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The Syrian cardiomyopathic hamster has a hereditary disease characterized by a progressive myocyte
necrosis and intracellular calcium overload. Several systems in the heart sarcolemma that regulate the rate of
Ca** entry or efflux were examined. There is a selective decrease of Ca*-pumping ATPase activity in the
heart sarcolemma of 40-day-old myopathic hamsters, while the Na*-Ca?* exchange system and the
ouabain-sensitive (Na* + K *)-ATPase activity remain intact. This age-dependent decrease in Ca?*-ATPase
activity closely parallels the time course of lesion development. Both the affinity for Ca?* (K ) and the
maximal velocity (V,,,,) of the Ca’*-dependent ATP hydrolysis are altered. In addition, there is also an
increased number of calcium channel receptor binding sites. Thus the data suggest that the imbalance in
Ca’* fluxes across the cardiac plasma membrane may be involved in the pathogenesis of this cardiomyopa-

thy.

Introduction

The hereditary cardiomyopathy of the Syrian
hamster is characterized by a very active period of
muscle cell death that begins after 30 days with
maximal lesions occurring at 60 days of age [1-3].
This is then followed by cardiac hypertrophy,
congestive failure and death after 7 months of age
[3]. Based on the findings that calcium channel
blockers such as verapamil or D600 are effective
in preventing the development of necrosis and
that there is abnormally high calcium content in
the cardiac mitochondria from myopathic ham-
sters [2,4-6], it has been suggested that this
cardiomyopathy is primarily a membrane disease
and that intracellular calcium overload may play a
role in its pathogenesis [7]. However, very little
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information is available regarding the calcium
homeostasis at the cardiac plasma membrane level
in these hamsters. In this report, evidence is pre-
sented that a defective sarcolemmal Ca?*-pump-
ing ATPase may be involved in the development
of cardiac necrosis in myopathic hamsters.

Materials and Methods

Genetically myopathic hamsters Bio 53:58
(female) and age-matched, random bred controls
were used.

Isolation of sarcolemma-enriched preparation.
Hamster cardiac sarcolemma was prepared
according to Kidwai et al. [8] except that protease
inhibitors (0.1 mM PMSF, 1 pg/1 leupeptin) were
included in both the isolation medium and
throughout the preparative procedure. Briefly,
hearts from four hamsters (1-2 g) were homoge-
nized twice with a polytron PT-20 set at low speed
for 5 s in 10% (w/w) sucrose; the homogenate was

0005-2736 /87 /$03.50 © 1987 Elsevier Science Publishers B.V. (Biomedical Division)



filtered through four layers of cheese cloth and
then nylon mesh 150. The filtrate was centrifuged
at 100000 X g for 30 min. The pellet was resus-
pended in 10% sucrose and applied to a sucrose
gradient (30-56% w/w) and centrifuged at
100000 X g for 2 h (SW rotor 25). The top band
in the gradient that contained sarcolemmal vesicles
(density 1.13-1.14) was collected, washed and
centrifuged. The final pellet was suspended in 160
mm KCl and 20 mM Tris-HCl (pH 7.4) and
stored at —80°C until use. The characterization
of this preparation indicates that it is approxi-
mately 20-fold enriched in ouabain-sensitive (Na*
+ K*)-ATPase as compared to the homogenate.
The preparation is free of mitochondrial and
nuclear membrane contamination, but not com-
pletely free of sarcoplasmic reticulum contamina-
tion.

Enzyme assays. The Ca?*ATPase activity of
hamster cardiac sarcolemma was measured
according to Caroni and Carafoli [9] with modifi-
cation. Sarcolemmal vesicles (2 pug protein) were
preincubated at 37°C in 1 ml of medium contain-
ing 160 mM Tris-HCI (pH 7.4), 1 pg oligomycin,
0.5 mM MgCl,, 10 uM digitoxigenin, 1 uM iono-
phore A23187, 0.4 mM EGTA, with either no
CaCl, added or with 5 pM free Ca?* as
determined by Ca2*-selective electrode. After 5
min, the reaction was started by the addition of
0.5 mM ATP. The P, released was assayed by
colorimetric determination [10]. Ca’*-dependent
ATPase activity was calculated by subtracting val-
ues obtained in the presence of chelator alone
from those obtained with chelator plus Ca%*. This
activity is termed total activity. It comprises both
the Ca?*-ATPase of sarcolemma and the Ca2*-
ATPase from sarcoplasmic reticulum contamina-
tion.

The two activities can be distinguished by their
different sensitivity toward vanadate inhibition [9].
The K, (vanadate) for sarcolemmal enzyme is
approximately 1.5 uM (our data), whereas the K,
(vanadate) for the sarcoplasmic reticulum enzyme
is greater than 50 uM [11]. Thus the assays were
carried out in the presence and absence of 3 uM
vanadate. Only the vanadate (3 pM) inhibitable
activity was referred as the Ca%*-pumping ATPase
activity of the plasma membrane.

Ouabain-inhibitable (Na* + K *)-ATPase activ-
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ity was measured according to Besch et al. [12]
after pretreatment of the membrane vesicles (0.4
mg protein/ml) with SDS (0.3 mg/ml). 5'-
Nucleotidase was measured as described by
Mansier et al. [13]. Protein was measured accord-
ing to Bradford [14] using bovine serum albumin
as standard.

Estimation of membrane sideness. In (Na™* +
K *)-ATPase assays in which membrane sideness
and leakiness were determined, the procedure of
Caroni and Carafoli [15] was used. Ouabain-sensi-
tive (Na* + K*)-ATPase activity observed in the
presence of SDS pretreatment was defined as total
activity, while the activity observed in the absence
of SDS pretreatment was considered as due to
‘leaky vesicles’. The digitoxigenin-sensitive frac-
tion of the activity observed in the absence of SDS
pretreatment but in the presence of 5 uM monen-
sin, was due to ‘leaky’ and inside out vesicles.

Measurement of Ca’™ transport in the sarco-
lemmal vesicles. ATP-dependent Ca’* uptake was
measured isotopically as described by Caroni and
Carafoli [9]. The Ca?* accumulation due to the
operation of the Na*-Ca2* exchange system was
measured by the method of Pitts [16]. All experi-
ments had blanks that contained a 160 mM NaCl,
20 mM Mops (pH 7.4) incubation medium in
order to eliminate the Na™* gradient from inside to
outside of the vesicles. The low values of *CaCl,
uptake (passive Ca’* binding) observed in NaCl
medium were subtracted from the values de-
termined in KCl medium to obtain Ca%* uptake
due to Na*—Ca’* exchange.

Membrane lipid analysis. Membranes (1 mg
protein) were mixed with 3.75 ml of chloroform/
methanol (1:2, v/v). Phospholipids were ex-
tracted using the method described by Lapetina
and Michell [17). After drying under a stream of
N,, phospholipid extracts were redissolved in
chloroform/ methanol (2:1, v/v) and spotted on
precoated Silica gel 60 thin-layer chromatography
plates (Merck). Chromatographs were developed
in one dimension using chloroform/ methanol/
acetic acid/water (100:30:35:3, v/v) according
to Thomas and Williamson [18]. This solvent sys-
tem allows the complete separation of
sphingomyelin, phosphatidylcholine, phosphati-
dylinositol, phosphatidylserine, phosphatidyl-
ethanolamine, phosphatidic acid, and cardiolipin.
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The individual spots were detected in I, vapor and
then removed for phosphate determination.

Results

General characteristics of the heart sarcolemma

Various procedures [12,13,16] for the isolation
of heart sarcolemma were tested. The method of
Kidwai et al. [8] was chosen because of its suitabil-
ity for small animals, where only a limited supply
of hearts were available from which to obtain
sarcolemmal preparations of reasonable yield and
purity. A comparison of the sarcolemmal (Na* +
K*)-ATPase activity of the rat heart preparation
obtained by Kidwai’s procedure or by the more
recent method of Mansier et al. [13] was carried
out. Both methods yielded preparations that had a
ouabain-sensitive (Na* + K*)-ATPase in the
range of 120-140 pmol/mg per h. This suggests
that the preparations from the two methods have
similar purity.

Table I shows the general characteristics of the
heart sarcolemma from control and myopathic
hamsters at 2 months of age, the time when maxi-
mal heart lesions occur. The results indicate that
there is a significant decrease (48%) of the protein
yield in the sarcolemma preparation from the
myopathic hearts as compared to controls. This
presumably is a result of the severe myocytolysis
occurring in myopathic hearts. However, the assay
of sarcolemmal enzyme markers indicates that
there is no change in the specific activity of either

TABLE I

GENERAL CHARACTERISTICS OF HEART SARCO-
LEMMA FROM CONTROL AND MYOPATHIC HAM-
STERS AT 2 MONTHS OF AGE

Values are means+S.D. of four experiments. (Na* +K™)-
ATPase was measured as activity sensitive to 1 mM ouabain
after treatment of sarcolemma vesicles with SDS (see Method).
Purity factor was calculated as the ratio of ouabain-sensitive

5’-nucleotidase or ouabain-sensitive (Na* + K *)-
ATPase. The purity factor of the preparation from
the control group was also similar to that from the
myopathic animals.

Estimation of the membrane sideness (see
Methods) suggested that both preparations from
control and myopathic hamsters were frequently
represented by sarcolemmal vesicles that were ap-
prox. 23% leaky, 77% sealed. Of the sealed vesicles,
approx. 17% were inside-out (I0) and 83% were
right-side-out (RO). Thus it appears that the
sarcolemmal preparations from control and myo-
pathic hearts showed similar membrane orien-
tation as well as ouabain-sensitive (Na* + K™*)-
ATPase activity.

Na*-Ca’* exchange and Ca’*-ATPase activities

Two systems that transport Ca®* across sarco-
lemma were examined in the present study. A
specific Ca?*-ATPase that has high affinity for
Ca’* but a low pumping velocity [9], and a
Na*/Ca?* exchanger that has a low affinity but
high capacity for Ca%* [15] were suggested to
operate in the Ca®* efflux. Table II shows the
sarcolemmal activities of these two systems from
hearts of control and myopathic hamsters at 2
months of age. The results indicated no discerni-
ble change in the Na*-Ca?* exchange activity of
the preparation from myopathic hamsters as com-
pared to controls. However, the assay of Ca%*-
ATPase activities (see Methods) showed that both
the total activity as well as the 3 pM vanadate-sen-

TABLE 11

Na*-Ca?* EXCHANGE AND Ca?*-ATPase ACTIVITIES
IN HEART SARCOLEMMA FROM CONTROL AND
MYOPATHIC HAMSTERS AT 2 MONTHS OF AGE

Values are means+ S.D. of four experiments (see Methods).

(Na* +K*)-ATPase activity in sarcolemmal membrane and Control Myopathic
heart homogenate. Na*—~Ca?* exchange

(nmol/mg /30 s) 300+ 3.2 33.04+5.0

Control  Myopathic Total Ca2*-ATPase

Protein yield (ug/g heart) 377+75 196+40 * (pmol/P; /mg/h) 65414124 227448 >
5’-Nucleotidase (pmol/mg/h) 270+£51 267+55 3 uM vanadate-sensitive
(Na* +K*)-ATPase (umol/mg/h) 89+ 5 85+ 4 Ca?*.ATPase
Purity factor 25+ 2 26% 2 (pmol/P; /mg/h) 480+ 42 13642 *

* Significantly different from control value ( P < 0.005).

* Significant different from control value (P < 0.001).
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Fig. 1. The inhibition of the Ca%*-ATPase activity by vana-
date. Total Ca®*-ATPase activity (expressed as the initial rate
of Ca?*-dependent ATP hydrolysis) was estimated as de-
scribed in Methods. C, control; M, myopathic. 100% activity
corresponds to 70 pmol P, /mg per h. Free Ca?* concentra-
tion: 5.0 uM.

sitive activity from the myopathic preparation were
depressed by 3-4-fold as compared to controls.
Fig. 1 shows the inhibition of Ca?*-ATPase activ-
ity by varying concentration of vanadate. The
Ca?*-dependent ATPase activities from both the
control and myopathic preparationis were
inhibited by vanadate in a similar fashion, with
maximal inhibition (70-80%) occurring at 3 uM.
The concentration of vanadate required for half-
maximal inhibition (X;) is approx. 1.5 pM. These
results confirm the earlier report [9] indicating
that sarcolemmal Ca?*-ATPase can be dis-
tinguished from the sarcoplasmic reticulum Ca?*-
ATPase by its high sensitivity toward vanadate
inhibition. While the sarcolemmal enzyme can be
inhibited by 3 pM vanadate, the reported K,
(vanadate) for the sarcoplasmic reticulum enzyme
is about 50 pM [11]. Thus it is valid to use 3 puM
vanadate-sensitive activity as an estimation of
sarcolemmal Ca2*-ATPase activity.

Since the sarcolemmal Ca?*-dependent ATPase
activity is coupled to ATP-dependent Ca* uptake
[9], comparison of the sarcolemmal ATP-depen-
dent Ca’* uptake (see Methods) between the pre-
parations of control and myopathic hamsters were
also carried out. The results (not shown) again
indicated a significant decrease in the Ca2* trans-
port activity in the preparation from the 2 months
old myopathic hamsters.
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Kinetic properties of the Ca’*-ATPase of heart
sarcolemma

The heart sarcolemma preparations from con-
trol and myopathic hamsters were studied for the
dependence of the initial rate of ATP hydrolysis
on the external free Ca?* or ATP concentration.
Fig. 2 shows the effect of varying Ca2* concentra-
tions on the Ca2*-ATPase (3 pM vanadate-sensi-
tive) activity. It is evident that the two prepara-
tions from control and myopathic groups differ
greatly in their Ca?* requirement (K ) as well as
maximal velocity (V,,,,) of ATP hydrolysis. The
Lineweaver-Burk plots (not shown) indicate a V_,,
of 50 pmol/ mg per h for the control group and a
V. ax Of 14 pmol/mg per h for the myopathic
group. Furthermore, there is an increase in the
Ca?" requirement to reach half-maximal velocity,
i.e. the K, (Ca) for the myopathic group is in-
creased to 0.64 pM as compared to the controls
(K,,=0.14 uM). Fig. 3 shows the effect of vary-
ing the ATP concentration on the Ca?*-ATPase
activity when the external free Ca®* concentration
is kept at 5 pM. Half-maximal activation is seen at
approximately 0.16 mM ATP for both control and
myopathic groups. However, the V_ . (ATP) is
again reduced in the myopathic group (13 pmol/
mg per h) as compared to controls (51 pmol/mg
per h).
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Fig. 2. The effect of free Ca* concentration on the sarco-
lemmal Ca?*-ATPase activity. Sarcolemmal Ca2*-ATPase ac-
tivity (3 pM vanadate-sensitive) was estimated as described in
Methods. Free Ca* concentration (obtained by using EGTA-
Ca?* buffer system) was determined by a calcium-selective
electrode. C, control; M, myopathic.
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Fig. 3. The effect of ATP concentration on the sarcolemmal
Ca?*-ATPase activity. Sarcolemmal Ca?*-ATPase activity (3
#M vanadate-sensitive) was estimated as described in Meth-
ods. C, control; M, myopathic.

Sarcolemmal Ca’*-ATPase activity and lesion
development. The relationship between Ca’”-
ATPase activity and lesion development in the
myopathic hamster was studied by using heart
sarcolemmal preparations from myopathic and
control hamsters of various ages. The results (Fig.
4) indicate that while the Ca?*-ATPase (3 pM
vanadate-sensitive) activity of the control group
remains constant with age, there is a decrease of
enzyme activity in the myopathic preparation after
1 month that reaches a plateau after 2 months of
age. This age-dependent decrease in Ca’*-ATPase
activity closely parallels the time-course of lesion
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Fig. 4. Sarcolemmal Ca?*-ATPase activity vs. age of hamsters.
Heart sarcolemmal preparations were obtained from control
(C) and myopathic (M) hamsters at various ages and assayed
for 3 uM vanadate-sensitive Ca2*-ATPase activity.

development [5]. Since the assay of 5’-nucleotidase
indicates no differences between the myopathic
and control groups throughout the same time span
of cardiomyopathy (1-5 months), this eliminates
the possibility of membrane preparation artifact
as a cause of depressed Ca?*-ATPase activity in
the myopathic samples. Furthermore the assay of
other ion transporters such as (Na* + K*)-ATP-
ase and Na*—-Ca®" exchange systems also indicate
no alteration in sarcolemma preparations from 2
and 3 months old myopathic hamsters when the
greatest number of lesions occurs. Taken together,
these results suggest a specific correlation of the
sarcolemmal Ca?*-ATPase activity with lesion de-
velopment.

Discussion

The Syrian cardiomyopathic hamster is an use-
ful animal model that mimics human forms of
cardiac hypertrophy and failure [3]. Calcium over-
load of myocytes has been implicated in the path-
ogenesis of the cardiomyopathy in these animals
[7]. The calcium concentration in cardiac myocytes
of these hamsters is elevated [6]. Earlier work from
this laboratory has identified and purified a
calcium-activated protease that together with a
mast cell protease may mediate the necrosis of
myocytes [5,19]. More recent work is directed at
the study of the possible cause of calcium over-
load in these hamsters. Presumably the calcium
overload is the result of an imbalance between the
rate of Ca?* entry and rate of efflux across cardiac
sarcolemmal membranes. There are two calcium
transporters that regulate the rate of Ca’* exit
from the cell, i.e. the high-affinity, low-capacity
Ca?*-ATPase and the low-affinity, high-capacity
Na*-Ca’* exchange system. In the present study,
we report a selective decrease of the Ca?*-pump-
ing ATPase activity in the heart sarcolemma of
myopathic hamsters without the alteration of the
Na*—Ca2" exchange system.

Heart sarcolemma preparations were obtained
from control and myopathic hamsters by a linear
sucrose gradient method [8]. Because both pre-
parations have similar membrane orientation, this
fact allows meaningful comparison of Ca?*-pump-
ing ATPase activity in the sarcolemmal vesicles of
the two groups. The activity of the Ca*-pumping



ATPase of the cardiac sarcolemma can be ex-
pressed either as the ATP-dependent Ca?* uptake
or as the Ca’*-dependent ATP hydrolysis. The
two activities are expressions of the same enzyme
located in the sarcolemmal membrane [9]. In the
present study, we have demonstrated that both
activities are depressed in preparations from myo-
pathic hamsters. However, the assay of Ca?*-
dependent ATP hydrolysis is more accurate than
that of ATP-dependent Ca?* uptake. This is be-
cause in the former case, assays have been carried
out with and without the presence of 3 uM vana-
date to enable the distinction of sarcolemmal vs.
sarcoplasmic reticulum Ca?*-ATPase, whereas in
the latter case no such distinction has been made
due to the limitation of membrane material that is
available. Thus only data from the ATP hydrolysis
were used for quantitative comparisons between
the myopathic and control hamsters.

The sarcolemmal Ca?*-ATPase activity in the
present study can be distinguished from the en-
zyme of sarcoplasmic reticulum origin by its in-
creased sensitivity toward vanadate inhibition (Fig.
1). Furthermore, it is also inhibitable (data not
shown) by 30 uM trifluoroperazine, a calmodulin
antagonist. These characteristics have been em-
ployed in the present study for positive identifica-
tion of the Ca”*-pumping ATPase of heart sarco-
lemma [9]. This point is emphasized because most
heart sarcolemma preparations including that used
in the present study are not 100% pure, and they
are invariably contaminated by sarcoplasmic re-
ticulum.

The alteration of the sarcolemmal Ca?*-ATPase
activity without affecting the ouabain-sensitive
(Na™ + K" )-ATPase activity in myopathic ham-
sters during the early phase of lesion development
(40—60 days, Table II and Fig. 4) is in contrast to
the study of Makino et al. [20]. They have re-
ported a significant depression of (Na*+ K™)-
ATPase without alteration in Ca?*-stimulated
ATPase in 40 day old myopathic hamsters. How-
ever, a close comparison of the assay conditions
indicates that the (Na™ + K™)-ATPase activity as
defined by Makino et al. [20] is not the same as
the ouabain-sensitive (Na* + K *)-ATPase activity
as described by Besch et al. [12], where an un-
masking agent such as SDS must be used in order
to reveal the latent enzyme activity.
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The selective decrease of sarcolemmal Ca®*-
ATPase activity in the myopathic hamster re-
ported here is the first report where the calcium-
pumping ATPase activity of the myopathic ham-
ster is well identified and characterized. The alter-
ations in both the calcium affinity (KX ,,) and max-
imal velocity (V,,.) suggest possible structural
changes or altered regulation of this enzyme in
myopathic hamster. It has been shown that the
Ca’*-ATPase of plasma membrane can be stimu-
lated by phospholipids such as phosphatidylinosi-
tol 4,5-bisphosphate [21]. A comparison of the
phospholipid composition of the cardiac plasma
membrane from myopathic and control hamsters
(Table IIl) indicates significant changes in the
proportion of phosphatidylinositol as well as
phosphatidylcholine and phosphatidylserine. Thus
it is conceivable that the depressed Ca?*-ATPase
activity can also be the result, at least in part, of
altered regulation by the membrane phospholipid.
In addition to phospholipids, other factors such as
calmodulin, fatty acids and phosphorylation-de-
phosphorylation cycle may also be important in
the altered regulation of Ca?*-ATPase.

The paralle] relationship between the decrease
in enzyme activity and lesion development (Fig. 4)
suggests that calcium overload is closely associ-
ated with the myocyte necrosis. This suggestion is

TABLE Il

PHOSPHOLIPID COMPOSITION OF CARDIAC PLASMA
MEMBRANE FROM MYOPATHIC AND CONTROL
HAMSTERS (3-5 MONTHS OLD)

Data are expressed as means + S.D. of four experiments.

Control Myopathic

Total phospholipid

(nmol/mg protein) 1112 +146 1119 +157

Phospholipid composition ?

Sphingomyelin 75+ 23 127+ 38
Phosphatidylcholine 452+ 06 401+ 04*
Phosphatidylinositol 9.3+ 0.8 71+ 05*
Phosphatidylserine 48+ 03 70+ 04*
Phosphatidylethanolamine  27.2+ 40 279+ 42
Phosphatidic acid 33+ 23 28+ 23
Cardiolipin 22+ 20 1.5+ 1.6

»

Values of phospholipid composition are expressed as nmol%
of total phospholipid phosphorus.
* Significantly different from controls (P < 0.01).
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supported additionally by the increased calcium
channel receptors (B,,,) in the heart of myo-
pathic hamsters as first reported by Wagner et al.
[22] and now confirmed by us (Myopathic: B,
=523 4 115 fmol/mg; Control: 380 + 38 fmol/
mg (n = 4)). The concurrent increase in the calcium
channel receptor binding to [*HJPN 200-110 and
decrease in Ca’>*-pumping ATPase activity sug-
gest an imbalance of calcium fluxes across the
cardiac plasma membrane. Whether calcium over-
loading is the primary cause of cardiomyopathy in
these hamsters still requires additional experimen-
tation.
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