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P. Horrmany, K. HriNgoTH, D, RicHARDS, P. PLEws anp M. Toraasow. Depression of Calcium Dynaimics in Cardiac
Myocytes-a Common Mechanism of Halogenated Hydrocarbon Anesthetics and Solvents. Journal of Molecular and
Cellular Cardiclogy {(1994) 26, 579-589. Individual halogenated hydrocarbons (HC) have recently beent demon-
strated to depress Ca** dynamics in cardiomyocytes during excltation—contraction coupling. In the present study,
eight widely used HC were systematically compared for their effects on Ca’* dynamics in neonatal rat
cardiomyocytes by means of spectroflucrometric analysis of fura-2-Ca?*-binding. Cells were exposed to dichloro-
methane (DCM), dichloroethane (DCE), 1.1.2-trichloroethane (112-TCE), trichloroethylene (TRI), halothane
{HAL}, 1,1,1-trichloroethane (111-TCE). perchloroethylene (PER). or pentachtoroethane (PCE} in an environment-
ally controlled chamber. Al HC tested decreased the height of electrically induced cytosolic free Ca?* ([Ca’*])
transients in a concentration-dependent and reversible manner (IC;, 0.15-18.06 mm) without significant effects
on diastolic {Ca®]. The increase In [Ca’* ], induced by depolarization with 90 mam KCl was inhibited to a lesser
degree. Investigations with thapsigargin (100 nM) and ryanodine {1 um)-inhibitors of Ca?** release from the
sarcoplasmic reticulum—provided evidence that the tonic Ca?* response after KCl depolarization depends mainly on
sarcolermnmal Ca®* influx. The potency of the eight HC to inhibit Ca?* dynamics in cardiomyocytes correlated with
their octanol/water partition coefficients. Results support the hypothesis that alteration of Ca?* dynamics in
cardiomyocytes is a common mechanism of cardiotoxic HC actions.
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lntroduction

Aliphatic halogenated hydrocarbons (HC) have
widespread use as inhalation anesthetics, vehicles
in household products, and industrial solvents. The
myocardial depressant and arrhythmic actions of
HC have been known for over B0 years {Levy and
Lewis, 1911-12}. Recenily, studies with HAL
(Bosnjak and Kampine, 1986; Wilde et al., 1991),
carbon tetrachloride (Toraason and Breitenstein,
1991) and 111-TCE (Hoifmann et al., 1992) sug-
gested that the basis of myocardial depression and
arrhythmia could be attributed to an impairment of
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Ca**flux across sarcolemunal and sarcoplasmic re-
ticulum membranes during excitation—contraction
coupling. Disrupted Ca’* fluxes by these substances
are manifested as depressed systolic [Ca’*}, and
reduced myocardial contraction (Bosnjak and Kam-
pine. 1986: Toraason et al., 199(); Hoffmann et al.,
1992).

HC are also potent inhibitors of gap junctional
intercellular communication {(GJIC} (Burt and
Spray, 1989; Spray and Burt, 199(0; Toraason et
al., 1992). Inhibition of GJIC uncouples cells irom
one another resulting in action potentials becoming
increasingly dictated by the intrinsic membrane
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properties of individual cells (Spray and Burt,
1990), thereby sensitizing the heart to reentrant
type arrhythmias (Reynolds, 1984).

The varying structures of the lipophilic HC which
inhibit GJIC suggest a mechanism involving “non-
specific” lipid effects in their actions. According to
the calculations of Burt and Spray (1989), there is
apparently no correlation between effective
aqueous inhibitory concentrations and lipophilicity
for alkanols and HC. They proposed that lipid
soluble substances have a direct interaction with
susceptible membrane profeins. A systematic com-
parison of 11 HC, however, revealed a high correla-
tion between the calculated HC concentrations
inhibiting GJIC in 50% of cells examined and their
lipid/agueous partition coefficients (Toraason et al.,
1992). This indicates that regardiess of whether
there is a direct or indirect effect on membrane
proteins, lipid/aqueous partitioning is a critical
physicochemical property of HC associated with
inhibition of G}IC.

The purpose of the present study was to deter-
mine if a comparable association occurred for HC
inhibition of [Ca’*] transients during excitation--
contraction coupling. We examined the effects of
eight widely used HC on [Ca®"), transients in elec-
trically stimulated cardiomyocytes from neonatal
rats. We also examined the effects of HC on {Ca®*],
during KCl-induced depolarization to assess the role
of the sarcolemmal membrane in HC-induced al-
terations of Ca?' dynamics. Present findings sup-
port the hypothesis that depression of Ca** dyna-
mics in cardiomyocytes is a common mechanism of
cardiotoxic HC actions (Hoffmann et al., 1992). The
results demonstrate a high correlation between the
potency (effective aqueous concentration) of the
eight HC for Ca?' dynamics depression and their
lipophilic properties {octanol/water partitioning).
Depression of Ca®* dynamics appears to be due to
alterations of sarcolemmal and sarcoplasmic reticu-
lum Ca?* fluxes.

Results from this study were presented in part at
the 32Znd Annuai Meeting of the Society of Toxico-
logy. March 1993, New Orleans, LA, USA (Hofi-
mann et al., 1993b).

Materials and Methods
Preparation of myocytes
Cardiac ventricujar cells were isolated from 2- to 4-

day-old Sprague-Dawley rats by the method pre-
viously described {Toraason et al., 1990: Hoffmann

et al., 1992). Rat pups were obtained from a
breeding colony maintained in the animal quarters
of the National Institute for Occupational Safety
and Health, which is accredited by the American
Association for Accreditation of Laboratory Animal
Care.

Measurement of [Ca®* ),

Measurement of [Ca®*], was performed as described
recentiy (Hoffmann et al.,, 1992, 1993a). In brief,
myocytes were loaded with 3 usm fure-2 by a 10-
min incubation at 37°C with the acetoxymethyl
ester dissolved in DMSO. The low fura-2 acetoxy-
methy! ester concentration and short loading time
were used to prevent significant intraceflular com-
partmentalization of fura dye. A rapid loss of intra-
cellular fura-2 {> 90%) within 5 min of digitonin
(10 pm) treatment indicates that there is not signi-
ficant compartmentalization of the dye. However,
we cannot exclude some compartmentalization in
intracellutar organelles. Cover slips containing
myocytes loaded with fura-2 were transferred to a
temperature-controlled (32°C) suffusion chamber
on the stage of an inverted microscope {Nikon} that
was coupled with a dual excitation spectrofluoro-
meter  (Deltascan, Photon  Technology Inter-
national Inc., South Brunswick, NJ. USA). Myo-
cytes were suffused with Hanks™ balanced salt
solution at 2 ml/min. Cells were paced at 1 Hz by
field stimulation with pulses from two platinum
electrodes (S88 stimulator, Grass Instruments,
Quincy, MA, USA) at 60 V for 10 ms. The Deltascan
system provided UV excitation af 340 nm and
380 nm. Emission from a single cell at the two
excitation wavelengths was filtered at 510 nm and
collected by a photomultiplier tube. Excitation
ratios were collected at a rate of 20Hz for all
experiments. (Ca’* |, was calculated from the 340/
380 fluorescence emission ratios of the Ca’*-bound
and Ca’*-free forms of fura-2 according to Gryn-
kiewicz et al. (1985) as previously described (Hofi-
mann ef al., 1992}, Calibrations in single cells were
carried out at the conclusion of each experiment.
R, and R_.  values were obtained from data
derived by adding a metabolic inhibitor (2 um car-
bonyl cyanide m-chlorophenylhydrazone) and an
ionophore (10 uM ionomycin) first to Ca®*-free
(5 mm ECGTA) sufiusate, then to suffusate contain-
ing 1.2mmM Ca**, R, was highly reproducible
between cells (0.54+0.04), but R, was more
variable (5.93 % 1.32, n=24). These values are in
agreement with these obtained by other anthors for
rat and guinea pig ventricular myocytes (Li et al.,
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1987: Siri et al.. 1991). Potential sources of error
using intracellular fluorescence probes have been
described by Groden et al. (1991} and Martinez-
Zaguilan et al, (1991). Control experiments with
the fura-2 pentapotassium salt in a cell-free
medium indicated that the HC in the highest con-
centrations used did not quench or enhance fura-2-
fluorescence. Autofluorescence of the myocytes was
negligible relative to background counts (approx-
imately 20000 CPS eliminated by background
correction}. Therefore, changes in fura-2-fluores-
cence transients of ventricular myocytes upon addi-
tion of the HC represent changes in [Ca®*].

Chemicals

The HC were of certified grade purchased from
Fluka Chemical Corp., Ronkonkoma, NY [1.1,2-
trichloroethane  (112-TCE), trichloroethylene
{TR1)}, Fisher Scientific, Fair Lawn. NJ fdichloro-
methane (DCM)], Aldrich Chemical Company, Inc.,
Milwaukee, WI [dichloroethane (DCE). halothane
{HAL), perchloroethylene (PER), 1,1,1-trichioro-
ethane (111-TCE)], or Chem Service, Inc., West
Chester, PA, USA [pentachloroethane (PCE)]. Rya-
nodine was provided by Agrisystems International,
Wind Gap., PA. Hanks’ balanced salt solution was
purchased from GIBCO BRL, Grand lsland, NY.
New born calf serum was purchased from Hyclone
Laboratories, Inc., Logan, UT, USA. Thapsigargin
and all other chemicals and reagents were pur-
chased from Sigma Chemical Company. St. Louis,
MO, USA.

Exposure to test solutions

Prior to exposure to the HC, cells loaded with fura-2
were allowed to equilibrate for 30 min in the suffu-
sion chamber. HC were dissolved in DMSQ, added to
Hanks™ balanced salt solution and vortexed in an
air-tight vial immediately prior to the start of the
suffusion. The final concentration of DMSQ in the
suffusion medium was 0.1%. Al control experi-
ments were performed with Hanks™ balanced salt
solution contatning 0,1% DMSO. which was with-
out effect on [Ca’* ), transients. Cumulative concen-
tration—response data were obtained by doubling
the exposure concentrations of HC at 5-min inter-
vals starting with a non-effective concentration.
The lowest concentration used was 0.00025%
{v/v) for PCE.

Data analysis

Fluorescence data were acquired continuously with
a PC computer and analysed using Deltascan soft-
ware, For calculating basal and peak height of the
electrically induced [Ca*'], transients, ten tran-
sients obtained under steady state were averaged.
Least squares linear regression, Student's t-test or
ANOVA with subsequent Scheffe test were per-
formed on commercia! statistical analysis software
(Statistical Analysis Services, Statgraphics or Sig-
maPlot). P<0.05 was considered to indicate a
significant difference.

Results
Effects of HC an electrically induced [Ca®'], transients

The concentration—response studies with the eight
HC were conducted in a cumulative manner with
an exposure period of 5 min for every concentra-
tion. Five minutes were found to be more than
adequate to ensure that maximum effects on [Ca? ],
transients were established. Figure 1 illustrates
typical [Ca’®] transients measured in a fura-2
loaded ventricular myocyte. A sequential series of
thiee transients elicited by elecirical stimulation is
shown at steady state. Under control conditions the
basal and peak [Ca’*], drift of the transients over a
period of 1 h was [ess than 109%, Addition of HAL
decreased the height of electrically induced [Ca**),
transients in a concentration-dependent manner.
This effect was reversible upon washout. Compar-
able observations on [Ca’*}, transients were made
after the exposure to the other seven HC (data not
shown). Figure 2 illustrates summary concentra-
tion-response data for inhibition of [Ca’*], transient
height of single ventricular myocytes during the
exposure to the cight HC. The inhibitory effect of
the eight HC on electrically induced [Ca?*1 tran-
sients was reversible after a 15-min washout of the
chemicals {data not shown).

IC,, values for reducing the height of the [Ca®*],
transients were calculated from the least squares
linear regression lines of the concentration-
response data obtained from Individual cells: The
means 8.8, of the IC;, values are summarized in
Table 1 together with the octanol/water partition
coefficients of the eight HC. Log transformed parti-
tion coefficients of the eight HC were compared
with the log of the IC;, values using least squares
regression analysis according to Martin (1983),
Figure 3 reveals a high correlation between parti-

tion coefficients and IC,, values.
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Figure 1 [Ca*'], transients in a single electrically stimulated (1 Hz) ventricular myocyte exposed to HAL. Cumulative
concentration-response data were obtained by doubling the exposure concentration at 5-min intervals. HAL was washed
out with Hanks' balanced salt solution. Fura-2-fluorescence measurements were used to calculate [Ca**), as described in

Materials and Methads,
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Figure 2 Concentration-response graphs for inhibition
of electrically induced [Ca2*]; transient peak height in
single ventricular myocytes by eight HC. Least squares
regression lines were calculated using the mean (n=4)
percent control values at the corresponding concentra-
tions of HC. Lines shown are for a, DCM; b, DCE; ¢, 112-
TCE; d, TRIL: e, HAL; f, 111-TRL g. PER; h, PCE.

Basal (diastolic) [Ca**), tended to be lower after
HC exposure, but varied considerably within the
experimental groups. As a result, reduction of basal
ICa**], after HC exposure did not attain statistical
significance (P> 0.05).

Arrhythmic events occurred alter exposure to the
HC at concentrations > I mm. Regular [Ca®" |, tran-
sients were interrupted by premature beats, periods
of rapid beating (tachyarrhythmia), or elevated

{Ca?*}, with irregular oscillations (fibritlations) as
judged by [Ca**], registration and the phase con-
trast image observed under the microscope.

The HC did not cause overt damage to the
ventricular myocytes during the 30- to 40-min
exposure period. This conclusion is supported by
the morpholegical integrity of the cells as indicated
by an absence of fura-2 loss through leaky mem-
branes and the reversibility of the effects on [Ca*],
transients after washout.

Role of the sarcoplasmic reticulum in the KCl-induced
{Ca®*], response

Depolarizing quiescent ventricular myocytes with
high extracellular KCI (90 mMm) induced a cluster of
{Ca®*], oscillations and the damped oscillations
formed a plateau (Figs 4 and 5). The plateau level of
cytosolic [Ca**] after KCl depolarization can be
returned to basal levels by the addition of verapamil
or nitrendipine {Stewart et al.,, 1991; Hoffmann et
al., 1992) indicating the involvement of voitage-
sensitive Ca®* channels in the manifestation of the
[Ca®*], plateau. To define the significance of the
sarcoplasmic reticulum in the increase in [Ca’*],
after KC! depolarization more clearly, we conducted
experiments with two inhibitors of Ca®* release
from the sarcoplasmic reticulum.

The plant-derived sesquiterpene lactone thapsi-
gargin prevents sarcoplasmic reticulum Ca?* re-
lease by inhibiting sarcoplasmic reticulum Ca’*
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Table 1 IC,, values for inhibition of the amplitude of electrically induced [Ca**},
transients and octanol/water partition coefficients

Chemical

Dichloromethane CH,Cl,
Dichloreethane CH,C)—CH, (]
1.1.2-Trichioroethane CHCl,—CH,Cl
Trichloroethylene CCl,=—CHCI
Halothane CHBrCH—CF,
1,1.1-Trichloroethane CCl,—CH,
Perchlorcethylene CClL,=—CC],
Pentachloroethane CHClL,—CCl,

CAS No.

Log P (oct)! IC,, (mu)?
753-09-2 1.25 18.06+4.63
107-06-2 1.48 §.21+0.49
79-00-5 217 1.70+£0.07
79-01-6 2.29 2.05+0.23
151-67-7 2.30 1.01£0.15
71-55-6 2.49 1.39+£0.10
127-18-4 2.60 (0.99+0.05
76-01-7 3.58 0.15+0.01

'Log of the octancl/water partition coefficients obtained from Hansch and Leo (1979) except
1,1.2-trichloroethane {Tute, 1971) and pentachloroethane (De Wolf et af,, T988).

A1, values+ the standard error of the IC,, estimate were calculated from the least squares
regression lines of the concentration respeonscs iHustrated in Figure 2.
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Figure 3 Correlation of the IC,, values, obtained from
regression lines shown in Figure 2. with octanol/water
partition coefficients. Source of partition coefficients are
indicated in Table 1.

ATPase (Takemura et al.. 1989; Kirby ef al., 1992).
Pretreatment of the cells with 100 nm thapsigargin
for 10 min increased basal (diastolic) [Ca®*]. of the
electrically induced [Ca?" ], transients and produced
a marked widening [Fig. 4(a)}, upper part]. How-
ever, thapsigargin pretreatment did not signific-
antiy affect the level of the KCl-induced [Ca’'],
plateau [Fig. 4(a), lower part]. The KCL-induced
ncrease in [Ca**], from resting to plateau level was
123+£15nm Ca’* in non-pretreated control cells
compared with 1502 44nMm Ca®* in cells pre-
treated for 10 min with 100nmM thapsigargin
{(P>0.05, n=4).

The plant alkaloid ryanodine decreases Ca’*
release from the caffeine-releasable pool of the
sarcoplasmic reticulum by locking the Ca** release

channel in an open state (Hilgemann et al., 1989).
Pretreatment of the cells with 1 ym ryanodine for
10 min resulted in an increase in basal (diastolic)
{Ca’"] as well as a widening and irregular con-
figuration of electrically induced [Ca**), transients,
but the plateau level after KCl depolarization was
not influenced by ryanodine pretreatment |Fig.
4(b)]. After KCl addition, [Ca**], was increased by
156+ 44 nm Ca?* in control cells compared with
158432 nm Ca** in cells pretreated for 10 min
with 1 uM ryanodine {P>005, n=5). Taken
together, these results indicate that there was little
or no contribution of sarcoplasmic reticulum Ca**
pools in the tonic [Ca* "}, response after KCl depolar-
ization.

Eifects of HC on KCl-induced increase in [Ca®*),

The initial cluster of oscillations as well as the
plateau level after KCl depolarization were mark-
edly redoced in HAL exposed cells (Fig., 5). An
inhibition of the KCI response, i.e., decline of initial
cluster of oscillations and reduction of platcau
[Ca®*], was also observed after exposure of cells to
the other HC. The potencies of the eight HC at 1 mwm
for reducing the KCl-induced [Ca**}, plateau are
illustrated in Figure 6. DCM and DCE were not
effective at this concentration.

Under control conditions, the plateau level of
[Ca®*], after KCl addition remained constant over
an investigation pertod of 30 min. Addition of sal-
vents during this period reduced the [Ca®*}, plat-
eau. The reduction by HC of the platean [Ca’’]
level after KCl depolarization was often preceded by
a small brief increase in [Ca® 7], as shown for HAL in
Figure 7. This effect was observed in 61Y%, of the
myocytes treated with 1 mm 112-TCE, TRI, HAL,
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Figure 4 Effects of thapsigargin (a) and ryanodine (b) on electrically induced [Ca? '], transients {upper part) and KCl
{90 mM) induced [Ca’*}, increases (lower part) in ventricular myocytes. Electrically induced [Ca’*]; transients and the
effects of KCl addition were registered in a non-pretreated cell (left. control) and after a 10-min suffusion of the same cell
with 100 nsm thapsigargin or 1M ryanodine (right). Each tracing is representative of a series of four separate

experiments.

111-TCE, PER, or PCE. DCM or DCE exposure of
KCl-depolarized cells at 1 mm did not produce this
brief increase in [Ca?*],.

KCl depolarization experiments were also per-
formed at the end of the concentration response
studies on electrically induced [Ca’*], transients.
After registration of the effects of the highest con-
centrations of the eight HC on electrically induced
[Ca’*), transients, electrical stimulation was
ceased, and cells were chemically depolarized by
addition of 90 mm KCIL. In Figure 8 the inhibitory
effects of the HC on both amplitude of electrically
induced [Ca?* ], transients and plateau [Ca®* ] level
after KCl depolarization are compared. In the high-
est concentrations of the cumulative concentra-
tion-response studies, HC caused a 68-92% de-
crease of the amplitude of electrically induced
transients. whereas the tonic [Ca’*} response to
KCl depolarization was reduced only by 33-59%
after exposure to the eight HC (P <0.05).

Discussion

The present study describes the effects of eight
widely used HC on electrically induced [Ca®*]
transients in single neonatal rat ventricular myo-
cytes. All HC rapidly reduced the amplitude of

electrically induced [Ca’*], transients with IC,
values of 0.15-18.06 mMm, Recovery of [Ca’"], oc-
curred within 15 min of washout of the chemicals.
Exposures did not produce overt signs of damage to
the myocytes as judged by the reversibility of the
effects and the phase contrast image observed
under an inverted microscope. A loss of fura-2,
which would indicate a defective sarcolemmal
membrane, was also not registered. Of the eight HC
tested, DCM, DCE, 112-TCE. TRI, PER, and PCE
have not previously been reported to depress [Ca** ],
transients in cardiac myoeytes. The IC, values of
HAL and 111-TCE are comparable to previously
described inhibitory in vitro concentrations of car-
bon tetrachloride, HAL and 111-TCE on electrically
induced [Ca’*), transients in ventricular myocytes,
and are also comparable to effective in vive concen-
trations (Bosnjak and Kampine, 1986; Toraason
and Breitensiein, 1991; Hotimann et al., 1992).
The IC,, values of the eight HC for depression of
Ca®* dynamics also correspond to reported concen-
trations for GJIC inhibition in cardiomyocytes (Burt
and Spray. 1989; Toraason et al., 1992). There are
a nurnber of possible sites at which the HC might
act to alter Ca’* dynamics during excitation-con-
traction coupling. It has been reported that HAL
and 111-TCE depress [Ca® "], transients by an inhib-
itory action on both the influx of extracellular
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Figure 5 Effect of HAL pretreatment on KCl (90 mM) induced increases int JCa®*), in a guiescent ventricular myocyte.
Suffusion with KCl was started at the points indicated to a non-pretreated cell {a) or 3 min after treatment of the same cell
with 1.44 mM halothanc (b), The insets show the initial clusters of {Cat], oscillations at an expanded time scale.
Representative tracings from four control KCl depolarizations and four KCl depolarizations after HAL pretreatment are
shown.

80

[=2)
o

Percent inhibition
5

DCM DCE 112-TCE TRI HAL 111-TCE PER PCE

Figure 6 Inhibitory effects of the eight HC on KC! (90 mam) induced (Ca**], plateau level. KCl-induced [Ca®*), increases
observed at 1 mm of the HC are expressed as percent inhibition of the KCl induced {Ca?*], increases measured in the
absence of HC for that cell preparation. Each column represents mean +3.0. of values obtained from four separate
myocyte preparations.
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Figure 7 {Ca’*] response of a KCI (90 mum) depolarized ventricular myocyte after addition of 1 msm HAL. Suffusion with
KCl (90 tnm) increased [Ca®* |, (not shown). In the KCi-depolarized cell, HAL at 1 mu produced a smail brief increase in
[Ca?*]; {indicated by the arrow) followed by a reversible reduction of [Ca’*}. A comparable small brief increase in [Ca?*],
was observed in 61% of the KCl depolarized cells treated with the other HC except DCM and DCE.
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Pigure 8 Comparison of the inhibitory effects of the eight HC on the height of () electrically induced [Ca?*], transicnts
and (8) KCl (90 mm) induced [Ca®*], plateau level. Average {Ca®*]; transient peak height after addition of the highest
concentration of the cumulative concentration-response experiments (see Fig. 2} is expressed as percent inhibition of the
pre-exposure peak height. For each cell preparation, electrical stimulation was stopped 5 min after exposure to the
highest HC concentration, and the magnitude of the [Ca?'}, increase induced by addition of 90 mm KCl was determined.
KCl-induced [Ca**], increases observed at these HC concentrations are expressed as percent inhibition of the KCl-induced
ICat"], increases measured in the absence of HC for that cell preparation. Each column represents mean = s.p. of values
obtained from four separate myocyte preparations. Except for DCM, the differences between corresponding electrically
and KCl-induced responses are significant (P < 0.05).
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Ca’* into the myocyte and the release and sequest-
ration of Ca?* by the sarcoplasmic reticulum (Bosn-
jak and Kampine, 1986; Wheeler et al., 1988;
Hoffmann et al., 1992). In the experiments reported
here. {Ca’"}, increase after KCl depolarization was
emploved as a method for examining the role of the
sarcolemmal membrane in HC-induced alterations
of Ca?™ dynamics in cardiac myocytes. Previous
experimenis provided evidence that the plateau
level of [Ca?*], after KCl depolarization can be
inhibited by voltage sensitive Ca’" channel
blockers indicating the involvement of L type Ca**
channels in this effect (Stewart et gl,, 1991; Hofl-
mann et al., 1992). Notwithstanding, sarcolemmal
Ca?* influx after depolarization with KCI might also
trigger Ca’™ release from the sarcoplasmic reticu-
lum. Contrary te this assumption, however, two
recent reports suggest that there is little or no
contribution of the sarcoplasmic reticulum Ca®*
poal to the tonic Ca®* response after K1 depolariza-
tion (Stewart et al, 1991: Wilde et al., 1991),
Present experiments with thapsigargin and ryano-
dine demonstrate that inhibition of the release of
Ca*™ from the sarcoplasmic reticulumn does not
influence the tonic KCl depolarization response of
the neonatal rat ventricular myocytes. Although it
cannot be excluded that depolarization with KCl
might provoke Ca** entry vid Na*-Ca** exchange,
influence Ca’* extrusion from the cell, or act on
intracellular Ca®* bufiering systems. avaiiable evid-
ence suggests that the tonic Ca?* response after KCl
depolarization depends mainly on sarcolemmal
Ca?" influx. All tested HC inhibited the tonic Ca?*
response after KCi depotarization. These findings
support the conclusion that the eight HC inhibit
sarcolemmal Ca** influx.

An unexpected observation was the modest in-
hibition of the electrically induced [Ca’*} tran-
sients in thapsigargin- or ryanodine-treated myo-
cytes. Both substances were used at concentrations
previously demonstrated to inhibit Ca’* release
from the sarcoplasmic reticnlum in rat cardiac
myocytes and thereby reduce [Ca’*] transients
{Hilgemann et al., 1989; Stewart et al., 1991; Kirby
etal., 1992). Most (80-90%) of the [Ca?™], transient
is due to the sarcoplasmic reticulum Ca’* in the
adult rat heart (Bers et al., 1990). Kirby et al.
(1992) observed that addition of 100 nM thapsigar-
gin to aduilt rat cardiomyocytes decreased the
amplitude of the {Ca2*], transients by 63%. The
absence of such a marked effect on [Ca?*], tran-
sients in the present study can be attributed to the
less developed sarcoplasmic reticulum of the neona-
tal heart (Chin et al., 1990), Maoreaver, there is
evidence that depletion of intraceliular Ca®* pools

promotes Ca®* influx into the cell, possibly via
activation of voltage-sensitive Ca’* channels (Take-
mura et al.. 1989; Malcolm and Fitzpatrick, 1992;
Low et al.. 1993). As a result, transients in thapsi-
gargin- or ryanodine-treated myocytes cannot be
considered to reflect sarcolemmal Ca?* influx under
physiclogical conditions.

It appears that the eight HC act also on Ca?’
release from the sarcoplasmic reticulom. This con-
clusion is supported by two findings of the experi-
ments reported here, First, the tonic Ca’* response
after KC! depolarization was less inhibited by the
HC than the amplitude of the electrically induced
[Ca**], transients. It seems reasonable to assume
that the more marked effects of the HC on electric-
ally induced [Ca**), transients are due to an action
on the sarcoplasmic reticulum in addition to their
effects on the sarcolemmal membrane. Second, a
small brief increase in [Ca?*], immediately follow-
ing addition of 1 mm 112-TCE, TRI, HAL, 111-TCE,
PER, or PCE was observed in 619% of the KCI-
depolarized myocytes. DCM or DCE were not effect-
ive at this concentration due to their much higher
IC,, values. Previous experiments in gquiescent
myocytes demonstrated that the small brief in-
crease in [Ca’ "}, immediately after the addition of
HAL or 111-TCE is due to a Ca?*-releasing effect of
the HC on the sarcoplasmic reticulum (Freeman
and Li, 1991; Hoffmann ef af., 1992; Wheeler et al.,
1988}. Present results with KCi-depolarized myo-
cytes are in accordance with the assumption that
acute addition of 112-TCE, TRL, PER, or PCE may
also cause a sarcoplasmic reticulum Ca?”* release. A
stimulation by the HC of sarcolemmal Ca?* influx
as the mechanism of the small brief increase in
fCa**), is unlikely because 90 mm KCl caused a
maximal depolarization of the cell membrane.
Taken together, these results are consistent with
the view that the HC tested in this study act on Ca?*
release from the sarcoptasmic reticulum. A deple-
tion of sarcoplasmic reticalum Ca?* stores would
result in a decrease of the amount of Ca’?” released
during excitation-contraction coupling. Such a re-
lease could contribute to a depression of Ca®t
dvnamics in 'HC-exposed cardiac myocytes. How-
ever, it must be realized that the extent to which
changes in sarcoplasmic reticulum Ca’* handling
are secondary to effects of HC on sarcolemmal Ca®*
flux cannot be determined from the present results.
This is because effects on sarcolemmal Ca’* flux
ultimately affect sarcoplasmic reticalum Ca** load
of the cardiomyocyte.

The mechanisms underlying the alteration of
Ca’”* fluxes through sarcolemmal and sarcoplasmic
reticulum membranes by HC are uncertain. The
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ability of HC to inhibit GJIC among cardiac myo-
cytes correlates with their octanol/water partition
coefficient. it was postulated that incorporation of
lipophilic substances into the sarcolemmal mem-
brane may block intercellular communication
through modulation of the immediate environment
of the gap junctions (Spray and Burt, 1990; Massey
et al., 1992; Toraason et al., 1992). Present experi-
ments demonstrate that the potency of the eight HC
to depress Ca?* dynamics in neonatal rat ventricu-
lar myocytes also parallels their octanol/water par-
tition coefficients, This correlation suggests a
mechanism involving “nonspecific” lipid effects,
Since the classic works of Meyer (1899) and Over-
ton (1901) on narcosis, the traditional view has
been that alcohols. solvents and anesthetic gases
“nonspecifically” perturb lipid membranes. How-
ever, recent evidence (Franks and Lieb, 1991}
suggests that lipophilic anesthetics and solvents
might act also on particularly sensitive protein
targets in the membranes. Our data de not allow
distinction between these possibilities.

In conclusion, we observed a reversible inhibi-
tion of electrically induced [Ca**), transients by
eight widely used HC in single neonatal rat ventri-
cular myocytes using spectrophotometric analysis
of fura-2 fluorescence, Evidence has been provided
that the effect is medtated by an inhibitory action
on Ca’* influx inte the myocytes. The HC also seem
to effect release and seguestration of Ca** by the
sarcoplasmic reticulum. Because depressed [Ca**},
during excitation—contraction coupling decreases
the force of myocardial contraction and modifies
the configuration of the action potential {duBell et
al., 1991}, the results support our hypothesis that
an alteration of intraceliular Ca?* dynamics could
be a common mechanism underlying the well
known negative inotropic and arrhythmogenic
actions of HC.
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