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The Effects of Volatile Anesthetics on L- and T-type Calcium

Channel Currents in Canine Cardiac Purkinje Cells

Hanna Eskinder, Ph.D.,* Nancy J. Rusch, Ph.D.,T Franjo D. Supan, Ph.D.,}
John P. Kampine, M.D., Ph.D.,§ Zeljko J. Bosnjak, Ph.D.1

The effects of halothane (0.45 and 0.9 mM, equivalent to 0.7 and

1.5%, respectively), isoflurane (0.54 and 1.23 mM, equivalent to 0.9
and 2.0%, respectively) and enflurane (0.65 and 1.48 mMm, equivalent
to 1.2 and 2.5%, respectively) on macroscopic L- and T-type Ca**
channel currents were compared in single canine cardiac Purkinje
cells using the whole-cell voltage-clamp technique. Cells were di-
alyzed with pipette solution containing CsCl and superfused with
an external solution containing 10 mM BaCl; and tetraethylam-
monium chloride. The long-lasting (L) and transient (T)-type Ca?*
channel currents were measured by depolarizing the membrane from
different holding potentials (HPs). Voltage steps from an HP of
either —80 or —70 mV elicited a low threshold, rapidly inactivating
inward current at —40 to —30 mV, which maximally activated at
—14 + 0.9 mV. This current was reduced by Ni?* (100 uM) but not
by nifedipine (1 uM), therefore resembling T-type Ca** channel cur-
rent. In contrast, depolarizing steps from an HP of —40 mV elicited
a sustained inward current that maximally activated at +4.1 + 0.8
mV and was nifedipine-sensitive, showing the characteristics of an
L-type Ca?* channel current. Halothane, isoflurane, and enflurane
produced a concentration-dependent suppression of total Ca®*
channel current in every cell studied. Separation of Ca** channel
types showed that both L- and T-type Ca** channel currents were
depressed to a similar extent by anesthetic administration. These
agents reduced peak L- and T-type current elicited at each pulse
potential but did not shift the current-voltage (I-V) relationship
for either T- or L-type current activation. There was no significant
difference between the sensitivities of either L- or T-type currents
to halothane, isoflurane, or enflurane at equianesthetic concentra-
tions. This suppression of L- and T-type currents may help to explain
the negative inotropic and chronotropic effects of these agents on
the heart. (Key words: Anesthetics, volatile: halothane; isoflurane;
enflurane. Current: L-type; T-type; sensitivity. Heart: Purkinje fiber.
Ions: calcium.)

TWO DISTINGT TYPES of Ca?* channel currents have
been characterized in different cell membranes, including
the cardiac sarcolemma.'"® The transient (T-type) Ca®*
channel current activates at more negative membrane

* Assistant Professor, Department of Anesthesiology.

+ Assistant Professor, Department of Physiology.

1 Research Associate, Department of Anesthesiology.

§ Professor and Chairman, Department of Anesthesiology; Professor
of Physiology.

1 Professor, Departments of Anesthesiology and Physiology.

Received from the Departments of Anesthesiology and Physiology,
The Medical College of Wisconsin, Milwaukee, Wisconsin. Accepted
for publication January 24, 1991. Supported in part by National In-
stitutes of Health grants HL 01901 and HL 39776 (Z]B) and Anes-
thesiology Research Training Grant GM 08377,

Address reprint requests to Dr. Eskinder: Medical College of Wis-
consin, MFRC, Room A1000, 8701 West Watertown Plank Road,
Milwaukee, Wisconsin 53226.

potentials and decays rapidly, whereas Ca®** current
through the long-lasting (L-type) channel activates at more
positive membrane potentials and decays slowly during
maintained depolarization. The L-type Ca®" current is
increased by f-adrenoceptor agonists®® as well as by or-
ganic Ca?*-channel agonists such as Bay K-8644, and it
is decreased by organic Ca** channel blockers such as
nifedipine.”*® In contrast, the T-type current is insensitive
to dihydropyridine Ca®*-channel agonists and
antagonists'™ and is not affected by S-adrenergic ago-
nists.!~%" It is, however, preferentially blocked by Ni** at
submillimolar concentrations and selectively inhibited by
Tetramethrin.® Due to these different voltage-dependent
and pharmacologic properties, L- and T-type Ca?* chan-
nel currents can be measured separately in the same cell
membrane.

In cardiac tissues, L-and T-type Ca®** channel currents
have been described in atrial® and ventricular myocytes,s""
sinoatrial node cells,® and recently in cardiac Purkinje
cells.!8 It has been suggested that the two channel types
play different functional roles in the heart. L-type current
is the major contributor to the slow-inward current in
cardiac ventricular cells.® Since the main physiologic
function of ventricular cells is contraction, L-type channels
play a major role in providing external Ca®* required for
excitation—contraction coupling. In the depolarized re-
gion of the atrioventricular node, L-type current is im-
portant also in the generation of and the plateau phase
of the slow action potential. The physiologic role of the
T-type Ca?* current in cardiac cells is less well understood.
The sinoatrial nodal® and cardiac Purkinje cells,® which
are important for pacemaking and impulse conduction,
have a relatively higher density of T-type channels than
do cardiac ventricular cells.>® In these cells, it is postulated
that the T-type current plays a role in these two electro-
physiologic events and also may participate in the initiation
of contraction. ‘

In the current study, experiments were designed to
define the action of general anesthetic agents on the L-
and T-type Ca** channel currents in order to understand
how anesthetics modulate Ca** influx at the myocardial

membrane. Although it has been demonstrated recently
that halothane, isoflurane, and enflurane reduce whole-
cell Ca?* current in canine,’ rat,® and guinea pig ventric-
ular myocytes,? it is unknown if these agents exert differ-
ential effects on the two Ca®* channel types. To examine
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this possibility, we measured macroscopic L- and T-type
Ca?* channel currents in patch-clamped canine cardiac
Purkinje cells. The results show that the inward Ca?" cur-
rent through both L- and T-type Ca®" channels is sup-
pressed reversibly by halothane, isoflurane, and enflurane.

Materials and Methods

These experiments were approved by the Medical Col-
lege of Wisconsin Animal Care Committee.

CELL ISOLATION

Adult mongrel dogs weighing 15-25 kg were placed
in a Plexiglas® box and anesthetized with halothane. After
attainment of surgical anesthesia, the trachea was intu-
bated, and the lungs were ventilated with 1.56% halothane
in oxygen. The chest was opened, and the hearts were
excised rapidly and rinsed in cold oxygenated Krebs’ so-
lution. Free-running Purkinje fibers were removed from
the left ventricle, cut into 2~3-mm lengths, and incubated
at 37° C for 2.5-3 h in a low-Ca®** solution containing
(in millimolar concentrations): NaCl 140, KCI1 5.4, MgCly
5.0, glucose 5.5, N-2-hydroxyethylpiperazine-N'-2-eth-
anesulfonic acid (HEPES) 5.0, collagenase 4 mg/ml
(Worthington [Type I] 161 units/mg), bovine albumin 2
mg/ml (Sigma), CaCl; 40 uM, pyruvic acid 5.0, and di-
sodium salt of adenosine triphosphate (Nas-ATP) 5.5, and
the pH was adjusted to 6.2 with NaOH. After this incu-
bation, the digested fibers were washed three to four times
with K-glutamate solution and triturated with a Pasteur
pipette until the tissue was completely dispersed. The K-
glutamate solution was of the following composition (mil-
limolar concentrations): K-glutamate 130, MgCly 5.7,
HEPES 5, glucose 5.5, Nag-ATP 5, and disodium salt of
ethylenediaminetetraacetic acid (Nag-EDTA) 0.12, and
the pH was adjusted to 7.4 with NaOH. Dispersed cells
were stored in K-glutamate solution at 4° C before use.

VOLTAGE-CLAMP RECORDING

Dispersed cells were placed in a perfusion chamber (22°
C) on the stage of an inverted microscope (IMT-2, Olym-
pus Optical, Tokyo, Japan) equipped with modulation
contrast. At 500X magnification, a hydraulic microma-
nipulator (MO-203, Narishige, Tokyo, Japan) was used
to position heat-polished borosilicate patch pipettes with
tip resistance of 1-5 MQ on the membranes of single car-
diac Purkinje cells. High resistance seals (2-10 GQ) were
formed, after which the pipette patch was removed by
negative pressure to give access to the whole cell. Whole-
cell Ca®* currents were elicited every 5-10 s by 200-400-
ms depolarizing pulses generated by a computerized sys-
tem (P Clamp Software, Axon Instruments, Burlingame,
CA). The currents were amplified by a List EPC-7 patch-
clamp amplifier (List-Electronics, Darmstadt-Eberstadt,
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West Germany), and the amplifier output was low-pass
filtered at 1,000 Hz. All data were digitized (sampling
rate 10,000/s) and stored on a hard disk to permit analysis
at a later time. Leak and capacitive currents were sub-
tracted from each record by linearly summating scaled
currents obtained during 10-mV hyperpolarizing pulses.

For recording of Ca®*" channel current, barium ion
(Ba?*) rather than Ca®* was used as the charge carrier,
since it slows the time-dependent decay of L-type current.
Substitution of tetraethylammonium chloride (TEA - Cl)
for Na* in the external solution and cesium ion (Cs™) for
K* in the pipette solution eliminated Na* and K* currents
and permitted isolated measurement of Ca®* current. The
pipette solution contained (millimolar concentrations):
CaCl 120, Na,-ATP 5, EGTA 10, HEPES 10, MgCl; 1
(pH = 7.2). The external solution contained (millimolar
concentrations): BaCly 10, TEA - C1135, MgCl; 1, HEPES
10, and glucose 10 (pH = 7.4).

Prior to the onset of the experiments, current-voltage
(I-V) curves were obtained 5-10 min after rupturing the
cell membrane and again 5 min later to monitor time-
dependent changes in Ca®* current amplitude. A change
of less than 5% in the amplitude of peak Ca®" current
between recordings was considered acceptable, and ex-
perimental data were obtained after Ca®* current ampli-
tude had stabilized. Cells with unstable Ca** current am-
plitudes were discarded. To determine the effect of the
anesthetic agents on Ca** current, the inflow perfusate
was changed to one in which a given concentration of
anesthetic agent had been equilibrated. To compare
halothane, enflurane, and isoflurane at approximately
equianesthetic concentrations (1.0 and 2.0 MAC), agents
were prepared in final bath concentrations of: halothane
(0.45 and 0.90 mM, equivalent to 0.7 and 1.5%, respec-
tively), enflurane (0.65 and 1.48 mMm, equivalent to 1.2
and 2.5%, respectively), and isoflurane (0.54 and 1.23
mM, equivalent to 0.9 and 2.0%, respectively). These
concentrations are referred to in the text as low and high
doses, respectively, for each. Anesthetic content of the
perfusate from the perfusion chamber was sampled and
verified by gas chromatography. Drug effects were com-
pleted within 2-3 min, and the inflow perfusate was then
changed to the control solution. A gradual decline (“‘run-
down”) in the amplitude of L-type current sometimes oc-
curred, and cells showing more than a 10% reduction in
amplitude during the recording period were discarded.
The remaining cells in this study demonstrated 94-100%
recovery from anesthetic effects.

Ca?* channel current was elicited by depolarizing pulses
(200-400-ms duration) from a holding potential of —80,
—170, or —40 mV to stepwise (10-mV increments) more
positive membrane potentials. A HP of —40 mV was used
to elicit L-type current. T-type current was obtained by
digital subtraction of currents obtained at an HP of —40
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mV from total currents elicited from an HP of —70 or
—80 mV in the same cell. In some experiments the effects
of anesthetic agents on T-type current were examined in
cells pretreated with 1 uM nifedipine. This was done to
eliminate any residual L-type current remaining after
voltage separation.

STATISTICS

For the study of anesthetics, all current measurements
for I-V curves are expressed as a percent of the control
measurement (mean = SEM). Where appropriate, data
are analyzed by the Student ¢ test, and differences between
anesthetics in suppressing peak currents are analyzed us-
ing one-way analysis of variance (ANOVA). Significance
was defined as P < 0.05.

Results

Two TYPES OF CA%* CHANNEL CURRENTS
IN CARDIAC PURKINJE CELLS

Figure 1 shows whole-cell inward currents from a ca-
nine cardiac Purkinje cell bathed in a 10 mM BaCl; so-
lution, illustrating the most commonly encountered cur-
rent pattern. Current was activated progressively by 200-
ms depolarizing pulses from a constant HP of =70 mV
(fg. 1A) or —40 mV (fig. 1B) to consecutively more pos-
itive membrane potentials. Voltage steps from an HP of
—70 mV to more positive membrane potentials elicited a
rapidly inactivating, low-threshold current at —40 to —30
mV, which maximally activated at —20 to —10 mV (fig.
1A, top). At more positive membrane potentials (+20 or
410 mV), a long-lasting inward current also was measured
(fig. 1A, bottom). In contrast, as shown in fig. 1B, voltage
steps from an HP of —40 mV elicited only a sustained
inward current that resembled the long-lasting current
elicited at positive membrane potentials from an HP of
—470 mV. This sustained current activated at —20 to —10
mV, with peak activation at +10 mV. The difference be-
tween the activation thresholds and the kinetics of inac-

tivation between the two current types suggested the’

presence of two Ca®" channel types in canine cardiac Pur-
kinje cells. The I-V relationships of the Ca®" currents
shown in figures 1A and 1B are illustrated in figure 1C.
Currents elicited from the HP of —70 mV were larger
than those elicited from —40 mV. The difference in cur-
rents between the two different HPs corresponds to the
transient (T-type) Ca®* current.

We confirmed the presence of two types of Ca®* chan-
nel currents in these cells by pharmacologic identification.
In cardiac tissues, the Ca®* channel blockers with the di-
hydropyridine structure are selective for the L-type Ca®*
channel current, whereas nickel (Ni?*), at lower concen-
trations, preferentially inhibits the T-type Ca®" channel
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FiG. 1. The two types of Ca®** channel currents in single cardiac
Purkinje cells separated by depolarizing pulses from two holding po-
tentials. A; Membrane currents in response to stepwise depolarizing
pulses from a holding potential (HP) of =70 mV. Voltage steps were
increased in 10-mV increments as indicated next to their respective
tracings. A rapidly decaying inward current was elicited at —40 to —30
mV, while long-lasting inward current was seen at +10 to +20 mV.
B: Currents in response to a stepwise depolarizing pulses from a HP
of =40 mV. Only the long-lasting type of inward current was recorded.
C: Peak current—voltage relationships were plotted for total current
(HP = —70 mV), for L-type (HP = —40 mV) and T-type current (total
current — L-type current).

current."® Figures 2A and 2B illustrate the effects of
nifedipine (1 M) and Ni?* (100 pM) on Ca®" channel
currents. The L-type currents were recorded during de-
polarizing pulses (200-ms duration) from —40 to 0 mV
(fig. 2, left), whereas the transient currents were elicited
by depolarizing from —70 to —30 mV (fig. 2, right). Re-
cordings in figures 2A left and 2B right show that nife-
dipine decreased the peak amplitude of the L-type current
by 80%, whereas in the same cell it suppressed T-type
current by only 11%. However, as shown in figure 2A
right and 2B left, Ni** (100 uM) decreased the maximal
T-type Ca®* channel current recorded at —30 mV by 60%
whereas it reduced L-type current amplitude only by 10%.

EFFECTS OF VOLATILE ANESTHETIC AGENTS ON
L- AND T-TYPE CA?** CHANNEL CURRENTS

Once we confirmed the two types of Ca** channel cur-
rents in canine cardiac Purkinje cells, we examined the
effects of halothane, isoflurane, and enflurane on total L-
and T-type Ca2* channel currents. Figure 3 shows the
effects of these agents on total whole-cell Ca®** channel
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-40 mV J -70 my =
A \NIF FiG. 2. Superimposed tracings showing the
effects of nifedipine (1 pM) and Ni**, (100 um)
on the transient (T-type) and long-lasting (L-
. 24 . .
100 pA 60 pA t):pfa) Ca?®* channel currents in two carc?lz.lc Pur-
c kinje cells. The L-type currents were elicited by
20 ms 20 ms depolarizing the cells from a holding potential
B B of —40 to 0 mV (left). T-type currents were elic-

N _|sopa
20 ms

currents. A stepwise depolarization of the cell from an
HP of —80 or —70 mV resulted in progressive activation
of total Ca®" channel current carried through both L-
type and T-type channels. The effects of low and high
doses of halothane, isoflurane, and enflurane on the I-V
relationship for Ca** channel activation were quantitated
by plotting peak normalized Ca®* current as a function
of membrane potential. All three anesthetic agents de-
pressed the amplitude of total Ca®* channel current in a
dose-dependent manner in the entire voltage range stud-
ied. The voltage-dependency of the I-V relationship for
channel activation was unaltered, however, suggesting
that both L- and T-type Ca®* channel currents were re-
duced.

We further examined the effects of anesthetic agents
separately on L-type and T-type Ca®* channel currents.
A representative experiment demonstrating the experi-
mental protocol is in figure 4. L-type current was elicited
by voltage steps from —40 to 0 mV (fig. 4, left), and T-
type current elicited by voltage steps was elicited from
~80 to —40 mV (fig. 4, right). Currents were recorded
before, during, and after exposure to low and high doses
of halothane. Exposure of the cell to a low dose (0.7%)
of halothane suppressed the amplitude of both L- and T-
type Ca** channel currents, and this suppression was re-
versed after subsequent washout. At a higher anesthetic

mY mV

ited by depolarizing the cell from —70 to —30
mV (right).

20 ms

concentration (1.5%), the amplitudes of both L- and T-
type Ca®" channel currents were depressed further.
Figure 5 shows the effects of low and high doses of
halothane, isoflurane, and enflurane on L-type Ca®*
channel current in canine cardiac Purkinje cells. Families
of Ca** channel currents were generated by stepwise de-
polarizing pulses from an HP of —40 mV before and after
exposure to anesthetic agents. Representative tracings,
showing the effects of halothane, isoflurane, and enflurane
on L-type Ca®* channel currents elicited by voltage steps
from —40 mV to 0 mV are provided in figure 5, top. All
three anesthetic agents at the low dose significantly and
reversibly suppressed the maximal L-type current re-
corded at 0 mV. Figure 5, bottom shows the effects of
low and high doses of halothane, isoflurane, and enflurane
on the I-V relationship for L-type Ca** current obtained
from canine cardiac Purkinje cells. All three anesthetic
agents depressed the amplitude of L-type Ca** channel
current in a dose-dependent manner over the entire volt-
age range studied without a shift in the voltage depen-
dency of the I-V relationship for channel activation.
Representative tracings showing the effects of low doses
of halothane, isoflurane, and enflurane on T-type Ca?t
channel currents elicited by depolarizing pulses (200-ms
duration for isoflurane and 400-ms duration for halothane
and enflurane) from —70 to ~30 mV are shown in figure

mV FIG. 3. Modulation of total whole-cell Ca%*
0 20 40 channel currents by low and high concentrations

40 20 0 20 40 60 40 .20 0 20 40 60  -20

00 ‘§ .
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031
—o— Control
~-e~- Low
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Halohane Isoflurane

of halothane (0.7%, n = 8 and 1.5%, n = 8),
isoflurane (0.9%, n = 7 and 2.0%, n = 6) and
enflurane (1.2%, n = 10 and 2.5%, n = 9): peak
current-voltage relationships obtained before
and after exposure to low and high doses of in-
halational agents in canine cardiac Purkinje cells.
Cells were progressively depolarized from a
holding potential of —70 mV to the corre-
sponding potentials indicated on the abscissa.
Symbols with error bars represent mean + SEM.

Enflurane
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FIG. 4. Concentration-dependent effects of halothane on L-and
T-type Ca*" channel currents in a single canine cardiac Purkinje
cell. L-type current was elicited by depolarizing the cell from —40
to 0 mV {left). T-type currents were elicited by depolarizing the
cell from —80 to —40 mV (right). Exposure of the cell to 0.7%
(low)and 1.5% (high) halothane depressed both L-and T-type cur-
rents in a dose-dependent and reversible manner.

6, top. All three anesthetic agents reversibly suppressed
T-type Ca®" channel currents recorded at =30 mV. The
effects of halothane, isoflurane, and enflurane on the I-
V relationship for T-type Ca®** channel activation are
shown in figure 6, bottom. Low and high doses of these
anesthetic agents produced concentratlon dependent
suppression of the amplitude of T-type Ca®* channel cur-

FIG. 5. Modulation of L-type Ca®'

channel currents by halothane, isoflurane, Halothane
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rent over the entire voltage range studied without shifting
the voltage dependency of the I-V relationship.

We also examined the effects of low doses of anesthetic

agents on T-type current in three cells that were previ-
ously exposed to 1 uM nifedipine to eliminate residual L-
type current remaining after voltage separation In the
upper panel of figure 7 are representative tracings show-
ing the effect of a low dose of halothane on T-type Ca**
channel current elicited by depolarizing pulses (200-ms
duration) from —70 to —30 mV in a nifedipine-pretreated
cell. Halothane reversibly suppressed this current. The
peak I-V relationship in control solution, in the presence
of nifedipine, and after exposure to halothane is shown
in figure 7, bottom. Nifedipine selectively suppressed the
peak current obtained with larger-amplitude depolariza-
tion steps that elicit L-type current, whereas with smaller-
amplitude depolarizing steps that elicit T-type current the
peak currents were unchanged. The remaining T-type
current was subsequently suppressed by halothane.

The suppression of peak L- and T-type Ca®* channel
currents by all three anesthetic agents at low and high
doses is summarized in figure 8. At low doses, halothane
(n = 17), enflurane (n = 10), and isoflurane (n = 7) reduced
peak L-type Ca®" channel current to 66 + 7, 68 £ 4, and
67 = 4% of control values, respectively. Halothane (n
= 6), enflurane (n = 7), and isoflurane (n = 6) at the same
concentrations depressed peak T-type Ca®* channel cur-
rent to 67 = 9, 70 + 12, and 63 = 10%, respectively. At
higher concentrations, halothane (n = 6), enflurane (n
= 9), and isoflurane (n = 6) further suppressed the L-
type Ca®" channel current to 37 £ 6, 41 * 3, and 46
+ 4% of control, respectively. Higher concentrations of
halothane (n = 4), enflurane (n = 5), and isoflurane (n
= 4) also further depressed the T-type Ca** channel cur-

Isoflurane Enflurane

0 mV

0o mV

o mV

and enflurane. Top: Superimposed current
P pe po -40 mV —I

traces in control solution, after exposure

-40 nVJ

-40 -\'—I

to low doses of the anesthetic agents, and
after recovery in control solution. Voltage H
steps from a holding potential (HP) of —40
to 0 mV elicited L-type currents whose
amplitudes were depressed markedly and
reversibly by anesthetic agents, Bottom: The
peak current—voltage relationships in con-

trol solution and after exposure to low and
high doses of anesthetic agents. The con-
centrations of anesthetics used were: halo-
thane (0.7%, n = 7 and 1.6%, n = 6), iso-
flurane (0.9%, n = 7 and 2.0%, n = 6)and
enfiurane (1.2%, n = 10 and 2.5%, n = 9).
Cells were depolarized progressively from
a HP of —40 mV to the corresponding po-
tential indicated on the abscissa. Points
with error bars represent the mean + SEM.

Relative I
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Enflurane FI1G. 6. Modulation of T-type Ca?* channel

currents by halothane, isoflurane, and enflur-
ane. Top: Superimposed current traces in con-
trol solution, during exposure to low doses of
the corresponding anesthetic agents, and after
recovery in control solution. Voltage steps
from a holding potential of =70 to —30 mV
elicited T-type currents whose amplitudes

s

=

s

3

= —o— Control
—--%-= Low
—O— High

were depressed markedly and revesibly by all
of the anesthetic agents. Bottom: The peak
current-voltage relationships in control so-
lution and after exposure to low and high doses
of inhalational agents. The concentrations of
anesthetics used were: halothane (0.7%,n =6
and 1.5%, n = 4), isoflurane (0.9%, n = 6 and
2.0%, n = 4) and enflurane (1.2%, n = 7 and

2.5%, n = 5). T-type currents were determined by digital subtraction of currents elicited from —70 and —40 mV. Points represent the means

+ SEM.

rent to 44 + 4, 41 + 6, and 43 = 5% of control value.
There was no significant difference between the sensitiv-
ities of T- versus L-type current to the different anesthetics,

60 pA
20 ms

Control (NIF pretreated)

mV

-40 -20 0 20 40

40097 —O— Control
—-=&= NIF (1uM)
--&- NIF + HAL
-600 -

FIG. 7. Modulation of T-type Ca®* channel currents by halothane
ina canine cardiac Purkinje cell pretreated with 1 uM nifedipine (NIF).
Top: Superimposed current traces in the absence and presence of ni-
fedipine and during exposure to a low dose of halothane in nifedipine
solution. Voltage steps from a holding potential of ~70 to —30 mV
elicited a T-type current, whose amplitude was depressed markedly
and reversibly by halothane but not by nifedipine. Bottom: The peak
current-voltage relationships in control solution, in the presence of
nifedipine (NIF, 1 uM) and after exposure to a low dose of halothane
(HAL, 0.7%). The cell was progressively depolarized from a holding
potential of —70 mV to the corresponding potentials indicated on the
abscissa.

and there were no significant differences between the an-
esthetics at equianesthetic concentrations.

The effect of anesthetic agents on the time course of
inactivation of T- and L-type currents is shown in figure
9. Amplitude of T-type current was determined during
a voltage step from —70 to —30 mV. Analysis in control
solution showed that T-type Ca** channel current decayed
to 64 + 8, 38 + 4, and 24 + 12% of initial peak amplitude
at 20, 40, and 60 ms, respectively. High concentrations
of halothane (n = 4), isoflurane (n = 4), and enflurane (n
= 4) did not affect the decay of T-type Ca** channel cur-
rent. L-type Ca®* channel current amplitude was deter-
mined during a voltage step from —40 to 0 mV. Analysis
in control solution showed that L-type current decayed
to 74 + 5 and 55 + 6% of initial amplitude at 100 and
200 ms, respectively. The decay of L-type current was
not affected by lower concentrations of anesthetics (not
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Fic. 8. Concentration-dependent depression of peak L- and T-type
Ca*" channel currents by low and high concentrations of halothane
(0.7 and 1.5%), isoflurane (0.9 and 2.0%) and enflurane (1.2 and 2.5%)
in 28 cardiac Purkinje cells. *Significant difference from control values
(P < 0.05). 1Significant difference from values obtained at a low dose
of the same inhalational agent.
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FiG. 9. The effects of halothane (1.5%), isoflurane (2.0%) and en-
flurane (2.5%) on the time course of inactivation of T-and L-type Ca**
channel currents. The anesthetic agents had no significant effect on
the time course of inactivation (measured at 20, 40, and 60 ms) of T-
type current elicited by depolarizing pulses from —70 to —30 mV (n
= 4 for each anesthetic agent). L-type current was elicited by voltage
steps from —40 to 0 mV measured at 100 and 200 ms (n = 4 for each
anesthetic agent). Enflurane and isoflurane, but not halothane, signif-
icantly enhanced by decay of L-type Ca?* current. *Significant differ-
ence (for isoflurance and enflurane) from control values (P < 0.05).

shown) and also was not altered by the higher concentra-
tion of halothane (n = 4). However, higher concentrations
of isoflurane (n = 5) and enflurane (n = 5) enhanced L-
type current decay, resulting in residual amplitudes at
100- and 200-ms pulse durations of only 54 + 5 and 34
+ 5% (isoflurane), and 53 =+ 4 and 31 * 5% (enflurane)
of initial peak values.

Discussion

The current experiments confirmed the presence of
two types of Ca?" channels (L- and T-type) in isolated
canine cardiac Purkinje cells.! The two channel types were
distinguished by their different activation thresholds, ki-
netics of inactivation, and sensitivities to pharmacologic
agents, using a whole-cell voltage-clamp technique. T-type
Ca?* channel current was activated at more negative po-
tentials than was L-type current and was rapidly inacti-
vated during sustained depolarization, whereas L-type
current was half-maintained during a 200-ms voltage
pulse. The L-type current recorded in the current study
was effectively blocked by nifedipine (1 uM), whereas Ni**
(100 uM) preferentially reduced T-type current. The two
types of channels described here are similar to those found
by other investigators in the same tissue."®

One of the major findings of the current study is that
halothane, isoflurane, and enflurane, unlike the classical
Ca?* channel blocker nifedipine, nonselectively depressed
both L- and T-type Ca** channel currents in canine car-
diac Purkinje cells. All three anesthetic agents at equi-
anesthetic concentrations produced similar depression of
peak L- and T-type Ca®" current in the entire voltage
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range studied, without a shift in the voltage dependency
of the I-V relationship for channel activation. There was
no significant difference between the sensitivities of L-
type versus T-type current to all anesthetic agents used in
the present study. From the present data, little can be
inferred about the molecular mechanisms by which vol-
atile anesthetics lower the amplitude of L- and T-type
Ca?" channels. However, isoflurane and enflurane at
higher concentrations enhanced the inactivation of L-type
but not T-type Ca** channel currents. Enflurane also has
been reported to accelerate the inactivation of L-type
current in cardiac ventricular myocytes.” These findings
suggest that general anesthetics might decrease the am-
plitude of Ca®" current by reducing the opening proba-
bility of single Ca** channels. However, more precise in-
formation on the mechanism of action of general anes-
thetics on the biophysical properties of Ca®* channels will
require single channel recordings.

Several studies have demonstrated that volatile anes-
thetic agents alter the action potential of cardiac Purkinje
fibers. Halothane produces a concentration-dependent
decrease in the overshoot and duration of action potentials
in sheep Purkinje fibers'® and shortens the plateau phase
of the action potential in canine cardiac Purkinje fibers.'!
In the same preparation, halothane, enflurane and isoflu-
rane shorten the action potential duration and the degree
to which it is refractory.'®!® The current study provides
direct evidence that all three volatile anesthetics suppress,
in a concentration-dependent manner, the L-type Ca®*
channel current in canine cardiac Purkinje cells. Since L-
type Ca?* channel current contributes to the slow diastolic
depolarization as well as the plateau and repolarization
phases of the cardiac action potential, suppression of this
inward current may be one of the mechanisms by which
inhalational anesthetic agents produce alteration of the
action potential in cardiac Purkinje fibers.

Even though the electrical activity of the myocardium
is less sensitive to volatile anesthetics than are Purkinje
fibers,'? the three agents in this study produced similar
suppression of L-type current amplitude in Purkinje cells,
as has been reported previously in ventricular cells.™®
The suppression of Ca®" influx across the cardiac sarco-
lemma by volatile anesthetics most likely contributes to a
decrease in Ca** accumulation by the sarcoplasmic retic-
ulum and subsequent reduction in Ca** transients and
muscle contraction, as has been shown in the presence of
halothane in cat papillary muscle.'® These findings of the

current study support the hypothesis that one of the sites
of action of volatile anesthetics is at the cardiac sarco-
lemma. This hypothesis is supported further by evidence
that halothane, isoflurane, and enflurane depress the
Ca®*-dependent action potential in papillary muscle par-
tially depolarized by high K*.!*-'" Other possible sites of
anesthetic actions include depression of myofibril aden-
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osine triphosphatase (ATPase) activity'® and altered up-
take and release of Ca®* from sarcoplasmic reticu-
lum.'®-%! The qualitatively different cardiac effects of iso-
flurane, halothane, and enflurane may be explained by
their differential effects at these other cellular sites.

In the current study as well as in earlier studies,! Ni%"
(100 uM) preferentially blocked T-type Ca** channel cur-
rents in canine cardiac Purkinje cells. In rabbit sinoatrial
node cells, Ni?* (40 uM) also blocked T-type current and
caused bradycardia by reducing the rate of depolarization
in the late phase of the pacemaker potential; this finding
suggests a role for T-type current in generating the slow
diastolic depolarization.? Since Purkinje cells also may
have pacemaker properties, T-type Ca** channel current
may contribute to the pacemaker potential in these cells
as well. Volatile anesthetics have been reported to depress
slow diastolic depolarization in guinea pig sinoatrial node®
and canine cardiac Purkinje cells,'! an effect that may be
mediated in part by the suppression of T-type Ca®" chan-
nel current.

Since T-type current activates at more negative mem-
brane potentials,"6 it also may contribute to abnormal
impulse generation such as delayed afterdepolarization.
Delayed afterdepolarization often is preceded by meme
brane hyperpolarization, which would make more T-type
Ca®* channels available for subsequent activation. Halo-
thane has been reported to attenuate triggered activity
in Purkinje fibers exhibiting delayed afterdepolariza-
tion,'? which may be related to the suppression of T-type
Ca®" current. However, halothane depresses not only the
Ca?* current but also the fast Na* current in isolated rat
ventricular cells?® and the delayed rectifier K* current in
guinea pig atrial and ventricular myocytes.** The lack of
specificity of volatile anesthetic effects on different types
of ionic channels appears to confirm the existence of a
non-receptor-linked general membrane effect of volatile
anesthetics at multiple sites. However, further investiga-
tions will help to clarify how the action of volatile anes-
thetic agents on myocardial membrane ionic channels al-

ters the electrical and mechanical properties of the heart.
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