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84(2): 544–552, 1998.—Myocytes isolated from rat hearts 3
wk after myocardial infarction (MI) had decreased Na1/Ca21

exchange currents (INa/Ca; 3 Na1 out:1 Ca21 in) and sarcoplas-
mic reticulum (SR)-releasable Ca21 contents. These defects in
Ca21 regulation may contribute to abnormal contractility in
MI myocytes. Because exercise training elicits positive adap-
tations in cardiac contractile function and myocardial Ca21

regulation, the present study examined whether 6–8 wk of
high-intensity sprint training (HIST) would ameliorate some
of the cellular maladaptations observed in post-MI rats with
limited exercise activity (Sed). In MI rats, HIST did not affect
citrate synthase activities of plantaris muscles but signifi-
cantly increased the percentage of cardiac a-myosin heavy
chain (MHC) isoforms (57.2 6 1.9 vs. 49.3 6 3.5 in MI-HIST
vs. MI-Sed, respectively; P # 0.05). At the single myocyte
level, HIST attenuated cellular hypertrophy observed post-
MI, as evidenced by reductions in cell lengths (112 6 4 vs.
130 6 5 µm in MI-HIST vs. MI-Sed, respectively; P # 0.005)
and cell capacitances (212 6 8 vs. 242 6 9 pF in MI-HIST vs.
MI-Sed, respectively; P # 0.015). Reverse INa/Ca was signifi-
cantly lower (P # 0.0001) in myocytes from MI-Sed rats
compared with those from rats that were sham operated and
sedentary. HIST significantly increased reverse INa/Ca (P #
0.05) without affecting the amount of Na1/Ca21 exchangers
(detected by immunoblotting) in MI myocytes. SR-releasable
Ca21 content, as estimated by integrating forward INa/Ca
during caffeine-induced SR Ca21 release, was also signifi-
cantly increased (P # 0.02) by HIST in MI myocytes. We
conclude that the enhanced cardiac output and stroke volume
in post-MI rats subjected to HIST are mediated, at least in
part, by reversal of cellular maladaptations post-MI.

exercise training; excitation-contraction coupling; patch clamp;
ventricular remodeling; cardiac hypertrophy

VENTRICLES that have survived significant myocardial
infarction (MI) undergo many morphological, biochemi-
cal, cellular, and molecular adaptations that collec-
tively contribute to progressive hemodynamic deteriora-
tion and the development of congestive heart failure.
Deficits in cardiovascular function post-MI can be
improved by dynamic aerobic exercise in humans (14,
15) and animal models (25–27). The cellular mecha-
nisms underlying these training-induced improve-
ments in cardiac function post-MI have not been eluci-
dated. Reported cellular changes in myocytes isolated
from hearts with healed MI include myocyte hypertro-
phy (1, 6, 40, 41), shift of myosin heavy chain (MHC)

isoenzyme distribution from fast to slow isoforms (27),
decreased densities of dihydropyridine binding sites
(10, 40) and of both a- and b-adrenergic receptors (5,
36), depressed sarcolemmal (SL) Na1-K1-adenosinetri-
phosphatase (ATPase) and Na1/Ca21 exchange activi-
ties (11, 41), altered cytosolic free Ca21 concentration
([Ca21]i) dynamics during excitation-contraction (6, 39),
depressed myocyte shortening (6, 23), and decreased
sarcoplasmic reticulum (SR) Ca21 contents (41). It is
noteworthy that some of the MI-induced cellular malad-
aptations may potentially be reversed by exercise train-
ing. For example, in normal hearts, exercise training
shifted MHC isoenzyme distribution from slow to fast
forms (30), increased dihydropyridine-binding capaci-
ties in highly enriched cardiac SL vesicles (9), increased
SL Na1-K1-ATPase activities (19), enhanced Ca21 efflux-
pathways (24), and improved myocyte contractile perfor-
mances (24).

Recently, the potentially important role of Na1/Ca21

exchange in mediating Ca21 entry during depolariza-
tion and subsequently triggering SR Ca21 release to
initiate contraction has been recognized (21, 29, 37). In
addition, Ca21 influx via reverse Na1/Ca21 exchange
may serve to load the SR with Ca21 for subsequent
release (29). By directly modulating SR Ca21 content
and Ca21 efflux pathways, Na1/Ca21 exchange may
affect [Ca21]i dynamics (41) and thus excitation-
contraction coupling (34). We have recently demon-
strated, in myocytes isolated from hearts 3 wk post-MI,
that whole cell Na1/Ca21 exchange current (INa/Ca) and
SR Ca21 contents (41), but not whole cell Ca21 currents
(40), were decreased compared within myocytes from
sham-operated hearts (Sham). The present study was
undertaken to evaluate whether high-intensity sprint
training (HIST), an exercise-training program that we
have previously shown to increase cardiac output and
maximal stroke volume (SVmax) in rats with chronic MI
(25), would restore INa/Ca and SR Ca21 contents toward
normal levels and thus provide a cellular basis for the
beneficial effects of exercise training on cardiac perfor-
mance post-MI.

METHODS

Animal preparation and exercise-training protocol. To in-
duce MI, the left main coronary artery of each anesthetized
(3% halothane-97% O2), intubated, and ventilated male
Sprague-Dawley rat (weight ,300 g) was ligated 3–5 mm
distal to its origin from the ascending aorta. In our previous
studies (26) employing similar coronary artery ligation tech-
niques, left ventricular (LV) infarct size, as determined
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histologically, averaged 36 6 3%. Sham operation was identi-
cal, except that the coronary artery was not occluded. All
surviving rats received rat chow and water ad libitum and
were maintained on a 12:12-h light-dark cycle. At 2 wk
postoperation, all rats were introduced to running (0° grade,
10 m/min, 10 min/day, 5 days/wk) on a motor-driven treadmill
(Precision Biomedical Systems, State College, PA). All sham-
operated rats (n 5 10) continued in this leisurely program
(Sham-Sed) for another 7–9 wk before they were killed. At 3
wk postoperation, MI rats were randomly assigned to either a
training (MI-HIST, n 5 18) or a sedentary (MI-Sed, n 5 16)
group. MI-Sed rats participated in the same treadmill-
walking program as Sham-Sed rats for 6–8 wk before they
were killed. During the first week of training (week 4 post-
MI), MI-HIST rats ran five consecutive 1-min bouts daily, 5
days/wk, and each running bout was interspersed with 60 s of
rest. Treadmill speed and grade were set at 66 m/min and 15°,
respectively. During the second week of training (week 5
post-MI), treadmill speed was progressively increased to 97
m/min. The treadmill grade and speed were then held con-
stant for the remainder of the training period. We have previously
shown that this HIST regimen resulted in significant increases in
cardiac output and SVmax in post-MI rats (25). Use of HIST also
circumvented potential problems with different degrees of
exercise stress produced by endurance training.

LV myocyte isolation. After 6–8 wk of training (9–11 wk
postoperation), rats were anesthetized with pentobarbital
sodium (35 mg/kg body wt ip); their hearts were then excised
for myocyte isolation. Myocytes were isolated from the septal
and LV free wall portions of the myocardium, as previously
described (6–8). The infarct scars in MI hearts were excised
before the final enzymatic digestion step. Myocytes were
allowed to adhere for 2 h to laminin-coated coverslips in 2 ml
of medium 199 (pH 7.4; 95% air-5% CO2; 37°C) before
electrophysiological measurements were made (8, 40, 41).
Patch-clamp studies were performed within 2–10 h of myo-
cyte isolation. As in our previous studies (40, 41), myocytes
that retained elongated shape and sharp cross striations,
adhered to coverglass, and showed no membrane blebs were
randomly chosen for electrophysiological measurements.
Maximal lengths for myocytes were measured as described (6,
24, 38), except that the video camera used was a sequential
scanning camera (TM 640 MOS; Pulnix America, Sunnyvale,
CA), and distance calibration was performed with an Ealing
high-resolution test target.

INa/Ca measurements. Whole cell patch-clamp recordings
were performed at 29°C, as described by Hamill et al. (16) and
adapted by us for cardiac myocytes (40, 41). To isolate reverse
INa/Ca (3 Na1 out:1 Ca21 in), pipette solution consisted of (in
mM) 100 Cs1 glutamate, 20 NaCl, 1 MgCl2, 30 N-2-
hydroxyethylpiperazine-N8-2-ethanesulfonic acid, 2.5 Na2ATP,
9 phosphocreatine, 0.1 1,4-dithiothreitol, and 30 U/ml cre-
atine phosphokinase, pH 7.2. Free Ca21 due to contaminant
Ca21 in pipette solution was 321 6 9 nM, as measured
fluorimetrically with fura 2 (8, 41). Myocytes were bathed in
0.6 ml of temperature (29°C)- and air-equilibrated external
solution containing (in mM) 130 NaCl, 5 CsCl, 1.2 MgSO4, 1.2
NaH2PO4, 1.8 CaCl2, 20 N-2-hydroxyethylpiperazine-N8-2-
ethanesulfonic acid, 10 glucose, 2.5 pyruvic acid, and 0.001
verapamil, pH 7.4. We have previously shown (41) that, by
using these solutions, depolarization-induced steady-state
outward currents possessed the following characteristics: 1)
increased with increasing extracellular Ca21 concentration
([Ca21]o) from 1.8 to 5.0 mM; 2) decreased with decreasing
intracellular Na1 concentration ([Na1]i) from 25 to 5 mM; 3)
was abolished when [Ca21]i was reduced to zero by excess
ethylene glycol-bis(b-aminoethyl ether)-N,N,N8,N8-tetraace-

tic acid (EGTA); 4) was blocked by 5 mM Ni21; 5) increased at
more positive voltages; and 6) decreased when [Ca21]i was
lowered from 320 to 50 nM. These characteristics are most
consistent with reverse INa/Ca.

Before myocyte stimulation, holding potential was switched
from 270 to 240 mV to inactivate fast inward Na1 current
(40). Six conditioning pulses (from 240 to 0 mV, 300 ms, 1 Hz)
were delivered before arrival of each test pulse (between 230
and 170 mV, 10-mV increments, 1,000 ms). After the last test
pulse at 170 mV, the myocyte was held at 240 mV for 100 ms
before being returned to holding potential of 270 mV. Reverse
INa/Ca was averaged from 700 to 1,000 ms of the test pulse.
Myocyte capacitance (Cm) measurements and leakage cur-
rent subtraction were performed as described previously (40,
41). Voltage-clamp experiments were performed by using an
Axopatch 1-C amplifier (Axon Instruments, Foster City, CA)
with a CV-4/100 headstage. Data acquisition (0.5 kHz) and
analysis were by pClamp 5.5 software interfaced with TL-1
DMA analog-to-digital and digital-to-analog converter (Axon
Instruments).

In some experiments, on the completion of INa/Ca record-
ings, the bath in the chamber was drained to facilitate
removal of the single myocyte in which INa/Ca was measured;
subsequently, MHC isoenzyme distribution was determined
in that single cardiac myocyte.

Caffeine-induced SR Ca21 release. SR-releasable Ca21 con-
tent was estimated by measuring the time integral of forward
INa/Ca (3 Na1 in:1 Ca21 out) induced by caffeine exposure, as
described by Callewaert et al. (4) and Zhang et al. (41). In
these experiments, the pipette solution was similar to that
used for reverse INa/Ca measurements except that NaCl was
reduced from 20 to 10 mM, thus making the final Na1

concentration 15 mM. Holding potential was 270 mV, and
verapamil was absent from the external solution. To ensure
steady-state SR Ca21 load, myocytes were exposed to identi-
cal trains of six conditioning pulses. At 200 ms after the last
conditioning pulse, with membrane potential held at 270 mV,
caffeine (5 mM) was applied by puffer superfusion (41).
Currents were digitized at 0.5 kHz and collected for ,4 s.

Citrate synthase assays, MHC isoenzyme pattern and pro-
tein determinations, and Na1/Ca21 exchanger immunoblot-
ting. Plantaris muscles were isolated, excessive nerve and
connective tissue were removed, and the muscles were weighed
before homogenization in 10 vol of ice-cold (0–2°C) potassium
phosphate buffer (50 mM, pH 7.4 at 25°C). The homogenate
was diluted 1:1 with homogenizing potassium phosphate
buffer containing 0.2% bovine serum albumin, divided into
100-µl aliquots, quick-frozen in liquid N2, and stored at
270°C. An aliquot of the diluted homogenate was frozen and
thawed three times before it was assayed for citrate synthase
activity at 25°C, as previously described (24, 33). Assays were
linear with respect to time and dilution.

For analysis of MHC isoenzyme distributions, 500 µl of
freshly isolated myocyte suspensions were centrifuged, and
500 µl of homogenization/extraction buffer (in mM: 10
tris(hydroxymethyl)aminomethane·HCl, 1 EDTA, 0.5 phenyl-
methylsulfonyl fluoride, pH 8.1 at room temperature) were
added to the cell pellet. The homogenate was sonicated 3 3 15
s, an aliquot was taken for protein determination, and the
remainder was stored at 270°C until it was used. Proteins
were assayed by using a Bio-Rad DC protein assay kit
(Bio-Rad, Hercules, CA). Myocyte suspension homogenates (1
µg/lane) were subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) in 4–9% gradient gels
(4°C) that were stained with silver to visualize MHC
a- and b-isoenzymes as previously described (3). For analy-
sis of single-myocyte MHC-isoenzyme distribution, a
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myocyte attached to patch pipette was carefully lifted from
the coverglass and placed in 50 µl of SDS-PAGE sample buffer
containing 1% 2-mercaptoethanol. The tube containing the
sample was sonicated for 3 3 15 s with a sonicator probe
positioned immediately outside the tube. The entire tube
contents were loaded onto a 4–9% gradient gel and MHC a-
and b-isoenzymes were separated as described above. Protein
molecular markers (Bio-Rad) were electrophoresed in paral-
lel lanes. After being stained with silver, MHC isoenzyme
bands were quantitated by laser densitometry (Molecular
Dynamics, Sunnyvale, CA) and by using Quantity 1 (version
2) software (PDI Protein Databases, Huntington Station,
NY).

For analysis of cardiac Na1/Ca21 exchanger, myocyte sus-
pension homogenates (100 µg/lane) in SDS sample buffer
[containing 10 mM N-ethylmaleimide (NEM) instead of 1%
2-mercaptoethanol] were applied to an 8.5% polyacrylamide
gel, and proteins were separated by electrophoresis (31).
Proteins from SDS-PAGE were transferred onto Immobilon-P
membranes (Millipore, Bedford, MA). An antibody (1:1,000)
against cardiac Na1/Ca21 exchange protein (p 11–13; SWant,
Bellinzona, Switzerland), initially developed in the labora-
tory of K. D. Philipson (31), was used. Bound primary
antibodies were detected with 125I-goat anti-rabbit immuno-
globulin G (DuPont NEN Research Products, Boston, MA),
and immunoblots were subjected to autoradiography for 48 h.
Autoradiograms were quantified by laser densitometry as
described above.

Statistics. All results are expressed as means 6 SE. In each
experimental group (e.g., MI-Sed), myocytes isolated from
some animals were used for INa/Ca measurements, whereas
other isolations were used for determinations of SR-releas-
able Ca21, percent a-MHC, or Na1/Ca21 exchange protein. It
was not practicable to measure all of the parameters in any
one myocyte isolation. Single between-group comparisons
(e.g., cell length, citrate synthase activity, MI-Sed vs. MI-HIST)
were made by using unpaired Student’s t-tests. When more
than two groups were involved (e.g., Cm, percent a-MHC
isoenzyme, Sham-Sed vs. MI-Sed vs. MI-HIST), significance
of differences among the means was determined by one-way
analysis of variance (ANOVA). A priori comparisons of means
of any two groups (e.g., MI-Sed vs. MI-HIST) were then
performed by using F-tests as tests of significance. In experi-
ments in which INa/Ca measurements were made as a function
of experimental group (Sham-Sed vs. MI-Sed vs. MI-HIST),
voltage, and [Ca21]o, three-way ANOVA of repeated measures
was performed to determine significance of difference. A
commercial software package (Statistical Analysis Systems)
was used, and a mixed procedure was used. Post hoc paired
comparisons were performed between Sham-Sed vs. MI-Sed
and between MI-Sed vs. MI-HIST. In all analyses, a P of #
0.05 was taken to be statistically signicant.

RESULTS

Effects of prior MI 6 HIST on cell size and myosin
isoenzyme distribution. We have previously demon-
strated (6) that at 3 wk post-MI, myocytes have under-
gone hypertrophy, primarily an increase of ,10% in cell
length, with little change in cell width. Myocyte hyper-
trophy post-MI was also reflected by a 13–15% increase
in Cm (40, 41), an estimate of cell surface area. In the
present study, Cm in MI-Sed myocytes was 25% larger
than in Sham-Sed myocytes (Table 1). This suggests
that myocyte hypertrophy not only persisted but might
have progressed during the 9- to 11-wk post-MI period.
In addition, cardiac MHC isoenzyme switched from the

fast (a) to the slow (b) isoforms post-MI (Fig. 1; Table 1),
similar to what we have reported previously in intact
rat hearts with chronic infarction (27). HIST for 6–8 wk
attenuated cell hypertrophy in MI myocytes, as evi-
denced by reduction of Cm to values observed in Sham-
operated myocytes (Table 1; Sham-Sed vs. MI-HIST;
not significant). Cell length significantly (P # 0.005)
decreased from 130 6 5 µm in MI-Sed myocytes (n 5
24) to 112 6 4 µm in MI-HIST myocytes (n 5 22). In
addition, HIST also effected a significant increase in
relative MHC a-isoenzyme abundance in MI myocytes,

Table 1. Effects of MI and HIST on selected
cellular parameters

Sham-Sed MI-Sed MI-HIST

Single myocyte
Myocyte capaci-

tance, pF
19469

(25)
24269†

(44)
21268*

(49)
Myosin a-isoen-

zyme, %
94.062.1

(12)
55.362.0†

(13)
88.662.6*

(14)
INa/Ca time inte-

gral, pC/cell ND
98.966.5

(11)
162.0614.4*

(9)
SR-releasable

Ca21, f M/f F ND
5.25660.565

(11)
7.59760.679*

(9)
Myocyte suspension

Myosin a-isoen-
zyme, %

71.262.3
(5)

49.363.5†
(4)

57.261.9*
(5)

Na1/Ca21

exchanger pro-
tein, arbitrary
units

1.12560.131
(9)

1.05360.130
(8)

1.23660.119
(9)

Values are means 6 SE. In single myocyte measurements, nos. in
parenthesis are nos. of cells, without regard to no. of cells contributed
by each heart. MI, myocardial infarction; HIST, high-intensity sprint
training; Sed, sedentary. In each experimental group, some myocyte
isolations (hearts) were used for Na1/Ca21 exchange current (INa/Ca)
measurements, while other isolations (hearts) were used for sarcoplas-
mic reticulum (SR)-releasable Ca21, %a-myosin heavy chain (MHC)
or Na1/Ca21 exchange protein measurements. In myocyte suspension
measurements, no. in parentheses is no. of cell isolations (hearts)
studied. Relative myosin a-isoenzyme abundance was obtained from
gels shown in Fig. 1. Apparent differences between %a-MHC mea-
sured in cell suspensions and single myocytes isolated from same
animal groups [e.g., sham-operated sedentary rats (Sham-Sed)] were
most likely caused by the very small amount of protein loading in
single cell lanes (average myocyte protein content 5.7 ng; Ref. 41)
when compared to cell suspension lanes (1 µg). A 30% b-MHC in a
single Sham-Sed cardiac myocyte would correspond to ,0.3–0.4 ng of
protein, at or below lower limit of resolution of silver-stained gel
method (0.5–1.0 ng). This results in optical density of b-MHC band
being close to background (Fig. 1, lane 4 from left) and leads to
artifactually high %a-MHC values in single Sham-Sed myocytes. By
contrast, 50% b-MHC in single MI-Sed myocyte would correspond to
0.6–0.8 ng of protein, easily detectable on silver-stained gel (Fig. 1,
lane 5 from left). The much better signal-to-noise ratio of b-MHC
band in single MI-Sed myocytes explains the good quantitative
agreement between single myocyte and myocyte suspension measure-
ments in this group of myocytes. Single MI-HIST myocytes have
%b-MHC values between those of MI-Sed and Sham-Sed myocytes,
as evidenced by stronger b-MHC band signal when compared to
Sham-Sed myocyte (Fig. 1, lane 6 from left). INa/Ca time integrals were
calculated from tracings shown in Fig. 5. SR-releasable Ca21 values
were normalized to myocyte capacitance. To convert coulombs to
moles, charge was divided by Faraday’s constant of 96,487 coulombs/
equivalent, based on 3 Na1 being exchanged for each Ca21. Amounts
of Na1/Ca21 exchanger protein were obtained from immunoblots
shown in Fig. 3. Tests of significance were performed as described in
METHODS. ND, not done. *P , 0.05, MI-HIST vs. MI-Sed; †P , 0.001,
MI-Sed vs. Sham-Sed.
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although not quite to levels observed in myocytes
isolated from Sham-operated hearts (Fig. 1, Table 1).
Similar to our previous conclusions (25) that HIST
produced a significant increase in maximal aerobic
capacity, but not an increase in the oxidative enzyme
capacity of skeletal muscles involved in locomotion,
plantaris muscle citrate synthase activity in MI-HIST
rats (23.2 6 2.7 µmol·min21 ·g wet wt21, n 5 4) was not
different from that in MI-Sed rats (22.1 6 4.6
µmol·min21 ·g wet wt21, n 5 3).

Effects of prior MI 6 HIST on reverse INa/Ca. Figure
2A shows the steady-state reverse INa/Ca measured at
various membrane potentials, at 29°C and 1.8 mM
[Ca21]o, in Sham-Sed, MI-Sed, and MI-HIST myocytes.
In agreement with our previous observations (41),
reverse INa/Ca was lower in myocytes isolated from
post-MI hearts compared with Sham-operated hearts
(Fig. 2A). Importantly, reverse INa/Ca in MI-HIST myo-
cytes was higher than in MI-Sed myocytes, whether
[Ca21]o was at 1.8 (Fig. 2A) or 5.0 mM (Fig. 2B). ANOVA
(Table 2) confirmed a significant group effect (Sham-
Sed vs. MI-Sed vs. MI-HIST). In all three groups,
depolarization to more positive membrane potentials
increased the absolute magnitude of reverse INa/Ca
(significant voltage effect; Table 2), as did increasing
[Ca21]o from 1.8 to 5.0 mM (significant [Ca21]o effect,
Table 2). Finally, the three-way group 3 voltage 3
[Ca21]o interaction was highly significant, suggesting
that increasing [Ca21]o significantly affected the inher-
ent differences in reverse INa/Ca among Sham-Sed, MI-
Sed, and MI-HIST myocytes across the voltages tested.

To further test for significant differences in reverse
INa/Ca between Sham-Sed and MI-Sed and between
MI-Sed and MI-HIST myocytes, we performed post hoc
analysis (Table 2). In agreement with our previous
studies (41), reverse INa/Ca was lower in MI-Sed myo-
cytes compared with Sham-Sed myocytes (significant
group effect; Table 2), and the inherent differences were
amplified with depolarization and with increasing
[Ca21]o (significant group 3 voltage 3 [Ca21]o effect;
Table 2). HIST for 6–8 wk significantly increased
reverse INa/Ca in MI myocytes (significant group effect;
Table 2). The inherent differences in reverse INa/Ca
between MI-Sed and MI-HIST myocytes were in-
creased at more positive voltages (significant group 3

voltage effect; Table 2) but not by elevating [Ca21]o
(insignificant group 3 [Ca21]o effect and insignificant
three-way interaction; Table 2).

Effects of prior MI 6 HIST on Na1/Ca21 exchanger
abundance. To further elucidate the mechanisms by
which HIST increased reverse INa/Ca in myocytes iso-
lated from MI hearts, we performed immunoblots of

Fig. 1. High-intensity sprint training (HIST) increases myosin a-isoenzyme distribution in postinfarction
myocytes. a-Myosin heavy chain (MHC) and b-MHC isoenzymes from left ventricular (LV) myocyte suspensions
(left 3 lanes) and single LV myocytes (right 3 lanes) were separated by gel electrophoresis and visualized by silver
staining as described in METHODS. Note marked preponderance of a-isoenzyme of MHC in myocytes from
Sham-operated hearts. Surgically induced myocardial infarction (MI) shifts MHC from a- to b-isoenzymes in
sedentary (Sed) rats, but HIST restores MHC isoenzyme distribution toward that observed in Sham-operated and
sedentary (Sham-Sed) rats. Note also in single myocyte studies (right 3 lanes), protein band corresponding to MHC
b-isoenzyme is barely visible in Sham-Sed and MI-HIST myocytes but is much more prominent in MI-Sed myocytes.
See also Table 1 legend.

Fig. 2. Current-voltage relationships of Na/Ca21 exchange current
(INa/Ca) in Sham-Sed, MI-Sed, and MI-HIST myocytes. Steady-state
INa/Ca at each test potential was measured as described in METHODS. A:
means 6 SE for 15 Sham-Sed (s), 15 MI-Sed (r), and 16 MI-HIST (j)
myocytes incubated at 1.8 mM extracellular Ca21 concentration
([Ca21]o). Free Ca21 in pipette solution was ,320 nM. B: means 6 SE
for 11 Sham-Sed (s), 18 MI-Sed (r), and 19 MI-HIST (j) myocytes
incubated at 5.0 mM [Ca21]o are shown. Error bars are not shown if
they fall within boundaries of symbol. Results of 3-way analysis of
variance are shown in Table 2.
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isolated cardiac myocyte homogenates probed with
antibody to the Na1/Ca21 exchanger (Fig. 3). Using
nonreducing (10 mM NEM) gel conditions, we detected
a major band of apparent molecular weight of 160 kDa
and a minor band at 120 kDa. This is similar to the
results reported by Philipson et al. (31). There were no
significant differences in the amounts of Na1/Ca21

exchanger protein among Sham-Sed, MI-Sed, and MI-
HIST myocytes (Fig. 3; Table 1) . When autoradiographi-
cal signals corresponding to the Na1/Ca21 exchanger
(160- and 120-kDa bands) from MI-Sed and MI-HIST
myocytes were expressed relative to those from Sham-
Sed myocytes (arbitrarily defined as 1.0) ran on the
same gel, the means 6 SE for MI-Sed (n 5 8) and
MI-HIST (n 5 9) myocytes were 0.912 6 0.131 and
1.020 6 0.102, respectively (P 5 0.6583).

Relationship between reverse INa/Ca and myosin isoen-
zyme distribution in MI myocytes. To examine whether
the increase in reverse INa/Ca in a single MI-HIST
myocyte was caused by specific effects of HIST and not
by random variation, we measured relative percentage
of a-MHC isoenzyme in the same single myocyte (Fig. 1,

Table 1) after INa/Ca measurements were completed.
Figure 4 shows the relationship between reverse INa/Ca
(measured at 170 mV, 29°C, and 1.8 mM [Ca21]o) and
relative percentage of a-MHC in individual MI-Sed and
MI-HIST myocytes. Note that in myocytes isolated
from hearts with chronic MI, reverse INa/Ca generally
increased as relative percentage of a-MHC increased.
Indeed, linear regression analysis of combined data
from MI-Sed and MI-HIST myocytes showed a signifi-
cant correlation (P 5 0.002) between reverse INa/Ca and
relative percentage of a-MHC (Fig. 4). In addition, in
this group of 17 myocytes, there was little overlap
between MI-Sed and MI-HIST myocytes in relative
percentage of a-MHC (P , 0.0001).

Effects of prior MI 6 HIST on caffeine-induced SR
Ca21 release. Application of 5 mM caffeine for 2.4 s on a
MI-Sed myocyte at 270 mV and 5 mM [Ca21]o caused a
large inward current that rapidly returned to baseline
(Fig. 5B). This inward current represented forward
Na1/Ca21 exchange (3 Na1 in:1 Ca21 out) operating to
extrude SR Ca21 released by caffeine. We (41) and
others (4) have shown that under our experimental
conditions, the time integral of the caffeine-induced
inward current was an estimate of SR-releasable Ca21

of the myocyte. Both INa/Ca time integral and SR-
releasable Ca21 (normalized to cell size) were signifi-
cantly larger in MI-HIST (Fig. 5C) than in MI-Sed (Fig.
5B) myocytes (Table 1). It should be emphasized that
the SR Ca21 contents represented steady-state values,
because both MI-Sed and MI-HIST myocytes were
subjected to identical trains of conditioning pulses (Fig.
5A).

DISCUSSION

Our study is the first to demonstrate potential cellu-
lar mechanisms by which a program of exercise train-

Table 2. ANOVA main effects and post hoc paired
comparisons of INa/Ca

Main Effects P

Group (Sham-Sed vs. MI-Sed vs. MI-HIST) 0.0001
Voltage 0.0001
[Ca21]o (1.8 vs. 5.0 mM) 0.0001
Group3voltage 0.0001
Group3 [Ca21]o 0.0001
Group3voltage3 [Ca21]o 0.0001

Post hoc paired comparisons

Sham-Sed vs. MI-Sed
Group 0.0001
Group3voltage 0.0001
Group3 [Ca21]o 0.0001
Group3voltage3 [Ca21]o 0.0001

MI-Sed vs. MI-HIST
Group 0.0500
Group3voltage 0.0005
Group3 [Ca21]o 0.2895
Group3voltage3 [Ca21]o 0.1478

Data are from Fig. 2. [Ca21]o, extracellular Ca21 concentration;
ANOVA, analysis of variance; P, probability of type I error. For clarity
of presentation, significant voltage (P,0.0001) and [Ca21]o (P,0.0001)
effects in post hoc analysis are not included.

Fig. 3. Immunoblots of Na1/Ca21 exchanger protein. Proteins in
myocyte suspension homogenates (100 µg/lane) were separated by
gel electrophoresis, transferred to Immobilon-P membranes, and
Na1/Ca21 exchanger was identified by immunoblotting, as described
in METHODS. Note prominence of polypeptide band at 160 kDa under
our nonreducing gel conditions, in agreement with Philipson et al.
(32). Polypeptide bands at both 160 and 120 kDa were quantitated by
laser densitometry (METHODS), and results are shown in Table 1.

Fig. 4. Relationship between INa/Ca and %myosin a-isoenzyme in
single MI myocytes. Steady-state INa/Ca at 170 mV and 1.8 mM
[Ca21]o were measured in 10 MI-Sed (r) and 7 MI-HIST (j)
myocytes, followed by %myosin a-isoenzyme determinations (Fig. 1)
in same myocytes. Linear regression analysis shows that regression
line fits significantly (P 5 0.002) better than horizontal line at mean
(single-mean model).
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ing instituted shortly after recovery from acute MI
leads to improvement in overall cardiac performance.
We have previously shown in conscious and instru-
mented rats with moderate-size (,35%) healed LV
infarcts that 6 wk of HIST (25), but not 8–10 wk of
endurance training (26, 27), increased maximal cardiac
output without changing heart rate, thus indicating an
increase in SVmax. While systemic factors (central car-
dioregulatory and peripheral vascular adaptations, and
so forth) likely contributed to HIST-induced improve-
ment in cardiac performance in rats with chronic MI,
cellular adaptations to HIST may be equally important
to improved myocardial function in post-MI hearts. For
cellular events involved in excitation-contraction cou-
pling in cardiac myocytes, reported singular effects of
MI are often opposite in direction to those of exercise
training (6, 9, 11, 12, 19, 20, 22–24, 27, 30, 35, 39–41).
This suggests that exercise training may reverse some
of the deleterious cellular changes induced by MI.

The intensity of our sprint training protocol appropri-
ately raises some concerns relating to its potential
clinical implications for post-MI patients. We chose the
HIST regimen for the present study because, within a
reasonable period (6 wk) of training, it effected a
statistically significant SVmax increase in post-MI hearts
(25) whereas 8–10 wk of moderate endurance running
only resulted in a ‘‘trend’’ (P 5 0.08) in cardiac output
improvement (26, 27). In addition, HIST circumvents
potential problems with different degrees of exercise
stress produced by endurance training. Finally, our
previous (25) and present experiments clearly demon-
strated that HIST did not cause harmful or even fatal
effects that may occur when rats with moderate-sized
LV infarcts were subjected to a strenuous exercise
program. Thus, with our working hypothesis that exer-
cise training improves cardiac function post-MI by
effecting cellular changes in addition to myocardial
adaptation, we felt it was more fruitful and expeditious
to focus on HIST. Whether a less strenuous exercise
regimen (but probably of more protracted duration),
which is clinically more relevant, can effect cellular
adaptations similar to those induced by HIST is specu-
lative at present.

The first major finding is that HIST attenuated
cellular hypertrophy observed in MI-Sed myocytes.
When compared with MI-Sed myocytes, the ,12%
reduction in Cm was almost matched by the ,14%
decrease in myocyte length in MI-HIST myocytes. This
suggests that HIST reduced myocyte hypertrophy pri-
marily by decreasing cell length. We have previously
shown (6) that myocytes isolated from hearts with
chronic LV infarct underwent ,10% increase in cell
length with no change in cell diameter, a characteristic
of volume-overload hypertrophy (1) as opposed to pres-
sure-overload hypertrophy (38). It is interesting to
speculate that by directly affecting cell-length in-
creases in postinfarction myocytes, HIST may mini-
mize ventricular remodeling post-MI (1) and thus pre-
vent development of dilated cardiomyopathy.

The second finding is that, like post-MI endurance
training (27), HIST produced a significant shift in the
cardiac myosin isoenzyme composition (from b- to a-) in
MI myocytes (Fig. 1, Table 1). This shift in myosin
isoenzyme distribution was detectable at the single
myocyte level (Fig. 1). The training-induced reversal in
myosin isoenzyme composition (from slower to fast
myosin ATPase) may account for some of the improve-
ments in cardiac pump function (increased cardiac
output and SVmax) in MI rats.

Recent studies increasingly support the important
roles for Na1/Ca21 exchange in Ca21 homeostasis in
cardiac myocytes, not only in its traditional role of
being the major Ca21 efflux pathway during diastole (2)
but also in its dual role in triggering SR Ca21 release
during systole (21, 37) and loading the SR with Ca21 for
subsequent release (29). In addition, we have reported
significant [Ca21]i-independent decreases in reverse
INa/Ca in cardiac myocytes isolated from rats 3 wk after
MI (41). This is in agreement with depressed Na1-
dependent Ca21 uptake in SL vesicles isolated from rat

Fig. 5. Estimation of sarcoplasmic reticulum (SR)-releasable Ca21

content in post-MI myocytes. Myocytes were incubated with 5.0 mM
[Ca21]o at 29°C and were voltage-clamped at 270 mV. A: 200 ms after
6th conditioning pulse (from 270 to 0 mV, 300 ms, 1 Hz), caffeine (5
mM) was ‘‘puffed’’ onto myocyte for 2.4 s (index bar). B: large
transient inward current caused by caffeine-induced SR Ca21 release
was observed in MI-Sed myocyte. We (41) and others (4) have shown
that this current represents Na1 entry caused by Ca21 extrusion by
Na1/Ca21 exchange (3 Na1 in:1 Ca21 out), and that the time integral
of this inward current provided an estimate of SR-releasable Ca21. C:
response by MI-HIST myocyte to caffeine pulse. Note that INa/Ca time
integral of MI-Sed myocyte is less than that of MI-HIST myocyte.
Composite data are shown in Table 1.
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hearts 4, 8, and 16 wk post-MI (11). Decreased Na1/
Ca21 exchange activity may simultaneously account for
the lower systolic and higher diastolic [Ca21]i observed
in myocytes from hearts with chronic MI (39), as we
have explained elsewhere (41). Thus the third major
finding of the present study is that HIST significantly
increased reverse INa/Ca in MI myocytes, although not
back to the levels measured in cardiac myocytes from
Sham-Sed rats (Fig. 2; Table 2). Increased reverse INa/Ca
in MI-HIST myocytes may provide more SR Ca21 for
release (29), increase the gain (ratio of trigger Ca21 to
that released from the SR) of SR Ca21 release channels
(34), and enhance Ca21 influx at more positive poten-
tials reached during normal depolarization to increase
the Ca21 trigger for SR Ca21 release (21, 37). On the
other hand, increased forward INa/Ca may result in more
Ca21 extrusion in MI-HIST myocytes during the relax-
ation phase of the contraction cycle (2). All these
potential mechanisms would act in concert to restore
toward normal the [Ca21]i dynamics during excitation-
contraction. Because [Ca21]i occupies a central role in
excitation-contraction coupling in cardiac myocytes,
restoration of [Ca21]i transients toward normal may
represent a major cellular mechanism by which HIST
increased SVmax observed in rats with chronic MI (25).

To maximize INa/Ca differences among the three experi-
mental groups (41), the pipette solution (Ca21 concentra-
tion 5 320 nM) used in our present study was designed
not to contain Ca21-EGTA buffer. Thus one simple
explanation can be that differences in reverse INa/Ca
among Sham-Sed, MI-Sed, and MI-HIST myocytes
were caused by differences in [Ca21]i among the three
groups. It should be noted, however, that when Ca21-
EGTA buffers were used to ‘‘clamp’’ [Ca21]i at 50 nM,
significant differences in INa/Ca were still present be-
tween Sham and MI myocytes (41), indicating [Ca21]i-
independent mechanisms of decreased Na1/Ca21 ex-
change activities in MI myocytes. In addition, exercise
training (albeit endurance treadmill running) has been
shown to decrease the Michaelis constant for Ca21 of
cardiac Na1/Ca21 exchange in isolated SL vesicles (35),
indicating Ca21-independent modulation of Na1/Ca21

exchange activity by exercise training. Finally, resting
[Ca21]i values were found to be similar between Sham
and MI myocytes (6, 39) and between Sham and
exercised-trained (endurance treadmill running) myo-
cytes (20, 24) in rats. This last observation suggests
that the cytoplasmic domain of the Na1/Ca21 exchanger
was likely exposed to similar [Ca21]i in Sham-Sed,
MI-Sed, and MI-HIST myocytes in the resting state.

Despite different magnitudes of Na1/Ca21 exchange
current observed in Sham-Sed, MI-Sed, and MI-HIST
myocytes (Fig. 2, Table 2), immunoblots did not detect
significantly different amounts of Na1/Ca21 exchange
protein among the three groups of myocytes (Fig. 3,
Table 1). One explanation is that Western blots may not
have the resolution to detect small changes in Na1/Ca21

exchange protein levels induced by MI or HIST, al-
though INa/Ca differences were demonstrated by the
more sensitive electrophysiological techniques. Alterna-
tively, MI and/or HIST may alter the activity of existing

Na1/Ca21 exchange units. It is well-known that INa/Ca is
modulated by [Na1]i and [Ca21]i (18), cellular ATP
levels (17), pH (13), and phospholipid environment (32).
Molecular studies of cardiac Na1/Ca21 exchangers also
revealed cytoplasmic domains (calmodulin-like binding
domain, Ca21 binding sites) that can potentially be
involved in regulation of Na1/Ca21 exchange activity
(28). Our present studies did not go into sufficient detail
to evaluate which of these known regulatory mecha-
nisms of Na1/Ca21 exchange activity was affected by MI
or HIST.

Within the subset of myocytes isolated from rat
hearts with chronic MI, both chronic endurance train-
ing (27) and HIST (Table 1) significantly increased the
a-MHC isoenzyme distribution in myocyte-suspension
homogenates compared with that measured in seden-
tary controls. Thus, at the cellular level, this shift of
relative percentage of a-MHC may be taken as an
indicator of the trained state in MI rats. It is thus
reassuring that in randomly chosen single MI myocytes
in which both reverse INa/Ca and a-MHC isoenzyme
abundance were measured, higher INa/Ca observed in
MI-HIST myocytes was associated with a higher rela-
tive percentage of a-MHC (Fig. 4). This suggests that,
despite the practical limitation inherent in electrophysi-
ological experiments because only a small number of
myocytes from a given heart could be examined in any
given experiment, random sampling yielded results
that were likely representative of the population. This
is because 1) the percentage of a-MHC present in single
MI-HIST myocytes did not significantly (P , 0.0001)
overlap with that in single MI-Sed myocytes and 2)
higher INa/Ca in a single and randomly selected myocyte
isolated from MI-HIST rat was associated with in-
crease in percentage of a-MHC (Fig. 4), a cellular
marker of the trained state.

We have previously shown that SR-releasable Ca21

was lower in myocytes isolated from 3-wk MI hearts,
and we attributed the deficit to decreased SR Ca21-
ATPase amounts and/or activities, reduced amount or
volume of SR per myocyte, and/or increased SR Ca21

leak (41). Decreased SR-releasable Ca21 content in MI
myocytes would lower systolic [Ca21]i by reducing
amount of Ca21 available for release and decreasing the
‘‘gain’’ of SR Ca21 release channels. Because HIST
enhanced reverse INa/Ca in MI myocytes, one functional
consequence may be increased SR Ca21 filling by re-
verse INa/Ca, leading to significantly larger SR Ca21

content in MI-HIST myocytes. Thus the fourth major
finding of the present study is that HIST significantly
increased SR Ca21 content in myocytes from post-MI
hearts (Fig. 5, Table 1). Theoretically, HIST may im-
prove SR Ca21 content by 1) increased Ca21 influx via
Ca21 current (9); 2) increased Ca21 influx by reverse
INa/Ca (Fig. 2); 3) increased SR Ca21 uptake (22, 30); and
4) decreased SR Ca21 leak. Elucidation of which of
these mechanisms accounted for the observed increases
in SR Ca21 content in MI-HIST myocytes would require
further study, but HIST-induced increases in reverse
INa/Ca (Fig. 2) could certainly play a role.
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In summary, we have shown that HIST attenuated at
least several cellular maladaptations: cellular hypertro-
phy, myosin isoenzyme shifts, reduced Na1/Ca21 ex-
change activity, and decreased SR Ca21 contents in
myocytes from rat hearts with a moderate-size LV
infarct. We hypothesize that, in post-MI rats, improve-
ments in Ca21 homeostatic pathways by HIST form the
cellular basis of enhancement of cardiac performance.
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