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Abstract

Expression of the cardiac myosin isozymes is regulated during
development, by hormonal stimuli and hemodynamic load. In
this study, the levels of expression of the two isoforms (a and
B) of myosin heavy chain (MHC) during cardiac hypertrophy
were investigated at the messenger RNA (mRNA) and protein
levels. In normal control and sham-operated rats, the a-MHC
mRNA predominated in the ventricular myocardium. In response
to aortic coarctation, there was a rapid induction of the S-MHC
mRNA followed by the appearance of comparable levels of the
B-MHC protein in parallel to an increase in the left ventricular
weight. Administration of thyroxine to coarctated animals caused
a rapid deinduction of 8-MHC and induction of a-MHC, both
at the mRNA and protein levels, despite progression of left ven-
tricular hypertrophy. These results suggest that the MHC iso-
zZyme transition during hemodynamic overload is mainly regulated
by pretranslational mechanisms, and that a complex interplay
exists between hemodynamic and hormonal stimuli in MHC gene
expression.

Introduction

In several models of cardiac hypertrophy, an increase in myo-
cardial mass has been shown to be associated with a decrease in
active tension and velocity of shortening (reviewed in reference
1). Because of the close correlation observed between the max-
imum velocity of contraction with the specific activity of myosin
ATPase (2), the early search for biochemical correlates of cardiac
hypertrophy centered around the attempts to relate myosin
ATPase activity to physiological function. The relationship of
decreased mechanical performance to decreased myosin ATPase
activity was reported in several animal species in various models
of hemodynamic load (reviewed in reference 3). In addition, the
changes in myosin ATPase activity have been shown to be as-
sociated with altered contractile performance in various patho-
physiological states, including physical training, hyper- and hy-
pothyroidism, and other hormonal changes (3).
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Differences in myosin ATPase activity were later found to
be due to the existence of the distinct myosin isozymes called
V1, V2, and V3, in order of decreasing electrophoretic mobility
and ATPase activity (4). These three isozymes, however, consist
of two heavy chains (a and §) associated with identical light
chains; V1 is the aa homodimer and has the highest ATPase
activity; V3 is the 88 homodimer with the lowest ATPase activity;
while V2 is believed to be the af heterodimer (5). Thyroid hor-
mone induces V1 myosin and deinduces V3 in all species so far
studied (reviewed in reference 6). Hemodynamic overload on .
rat (7, 8) and rabbit (9) ventricles and human atria (10, 11) has
been shown to result in the transition of myosin toward V3,
thus providing, at least in part, a biochemical basis for the de-
crease in contractility associated with hypertrophy (12). In the
ventricles of larger animals, in which normal ventricular myosin
is predominantly V3, little or no isozyme transition occurs in
response to hemodynamic overload (13). Immunological studies
and peptide mapping suggested that the a- and 8-myosin heavy
chains (MHCs)! differ in primary structure (reviewed in refer-
ences 6 and 14). More recently, complimentary DNA (cDNA)
and genomic DNA cloning experiments have demonstrated that
they are coded by two separate genes (15-17) that are linked 4
kilobases apart in the rat genome (18).

With the availability of gene-specific DNA probes, it is now
possible to address the question of how the MHC isozyme tran-
sitions observed during cardiac hypertrophy are regulated. In
this study, we examined the effect of aortic coarctation (CoA)
on a- and B-MHC gene expression at the messenger RNA
(mRNA) and protein levels in the rat. The close correlation ob-
served between the relative levels of a- and -MHC mRNAs
and their corresponding proteins suggests that the MHC isozyme
transition induced by pressure overload is mainly regulated by
pretranslational mechanisms. In addition, thyroid hormone,
when given to coarctated animals in high enough doses, is able
to reverse at the pretranslational level the MHC isozyme tran-
sition produced by pressure overload.

Methods

Animals and surgical procedures. The study consisted of two groups of
rats. The first group included male Wistar rats that were 6-8 wk old and
weighed ~ 180 g at the time of operation. Surgical procedures were
carried out under pentobarbital anesthesia, 40 mg/kg i.p. CoA was per-
formed by placing a partially occluded weck hemoclip around the upper

1. Abbreviations used in this paper: CoA, aortic coarctation; MHC,
myosin heavy chain; nt, nucleotide; T}, tri-iodothyronine; T, thyroxine.
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part of the abdominal aorta as described (8). The mortality rate of this
procedure was ~ 60% in this study, but almost all surviving rats developed
significant degrees of cardiac hypertrophy. Most of the death occurred
during early postoperative period. The major causes of death included
leg ischemia, acute congestive heart failure, sudden death, and acute
renal failure. Sham-operated controls (7 = 10) underwent an identical
procedure except for placement of the hemoclip. The abdominal incision
was closed and the animals were allowed to recover. Subgroups (n = 18)
of operated animals received intraperitoneal injection of L-thyroxine
(Sigma Chemical Co., St. Louis, MO) 10-20 ug/d for the duration of
the experiment as specified in the text. 63 out of 150 operated rats survived
the procedures and were killed at predetermined days after the operation
(2,4,6,8,11, 13, 15, and 32 d). Sham-operated animals were also killed
after different time intervals postoperatively; however, their results were
pooled since the different parameters measured (see below) did not vary
significantly with time. The body weight was measured and the heart
was rapidly excised. The atria, great vessels, and right ventricular free
walls were removed. The left ventricles were opened, rinsed in cold saline,
blotted dry, weighed, frozen in liquid nitrogen, and stored at —80°C.

The second group of animals ihcluded six male rats, 4-5 mo old and
weighing 350-400 g. In these rats, three sham operated and three with
CoA, pressure measurements were carried out before the surgical pro-
cedure and at the time of killing. Fluid-filled catheters (0.61 mm in
diameter) were inserted into the right carotid artery and right jugular
vein. Pressures were recorded in the central aorta, right atrium, and
main pulmonary artery. The animals were killed 12 wk postoperatively.
The atria, right ventricular free walls, and left ventricles were harvested
separately for mRNA analysis.

Calculation of the percent hypertrophy score. The degree of hyper-
trophy was estimated by calculation of the percent hypertrophy score,
which was defined as: (exp LVW — Th. LVW) X 100/Th. LVW, where
exp LVW is experimental left ventricular weight, and Th. LVW is theo-
retical left ventricular weight derived from the regression curve of left
ventricular weight versus body weight established previously in 87 sham-
operated rats.

MHC mRNA analysis. Total cellular RNA was extracted from the
myocardium by the hot phenol procedure (19) and was stored at —20°C
in ethanol. The DNA probe used was the 3’ end Pstl fragment of
pCMHCS, a cDNA clone specific for the 8-MHC gene (15, 18). This
347-nucleotide (nt) long single-stranded probe, 3’ end-labeled with 3P,
contains 180 nt of common coding sequence at carboxyl end of the a-
and 8-MHCs, in addition to the entire 3' untranslated sequence of the
B-MHC gene, which diverges completely from the «-MHC gene. It also
contains 43 nt of oligo-dT and -dG tails. This probe can be used to detect
both a- and 8-MHC mRNAs specifically by S1 nuclease mapping analy-
sis (20).

The probe was hybridized in DNA excess to 20 ug of total RNA in
80% formamide for 16 h at 42°C. S1 nuclease digestion was done with
150 U of enzyme (New England Nuclear, Boston, MA) for 1 h at 25°C
and the digestion products were separated on 7% polyacrylamide 8.3 M
urea-sequencing gel as described (21). The relative amounts of - and
B-MHC mRNA were quantitated by counting the radioactivity of the
corresponding bands excised from the gels.

Mpyosin isozyme analysis. Crude tissue extracts were obtained from
samples of myocardium weighing ~ 100 mg, crashed in liquid nitrogen,
and extracted at 4°C with 4 vol of a slightly modified Guba’s solution
as described (8). Electrophoretic separation of myosin isozyme was per-
formed in 4% polyacrylamide gel in the presence of 2 mM sodium py-
rophosphate, 2 mM EDTA, 10% vol/vol glycerol, and 0.01% vol/vol 2-
mercaptoethanol at pH 8.5 as previously described (8). It has been dem-
onstrated that identical results are obtained either with the myosin in
crude extracts or with a purified one (7). The intensity of each band was
quantitated by densitometry, and the relative amounts of a- and -MHCs
were calculated by assuming that V1, V2, and V3 correspond to aa, af,
and 3, respectively (5).

Serum thyroid hormone levels. In all thyroxine (T,)-treated and ran-
domly selected untreated animals, 0.5 ml of blood was drawn at the
time of operation and killing. Serum concentrations of T, and tri-io-

dothyronine (T3) were measured in duplicate by radioimmunoassay
(Clinical Assays, Cambridge, MA).

Statistical analysis. The results for different groups of animals are
expressed as meanzstandard error. The statistical significance was de-
termined by analysis of variance and Newman-Keuls test for multiple
sample comparison, and unpaired Student’s ¢ test for two-group com-
parison. The regression line was calculated using the method of least
squares. Statistical significance was considered to be P < 0.05.

Results

Left ventricular hypertrophy caused by CoA produces a shift of
MHC isoforms both at the mRNA and protein levels. We ex-
amined the effect of acute and chronic CoA in the rat at three
different levels: (i) degree of hypertrophy as represented by the
percent hypertrophy score, (i) the MHC isozyme distribution
at the mRNA level, and (iii) at the protein level. To establish
temporal correlations among these variables, animals were killed
at2,4,6, 8,11, 13, 15, and 32 d after operation and the above
three parameters were measured simultaneously. This model of
hypertrophy was chosen because acute pressure overload appears
to produce cardiac hypertrophy more rapidly than volume over-
load or various hypertension models in rats (8).

Fig. 1 shows the time course of the hypertrophy score in this
animal model. The hypertrophic response is already evident
(24+2%, P < 0.05 compared with sham) at 2 d after the operation
and reached a peak around the 11th postoperative day (49+8%).

To obtain biochemical correlates of cardiac hypertrophy,
total cellular RNA was isolated from the left ventricles of the
same animals shown in Fig. 1. The relative levels of the mRNAs
coding for the a- and 8-MHCs were quantitated by S1 nuclease
mapping, which allows the detection of closely related gene
products with high specificity and sensitivity (21). Fig. 2 4 shows
a representative S1 mapping analysis of the a- and 8-MHC
mRNAs, using as a probe the 3’ end-labeled Pstl fragment of
pCMHCS5, a cDNA clone specific for the rat 8-MHC. With this
probe, the S-MHC mRNA was shown to yield a fully protected
304-nt long fragment, while the x-MHC mRNA produces a 180-
nt long partially protected fragment (20). In normal adult and
sham-operated controls, the a-MHC mRNA predominated,
whereas a significant accumulation of the 3-MHC mRNA was
detected in the coarctated animals. Full protection of the probe
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Figure 1. Time course of percent hypertrophy scores. The number in
abscissa indicates postoperative days. The sham-operated animals were
pooled into one group (see Methods). The numbers of samples in each
group are: sham, 10;2d,6;4d,6;6d,4;8d,5;114d, 3;15d, 8;and
324, 3.
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also indicates that the 8-MHC mRNA induced by hemodynamic
load is identical to the 8-MHC mRNA present in the fetal and
hypothyroid ventricles and slow skeletal muscle at its 3’ untrans-
lated sequences (Fig. 2 A and reference 20). These results dem-
onstrate that 3-MHC mRNA induced by coarctation is coded
by the same 8-MHC gene that is expressed in fetal and hypo-
thyroid ventricles and slow skeletal muscle (18).

We next examined whether these changes in the relative levels
of the a- and 8-MHC mRNAs would be reflected in the corre-
sponding protein levels. Fig. 2 B shows a representative pyro-
phosphate gel electrophoresis of the myosin extracted from the

left ventricles of the same animals shown in Fig. 2 4. Three
bands, V1, V2, and V3, were detected in the coarctated animal,
whereas only one band (V1) is visible in this sham-operated
control. The close correlation between the corresponding mRNA
(Fig. 2 A4) and protein (Fig. 2 B) levels is readily apparent.

To better illustrate the temporal correlation between the
mRNA and protein levels, the time courses of the mean levels
of .-MHC mRNA and protein were superimposed in Fig. 3. In
sham-operated animals, the levels of 3-MHC mRNA and protein
were identical (4+2%). After CoA, the rise of S-mRNA preceeded
that of S-protein and reached its initial peak 2-4 d before that
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nondenaturing gel electrophoresis. The
same ventricular samples shown in Fig. 2 4
were analyzed.
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Figure 3. B-MHC gene expression during aortic coarctation. The time

courses of the relative amounts of the 3-MHC mRNA (solid circles)

and corresponding protein (open circles) in the left ventricles are

shown. The left ventricular samples analyzed were the same as those

shown in Fig. 1.

of the protein. The peak values for 5-MHC mRNA (41+8%, P
< 0.001 compared with sham) and protein (35+3%, P < 0.001
compared with sham) are similar (P = NS, mRNA vs. protein).
There was a trend toward transient decline in percent 8-mRNA
at 8 d, and the percent protein also showed a similar tendency
3 d later; however, these did not reach statistical significance (P
< 0.1) by analysis of variance. In the chronic stage, 32 d after
operation, the mean values of the 8-mRNA (31+6%) and protein
(37£9%) are similar (P = NS, mRNA vs. protein). Although we
did not directly measure the rate of synthesis and degradation
of the a- and 8-MHC proteins, the close correlation observed
between the relative levels of mRNAs and the corresponding
proteins strongly suggests that the MHC isozyme transition dur-
ing hemodynamic overload is mainly regulated by pretransla-
tional mechanisms. The lag time between the two parameters
seen during the early stages could be accounted for by the dif-
ferent half-lives of MHC mRNA (50-60 h) (20, 22) and protein
(7-9 d) (23). Translational and posttranslational mechanisms,
if present, do not appear to play a major role in the production
of the MHC phenotypes in this model of cardiac hypertrophy.

The causes of the tendency toward bimodal response in the
MHC isozyme transition observed both at the mRNA and pro-
tein levels are not clear. It is tempting to speculate that the initial
rapid response is due to a sudden rise in systolic ventricular wall
stress, which then returns toward normal with the development
of hypertrophy, thus resulting in a decrease in 8-MHC gene
expression at 8 d after coarctation. However, this hypothesis
does not explain the reelevation of the percent 3-MHC mRNA
at 15 d and thereafter, when wall stress would be close to normal.
Additional studies with precise hemodynamic data would be
necessary to further clarify this phenomenon.

To examine the correlation between the morphological and
biochemical parameters during cardiac hypertrophy, the values
of B-MHC protein were plotted against hypertrophy scores. As
shown in Fig. 4 there is a positive linear correlation between
these two parameters (r = 0.735, P < 0.0005), which suggests
that the hypertrophic process and the MHC isozyme shift occur
simultaneously in these acute and subacute stages of overload.
A similar correlation between the percent V3 and percent hy-
pertrophy in several models of cardiac hypertrophy was previ-
ously demonstrated in rats killed at chronic stages (8).

Effect of CoA on MHC gene expression in the atria and right
ventricles. The MHCs expressed in the atria and right ventricle

60
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r=0.735
p<0.0005
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0 20 40 60 80 100
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Figure 4. Correlation between percent 8-MHC protein and percent
hypertrophy scores.

are encoded by the same genes expressed in the left ventricles
(20). We next examined whether the changes in MHC gene
expression produced by CoA are limited to the left ventricle or
extend to the right ventricle and atrium. In a separate set of
experiments, hemodynamic measurements and MHC mRNA
analyses were performed to relate these two parameters. Larger
rats (350400 g, 4-5 mo old) were used for ease of catheterization,
and were killed 12 wk after operation to avoid the possible acute
and subacute effects of surgical stress.

The mean aortic pressure in these animals (Table I 4) showed
an increase of 48+5 mmHg compared with the sham controls
(P = 0.005). The mean pulmonary artery pressure increased
from 131 to 18+1 mmHg (P < 0.025). The right atrial pressure
did not change significantly. In these rats (6-7 mo old at the

Table I A. Effect of CoA on MHC Gene Expression
in the Atria and Right Ventricle: Pressures (mmHg)

Mean AO Mean PA Mean RA
Sham (n = 3) Pre 1106 ND ND
Post 1155 13+1 1+0
12 wk CoA Pre 108+3 ND ND
(n=3) Post 163+5 18+1 2+1

Table I B. Effect of CoA on MHC Gene Expression
in the Atria and Right Ventricle: Percent -MHC mRNA

LV RV Atria

% % %
Control (n = 3) 22 24 5
12 wk CoA (n=3) 77 75 10

Pressure measurements and MHC mRNA analysis were done on the
same animals. (4) Mean AO, mean aortic pressure; mean PA, mean
pulmonic pressure; mean RA, mean right atrial pressure; pre, before
operation; post, at the time of killing; and 12 wk CoA, 12 wk of CoA.
(B) Note: The samples were pooled in each category and, therefore, no
standard error was given to the percent numbers. LV, left ventricular
free wall; RV, right ventricular free wall; and atria, both right and left
atria.
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time of killing) the percent 3-MHC mRNA in the ventricles of
the sham-operated controls was higher (Table I B) than that of
younger animals, in agreement with the previous findings of the
effect of aging on myosin isozyme transition (24). 12 wk after
the operation, there was a significant induction of 8-mRNA
(above 70%) in the right and left ventricles of coarctated animals,
while it was not induced significantly in the atria. Although we
did not measure the 3-MHC protein in these 12-wk postoperative
animals, similar percentages of V3 myosin in both left and right
ventricles were observed previously in chronically coarctated
rats that were free of signs of congestive heart failure (8).

These results demonstrate that the right ventricle can undergo
a degree of MHC isozyme transition similar to that seen in the
left ventricle despite a relatively small increase in the mean pul-
monary artery pressure. However, when the differences in the
wall thickness and ventricular geometry between the right and
left ventricles are taken into account, it is possible that the stress
imposed on the individual myocyte in these animals might have
been similar in both ventricles. A detailed hemodynamic study
would be necessary to further examine this issue.

The absence of significant MHC isozyme shift in the atria
is consistent with the notion that increased hemodynamic load
is the major determinant of the MHC isozyme transition, since
no significant change in pressure was observed in the right atrium.
It has been shown that human atria undergo the a- to 3-MHC
transition in various pathological conditions (10, 11). However,
it remains to be determined whether rat atrium also undergoes
MHC isozyme transition in response to hemodynamic overload.
It merits mention that thyroid hormone manipulation triggers
little response on the MHC genes in the rat atrium, in contrast
to its marked effect on the expression of the same genes in the
ventricles (25, 26).

Thyroid hormone can overcome the effect of coarctation on
MHC gene expression. Thyroid hormone is a potent regulator
of the cardiac as well as skeletal muscle MHC gene family (25).
In the ventricle, hyperthyroidism induces the «-MHC gene and
deinduces the 8. Indeed, the developmental transitions of the
ventricular myosins have been shown to coincide with the post-
natal surge of thyroid hormone (27).

We measured circulating T, and T levels to examine whether
the induction of the 3-MHC gene during CoA may possibly be
associated with a decrease in thyroid hormone levels. As shown
in Table II, T4 and T; levels were significantly lower in the
coarctated rats at 2 and 4 d after operation than in nonoperated
controls. This phenomenon might have been due to the surgical
stress itself, as the decrease in thyroid hormone levels in a variety
of stressful conditions has been well documented (reviewed in
reference 28). However, this transient decline in thyroid hormone
levels would not account for the a- and $-myosin transition
observed in the coarctated animals, since the 8-MHC gene re-
mained expressed even after thyroid hormone levels returned
to the control levels (eight postoperative days and thereafter).

We next explored whether high doses of thyroid hormone
could overcome the effect of pressure overload on MHC gene
expression. When L-thyroxine (20 ug/d) was administered 32 d
after coarctation, there was a rapid deinduction of the 8-MHC
mRNA within 4 d (Fig. 5 A) followed by a decrease in corre-
sponding protein (Fig. 5 B). Furthermore, when L-thyroxine (10
ug/d) was administered daily starting 4 d before the operation
and continued 4 and 13 d after the coarctation, the inducation
of the 8-MHC gene was prevented at both the mRNA (Fig. 6
A) and protein levels (Fig. 6 B) despite the fact that these animals

Table II. Serum Thyroid Hormone Levels (Mean+SE)

n Ts Ts

pg/dl ng/dl
Preoperative control 17 2.65%0.15 6916 (n=15)
2 d post-op sham 1 1.23 45
2 d post-op CoA 3 1.25+0.20* 44+4*
4 d post-op sham 1 0.74 40
4 d post-op CoA 3 1.39+0.27* 51+8¢
8 d post-op CoA 4 2.51+0.50 61+8
2 wk post-op CoA 3 2.47+0.30 ND
32 d post-op sham 1 2.55 84
32 d post-op CoA 3 2.35+0.12 753
32dCoA+T,1d 4 6.34+1.07* 97+54
32dCoA+T,4d 3 10.02+0.85* 129+4*

n, number of samples.

* P < 0.0005 (compared with preoperative control.)
+P<0.01.

§ P<0.05.

had similar or higher hypertrophy scores (up to 97%) than those
with coarctation alone. These results are in agreement with the
previous report indicating that thyroid hormone prevented the
decrease in myosin ATPase activity associated with CoA (29).
Chronic treatment (12 wk) with physiological replacement dose
of L-thyroxine (1.5 ug/100 g per d), on the other hand, did not
prevent the induction of 8-MHC gene produced by CoA (30).
These results indicate that hemodynamic overload causes the
induction of the 8-MHC gene in the presence of physiological
levels of thyroid hormone, but this effect can be overcome at
the pretranslational level by higher amounts of the hormone
(see Table II).

A B-MHC mRNA B B-MHC Protein
_ 50 p<0.05
NS
p<0.005
— P<0005
40 |- p<0.05 40}
—b<005

PERCENT

32d CoA 33d CoA 36d CoA
+Th1d +Tha4d

32d CoA 33d CoA 36d CoA
+Th 1d  +Th 4d

Figure 5. Effect of thyroid hormone on MHC gene expression in
coarctated rats. (4) 3-MHC mRNA. (B) 8-MHC protein. 33 d CoA
+ Th 1 d, CoA for 32 d followed by L-thyroxine injection (20 ug/d)
for 1 d (n=4).36 d CoA + Th 4 d, CoA for 32 d followed by L-
thyroxine injection (20 ug/d) for 4 d (n = 3).
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Figure 6. Effect of CoA plus thyroid hormone on MHC gene expres-
sion. (4) B-MHC mRNA. (B) 8-MHC protein. 4 d CoA + Th, CoA
plus L-thyroxine injection (10 ug/d) for 4 d (n = 3). 13 d CoA + Th,
CoA plus L-thyroxine injection (10 ug/d) for 13 d (n = 5). Daily T,
injection was started 4 d before the operation in these experiments,
since administration of thyroid hormone starting at the day of opera-
tion resulted in 100% mortality of the animals.

Discussion

Cardiac adaptation to work overload involves both quantitative
and qualitative changes in its constitutive contractile units. Pre-
viously, it has been postulated that, when faced with increased
hemodynamic loads, the first adaptational mechanism is to in-
crease the ventricular mass by addition of new sarcomeres. When
this process reaches its maximum, the a- to 8-MHC isozyme
switch, shown to be a thermoeconomically beneficial process
(31), occurs as the second adaptational process (reviewed in ref-
erence 32). The results presented here, however, demonstrate
that these two processes do not occur sequentially. Instead, they
occur simultaneously as the rapid rise in -MHC mRNA and
its protein is seen concomitant with the hypertrophic response
(Figs. 1 and 3).

Theoretically, a change in the MHC isozyme can take place
by several different mechanisms: (i) changes in the transcriptional
rate of each gene, (ii) selective changes in the mRNA stability,
(iii) preferential translation of a particular mRNA, and (iv)
changes in protein stability. The observed close correlation be-
tween the relative levels of MHC mRNAs and the corresponding
proteins strongly suggests that the MHC isozyme transition dur-
ing hemodynamic overload is mainly regulated by pretransla-
tional mechanisms. Translational and posttranslational mech-
anisms need not be invoked to account for the observed MHC
phenotypes in this model of hypertrophy.

From the data presented here, it is not possible to conclusively
determine whether changes in the a- and 8-MHC mRNA levels
are due to changes in transcriptional rate or in mRNA stability.
We and others have previously shown that the cardiac MHC
isozyme transition during normal development and thyroid
hormone manipulation is regulated by changes in the levels of
the respective mRNAs (20, 33), which in turn appear to be tran-
scriptionally regulated. Furthermore, the preliminary results of
nuclear run-off experiments suggest that thyroid hormone reg-
ulates the a- and 8-MHC genes at the level of transcription, and
not by changes in mRNA half-life (34). Although it remains to

be proven whether the same holds true during hetnodynamic
overload, the observed severalfold accumulation of the 8-MHC
mRNA within 2 d is unlikely to derive solely from an increase
in its stability. Indeed, the fact that an animal that died of acute
congestive heart failure 12 h after coarctation had already ac-
cumulated significant amounts (40%) of the 5-MHC mRNA
(data not shown) suggests that a very rapid increase in the cy-
toplasmic accumulation of .-MHC mRNA could occur in re-
sponse to a sudden increase in hemodynamic loads.

The issue of whether or not the relative increase in S-MHC
mRNA and protein, during CoA, is accompanied by an absolute
decrease in a-MHC mRNA and protein cannot be resolved here
conclusively. Northern blot analysis using a probe common to
both a- and S-MHC mRNAs detected no significant increase in
the MHC mRNA concentration during hypertrophy when
normalized to equal amounts of total cellular RNAs (data not
shown). However, nearly 90% of the total cellular RNA is ri-
bosomal RNA which increases in proportion to mRNA with
cardiac hypertrophy (35). Therefore, the MHC mRNA concen-
tration relative to total cellular RNA may remain constant even
though its absolute amount increases during hypertrophy (36).

Since the sham-operated controls and the atria of the coarc-
tated animals did not exhibit MHC isozyme shifts, it seems rea-
sonable to assume that the observed changes in MHC gene
expression during hypertrophy are caused by increased afterload,
either directly or indirectly. Note, however, that increased af-
terload is not the only consequence of CoA. This manipulation
might cause a rise in circulating catecholamine levels as a stress
response to surgical trauma and/or activation of the renin-an-
giotensin system by reduced renal blood flow due to the su-
prarenal coarctation. Norepinephrine (37, 38) and possibly an-
giotensin-II could, in principle, directly stimulate myocardial
cell hypertrophy independent of their hemodynamic effects.

The effect of norepinephrine on cardiac cell growth in culture
has been shown to be mediated by stimulation of a;-adrenergic
receptor (38), which couples to the hydrolysis of membrane
phosphatidylinositol followed by release of inositol triphosphate
(39) and activation of protein kinase-C (40). Furthermore,
phorbol esters, direct activators of protein kinase-C, can cause
hypertrophy when given to cultured neonatal cardiac cells (41).
However, it is not known whether norepinephrine or activation
of protein kinase—C per se plays any role in mediating the effect
of pressure overload on production of cardiac hypertrophy in
vivo (42). In addition, norepinephrine does not appear to cause
MHC isozyme transition in cultured neonatal cardiocytes (ref-
erence 43 and our unpublished observation).

In various models of cardiac hypertrophy in vivo, systolic
and diastolic wall stress have both been implicated as major
determinants of the degree and pattern of hypertrophy during
pressure and volume overload (44). Previous studies using iso-
lated heart preparations demonstrated that increased wall tension
alone can directly stimulate protein synthesis (45). Furthermore,
a-amanitin-sensitive RNA polymerase II activity, taken as an
index of mRNA synthesis, was reported to be increased in iso-
lated cardiac nuclei subjected to hydrostatic pressure (46).

These observations, in combination with the results presented
in this report, suggest that increased hemodynamic load is likely
to be the major determinant mediating the observed changes in
MHC gene expression at the pretranslational level, although we
cannot fully exclude the possible contributions of some hormonal
factors in our experimental model. In addition to its effect on
MHC gene expression, CoA also induces the mRNAs coding
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for the skeletal a-actin and S-tropomyosin genes which are nor-
mally expressed in the ventricles of the fetal and neonatal but
not the adult animals (47, 48). Moreover, recent studies have
demonstrated the presence of an increased amount of B (fetal)
creatine kinase (49), and fetal-like myosin light chain 1 (50) in
hypertrophied human ventricles. Therefore, induction of genes
encoding fetal contrictile protein isoforms may be a general
phenomenon in response to hemodynamic overload. However,
little is known as to the precise mechanisms of how hemody-
namic stimuli are converted into biochemical signals that lead
to changes in gene expression. ,

Thyroid hormone is perhaps the most well-defined modu-
lator of expression of the MHC multigene family (25). It has
been shown that the developmental transition (8 to a) of the rat
ventricular MHC isozymes coincides with the postnatal surge
in circulating thyroid hormone level (27). In the present study,
however, changes in circulating thyroid hormone levels did not
account for the observed changes in the MHC gene expression.
The observation that the skeletal -w-actin and S-tropomyosin
genes, which are induced by hemodynamic overload, do not
respond to thyroid hormone manipulation (47) further supports
the notion that the induction of the 8-MHC gene during CoA
involves different mechanisms from those triggered by thyroid
hormone. Conversely in coarctated animals, high levels thyroid
hormone can “override” the pretranslational effect of biochem-
ical signals induced by hemodynamic loads. This action of thy-
roid hormone is probably independent of its effects in vivo on
hemodynamic or adrenergic factors, since the §- to a-MHC iso-
zyme transition induced by this hormone occurs in cultured
myocardial cells both at the protein (43, 51) and mRNA (our
unpublished observation) levels. Although thyroid hormone ap-
pears to regulate the expression of the MHC genes mainly at
the transcriptional level (34), it is yet to be demonstrated whether
its regulation is direct, presumably mediated by Ts-nuclear re-
ceptor bound to the regulatory regions of the MHC genes, or
indirect, acting through the modulation of secondary intracellular
signals.

It has been shown that many other pathophysiological states,
including exercise (52, 53), diabetes (54, 55), starvation (56),
high carbohydrate diet (56), adrenalectomy (56), dwarfism (57),
and gonadectomy (58), can also modulate the cardiac MHC
isozyme distribution. It remains to be scen whether these stimuli
act independently on the expression of the MHC genes or
whether their effects are mediated by a common biochemical
signal. It is of interest that these seemingly divergent patho-
physiological states, including hemodynamic and various hor-
monal manipulations, dppear to have a common feature; that
is, they all can influence energy metabolism of the myocardium.
Further work is needed, however, to elucidate the precise mo-
lecular mechanisms of MHC gene regulation and of cardiac hy-
pertrophy.
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