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Biochemical Correlates of Cardiac Hypertrophy
I. EXPERIMENTAL MODEL; CHANGES IN HEART WEIGHT, RNA

CONTENT, AND NUCLEAR RNA POLYMERASE ACTIVITY

By K. G. Nair, M.D., Ph.D., A. F. Cutilletta, M.D.,

Radovan Zak, Ph.D., Tadashi Koide, M.D., and Murray Rabinowirz, M.D.

ABSTRACT
Cardiac hypertrophy occurred in mature rats after producing supravalvular

aortic stenosis with a specially designed silver clip. For 2 weeks following this
procedure, heart weight, body weight, and RNA content of the myocardium
were serially determined. Heart weight and RNA content increased within 24
hours of aortic banding, reaching a maximal level in 2 days and remaining
elevated during the 2 weeks of observation. Nuclei were isolated and purified
from heart muscle homogenates, and changes in RNA polymerase activity fol-
lowing aortic banding were determined. The nearest neighbor frequency of
the bases of the RNA synthesized by the polymerase from nuclear preparations
was identical in both the banded animals and the sham-operated controls. Both
groups could thus be compared on the basis of the enzyme assay. RNA poly-
merase activity in nuclei from the hearts of banded rats rose rapidly when
compared with the activity in sham-operated rats; peak values were reached
on the second day, the earliest detectable change being around 12 hours. The
increase in RNA polymerase activity represents one of the earliest biochemical
events that take place in the myocardium following aortic banding.

ADDITIONAL KEY WORDS ventricular water content aortic banding
DNA base analysis of RNA nearest neighbor frequency analysis of RNA
isolation of heart nuclei RNA polymerase rat

• The mechanisms by which physiological
stimuli such as pressure or volume overload
of the heart produce cardiac hypertrophy are
not clear. Of particular interest is the manner
by which increased cardiac work leads to the
synthesis of nucleic acids and protein in the
myocardium. I t is now thought from experi-
mental evidence in bacterial and mammalian
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systems that DNA-dependent RNA poly-
merase plays a key role in the control of
protein synthesis. An increase in protein
synthesis is preceded by the following events:
(1) transcription of de-repressed segments of
DNA template by RNA polymerase with
resultant increase in the synthesis of RNA;
(2) translation of the "message" present in
the newly produced RNA by the ribosomal
assemblage to form polypeptide chains hav-
ing specific ammo acid sequences; and (3)
self-assembly of protein subunits with the
formation of a protein that has a characteristic
secondary and tertiary structure.

Our laboratory is investigating the bio-
chemical events that occur during experimen-
tal cardiac hypertrophy. This communication
presents the details of the experimental model
and the data relating to the changes in heart
weight and RNA content of the myocardium
following supravalvular aortic constriction.
The sequential changes in the activity of the
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DNA-dependent RNA polymerase, which is
responsible for the synthesis of cellular RNA,
were measured in isolated cardiac nuclei. To
evaluate the results of these assays, the near-
est neighbor frequency of the bases in RNA
synthesized by isolated nuclei from hyper-
trophied hearts was compared with controls.
Our studies indicate that one of the earliest
events following aortic banding is an increase
in the RNA polymerase activity of the ven-
tricular myocardium.

Material and Methods
LIST OF ABBREVIATIONS

PCA = perchloric acid
PEP = phosphoenolpyruvate

PK = pyruvate kinase
ATP = adenosine triphosphate
GTP = guanosine triphosphate
CTP — cytosine triphosphate
UTP = uridine triphosphate
AMP = adenosine monophosphate
GMP = guanosine monophosphate
CMP = cytosine monophosphate
UMP = uridine monophosphate

Production of Experimental Cardiac Hyper-
trophy.—We used mature female rats of the
Sprague-Dawley strain weighing 200 to 220 g.
They were fed on Purina chow ad libitum. Left
ventricular hypertrophy was produced by a stan-
dard procedure in which the ascending aorta was
banded by a circular clip made of silver wire 0.85
mm thick. For rats weighing 200 to 210 g the
clips were made from 6.25-mm lengths of wire:
for rats weighing over 210 g the pieces of wire
were 0.25 mm longer. To produce sufficient aortic
constriction, it is important that the ends of the
clip close as shown in Figure 1 (b). The slight
crossover of the two ends of the clip also prevents
the band from becoming loose.

The rats were anesthetized intraperitoneally
with Brevital (sodium methohexital), 30 to 35
mg/kg body weight. Positive-pressure respiration
was produced by passing 95% O2-5% CO2 through
an oral tube at the rate of 3 liters/min with inter-
mittent compression of the nose and mouth. Ab-
dominal distention was prevented by a binder.
Following thoracotomy in the fourth left inter-
costal space, the ascending aorta was dissected
free and the silver clip fitted over it. Sham-
operated litter mates matched for body weight
served as controls. A similar dissection was per-
formed around the aorta but no clip was intro-
duced, and the chest wall was rapidly closed. The
mortality rate was about 30%, the chief cause of
death being acute pulmonary edema in the imme-

FIGURE 1

Instrument used for banding the ascending aorta.
The ends of a pair of artery forceps were modified to
hold silver clips made from 6.5-mm lengths of wire.
The internal area of the hand is approximately 1.6
mms. The hand should he interlocked as shown in b
and not as in a.

diate postoperative period. Fewer than 1 out of
200 rats died after the first day of the operation.

Determination of Heart Weight and Nucleic
Acid Content.—Body weights were recorded at
the time of surgery and again before the animals
were killed by rapid decapitation. The hearts
were quickly excised, blotted, and weighed. The
left ventricles were minced and divided into
samples for the determination of dry and wet
weight, RNA and DNA content, and tissue nitro-
gen content. Left ventricular dry weight was ob-
tained by drying a weighed amount of tissue
(about 100 mg) in a vacuum oven at 80°C for
1 week. Tissue nitrogen was estimated in a sepa-
rate sample by the Kjeldahl micromethod.

The DNA and RNA content of the mycardium
were determined by a modification of the method
of Maggio, Siekevitz and Palade (1). A sample of
myocardium (50 to 100 mg) was ground in 0.25
ml of ice-cold 0.5N PCA using a mortar and pestle
and a small amount of sea sand (reagent grade,
Merck). The homogenate was diluted to 3 to 4 ml
with 0 .5N PCA and allowed to stand in ice for 1
hour. After low speed centrifugation (2,000 X g)
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for 3 minutes in a refrigerated centrifuge, the
precipitate was washed once with 2 to 5 ml of
ice-cold 0.5N PCA, twice with 2 to 5 ml of abso-
lute ethanol and finally with 2.5 ml of ether. The
precipitate was dried under a tungsten lamp.
RNA and DNA were extracted from the dried
samples in 4 ml of 0 .5N PCA at 70°C for 20
minutes. The extraction was repeated and the
combined extracts were used for the estimation
of RNA by the orcinol method (2) and DNA
by the diphenylamine method (3). Calf thymus
DNA (Sigma) and yeast RNA (Sigma) were
used as standards.

Isolation of Nuclei-Nuclei were isolated from
heart muscle homogenates by differential centrifu-
gation using 2 .2M sucrose. Details of the method
for isolation of purified nuclear fractions from
heart muscle have been published previously (4).
The fractionation procedure is based on the
method published by Widnell and Tata (5) and
Chauveau et al. (6) .

RNA Polymerase Assays.—DNA-dependent
RNA polymerase activity in nuclear preparations
was assayed according to the methods of Weiss
(7) and Widnell and Tata (5).

System I (Mgs + -activated reaction).—-The 0.5-
ml incubation mixture contained: 50 ^u-moles of
his-HCl buffer pH 7.5, 2.5 /orioles MgCU, 10
pinoles of freshly neutralized glutathione, 5
/Ltmoles of PEP (Sigma), 10 /xg of PK (Sigma),
3 yumoles of NaF, 0.4 /Amoles each of GTP, CTP,
and ATP (Sigma), 0.024 /xmoles of UTP-a32P
(specific activity 200 to 300 fie/jumole, Schwarz
BioResearch) and 0.1 ml of nuclear suspension
containing 100 to 200 ^tg DNA. In some experi-
ments the labeled nucleotide was in the tritiated
form (»H-CTP or «H-UTP, specific activity 200
to 300 /*c//umole).

System II (Mns+, NHt
+ -activated reaction).—

The 0.5-ml incubation mixture contained: 50
(Ltmoles of tris-HCl buffer pH 7.5, 2 jumoles of
MnCl2) 300 /xmoles of (NH4)-,SO4 adjusted to
pH 7.5 with NH4OH, 5 /nmoles of PEP, 10 Mg
PK, 0.4 pinoles each of GTP, CTP, and ATP,
0.024 fimoles of UTP-a-^P and 0.1 ml of nuclear
suspension containing 100 to 200 jug of nuclear
DNA. In some experiments the labeled nucleotide
was 3H-CTP or *H-UTP, specific activity 200 to
300 /jiclfjumole.

All incubations were carried out in duplicate in
a Dubnoff shaker at 37°C. The blanks contained
5 ml of 0 .5N PCA added at zero time. The period
of incubation was 5 minutes, during which the
rate of incorporation of labeled nucleotide into
RNA was linear in both systems I and II (Fig.
2). Incorporation of labeled nucleotide into RNA
was linearly related to enzyme concentration in
both systems (Fig. 3).

The method for the extraction of radioactive

Circulation Research, Vol. XXIII, September 1968

RNA was as previously described (4). Samples
were counted in a liquid scintillation counter
(Packard) using Bray's solution (8).

Nearest Neighbor Frequency Analyses of the
Bases in RNA.—The method of Josse et al. was
followed (9). The details of this procedure as
applied to RNA extracted from RNA polymerase
reactions have been published earlier (4). The
hydrolyzed nucleotides were separated and esti-
mated by anion exchange chromatography as
described by Katz and Comb (10).

Results
Changes in Heart Weight.—The heart

weights of banded animals are compared to
those of sham-operated litter mates in Figure
4. A small increase in heart weight was al-
ready present within 24 hours after aortic

5000

4000-

1000-

• — • System I (Mg2+)

O—o System I (Mn2*, NH

10 20 30 40 50 60 70

Minutes of Incubation

FIGURE 2

Time course of incorporation of SH-UMP into RNA.
In system I a plateau was reached after 5 minutes
of incubation. Note the twofold stimulation by
(NHJJQSO^ at 5 minutes, and the fivefold stimulation
at 45 minutes, of incubation.
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100 200 300

DNA in Nuclear Suspension

Relation between enzyme concentration (as indicated
by the amount of DNA in the nuclear suspension)
and enzyme activity in assay systems I and II.
SH-CTP was used as the labeled nucleoside triphos-
phate. Incubation was for 5 minutes at 37°C.

banding. From the first day on, the differ-
ences in heart weight were highly significant
(Fig. 4). In this series, the average weights
of hearts exceeded those of the sham-operated
ones by 150 mg. The evidence indicates that
there is a rapid relative increase in heart
weight during the first 2 or 3 days and that
this difference is maintained but not sub-
stantially increased as the animals continue
to grow.

There was a considerable scatter of the
values of the heart weights of the banded
rats. The extent of hypertrophy varied from
10% to 60% above control values. This scatter
was probably due to the critical nature of the
aortic stenosis; small differences in the degree
of narrowing may result in much greater
differences of the degree of hypertrophy
achieved. When the bands were examined

NAIR, CUTILLETTA, ZAK, KOIDE, RABINOWITZ

at autopsy it was found that those with
areas varying from 1.4 mm2 to 1.8 mm2

invariably produced significant cardiac hy-
pertrophy. Bands with areas smaller than
1.2 mm2 produced death from left ven-
tricular failure and pulmonary edema. The
margin between the degree of constriction
required to produce hypertrophy or heart
failure is therefore quite narrow.

The data presented in Figures 4 and 5
show results of a series of experiments per-
formed by the same surgeon under rigorously
controlled conditions. Two other series of
similar size yielded identical results with re-
spect to heart weight and increase in RNA
content. Minor variations in technique pro-
duced small but systematic differences in the
magnitude of the changes observed. For
illustrative purposes the data for one of the
series are given here.

Ventricular water content was estimated in
127 hearts (47 with aortic banding, 60 sham-
operated controls, and 20 unoperated rats).
The values were 75.88 ± 1.59 mg/100 ml (SD)
in the banded rats, 75.94 ± 1.55 mg/100 ml
in sham-operated controls, and 75.57 ±0.86
mg/100 ml in unoperated litter mates. These
differences in water content are not statistical-
ly significant; therefore, the changes in cardi-
ac weight following aortic banding are not
secondary to changes in myocardial water

s 900-

< 700-

DAYS AFTER BANDING

FIGURE 4

Changes in heart weight following surgery in banded
rats (solid circles) and in sham-operated rats (open
circles). *P <0.005; -fP<0.05.
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DAYS AFTER BANDING

FIGURE 5

Changes in RNA concentration and total ventricular
RNA at various times after surgery in banded rats
(solid circles) and sham-operated rats (open circles).
*P < 0.005; fP < 0.05; x P < 0.20.

content. The increases in heart weight corre-
late very well with increases in tissue nitrogen
as estimated by the Kjeldahl micromethod.

Changes in RNA Concentration and Total
Ventricular RNA.-The RNA content of the
heart increases rapidly during the early phase
of cardiac hypertrophy (11-22). An increase
in both RNA concentration per milligram of
wet weight and total ventricular RNA was
observed within 24 hours after aortic banding
(Fig. 5). Maximal increases in RNA concen-
tration (30%) and total ventricular RNA (65%)
were seen by the second day after the
production of acute supravalvular aortic
stenosis. The RNA concentration and total
ventricular RNA reached a plateau value
thereafter and remained elevated for at least
12 days (Fig. 5). During the first 2 weeks
following aortic banding the increase in RNA
concentration paralleled the increase in heart
weight, as seen in Figure 6. Hearts with the
greatest hypertrophy had the greatest incre-
ment in RNA content. The relationship be-
tween heart weight and RNA content is
accentuated, of course, when total ventricular

Circulation Research, Vol. XXIII, September 1968

RNA is plotted against the percent increase
in heart weight.

Four to 8 weeks after banding of the aorta,
heart weight and total RNA content remained
significantly greater than in controls. How-
ever, the heart weight did not increase pro-
gressively in this relatively small series of
animals. The aortic stenosis might have been
expected to pose a more severe hemodynamic
problem with increased growth of the animal
and thus lead to more extreme degrees of
hypertrophy. Even more striking is the ob-
servation that there was only a small in-
crease in RNA content. Total ventricular RNA
remained minimally elevated 2 months after
aortic banding, but the RNA concentration
per milligram of wet weight remained at or
even fell below control values (Fig. 7). In
all rats the bands were intact at the time of
death.

0 10 20 30 40 50 60 70

PERCENT INCREASE IN HEART WEIGHT

FIGURE 6

Relation between the percent increment in RNA con-
centration and in heart weight after aortic banding.
Data are expressed as percent increase over sham-
operated controls. Determinations were made 2 to 8
days after banding. Open circles = changes in RNA
concentration and solid circles = changes in total
ventricular RNA.
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RNA Polymerase System.—The increase in
myocardial RNA content following hypertro-
phy may be secondary to increased synthesis
of RNA or to a decreased breakdown of the
existing RNA, or possibly to a combination
of the two. To evaluate the mechanism of the
increase in RNA, the activity of the enzyme
responsible for RNA synthesis, RNA poly-
merase, was studied. RNA polymerase activity
may be assayed in intact nuclei isolated from
tissues. In such preparations the enzyme is
bound to the nuclear DNA. Under suitable
conditions the RNA polymerase activity may
be a good indicator of the physiological
activity of the enzyme in vivo. A change in
the activity of the enzyme may represent
changes in the template activity of DNA
rather than the amount of enzyme present.
Since changes in the template activity of
DNA may be one of the very early steps
in the evolution of cardiac hypertrophy, a
systematic evaluation of nuclear RNA poly-
merase activity and of its conditions of assay
was carried out.

A method for the isolation of purified nu-
clear preparations from heart muscle accord-
ing to the techniques used by Widnell and
Tata (5) and Chauveau et al. (6) has been
developed in our laboratory. The properties

50

I l0

S o

f -10

<L -30

. - » — - TOTAL RNA

• v—, »

RNA CONCENTRATION'

0 10 20 30 40 50 60 70

Percent Increase in wet wt.

FIGURE 7

Relation between the increase in RNA content and
increase in heart weight 4 to 8 weeks after aortic
banding. The data are expressed as percent change
from the value of sham-operated controls. Note the
decline in RNA concentration during the late phase
of cardiac hypertrophy.

of the RNA polymerase system in nuclear
preparations and the characterization of the
product synthesized by the enzyme under
conditions of low and high ionic strength
have been previously published (4).

The requirements of the RNA polymerase
system are shown in Table 1. All four nu-
cleoside triphosphates are required for the
reaction. Optimal incorporation occurs in the
presence of SH groups and an energy-gen-
erating system. The addition of (NH4)2SO4

at high ionic strength stimulates RNA synthe-
sis. At an ammonium sulfate concentration of
300 /Ltmoles/ml, 1.5- to 2-fold stimulation is
regularly obtained at the end of 5 minutes
of incubation at 37°C. It can be seen from
Figure 2 that in system I, RNA synthesis
reached a plateau after 5 minutes of incuba-
tion. Incorporation in system II continued

4000

3000

2000

• • System I (Mg2*)

O—O SystemI (Mn",NHt)

pH

Effect of pH on RNA polymerase activity in assay
systems I and 11. Tris-HCl buffer was used through-
out. Incubation was for 5 minutes at 37° C.
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TABLE 1
Requirements for Assay of Nuclear RNA Polymerase Activity

Complete system
Minus PEP and pyruvate kinase
Minus glutathione
Minus GTP
Plus 2 ng actinomycin D
Plus 10 M§ actinomycin D

fi/imoles 3H-CMP it
System I

195
105
82
13
s2
15

incorp./mg DNA/5 min
System II

280
196
235

10
s2
27

The compositions of the incubation mixtures used in system I (Mg2 + -activated reaction)
and system II (Mn2 + , NH,t +-activated reaction) are given in Methods.

almost linearly, so that at the end of 40
minutes an apparent 5-fold stimulation of
RNA synthesis was present.

The stimulatory eEect is sensitive to pH.
The pH optima for the two systems are given
in Figure 8. At pH values above 8.0, there
was a sharp reduction in the incorporation
of the radioactive label into RNA in system
I. The concentration of the divalent cations
is also critical; the optimal value for Mg2 +

in system I is 2.5 ^moles/ml, and the optimal
value for Mn2+ in system II, is 2 /xmoles/ml.
Finally, both systems are stimulated by ad-
dition of sulfhydryl groups in the form of
glutathione.

Nearest Neighbor Frequency Analyses of
RNA.—If the assays of RNA polymerase ac-
tivity in hypertrophied hearts and in the con-
trols are to be compared, it is necessary to be
sure that the product of the enzyme reaction
is identical in the two cases. In an earlier
communication we have shown that at rela-
tively low ionic strengths (system I) , the RNA
synthesized has the composition of ribosomal
RNA or its precursor, whereas in the presence
of high concentrations of (NH4)2SO4 (system
II) the RNA is similar to complementary
RNA (DNA-like RNA) in its composition (4).
Table 2 gives the percentage of 2'3' nucleo-
tide monophosphates obtained after alkaline
hydrolysis of RNA synthesized by nuclear
preparations from hypertrophied hearts and
sham-operated controls.

These data show that when system I is
used the RNA has a nearest neighbor frequen-
cy similar to ribosomal RNA, i.e. UMP is

Circulation Research, Vol. XXIII, September 1968

most often adjacent to GMP (over 30%); next
in frequency it is adjacent to UMP itself,
then to CMP and finally to AMP. In system
II the nearest neighbor frequency pattern
differs. Now UMP is most frequently adjacent
to UMP itself, and then to GMP and CMP
about equally. The same nearest neighbor
frequency patterns are found in the RNA
hydrolysates from the polymerase reactions
with nuclei from hypertrophied hearts. Thus
there is no significant difference in the prod-
ucts of the polymerase reactions and the
validity of the assay system appears to be
established.

Changes in RNA Polymerase Activity dur-
ing Cardiac Hypertrophy.—Assays of RNA
polymerase activity were carried out using
nuclear preparations from the hearts of rats

Nearest Neighbor

I

II

system

Control
Hypertrophy

Control
Hypertrophy

TABLE
Frequency

A M P

12.1
12.4

18.3
18.4

2
Analijsis

Total mP recovered in 2',
nuc'.eoside r r s p h a t e

GMP

32.7
30.8

24.8
24.2

UMP

28.4
33.5

31.0
33.6

CMP

26.8
23.3

25.9
23.8

The above data were obtained as follows: Nuclei
were isolated from five rat hearts following aortic
constriction for 6 days and from five sham-operated
controls. Incubations were carried out in duplicate,
using pooled nuclei, and the RNA product was hy-
drolyzed and assayed for base composition as de-
scribed in Methods.
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System X

o-—o System IT

2 4 6 8 10 12

DAYS AFTER SURGERY

FIGURE 9

Time course of changes in nuclear RNA polymerase
activity following aortic banding. Each point repre-
sents the result obtained from duplicate assays using
nuclei from two pooled hearts. Data are expressed as
percent changes over values obtained from sham-
operated controls.

with ventricular hypertrophy and of their
sham-operated litter mates. Assays were
carried out in duplicate at 12 hours, at 1 to 7
days, and at 12 days after banding of the
aorta. A detectable increase in enzyme ac-
tivity was seen 12 hours after aortic constric-
tion; maximal increases were obtained on the
second day (system I, Fig. 9). A gradual
decline in activity then occurred until at the
end of a week there was a minimal difference
between operated animals and sham-operated
controls. With assay system II, there was a
relatively slight (10 to 15%) increase in the
incorporation of label into RNA using nuclear
preparations from hypertrophied hearts; this
increment was relatively constant from 12
hours to the seventh day.

It would appear from these results that one
of the earliest changes in response to aortic
banding is a rise in RNA polymerase activity
of the nuclei. Whether this increase in ac-
tivity is present only in the nuclei of connec-
tive tissue and vascular elements which
proliferate during the early phase of cardiac
hypertrophy or in both muscle nuclei and
nuclei from other tissue is not known as yet.
Attempts to fractionate nuclei according to
their cellular origin have not yet been suc-
cessful.

Thus, 12 hours following aortic banding,
there is a demonstrable increase in the in
vitro ability of isolated nuclei to synthesize
RNA which has a predominant base compo-
sition similar to ribosomal RNA or its precur-
sor. It could well be that intracellular
changes occur more rapidly.

Discussion

Model System.—In this paper the experi-
mental model of banding of the ascending
aorta has been used for the study of cardiac
hypertrophy. The method has been standard-
ized and it offers certain advantages. First,
the response to aortic banding occurs rapidly,
with the result that maximal hypertrophy is
present by the second or third postoperative
day. Second, it is possible to carry out experi-
ments with radioactive isotopes in the rat
which may not be possible in larger animals
because of the expense. A disadvantage of the
method is that considerable variability in the
degree of hypertrophy is obtained, and sever-
al animals must be used in each experimental
set. Small changes in the degree of aortic
constriction can impose significantly different
work loads on the heart, with resulting varia-
tions in the synthesis of nucleic acids and
proteins. Within 48 hours, cardiac weight
increased by an average value of 30% and
RNA content by about 65%. The heart weight,
RNA content, and RNA concentration ap-
peared to reach a plateau by the second or
third day.

RNA Polymerase Activity .—The enzyme re-
sponsible for the synthesis of RNA is nuclear
DNA-dependent RNA polymerase. Following
aortic banding, the myocardium reacts swiftly
with an increase in the activity of polymerase.
This is one of the earliest biochemical mani-
festations of hypertrophy. The increase in
activity may be due to one or more of the
following processes: (a) increase in the rate
of synthesis and in the content of RNA poly-
merase, (b) activation of the enzyme like
that in the transformation from a dimeric to a
monomeric state (24), (c) removal of an
inhibitor, (d) stimulation by cytoplasmic
factors (25), (e) derepression of the DNA

Circulation Research, Vol. XXIII, September 1968
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template according to the model suggested
in bacterial systems by Jacob and Monod
(26).

The increased activity of the enzyme in
assay system I suggests that additional nu-
clear DNA sites may be made available for
the transcription of RNA. Liao has shown
that an extract having RNA polymerase ac-
tivity can be obtained in soluble form from
isolated nuclei in much larger amounts than
would be predicted from the activity of intact
nuclei (personal communication, Dr. Shut-
sung Liao). The enzyme therefore appears to
be present in excess in nuclei. The availability
of active DNA template rather than amount
of enzyme probably limits RNA polymerase
activity in the intact cell. We have previously
shown that system I reflects mainly the syn-
thesis of ribosomal RNA or its precursor. The
product is the same in nuclei obtained from
hypertrophied hearts. It seems likely that in
hypertrophied hearts more DNA sites coding
for ribosomal RNA become active templates
for RNA synthesis.

In system II the high concentration of
(NH4)2SO4 unmasks the DNA template so
that the product is complementary to DNA
in its base composition. Only minimal in-
creases in RNA polymerase activity are noted
under these circumstances. A simple hypoth-
esis is that the assay may reflect the amount
of RNA polymerase present. If this is true,
then the amount of enzyme is not the limiting
factor in the process of cardiac hypertrophy
since only a minimal increase is seen. How-
ever, this conclusion is tentative in view of
the complexity of the RNA polymerase reac-
tion at high ionic strength. For example,
(NH4)2SO4 inhibits nucleases; pH and ionic
strength markedly alter template activity
(27); and high ionic strength inhibits free
RNA polymerase activity.

These results are consistent with the hy-
pothesis that the mechanism of increased
protein and nucleic acid synthesis in cardiac
hypertrophy involves a repressor-derepressor
system similar to that originally postulated
by Jacob and Monod (26) and recently
characterized in E. coli (28) and in the
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A. phage system (29). One may speculate
that the physiological stimulus leads to the
formation or accumulation of a metabolite
that acts functionally as a derepressor. Seg-
ments of DNA are thereby made available
for transcription by RNA polymerase. En-
hanced synthesis of messenger, ribosomal and
transfer RNA, and subsequently of proteins
and other cellular components follows.

The order and time course of the changes
in RNA polymerase activity observed after
aortic banding are similar to those seen in
the liver of rats after partial hepatectomy
(30) or after treatment with triiodothyronine
(31), or to the changes in the rat prostate
gland following testosterone treatment (32).
An increase in RNA concentration in the left
ventricle is detectable as early as 24 hours
following aortic banding. Increased RNA
polymerase activity was found 12 hours after
banding. The data is insufficient to state
definitely that the increased activity of RNA
polymerase in the in vitro nuclear system
precedes the increment of myocardial RNA
content. However, the data strongly suggests
that the elevation of myocardial RNA content
in vivo is a consequence of increased RNA
synthesis in the cell.

Measurement of RNA synthesis with radio-
active precursors confirm that the rates of
ribosomal and RNA synthesis are increased by
3-4 fold following experimental aortic band-
ing (T. Koide and M. Rabinowitz, unpub-
lished results). Changes in the rate of RNA
degradation after aortic banding have not
yet been reported. Most of the newly syn-
thesized RNA is ribosomal, but changes in
messenger RNA and transfer RNA also occur
(19, 33). In the early phases after banding,
there is a rapid increase in RNA content
(jUg/mg wet weight) and total ventricular
RNA. The extent of the increase depends on
the intensity of the stimulus. The rapid rise
in RNA soon levels off. With continued in-
crease in heart weight there may be a "dilu-
tion" effect resulting in a lower than normal
content per unit of tissue (mg wet weight).
The increment in total cardiac RNA may also
dimmish.
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The differences in published values for the
RNA content of hypertrophied hearts proba-
bly reflect differences in the degree of hyper-
trophy and in the time interval between
measurements and application of the stimu-
lus. Values for changes in RNA concentration
per milligram of tissue and total ventricular
RNA in experimental cardiac hypertrophy
reported by several workers are summarized
in Table 3. In the studies of Gluck et al.
(18) as well as in the present study, the
increase in RNA concentration per milligram
of net weight is striking because of the
relatively acute nature of the work load and
the early time periods of analysis. In late
studies, in which myocardial RNA has been
analyzed after a period of several months or
even years (e.g., those of Kleitke et al. [23]
or Grimm et al. [20]), a fall in RNA concen-
tration is seen. In spite of the fall in RNA
concentration, total ventricular RNA is still
elevated.

The increased RNA content correlated well
with the degree of cardiac hypertrophy in
the early stages of the process. Animals with
the largest increase in heart weight also had
the most marked increment in RNA content.
Since approximately 80% of cardiac RNA is
ribosomal, a relationship between the number
of ribosomes and rate of cardiac growth is
apparent. This result is consistent with an
observation of Moroz (34) that microsomes
isolated from hypertrophied hearts several
days after aortic banding synthesize proteins
more actively than controls. The increased
activity is largely due to an increased content
of RNA and of ribosomes. Changes in poly-
some pattern could not be detected. In ex-
periments using perfused rat hearts, however,
changes in polysome profile and presumably
in messenger RNA synthesis were observed
after acutely increasing cardiac work (35).
The increased protein synthesis therefore
probably results from two factors: the syn-
thesis of more ribosomes and the utilization
of new messenger RNA by existing ribosomes.

The increased synthesis of RNA following
aortic banding may be prevented by selective
inhibitors of DNA-dependent RNA synthesis,

Circulation Research, Vol. XXlll, September 1968

for example by actinomycin D (36). Meerson
et al. (37) and Ziihlke et al. (38) have
previously shown that actinomycin D blocks
RNA and protein synthesis in animals with
experimental aortic stenosis. Interpretation
of these experiments is complicated by the
generalized effect of actinomycin D, which
may lead to anorexia and extreme weight
loss (39). The reports suggest that inhibition
of RNA synthesis or of protein synthesis in
the early stages of cardiac hypertrophy may
result in the development of cardiac failure.
Studies with selective inhibitors of RNA and
protein synthesis are now in progress in our
laboratory. Our experimental model, which
produces significant changes in RNA and
protein synthesis within 24 hours, should be
useful in separating the specific effects of
inhibitors on the cardiac hypertrophy from
nonspecific systemic effects of these agents.

References
1. MAGCIO, R., SIEKEVITZ, P., AND PALADE, G. E.:

Studies on isolated nuclei: I. Isolation and
chemical characterization of a nuclear fraction
from guinea-pig liver. J. Cell Biol. 18: 267,
1963.

2. DISCHE, Z.: Qualitative and quantitative color-
imetric determination of heptoses. J. Biol.
Chem. 204: 983, 1953.

3. BURTON, K.: Study of the conditions and mecha-
nism of the diphenylamine reaction from the
colorimetric estimation of deoxyribonucleic
acid. Biochem. J. 62: 315, 1956.

4. NAIH, K. G., RABINOWITZ, M., AND TU, MEI-HWA
CHEN: Characterization of ribonucleic acid
synthesized in an isolated nuclear system from
rat heart muscle. Biochemistry 6: 1898, 1967.

5. WIDNELL, C. C., AND TATA, J. R.: Procedure for
the isolation of enzymically active rat-liver
nuclei. Biochem. J. 92: 313, 1964.

6. CHAUVEAU, J., MOULE, Y., AND ROUHXER, C. L.:
Isolation of pure and unaltered liver nuclei in
morphology and biochemical composition.
Exptl. Cell Res. 11: 317, 1956.

7. WEISS, S. B.: Enzymatic incorporation of ribo-
nucleotide triphosphates into the interpoly-
nucleotide linkages of ribonucleic acid. Proc.
Nat. Acad. Sci. U. S. 46: 1020, 1960.

8. BHAY, G. A.: A simple efficient liquid scintillator
for counting aqueous solutions in a liquid scin-
tillation counter. Anal. Biochem. 1: 279, I960.

9. JOSSE, J., KAISER, A. D., AND KORNBEBG, A.: En-
zymatic synthesis of DNA: VIII. Frequencies
of nearest neighbor base sequences in deoxy-

 by on April 4, 2011 circres.ahajournals.orgDownloaded from 

http://circres.ahajournals.org


462 NAIR, CUTILLETTA, ZAK, KOIDE, RABINOWITZ

ribonucleic acid. J. Biol. Chem. 236: 864, 1961.
10. KATZ, S., AND COMB, D. G.: New method for

the determination of the base composition of
ribonucleic acid. J. Biol. Chem. 238: 3065,
1963.

11. NOWY, H., AND FRINGS, H. D.: Nucleinsauren im

hypertrophischen Herzmuskel. Z. Ges. Exptl.
Med. 132: 538, 1960.

12. NORMAN, T. D.: Pathogenesis of cardiac hyper-
trophy. Progr. Cardiovascular Diseases 4: 439,
1962.

13. HOYLE, T. C., SUMNER, R. G., AND MclNTOSH,
H. D.: Nucleic acids and protein determina-
tions in the study of experimental cardiomegaly.
J. Lab. Clin. Med. 62: 632, 1963.

14. MEERSON, F. Z., AND RAMENSKAYA, G. P.: Nucleic

acid level in the myocardium during com-
pensatory hyperfunction and cardiac insuffi-
ciency. Vopr. Med. Khim. 6: 598, 1960 (in
Russian).

15. MEEHSON, F. Z.: Compensatory hyperfunction of
the heart and cardiac insufficiency. Circulation
Res. 10: 250, 1962.

16. SUMNEH, R., AND MCINTOSH, H. D.: Nucleic acid

studies in experimental cardiomegaly. Circula-
Res. 12: 170, 1963.

17. CAPERS, T. H.: Relative amounts of DNA and
concentrations of RNA in heart muscle of
normal and hypertrophied hearts. Am. Heart
J. 68: 102, 1965.

18. GLUCK, L., TALNER, N. S., STERN, H., GARDNER,

T. H., AND KULOVICH, M. U.: Experimental

cardiac hypertrophy: Concentrations of RNA
in the ventricles. Science 144: 1244, 1964.

19. FANBURC, B. L., AND POSNER, B. J.: Ribonucleic

acid synthesis in experimental cardiac hyper-
trophy in rats: I. Characterization and kinetics
of labeling. Circulation Res. 23: 123, 1968.

20. GRIMM, A. F., KUBOTA, R., AND WHTTEHOHN,

W. V.: Ventricular nucleic acid and protein
levels with myocardial growth and hypertrophy.
Circulation Res. 19: 55, 1966.

21. KORECKY, B., AND FRENCH, I. W.: Nucleic acid

synthesis in enlarged hearts of rats with nu-
tritional anemia. Circulation Res. 21: 635,
1967.

22. Rossi, G. F., DTANZANI, MOR, M. A.: Nucleic
acids in experimental hypertrophy of the heart.
Sperimentale 108: 385, 1958.

23. KLEITKE, B., AND SYDOW, H.: Uber den Nuklein-

sauregehalt des pathologisch hypertrophierten
Hundeherzens. Acta Biol. Med. Ger. 14: 447,
1965.

24. SMITH, D. A., MARTINEZ, A. M., RATJLIFF, R. L.,

WILLIAMS, D. L., AND HAYES, F. N.: Template-

induced dissociation of ribonucleic acid poly-
merase. Biochemistry 6: 3057, 1967.

25. THOMPSON, L, R., AND MCCARTHY, B. J.: Stimu-

lation of nuclear DNA and RNA synthesis by

cytoplasmic extracts in vitro. Biochem. Biophys.
Res. Commun. 30: 167, 1968.

26. JACOB, F., AND MONOD, J.: Genetic regulatory

mechanisms in the synthesis of proteins. J. Mol.
Biol. 3: 318, 1961.

27. GOLDBERG, I. H.: Ribonucleic acid synthesis in
nuclear extracts of mammalian cells grown in
suspension culture: Effect of ionic strength
and surface-active agents. Biochem. Biophys.
Acta 51: 201, 1961.

28. GILBERT, W., AND MULLER-HILL, B.: Isolation

of the Lac repressor. Proc. Nat. Acad. Sci.
U. S. 56: 1891, 1966.

29. PTASHNE, M.: Isolation of the \ phage repressor.
Proc. Nat. Acad. Sci. U. S. 57: 306, 1967.

30. TSUKADA, K., AND LIEBERMAN, I.: Synthesis of

ribonucleic acid by liver nuclear and nucleolar
preparations after partial hepatectomy. J. Biol.
Chem. 239: 2952, 1964.

31. TATA, J. R., AND WDJNELL, C. C : Ribonucleic

acid synthesis during the early action of thyroid
hormones. Biochem. J. 98: 604, 1966.

32. WILLIAMS-ASHMAN, H. G., LIAO, S., HANCOCK,

R. L., JuRKpwnz, L., AND SILVEKMAN, D. A.:

Testicular hormones and the synthesis of ribo-
nucleic acids and proteins in the prostate
gland. Recent Prog. Hormone Res. 20: 247,
1964.

33. SCHBEIBER, S. S., ORATZ, M., AND ROTHSCHILD,
M. A.: Effect of acute overload on protein syn-
thesis in cardiac muscle microsomes. Am. J.
Physiol. 213: 1552, 1967.

34. MOROZ, L. A.: Protein synthetic activity of heart
microsomes and ribosomes during left ventricu-
lar hypertrophy in rabbits. Circulation Res. 21:
449, 1967.

35. SCHRTEBER, S. S., ORATZ, M., AND ROTHSCHILD,
M. A.: Factors initiating protein synthesis in
overloaded mammalian hearts (abstr.). Clin.
Res. 16: 248, 1968.

36. GOLDBERG, I. H., AND RABINOWITZ, M.: Inhibition

of DNA-dependent RNA synthesis by actino-
mycin D in mammalian cell extracts. Science
136: 315, 1962.

37. MEERSON, F. Z., KALEBINA, N. S., MALOV, G. A.,

SlMONYAN, N. T., AND ROMANOVA, L. K.:
EEect of actinomycin D on the development
of the compensatory hyperfunction of the myo-
cardium, kidney, and liver. Acta Acad. Sci,
Biol. Hung. 15: 375, 1965.

38. ZUHLKE, V., DU MESNIL DE ROCHEMONT, W.,

GUDBJARNASON, S., AND BING, R.: Inhibition

of protein synthesis in cardiac hypertrophy and
its relation to myocardial failure. Circulation
Res. 18: 558, 1966.

39. MOBKIN, E., GARRET, J. C, AND FISHMAN, A. P.:

Effects of actinomycin D and hypophysectomy
on development of myocardial hypertrophy in
the rat. Am. J. Physiol. 214: 6, 1968.

Circulation Research, Vol. XXIII, Septe 1968

 by on April 4, 2011 circres.ahajournals.orgDownloaded from 

http://circres.ahajournals.org

