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Trivalent antimony, delivered as potassium antimonyl tartrate
(PAT), has been previously shown to induce an oxidative stress
and toxicity in cultured neonatal rat cardiac myocytes. The present
study investigates the effect of PAT on intracellular free calcium
([Ca?*]5), which has been implicated in the toxicity of agents induc-
ing oxidative stress, and explores its role in PAT toxicity. Exposure
to 50 or 200 um PAT led to progressive elevation in diastolic or
resting [Ca?"]; and eventually a complete loss of [Ca®']; transients
that occurred well before cell death as assessed by LDH release.
Prior loading of myocytes with the intracellular calcium chelator
BAPTA (10 to 40 um), protected against PAT toxicity in the pres-
ence and absence of extracellular calcium, and demonstrated a
crucial role for [Ca**]; in PAT toxicity. Exposure to 200 um PAT
in the absence of extracellular calcium slightly elevated [Ca?*];,
but only to levels comparable to resting [Ca®*]; for cells in 1.8
mm extracellular calcium. This demonstrated that although PAT
toxicity was dependent on [Ca?*];, a large increase above resting
levels was not needed, and also that some calcium was mobilized
from intracellular stores. However, the caffeine-releasable pool of
sarcoplasmic reticulum calcium was increased, not depleted, by
exposure to 200 um PAT. These results demonstrate that PAT
disrupts [Ca**]; handling and support a role for a calcium-depen-
dent event, but do not support the necessity of events in PAT-
induced cell death that are mediated by a large elevation in [Ca**];.
© 1997 Academic Press

Exposure to antimony compounds has long been associ-
ated with cardiotoxicity through both clinical observations
and animal studies. Early animal studies noted cardiac pa-
thology following acute and subchronic exposure to trivalent
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antimony-containing compounds by intraperitoneal (Bradley
and Fredrick, 1941) or inhalation (Brieger et al., 1954) routes
of administration. The National Institute for Occupational
Safety and Health (NIOSH, 1988—1990) estimates that over
250,000 individuals are potentially exposed to antimony
compounds in the workplace. Because of the importance of
antimonial salts in the treatment of parasitic disease, there
are numerous reports on their effects in humans. A recent
report of the treatment with pentavalent antimonial salts of
otherwise hedlthy soldiers for cutaneous leishmaniasis de-
scribed reversible changes in electrocardiographic T-wave
amplitude, systolic and diastolic blood pressure, and heart
rate (Hepburn et al., 1994). Studies involving human expo-
sureto trivalent forms of antimony have been associated with
hypotension, bradycardia, ventricular tachycardia, syncope,
electrocardiographic changes, and sudden death (Winship,
1987; Honey, 1960; Hepburn et al., 1994). Despite this evi-
dence from animal and human data indicating potential car-
diotoxic effects of antimony-containing compounds, little is
known regarding the cellular toxicity of antimony.

We recently described the occurrence of oxidative stress
and toxicity in cultured rat neonatal myocytes following ex-
posure to a water soluble form of trivalent antimony, potas-
sium antimonyl tartrate (PAT) (Tirmenstein et al., 1995).
Considerable research has implicated roles for oxidative
stress and atered intracellular cytosolic free calcium
([C&®*];) homeostasis in ischemic myocardial injury and
links between the two have been described (for review see
Silverman and Stern, 1994). A large body of work on isch-
emic myocardial injury involves the use of cultured adult
or neonatal cardiac myocytes. These cultured cells exhibit
beating activity (myocyte contraction) that is spontaneous
or can be induced by electric field stimulation. Myocyte
contraction is accompanied by atransient increase in [Ca?'];
(hereafter referred to as the [Ca?*); transient) that is initiated
by flux of ionic calcium (Ca?*) across the sarcolemma and
sustained by release of Ca?* from the sarcoplasmic reticulum
(SR). The [Ca?"]; transient is characterized by a rapid rise
in [Ca?"]; to a peak (systolic [Ca?*];), and areturn to resting
levels (diastolic [Ca?*];) that is mediated by extrusion of
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Ca’* across the sarcolemma and reuptake of Ca?* by the SR.
The [Ca?*]; transient can be monitored using Ca*-binding
fluorescent dyes (i.e., fura-2), and is a direct reflection of
beating activity. Agents inducing oxidative stress in cardiac
myocytes have been shown to cause inhibition of [Ca®*];
transients and an elevation in diastolic or resting [Ca?*]; that
led to a[Ca?*]; overload—a condition where resting [Ca?*];
was higher than peak systolic [Ca?']; of beating cells (Oe et
al., 1994; Toraason et al., 1994). The elevated [Ca?*]; that
follows exposure of cardiac myocytes to agents inducing
oxidative stress has been shown to be an early prelethal
event (Eley et al., 1991; Oe et al., 1994; Persoon-Rothert et
al., 1994; Josephson et al., 1991; Clague et al., 1993), and
has been suggested to be a key element of oxidative stress-
induced toxicity. Sustained elevation in [Ca?*]; can lead to
mitochondrial dysfunction, activation of catabolic enzymes,
or induction of apoptosis (Nicotera et al., 1992) and subse-
quent cell death. These observations suggest that alterations
in [Ca*]; handling could also be linked to the oxidative
stress in PAT intoxicated myocytes. Furthermore, PAT-in-
duced effects on [Ca?*]; handling could be responsible for
the observed inhibition of beating activity in PAT-exposed
myocytes (Tirmenstein et al., 1995).

There is considerable evidence that agents that bind to
or affect the redox status of thiol groups can alter the
function of calcium regulatory proteins. For example,
heavy metals (Abramson et al., 1983) and hydrogen perox-
ide (Boraso and Williams, 1994) have been shown to ef-
fect release of calcium from isolated sarcoplasmic reticu-
lum through binding or oxidation of protein thiol groups.
Eley et al. (1991) demonstrated in isolated rabbit ventricu-
lar myocytes that hypochlorous acid induced the release
of Ca?* from internal stores through alteration of protein
thiol redox status. The activity of myocyte sarcolemmal
Na"—Ca®* exchange protein (Coetzee et al., 1994) and L-
type Ca®* channel protein (Murphy et al., 1990; Chiamvi-
monvat et al., 1995) have been shown to be sensitive
to sulfhydryl modification. Treatment of neonatal cardiac
myocytes with ethacrynic acid has been shown to deplete
glutathione and result in oxidative stressthat was preceded
by elevated [Ca®’]; (Dhanbhoora and Babson, 1992).
These observations are of interest given that trivalent anti-
mony has been shown to react with thiol groups (Stemmer,
1976; Basinger and Jones, 1981) and decrease glutathione
in neonatal myocytes (Tirmenstein et al., 1995). Thus, the
reduction in cellular glutathione by PAT exposure may
render the cell susceptible to oxidative stress and might
also involve alteration in [Ca?*];. In addition, direct bind-
ing of antimony to protein thiols could alter the function
of calcium regulatory proteins and subsequently [Ca®*];.
Therefore, we undertook studies to determine the effect
of PAT on neonatal rat cardiac myocyte [Ca®'];, and con-
ducted investigations on its potential role in ensuing
toxicity.
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MATERIALS AND METHODS

Chemicals. Newborn caf serum (NCS) was purchased from Hyclone
Laboratories (Logan, UT). PAT was obtained from Aldrich Chemical Company
(Milwaukee, WI). The acetoxy methyl (AM) esters of fura-2 and BAPTA (1,2-
bis-(2-aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid), fura2 pentapotas
sium salt, BAPTA pentapotassum sdt, and TPEN (N,N,N’,N’-tetrakis-(2-pyri-
dylmethyl)ethylenediamine) were purchased from Molecular Probes (Eugene,
OR). All other chemicals and reagents were purchased from Sigma Chemical
Company (St. Louis, MO) or Fisher Scientific Company (Fair Lawn, NJ).

Preparation of myocytes. Cardiac ventricular cells were isolated from
2- to 4-day-old Sprague—Dawley rat pups obtained from a breeding colony
maintained in the NIOSH animal quarters which is accredited by the Ameri-
can Association for Accreditation of Laboratory Animal Care. Briefly, neo-
natal hearts were minced and subjected to an overnight cold trypsin diges-
tion as previously described (Toraason et al., 1990). A single cell suspension
in M199 medium with 10% NCS was prepared from the digested hearts.
Viability was above 90% as determined by trypan blue exclusion. A preplat-
ing procedure was used to reduce the percentage of fibroblasts and the
resulting myocyte-enriched suspension was used for preparing cultures for
experiments. Coverslip cultures were prepared by placing five drops of a
cell suspension (7—8 x 10° cellgml) as a meniscus on a sterile 25-mm
quartz coverdlip (approximately 2 x 10° cells’em?) contained in a 35-mm
culture dish. The cultures were incubated overnight to allow cell attachment
before addition of 2 ml of M199 medium with 10% NCS, and used for
experiments 24 hr later. For toxicity assays, 1 ml of a diluted suspension
(4 x 10° cells/ml) was added to wells of 12-well plates (approximately 2
X 10° cellslem?), and cultured for 48 hr before use in toxicity assays.
These procedures resulted in subconfluent cultures of spontaneously beating
myocytes that appeared primarily as clusters of dense, stellate cellsin which
the peripheral regions of cells often overlapped.

Intracellular calcium. Changesin [Ca®*]; of neonatal cardiac myocytes
were monitored using the fluorescent calcium-binding dye fura-2. The myo-
cytes cultures on glass coverdips were loaded with fura-2 by incubation
with 3 um fura-2 acetoxymethyl ester in M199 containing 10% NCS at
37°C for 20 min. The coversip was mounted in a temperature-controlled
(30°C) suffusion chamber (Medical Systems Corp., Great Neck, NY) on
the stage of an inverted fluorescence microscope (Nikon Diaphot). The
suffusion chamber held approximately 1 ml of buffer and was open to
room air. Buffer was continuously pumped (Rabbit-Plus, Rainin, Inst. Co.,
Emeryville, CA) into the suffusion chamber and removed by vacuum aspira-
tion. Cells were aternately illuminated (20 Hz) at 340 and 380 nm via a
fiber optics bundle coupled to a dual excitation spectrofluorometer (Del-
tascan, Photon Technology International Inc., South Brunswick, NJ). Emit-
ted light passed through a barrier filter (Nikon 515IF filter) was detected
by a photomultiplier tube, and expressed as counts per second. Background
fluorescence at 340 and 380 nm excitation was obtained for each experiment
from a representative cell not containing fura-2, and was subtracted from
the fluorescence signals for all cells studied that day. Data were analyzed
as the ratio of background-corrected fluorescence at 340 nm excitation to
380 nm excitation (Fay/Fsgo ratio). Fas/Fag ratios for an individual cell
would be proportional to [Ca?*];, as described by Grynkiewicz et al. (1985),
but converting Fa,o/Fsgo ratio to [Ca2*]; would require interna calibration
to estimate the binding affinity of Ca?* to fura-2 in the cell environment.
In this study, Fau/Fsgo ratios were not converted to [Ca?*]; (nv) because
PAT treatment resulted in hypercontracture and compromised cell integrity;
this precluded obtaining an internal calibration as viable cells are required
for this procedure. Because fura-2 primarily would be localized in the
cytosol, changes in Fa/Fag ratios were assumed to primarily represent
changes in cytosolic free calcium.

Experiments were performed at 30°C and included a 30-min equilibration
by suffusing at 2 ml/min either with HBSS (Hank’ s Balanced Salt Solution)
buffer, modified to contain 1.8 mm calcium (in mm: NaCl, 137; KCl, 5.4;
CaCl,-2H,0, 1.8; MgS04, 0.8; KH,PO,, 0.44; Na,;HPO,, 0.34; Na,HCO;,
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4.2; glucose, 5.5; pH 7.4), or with Ca?*-free HBSS containing 1 mm EGTA
(ethylene glycol bis(s-aminoethyl ether) N,N’-tetraacetic acid). Immedi-
ately following the equilibration period, cultures were suffused with the
appropriate buffer containing PAT or sodium potassium tartrate (the sodium
sat of theantimony ligand in PAT) for 3 min at 2 ml/min to quickly change
the medium in the suffusion chamber before reducing the flow to 0.25 ml/
min to prevent dessication. Individua cells were chosen for study and
contributions of overlapping and adjoining cells were minimized by an
adjustable aperture. Myocytes were identified by their distinctive morphol-
ogy and only attached, non-hypercontracted, cells were chosen. Unless oth-
erwise stated, fluorescence data were collected for 11 sec, and illumination
of cells was blocked by a shutter when data were not being collected. To
monitor time-dependent changes in [Ca?*]; during PAT exposure, a new
cell was selected every 3 min and 11 sec of fluorescence datawere collected.
A single experiment involved data collection from up to 44 cells in the
same culture. In a cell-free cuvette system, concentrations of PAT up to 6
mm had no effect on the fluorescence of fura-2 pentapotassium sat (5
M) in abuffer containing 10 mm MOPS (3-(N-morpholinepropanesul fonic
acid), 100 mm KClI, and 10 mm EGTA. For studies of fura-2 content, the
change in fluorescence at the isosbestic (calcium-insensitive) excitation
wavelength was followed. The isosbestic wavelength for our experimental
setup was determined to be 358 nm by monitoring fluorescence of fura-2
loaded beating myocytes.

Caffeine-induced calcium release from the SR was assessed by produc-
tion of a caffeine-induced [Ca?*]; transient as described by Bassani et al.
(1994). A single myocyte was selected for study and the culture was suf-
fused with calcium- and sodium-free HBSS (in mm: choline chloride, 141;
KCl, 0.8; MgSQ,, 0.8, KH,PO,, 0.44; K,HPO,-3H,0, 0.34; KHCO;3, 4.2;
glucose, 5.5; pH 7.4, with KOH) for 2 min at 4 mi/min to rapidly inhibit
spontaneous calcium transients. Next, the culture was rapidly suffused with
10 mm caffeine in Ca2*-free HBSS for 2 min at 4 ml/min. Ca®*-free HBSS
was used to prevent contributions to [Ca®*]; from flux across the plas-
malemma. After the appearance of the caffeine-induced [Ca?*]; transient,
the cell was suffused with HBSS for 10 min to replenish SR calcium stores
before exposure to 200 um PAT in 1.8 mm extracellular calcium. PAT
exposure was continued until [Ca?*]; became elevated and [Ca®*]; transients
were completely inhibited. Finaly, the same cell was tested again for caf-
feine-induced calcium release from the SR using the same procedure de-
scribed above.

Assessment of cell killing. Cell killing was determined as the loss of
fura-2 or lactate dehydrogenase (LDH) as a result of nonspecific and irre-
versible leakage across the plasma membrane. For assessment of toxicity
by LDH release, myocytes were exposed to PAT dissolved in HBSS or
calcium-free HBSS and incubated at 37°C. Previous studies have shown
that sodium potassium tartrate is not toxic at the concentrations employed
here (Tirmenstein et al., 1995). LDH activity was determined spectrophoto-
metrically at 340 nm as the reduction of nicotinamide adenine dinucleotide
coupled to LDH-mediated oxidation of lactate using a kit from Sigma
(Procedure No. 228-UV; Sigma Chemical Co.), and was expressed as units/
ml. At the end of the exposure period, the treatment buffer was removed
and 1 ml 1% Triton X-100 in HBSS was added and incubated for 10 min
at 37°C to lyse attached cells. LDH release was calculated as percentage
of LDH activity in the treatment buffer relative to the sum of LDH activity
in the treatment buffer and lysed cell solution.

Statistical analysis. The Student t test or one-way analysis of variance
was performed using the Statgraphics (Version 5, STSC, Inc., Rockville,
MD) statistical package. Following one-way analysis of variance, differ-
ences between controls and specific treatments were determined using
Scheffe’s test for multiple comparisons.

RESULTS

PAT exposure inhibits calcium transients and increases
resting calcium. Neonatal rat cardiac myocytes exhibit
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FIG. 1. Effect of exposure to 200 um PAT on [Ca*]; transients of
spontaneously beating neonatal rat cardiac myocytes. Each panel contains
a representative tracing of fluorescence data (Fz40/Fag0) acquired at 20 Hz
for 11 sec. Fa/Fag iS the ratio of fluorescence counts at 340 nm excitation
to 380 nm excitation and is proportiona to [Ca?*];. Each tracing was taken
using a different myocyte in the same experiment at the time specified at
the bottom of that panel. The sequence from left to right presents the effect
of suffusion with 200 um PAT in 1.8 mm extracellular calcium on [Ca2*];
transients and resting [Ca®*]; at the times indicated.

beating activity of which the [Ca?']; transient is an integral
component. Figure 1 illustrates the effect of 200 um PAT
for different durations of exposure on [Ca®*]; transients as
monitored by changes in the Fa4/Fsg ratio. The first observ-
able change was an elevation in diastolic [Ca?*]; (Fig. 1, 40
min of PAT exposure). The frequency of [Ca?']; transients
and cell contractions became rapid and irregular as the dia-
stolic [Ca?*]; continued to rise (Fig. 1, 60 min of PAT expo-
sure). Eventually, [Ca?']; transients and cell contractions
were completely inhibited (Fig. 1, 80 min of PAT exposure).
Finally, the cell experienced [Ca®']; overload (Fig. 1, 108
min of PAT exposure), a sustained Faq/Fsg ratio greater
than peak Fa/Fzg ratio achieved during a normal [Ca?'];
transient (Fa,o/Fago ratio > 1.5 to 2.0). [Ca®*]; overload was
closely followed by hypercontracture and loss of adherence
to the culture dish. Selected cells with [Ca2*]; overload were
not hypercontracted and still retained fura-2, but this state
was irreversible as demonstrated by hypercontracture and
loss of adherence even when PAT exposure was removed
(data not shown). Figure 2 shows the average diastolic
[Ca?']; for cellsin consecutive 9-min intervals. This analysis
of data demonstrated a progressive increase in diastolic
[Ca?']; that became statistically significant (p < 0.05) fol-
lowing approximately 36 min of exposure to 200 um PAT.
The larger variability in the Fa/Fsg ratio of PAT-exposed
cells reflects the variability in progression of the effect of
PAT on [C&®*]; for individua cells. Some variability also
results from differences between cells in the calibration of
Fauo/Fago ratios to [Ca?*];. However, similar results were
obtained when a single cell was repeatedly sampled over
time (data not shown). Following the Fz/Fsg ratio over
time on the same cell would faithfully reflect [Ca?*]; because
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FIG. 2. Effect of exposure to 200 um PAT (H) on diastolic Fas/Fag
ratios in neonatal rat cardiac myocytes. Controls (@) were exposed to 200
uM Na-K-tartrate. The extracellular calcium concentration of the buffer was
1.8 mm. Fsu/Fag is the ratio of fluorescence counts at 340 nm excitation
to 380 nm excitation and is proportional to [Ca?*];. An average Fay/Fag
ratio was determined for the diastolic period of calcium transients, and
means (+SD) calculated from values in successive 9-min periods. Cells
exhibiting calcium overload (Fss/Fsg ratio > 2.0) were excluded from the
mean. All comparisons were to control values at the same time period using
the t test (five experiments for PAT exposure and three experiments for
control). Significant differences at *p < 0.05 and **p = 0.05.

the calibration of Fa/Fsg ratios to [Ca?*]; would remain
constant.

Myocytes were also exposed to 50 um PAT and fura-2
fluorescence examined at two time periods. 50 to 70 min
and 100 to 120 min (Table 1). Myocytes exhibited a small
but significant elevation of diastolic [Ca?']; after 50 to 70
min of exposure compared to that prior to PAT exposure in
the same cultures. After 100 to 120 min of exposure, most
myocytes had ceased to beat spontaneously and [Ca2*]; was
significantly elevated. Exposure to 50 um PAT rarely re-
sulted in [Ca?*]; overload during a 2-hr exposure. The dose-
dependent nature of the effect of PAT on [Ca?']; was demon-

TABLE 1
Diastolic Fa4/Fsg Ratios of Neonatal Rat Cardiac Myocytes
during Exposure to 50 um PAT

Minutes of exposure Diastolic Fau/Fag

Control 0.59 + 0.09 (38)
50-70 0.68 + 0.09 (22)*
100-120 0.97 + 0.09 (21)*

Note. Fluorescence data (Fss0/F g0 rati0s) were taken on randomly selected
myocytes before suffusion with 50 um PAT in HBSS (control), and aso
within the intervals listed for minutes of exposure to 50 um PAT. Values
are expressed as mean = SD, and in parentheses are the total number of
myocytes sampled in five experiments.

* Significant difference from control at p < 0.01.

205

100

90
80 -
70
60
50
40 +
30
20 H
10 i
0

2 Hours

LDH Release (% of Total Activity)

4 Hours

Exposure Duration

FIG. 3. LDH release by neonatal rat cardiac myocytes exposed to 50
(NY) and 200 pum (M) PAT. Myocyte cultures were exposed to 50 or 200
um PAT for the length of time indicated on the abscissa, and then LDH
activity (unitsyml) was determined in the treatment buffer and in the re-
maining adherent cells to obtain the total LDH activity in the culture.
Control cultures () were incubated in HBSS alone. LDH release was
calculated as percentage of total activity. All values are expressed as the
means = SD, n = 3 experiments. *A significant difference (p < 0.01) from
controls at the same time period.

strated by the later occurrence and reduced magnitude of
[Ca']; change for 50 um PAT compared to 200 um PAT.

LDH release in myocyte cultures exposed to 50 and 200
uM PAT are presented in Fig. 3. LDH release during expo-
sure to 200 um PAT was dlightly, but not significantly, ele-
vated after 2 hr and greatly elevated after 4 hr. LDH release
during exposure to 50 um PAT remained at control levels
for up to 4 hr. We have shown previoudy that exposure to
50 um PAT results in significant cell killing after an 18-hr
exposure (Tirmenstein et al., 1995). Diastolic [Ca?*]; was
significantly elevated after exposure to 200 um PAT for
approximately 36 min and 50 um PAT for approximately
60 min, and in both cases occurred well before significant
increases in LDH leakage. These results clearly show that
the effect on [Ca?*]; was not due to nonspecific membrane
leakiness that occurs with cell death because elevated [Ca?*];
occurs well before significant cell killing.

Although PAT was found to increase the Fis/Fsg ratio,
it remained necessary to confirm the change was due to
Ca®* and not other metals. In addition to Ca®*, intracellular
mobilization of Zn*" has been demonstrated in adult myo-
cytes exposed to hypochlorous acid (Tatsumi and Fliss,
1994) and neuron cells exposed to methyl mercury (Hare et
al., 1993). The ability of Zn*" to bind to fura-2 and alter its
fluorescence characteristics has been described (Grynkie-
wicz et al., 1985; Hechtenberg and Beyersmann, 1993). In
this regard, an increase in fluorescence at the isosbestic
wavelength and reversal of the change following treatment
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FIG. 4. Effect of exposure to 200 um PAT for 60 min on calcium-
insensitive fluorescence of fura-2 in neonatal rat cardiac myocytes. For each
experiment, a single myocyte was selected and fura-2 fluorescence at the
calcium-insensitive excitation wavelength (Fzsg) and the F4/F 3 ratio prior
to and after suffusion for 60 min with 200 um PAT (H) in HBSS or Na-
K-tartrate ((J) was measured. Fs,/Fag iS the ratio of fluorescence counts
at 340 nm excitation to 380 nm excitation and is proportional to [Ca?'];.
Fiss is the fluorescence counts at 358 nm excitation and is insensitive to
[Ca™]; but is altered by Zn?* binding. In the left panel, Fas is expressed
as fluorescence at 60 min relative to the initial fluorescence. The right panel
shows the Fa/Fag ratio at 60 min. All values are expressed as the means
+ SD, n = 5 experiments. Asterisk denotes a significant difference (p <
0.05) from controls at the same time period.

with the heavy metal chelator, TPEN, have been used to
distinguish Zn** from Ca®* mobilization in cells (Hare et
al., 1993). To investigate this possibility in PAT-exposed
myocytes, fluorescence at the isosbestic excitation wave-
length (Fssg), as well as the Fay/Fag ratio, was monitored
on the same myocyte exposed to 200 um PAT for 60 min.
The fluorescence values at 358 nm excitation gradually de-
creased for both tartrate- and PAT-treated cells, but after 60
min were not significantly different (Fig. 4). Concurrently,
the Fau/Fag ratio of PAT-exposed cells was significantly
increased compared to tartrate control s after 60 min. Further-
more, when PAT-treated cells with elevated [Ca®']; were
treated with TPEN (10 um) to chelate intracellular heavy
metals, there was an increase in fluorescence at 358 nm
excitation, exactly the opposite direction expected for Zn**
mobilization (data not shown). These data support the inter-
pretation that the PAT-induced increase in Fay/Fag ratio
reflects increased [Ca?'];.

The role of [Ca?*]; in PAT-induced toxicity. The role of
calcium was further defined by assessing the toxicity of PAT
under conditions of reduced extracellular or intracellular cal-
cium. Cdll killing was assessed by the release of LDH into
the incubation buffer. Removal of extracellular calcium did
not prevent the toxicity of a 4-hr exposure to 200 um PAT.
In fact, just the omission of extracellular calcium for 4 hr
(no PAT treatment) resulted in a small, but significantly
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higher, release of LDH (Fig. 5). Thus, flux of extracellular
calcium across the plasmalemma was not a necessary event
in PAT toxicity. To prevent arisein [C&*];, myocytes were
loaded with the intracellular calcium chelator BAPTA-AM
(10 to 40 um). BAPTA provided significant protection in a
dose-dependent fashion against cell killing by a 4-hr expo-
sure to 200 um PAT in 0 or 1.8 mm extracellular calcium
(Fig. 5). BAPTA aone did not have a significant effect on
LDH release, and the small cytotoxic effect of extracellular
calcium omission was not prevented by BAPTA pretreat-
ment. Also, it isunlikely that the protective effect of BAPTA
was due to binding of antimony since BAPTA was com-
pletely effective at 1/10th of the antimony concentration.
These results clearly demonstrate that PAT toxicity was de-
pendent on [Ca?*];.

In the absence of extracellular calcium, changesin [Ca?*];
are due to mobilization from intracellular pools. Therefore,
the effect of PAT on myocyte [C&']; in the absence of
extracellular calcium was investigated to determine if such
an increase could be detected. Although a 4-hr incubation
in 0 mm extracellular calcium resulted in some toxicity (Fig.
5), no adverse effects were evident by microscopic examina-
tion following the 30-min equilibration in 0 mwm extracellular
calcium, and only cells retaining fura-2 were selected to be
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FIG. 5. Effect of BAPTA on release of LDH from neonatal cardiac
myocytes following exposure to 200 um PAT in O (@) or 1.8 mm (H)
extracellular calcium for 4 hr. Cultures were supplemented with 10 to 40
um BAPTA for 1 hr prior to the addition of 200 um PAT in HBSS containing
1.8 mm extracellular calcium or calcium-free HBSS with 1 mv EGTA.
Control cultures were exposed to HBSS aone () or calcium-free HBSS
with 1 mm EGTA (O). LDH activity (units'ml) was determined in the
treatment buffer and in the remaining adherent cells to obtain the total LDH
activity in the culture. LDH release was calculated as percentage of total
activity. All values are expressed as the mean + SD, n = 3 experiments.
*Significant difference (p < 0.01) from the mean of cultures treated with
200 pum PAT in O or 1.8 mm extracellular calcium; and **significant differ-
ence (p < 0.05) from control cultures in HBSS.
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FIG. 6. Effect of 200 um PAT exposure (H) in 0 mm extracellular
calcium on Fay/F 3 ratios of neonatal cardiac myocytes. Controls (@) were
exposed to 200 um NaK-tartrate in 0 mm extracellular calcium. Fau/Fag
istheratio of fluorescence counts at 340 nm excitation to 380 nm excitation
and is proportional to [Ca®*];. An average Fauo/Fsg ratio was determined
for each cell, and means (+SD) were calculated from values in successive
9-min periods. All comparisons were to control values at the same time
period using the t test (three experiments for both PAT exposure and con-
trol). *Significant difference at p < 0.05.

examined during PAT exposure. As shown in Fig. 6, [Ca&'];
was significantly elevated after 45 min of exposure to 200
um PAT in calcium-free buffer. The time course for PAT-
induced elevation of [Ca?*]; was similar for cells exposed in
0 mm extracellular calcium or 1.8 mm extracellular calcium.
Despite the fact that Fs4/Fsg0 ratios could not be converted
to calcium concentration, the magnitude of the change in
[Ca®']; was clearly greater for PAT exposure in 1.8 mm
compared to 0 mm extracellular calcium (compare Figs. 2
and 6). This result demonstrates that although PAT toxicity
was dependent on [Ca?*];, a large increase in [Ca*]; above
resting levels was not a requirement for PAT toxicity.

Effect of PAT on sarcoplasmic reticulumcalcium. A ma
jor intracellular calcium storage site in the cardiac myocyte,
and a source of calcium for [C&*]; transients, is the SR.
Oxidative stress induced in rabbit adult myocytes by hypo-
chlorous acid has been shown to increase diastolic [Ca?*];
presumably through release of calcium from the caffeine-
releasable SR pool (Eley et al., 1991). Thus, the SR may bea
contributing source to [Ca?*]; during PAT-induced oxidative
stress and toxicity. Treatment with caffeine has been used
to assess the calcium content in myocyte SR (Bassani et al.,
1994), and therefore, this procedure was used in PAT-treated
myocytes to assess the state of the caffeine-releasable SR
calcium poal.

Exposure to a maximally effective concentration of caf-
feine in the absence of extracellular calcium results in the
release of calcium into the cytosolic space that transiently
elevates [Ca?*); (caffeine-induced [Ca?*]; transient) and de-
pletes the caffeine-sensitive calcium pool of the SR. The
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size of the resulting caffeine-induced [Ca®*]; transient can
be used to estimate the size of the caffeine-sensitive SR
calcium pool. A myocyte was challenged with caffeinein 0
mm extracellular calcium to obtain a baseline caffeine-in-
duced [Ca?*]; transient, suffused with HBSS to replenish SR
calcium pools, and then exposed to 200 um PAT in 1.8 mwm
extracellular calcium until diastolic [Ca?']; was elevated as
shown in Fig. 1 (80 min of 200 um PAT exposure). The
same myocyte was then rechallenged with caffeine in 0 mm
extracellular calcium. As shown for a representative experi-
ment in Fig. 7, there was a robust caffeine-induced [Ca?*];
transient in PAT-treated cells. In 4 of 5 cells, the caffeine-
induced [Ca®*]; transient following PAT exposure was larger
(168 to 336%) than before exposure. This result suggests
that there was aloading of the SR with calcium, presumably
due to the elevated [Ca’*]; that occurred during PAT expo-
sure. Itis of interest to notein Fig. 7 that when cells exposed
to PAT in 1.8 mm extracellular calcium were switched to
the calcium-, sodium-free buffer just before treatment with
caffeine, [Ca?*]; was elevated when compared to the level
before PAT exposure. Thisresult demonstrates that the large
elevations in diastolic [Ca?*]; resulting from PAT exposure
were readily reversible and due to the presence of extracellu-
lar calcium. However, the small changes in diastolic [Ca®*];
associated with PAT exposurein 0 mm extracellular calcium
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FIG.7. Representative tracings of the caffeine-induced [Ca?*]; transient

in the same neonatal cardiac myocyte before and after exposure to 200 um
PAT. For each experiment, a single cell was rapidly exposed to 10 mm
caffeine in 0 mm extracellular calcium (bottom tracing), and then returned
to HBSS for 10 min before exposure to 200 um PAT in 1.8 mm extracel lular
calcium. PAT exposure continued until the F3,0/Fsg ratio was elevated and
spontaneous [Ca?*]; transients were completely inhibited (87 min for this
representative cell). The same cell was then treated again with 10 mm
caffeine in 0 mm extracellular calcium (upper tracing). In both tracings, the
culture was rapidly suffused with Ca?*, Na*-free HBSS before treatment
with caffeine to inhibit spontaneous [Ca?']; transients.
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were not reversible and occurred in the absence of SR cal-
cium depletion. Attempts to conduct the caffeine experiment
with exposure to PAT in O mm extracellular calcium were
unsuccessful because caffeine peaks could not be obtained
in control cells exposed to 0 mm extracellular calcium for
60 min.

DISCUSSION

Increased [Ca’*]; has often been found during the prelethal
phase of toxic cell injury and has been implicated in mecha-
nisms of cell death for a variety of cell types and toxicant
exposures (Trump and Berezesky, 1995; Nicotera et al.,
1992). This study describes an early effect of antimony on
rat neonatal myocyte [Ca?*];. Exposure to antimony, deliv-
ered as PAT, led to a progressive elevation in the resting or
diastolic [Ca?*]; and eventual cessation of beating activity
that preceded cell death. Similar effects on [Ca?*]; transients
to those described here have also been reported for H,O.-
exposed rat neonatal myocytes (Toraason et al., 1994), and
for adult rat myocytes exposed to a mixture of arachidonic
acid and lipoxygenase to generate lipid hydroperoxides (Oe
et al., 1994). However, conflicting evidence exists regarding
a causal role for elevated [Ca?*]; in myocardial cell death
(Herman et al., 1990; Bond et al., 1994). Cell death caused
by metabolic inhibitors or reduced oxygen tension leads to
hypoxia and elevated [Ca?']; that is a relatively late event,
and the elevated [Ca?*]; appears to result from reversal of
sarcolemmal Na*-Ca?* exchange as a result of ATP deple-
tion (Silverman and Stern, 1994). In this case, elevated
[Ca*]; may contribute to irreversible injury through en-
hanced activity of hydrolytic enzymes, but has not been
considered a necessary event in cell death (Herman et al.,
1990; Bond et al., 1994). Conversely, exposure to agents
inducing oxidative stress results in elevated [Ca®*]; that oc-
curs well before loss of cell viability (Eley et al., 1991; Oe
et al., 1994; Persoon-Rothert et al., 1994; Josephson et al.,
1991; Clague et al., 1993), and before significant reduction
in cellular ATP (Josephson et al., 1991; Wang et al., 1995).
The present study demonstrated that [Ca?*]; was significantly
elevated well before cell death following exposure to both
50 and 200 uMm PAT. Thus, for cultured myocytes, the profile
of biochemical abnormalities following antimony exposure
resembled the profile reported for agents inducing oxidative
stress and was consistent with a role for altered [Ca?*]; han-
dling in PAT-induced cell death.

To support a causal role for elevated [Ca?']; in PAT-
induced cell death it was also necessary to determine if
preventing changes in [Ca®']; would protect against cell
death. To this end, two approaches have been used; the first
has been to conduct exposuresin the absence of extracellular
calcium, and the second has been to increase the intracel lular
calcium buffering capacity with specific calcium chelators.
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Using the former approach, Persoon-Rothert et al. (1994)
found that oxidative stress, induced in cultured neonatal my-
ocytes by exposure to cumene hydroperoxide, led to in-
creased [Ca®*]; prior to cell death, but exposure in the ab-
sence of extracellular calcium resulted in cell death without
arisein [Ca®"];. Based on this result Persoon-Rothert et al.
suggested that elevated [Ca?*]; was not a causal event in
cumene hydroperoxide toxicity. In contrast, a role for ele-
vated [Ca?']; in toxicant-induced cell death has been sug-
gested by the use of intracellular calcium chelators in adult
rat cardiomyocytes exposured to tert-butylhydroperoxide
(Castro and Bhatnagar, 1993) and neonatal rat cardiomyo-
cytes exposed to ethacrynic acid (Dhanbhoora and Babson,
1992). In the present study, removal of extracellular calcium
did not offer protection from PAT-induced toxicity; how-
ever, asmall rise in [Ca?*]; was observed that preceded cell
death. The maximum [Ca’*]; attained by cells exposed to
200 uM PAT in O mm extracellular calcium was similar in
magnitude to that of unexposed cellsin 1.8 mm extracellular
calcium and substantially lessthan the levelsin cells exposed
to PAT in 1.8 mm extracellular calcium. These results were
consistent with a requirement for [Ca?*]; in PAT toxicity.
Additional evidence supporting the necessity for [Ca?*]; in
PAT toxicity was demonstrated by the ability of the intracel-
lular calcium chelator BAPTA to protect myocytes from
toxicity during a 4-hr exposure to 200 um PAT in the pres-
ence or absence of extracellular calcium. Thisresult suggests
that the contribution of calcium mobilization from intracellu-
lar pools to the total [Ca®*]; burden in cells exposed to PAT
in 1.8 mm extracellular calcium was relatively small, and
that flux of calcium across the plasmalemma was the source
for most of the increased [Ca®*];. These results also demon-
strate that large increases in [Ca?']; were not necessary for
PAT-induced toxicity, but some level of [Ca?*]; was required
to permit the progression of toxicity. Furthermore, the
needed Ca?* was provided by intracellular stores.
Increased [Ca?']; in the absence of extracellular calcium
must involve the release of bound or compartmentalized
calcium from intracellular pools such as the SR and mito-
chondria. However, the absence of SR calcium depletion
was demonstrated by a caffeine-induced [Ca?']; transient
following exposure of neonatal myocytes to PAT. Further-
more, the caffeine-induced [Ca?*]; transient following PAT
treatment was significantly greater than that observed prior
to PAT treatment. This result is consistent with calcium
loading of the SR as a result of PAT-induced elevated
[Ca'];, and in conflict with this organelle contributing to
the PAT-induced rise in [Ca®"];. Despite this finding, the
SR might still be a source of calcium for the PAT-induced
increased [Ca®*]; occurring in the absence of extracellular
calcium. This possibility remains because of the observation
that suffusion of neonatal myocytes with calcium-free buffer
for 60 min results in a loss of caffeine-releasable calcium.
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This was likely due to leakage of calcium from the SR into
the cytosol and subsequent movement out of the cell, which
involves active pumping and passive exchange of calcium
across the sarcolemma. Therefore, inhibition of calcium ex-
trusion across the sarcolemma in conjunction with a slow
leak of calcium out of the SR could account for the elevated
[Ca?*]; in neonatal myocytes exposed to PAT in the absence
of extracellular calcium. Known calcium extrusion mecha
nisms include the sarcolemmal Ca?*-ATPase and Na'-Ca®*
exchange (Silverman and Stern, 1994). Na*-Ca?* exchange
appears to account for the majority of Ca?* extrusion during
the [Ca®*]; transient of neonatal myocytes (Bassani et al.,
1994). It is of interest, therefore, that oxidative stress has
been shown to cause a sulfhydryl group-mediated decreasein
Na'-Ca?* exchange activity of guinea pig cardiac myocytes
(Coetzee et al., 1994). The ability of trivalent antimony to
form thioantimonites (Stemmer, 1976) and reduce cellular
glutathione (Tirmenstein et al., 1995) supports possible ef-
fects on Na'-Ca®* exchange activity. However, antimony
may also affect calcium influx acrossthe sarcolemma. In this
regard, thereis evidence for sulfhydryl group involvement in
control of activity of the L-type calcium channel (Murphy
et al., 1990; Chiamvimonvat et al., 1995) and calcium leak
channel activity (Wang et al., 1995; Jabr and Cole, 1995).
A role for mitochondria as a source of calcium must also be
considered. Release of calcium from mitochondria following
exposure to agents inducing oxidative stress has been well
documented (Nicotera et al., 1993; Richter and Schlegel,
1993) and may also contribute to the risein [Ca?*]; observed.

Oxidative stress has been shown to be a component of
PAT-induced cell death in cultured neonatal rat myocytes
by virtue of theinduction of lipid peroxidation and protection
by antioxidants (Tirmenstein et al., 1995). Antimony, unlike
transition metals that directly reduce molecular oxygen and
generate reactive oxygen species, likely induces oxidative
stress indirectly. For example, oxidative stress can be
brought about by agents that abruptly deplete glutathione
(Miccadel et al., 1988; Dhanbhoora and Babson, 1992),
which can lead to areduced ability to detoxify endogenously
generated hydrogen peroxide. The present study examined
[Ca?*]; changes prior to PAT-induced myocyte cell death,
and demonstrated the ability of PAT to disrupt [Ca2']; han-
dling in the cardiomyocyte and lead to elevated [Ca®'];, as
has been found for other agents inducing oxidative stress in
isolated cardiomyocytes (Eley et al., 1991; Oe et al., 1994;
Persoon-Rothert et al., 1994; Josephson et al., 1991; Clague
et al., 1993). Furthermore, the results support the existence
of a calcium-dependent event, but do not support the neces-
sity for events in PAT-induced cell death that are mediated
by a large elevation in [C&*];. The role of [C&']; in a
calcium-dependent event may be of a passive, or permissive,
nature. In contrast, elevated [Ca®*]; presumably plays an
activeroleininitiating injury through activation of phospho-
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lipases, endonucleases, and proteases (Trump and Berez-
esky, 1995; Nicotera et al., 1992), and have been referred
to as cacium-mediated events in chemically induced cell
death (Nicotera et al., 1992). It is not clear what event in
the pathway to PAT-induced cell death might be calcium-
dependent. However, one possibility may be mitochondrial
calcium cycling (Nicotera et al., 1992) that can be initiated
by agents inducing oxidative stress and can lead to collapse
of mitochondrial membrane potential and mitochondria
damage. Calcium chelators have been shown to trap calcium
released from mitochondria and thereby block calcium cy-
cling and protect against mitochondrial damage (Nicotera et
al., 1992).

In addition to the antimony-induced alterations in [Ca?"];
that are associated with cell death, other effects of antimony
on [C&**]; handling would be of interest due to the impor-
tance of the [Ca®*]; transient for normal function of the
beating cardiomyocyte. In this regard, the elevated [Ca?];
that occurred in the presence of extracellular calcium did
have a deleterious effect on the [Ca?']; transient and conse-
quently myocyte contractility. Therefore, it is of interest that
an increase in diastolic [Ca?*]; appears to be a feature of
myocytes from diseased hearts, and has been demonstrated
in myocytes isolated from rats (Capasso et al., 1993) and
human patients with heart failure (Beuckelmann et al.,
1992). Also, a range of irreversible pathophysiologic and
reversible physiologic changes have been described in asso-
ciation with exposure to antimony compounds (Bradley and
Fredrick, 1941; Brieger et al., 1954; Winship, 1987; Honey,
1960; Hepburn et al., 1994). Nonlethal effects on myocyte
[Ca®*]; may be involved in the observed reversible changes
in heart function associated with antimony exposure (Hep-
burn et al., 1994), and pathophysiological changes not re-
sulting from myocyte cell death.
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