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H

2. £ AL F B B F%
2 - 1. MHEC mRNAODO & % (S 1 %2 2 v 7 — ¥ H)
OB 2 ke Y F 4 X L (MK : 1% SDS, 50mM
Na acetate, 10mM EDTA, pHT7.4), * v P 7 =2 / — N B
(371 & v B B W © £ RNA % #1 B L 2. X £ B i f H
L &z DNA 7 ®w — 7 &, 3" K M A Pst 1 Hl PR OB KR Y M W OK
B » T W % pCMHCminisSé& &9 & & v 2 B % 4 7 MHC O cDNA

g v — v T & 5 (Fig. 2, No— N — F R B. Nadal-
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S
N|
a
|
N|
prd
t>
ol

Ginard{ £ & v & 5 & h #£ ) [2¢].

347bp T, B -MHIC& * E v ¥ — @O &b % # 4 » 304bpd b,

I DO 5 b 180bp B a -MHCE & * T v ¥ — ¥ & 3. L - T

B -MHC mRNA &3 304Dboyp ~nAg4 7T Y 5S4 XL, a-MHEC

mRNA & & 180bp L &» »~ A4 7 U % 4 X L B W 2 & it X 3
D & D L T v — 7 D3 KB P 2 5 X VL, 30 ¢ ¢

O ¥ RNA %, 80% 7 + ¥ A 7T ¥ FHEET T »~A4 7V 5 4

Z Ex gk (42°C, 18BHBME) . OO a b T B -MHEC

nRNAD ~ 4 T Y ¥ 4 ¥ — ¥ a Yy R RE —T b % & F X

5, Wik s 1 X v v v — € kK & b, ~N 4 7Ty ¥ 4 X L I3

D oot — K B s 2 E I L 2 (257, 1 8 B o). T

B h £ EWE S.3ME R MexE Y 7 2 9 AT 3 FF N
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1

B oL 7.

2 - 2, MEC 7 4 v ¥ 4 & O kK& &

MHC mRNAO B & kK @ A L &£ % v 7 1o — 8 %2 *x T Y F
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KH,PO., 10mM Na.P:.0-., InmM MgCl., pH 6.4) [38]ik &
Dirry‘/é.!;a%mmtf:.74‘/*:“‘4A0)5}%ﬁ&i,

Hoh 5 [8]1 0oHW%EiHES &, 20nMYEm Y v EID 3.1 %

F Y LB LS RE (F 4 2 7 ik #, Gel

147

¥ v 7 2 vy N7
Electrophoresis Apparatus GE~-2/4, Pharmacia LKB)
i X b T oo o C o E S k®H B o1 B2 TFig. S5 R L T

S B X h & T 4V YA LA D EEFRAE, nRNAOD R % & [H
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2. MEHC mRNA & U i€ 7 A4

Fig. T B -MHC mRNA #H X &

4+ %) & 5 U Ik VI-MHCT A

+ % 100%& 3 %) o % {t %

aus

®» B -MHC mRNA o© # & & Shanf¥

HH T C*HEBERKRSMEZ=Z2IMRFRL
n 35H H ¥ TH B kK E #EH %
CoA B o© B -MHC mRNA &

& 3 5 &, 145 BH ¥ T &

v

4

N

1-..
e

R

e

-

L

PERPA

( a

4
o

i

V3I-MHCT7 4

”

lag

time

» W E X h, oM AEREF O EE D

HoF 8 L K& L, B R KT

( Fig. 8).
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3 X 95 Kk
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), S0 % B EE E LTI
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B oL fo.

(&

ShanBf © £ ¥ ff 0 2 % 7 @

%

%

R

: 34,

i OE

¥ 4 A

R

X

P2

bed

[+

i

-

A

4

it

D & H % 100% &

op

g (ViE V3o

T b 5. CoA ¥

NV T b 7 B H &

i, 14 H BH & W

( B -MHC mRNA:

+ 7.6%) (Fig.

F L &£ (B -MHC

:31.1~ 87.0%) .

B B X U Shanif o # & & & —

o H #H W, & B R

7

-

i<

b

_18_

B U

L 7z

%2 CoA B o ¥ ¥y @ &

P

7

7 T & B &, X



V3

\YJ

T

MHC

fi&d

1

-MECT 4 V

4

% 1t

Norm

& Sh

\g

v
MHEC 1t

f

\yd

Normal+Thy

V)]

e i,

B 0, 71TH

74 V¥

& B LT

3O R IR &

fifl

B

Sham

= %5 (Fig. 9

B -MEHC mRNA

10, 21 =

4 & K B W

7= (Fig. 1).

L €T Sham

» 5 &

-MEC mRNA &

-

k& L #F T E

( Fig. 1T).
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¥ % B o {£ &, B -MHEC#E £ F % BH o W & « €8 B L T W 3.

1TH H o & B o i 2 k& L T A& B L&, Bk b 3 < & i,

Normal+thy§¥l§l5’$®§¥@fi§bfliii‘—‘:’ij{L'Ck\%C&f)i’ﬁﬁ

B x h 7z (B -MHC mRNA:# 85%; V3I-MHCT 4 v ¥ 4 6 8

36% ) (Fig. 7).

3. I A4 ¥ ¥ ATPasei® # H o & 1t

[

Fig. 10 & 3 # ¥ ¥ ATPasei® # i 0o £ it 2 & L & 7
7 T &b 5. Ca?* 4k I ¥ ATPasei® # @ o & {t W, MEC 7 4

v ¥ 4 A ¥ 4 T 0ol K ERBRLTEB D, VI-MHCE B £ »

= o L CattiR T M ATPaseld ¥ fE B & < & D, W ol V3I-MHC
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o M ks T W B [8]. A E R E R K B WT &
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INTRODUCTION

Hypertrophy is clearly the basic adaptative response of the
heart to hemodynamic overload, and an increase in myocardial mass
has been shown to be associated with a decrease in wall tension
per sarcomere. In the early search for biochemical correlates of
cardiac hypertrophy, the relation between decreased mechanical
performance and decreased myosin ATPase activity was confirmed in
various animal models of hemodynamic overload and by a direct

relationship between the rate of ca?*_stimulated myosin ATPase

activity and the maximum velocity of muscle shortening. The
changes in myosin ATPase activity were later found to be due to
the three different myosin isozymes (V1, V2 and V3), which are
thought to be correlated with two myosin heavy chains (- ¢-MHC and
B-MHC); V1 is the aa homodimer and has the highest ATPase
activity, V3 is the BB homodimer with the lowest ATPase activity,
while V2 is the 0B heterodimer. Recently, it has been shown that
Vi- to V3-MHC isoform transition is induced by hemodynamic
overload, and this process is mainly regulated by pretranslatio-
nal mechanisms. Also, previous studies have demonstrated that the
induction of the B-MHC caused by hemodynamic overload can be
overcome at pretranslational levels by higher doses of the
thyroid hormone. However, several questions still remain,
including whether the shift toward the g-MHC during pressure
overload is induced by a decrease in serum thyroid hormone
levels, and how the shift of the MHC is related to the
development of cardiac hypertrophy process.

To answer these questions, I examined the interaction between



the effects of aortic coarctation and serum thyroid hormone
levels on a- and B-MHC gene expression at the messenger RNA
(mRNA) level and on MHC isozyme transitions in rats, compared
with a sufficient number of sham-operated animals, from 3 hours
to 77 days following surgery. To elucidate the processes involved
in the development of cardiac hypertrophy, biochemical (myosin
ATPase activity, serum thyroid hormone levels), physiological
(blood pressure) and pathological (heart wall thickness, light

and electron microscopic histology) studies were performed.

MATERIALS AND METHODS

Animals and Surgical Procedures

Ten-week-0ld male Wistar Imamichi rats, weighing approximate-
ly 300g at the time of operation, were used. Surgical coarctation
of the aorta was made at the abdominal artery, just above the
renal artery, by knotting a thread around the artery with a 20-
gauge needle, under pentobarbital anesthesia (15.0mg/300g body
weight,Vadministered.intraperitoneally). For these studies, a
coarctation group (CoA, n=75), a coarctation group with daily
injection of thyroid hormone (T4) (CoA+Thy, n=41) and, as
controls, a sham-operated group (Sham, n=75), a non-operated
group (Nor, n=22) and a non-operated group with daily injection
of thyroid hormone (T4) (Nor+Thy, n=23), were prepared. The
mortality rate of this procedure was about 18.5% in the CoA
group, 19.6% in the CoA+Thy group, 12.8% in the Sham group and 0%
in the Nor and Nor+Thy groups. In the CoA+Thy and Nor+Thy groups,

16 pg/head of L-thyroxine (Sigma), which was dissolved in 0.4ml



of 0.9% NaCl containing 0.001N NaOH, was injected daily,
subcutaneously. At successive times following surgery (CoA and
Sham: 3, 6, 12 and 24 hours, and 3, 7, 10, 14, 21, 28, 35, 42, 56
and 77 days; CoA+Thy: 12 and 24 hours, and 3, 7, 10, 21, 42 and
77 days; Nor: 0, 21, 42 and 77 days; Nor+Thy: 7, 21, 42 and 77
days), five or six animals were weighed and their blood pressure
measured. Blood samples were then taken, and the animals were
killed. The heart was rapidly excised, the left and right
ventricles were separated, and the free wall thickness was
measured. The ventricles were immediately frozen in liquid
nitrogen, stored at -80°C and subjected to MHC mRNA, MHC isozyme
and myosin ATPase activity analyses. For each of these studies,

parts of the same left ventricle were used.

Biochemical Studies

MHC mRNA analysis (S1 nuclease analysis)

Total cytoplasmic RNA was extracted from the myocardium,
using the hot phenol procedure. The DNA probe used in this study
was the 3' end PstI fragment of pCMHC mini5 ( B -type MHC cDNA
- clone). The probe was hybridized in DNA excess to 30 ug total RNA
in 80% formamide for 18 hours at 42 °C. S1 nuclease digestion was
done for 1 hour at 25°C and the digestion products were separated
by 6% polyacrylamide 8.3M urea-sequencing gel. The proportions of
o - and B-MHC mRNA were quantitated by measurement of the X-ray
film density exposed from the gel, using a laser densitometer
(Ultroscan XL, Pharmacia LKB). The proportion of each band was

calculated by the area of the resolved Gaussian curves.



MHC isozyme analysis

Myosin was extracted from the myocardium of part of the same
sample using MHC mRNA analysis at 4 °C with Hasselbach-Schneider
solution (final concentration: 0.6M KCl, 0.1M potassium
phosphate, 10mM sodium pyrophosphate, and 1mM MgCl,, pH 6.4), and
isoforms were separated by 3.7% polyacrylamide gel electrophore-
sis in the presence of 20mM sodium pyrophosphate. The density of
each band (V1, V2 and V3) was gquantitated with a laser
densitometer. The proportions of Vi, V2 and V3 were calculated by
the resolved Gaussian curves and a half value of V2 density was

added to those of V1 and V3.

Myosin ATPase activity

Both Ca2*- and (K*)EDTA-stimulated myosin ATPase activities
were determined. The myosin was extracted from the sample using
MHC mRNA and isozyme analyses at 4°C with Guba-Straub solution
and the myosin concentration was measured by Lowry's method. The
Ca2+— and (KV)EDTA-stimulated ATPase activities were calculated

as described previously.

Levels of thyroid hormones in serum

The serum was separated immediately after blood sampling, and
stored at -20 °C. Serum concentrations of total thyroxine (T4) and
triiodothyronine (T3) were measured by radioimmunoassay (Clinical

Assays, Baxter Healthcare Corporation).



Physiological Studies

Blood pressure

The blood pressure was monitored before the animals were
sacrificed. Heparinized saline-filled catheters (I.D. 0.28mm
catheter forlartery, I.D. 0.31mm flexible catheter for vein) were
inserted into the right carotid artery or the right jugular vein,
and the pressure was measured by a physiological pressure

transducer (P10EZ Transducer, Statham-Gould Instruments).

Pathological Studies

Left ventricular free wall thickness

The left ventricular free-wall thickness (outflow portion
(outf)) was measured, after the left and right ventricles were
separated, and normalized to the body weight to express the

value.

Histology

Heart specimens taken from the left ventricular free wall
were fixed in 10% formalin, embedded in paraffin, and 4 ﬁm—thick
sections were cut and stained with hematoxylin-eosin for the
morphological studies. The diameter of myocardial cells was
méasured on a longitudinal section across the nucleus of the
cells by a micrometer in the microscope. The mean value of the
cell diameter was calculated from 100 cells for each heart, as
described previously. The same ventricular samples were studied

using electron microscopy.



Statistical Analysis

The results were expressed as mean #* standard deviation (SD).
Statistical comparisons among more than three groups were carried
out using analysis of variance and Newman-Keul's test for
multiple sample comparisons. Unpaired'Student's t-test was also
used for comparisons between two groups. The relative data (Bg-MHC
mRNA and V3-MHC isozyme) were evaluated after transformation to
normal distribution of values using the arcsine transformation.
The probability was considered to be significant if the p value

was less than 0.05. -

RESULTS

Hemodynamic and Histological Studies

Significant increases in the LVPSP in the CoA and CoA+Thy
groups were observed compared with the Sham group from the 3rd
day following surgery. The mean PA and RVEDP in the CoA and
CoA+Thy groups did not change significantly, compared with the
Sham group. The increases in left ventricular end-diastolic
pressure and right atrial pressure in the CoA and CoA+Thy were
also not significant, compared with the Sham group. The left
ventricular free-wall thickness (LVTh(outf)/body weight) in the
CoA group showed a slight decrease, as seen in the Sham group
until the 7th day, but thereafter, a significant increase was
observed, compared with the Sham'group. In the CoA+Thy group, the
LVTh(outf)/body weight was significantly higher than in the Sham
group, at all timiﬁg points. Significant differences in the

myocyte diameter were observed from the 7th day following



surgery. As electron micrographs revealed no edema in the inter-
stitium or cytoplasm at all timing points, this increase in
myocyte diameter was the result of hypertrophy. From these
results, I confirmed that heart failure did not exist but the
left ventricle was overloaded in these coarctation models.
Moreover, from the data of LVTh(outf)/body weight and myocyte
diameter, it was confirmed that hypertrophy induced by pressure
overload was recognizable from 1 or 2 weeks following

coarctation.

Changes in MHC Isoforms at both mRNA and Protein Levels

" The rise in the R-MHC mRNA level in thé CoA group was
statistically significant compared with the Sham group, from 1 to
35 days following surgery. At the protein level, a significant
increase in the CoA group was observed from 7 to 35 days
following surgery. Although there were no significant differences
between the CoA and Sham groups, the rise in the B-MHC mRNA level
was observed from 3 hours and that in the V3-MHC isozyme started
at 24 hours following surgery. In the CoA group, a lag time
between the appearances of R-MHC mRNA'éhd V3-MHC isozyme was seen
until 14 aays following surgery; the increase in the B-MHC mRNA
occurred earlier than in the V3-MHC isozyme. The switch from

o (V1)- to B(V3)-MHC seemed to be completed at around 14 days

o

following coarctation (B-MHC mRNA: 38.6 % 6.6%; V3-MHC isozyme:
34.4 +7.6%), and thereafter, the mean values of B(V3)-MHC reached
a plateau (B -MHC mRNA: 34.0 - 40.8%; V3-MHC isozyme: 31.1 -

37.0%). From 56 days following surgery, the mean levels of g(V3)-



MHC in the CoA and Sham groups were the same.

In the CoA+Thy and CoA groups, there were significant
differences (p<0.05) in the B-MHC mRNA at 1, 3, 7, 10 and 21 days
following surgery, and in the V3-MHC isozyme at 7, 10 and 21 days
following surgery. The proportion of'B(V3)—MHC in the CoA+Thy
group showed nearly the same level as in the Sham group at all
timing points (p=NS, CoA+Thy vs. Sham). Also in the Nor and Sham
groups, there were no significant differences in the g(V3)-MHC at
all timing points. In the Nor+Thy group, the proportion of g(V3)-
MHC stayed at quite'a low level throughout all timing points (B-
MHC mRNA: 14.5 + 3.6%; V3-MHC isozyme: 13.3 t6.8% at the 77th
post-operative day, p=NS compared with the Nor group at day 0).
Furthermore, the mean proportion of B(V3)-MHC at the 77th day,
interestingly, reached a similar level in all groups ( B -MHC
mRNA: approximately 35%; V3-MHC isozyme: approximately 36%)

except for the Nor+Thy group.

Changes in Myosin ATPase Activity during Pressure Overload

A similar correlation was observed between the fluctuations

2+ _gtimulated myosin ATPase

2+ _

in the levels of MHC isoforms and Ca
activity. In the CoA group, the MHC mRNA, MHC isozyme and Ca
stimulated ATPase activity changed rapidly up to 14 or 21 days
following surgery and these parameters reached nearly the same
level, and thereafter, these values were maintained. (KY)EDTA-
stimulated myosin ATPase activity in both the CoA and CoA+Thy

groups showed no changes at all timing points.



Whether the Shift Toward the B-MHC during Pressure Overload

Is Induced by a Decrease in Serum Thyroid Hormone Levels?

Thyroid hormone is a potent regulator of the cardiac as well
as the skeletal muscle MHC gene family. In the ventricle, hyper-
thyroidism induces the o-MHC gene expression and deinduces the g§.
Indeed, the developmental transitions of the ventricular myosins
have been shown to coincide with the postnatal surge of thyroid
hormone.

I measured circulating total T4 and T3 levels to examine
whether the induction of the B-MHC during coarctation may
possibly be associated with a decrease in serum thyroid hormone
levels. The T4 and T3 levels were almost the samé in the CoA and
Sham groups. In both groups, total T4 levels were decreased
during 24 hours (CoA: 1.63 +0.67 pg/dl; Sham: 1.57 +0.61 pg/dil,
p<0.05 compared with the Nor group at day 0) and these levels
were maintained until 3 days following surgery, but from the 7th
day, they returned approximately to the normal level. Especially,
T3 levels continued to be significantly lower in the CoA and Sham
groups, compared with the Nor group, except at 77 days following
surgery. At the 77th day, there were almost no differences among
the CoA, Sham and Nor groups. This phenomenon might have been due
to the surgical stress itself, as a decrease in serum thyroid
hormone levels in a variety of stressful conditions has been well
documented. However, this transient decline of total T4 and long-
term decline of T3 in thyroid hormone levels would not account
for the switch from o- to B-MHC observed in the CoA group, since

there were almost no differences in serum thyroid hormone levels
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between the CoA and Sham groups.

I next explored whether a high dose of thyroid hormone could
prevent the effect of pressure overload on MHC gene expression.
When L-thyroxine (16ﬁg/head/day) was administrated in the CoA+Thy
group following coarctation, the proportions of B-MHC mRNA and
protein decreased slightly the day after surgery, but thereafter,
the proportions of B-MHC mRNA and protein increased gradually and
showed similar levels to those in the Sham group. However, serum
thyroid hormone levels were quite high in the CoA+Thy group (T4:
14.35 - 18.62 pg/dl; T3: 1.60 - 2.45ng/ml), as observed in the
Nor+Thy group (T4: 19.34 - 28.30 pg/dl; T3: 2.16 - 2.93 ng/ml),
and were low in the Sham éroup (T4: 1.57 - 3.27 pg/dl; T3: 0.36 -

0.59ng/ml).

DISCUSSION

It has been shown that MHC isoform transition induced by
pressure overload 1is mainly regulated by pretranslational
mechanisms. In this study, I confirmed this fact and also showed
that the change at the gene level had already begun at 3 hours
after coarctation.

The interplay of pressure-overload and serum thyroid hormone
levels on MHC isoform transitions was studied. The data presented
here showed that the serum total T4 and T3 levels in the CoA and
Sham groups were nearly the same at all timing points. In the CoA
group, however, a significant accumulation of the B-MHC mRNA and
corresponding protein was observed compared with the Sham group,

in which the MHC isoform transitions were almost the same as in
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the Nor group. This result demonstrates that the shift toward the
B-MHC during pressure overload observed in the CoA group is not
induced by a decrease in serum thyroid hormone levels, and that
the mechanisms of MHC transition regulated by pressure overload
are different from those caused by thyroid hormone which affect
the gene directly.

I also confirmed that a high dose of thyroid hormone (T4)
could prevent the effect of pressure overload on the MHC gene
expression seen in the CoA group. In the CoA+Thy group, however,
in spite of serum thyréid hormone levels being kept high as in
the Nor+Thy group, the B-MHC gene expression was not maintained
at a low level as in the Nor+Thy group; the proportion of g -MHC
increased gradually, as in the Sham group. Moreover, at 77 days
following surgery, the relative amount of the B-MHC reached a
similar level in all groups, except for the Nor+Thy group. These
results indicate that the accumulation of the a-MHC mRNA due to
the effect of thyroid hormone might have equalled the accumula-
tion of Bg-MHC mRNA due to that of pressure overload in this
study.

In the CoA group, during 35 days following surgery, a
significant accumulation of B (V3)-MHC was observed compared with
the Sham group. In other words, there was a lower state of ATPase
activity and muscle contraction speed compared with the Sham
group. In that study, we examined the correlation between cardiac
MHC isozymes and frequency of minimum stiffness (f£i,) which are
expected to reflect directly the contractile rates of the inter-

action between myofibrillar proteins, using rats with coarctation
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of the aorta. The results showed a linear correlation between Vi-

MHC isozyme and £ (r=0.82). On the other hand, after the 56th

min
day, the relative levels of g(V3)-MHC were the same as those in
the Sham group, which means that the ATPase activity and muscle
contraction speed were the same as in the Sham group. In this
stage, the biochemical adaptation to the hemodynamic overload was
no longer necessary, because the hypertrophy of the heart had
been accomplished, judging from cell diameter and LVTh(outf)/body
weight, and the hemodynamic state had stabilized. These findings
demonstrate that the ;qualitative" response (MHC changes) to
pressure overload begins first, and later the "quantitative"
response (hypertrophy) can be seen. I consider that at the
myocardial level, the adaptational mechanisms consists of two
processes; at first, the MHC changes lead to an improved
efficiency at the fiber level, and then the hypertrophy itself,

by simply multiplying the contractile units, 1is a secondary

adaptational process.
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