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Abstract

This study tested the hypothesis that the initiating mechanism
is a major determinant of the response to calcium (Ca) accu-
mulation in myocardium. Cultured neonatal rat ventriculocytes
were exposed to Na', K+ pump inhibition with 1 mMouabain
and metabolic inhibition with 20 mM2-deoxy--glucose and 1
mMcyanide (DOG-CN) for up to 2 h. Microspectrofluorome-
try of myocytes loaded with fura-2 showed that ouabain re-
sulted in a relatively rapid increase in [Ca2]i, up to 2-3 tM
(two to threefold above peak systolic level) and that DOG-CN
produced an initial decrease and then a relatively slow increase
in ICa2+li up to peak systolic level. Electron probe x-ray micro-
analysis (EPMA) showed prominent increases in Na and Ca
and decreases in K and Mg in cytoplasm and mitoshondria
with both interventions, although the increases in Ca were
greater with ouabain than DOG-CN.ATPwas reduced by 58%
after 1 and 2 h of ouabain and by 70 and 90%after 1 and 2 h of
DOG-CN, respectively. Thus, ouabain produced greater cal-
cium accumulation and less ATP reduction than DOG-CN.
Upon return to normal medium for 30 min, myocytes showed
recovery of most electrolyte alterations and resumption of nor-
mal Ca2+ transients after 1 h exposure to either ouabain or
DOG-CN; however, recovery was less after 2 h of either treat-
ment, with elevated [Ca2+1, maintained in many myocytes. We
conclude that the severity of myocyte injury is influenced by
the magnitude and duration of both ATPreduction and calcium
accumulation.

Introduction
Myocardial ischemia leads to impaired energy metabolism,
membrane dysfunction, and altered calcium (Ca) homeostasis
(1-10). These metabolic and pathophysiological alterations are
thought to lead to the progression of irreversible injury; how-
ever, the exact role of each of these factors is still unclear.
Specifically, some evidence suggests that a marked increase in
cytosolic Ca2+ in ischemic or hypoxic myocytes can result in
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irreversible myocardial injury, whereas other observations
suggest that alterations of energy metabolism may be of pri-
mary importance in the pathogenesis of irreversible myocar-
dial injury (1-6).

Studies by Murphy et al. have indicated that the response
of cardiac myocytes to calcium overloading is influenced by
the mechanism of initiation of calcium accumulation (1 1, 12).
Specifically, these workers reported that cultured chick ven-
tricular myocytes developed less severe acute injury when the
myocytes became calcium loaded after Na+, K+ pump inhibi-
tion than after metabolic inhibition. In the same cellular
model, however, Ishida et al. found that Na+, K+ pump inhibi-
tion produced more severe calcium accumulation than did
metabolic inhibition, and that very profound metabolic inhibi-
tion was required to approximate the severity of cell injury
induced by Na+, K+ pump inhibition (13). These findings have
raised questions related to the dynamics of changes in calcium
homeostasis, including free and total calcium pools, the rela-
tionship of changes in calcium and high-energy phosphate me-
tabolism, and the potential for recovery after various pertur-
bations affecting the intracellular calcium level.

To study various factors that may contribute to irreversible
myocardial injury, we have used an isolated neonatal rat ven-
tricular myocyte model (8-10). In the present study, altered
calcium homeostasis was induced by: (a) inhibition of the Na+,
K+ pump by exposure to 1 mMouabain, with secondary acti-
vation of Na+-Ca+ exchange (14-16), and (b) by exposure of
the myocytes to the metabolic inhibitors, 2-deoxy-D-glucose
(DOG)' and sodium cyanide (CN) (17). Dynamic intracellular
Ca2+ concentrations ([Ca2+]i) were measured with the fluores-
cent indicator, fura-2 (18), using quantitative microspectro-
fluorometry. The analytical electron microscope technique of
electron probe x-ray microanalysis (EPMA) was used to mea-
sure the total content of calcium and other elements in subcel-
lular compartments of individual myocytes (10). These ap-
proaches have provided quantitative data regarding changes in
free and total calcium under the same experimental condi-
tions. In addition, alterations in calcium homeostasis were
related to changes in high-energy phosphate metabolism, and
specifically ATP levels, both during exposure to interventions
and in the recovery period.

This study was performed to test the hypotheses that: (a)
the dynamics of changes in cellular calcium homeostasis, in-
cluding free and total calcium pools, differ in response to the
mechanism of calcium loading; (b) the amount, distribution,

1. Abbreviations used in this paper: CN, cyanide; DOG, 2-deoxy-o-
glucose; EPMA, electron probe x-ray microanalysis; LDH, lactic dehy-
drogenase; R, recovery; STEM, scanning transmission electron mi-
croscopy.
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and duration of calcium overloading influences the severity of
cell injury; and (c) the status of energy metabolism associated
with calcium overloading is an important determinant of the
capability of calcium-overloaded myocytes to compensate for
homostatic alterations. The results indicate that the mecha-
nism of calcium accumulation, as well as the magnitude and
duration of altered calcium homeostasis, and associated
changes in ATP levels, influence the potential for recovery
from calcium loading in cultured neonatal rat ventricular
myocytes.

Methods

Isolated myocyte model. Ventricular myocytes from the hearts of
2-3-d-old rats were cultured using previously described methods (10).
The myocardial cells were dispersed by a series of 20-min incubations
at 370C in a nominally calcium-free, Hepes-buffered salt solution
containing pancreatin (60 mg/100 ml) (Gibco Laboratories, Grand
Island, NY) and type II collagenase (6,000-6,400 U/100 ml) (Cooper
Biomedical, Freehold, NJ). Myocyte enrichment was achieved by the
use of a discontinuous step gradient of Percoll (Pharmacia Fine Chemi-
cals, Uppsala, Sweden) (19). The cells were plated at a density of
1.5-1.8 million per 60-mm culture dish in culture medium (Gibco
Laboratories) consisting of 68% DME, 17% medium 199 with Earle's
salts, 10% horse serum, 5%FCSand antibiotics (10,000 U/ml penicil-
lin, 10 mg/mi streptomycin). The calcium concentration was 1.8 mM.
Cultures were exposed to 7%CO2and maintained with the pH of the
medium at 7.3 and at 370C in a tissue culture incubator.

Experimental protocols. Experiments were performed on 3- or 4-d-
old cultures that typically were composed of - 85%beating myocytes.
Control cultures were incubated in serum-free medium 199 or in con-
trol Tyrode's solution consisting of (in millimolar): NaCl, 118;
NaH2PO4, 0.8; MgSO4, 0.8; NaHCO3, 26.2; KCl, 5.4; glucose 5.6; and
CaCl2, 1.8. Solutions were prepared with cell culture-grade reagents
(Sigma Chemical Co., St. Louis, MO). Na', K+ pump inhibition was
initiated by incubation in serum-free medium 199 or Tyrode's solution
containing 1 mMouabain. The concentration of ouabain was chosen
on the basis of preliminary dose-response experiments that showed
that 1 mMouabain gave a reproducible and relatively rapid contrac-
ture. For metabolic inhibition, 20 mMDOGand 1 mMNaCNwere
added to serum-free medium 199 or Tyrode's solution. This dose of
metabolic inhibitor was chosen based on previous work establishing
the general response of cardiac myocytes to metabolic inhibition
(8-10). In experiments involving treatment of myocytes in culture
dishes with DOG-CNfor 2 h, treatment medium was changed at the
end of 1 h to provide a second dose of DOG-CN, thus compensating
for possible loss of CNdue to formation of CN gas. Microspectro-
fluorometric experiments involved continuous superfusion with
DOG-CN. Exposure to DOGand CNwas performed in the presence
and absence of glucose in the medium without important effect on the
results. In recovery experiments, the control or test media were re-
placed with normal medium 199 containing 1.8 mMCa2+. Experi-
ments were performed with three culture plates in each group.

Measurement of ionic calcium transients. For experiments in which
dynamic changes in ionic calcium were measured by quantitative mi-
crospectrofluorometry, myocytes were grown on laminin-coated,
25-mm-diam glass coverslips. The coverslips were treated with laminin
(20 Mg/ml medium) (Collaborative Research, Lexington, MA) for 1 h
before seeding with myocytes. After 3 or 4 d in culture, the myocytes
were treated with phenol red-free medium 199 containing 1%FCSand
3.0 MMfura 2/AM (Calbiochem-Behring Corp., La Jolla, CA) for 30
min at 37°C. After the fura 2/AM loading period, the cells were equili-
brated in fura-free medium 199 for 30-60 min, at which time the
experiments were performed.

The coverslips were mounted in Sykes-Moore chambers (Belco
Glass Co., Vinewood, NJ) and examined with a Nikon Diaphot micro-

scope equipped with UV light optics, a heated stage, and a perfusion
pump. Calcium transients associated with spontaneous contractions of
the myocytes were measured using alternating 340 and 380 nMexci-
tation produced by a microspectrofluorometer (Fluoroplex 1000; Tra-
cor Northern, Middleton, WI) coupled by a quartz bifurcated fiber
optic to the microscope epilluminator. Emission maximum at 510 nm
was measured by photon counting. Data were collected from small
groups of myocytes (- 10-20 cells) using a 40X lens. Control myo-
cytes exhibited a contraction rate of 80-100 spontaneous contractions
per minute. The changes in [Ca2+], were resolved by alternating the
appropriate excitation signals with a 10-segment chopper wheel at a
rate of 40 revolutions per second. Background measurements at 340
and 380 nm were obtained from a sample not incubated with fura
2/AM and were automatically subtracted from acquisitions obtained
from fura-2-loaded myocytes.

The experimental protocols were performed by superfusing the test
solutions through the Sykes-Moore chamber at a rate of 1 ml/min.
Fura 2 emission maxima were recorded using a Nikon 40X Fluor
objective from groups of simultaneously contracting myocytes at pre-
scribed time intervals during the course of the experiments. Calibra-
tion of fura 2 fluorescence was performed in the cells containing fura-2
as recommended by Scanlon et al. (20) and Peeters et al. (21). Rmaxwas
determined at the end of an experimental protocol by treating the cells
with the nonfluorescent ionophore, 4-bromo-A23187 (20 MM) (Cal-
biochem-Behring Corp.) and Rmin was determined by treatment with
5.0 mMEGTA(21). [Ca2+]J was calculated according to the formula of
Grynkiewicz et al. using a Kd of 225 nM (18). A series of cellular
calibrations (n = 7) yielded Rm. of 4.5±0.16, Rmin of 0.46±0.03 and
Sf2/Sb2 of 5.4±0.30. The range of fura-2 ratios was similar to that
obtained with other microscope systems (22, 23).

EPMAof subcellular elemental levels. For these experiments, the
culture dishes were coated with collagen gel (Collagen Corporation,
Palo Alto, CA; 2.5 ml per 60-mm culture plate), forming a 1-2-mm-
thick layer as previously described (10). Addition of a suspension of
cells resulted in light colonization of the gels. 3 d later, media with
unattached cells were removed and a second seeding of cells was added.
An additional 3-4 d were required for the cells to form beating colonies
of myocytes. At that point, experiments were performed as described
above. At the end of the experiments, a rectangle of collagen with a
cluster of beating myocytes was cut free and moved onto filter paper
(Millipore Corp., Milford, MA). The filter paper-collagen-myocyte
preparation was snap frozen using a cryosnapper (Model 669; Gatan
Corp., Pleasanton, CA) freezing device with a pair of copper blocks
cooled to liquid nitrogen temperature (- 196°C) (10,24). Cryosections
were cut at a thickness of - 150 nm using a ultramicrotome (model
MT5000) with a cryosectioning attachment (model FS1000; both ob-
tained from DuPont, Wilmington, DE). The sections were transferred
to the analytical electron microscope using a cryotransfer stage device
(model 626; Gatan Corp., Pleasanton, CA). Preparations were freeze
dried under vacuum in the electron microscope (24).

X-ray spectra were obtained and processed using a JEOL 1200 EX
microscope (JEOL Inc., Bedford, MAand Tracor Northern). For anal-
ysis, the microscope was operated in the scanning transmission mode
(STEM) at 120 kV, 30-degree specimen tilt, beam diameter of 20-60
nm, and beam current of 3 nA. The freeze-dried sections were main-
tained at -80°C during analysis. Scanning transmission electron mi-
crographs of the freeze-dried cryosections also were obtained. Areas of
interest were analyzed using the selected area raster mode, scan speed
of lO s per frame, and variable magnification depending upon the area
of interest to be analyzed. Specifically, randomly selected areas of
cytoplasm and nuclei were analyzed at a magnification of 60,000;
randomly selected mitochondria were analyzed at a magnification of
200,000, such that the entire raster was filled with the mitochondrion;
and small inclusions at 350,000-500,000. The x-ray spectra were col-
lected over the range of 0 to 20 KeV for 100 s at a resolution of 10 eV
per channel. Elemental peak intensities were obtained by deconvolu-
tion of the spectra using a multiple least-squares fitting technique (25).
A computerized method was used for quantitative analysis of spectra,
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based on the direct relationship between peak-to-continuum ratio and
elemental concentration (26, 27). Spectral analysis included a com-
puter fitting routine using the first and second derivatives of the major
(K alpha) potassium peak (27). The peak-free continuum used for the
calculations was from 5.5 to 7.5 KeV. Continuum counts were cor-
rected for counts from the copper grids and from the formvar films.
Peak-to-continuum ratios were converted to elemental concentrations
using weighting factors derived from standard curves obtained from
freeze-dried sections of gelatin-glycerol preparations containing differ-
ent concentrations of various elements (25). Values obtained were for
total electrolyte concentrations, including bound and free, ionized
components (24-27). The data were expressed as millimoles per kilo-
gram dry weight, with the denominator based on the local mass density
derived from the continuum of the x-ray spectra (24-27).

ATPassays. ATP levels were measured by HPLCof 6%perchloric
acid extracts of the cultured cells. The medium was removed from the
dishes and the myocardial cells rinsed twice with a normal saline solu-
tion. The cells were removed in 1 ml of ice-cold 6% perchloric acid
with 50 AMbromodeoxyuridine as internal standard, the plates
washed with a second 1 ml, and the combined solutions centrifuged.
The time required to extract each sample was < 25 s. Protein was
collected by centrifugation, solubilized in 1 MNaOH, and measured
(28). The supernatant was neutralized with 3 N KOH, filtered, and
ATP measured by reverse-phase HPLC using an internal standard
ratio of ATPand bromodeoxyuridine (29).

Statistical evaluation. Data were expressed as mean±SEM. Experi-
ments involving multiple groups were evaluated by analysis of vari-
ance and Duncan's multiple range test using the Systat program or,
when numbers of observations were relatively small and unequal
among groups, by t test with Bonferroni's correction for multiple com-
parisons (30).

Results

Measurement of [Ca3+]J transients. Under control conditions,
neonatal cardiac myocytes exhibited rhythmic, spontaneous
contractions that were associated with calcium transients (Fig.
1). In association with shortening and contraction of the myo-
cytes, the emission produced by 340 nm excitation increased
while that at 380 nm decreased, indicating an increase in
[Caj]j. In association with relaxation, emission at 340 nm
excitation fell while that at 380 nm increased, indicating a
decrease in [Ca2+]i.

While being superfused with normal medium, the myo-
cytes exhibited a contractile rate of 100 bpm, with mean
maximal systolic fura-2 ratios of 1.54-1.88, minimal diastolic
ratios of 1.0-1.18, and maximal-minimal transient differences
of 0.54-0.70 (Tables I and II). Upon exposure to media con-
taining 1 mMouabain, the cells ceased their contractile activ-
ity and developed contracture, and this was associated with
near equalization of the systolic and diastolic fura-2 ratios at
the systolic level of 1.87 after 15 min (Table I). This was fol-
lowed by further increase in the fura-2 ratio to 2.71 (44% above
normal systolic level), indicating increased calcium loading
with continued Nat, K+ ATPase inhibition up to 60 min.
Thereafter, the fura-2 ratio plateaued such that 120-min values
were essentially the same as those recorded after 60 min. After
60 min of 1 mMouabain treatment, return to ouabain-free
superfusate resulted in a rapid decrease in [Ca2+]i followed by
restoration of contractile Ce' transients in all myocytes stud-
ied. After 120 min of 1 mMouabain treatment, return to
normal medium was associated with restoration of normal
Ca?' transients in some myocytes but persistent elevation of
[Ca2+]i in others.
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Figure 1. Dynamic microspectrofluorometric measurements from
spontaneously beating cultured neonatal rat ventricular myocytes
loaded with fura-2. (Top) Fluorescence emission intensity recording
of the 340 and 380 nmexcitation signals from a small group
( 10-20 cells) of spontaneously beating myocytes. (Bottom) Fluo-
rescence emission intensity ratio derived from the 340 and 380 exci-
tation signals.

K

Calibrated [Ca2J]i data in nMfrom individual experiments
are presented in Figs. 2-5. Under control conditions, systolic
[Ca2+]i was 400-1,000 nMand diastolic [Ca2+]i was 200-300
nM from the small groups of myocytes studied. As shown in
Figs. 2 and 3, as the duration of Nat, K+ pump inhibition
increased, the degree of Ca2' accumulation rose to levels of
2-3 gM. Upon reexposure to ouabain-free medium after 120
min of ouabain treatment, the Ca2+ transients associated with
contraction were restored to control levels in some myocytes,
whereas other myocytes exhibited persistent elevation in
[Ca21]i. The level of [Ca2+] increase was similar in the two
types of myocytes just before the recovery period.

When the myocytes were exposed to 20 mMDOGand 1
mMCN, the initial response at 15 min was a loss of normal
Ca2" transients associated with a decrease in (Ca2+]i below the
normal diastolic level (Table II). This was followed by a pro-
gressive increase in [Ca2+] associated with the development of
contracture. After 60 min of treatment, [Ca2+]i was sustained
at a level intermediate between normal systolic and diastolic
levels. Upon superfusion with normal medium, contractile
Ca2+ transients were restored within 30 min (Fig. 4). Myocytes
subjected to metabolic inhibition for 120 min also exhibited a
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Table I. Measurements of Ionic Calcium Transients
in Cultured Cardiac Myocytes after Na', K+ Pump
Inhibition with I mMOuabain

Fura-2 ratio
(340/380)

Treatment interval (min) Maximum minimum Difference

Control (0 min) 1.88±0.8 1.18±0.03 0.70±0.06
Ouabain (15 min) 1.87±0.07 1.84±0.08 0.03±0.03
Ouabain (30 min) 2.30±0.13 2.30±0.13 0
Ouabain (45 min) 2.57±0.11 2.57±0.11 0
Ouabain (60 min) 2.7 1±0.08 2.7 1±0.08 0
Ouabain (60 min)

+ recovery (10 min) 1.85±0.18 1.65±0.32 0.20±0.20
Ouabain (60 min)

+ recovery (30 min) 1.73±0.03 0.89±0.01 0.84±0.02
Ouabain (90 min) 2.60±0.07 2.60±0.07 0
Ouabain (120 min) 2.70±0.14 2.70±0.14 0
Ouabain (120 min)

+ recovery (10 min) 1.57±0.05 1.11±0.04 0.48±0.02
Ouabain (120 min)

+ recovery (30 min) 2.19±0.09 1.09±0.02 1.10±0.08
Ouabain (120 min) 2.45±0.13 2.45±0.13 0

failed to recover at 30 min

Mean±SEM. n = 5-12 measurements.

progressive elevation of [Ca2+]i that slightly exceeded normal
peak systolic level (10% increase in fura-2 ratio) by 120 min of
treatment. When the myocytes were restored to normal me-
dium, [Ca2J]i in most myocytes treated for 120 min did not
return to diastolic levels and contractile transients did not re-
sume during the 30-min recovery period (Fig. 5).

Measurements of elemental contents. For EPMAstudies,
unstained freeze-dried cryosections were examined by STEM.

Table II. Measurements of Ionic Calcium Transients in Cultured
Cardiac Myocytes after Metabolic Inhibition with 20 mMDOG
and I mMCN

Fura-2 ratio
(340/380)

Treatment interval (min) Maximum minimum Difference

Control (0 min) 1.54±0.06 1.00±0.08 0.54±0.04
DOG-CN(15 min) 0.88±0.05 0.82±0.04 0.06±0.04
DOG-CN(30 min) 0.86±0.04 0.86±0.04 0
DOG-CN(45 min) 1.16±0.09 1.16±0.09 0
DOG-CN(60 min) 1.27±0.11 1.27±0.11 0
DOG-CN(60 min)

+ recovery (15 min) 1.21±0.16 1.09±0.17 0.12±0.09
DOG-CN(60 min)

+ recovery (30 min) 1.31±0.07 0.81±0.04 0.50±0.05
DOG-CN(90 min) 1.48±0.16 1.47±0.16 0.01±0.01
DOG-CN(120 min) 1.70±0.14 1.70±0.14 0
DOG-CN(120 min)

+ recovery (15 min) 1.40±0.17 1.38±0.18 0.02±0.02
DOG-CN(120 min)

+ recovery (30 min) 1.41±0.19 1.41±0.19 0

Mean±SEM. n = 5-12 measurements.
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Figure 2. Individual experiment showing [Ca21], calibrated in nano-
molar, in cultured neonatal rat ventricular myocytes loaded with
fura-2 and treated with I mMouabain for 120 min before recovery
(R) in control medium for 30 min. Each panel represents a 3.5-s in-
terval of data recorded at the various time intervals shown on the ab-
scissa (similar format for Figs. 3, 4, and 5). Ouabain results in loss of
normal [Ca2+], transients and a sustained increase in [Ca21]. How-
ever, these myocytes show recovery of [Ca2+]j transients after the pe-
riod of sustained [Ca2+]i increase produced by ouabain.

Sections of control cultures exhibited well-preserved myocytes
lacking distortion from freezing or specimen preparation (Fig.
6). After treatment with ouabain, cryosections exhibited nu-
merous myocytes that contained electron dense deposits in the
mitochondria (Fig. 7). In addition, there were smaller elec-
tron-dense inclusions that appeared to have an extramito-
chondrial location. Similar mitochondrial and extra-mito-
chondrial inclusions were observed in some myocytes treated
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Figure 3. Individual experiment showing [Ca2+]j, calibrated in nano-
molar, in cultured neonatal rat cardiac myocytes loaded with fura-2
and treated with 1 mMouabain for 120 min before recovery (R) in
control medium for 30 min. These myocytes exhibit a prominent in-
crease in [Ca2i]i upon exposure to ouabain and a persistent increase
in [Ca2+J1 in the recovery period.
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Figure 4. Individual experiment showing [Ca2+]j, calibrated in nano-
molar, from cultured neonatal rat ventricular myocytes loaded with
fura-2 and treated with 20 mM2-deoxy-D-glucose and 1 mMso-
dium cyanide for 60Qmin before return to control medium for 30
min. Upon exposure to DOG-CN, normal [Ca2+]i transients cease,
and [Ca2+], initially decreases and then increases to peak systolic
level. Upon return to control medium, normal [Ca2+], transients are
restored.

with DOG-CN, but such inclusions were less prominent with
DOG-CNthan ouabain treatment.

EPMAdata from cytoplasm and mitochondria are pre-
sented in Tables III and IV. Control myocytes exhibited the
expected pattern of elemental concentrations with relatively
high K and Mgand low Na and Ca. Elemental concentrations
(expressed as millimoles per kilogram dry weight) were lower
in the mitochondria than in the cytoplasm as a result of the
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Figure 5. Individual experiment showing [Ca2+]j, calibrated in nano-

molar, from cultured neonatal rat ventricular myocytes loaded with
fura-2 and treated with 20 mM2-deoxy-D-glucose and 1 mMso-

dium cyanide for 120 min before return to control medium for 30
min. DOG-CNresults in an initial decrease followed by a sustained
increase in [Ca2+]j. Upon return to control medium, there is an ini-
tial slight decrease in [Ca(2]i followed by a persistent increase in
[Ca2+]i.

greater mass density of the mitochondria than the cytoplasm.
After 1 h of exposure to 1 mMouabain, Na increased mark-
edly in cytoplasm (over sevenfold) and mitochondria (over
20-fold), Cl increased significantly (1.6-fold) in the cytoplasm,
K decreased significantly (60%) in both compartments, Ca
increased fivefold in the cytoplasm and over 200-fold in the
mitochondria, Mgdecreased markedly in the cytoplasm and to
a lesser degree in the mitochondria (Table III and IV). Upon
return to normal medium for 30 min, myocytes showed a
return to normal or nearly normal levels of all elements in the
cytoplasm and mitochondria (Table III and IV). 2 h of treat-
ment with 1 mMouabain produced significant increases in
cytoplasmic and mitochondrial Na and Ca with concurrent
and equivalent decreases in Kand Mg. Compared with the 1-h
treatment period, cytoplasmic Ca was unchanged, but mito-
chondrial Ca was substantially increased. Upon return to nor-
mal medium, cytoplasmic Na and Ca showed substantial re-
covery, whereas cytoplasmic K and Mgwere still depressed. In
mitochondria, Na, K, and Ca showed substantial recovery
(Table I).

After 1 h of exposure to medium containing DOG-CN,
relatively mild electrolyte alterations occurred, with cytoplas-
mic and mitochondrial Na tending to increase and K to de-
crease (Tables III and IV). Cytoplasmic and mitochondrial Mg
was decreased; however, total Ca was unchanged. Return to
normal medium for 30 min resulted in a persistent increase in
cytoplasmic and mitochondrial Na (2.5- and 5-fold) accompa-
nied by a persistent decrease in Mgand normal K and Ca. 2 h
of DOG-CNtreatment produced significant increases in cyto-
plasmic and mitochondrial Na and significant decreases in K
and Mg. Total Ca was increased in the cytoplasm and tended
to increase in the mitochondria; however, the magnitude was
much less than the levels produced by ouabain. Return to
normal medium for 30 min resulted in substantial reduction
in Na and return to normal levels of K and Ca while Mg
remained significantly depressed.

Cytoplasmic and mitochondrial S in most treatment
groups was decreased. Cytoplasmic P in most treatment
groups was decreased, whereas mitochondrial P tended to in-
crease in relationship to mitochondrial Ca accumulation.

ATP levels. After 1 h of treatment with 1 mMouabain,
cultures exhibited a 58% decrease in ATP content (Table V).
After return to normal medium for 30 minutes, ATP content
remained depressed. Cultures treated with 1 mMouabain for 2
h also exhibited a 58% decrease, a level similar to that observed
after 1 h of exposure. The ATP content remained depressed
after return to normal medium for 30 min. Treatment with 20
mMDOGand 1 mMCNfor 1 h produced a 70% decrease in
ATP content from that of control (Table V). ATP content
remained depressed at the same level after return to normal
medium for 30 min. After 2 h of DOG-CN, ATP levels were
reduced by 90%. After return to normal medium for 30 min,
the ATP level showed partial recovery, but remained de-
pressed at 60% of control.

Longer term recovery of metabolic homeostasis was tested
by measurement of ATP content 24 h after removal of drugs
and return to normal medium. At 24 h, ATP levels (percent
control) were 112±14% for the 1-h ouabain group, 44.1 ± 19%
for the 2-h ouabain group, 61.1±11% for the 1-h DOG-CN
group, and 55.5±8% for the 2-h DOG-CNgroup, respectively.
Thus, there was more long-term recovery of ATP levels after
1-h treatment with ouabain than DOG-CN(P = 0.017),
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Figure 6. STEMsof
freeze-dried cryosection
from control cultures.
The sections are unfixed
and unstained; contrast is
due to local mass density.
(A) Note the superficial
layer of cells on the colla-
gen matrix. Most cells are
well preserved. Cultures
also typically contained a
few round, edematous
bodies (arrowheads) iden-
tified as cells that had un-
dergone necrosis during
the culture procedure.
Such structures were not
included in EPMAmnea-
surements. X6,000. (B)
Longitudinal section of a
binucleate myocyte that
contains dense structures
with the size, shape and
distribution of mitochon-
dria. X8,000 (C) Myo-
cytes exhibit myofibrils,
mitochondria, and a por-
tion of an intercalated
disc. X16,000.

whereas long term recovery of ATP levels was depressed at a
lower level after treatment for 2 h than 1 h, particularly in the
ouabain groups (P = 0.016).

Discussion

Altered calcium homeostasis has been postulated to have an
important role in the pathogenesis of irreversible myocardial
ischemic injury because calcium overloading accompanies
such injury in several experimental conditions (1, 5, 6, 31-33).
However, it is also possible that other metabolic alterations,
including impaired energy metabolism, lactate accumulation,
and acidosis, may be of primary importance in the pathogene-
sis of irreversible injury, with calcium accumulation simply
representing a secondary consequence (1-3). Indeed, the onset
of irreversible myocardial injury appears to be associated with
a reduction of ATP to a critical level below which essential
metabolic and ionic regulatory processes can no longer be
maintained (1, 2). Thus, the purpose of this study was to evalu-
ate the relationship among calcium accumulation, ATP re-

duction, and the ability of cardiac myocytes to recover from
these conditions.

A comprehensive analysis of calcium homeostasis was
made by combining measurements obtained with a sensitive
optical indicator for [Ca2+]j, fura-2, with EPMAmeasure-
ments of total Ca and other electrolytes in subcellular com-
partments. By EPMA, control myocytes exhibited high K to
Na and Mg to Ca ratios, and absolute Ca values, within the
range reported by others (33-38). The Ca was relatively high
compared with the Na, as has also been observed in other
studies, suggesting active accumulation of Ca in mammalian
cardiac myocytes (33-35, 38). The control [Ca2J1i values were
in the range for normal myocytes reported by others using
various techniques including carboxylate indicators (12, 21,
39-46). In the two experimental models used, calcium loading
was characterized by parallel increases in [Ca2+]i and total cal-
cium as well as by alterations in other elements, including an
increase in Na and a decrease in K and Mg. EPMAshowed
that the mitochondria and small electron dense inclusions,
possibly representing elements of sarcoplasmic reticulum,
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Figure 7. STEMof myocytes subjected to Na+, K+ pump inhibition by incubation in 1 mMouabain for 2 h. Note the numerous electron-dense
inclusions in the mitochondria, and other inclusions which appear to be extramitochondrial in location (arrowheads). X17,000.

were the major sites of calcium accumulation, but that a signif-
icant increase in total calcium also occurred in the cytoplasm.
These findings are consistent with the documented propensity
of mitochondria and sarcoplasmic reticulum to accumulate
calcium when cells are presented with an excess calcium load
(1, 31, 32, 35-38). EPMAmeasurements also showed that the
elevated calcium in the mitochondrial and extramitochondrial
sites was associated with increased phosphorus, indicating the

formation of calcium phosphate precipitates (10, 31, 32). It is
unlikely that such precipitates contributed to the elevated
fura-2 signals reflecting increased free [Ca2+]: in such cells. The
decreased phosphorus in the cytoplasm probably resulted from
loss of inorganic phosphate from this compartment after ATP
breakdown (10, 31, 32).

Na+, K+ pump inhibition and metabolic inhibition both
produced elemental alterations; however; differences were ob-

Table III. Measurements by Electron Probe Microanalysis of Elemental Content (Millimoles/Kilogram Dry Weight) in Cytoplasm
of Cardiac Myocytes under Control Conditions and after Treatment with I mMOuabain or 20 mMDOGand I mMCN

Group n Na Mg P S Cl K Ca

Control 41 52±6 59±3 461±13 218±9 257±13 905±31 5±1
1 h OUB 20 410±29*$§ 9+3**§ 360±25*§ 211±17*§ 416±22*$§ 368±36**1 25±6**1
I h OUB+ 30-min rec 19 78±75 38±4*§ 425±23*1 164±12*§ 278±16*1 952±52§ 9±2§
2 h OUB 21 409±47*§ 0±4*§ 300±17*§ 164±80*§ 406±40**1 372±36*f 27±4**§
2 h OUB+ 30-min rec 21 101±8§ 38±2*§ 418±14§ 125±6**§ 269±9§ 793±19**§ 11±2§
1 h DOG-CN 23 107±16* 24±2**§ 413±l7§ 161±16*1 162±19** 780±32**1 5±1*
1 h DOG-CN+ 30-min rec 20 133±16* 30±6*§ 501±34*§ 195±15§ 172±9** 1,056±66§ 6±2
2 h DOG-CN 20 433±29*§ 3±4*§ 330±29*§ 191±9 247±30* 347±40*§ 15±4**1
2 h DOG-CN+ 30-min rec 20 107±15§ 30±3*§ 473±18§ 193±10* 223±21 996±38*1 5±1§

Mean±SEM. n = number of myocytes; 30 min rec = 30-min recovery in normal medium. For each vertical column, by analysis of variance

(P < 0.05) and Duncan's multiple range test, * different from control, * difference between ouabain and DOG-CNat same time interval, § dif-
ference between treatment and recovery.
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Table IV. Measurements by Electron Probe Microanalysis of Elemental Content (Millimoles/Kilogram Dry Weight) in Mitochondria
of Cardiac Myocytes under Control Conditions and after Treatment with I mMOuabain or 20 mMDOGand I mMCN

Group n Na Mg P S C1 K Ca

Control 41 6±2 32±3 394±6 211±4 68±10 395±29 1±0.3
1 h OUB 20 122±9**§ 27±3$ 450±32* 155±7*§ 84±5* 154±18*$§ 249±69**§
1 h OUB+ 30-min rec 20 3±2$§ 33±2* 384±13 180±6*§ 56±2 398±13§ 2±1§
2 h OUB 21 94±11* * 47±70*4 677±58**§ 128±7*$§ 75±9t 156±16*§ 670±11*$§
2 h OUB+ 30-min rec 21 23±8§ 42±5** 425±17§ 155±40*t§ 66±8 354±11§ 64±19§
1 h DOG-CN 23 14±4* 1 1±1* 344±9$ 165±6*§ 34±3*4 332±14$ 1±0.4t
1 h DOG-CN+ 30-min rec 20 34±10* 1+±1*$ 333±8 187±6*§ 48±8 378±15 2±4
2 h DOG-CN 20 187±17*$§ 3±3*$ 346±33t 169±7*44 116±21*$§ 159±18*§ 84±49*
2 h DOG-CN+ 30-min rec 20 20±6§ 13±1*$ 368±12 186±7*t§ 54±7§ 378±12§ 2±1

Mean±SEM. n = number of myocytes; 30-min rec = 30-min recovery in normal medium. For each vertical column, by analysis of variance
(P < 0.05) and Duncan's multiple range test, * different from control, * difference between ouabain and DOG-CNat same time interval, § dif-
ference between treatment and recovery.

served between the two conditions. Na+, K+ pump inhibition
resulted in the rapid development of significant K and Mgloss
and Na and Ca loading. Cessation of Ca2" transients and de-
velopment of contracture with elevated [Ca>]i was docu-
mented by quantitative microspectrofluorometry within 15
min of ouabain exposure; [Ca2>]i peaked at 1 h and remained
elevated at 2 h. The pattern of the elemental shifts detected by
EPMAwas consistent with Na+ loading and K+ efflux follow-
ing inhibition of the sarcolemmal Na+, K+-ATPase and subse-
quent Ca2 accumulation due to activation of the Na+, ca2+
exchanger operating in a mode favoring Ca2+ influx and Na+
efflux (14-16). The severity of the Ca2+ loading produced by
ouabain was greater than that observed after exposure of cells
to low Na+ medium (35, 45-48). In the latter condition, myo-
cytes develop a transient increase in cytoplasmic [Ca2+]i asso-
ciated with increased accumulation of Ca in junctional sarco-
plasmic reticulum and sarcolemma (35, 45-48). In ouabain-
treated myocytes, the ATP level decreased, probably as a result
of calcium-mediated activation of ATPases and inhibition of
mitochondrial oxidative phosphorylation (1, 4-6, 31, 32),

Table V. ATP Levels in Cultured Cardiac Myocytes
after Na+, KV PumpInhibition with 1 mMOuabain
and Metabolic Inhibition with 20 mMDOGand 1 mMCN

ATP

Groups (n = 6-14) End treatment 30-min recovery

nmol/mg protein

Control 35.3±5.2 35.5±4.0
Ouabain (I mM; I h) 15.0±3.4* 13.6±2.2*
Ouabain (I mM; 2 h) 15.1±2.2*§ 11.7±1.9*
DOG(20 mM)+ CN(I mM; I h) 10.6±1.6*t 11.3±0.8*
DOG(20 mM)+ CN(I mM; 2 h) 2.9±0.7*4§11 13.4±2.8*11

Mean±SEM. n = number of culture dishes. Statistical analysis by
t test with Bonferroni's correction for multiple comparisons (P
< 0.001), as follows: * significantly different from control; * signifi-
cantly different within treatment (1 vs. 2 h); significantly different
between treatments at same time point; and 11 end treatment versus
recovery.

however, ATP reduction stabilized at a moderate level. De-
spite the marked Ca>' loading, myocytes were able to rapidly
and completely reverse electrolyte alterations, and eventually
(24 h later) develop normal ATP levels after 1 h of ouabain
treatment. After 2 h of ouabain, some myocytes also were able
to reverse the calcium loading sufficiently to recover normal
Ca>2 transients. However, after 2 h, significant numbers of
myocytes did not recover, as shown by maintenance of high
[Ca2>]i, failure of electrolyte profiles, including calcium, to
return completely to normal, and persistent ATP depression.
These findings are in accord with our observations regarding
the effects of prolonged Na+, K+ pump inhibition in an iso-
lated adult rat papillary muscle preparation (49). 1 h after
return to complete buffer after exposure to potassium-free
buffer for 3 h, papillary muscles exhibited persistent contrac-
tile depression and persistent electrolyte alterations, including
increased cytoplasmic and mitochondrial calcium in signifi-
cant numbers of myocytes (49).

In myocytes incubated with metabolic inhibitors, the
mechanism of calcium loading involved impairment of energy
metabolism eventually resulting in ATP depletion and subse-
quent impairment of ATP-dependent membrane ionic trans-
port (8-10, 17, 50). The progressive ATP depletion resulted
from direct inhibition of ATPsynthetic pathways, with inhibi-
tion of glycolytically derived ATPpotentially having the major
effect on vital cell functions (8-10, 17, 50-57). In response to
DOGand CN, myocytes developed Ca> accumulation more
slowly and to a lesser degree than with ouabain. Others have
reported the rapid development of contracture and Ca> ele-
vation within minutes in response to DOGand CN(50, 51).
Variation in the rate of onset of contracture may be related to
differences in experimental preparations or to biological dif-
ferences related to species and age of the cardiac myocytes.
The rate and magnitude of ATP depletion also is a significant
factor in the rate and magnitude of Ca2> accumulation (44).
Haworth et al. have shown that ATPdepletion inhibits the rate
of Ca> influx (44). The latter phenomenon may have been
operative in our finding that, in spite of the marked reduction
in ATP, the magnitude of the increase in [Ca>2] with DOG
and CN was less than observed with ouabain. Recovery of
normal Ca>2 transients occurred after 60 min of DOGand
CN, but [Ca>]i remained at systolic level in most myocytes for
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the 30-min recovery period after 120 min of DOGand CN.
Partial recovery of ATP after 2 h of DOGand CNmay have
been associated with delayed recovery of normal Ca2+ homeo-
stasis in some myocytes at 24 h, although this was not directly
tested.

Thus, cultured cardiac myocytes are temporarily able to
withstand the greater Ca2+ load induced by Na', K+ pump
inhibition versus metabolic inhibition with DOGand CNbe-
fore developing persistent injury in response to both interven-
tions. These results may have been influenced by a relatively
high resistance of neonatal rat cardiac myocytes to the toxic
effects of calcium, a resistance which may be related to func-
tionally immature sarcoplasmic reticulum in spite of generally
normal ionic regulation (58-62). Nevertheless, the findings
suggest that factors associated with the specific mechanism of
calcium loading have an important influence on the response
of myocytes to an elevated calcium level. In our experiments,
the status of energy metabolism was judged to be the impor-
tant contributory factor. Specifically, the findings with Na',
K+ pump inhibition and metabolic inhibition suggest that the
magnitude and duration of ATP depletion as well as calcium
accumulation together importantly influence the severity of
myocyte injury. Other factors, such as cellular acidosis related
to ATPbreakdown and lactate formation, also could contrib-
ute to myocyte injury. However, in these experiments, accu-
mulation of hydrogen ions and lactate was minimized by the
large volume of extracellular medium.

Other workers also have investigated the effects of Na+-K+
pump inhibition on isolated cells. Snowdowne and Borle re-
ported that activation of Na'-Ca2+ exchange in cultured renal
cells by incubation in low Na+ medium resulted in a transient
increase of free Ca2' without an increase in total Ca (48).
Murphy et al. reported that Na', K+ pump inhibition for
30-60 min in cultured embryonic chick myocytes produced
by incubation with 0 mMK+ or lo0- Mouabain resulted in a
5-10-fold increase in free Ca2" and total cell calcium content,
but only modest (25-30%) reduction of ATP and no signifi-
cant release of lactic dehydrogenase (LDH), and that the
changes were reversible (1 1, 12). After 2.5 h of Na+, K+ pump
inhibition, the ATP level was still only modestly (32%) re-
duced, but there was a twofold increase in LDH release. In
contrast, myocytes treated with iodoacetate and an uncoupler
of oxidative phosphorylation exhibited similar increases in cal-
cium which were associated with marked reduction of ATP
and significant, 10-fold LDH release (11, 12). Ishida et al.
reported somewhat different observations in cultured embry-
onic chick ventricular cells exposed to various forms of meta-
bolic inhibition and Na+, K+ pump inhibition for up to 6 h
and then allowed to recover in serum-free medium for 24 h
(13). Exposure to 20 mMDOGand 1 mMCNcaused marked
electrolyte changes, including a fivefold increase in total cal-
cium (atomic absorption spectrophotometry), coincident with
ATPdepletion to one-tenth normal levels. This produced only
slight cell injury, evidenced by increased LDH release, fol-
lowed by recovery to normal of ATP, Na, and Ca levels, al-
though a persistent reduction in K was noted. More marked
ATP depletion (to one-hundredth normal values) was pro-
duced by hypoxia plus DOGand zero glucose, and was asso-
ciated with much more severe cell injury manifested by LDH
loss. Ouabain (1 mM)exposure resulted in a much greater Ca
gain (20-30-fold), and ouabain effects were not reversible after
a 15-fold or greater increase in Ca content was produced, and

were associated with significant LDHrelease. The findings of
Snowdowne and Borle (48) and Murphy et al. (1 1, 12) are in
agreement with our observations of a marked increase in in-
tracellular calcium after Na+, K+ pump inhibition and of sub-
stantial recovery after one hour of calcium loading secondary
to Na+, K+ pump inhibition. However, our findings as well as
those of Ishida et al. (13) indicate that more prolonged calcium
loading of initially normal cells can result in significant num-
bers of damaged and irreversibly injured myocytes. A likely
explanation for the selective death of certain myocytes after
prolonged Na+, K+ pump inhibition or metabolic inhibition
may be that the degree of calcium loading and ATPreduction
was not uniform, and that those cells with more profound total
calcium loading and ATP reduction developed irreversible in-
jury.

This study has modeled some of the perturbations that
occur in myocardial ischemic and hypoxic injury. However, in
vitro studies with muscle preparations, adult myocytes and
other cell types subjected to hypoxia and metabolic inhibition
initially yielded conflicting results regarding intracellular cal-
cium in these models. Initial studies did not show evidence of
an early increase in Ca2' before the onset of contracture or
terminal cell injury (63-68). However, Snowdowne et al. re-
ported a rapid increase in the range of 1.4- to 2-fold in free
Ca2" during early hypoxia in isolated adult rat myocytes and
isolated kidney cells (69, 70). Barry et al. have reported an
early increase in [Ca2+]i in association with the development of
contracture induced by metabolic inhibition of cultured chick
cardiac myocytes (51). An early increase in (Ca2+]i in response
to metabolic inhibition in other cell types also has been re-
ported (71). Additionally, investigators, using two different
Ca2+ probes and related technologies, have demonstrated an
increase in myocardial Ca2+ early in the course of ischemic
injury in isolated perfused hearts (72-74).

Although these and previous studies have now established
that Ca2+ increases early in the course of metabolic inhibition
and hypoxic injury in isolated myocytes and ischemia in iso-
lated perfused hearts, the exact role of calcium overloading in
the genesis of myocardial ischemic membrane injury remains
to be determined. Nevertheless, it is possible that in energy-
depleted cells, an increase in cytosolic Ca2+ of sufficient mag-
nitude and duration may induce a series of events leading to
irreversible injury. Phospholipid degradation appears to be
important in this process (7-9, 75, 76). Another issue is the
functional consequence of calcium overloading of injured
myocytes. Calcium loading contributes to the development of
contracture in energy impaired cardiac myocytes, and recov-
ery from contracture is possible depending upon the degree of
metabolic impairment of the myocytes (49, 77-79). There also
is evidence that calcium loading may contribute to the func-
tional defect that follows transient myocardial ischemia (80,
81). Thus, the effects of calcium loading on energy deficient
myocytes may range from the development of significant con-
tractile impairment to irreversible injury depending upon the
severity of metabolic impairment at the time of calcium
loading.

In summary, our results suggest that in cells that are cal-
cium loaded by Na+, K' pump inhibition, the residual ATP
initially is sufficient for maintenance of energy dependent
processes involved in the repair of Ca2+-mediated degradative
reactions. However, prolonged calcium loading of normal
myocytes eventually results in the development of significant
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damage to a substantial number of cells. In contrast, in the
presence of progressive ATPdepletion, energy-dependent syn-
thetic processes may not be able to compensate for Ca2+-me-
diated catabolic reactions, thereby leading to cell death. Our
findings indicate that loss of the ability to generate normal
Ca2` transients and persistent elevation of [Ca2+i at or greater
than systolic level are markers of irreversible injury as manifest
by long term impairment in the ability to regenerate ATP.
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