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ABSTRACT 

Heart failure is a common event in the elderly. 
Although it is generally believed that age-induced 
biochemical alterations of the myocardium are 
directly involved in the heart failure usually en- 
countered in the elderly, several gaps still exist in 
our understanding of the mechanisms involved in 
the contractile failure of the aged myocardium. 
Virtually nothing is known, for example, about the 
integrity of the sarcolemmal (SL) Na+-Ca =+ ex. 
change mechanism in the aging head. In this 
study we have examined the status of Na+-Ca 2+- 
exchange in SL membranes from the aging myo- 
cardium. Male Sprague Dawley rats were used and 
were divided into 3 groups: young (4-6 months old); 
middle aged (14-17 months) and old age (24-27 
months). Purified SL membranes were isolated 
from ventricular tissues. Ca=+-influx of Na +- 
loaded vesicles from old heads was depressed 
relative to the middle-aged group, which in turn 
was lower than the Ca =+ accumulated by vesicles 
from young hearts. These changes were observed 
at different concentrations of Ca =+ and at differ. 
ent times of incubation. The results suggest that 
Ca 2+ transport by SL Na +-Ca =+ exchange mecha. 
nism is attenuated in the aging myocardium and 
might therefore be involved in age-induced heart 
failure. 

INTRODUCTION 

Heart failure is a common event in the elderly (1), 
In search of a specific biochemical lesion to ac- 
count for the depressed performance of the aged 
myocardium, a variety of biochemical defects has 
been seen in different experimental models. AI- 
though some of these findings appear to be con- 
flicting and contradictory (1-3), it is generally be- 
lieved that age-induced biochemical alterations of 
the myocardium are directly involved in the heart 
failure commonly encountered in the elderly (4-6). 
Despite these observations several gaps still exist 
in our understanding of the mechanisms involved 
in the contractile failure of the aged myocardium. 
Virtually nothing is known, for example, about the 
status of the sarcolemmal Na+-Ca2+-exchange 
mechanism in the aging heart even though its 
presence has been demonstrated in that subcellu- 
lar organelle (7-10). In this study, therefore, we 
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have examined the activity of the Na+-Ca 2+- ex- 
change system in sarcolemmal membranes from 
the aging myocardium. It has been suggested that 
the Na +-Ca2+-exchanger transports Ca 2+ into the 
cell as well as extruding it from the cell during the 
cardiac contraction-relaxation cycle. Thus, it ap- 
pears to be involved in cardiac contractility. 

RESULTS 

Effect of Aging on Ca2+-Influx (Uptake) 

As shown in Figs. 1 and 2, cardiac sarcolemmal 
vesicles accumulated Ca 2+ when an outwardly di- 
rected Na + gradient was generated across the 
vesicular membranes. In these experiments the 
vesicles were loaded internally with either Na + or 
K + and then diluted in a solution containing 
160mM KCI and 45CAC1=. However, when the Ca 2+ 
accumulating capability of the cardiac membrane 
vesicles from the three groups of rats was com- 
pared at various times of incubation (Fig. 1), it was 
observed that Ca 2+ influx of Na+-Ioaded vesicles 
from old hearts was depressed relative to the 
middle-aged group, which in turn was lower than 
the Ca 2+ accumulated by vesicles from young 
hearts. 

The data in Fig. 2 depict the dependence on 
Ca 2+ concen t ra t i on  of Na+- induced Ca 2+ 
transport by the sarcolemmal vesicles. Ca 2+ up- 
take under these conditions also appeared to be 
influenced by age since the Ca 2+ accumulated by 
cardiac vesicles from old hearts was depressed 
relative to that of the middle-aged group. In fact, 
the influence of Ca 2+ on Ca 2+ influx by the Na +- 
Ca 2+ exchange system was highest in heart 
sarcolemmal vesicles from the young animals. 

Passive Ca 2+ uptake (measured in the absence 
of a transmembrane Na + gradient) did not differ 
between the three groups of animals at any in- 
cubation time studied (Table 1), thus suggesting a 
similarity in permeability of the membrane vesi- 
cles used in this study. Therefore, these results 
seem to suggest that sarcolemmal Ca 2+ transport 
by the Na+-Ca 2+ exchanger is affected by age. 
The attenuated activity of this Ca 2+ transporter 
does not appear to be due to a change in its affini- 
ty for Ca 2+ since the Michalis constant [K m (Ca2+)] 
was similar for the three groups of sarcolemmal 
vesicles. It was 49.23_+ 2.54 , M for young hearts 
and 53.23 -4- 3.75 ~M and 48.13+_2.30 ~M for 
middle-aged and old hearts respectively. In addi- 
tion, it should also be pointed out that the de- 
crease in the Na+-Ca 2+ exchange activity in the 
aging myocardium did not appear to have been the 
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Fig. 1. Time course of Na+-dependent Ca2+-uptake in 
sarcolemmal vesicles from young, middle-aged and old 
hearts. Assay was conducted in the presence of 40uM 
45CAC1= at 370~ (see Methods for details). All samples 
were run in duplicates. Numbers of experiments were: 
young =6  middle age=4,  and old =3. Each result is the 
mean _+ S.E. of the number of experiments indicated. 
*Significantly different from young (p<0.05). 
tSignificantly different from middle-aged (p<0.05). 
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+ 2+ Fig. 2. Na dependent Ca uptake in the presence of 
different Ca 2+ concentrations in sarcolemmal vesicles 
from young, middle-aged and old hearts. Vesicles were 
loaded passively with Na + and K+(see Methods for fur- 
ther details), then suspended in 160mM KCI for studying 
Ca 2+ uptake during 15 seconds as a function of dif- 
ferent concentrations of Ca 2+. Each data point was 
determined in duplicate. Numbers of experiments were: 
young = 6; middle age = 4, and old = 3. Each result is the 
mean _+ S.E. of the number of experiments indicated. 
*Significantly different from young (p<0.05) 
tSignificantly different from middle-aged (p <0.05) 
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Fig. 3. 
A. Uptake of Ca 2+ by cardiac sarcolemmal vesicles 

from young rats in the presence of 160mM KCI 
( I I ) or 160mM LiCI, ( ~ ) as described in 
Methods. 

B. Efflux of Ca 2+ from cardiac sarcolemmal vesicles. 
After 5 min of Ca 2+ uptake (see section A: T = O  in 
the figure) the vesicles were diluted with either 
110mM KCI, 50mM NaCI ( I I ) or 110mM LiCI, 
50mM NaCI ( ~ ) and harvested by filtration at 
the indicated times as described in Methods. Both 
dilution media contained 1.0mM EGTA and 20mM im- 
idazole, pH 7.4. All assays were conducted in the 
presence of 40uM 4sCaCl= at 37 ~ Ca z + transported 
by the Na+-Ca 2+ exchange system (expressed as 
percent Ca 2+ load remaining) was determined after 
correcting for Na' independent (passive) eff lux 
assessed by diluting the Ca 2+ loaded vesicles with 
equal volumes of a solution containing 20mM im- 
idazole, 1.0mM EGTA pH 7.4 and either 160mM KCI or 
160mM LiCI. 

Similar results were obtained for the middle-aged and 
old animals. 

Results represent the mean of a typical experiment 
done in duplicate. 

result of  a d i f ference in the passive load ing of 
Na + because the leakiness of the ves ic les ap- 
peared to be s imi lar  in the three groups of hearts. 
Further, s ince it has been suggested that  the Na +- 
Ca 2+ exchanger  has symmetr ica l  proper t ies  (1), it 
can be ssumed that Ca 2+ ef f lux  by th is  Ca 2+ 
t ranspor ter  wou ld  a lso be depressed in the aged 
heart. In fact, we  observed that Na+-dependent  
Ca 2+ e f f lux  via the Na+-Ca 2+ exchange process of 
these sarco lemmal  vesic les was a lso depressed 
in the aging heart  (data not shown). 

Miscellaneous Assays 

In a separate set of exper iments,  the ef fect  of Li + 
on Ca 2+ t ranspor t  by the Na+-Ca 2+ exchange  
system in these vesicu lar  preparat ions was in- 
vest igated.  The results of a typical  exper iment  are 
presented in Fig. 3. A l though Li ~ has been report- 
ed to inh ib i t  Ca 2+ inf lux and enhance Ca 2+ e f f lux  
of m i tochondr ia l  Na+-Ca 2+ exchange  mechan ism 
(10), Li + nei ther  b locked Ca 2+ uptake nor st imu- 
lated Ca 2+ re lease by the Na+-Ca 2+ exchanger  in 
these sarco lemmal  preparat ions.  These observa- 
t ions suggest  that  mi tochondr ia l  membrane  did 
not appear  to have cont r ibu ted in a major  way to 
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Table 1. Sarcolemmal passive Ca 2+ uptake and protein yield. 

Duration of Incubation Protein Yield 
(mg/g tissue) 

Group 5 sec 15 sec 30 sec 1 min 2 min 5 min (wet weight) 

Young (n=6) 3.8+0.6 3.6+_0.7 3.3_+0.9 4.0_+0.7 4.i _+0.8 4.3_+0.6 0.12_+0.004 
Middle Aged (n=4) 4.3_+1.0 4.3_+1.1 3.8_+0.7 4.2_+0.8 4.1 -+1.0 4.7_+0.5 0.12_+0.008 
Old (n=3) 3.3_+0.1 3.6_+0.5 3.7_+0.6 4.1 _+0.8 3.0_+ 1.1 4.6_+0.2 0.11 +_0.006 

Each result is the mean +_ S.E. of the number of experiments indicated in parentheses. 
Activities are expressed in nmol/mg protein. 

Table 2. Ouabain-sensitive Na+-K + ATPase activity in 
homogenates and sarcolemmal (SL) enriched vesi- 
cles from young, middle-aged and old rat hearts. 

SL-Enriched Fold 
G r o u p  Homogena te  Vesicles Purification 

Young (n = 3) 0.65 14.20 21.85 

Middle-aged 
(n = 2) 0.31 6.90 21.56 

Old (n = 2) 0.20 4.10 20.50 

Values are averages of the number of experiments indicat- 
ed in parentheses. Activities are expressed in ~ moles 
pi/mg protein/hr. 

the results reported here. Further, the prepara- 
t ions used in this study appeared to be highly en- 
riched with sarcolemmal vesicles as indicated by 
their ouabain-sensitive Na+-K + ATPase activity. A 
comparison of the act iv i ty of this enzyme in 
homogenates and purified sarcolemmal vesicles 
revealed that its act ivi ty was increased about 
22-fold in young; 22-fold in middle-aged and 
21-fold in old cardiac vesicles respectively (Table 

2).  These data seem to suggest that sarcolemma 
of high purity was obtained from hearts of the dif- 
ferent groups of animals employed in this investi- 
gation. Further, it must be pointed out that the 
ouabain-sensit ive Na+K + ATPase act iv i ty  ob- 
served in vesicles from the young animals is 
simi lar to that reported elsewhere (14, 15). The at- 
tenuated Na+-K + ATPase activi ty observed in the 
middle-aged and old heart sarcolemmal vesicles 
may be a reflection of the effect of aging on this 
enzyme system. In fact, the present results con- 
firm previous reports by Baskin et al. (16) and 
Katano et al. (17). It should also be pointed out 
that since no ATP was present in the assay 
medium, any Ca 2+ transport by contaminating 
sarcoplasmic reticulum would not be via the ATP- 
dependent Ca 2+ transport normally measured in 
sarcoplasmic reticulum (15). 

DISCUSSION 

Ca 2+ transport in and out of the cell is believed to 
play a strategic role in the cardiac contract ion- 
relaxation cycle. In this regard it appears that if 
Ca 2+ entry and removal from the cell is altered, 
then there may be a concomitant alteration in 
myocard ia l  performance. In support  of th is  
hypothesis, sarcolemmal Ca 2+ transport has been 

reported to be depressed (18) and Ca 2+ levels were 
observed to be elevated (19) in the fai l ing myo- 
cardium of diabetics. In these hearts the Na+Ca 2+ 
exchange system was defective (18). Its act iv i ty 
was also depressed in the ischemic rabbit heart 
(15). It is well known that ischemic damage to 
myocardial cells is accompanied by an increase in 
intracellular Ca 2+ (20, 21) as well as attenuated 
cardiac contract i l i ty (20, 22). Similar observations 
were made in the aging myocardium. Baskin et al. 
(23) reported, for example, that intracellular Ca 2+ 
is elevated in the myocardium of aging rats, and 
Froehlich et al. (5) as well as Capasso et al. (1) fur- 
ther observed that cardiac performance was de- 
pressed in old rats. An attenuated sarcoplasmic 
reticular act ivi ty is believed to be involved in these 
abnormalit ies of the aging heart. As shown in our 
study, aging also appears to affect cardiac sarco- 
lemmal Ca 2+ transport and, as such, could also be 
a contributing factor in the intracellular Ca 2+ 
derangements and altered myocardial contracti l i- 
ty of the elderly. 

The results presented here have shown that the 
act iv i ty of the Na+-Ca 2+ exchange system is de- 
pressed in the aging myocardium. The exact role 
of this Ca 2+ transporter is st i l l  unclear, but it is be- 
lieved to be involved in both contraction and relax- 
ation (24, 25, 27). In this regard, the consequences 
of alterations in the activi ty of the Na+-Ca 2+ ex- 
change system are dif f icult  to interpret. It should 
be noted, however, that the properties of the Na +- 
Ca 2+ exchange process in heart sarcolemma ap- 
pears to be symmetrical (15); therefore, regardless 
of the sidedness of vesicles in these membrane 
preparations, the changes observed in this Ca 2+ 
transporting system would alter Ca 2+ transport in 
or out of  the cell and therefore could influence 
cellular activity. 

In addition to a defective sarcoplasmic reticular 
a c t i v i t y ,  t h i s  s tudy  sugges ts  a d d i t i o n a l  
mechanisms which could contribute to the 
elevated intracellular Ca 2+ levels encountered in 
the aging myocardium. Since the Na+-pump (Na +- 
K + ATPase) is depressed in the aging hearts, it ap- 
pears that this inhibit ion could lead to an eleva- 
tion of sarcoplasmic Na + which in turn could in- 
crease Ca 2+ influx via the Na+-Ca + exchange 
mechanism. Since Na+-Ca 2+ exchange is de- 
pressed in the aging heart, it appears that the im- 
pact of an increased internal Na + on Ca 2+ ac- 
cumulation would be reduced, but, nevertheless, 
wil l  st i l l  be expected to cause a net increase of 



in t race l lu lar  Ca 2+ especially if Na+-Ca 2+ ex- 
change were more important for efflux than influx 
(15). 

The mechanism(s) by which the aging process 
affects Na+-Ca 2+ exchange activity is a matter of 
speculation. Philipson et al. (26) have shown, for 
example, that the activity of this Ca 2+ transporter 
could be regulated by the sarcolemmal phospho- 
lipid content. In this regard, it appears that an 
alteration in the phospholipid microenvironment 
could be involved in the observed depression of 
the sarcolemmal Na+-Ca 2+ exchange mechanism 
of the aging myocardium. In fact, it should be 
pointed out that phosphatidylcholine and phos- 
phatidylethanolamine composition have been 
reported to be altered in sarcolemma from aging 
hearts (28). In addition, since cellular lipid levels 
have been reported to be increased in old hearts 
(3), it is also possible that other membrane lipids 
(cholesterol, for example) may be involved in this 
attenuated Na+-Ca 2+ exchange process of the ag- 
ed myocardium. Whatever the mechanism(s), 
these results suggest that the Na+-Ca 2+ ex- 
change system is depressed in the aging heart 
and therefore might be involved in the reduction in 
cardiac contractility and the elevated myocardial 
Ca 2+ levels commonly encountered in the elderly. 

EXPERIMENTAL PROCEDURES 

Animal Mode/ 

Male Sprague-Dawley rats were used in this study. 
They were divided into three groups: (1) young (4-6 
months old; (2) middle-aged (14-17 months old) and 
(3) old (24-27 months old). Animals were sacrificed 
by decapitation. Hearts were quickly excised. 
Atria and any large vessels were carefully trimmed 
and the remaining ventricular tissue was used for 
experiments. 

Preparation of Cardiac Sarcolemmal 
Membrane Vesicles 

Sarcolemmal vesicles were isolated from ventric- 
ular tissue essentially as outlined by Kuwayama 
and Kanazawa (11). Briefly, weighed ventricular 
tissue was diced and suspended in 6 volumes (vol) 
of a medium containing 250mM mannitol, 70mM 
Tris adjusted to pH 7.4 with H=SO4 (mannitol buf- 
fer). The suspension was homogenized with a 
polytron PT-10 (4x20 sec; setting 4), then centri- 
fuged at 1,900 x g for 20 rain. The supernatant was 
saved and the pellet was resuspended in 6 vol of 
mannitol buffer. The above procedures (the 
homogenization of the resuspended pellet with 
polytron, the centrifugation of homogenate, the 
resuspension of pellet with 6 vol mannitol buffer 
and saving of supernatant) were repeated under 
the same conditions four more times. The super- 
natants were pooled, then centrifuged at 70,000 x 
g for 25 min, The pellet was resuspended in 8 ml 

of mannitol buffer and homogenized with a glass 
teflon homogenizer, layered over 25 mL of 0.64 M 
sucrose, 20mM imidazole HCI (pH 7.4), then centri- 
fuged at 70,000 x g for 90 min. The membranes at 
the sucrose/mannitol interface were harvested 
and washed with 6 vol of a solution containing 
20mM Imidazole-HCI (pH 7.4) and either 160mM 
NaCI (NaCI buffer) or 160 mM KCI (KCI-buffer). The 
suspensions were centrifuged at 69,400 x g for 25 
min. and the final pellets were resuspended in 
NaCI and KCI buffer. All isolation steps were car- 
ried out at 0-5~ and assay procedures were in- 
itiated immediately after completion of the isola- 
tion protocol. Protein was determined by the 
method of Lowry et al. (12). Sarcolemmal mem- 
brane fractions were isolated from pools of 6 to 8 
hearts (young) and 3 to 4 hearts (middle-aged and 
old) rats. 

Measurement of Na +Ca 2+ Exchange 

Vesicles suspended in the NaCI and KCI buffers 
were incubated at 37~ for 45 min. (13). This al- 
lowed NaCI and KCI to enter the vesicles by pas- 
sive diffusion. Aliquots (25ul) of the NaCI- and KCI- 
loaded vesicles were added to a series of tubes 
containing an incubation mixture (at 37~ con- 
sisting of 160mM KCI, 20mM imidazole, pH 7.4, 
plus desired concentrations of 4sCaCl= in a final 
volume of 500ul to induce Na+-Ca 2+ exchange 
(Ca 2+ influx). The reaction was terminated by 
fi ltering the aliquots of incubation mixture 
through millipore filters (0.45urn pore size) then 
washing with 5 mL of buffer containing 160raM 
KCI and lmM LaCI3. The quantity of 4sCa2+ in the 
filtered vesicles was measured by liquid scintilla- 
tion. Ca 2+ uptake in the absence of a sodium gra- 
dient was termed "passive Ca 2+ uptake" (13). 
Each data point was determined by subtracting 
the Ca 2+ accumulated by KCl-loaded vesicles 
from that of the NaCl-loaded vesicles (13). 

Measurement of Ouabain-Sensitive 
Na +-K + A TPase Activity 

Ouabain-sensitive Na+K + ATPase activity was 
assayed in a medium containing 50mM Tris-HCI 
(pH 7.4), 100mM NaCI, 10mM KCI, 4mM Mg CI2, 
lmM EDTA, 5mM NaN3 and 4raM ATP at 37~ for 
10 rain. The activity was calculated as the differ- 
ence between ATP hydrolysis measured as in- 
organic phosphate released with and without 
2mM ouabain present (14). 

Statistical Analysis 

Data are expressed as means+standard error 
(S.E.) of the mean. Statistical significance was 
determined by a one-way analysis of variance fol- 
lowed by Newmann-Keul's test with p<0.05 
chosen as the criterion of significance. 
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