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ABSTRACT  Chronic streptozotocin-induced diabetes in rats
was associated with a significant loss in the ability of isolated car-
diac sarcolemmal membranes to bind Ca®*. Administration of in-
sulin to the diabetic rats normalized the sarcolemmal Ca** bind-
ing capacity. The content of sialic acid residues, which are
considered to represent a superficial Ca®* pool in sarcolemma,
was decreased in preparations from diabetic rats, and this change
also was reversible upon insulin treatment of the diabetic rats.
Treatment of sarcolemma with neuraminidase decreased Ca®*
binding by 37% in control preparations but had no effect on di-
abetic preparations. Diphosphatidylglycerol content was de-
creased but other acidic phospholipids such as phosphatidylinosi-
tol and phosphatidylserine, which also bind Ca®*, were not altered
during diabetes. An increase in lysophosphatidylcholine and a de-
crease in phosphatidylethanolamine contents were observed in
membranes isolated from diabetic rats. These results suggest that
some alterations occur in Ca®* binding and composition of heart
sarcolemma in chronically diabetic rats and may provide further
insight into the pathogenesis of diabetic cardiomyopathy.

Chronic diabetes mellitus has been associated with primary de-
fects in the contractile function of the heart (1-3). The precise
subcellular mechanism responsible for this diabetic cardiomy-
opathy is unknown; however, it has been suggested (4) that al-
terations in Ca®* metabolism in the heart occur. Depressed Ca>*
uptake by the sarcoplasmic reticulum as well as alterations in
Ca®*-activated ATPase have been demonstrated for sarco-
plasmic reticular and myofibrillar fractions from diabetic rat
hearts (5, 6). In view of the importance of the movement of
extracellular Ca®>* across the myocardial membrane in modu-
lating the contractile performance of the heart (7, 8), it is pos-
sible that alterations in trans-sarcolemmal Ca®>* flux may par-
ticipate in this cardiomyopathy. This hypothesis has been
indirectly supported by a preliminary study in which an ab-
normal response of isolated heart preparations from diabetic
animals to extracellular Ca®>* was found (9). In addition, the
presence of a general cardiac sarcolemmal membrane lesion
has been supported by data documenting altered tissue Na*,K*
and Ca?* contents (3, 10, 11).

The present study was undertaken to examine sarcolemmal
characteristics in an experimental model of chronic diabetes.
By virtue of its content of acidic phospholipids and sialic acid
residues, heart sarcolemma is known to have a remarkable abil-
ity to bind Ca®* and so is considered to serve as a superficial
Ca®* pool for the generation of contractile activity (7, 8, 12).
Thus, identification of changes in the sarcolemmal composition
and Ca®* binding activity could extend our knowledge con-
cerning the molecular mechanisms associated with defective
cardiac muscle function in diabetic cardiomyopathy.
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METHODS

Male Sprague-Dawley rats weighing 200-250 g were used in
this study. Animals were randomly separated into control and
experimental groups. Experimental animals (n = 75) were made
diabetic by a single intravenous injection of streptozotocin (65
mg/kg of body weight) delivered in a citrate-buffered vehicle
(pH 4.5). Control animals (n = 55) received a similar injection
of the vehicle alone. All animals were fed normal rat chow and
water ad lib and were sacrificed 8 weeks after injection. To de-
termine if the effects observed in this study were reversible,
some animals (n = 40) were injected with streptozotocin and
maintained in a diabetic state for 6 weeks instead of 8 weeks.
These animals were then given subcutaneous injections of in-
sulin (2-3 units of Connaught protamine zinc insulin per day)
for 2 additional weeks and then sacrificed. Blood samples were
taken and the plasma was analyzed for glucose (Worthington
Statzyme reagent kit) and insulin (Amersham radioimmunoas-
say techniques).

The heart was removed and the ventricular tissue was washed
and homogenized in 10 mM Tris-HC], pH 7.4/1 mM EDTA.
Sarcolemmal membranes were isolated by the hypotonic shock/
LiBr method (13) and suspended in 1 mM Tris-HCl at pH 7.4.
The vesicles obtained by this procedure are predominantly right-
side-out in orientation and have a substantial basement mem-
brane (14, 15). Ca®* binding by the sarcolemmal membranes
was studied by the Millipore filtration technique (14, 15).
Membranes (150-200 ug) were incubated at 37°C for 5 min in
1 ml of a medium containing 50 mM Tris*HCI (pH 7.4) and 0.05
mM or 1.25 mM *CaCl,.

In some experiments, membranes were treated with neur-
aminidase (specific activity, 5 units/mg of protein) prior to the
determination of Ca®>* binding. Specifically, 2 mg of sarcolem-
mal protein was incubated for 20 min at 37°C in 50 mM TrissHCI,
pH 7.4/20 mM KCl containing 20 or 200 ug of neuraminidase;
this represents a ratio of 0.05 or 0.5 unit of neuraminidase per
mg of sarcolemmal protein, respectively. These concentrations
are similar to those used in previous studies on cardiac sarco-
lemmal membranes (14, 16). Separate experiments were per-
formed to determine if the endogenous proteolytic activity as-
sociated with this neuraminidase preparation (1 microunit/mg
of protein) could be responsible for the alteration of Ca®* bind-
ing. However, the presence of 0.011 ng of trypsin inhibitor
(Sigma T-9003) in the incubation medium, which is sufficient
to block the nonspecific proteolytic activity, has no effect on
Ca®* binding results with neuraminidase. This suggests that the
effects of a neuraminidase reported here were not due to action
of contaminating proteases in the enzyme preparation.

Ouabain-sensitive Na*,K"-ATPase, adenylate cyclase, and
5'-nucleotidase activities were used as sarcolemmal marker en-
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zymes and were measured according to procedures outlined in
detail elsewhere (14-17). Cytochrome ¢ oxidase activity (18),
K*-EDTA ATPase activity (19), and Ca**-stimulated, Mg**-de-
pendent ATPase activity (6) were measured to determine the
extent of contamination of the sarcolemmal fraction with mi-
tochondria, contractile proteins and sarcoplasmic reticulum,
respectively. Inorganic phosphate released in the ATPase re-
action and the procedure for protein determinations was esti-
mated as described (6).

Sialyltransferase activity was determined in the sarcolemmal
fraction by the disk method of Baxter and Durham (20) by in-
cubating 0.3 mg of membrane protein for 90 min at 37°C in 100
wl of a medium containing 50 mM imidazole-HCI (pH 7.0), 5
mM MgCl,, 0.5 mg of desialylated human a;-acid glycoprotein
and 1.85 pM CMP-sialic acid (170 mCi/mmol; 1 Ci = 3.7 x
10'° Bq). This medium also contained 0.05 or 0.1 mM Na,ATP
to avoid the influence that endogenous phosphatase activity may
have on the results. The reaction was terminated by placing the
tubes on ice. Aliquots (60 ul) were spotted on 2.5-cm Whatman
no. 1 filter disks and the disks were immersed in 10% trichlo-
roacetic acid. The disks were washed three times in 10% tri-
chloroacetic acid, twice in ethanol/ether, 2:1 (vol/vol), and fi-
nally in ether. The disks were dried, immersed in 1 ml of 0.05
M H,SO,, and incubated at 80°C for 1 hr. The H,SO, was neu-
tralized with 1 M NaOH and the disks were assayed in scin-
tillation medium.

Sialic acid content of the sarcolemma was determined by the
thiobarbituric acid method of Warren (21). For measuring the
phospholipid content, 2 mg of the sarcolemmal protein was sus-
pended in chloroform/methanol, 2:1 (vol/vol), and the phos-
pholipid extract was streaked on two-directional TLC plates.
Phospholipid phosphorus was measured as described (17).
NaDodSOy gel electrophoresis was performed on sarcolemmal
samples as described (17) in a 10% acrylamide gel. Molecular
weights of the vesicular proteins were estimated through com-
parison to molecular weights of known standards run alongside
the unknown samples. Densitometric scanning was accom-
plished at 660 nm in a Unicam SP 1800 spectrophotometer fit-
ted with a gel scanner, and individual protein peaks were quan-
tified as outlined elsewhere (22).

Statistical analysis of the data was accomplished through the
use of Student’s ¢ test or analysis of variance with Duncan’s
multiple range post hoc test.

RESULTS

The experimental rats showed all of the diabetic symptoms 8
weeks after streptozotocin injection (Table 1). Body and ven-
tricular growth were significantly retarded in diabetic animals.
The ventricular: body weight ratio suggested that the hearts from
diabetic animals were in a state of hypertrophy. Plasma glucose
concentrations were markedly increased and plasma insulin val-
ues were depressed in comparison to control animals. These
characteristics are similar to those reported by others using similar
protocols (2, 5, 6). Daily injection of the diabetic animals for 2
weeks with insulin normalized plasma glucose and insulin con-
centrations. However, this treatment was not of a long enough
duration to reverse all of the effects of the diabetic state as evi-
denced by the continued presence of morphometric alterations
in these rats in comparison to control.

The results in Table 1 also indicate that yields of sarcolemmal
protein from the ventricular tissue of control, diabetic, and in-
sulin-treated diabetic animals were not different from each other
(P > 0.05). ATP-independent sarcolemmal Ca?* binding in di-
abetic rat heart in the presence of both 0.05 mM and 1.25 mM
Ca®* was significantly depressed (Table 1). In vivo treatment
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Table 1. Body and ventricular weights, plasma glucose and
insulin levels, and sarcolemmal Ca®* binding in control,
diabetic, and insulin-treated diabetic rats

Diabetic; then
Control Diabetic insulin
Body weight,g 462 + 8 276 =+11* 368 =+ 12t
Ventricular
weight, g
Ventricular/body
weight ratio,
mg/g 2.55 = 0.02
Plasma glucose,
mg/dl 154 =+ 8 529 =+21* 182 =*10
Plasma insulin,
microunits/ml  28.0 * 1.7
Sarcolemmal
yield, mg
protein/g heart
Ca®* binding,
nmol/mg:
At 0.05
mM Ca?*
At 1.25
mM Ca?*

Values represent mean + SEM of at least five experiments.
*For difference from control, P < 0.005.
tP < 0.05.

116+ 0.02 0.85=* 0.03* 1.02=+ 0.03*

311+ 0.04* 277+ 0.02¢

114 = 1.03* 346 =+ 6.0

312+ 024 327x 024 269+ 013
1599 + 155 11.58+ 0.07" 1558 + 1.19

1934 *+16.7 872 + 4.0* 160.7 = 6.1

of diabetic animals with insulin resulted in a normalization of
Ca®* binding to the cardiac sarcolemmal membrane fraction.
Our control values for Ca®* binding by rat heart sarcolemma
are in agreement with those reported elsewhere (15, 23, 24).
When the hearts were removed from diabetic animals 2 weeks
after injection with streptozotocin, no difference in Ca?* bind-
ing activities were observed between the control and diabetic
preparations (P > 0.05).

In order to clarify whether or not differential contamination
in control and experimental preparations was confounding the
results, activities of some selected marker enzymes were de-
termined in the sarcolemmal membrane fractions from both
control and diabetic animals. Ouabain-sensitive Na*,K*-ATP-
ase activities were similar (P > 0.05) in both preparations (con-
trol, 12.21 * 0.18 wmol P;/mg per hr; diabetic, 11.41 + 0.21
pmol) and these represented 8.09- and 7.82-fold increases in
purity over homogenate values. Similar values and purification
indices for ouabain-sensitive Na*,K*-ATPase activity in rat heart
sarcolemma isolated by a sucrose-density gradient method have
been reported (23). Sarcolemmal adenylate cyclase activity
showed 10.21- and 10.07-fold purification with respect to the
homogenate values in control (30.19 * 5 pmol of cAMP per mg
of protein per min) and diabetic (15.11 * 4 pmol), respectively.
5'-Nucleotidase activity was enriched in sarcolemmal prepa-
rations from control and diabetic samples 5.18- and 5.26-fold
over homogenate values (control, 28.12 * 1.59 nmol of aden-
osine per mg per min; diabetic, 22.23 * 1.01 nmol), respec-
tively. These data indicate that the sarcolemmal membranes
from control and experimental animals exhibited similar in-
creases in purity.

Cytochrome ¢ oxidase activity of the sarcolemmal prepara-
tions was about 50% of the homogenate values in control (260
nmol of cytochrome ¢ oxidized per mg per min) and diabetic
(230 nmol) hearts and this suggests minimal contamination by
mitochondria (approximately 3-5%). Both K*-EDTA ATPase
and Ca®*-stimulated, Mg>*-dependent ATPase activities were
undetectable in control and diabetic sarcolemmal fractions,
suggesting that contamination by contractile protein and sar-
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coplasmic reticulum was negligible. In addition, NaDodSO, gel
electrophoretic separation of the sarcolemmal proteins re-
vealed the appearance of no new proteins in the diabetic prep-
arations in comparison to control (Fig. 1) which would offer ad-
ditional gross evidence of a similar degree of purity in these
membrane fractions. However, the results in Fig. 1 indicate a
significant increase in a sarcolemmal protein of approximately
M, 70,000 in the diabetic preparations. This peak represented
2.3% of the total protein in control preparations but increased
to 6.6% in sarcolemma from diabetic animals.

The mechanism that may explain the observed depression in
sarcolemmal Ca** binding may reside in some alteration in those
components of the sarcolemmal membrane that bind Ca®*. Be-
cause some phospholipids are known to be able to bind Ca®*
(12), the phospholipid composition of both control and diabetic
rat heart sarcolemma was investigated. Phospholipid values for
control rat sarcolemma reported here are similar to those in the
literature (17, 25). The concentration of lysophosphatidylcho-
line was increased and that of phosphatidylethanolamine and
of diphosphatidylglycerol were depressed in sarcolemma from
diabetic rat heart (Table 2). Other phospholipids were unal-
tered.

Another sarcolemmal Ca®* binding pool in the heart is re-
ported to be associated with the sialic acid residues (7, 14, 16,
26). Sialic acid content of myocardial sarcolemmal membranes
was significantly depressed in diabetic rat hearts (Table 3); this
effect was reversible by insulin. Control values for the sialic
acid content are similar to those reported elsewhere (14, 16,
27). The sensitivity of the sarcolemma-bound Ca®* to neur-
aminidase treatment was examined; neuraminidase specifically
cleaves the sialic acid residue from membrane-bound glyco-
protein (7, 26). The highest concentration of neuraminidase used
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Fic. 1. Densitometric scans of sarcolemmal protein separated by
NaDodSO,/10% polyacrylamide gel electrophoresis. Sarcolemmal
membrane protein was isolated from control rats (A) and diabetic rats

(B). *, Alteration in percentage composition of underlying peak in com-
parison to respective control protein peak.
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Table 2. Phospholipid composition of cardiac sarcolemmal
membranes from control and diabetic rats

Phospholipid, % of total

Phospholipid Control Diabetic
Phosphatidylcholine 385+35 42.0 = 3.2
Lysophosphatidylcholine 05+0.3 1.9 + 0.3*
Phosphatidylethanolamine 38.0 0.9 30.5 + 2.2*
Sphingomyelin 5314 87+13
Phosphatidylserine 59=15 76+ 18
Phosphatidylinositol 2.7+05 33+13
Diphosphatidylglycerol 91=%05 6.0=*11*

Results are expressed as mean + SEM of three experiments.
*P < 0.05.

in this study released approximately 50-60% of membrane-
bound sialic acid (14, 16). Neuraminidase treatment of sarco-
lemmal membranes from diabetic rats did not decrease their
Ca®* binding capacity whereas Ca®>* binding by control mem-
branes was significantly reduced by up to 37%.

Sialyltransferase activity was unaffected by the diabetic con-
dition of the animal (Table 3). The addition of 0.05 or 0.1 mM
ATP to the incubation medium to inhibit any endogenous non-
specific phosphatase activity had no significant effect on either
control or diabetic sample sialyltransferase activity. The sialyl-
transferase activity reported here is similar to that reported for
cardiac ghost plasma membranes (28).

DISCUSSION

The major alterations in the ability of the myocardial sarco-
lemma from diabetic rats to bind Ca®* described here do not
seem to be confounded by any differences in the relative purity
of these fractions as determined by marker enzyme activities.
On the basis of studies in which the diabetogenic action of
streptozotocin was blocked with 3-O-methyl glucose (1, 2), it is
highly improbable that streptozotocin itself has any cardiotoxic
effect at either the membrane or tissue level. This contention
is reinforced by the insulin-reversible nature of the defects ob-
served in the sarcolemma obtained from diabetic rats in the
present study. Furthermore, no changes in sarcolemmal Ca®*
binding were seen in hearts removed from rats 2 weeks after
induction of diabetes with streptozotocin. Therefore, the ob-
served alterations in sarcolemmal Ca®* binding appear to be
associated with the chronic diabetic condition per se.

The defect in cardiac sarcolemmal Ca®* binding capacity may
be of critical importance to the function of the diabetic rat heart.
Ca®* bound to the sarcolemmal pool has been integrally related
to force generation in the heart (7, 8, 23). Accordingly, a patho-
physiological alteration in the capacity of this superficial Ca®*
pool may severely hamper the mechanical performance of the
heart. A similar conclusion has been reached in other types of
cardiomyopathies (8, 29). Therefore, this sarcolemmal defect
may contribute, to some extent, to the diabetic cardiodepres-
sion reported (1-3). However, the results in this study in no
way rule out the involvement of defects in Ca®* transport by
the sarcoplasmic reticulum or myofibrillar Ca**-stimulated
ATPase in the development of cardiac dysfunction in diabetes
(5, 6).

The mechanism responsible for the observed decrease in Ca®*
binding appears to reside in the low sialic acid content of the
diabetic membranes. Such a depression in Ca®* binding may
be due partly to a reduction in the neuraminidase-sensitive sialic
acid residues because neuraminidase treatment of the diabetic
preparation, unlike the control membranes, failed to decrease
the Ca®*-binding activity. This decrease in membrane sialic acid
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Table 3. Sialic acid content, sensitivity of Ca?* binding to neuraminidase, and sialyltransferase activity in cardiac
sarcolemmal membranes isolated from control, diabetic, and insulin-treated diabetic rats

Sensitivity of Ca?* binding to neuraminidase,

Sialic acid, nmol Ca®* /mg Sialyltransferase,
nmol/mg 0 unit/mg 0.05 unit/mg 0.5 unit/mg pmol/mg/hr
Control 35.15 * 2.77 1789 *= 10.5 1403 + 9.2* 113.6 + 8.1* 1.49 = 0.16
Diabetic 25.23 = 1.36* 98.2 + 8.6* 109.6 + 10.1 122.3 = 31.6 1.84 + 0.16
Diabetic; then
insulin 31.31 £ 1.99 ND ND ND ND

Values represent mean *+ SEM of four experiments. Ca?* binding data were observed before and after treatment of the sar-
colemmal membranes with 0, 0.05, or 0.5 unit of neuraminidase per mg of sarcolemmal protein. ND, not determined.
*For effect of neuraminidase in comparison to untreated membranes, P < 0.05.

tFor difference from control, P < 0.05.

content during diabetes appears to be a generalized phenom-
enon in the body—lowered contents of sialic acid have been
reported in connective tissue (30), erythrocytes (31), and glo-
merular basement membrane (32) from human and animal
models of diabetes. In addition, the decrease in diphosphati-
dylglycerol content in the diabetic membranes may also con-
tribute to the decrease in Ca®* binding because this acidic
phospholipid has been shown to bind substantial quantities of
Ca2* (12). This Ca®* pool is believed to be involved in con-
tractile force regulation (12).

The M, 70,000 peak that was increased in content in the di-
abetic preparations corresponds to the sarcolemmal Ca®*-de-
pendent ATPase protein (33). This enzyme has been suggested
to be involved in regulating Ca®* entry into the cell (8). Its pre-
cise status in this condition, however, is not known.

The cause of the depression in sarcolemmal sialic acid in the
diabetic cardiomyopathy is unclear because sialyltransferase ac-
tivity was not decreased in diabetic preparations. Sialyltrans-
ferase is responsible for the attachment of sialic acid to the
membrane and has been reported to be depressed in renal tis-
sue from diabetic mice (34) and heart muscle from cardiomy-
opathic hamsters (28). It is possible that the defect in diabetic
cardiomyopathy may lie elsewhere along the pathway of ulti-
mate attachment of the sialic acid to the proper position on the
glycoprotein (35) rather than at the level of sialyltransferase. In
this regard, a recent study has demonstrated a defect in pyrim-
idine nucleotide metabolism in diabetic rat heart (36). Because
pyrimidine nucleotides function as cofactors in the synthesis of
sialic acid (36), it is possible that the reduction in sarcolemmal
sialic acid content shown in the present study may be a result
of this alteration.

Although alterations in the basic phospholipids are not likely
to contribute to the depression in Ca?* binding demonstrated
in the diabetic preparations, these changes may be of some im-
portance to cellular integrity. Lysophosphatidylcholine accu-
mulation in the myocardium has been associated with electro-
physiological abnormalities (37) and, in fact, alterations in
electrical activity in the diabetic rabbit heart have been re-
ported (38). In addition, an increased level of lysophosphati-
dylcholine has been shown to inhibit Na*,K*-ATPase activity
(39) and, therefore, could be causally related to the inhibited
sodium pump activity observed in hearts from diabetic animals
(40). Although patent Na*,K*-ATPase activity (that activity ex-
pressed in the absence of a membrane-perturbing agent) in di-
abetic membranes was not different from that in the control
preparations, latent Na*,K*-ATPase activity (as seen after the
treatment of membranes with different membrane-disruptive
agents) is depressed in diabetic heart (41). Phosphatidyletha-
nolamine levels were also decreased in cardiac sarcolemmal
preparations from diabetic rats in the present investigation, and
degradation of this phospholipid has been demonstrated to be

associated with defects in sarcolemmal permeability in the
myocardium (42).

This observation is particularly interesting because removal
of sarcolemmal sialic acid residues in the heart has also been
closely associated with an increase in membrane permeability
(7, 26). Furthermore, lysophosphatidylcholine accumulation has
been shown to result in augmented permeability and enhanced
Ca®* entry into the myocardium (43). It is possible, therefore,
that the decrease in membrane sialic acid and phosphatidyleth-
anolamine content in concert with the increase in lysophos-
phatidylcholine level observed in the present investigation may
alter permeability characteristics of the cell membrane from
diabetic rat hearts. The decreased binding of Ca®* to the sar-
colemma from diabetic rats itself may also change permeability
characteristics by altering physical properties of the membrane
(44). In this regard, increases in vascular tissue permeability
have been documented early in the diabetic disease process (45).
This hypothesis of a change in the integrity of the cardiac sar-
colemmal membrane would agree well with published accounts
of altered cation contents in the myocardium of diabetic ani-
mals (3, 10, 11); however, it would need more direct analysis
to establish its validity conclusively.

The present investigation has demonstrated the existence of
a defect in the Ca®*-related function of sarcolemmal mem-
branes from hearts of chronically diabetic rats. This defect ap-
pears to be associated with alterations in membrane composi-
tion. The lesion is largely insulin-reversible and therefore
correlates well with results of studies showing changes in car-
diac function during diabetes and its treatment with insulin (1).
Thus, alterations in sarcolemmal integrity may be associated
with the diabetic cardiomyopathy process, but the etiology of
this defect within the framework of the diabetic condition is
uncertain. It is known that streptozotocin-induced diabetes is
accompanied by a hypothyroid condition as well (1, 2). This is
unlikely to have any influence on the results of the present in-
vestigation because sarcolemmal preparations from hzypothy-
roid animals exhibit the same sialic acid content and Ca**-bind-
ing characteristics as do samples prepared from euthyroid animals
(ref. 27; unpublished data). Future investigations, however, may
need to examine a myriad of metabolic disturbances that ac-
company diabetes (1-4) in order to determine the factors that
may influence primarily the sarcolemmal damage in the heart.
It also remains to be investigated whether sarcolemmal changes
have any cause-and-effect relationship with other defects in the
sarcoplasmic reticulum and contractile proteins during the de-
velopment of diabetic cardiomyopathy (5, 6).
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