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Abstract

We have identified two distinct f-myosin heavy chains
(MHCs) present in baboon myocardium by electrophoresis in
gradient pore gels and by Western blots with anti-MHC MAb.
The two ,8-MHCs have molecular masses of 210 and 200 kD
and share several antigenic determinants including an epitope
recognized by a fl-MHC-specific MAb. A fivefold increase in
the level of the 200-kD ,8-MHC was observed in the hypertro-
phied left ventricles of baboons with chronic (5.3±0.7 yr) renal
hypertension. A 60% increase (P < 0.01) in BP and a 100%
increase (P < 0.001) in left ventricular mass to body weight
ratio occurred in hypertensive baboons compared with normo-
tensive animals. The Ca2"-activated myosin ATPase activity in
hypertrophied left ventricles was decreased by 35%(P < 0.05)
compared with controls. Normal levels of the 200-kD MHC
were detected in the right ventricles and intraventricular septa
of the hypertensive animals.

These data suggest that cardiac MHCsof primates may
exist in alternative molecular forms that are indistinguishable
by nondenaturing gel electrophoresis and that increased con-
centration of a second ,8-MHC is associated with ventricular
hypertrophy (r = 0.55). The functional significance and mecha-
nisms that control the concentration of fl-MHC subspecies
remain to be determined.

Introduction

The heart adapts to chronic pressure overload of the left ven-
tricle (LV)' by concentric hypertrophy. Left ventricular hy-
pertrophy is frequently caused by hypertension and may pro-
gress to a stage where contractile function diminishes, leading
to end stage heart failure. Although changes in the mechanical
behavior of hypertrophied ventricular muscles are well docu-
mented, the cellular and biochemical mechanisms that deter-
mine reduced intrinsic contractile performance remain poorly
defined (1).

Address correspondence to Dr. Richard D. Henkel, Southwest Foun-
dation for Biomedical Research, P.O. Box 28147, San Antonio, TX
78284.

Receivedfor publication 5 April 1988 and in revisedform 14 No-
vember 1988.
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Mechanical force in cardiac muscle is produced by the
interdigitating movement of myosin and actin filaments. The
transduction of chemical energy released by the hydrolysis of
ATP into mechanical energy occurs at a site in the globular
head of the myosin molecule. Myosin ATPase activity is
known to be a major determinant of the velocity of shortening
of both cardiac and skeletal muscle (2). Native myosin exists as
a hexameric molecule composed of two myosin heavy chains
(MHCs) that contain the catalytic sites for ATP hydrolysis,
and four lower molecular weight myosin light chains (3). In
small mammals (e.g., rats and rabbits) three isoforms of myo-
sin, designated VI, V2, and V3 in order of decreasing electro-
phoretic mobility in nondenaturing gels and decreasing ATP-
ase activity, have been identified in ventricular muscle (4). The
differences in electrophoretic mobility and catalytic activity of
rat cardiac myosin isoforms result from the presence of two
distinct types of MHCs, designated a- and p-chains, that exist
in the native myosin molecule either as homodimers (V3 = 0,0
and VI = a,a) or as a heterodimeric molecule (V2 = a,#) (1).
During cardiac adaptation to various developmental (5), hor-
monal (6), and hemodynamic stimuli (7, 8), the relative pro-
portion of the two isoforms has been shown to change as the
genes encoding the a- and f,-MHC are differentially expressed
in response to such physiological conditions. The shifts in iso-
form expression towards increased levels of VI myosin in re-
sponse to thyrotoxicosis (6), and conversely towards increased
levels of V3 myosin during pressure overload-induced hyper-
trophy (7, 8), indicate that transcriptional regulation of MHCs
is a fundamental determinant of cardiac mechanical behavior
in smaller mammalian species.

In contrast to these species, larger mammals (e.g., dogs,
pigs, and primates) express only a single myosin isoform orth-
ologous to rat V3 myosin in ventricular muscle, despite similar
cardiac mechanical alterations to hemodynamic and hor-
monal stimuli (1). In particular, during concentric ventricular
hypertrophy in response to pressure overload, no change in the
native electrophoretic pattern of ventricular myosin in pyro-
phosphate gels has been detected despite evidence for a- to
,B-MHC transitions in the atria (9-1 1). Thus, it appears that a
transcriptional alteration of myosin structure and function
occurs in ventricular myocardium from smaller but not larger
mammalian species. The cellular, biochemical, and molecular
regulatory processes responsible for altered function of hyper-
trophied myocardium in larger mammals and man remain
unclear.

Accordingly, we are characterizing a more physiologically
relevant model of human gradual onset pressure overload hy-
pertrophy in chronically hypertensive (> 5 yr) baboons. The
resulting effects of myocardial hypertrophy on MHCgene ex-
pression were characterized in a cohort of 11 hypertensive
baboons with substantial ventricular hypertrophy and com-
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pared with results from normotensive baboons maintained in
a similar environment. Left ventricular performance of these
animals is characterized by impaired isovolumic relaxation,
depressed rates of chamber emptying and filling, and un-
changed end systolic elastance (12-14).

Methods

Baboon model of cardiac hypertrophy and hypertension. An experi-
mental model of cardiac hypertrophy and hypertension was developed
in baboons (Papio sp.) using the one clip, two kidney Goldblatt or the
bilateral perinephritis model (15). From an initial population of 59
animals, 30 baboons were selected on the basis of the greatest extent
and duration of hypertension and magnitude of left ventricular hyper-
trophy as determined by Mmode echocardiography for use in a longi-
tudinal study. The hearts of I I animals from this cohort were collected
from planned necropsies or after natural attrition. Hearts of normo-
tensive adult baboons from other terminal experiments conducted at
the Southwest Foundation for Biomedical Research were used as con-
trol tissues for biochemical analyses. Each animal underwent a 2-3-wk
period of conscious, systemic intraarterial BP monitoring before nec-
ropsy using methods previously described for this laboratory ( 16).

Collection and processing of tissues. Baboon hearts were obtained
at necropsy within an average of 1.6 (± 1.1 SD) h postmortem and
immediately placed on wet ice. Each heart was dissected into five
sections consisting of left and right atria, free wall regions of the left and
right ventricles (RV), and the intraventricular septum (IVS). After
removal of epicardial fat, each section of cardiac tissue was further
subdivided into apex, midwall, and base regions and stored at -850C.

Preparation of homogenates and purification of myosin. The prepa-
ration of homogenates was performed generally as described by Hoh et
al. (4). Briefly, 50-mg samples from the midwall regions of LV and RV
and IVS were homogenized at 4VC with a tissumizer (Tekmar Co.,
Cincinnati, OH) in 100 mMtetrasodium pyrophosphate, pH 8.8, 5
mMNa4 EDTA, and 2 mM2-mercaptoethanol. The homogenates
were stirred at 40C for 2 h and centrifuged at 48,000 g for 2 h. Super-
natants were stored at -20'C in 50% vol/vol glycerol in a final vol of
5 ml.

Myosin was isolated from midwall sections of myocardium from
hypertensive and normal baboons in general according to the method
of Pope et al. (17) with minor modifications. All purification steps were
conducted in buffers containing a final concentration of 2 mM2-mer-
captoethanol, 20 .M leupeptin, and 10 kallikrein inhibitor units/ml of
aprotinin. Aliquots were collected for analysis by SDS-PAGEat three
stages during the purification process. The first aliquot was collected
after initial homogenization of tissue and extraction with SDS-PAGE
disruption buffer (see below); this aliquot contained the cytosolic,
membrane, and most myofibrillar proteins that exist in heart muscle.
The second aliquot was collected from the pellet resulting from three
cycles of homogenization and centrifugation in low salt buffer (100
mMKCI, 50 mMTris-HCI, pH 7.5); this aliquot contained a fraction
of myocardial proteins enriched for myofibrillar constituents. The
third aliquot was collected from the myosin preparation obtained after
the sequential extraction of insoluble material from stage 2 in 600 mM
KCl buffer, 50 mMTris-HCl, pH 7.5, centrifugation at 40,000 g in the
presence of 5 mMMgCI2 and 1 mMATP, and dialysis against low salt
buffer; this aliquot contained primarily myosin.

ATPase assays. Measurement of calcium-activated cardiac myosin
ATPase activity was performed using the microATPase method of
Henkel et al. (18). Myosin used in these assays was isolated from l-g
sections of LV from six hypertensive baboons and from five age- and
sex-matched control (normotensive) animals as described above. All
11 myosin samples were purified and assayed for protein concentra-
tions and ATPase activity as a single batch to minimize variation
attributable to technical factors. Protein concentrations in individual
myosin samples were determined by the method of Bradford (19) using
BSA as a standard.

Native gel electrophoresis. Cardiac homogenates were also ana-
lyzed under nondenaturing conditions using the pyrophosphate buf-
fering system initially described by Hoh et al. (4) and subsequently
modified to include 2 mMcysteine in the running buffer (20), with
minor modifications. Briefly, 5-10 ,d of cardiac homogenate was sub-
jected to electrophoresis on 5 X 0.75-cm tube gels containing 4%total,
3.25% cross-linker acrylamide in an electrophoresis chamber (model
GE-24; Pharmacia Fine Chemicals, Piscataway, NJ) with buffer recir-
culation between anolyte and catholyte reservoirs. Gels were run for 48
h at 20C with a constant voltage of 80 V. Myosin isoforms were stained
with an aqueous solution composed of 0.1% wt/vol Coomassie blue
G-250 in 50% vol/vol methanol and 10% vol/vol acetic acid. After
electrophoresis, proteins in the gels were fixed with a 10% wt/vol TCA
and 5% wt/vol sulfosalicylic acid solution in water and subsequently
destained with aqueous 7%vol/vol acetic acid.

SDS-PAGE. Electrophoresis of cardiac homogenates and purified
myosin under denaturing conditions was conducted in 8-24% total,
1% cross-linker acrylamide gradient pore gels using the buffer system
described by Laemmli (21). Homogenates extracted with pyrophos-
phate and aliquots from stages in the purification of myosin described
above were mixed with an equal volume of disruption buffer contain-
ing 4%wt/vol SDS, 4% vol/vol 2-mercaptoethanol, 20% vol/vol glyc-
erol, 0.0125% wt/vol bromphenol blue in 50 mMTris-HC1, pH 6.7.
After mixing, samples were heated to 100°C for 3 min and centrifuged
at 10,000 g for 2 min. Samples were subjected to electrophoresis for 15
h at a constant voltage of 75 V/gel in 14 cm X 15 cm X 1.5 mmgels
using a vertical slab gel unit (model SE 600; Hoefer Scientific Instru-
ments, San Francisco, CA). Gels were stained with a 0.1% wt/vol
solution of Coomassie blue G-250 in 50% vol/vol methanol and 10%
vol/vol acetic acid and destained in aqueous 7% vol/vol acetic acid.
Molecular weight estimates of polypeptides in SDS-PAGEgels were
derived from semilogarithmic plots of relative mobility vs. molecular
weight using prestained molecular weight standards (22).

Western blots. Transfer of proteins from SDS-PAGEgels to nitro-
cellulose membranes (0.2-rm pores; Hoefer Scientific Instruments)
was performed using the buffer system of Towbin et al. (23) in a
transphor unit (model TE-42; Hoefer Scientific Instruments) with a
constant current of 800 mAat 4°C for 4 h. After transfer, nitrocellulose
membranes were cut into strips and immunochemically stained with
MAbs specific for MHCantigens (10, 24-26) using a biotin-avidin
amplification system (27). A control MAb(MOPC-21 myeloma pro-
tein) was purchased from Sigma Chemical Co. (St. Louis, MO). The
immunoperoxidase staining technique was performed by incubating
nitrocellulose strips in a solution composed of 2.5% wt/vol powdered
nonfat milk, 2.5% vol/vol liquid gelatin (Norland Products, New
Brunswick, NJ), 0.00 1%wt/vol thimerosol, and 0.0001 %vol/vol anti-
foam A (Sigma Chemical Co.) in borate-buffered saline (BBS) for 30
min at 23°C to saturate protein binding sites on the nitrocellulose.
Nitrocellulose strips were subsequently reacted with MAbs for 1 h at
37°C, then washed with BBS containing 0.05 vol/vol TWEEN-20
(BBS-T20) and incubated with biotinylated goat anti-mouse IgG
(Vector Laboratories, Burlingame, CA) for 1 h at 37°C. Strips were
washed a second time with BBS-T20 and then incubated with a 1: 1,000
dilution of an avidin-horseradish peroxidase conjugate (Vector Labo-
ratories, Inc.), for 20 min at 23°C. After a third wash with BBS-T20, a
chromogenic substrate composed of a 0.5% vol/vol solution of satu-
rated 3-amino-9-ethylcarbazole in methanol (Sigma Chemical Co.)
and 0.03% vol/vol H202 in methanol:BBS (20:80) was added to the
nitrocellulose strips for 10 min, after which the strips were washed with
water and dried.

BBSwas composed of 50 mMH3BO3, 150 mMNaCI, and 50 mM
KCI, pH 7.9. Primary and secondary antibodies were diluted in the
2.5% wt/vol nonfat milk-liquid gelatin solution described above,
whereas the avidin-horseradish peroxidase conjugate was diluted in a
0.25% wt/vol milk and gelatin solution.

Densitometry. Since two molecular forms of MHCswere found in
baboon ventricular muscle (see results), quantitation of the relative
amounts of each MHCresolved by SDS-PAGEwas accomplished by
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densitometric scans of Coomassie blue G-250 stained gels using a
Cliniscan densitometer (Helena Laboratories, Beaumont, TX). The
relative percentages of ventricular MHCsubspecies were determined
as follows:

%(B-MHC subspecies

quantity of either 210- or 200-kD polypeptide
X 100

quantity of 210- + 200-kD polypeptides

Statistics. Differences between group mean data in hypertensive vs.
control baboons were determined by unpaired t tests. Testing for dif-
ference between two variances was performed using a variance ratio
test (28). A P value of . 0.05 was considered statistically significant.
Associations between BPs, extent of left ventricular hypertrophy, and
levels of #-MHC were determined by least squares linear regression
using a STATGRAPHICSprogram (Statistical Graphics Corp., Rock-
ville, MD).

Results

A gradual onset model of chronic renal hypertension was de-
veloped in adult baboons (Papio sp.) using a one clip, two
kidney Goldblatt or bilateral perinephritis wrap procedure.
The mean conscious systemic arterial BPof the experimentally
treated animals increased significantly (P < 0.01) by - 60%
from a normotensive value of 83±11 to 138±23 mmHg(Fig.
1). The hypertensive baboons (ages 11-16) survived for an
average of 1,932±252 d (5.3 yr) after treatment, which repre-
sents 30% of the untreated captive baboon life expectancy.
During this time a mean increase of 100% (P < 0.001) in the
ratio of left ventricular mass to total body weight (BWT) oc-
curred in 9 of the 11 animals. An increase of 1 1%(P < 0.01) in
the right ventricular mass to BWTratio and a 10% (P < 0.01)
increase in the IVS mass to BWTratio were observed in the
hypertensive baboons compared with normotensive controls.
The average LV/BWT ratio of hypertensive baboons was
4.99±1.53 compared with a value of 2.54±0.26 determined for
11 normotensive male baboons maintained in an environment
similar to that of the treated animals (Fig. 1). Average values
for the RV/BWT and IVS/BWT ratios in hypertensive ba-
boons (n 11) were 1.05±0.29 and 1.48±0.47, respectively,
whereas respective values of 0.95±0.20 and 1.34±0.29 were
observed for normotensive baboons (n = 82). Substantial left
ventricular hypertrophy did not occur in two baboons in spite
of significantly higher BPs in these animals.

A B Figure 1. BPs and left
200 10 ventricular hypertrophy

in a baboon model of
E 160- chronic renal hyperten-
E : _ sion. The mean con-

2 . -- scious arterial BP in hy-
(n 120- . > 6- pertensive (H) and nor-

cc ' . ---r-- 3 ' _:_ motensive (N) baboons
a 80- 4 : were monitored over a
O . J _____ 2-3-wk period with an
mo : . [intraarterial catheter

40 2- (A). The individual data

points are shown with
_ I__the group mean indi-
H N H N cated at the top of each

bar. 1 SDabove and below the mean are indicated by dashed lines.
The LV/BWT ratios for both cohorts of baboons were determined at
necropsy and are shown in B.

Analysis of native myosin isoforms was accomplished in
pyrophosphate-buffered, nonrestrictive polyacrylamide gels
using myosin extracted from cardiac myofibrils with 100 mM
tetrasodium pyrophosphate. As represented in Fig. 2, a single
charge form of myosin was found in homogenates of LV myo-
cardium from both hypertensive and normotensive animals.
The same isoform pattern was observed in the RV and IVS
from both cohorts of baboons (data not shown).

The calcium-activated ATPase activity of cardiac myosin
in left ventricular myocardium from a subset of hypertensive
baboons was determined for comparison with that from a
group of normotensive animals. As shown in Table I, myosin
ATPase activity from hypertensive baboons was determined to
be 0.181 gmol of inorganic phosphate released/min per mg
myosin. This value was significantly lower (P < 0.05) than the
average value of 0.273 gmol of inorganic phosphate released/
min per mgof myosin determined for myosin ATPase activity
from control animals.

Cardiac myosin from hypertensive and normal baboons
was further analyzed after denaturation into heavy and light
chain components by SDS-PAGE in gradient pore gels. As
seen in Fig. 3, left ventricular myocardium from two hyper-
tensive baboons (animal numbers X2296 and X3 156) and one
normotensive animal (X2961) contained a 210-kD polypep-
tide in cardiac homogenates (sample 1), in a fraction enriched
for myofibrillar proteins (sample 2), and in partially purified
preparations of myosin (sample 3). This polypeptide was ten-
tatively identified as MHCbased on previous reports (3). An
additional polypeptide with an estimated molecular mass of
200 kD was observed at increased levels in SDS-PAGEpoly-
peptide profiles of hypertensive baboon left ventricular myo-
cardium. A trace amount of this 200-kD polypeptide was
found in most but not all of the LVs of control animals. The
200-kD polypeptide copurified with the 2 10-kD MHCin sam-
ples collected from hypertensive animals.

The immunochemical properties of the 200-kD polypep-
tide found in increased levels in hypertensive baboon LVs and
the normal 2 10-kD MHCwere examined in Western blotting
experiments using MAbs that had been raised against human
myosin and were specific for several distinct MHCepitopes. In
these experiments, MHCsin cardiac muscle homogenized in
100 mMtetrasodium pyrophosphate were immunoperoxidase

1 2 3 4 5 Figure 2. Native pyrophos-
phate gel electrophoresis of
rat and baboon cardiac
myosin. Electrophoresis of

Baboon V3 cardiac myosin isoforms in
*P 1 Fw=RatV3 rat and baboon LVs wasW E ~~~~Rat V2Rat V, performed under nondena-

turing conditions in pyro-
phosphate-buffered,
nonrestrictive polyacryl-
amide gels. Lane I illus-

trates the typical Coomassie blue G-250 staining pattern seen for rat
cardiac myosin which is composed of three isoforms designated VI,
V2, and V3 in order of decreasing electrophoretic mobility. The mo-
bilities of cardiac myosin in the left ventricular muscle of normal
and hypertensive baboons are shown in lanes 2 and 3, respectively.
The electrophoretic profiles of mixtures of rat cardiac myosin with
either normal or hypertensive baboon myosin (lanes 4 and 5, respec-
tively) further demonstrate the similarity between the electrophoretic
mobilities of normal and hypertensive baboon cardiac myosin.
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Table I. Calcium-stimulated Myosin ATPase Activity
in Hypertensive and Normotensive Baboons

Animal identification number Sex Ca2"-activated myosin ATPase*'

Hypertensive baboons
X2655 F 0.211
X3156 M 0.171
X1643 M 0.149
X1829 M 0.125
X1184 M 0.159
Xliii F 0.273

X 0.181*
SD 0.048

Normotensive baboons
X2703 F 0.276
X3016 M 0.287
X2627 F 0.234
X1828 M 0.225
X1929 M 0.344

X 0.273
SD 0.042

* Expressed as micromoles of inorganic phosphate released per min-
ute per milligram of myosin.
P < 0.05 vs. control.

X2296 X2961 X3156

1 2 3 11 2 3 11 2 31
..Ag t-sedr........... . ..~~~~~~~200

g
: - ~~~~-97

M..I -6 6
~~~~~~~~~.400

L s~~~~~~"N-l e
_.~ ~~mo -4

e __ -4

Figure 3. SDS-PAGEof baboon cardiac muscle proteins. Electropho-
resis of baboon myocardial proteins was performed under denaturing
conditions in gradient pore SDS-PAGE. Electrophoretic profiles of
three fractions of myocardial proteins (lanes 1-3) from two hyperten-
sive baboons (animal numbers X2296 and X3156) and a normoten-
sive baboon (X296 1) stained with Coomassie blue G-250 are shown
relative to the molecular weights of standards expressed in kilodal-
tons. The first fraction of myocardial proteins (lane 1) containing cy-
tosolic, membrane, and myofibrillar components was prepared by
homogenization of left ventricular muscle from each animal fol-
lowed by solubilization of proteins in 2%SDS. The second fraction
(lane 2) of proteins was enriched for myofibrillar proteins by removal
of cytosolic and membrane components. The third fraction contains
primarily myosin heavy chains (200-210 kD) and actin (43 kD).
This figure demonstrates that the 200-kD polypeptide, which is ex-
pressed to a greater degree in hypertrophied ventricular myocardium,
copurifies with the 210-kD MHC.

stained with MAb after separation and transfer from SDS-
PAGEgradient pore gels. The reactivities of four types of anti-
bodies including an anti-f3-MHC-specific MAb, an anti-a-
MHCMAb, a MAbcross-reactive with both types of MHCs,
and a control MAb, are shown in Fig. 4 in Western blots with
left atrial and left ventricular homogenates from a representa-
tive hypertensive baboon (X3156). The anti-13-MHC MAb
reacted strongly with the 2 10-kD MHCsin hypertrophied
ventricle and to a lesser extent with the 2 10-kD MHCsfound
in the atrial homogenate (lanes V and A, respectively). The
200-kD polypeptide was also strongly stained in ventricular
homogenates by the anti-fl-MHC MAbas were several smaller
bands in the 150-180 kD range. The MAbspecifically reactive
with a-MHCs stained only atrial MHC, producing an intense
reaction with the 2 10-kD atrial MHCs, while detecting trace
amounts of the 200- and 150-kD polypeptides. The MAb
cross-reactive with both a- and f3-MHCs strongly stained the
21 0-kD MHCto the same extent in both LA and LV homoge-
nates. This antibody recognized an antigenic determinant on
the 200-kD polypeptide found in large amounts in hypertro-
phied LV and in trace amounts in LA as well as several of the
lower molecular weight bands in the 150-180 kD range. Based
on these results, we conclude that the 200-kD polypeptide is a
second molecular form of a ,8-type MHC, and for the sake of
convenience the 210- and 200-kD polypeptides will be referred
to subsequently as (1 and j32 MHCs, respectively.

Based on limited observations that several hypertensive
baboons expressed higher than normal levels of the (32 MHC,
we subsequently conducted an electrophoretic survey of 11
hypertensive and 11 normal baboons to quantitate levels of ,2
MHCsin a larger population. The levels of both (31 and (2
MHCsfound in midwall sections of LV, RV, and IVS from
hypertensive and normal baboons were determined by densi-
tometry of SDS-PAGEgradient pore gels and expressed as the
percentage of the total MHCs(total area under (31 and (32
curves in scans) found in each fl-MHC band. A mean value for
,32 MHClevels of 26%±13 and a range of values between 5 and
5 1%was found in hypertrophied LVs (Fig. 5), whereas average
(2 MHCvalues of < 6%±5 were detected in all normal sam-
ples and in the RV and IVS of hypertensive animals (P
< 0.001). Representative experimental results from the elec-
trophoretic survey are shown in Fig. 6. SDS-PAGEpolypep-
tide profiles from normal hearts shown in Fig. 6 include two
animals (Xl931 and X3300) with (2 MHClevels representa-
tive of the normotensive cohort average and one animal with
the highest and one with the lowest (32 MHCvalues in the
normotensive group (X2094 and X3580, respectively). Pro-
files shown for the hypertensive baboons include an animal
with (32 MHClevels near the mean of the hypertensive group
(X3156), two animals with the highest levels of (32 MHCs
(X 1829 and X 1 184), and the single hypertensive (X 1643) ani-
mal in the group with normal levels of(2 MHCssimilar to the
mean value of the normotensive group.

The associations between LV/BWT and mean arterial BP
and between LV/BWT and the level of (2 MHCwere deter-
mined by least squares linear regression analysis. A correlation
coefficient (r) of 0.51 and a significance level of the regression
(P < 0.062) were determined for the relationship between LV/
BWTand mean arterial BP. An r value of 0.55 (P . 0.009) was
observed between LV/BWT and the level of (2 MHCin ba-
boons. Considerable variation was observed in the distribution
of(2 MHCsin the LV of hypertensive baboons. The variance
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of the hypertensive group of baboons with respect to the level
of fl-MHCs was greater than that of the normotensive cohort
(P < 0.005). There was also greater variability in the hyperten-
sive baboons in the distribution of BPs (P < 0.02) and left
ventricular hypertrophy (P < 0.0001).

Discussion

Wehave developed a nonhuman primate model of gradual
onset chronic renal hypertension in which significant increases
in mean conscious systemic arterial BP and left ventricular
hypertrophy occur in experimental animals compared with
untreated normotensive animals. Using biochemical and im-
munochemical techniques to analyze the cardiac myosin from
the hypertensive baboons we have detected a second form of
fl-MHC in the ventricular myocardium by SDS-PAGEin gra-
dient pore gels. The new form of MHChas an estimated mo-
lecular mass that is 10 kD smaller in size than the predominant
2 10-kD form of MHCusually found in myocardium. Wehave
designated the 210- and 200-kD polypeptides as /31 and (32
MHCs, respectively. Our identification of the smaller polypep-
tide as a /3-type MHCis supported by the following observa-
tions: (a) the /32 MHCcopurifies with the /31 MHCdue to
similar solubility properties in low and high ionic strength
buffers; (b) both types of fl-MHCs are readily extracted from
myocardium with tetrasodium pyrophosphate, although only
a single native myosin isoform can be detected in hypertro-

50

40

I :.Figure 5. Levels of /2 MHCin chronically
c4 30- hypertensive and normotensive baboons.

The levels of /2 MHCin the midwall region
20 of LVs from hypertensive (H) and normo-

tensive (N) baboons were determined by
densitometry from SDS-PAGEgradient pore

0 -. gels. Individual measurements are shown as
dots with the group means indicated at the
tops of the bars. 1 SDabove and below the

H N mean are shown as dashed lines.

-180
_n-116

*-84
-58

-336.5
-26.6

f. Ac..

Figure 4. Western blotting of atrial and ventricu-
lar MHC. Immunoperoxidase staining of MHCin
left atrial and left ventricular muscle from a hy-
pertensive baboon (X3156) was performed using
MAbs after extraction of myosin from cardiac
myofibrils with 100 mMtetrasodium pyrophos-
phate, separation of denatured polypeptide com-
ponents in SDS-PAGEgradient pore gels, and
transfer to nitrocellulose membranes. The stain-
ing of atrial and ventricular MHCs(lanes A and
V, respectively) is shown using a control MAb,
MAbs specific for /3- and a-MHCs, and a MAb
reactive with an epitope common to jl- and a-
MHCs. The molecular mass in kilodaltons of
prestained protein marker standards (lane M) is
provided for reference.

phied myocardium by pyrophosphate gel electrophoresis; and
(c) both types of/3-MHCs share at least two commonantigenic
determinants that are recognized by MAbs in Western blots
including an epitope defined by a /3-MHC-specific MAb. An
a-MHC-specific MAbdid not react with either /3-MHC. The
amount of /32 MHCwas greatly increased, and the Ca2+-acti-
vated myosin ATPase activity was decreased in the left ventric-
ular myocardium of chronically hypertensive baboons com-
pared with control animals.

The functional significance of increased /32 MHClevels is
unknown, although reduced myosin ATPase activity in myo-
cardium containing high levels of the smaller MHCsuggests
that the /32 MHCmay be less enzymatically active than the /31
MHC(Table I). It has been well documented that the different
catalytic properties of cardiac a- and /3-MHCs account for the
disparate shortening velocities of muscles containing each type
of MHC(1, 2). The differential expression of a- and /3-MHCs
in the hearts of small mammals and in the atria of large ani-
mals serves as a mechanism for cardiac adaptation to changes
in hemodynamic load (7, 8), hormonal stimulation (6), and
developmental programs (5). The same type of adaptive mech-
anism, however, has not been observed in ventricular myocar-
dium of large mammals. Although low levels of a-MHCs have
been detected in human ventricles by several investigators
using immunological techniques (29, 30), others report the
exclusive expression of /3-MHCs in these tissues (31). In any
case, /3-type chains have been shown to be the predominant
form of MHCfound in ventricular muscle of large animals
regardless of the physiologic environment (1).

Some evidence suggesting the existence of more than one
type of /3-MHC in ventricles of large mammals has been ob-
tained using biochemical (32) and immunological techniques
(10, 33); however, these studies did not detect differences in
the molecular weights of /3-MHCs such as those that we have
observed in hypertensive baboon ventricles. None of the stud-
ies which have presented evidence of /3-MHC heterogeneity,
including our own, have determined the origin of the struc-
tural variation in these proteins. Four possible mechanisms
that might produce the /3-MHC subtypes include: (a) encoding
of the two types of /3-MHCs by distinct genes; (b) posttran-
scriptional splicing of RNAfrom the same gene; (c) in vivo,
posttranslational modification of a single /3-MHC gene prod-
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Figure 6. Electrophoresis of cardiac MHCfrom normotensive and
hypertensive baboons. Cardiac MHCwere separated by SDS-PAGE
in gradient pore gels after extraction from LV, RV, and IVS from
normotensive (top) and hypertensive (bottom) baboon myocardium
and stained with Coomassie blue G-250. Two MHCsidentified as ,1
and ,2 with estimated molecular masses of 210 and 200 kD, respec-
tively, are indicated in the hypertensive groups. Note that the IVS
tissue sample for X1829 was not available for analysis by SDS-PAGE.

uct; and (d) postmortem proteolysis of a single gene product.
We consider the last possibility to be the most remote for
several reasons. First, the baboon hearts examined in our study
were collected and processed within several hours (1.6± 1.1 h)
after cessation of blood flow. Klotz and co-workers (34) have
shown that Ca2+-activated myosin ATPase in human ventri-
cles was not altered if cardiac tissue was processed within 24 h
after death. Second, it is unlikely that postmortem proteolysis
would occur exclusively in the LV of hypertensive baboons.
No significant differences were observed between the levels of
f32 MHCsfound in the RVand IVS samples from hypertensive
and control animals. Third, the same relative abundance ofB2
MHCswas generally found in partially purified myosin as was

found in crude myosin extracts of pyrophosphate homoge-
nized myocardium. It is unlikely that the same degree of post-
mortem proteolysis would be produced in the presence of pro-
tease inhibitors included in our purification buffers as would
be found in the pyrophosphate solution lacking these agents.
However, Siemankowski and Dreizen have previously shown
that during LV hypertrophy produced by abrupt aortic band-
ing, cardiac MHCsmay be more susceptible to either proteo-
lytic or thermally activated, heat-stable, nonenzymatic pro-
cesses (35).

Although the molecular weight variation that we observed
in ,B-MHCs from hypertrophied ventricular myocardium has
not been reported previously, differences of the same magni-
tude between molecular weights of MHCsseen in our experi-
ments have been detected in skeletal muscle myosins. Rush-
brook and Stracher (36) reported molecular weight heteroge-
neity in MHCsfrom skeletal muscle using 5%acrylamide SDS
gels. Umeda et al. (37) established that these MHCisoforms
were not the result of proteolytic processes by demonstrating
the existence of distinct mRNAscoding for fast and slow
MHCsin a cell-free translation system. Other studies have
confirmed the existence of multiple MHCisoforms in skeletal
muscle (38). Betto et al. (39) demonstrated that three types of
MHCscould be resolved by SDS-PAGE from rat skeletal
muscle corresponding to myosins with different muscle short-
ening velocities and fatigue sensitivities.

Molecular weight polymorphism in smooth muscle MHCs
has also been described by several investigators, and some in-
teresting similarities with our experimental results were re-
ported. Rovner et al. (40) found that smooth muscle contained
a single native myosin isoform in pyrophosphate gels even
though two MHCswere detected by SDS-PAGE. Kawamoto
and Adelstein (41) have described molecular weight differ-
ences between nonmuscle and smooth muscle MHCsin the
range of 4-9 kD. In each of these investigations that revealed
molecular weight heterogeneity among various types of
MHCs, resolution of the slight differences in size of the heavy
chains required electrophoresis in low percentage polyacryl-
amide or composite gels. Most of these investigations also
demonstrated that resolution of distinct MHCscould be ob-
scured in overloaded gels, as we have empirically determined.
The use of relatively high concentration polyacrylamide gels
and the tendency to overload samples to detect myosin light
chains may be the reason previous investigations have failed to
reveal MHCvariation in ventricular myosin of larger mam-
mals. Alternatively, we have not ruled out the possibility that
the #l-MHC variation observed in baboons might not be pres-
ent in hypertrophied LVs of other larger mammalian species.

In summary, we have identified a new subtype of f3-MHC
in baboon myocardium that is found at increased levels in the
LV of animals with chronic hypertension and substantial
pressure overload left ventricular hypertrophy. The mecha-
nism(s) that regulate expression of the ,32 MHCare unknown.
Wehypothesize that reduced or absent functional activity of
this myosin variant may underlie the altered mechanical be-
havior of pressure overload ventricular hypertrophy in higher
mammalian species.
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