoskeleton must be linked, at
least weakly, and anchored to the sarcolemma. We consid-
ered that crosslinking with other compliant cytoskeletal
structure, eg, actin filament, microtubules can give such
mechanical properties to the cardiomiyocytes. That is, tensile
strain is absorbed by the compliant actin network and the
microtubules serve as beams to resist compression when shear
stress was applied to the myocytes. The basic idea was similar to
the cellular tensegrity model, in which compression-resistant
elements (microtubules) support the cell against compression
generated by the surrounding tensed cable network to form a
structure for mechanotransduction.t*

We developed a simulation model to evaluate this hypoth-
esis. We used the finite element method to model myofila-
ments, desmin intermediate filaments, cytoskeletal actin fil-
aments, and microtubules as distinct structures with their
respective material properties reported in the literature. (sup-
plemental Table). Because the constitutive equation of the
myofibril is not available currently, we modified and used the
constitutive equation of the myocardial tissue proposed by
Humphrey et al.>+ Titin, the major determinant of the passive
tensile stiffness of cardiac myocyte at shorter sarcomere
length,? was not modeled as a distinct element, but included
in the myofibril. In addition, the following assumptions were
made: (1) actin only bears tension and cannot resist compres-
sion; (2) microtubules are elastic and preferentially orientated
in the longitudinal direction; (3) actin filaments and micro-
tubules are comnected to form the cytoskeleton and are
anchored to the sarcolemma (outermost elements) in a dis-
crete fashion; and (4) myofilaments are interconnected trans-
versely by desmin intermediate filaments at the Z-line (Figure

8A and 8B). Because we applied a prestretch (1%) to the actin
filaments, all the microtubules were in a compressed state
undes the control condition (coded in blue to green in Figure
8C). Next, we simulated the effects of tensile stress and shear
stress using this model. When we applied a stretch (5%} to the
cell, the microtubules became rearranged, but no change in
the strain status of the microtubules was observed (Figure
8D). On the other hand, application of a shear (10%) induced
high compression of some of the microtubules (green to red
in Figure 6E). In accordance with the experimental results, in
response to a 70% reduction in the number of microtubules
(181 to 52), tensile stiffness (T) and shear stiffness in the
transverse plane (S(T)) did not change appreciably, whereas
the shear stiffness in the longitudinal plane (S(L)) clearly
decreased (Figure 6F). Furthermore, we repeated the calcu-
lations under different conditions. (1) To examine whether
prestress affect these parameters, we repeated the calculation
under the condition of zero prestress. (2) Young’s modulus of
microtubule was raised to 1.2 GPa corresponding to a
persistence length of 5200 pm.?* The changes in the final
result were modest in both cases (shown in the online data
supplement).

Shear deformation of the cardiac tissue has seldom at-
tracted the interest of researchers, probably because the
muscle has been regarded as a linear force generator from the
conventional physiological point of view. In reality, however,
each cardiomyocyte being stretched and contracted in the
complex force field of the ventricular wall undergoes signif-
icant shear deformation. Omens et al measured the 3D strain
in the isolated arrested canine left ventricle and found that the
shear strain reached 0.05 to 0.1 at the endocardium when a
15 mm Hg of intraventricular pressure was applied.** Dokos
et al35 measured the shear properties of passive myocardial
tissue to find highly anisotropic nature of myocardium
reflecting the alignment of myocytes as well as their laminar
structure. Also in beating human left ventricle, release of
shear deformation has been demonstrated to play a critical
role in relaxation.* Purthermore, anisotropy in the shear
stiffness has also been suggested to play an important role in
cardiac function.’” The present data clearly showed the
importance of microtubules in determining such mechanical
properties and could establish a link between the constitutive
properties of each myocyte and the whole ventricle. In
addition, shear stress may also serve to transmit mechanical
signals to the nucleus via the microtubule network during the

development of cardiac hypertrophy.
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