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Halothane Inhibits Two Components of Calcium Current in Clonal

(GH,) Pituitary Cells

James Herrington,'2 Richard C. Stern,' Alex S. Evers,' and Christopher J. Lingle’

Department of Anesthesiology, Washington University School of Medicine, St. Louis, Missouri 63110, and 2Department of
Biological Sciences, The Florida State University, Tallahassee, Florida 32306

The effect of halothane on isolated calcium (Ca**) current
of clonal (GH,) pituitary cells was investigated using stan-
dard whole-cell clamp techniques at room temperature.
Halothane (0.1-5.0 mM) reversibly reduced both the low-
threshold, transient {low-voltage-activated (LVA)] compo-
nent and the high-threshold [high-voltage-activated (HVA)]
component of Caz* current. Halothane had little effect on the
voltage dependence of activation or inactivation of either
component of Ca?* current. Inhibition of the peak high-
threshold Ca?+ current was half-maximal at about 0.8 mm
halothane, with maximal inhibition (100%) occurring with 5
mm halothane. When measured at the end of a 190-msec
command step, half-maximal reduction of high-threshold
current occurred at less than 0.5 mm halothane. The low-
threshold transient current was less sensitive to halothane,
with half-maximal inhibition of peak transient current acti-
vated at —30 mV occurring at approximately 1.3 mm.

The effect of halothane on the HVA current was apparently
not mediated by changes in intracellular Ca2+ concentration.
The ability of halothane to inhibit Ca?+ current was unaf-
fected by either the inclusion of the rapid Ca?+ buffer 1,2-
bis(2-aminophenoxy)ethane N,N,N',N'-tetraacetic acid
(BAPTA) in the recording pipette or exposure of the cell to
10 mm caffeine.

To assess the selectivity of the effect of halothane, the
actions of halothane on two components of voltage-activat-
ed potassium (K+) current observed in the absence of ex-
tracellular Ca2* and on voltage-dependent sodium (Na+) cur-
rent were also examined. Halothane had no effect on the
voltage-dependent, inactivating K+ current of GH, cells at
concentrations up to 1.2 mMm. In contrast, the non-inactivating
K+ current, though less sensitive to halothane than either
Ca?* current, was reduced by about 40% by 1.2 mm halo-
thane at +20 mV. Peak Na* current was also blocked by
halothane, but 50 % block required around 2.6 mm halothane
with little effect at 1.6 mm. Reduction of Na* current was
associated with a substantial negative shift in the steady-
state inactivation curve. Although the results indicate that a
number of voltage-dependent ionic currents are sensitive to
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halothane, both components of Ca?* current exhibit a greater
sensitivity to halothane than any of three other voltage-de-
pendent currents in GH, cells.

These results show that GH, cell Ca?* currents are selec-
tively inhibited by clinically appropriate concentrations of
halothane and that the reduction of Ca?+ current can account
for the inhibition by halothane of TRH- or KCl-induced pro-
lactin secretion in GH, cells.

The production of anesthesia by volatile anesthetics is thought
to be a consequence of depression of CNS excitability or an
inhibition of synaptic transmission (e.g., Larrabee and Poster-
nak, 1954; Richards and Smaje, 1976; Richards, 1983; Take-
noshita and Takahashi, 1987; Kullmann et al., 1989; Miu and
Puil, 1989; Pearce et al., 1989). The underlying mechanism of
volatile anesthetic action presumably involves alteration of one
or more membrane conductances, though as yet there has been
little success in attempting to correlate anesthetic action with
effects on any specific membrane current. For example, halo-
thane has been shown to reduce Na* current both in neuronal
(Bean et al., 1981; Haydon and Urban, 1983) and in a number
of non-neuronal preparations (heart muscle: Ikemoto et al., 1986;
skeletal muscle: Ruppersberg and Rudel, 1988). However, the
reduction of Na* current by halothane occurs at clinically un-
reasonable concentrations. At lower concentrations, halothane
hyperpolarizes spinal motor neurons, hippocampal pyramidal
cells (Nicoll and Madison, 1982), and some snail neurons (Franks
and Lieb, 1988) by activating a K* conductance. Whether ac-
tivation of a K+ current participates in any of the clinical effects
of halothane remains an open question.

Recent evidence suggests that halothane can also inhibit volt-
age-dependent Ca** current at clinically reasonable concentra-
tions both in neurons (Krnjevi¢ and Puil, 1988) and in heart
muscle (Terrar and Victory, 1988). Because of their central im-
portance in both neuronal excitability and synaptic transmis-
sion, Ca?* channels would be of particular interest as potential
targets for volatile anesthetic action. In neurons, either of two
types of high-threshold Ca?* currents may be important in syn-
aptic transmission (Rane et al., 1987; Hirning et al., 1988; Holz
et al., 1988; Bean, 1989a), while low-threshold Ca?* currents
may play a role in determining patterns of action potential firing
(Llinas and Yarom, 1981; Llinas, 1988; Suzuki and Rogawski,
1989). Several recent reports support the view that both low-
and high-threshold forms of Ca?* channels are inhibited by vol-
atile anesthetics (Eskinder et al., 1990; Herrington and Lingle,
1990; Takenoshita and Steinbach, 1990).

As one approach to understanding the mechanisms of volatile
anesthetic action, we have been using the GH, clonal pituitary



cell line as a model system in which the effects of halothane on
a secretory process can be investigated at a number of levels.
In the preceeding article (Stern et al., 1991), halothane was
shown to reduce secretion of prolactin and attendant elevations
of [Ca2*], when these effects were associated with influx of Ca?*.
Here, we examine directly the effects of halothane on GH, cell
Ca2* current to determine whether these effects of halothane can
be accounted for by changes in Ca?* current. GH; cells are known
to exhibit two distinct components of Ca?* current (Armstrong
and Matteson, 1985; Matteson and Armstrong, 1986), a tran-
sient current activated by depolarization to relatively negative
command potentials [low-voltage activated (LVA)] and a rel-
atively noninactivating current activated by depolarizing steps
to more positive threshold potentials [high-voltage activated
(HVA)]. Both currents can be reliably voltage clamped and well
separated. Furthermore, effects of agents on Ca?* current can be
compared to effects on a number of other voltage-dependent
currents (Dubinsky and Oxford, 1984; Matteson and Arm-
strong, 1984).

The results show that the reduction of Ca?* current by halo-
thane probably accounts for the inhibition of stimulus—secretion
coupling produced by halothane in GH, cells. Furthermore, the
results of this and the preceding article (Stern et al., 1991) show
that, of a number of membrane-associated processes, only Ca2*
currents are altered by clinically appropriate concentrations of
halothane. The concentration dependence of the blockade of
Ca?* current by halothane in GH, cells is, at the least, consistent
with the possibility that some clinical effects of halothane may
reflect direct blockade of Ca?* current.

Materials and Methods

Cell culture. The GH; cell line was obtained from the American Tissue
Type Collection (Rockville, MD). Cells were grown as described in the
accompanying article (Stern et al., 1991). Cells for electrophysiological
experiments were grown on poly-L-lysine coated pieces of glass cover-
slips and used between 1 and 19 d after plating. Cells from passages
21-28 were used in the experiments described in this article.

Electrophysiological recording. Recordings were made using standard
dialyzed-cell voltage-clamp techniques (Hamill et al., 1981). Electrodes
were pulled from aluminosilicate glass (A-M Systems, Everett, WA),
coated with Sylgard (Dow Corning, Midland, MI), and fire polished.
Pipette resistances were 1.5-4 MQ. Voltage commands and digitization
of membrane currents were done using the pcramp software package
(Axon Instruments, Foster City, CA) running on an IBM AT-class com-
puter. Membrane currents were recorded using an Axopatch 1B patch-
clamp amplifier (Axon Instruments). For measurement of Ca2* currents,
only recordings in which the series resistance was 4-15 MQ was used.
Because maximal Ca?* currents were usually much less than 500 pA,
series resistance compensation was usually not employed. For salines
used for recording Na* and K* currents, the series resistance was typ-
ically less than 5 MQ. All experiments were done at room temperature
(20-23°C).

Solution exchange procedures. Pieces of glass coverslips were trans-
ferred to a rectangular chamber of 7 mm width and a total volume of
less than 0.5 ml. Four separate perfusion lines entered the chamber at
one end, while solution was removed from the other end using suction.
The perfusion rate was 2.5 ml/min. Switching between solutions was
accomplished by manually controlled valves. Test solutions were main-
tained in all-glass syringes closed with weighted glass syringe plungers.
The glass syringe plungers were allowed to fall by gravity. Differences
in residual pressure following positioning of the plungers within the
syringes clearly result in a net positive pressure on the backs of the
syringes that may differ between test solutions. The effect of such pres-
sure differences was minimal in the bath-exchange system used here.
In control experiments, switching between perfusion lines with each line
containing control saline resulted in no effect on GH, cell Ca?* currents.
In contrast, with either localized puffer applications of control saline or
switching between control salines using a local microperfusion system,
we encountered substantial changes in Ca** current amplitude.
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Data analysis. Voltage-activated currents recorded during experi-
ments were stored digitally without leakage subtraction. Currents gen-
erated by hyperpolarizing commands applied before and after test pro-
tocols were stored separately for subsequent off-line digital subtraction
of leakage and capacitive currents. Leakage currents were subtracted for
all current traces except those shown in Figures 1, 3, and 10. Fitting of
currents and of extracted data was accomplished using a nonlinear least-
squares procedure based on the Levenberg-Marquardt routine [RMSSQ
subroutine of the IMSL statistical library (Bellaire, TX)] for minimi-
zation of residuals. Values reported in the text for sets of estimates
represent means and standard deviations. Fitted values are reported
with either a 90% or a 95% confidence limit.

Determination of anesthetic concentration. Halothane-containing sa-
lines were prepared by diluting a saturated solution of the anesthetic in
saline (17 mm, 20°C) to the desired final concentrations. Volatile an-
esthetic concentrations in saline from samples taken from the recording
chamber were routinely measured by gas chromatography (Stern et al.,
1989). Unless otherwise indicated, all concentrations stated in this ar-
ticle are measured values obtained from samples of the experimental
solutions flowing into the bath.

Anesthetic potency is most frequently reported in terms of partial
pressure in gas. Halothane concentrations in gas of 1, 2, and 3 vol%
correspond to concentrations of halothane in saline of 0.5, 1, and 1.5
mM at 23°C and 0.25, 0.5, and 0.75 mwm at 37°C. This reflects the greater
solubility of halothane in saline at low temperatures. A parallel twofold
increase in the potency of halothane (when measured as anesthetic con-
centrations in the gas phase) occurs over the same temperature range
(Cherkin and Catchpool, 1964; Regan and Eger, 1967). Thus, equal
concentrations of halothane in saline should be approximately equi-
potent at 23°C and 37°C. From the present experiments, the clinically
relevant range of halothane in saline was defined as =0.3-3 times the
EC,, of halothane in the rat. The EC,, of halothane in the rat at 37°C
is 1.24 vol% (Evers et al., 1986), which corresponds to a concentration
of halothane of 0.31 mm in saline. Thus, we consider the concentration
range of halothane in saline that would correspond to the anesthesia-
producing effects of halothane to be ~0.1-0.93 mm.

Commercially available halothane contains thymol, a preservative.
To test the possibility that the effects described here might reflect an
action of thymol on Ca2* current, thymol-free halothane solutions were
prepared. This was accomplished by volatilizing halothane in air using
a temperature-compensated vaporizer. Thymol is not volatile and re-
mains behind in the vaporizer. The vaporized, thymol-free halothane
was then bubbled through saline, and the concentration of halothane
in the resulting salines was determined by gas chromatography as de-
scribed above. Thymol-free solutions of halothane produced identical
effects on Ca?* current as those with thymol.

Recording solutions. Salines used for the isolation of Ca?* current
were (in mM)—Internal: 140 tetramethylammonium hydroxide (TMA-
OH), 10 EGTA, 40 HEPES, 2 MgCl,, 4 Na,ATP, 0.5 cAMP, and 0.05
GTP; pH 7.1-7.3 with methanesulfonic acid (CH,O,S); External: 100
Tris-OH, 50 tetracthylammonium hydroxide (TEA-OH), 10 glucose,
and 10 CaCl,, pH 7.4 with CH,O,S. In some experiments, 10 mm Cs,-
1,2-bis(2-aminophenoxy)ethane N,N,N’,N’-tetraacetic acid (Cs,-BAP-
TA) was substituted for 10 mm EGTA in the internal saline. Cells were
generally maintained in a sodium-based physiological saline until seal
formation, at which time the bath was switched to the Tris/TEA saline.
Salines used for potassium current experiments were (in mm)—Internal:
120 K-aspartate, 30 KOH, 10 EGTA, 40 HEPES, 2 MgCl,, 4 Na,ATP,
and 0.05 GTP; pH 7.1-7.3 with N-methyl-D-glucamine (NMG); Exter-
nal: 140 Na-isethionate, 5.4 K-gluconate, 10 glucose, 10 Na-HEPES, 4
MgCl,, and 0.00025-0.0004 tetrodotoxin (TTX); pH 7.4 with CH,O,S.
Sodium current was isolated with the following salines (in mm)—Inter-
nal: 140 CsF, 14 NaF, 1 EGTA, 10 HEPES, and 2 MgCl,; pH 7.15 with
NMG; External: 145 Na-isethionate, 10 Na-HEPES, 10 glucose, and 4
MgCl,; pH 7.4 with CH,0O,S. The osmolarity was 300-315 mOsm for
extracellular solutions and 285-300 mOsm for intracellular solutions.

In a number of experiments, LVA current was examined under con-
ditions in which HVA current had completely run down (Armstrong
and Eckert, 1987). In such experiments, the run-down process was fa-
cilitated by the use of the following fluoride-based intracellular saline
(in mm): 140 TMA-OH, 10 EGTA, 40 HEPES, and 2 MgCl,; titrated
to pH 7.15 with HF.

Chemicals. Halothane was obtained from Ayerst Laboratories (New
York, NY). BAPTA was obtained from Molecular Probes (Eugene, OR).
All other chemicals were from Sigma (St. Louis, MO) or Aldrich Chem-
icals (Milwaukee, WI).
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Figure 1. Halothane reduces both LVA and HVA Ca?* current in rat GH; clonal pituitary cells. In 4, a standard voltage-step protocol used for
examination of Ca?* current activated at low threshold potentials and at higher threshold potentials is illustrated at the top. From a holding potential
of —90 mV, the cell potential was stepped to —30 mV for 200 msec and then stepped to +10 mV for 190 msec before returning to —60 mV.
Representative currents evoked in three different cells are shown below the voltage protocol. In each case, following the step to —30 mV, a transient
inward current (LVA) is observed that inactivates virtually completely within the 200-msec command step. Following the step to +10 mV, a more
slowly inactivating inward current (HVA) is observed. The middle two sets of current traces show the effect of 0.5 mm halothane, while the bottom
set of traces shows the effect of | mm halothane. Halothane produces a small reduction in current activated at —30 mV and a more pronounced
reduction in peak current activated at +10 mV. Note that the fractional block by halothane of HVA current is more pronounced at the end of the
command step to +10 mV in each case. Traces were uncorrected for leakage and capacity transient currents. Series resistances (R,) for each cell
were 11.0, 9.0, and 13.5 Mg, from top to bottom. Cell capacitances (C,,) were 31.5, 15.4, and 35.8 pF. In B, the fractional blockade of peak HVA
current by 1 mm halothane for 12 cells is plotted as a function of the percent of the total HVA current exhibiting inactivation over the 190-msec
step to +10 mV. The /ine over the points is a fitted line to indicate the trend of the points and not based on any particular model of the properties
of peak and sustained HVA current. The correlation coeflicient for the line was —0.72. The effect of halothane on peak HVA current is weaker
when HVA current is composed of a larger fraction of inactivating current.

possibility that clonal pituitary cells may exhibit a third type of
Results Ca?* current analogous to the inactivating, high-threshold
The results address three distinct topics. First, the qualitative N-current observed in some neurons (Fox et al., 1987; Kostyuk
effects of halothane on two components of Ca?* current in GH, etal., 1988; reviewed by Bean, 1989a). Here rapidly inactivating

cells are demonstrated. Second, the relative lack of effect of halo- currents activated at lower threshold potentials will be termed
thane on both voltage-dependent Na+ and K* current is shown. LVA Ca?* currents, while relatively non-inactivating currents
Third, an examination of some potential mechanisms by which activated at more positive threshold potentials will be termed
halothane might reduce each component of Ca?* current is pro- HVA Ca?* currents.
vided. The basic procedure used here for separation of the two com-
) ponents of Ca?* current is shown in Figure 14. Currents from
Halothane reduces both high- and low-threshold Ca** current three cells are shown in order to illustrate the variability in
in GH, cells properties of HVA current. LVA Ca?* current was activated by

The presence of two distinct components of Ca** current in stepping to —30 mV from a holding potential of —90 mV.
clonal pituitary cells, distinguishable on the basis of kinetic Virtually all current activated at —30 mV inactivates, indicative
properties, voltage dependence, inactivation, and pharmacol- that no detectable HVA current has been activated (e.g., see
ogy, is well established (Armstrong and Matteson, 1985; Matte- Figs. 1, 8-10). Thus, measurement of peak inward current ac-
son and Armstrong, 1986; Cohen and McCarthy, 1987). One tivated by steps to —30 mV largely reflects the exclusive acti-
current is activated by membrane potentials positive to about vation of LVA current. This is consistent with the observations
—40 mV and appears to exhibit complete inactivation over most of Matteson and Armstrong (1986), who showed that little high-
or all of its activation range. This current appears similar to the threshold current was activated even at —20 mV.

LVA or T-current described in vertebrate neurons (Carbone and To allow examination of HVA current, following the acti-
Lux, 1984, 1987; Bossu etal., 1985; Yoshii et al., 1988; reviewed vation and inactivation of LVA current at —30 mV the cell
by Bean, 1989a). A second current in GH, cells is activated by membrane potential was stepped to +10 mV. Such steps re-
more positive command potentials and exhibits little or only vealed considerable variability in the extent and rates of inac-
slow inactivation. This latter current is reminiscent of HVA or tivation of HVA current among cells. As shown in Figure 1,
L-current observed in neurons (Fox et al., 1987; reviewed by HVA current could be either largely noninactivating or slowly
Bean, 1989a). No evidence has been presented to support the inactivating. The inactivating current does not reflect the con-



tribution of LVA current, because as shown below (see Fig. 10),
LVA current is completely inactivated by the prepulse to —30
mV. Assuming that the HVA current reflects a single type of
Ca’* current, the variability in the inactivation process may
reflect differences in the amount of Ca*>-dependent inactivation
of Ca?* current (Kalman et al., 1988), perhaps reflecting vari-
ations among cells in Ca?* buffering. However, the amount of
inactivation was not dependent on the series resistance of the
recording pipette, eliminating one simple explanation for dif-
ferences in cellular Ca?* buffering. It is also unlikely that the
inactivation reflects an unidentified outward current. The ionic
conditions of these experiments (low Cl-; extracellular saline:
50 mMm TEA and 100 mM Tris; intracellular saline: 140 mm
TMA) provide no reasonable candidates to support outward
current of any type.

The ability of halothane to reduce both LVA and HVA Ca?*
current is also illustrated in Figure 14. For the three cells shown,
Ca?* currents both in control saline and in the presence of halo-
thane are displayed. The records indicate that HVA Ca** current
is more sensitive to halothane than LVA Ca?* current. One
complication, which is particularly apparent with HVA currents
that show a substantial inactivating component, is that current
activated in the presence of halothane has a shape parallel to
that in the absence of halothane. Halothane appears to remove
a relatively noninactivating portion of HVA current. Thus, the
fractional blockade at the end of the command step is greater
than at the beginning of the command step. This effect is sum-
marized in Figure 1B, in which the fractional blockade of peak
HVA current is shown to be inversely correlated with the amount
of inactivating current (see also Fig. 4B). Such an effect would
be consistent with the presence of two distinct HVA currents,
a relatively non-inactivating or slowly inactivating current more
sensitive to halothane and an inactivating current more resistant
to halothane. However, alternative explanations involving
changes in the equilibrium among different states of a single
type of HVA channel are also possible. Here, no further attempt
will be made to evaluate the significance of inactivation of HVA
current in the GH, cells in our cultures.

Stability of halothane blocking action

The stability and reproducibility of the action of halothane was
examined in experiments in which the same concentration of
halothane was applied repeatedly to a voltage-clamped cell while
Ca?* current was elicited at 15-sec intervals with the standard
protocol used in Figure 1. As illustrated in Figure 24, the re-
duction of HVA Ca?* current produced by 1.0 mm halothane
was relatively constant for three different applications applied
over an 8-min period. Similarly, as shown in Figure 2B for a
different cell, the blocking effect of halothane was identical ir-
respective of the duration of halothane action up to about 4 min
of application. There is no indication of a slowly developing
enhancement or decrement in the blockade produced by halo-
thane. Thus, the blocking effect of halothane exhibits no unusual
time-dependent features and allows simple comparison of se-
quential applications of different concentrations of halothane.
Similar reproducibility in the ability of halothane to block LVA
current was observed (data not shown).

Concentration dependence of blockade of Ca’+ current by
halothane

The concentration dependence of the reduction of Ca?* current
by halothane was investigated using halothane concentrations

The Journal of Neuroscience, July 1991, 71(7) 2229

1.0 mM 1.0 mM 1.0 mM
5
= 1.0 1
=3
Q
T 0.8 -
[l
F
£
‘ 0l6 -
(4
3
Q.
b -] 0.4 =
L4
N
E 0.2
S
[
0 ¥ I ] T 1

0 2 4 6 8 10
time (min.)

11 mM
E [ ——
~ 1.0 1
-
[3)
©
= 0.8 -
3
£
g3 0.6 -
<
[
Q.
o 0.4 -
(]
N
g 0.2-
o
=
o I ¥ ) 1 ] L 1 1

o 1 2 3 4 5 6 7

time (min.)

Figure 2. The blocking effect of halothane shows no time-dependent
enhancement or desensitization. In 4, HVA currents were elicited every
15 sec by the protocol shown in Figure 1. Peak inward current activated
at +10 mV is plotted over time for each stimulation. For the periods
indicated by the horizontal lines, 1.0 mm halothane was applied to the
cell. The blockade produced by halothane was virtually identical for
three consecutive applications. In B, the effect of two applications of
1.1 mmMm halothane applied for different durations to a different cell is
shown. The HVA current was activated by stepping from a holding
potential of —40 mV to O mV every 15 sec. Peak HVA current amplitude
was normalized to the current just before halothane application. Com-
parison of responses in A and B indicate that there is little change in
the fractional reduction of HVA Ca?* current in the presence of halo-
thane up to at least 4 min.

ranging from 0.1 to 5 mMm. In Figure 3, the effects of three
different concentrations of halothane on both LVA (Fig. 34,B)
and HVA (Fig. 3C,D) current in a single cell are illustrated.
Representative examples of control currents and currents in the
presence of the three concentrations of halothane are shown in
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Figure 3. The blockade of Ca?* current by halothane is concentration
dependent. In A, three different concentrations of halothane were ap-
plied scquentially to a voltage-clamped GH; cell. From left to right
across the rop, the effects of 0.6, 0.1, and 3.2 mm halothane on LVA
Ca?* current are shown. In both 4 and C, the horizontal bars indicate
the period of halothane application. In B, the peak LVA current acti-
vated at —30 mV is plotted as a function of time. In C, the effects of
three different halothane concentrations on HVA Ca?* current from the
same stimulation protocols as shown in A are displayed. In D, the
temporal changes in HVA current during the course of this experiment
are plotted. Note that rundown of HVA current was appreciable in this
cell. However, substantial recovery of HVA current was observed fol-
lowing virtually complete block of HVA current by 3.2 mm halothane.
Traces are uncorrected for leakage and capacity currents. R, 14.5 MQ.

Figure 34 for LVA currents and in Figure 3C for HVA currents.
The peak inward current recorded for each command step dur-
ing the course of the experiment is plotted for LVA current in
Figure 3B and for HV A current in Figure 3D. Halothane is more
effective in blocking HVA current than LVA current.

The concentration dependence of the halothane blocking ac-
tion is summarized in Figure 4. All points were obtained using
the same voltage command protocol illustrated in Figure 1. Over
all experiments, HVA current is more sensitive to halothane
than LVA current. The effect of halothane on peak HVA and
LVA currents is compared in Figure 44. The half-maximal
blocking concentration is 0.85 mm for peak HVA current and
1.33 mm for peak LVA current. In the case of HVA current,
complete blockade of current by halothane could be obtained.
The results on LVA current suggest that at sufficiently high
concentrations complete blockade may also occur. In Figure 45,
the concentration dependence of the blockade of peak HVA
current and the HVA current remaining at the end of the com-
mand steps is compared. The half-maximal blocking concen-
tration for the portion of HVA current remaining at the end of
the command step to +10 mV is 0.5 mm.

One limitation of this analysis of the concentration depen-
dence of halothane action is that the protocol assesses the block-
ing action of halothane on both LVA and HVA current at only
a single command voltage and prepulse potential. Thus, if halo-
thane were producing any substantial shift in the voltage de-
pendence of activation of a particular current, the estimated
half-maximal blocking concentration would depend on the par-
ticular protocol used to elicit the Ca?* current. This issue is
addressed below in the final sections of the Results.

Halothane has minimal effect on voltage-dependent Na*+ and
K+ current in GH, cells

In addition to Ca?* current, GH, cells exhibit a number of volt-
age-dependent membrane currents that may also influence the
secretory response to TRH or KCl application (Dubinsky and
Oxford, 1984; Matteson and Armstrong, 1984). To determine
whether the effects of halothane were selective for Ca?* current,
the effects of halothane on voltage-dependent K+ and Na* cur-
rent of GH, cells were also examined.

Voltage-dependent K+ current was recorded following re-
moval of extracellular Ca?* in order to minimize the contri-
bution of Ca?*-dependent K+ current. Under such conditions,
two types of K+ current can be observed in GH, cells: first, a
voltage-dependent inactivating current sensitive to 4-amino-
pyridine (4-AP; Dubinsky and Oxford, 1984; Oxford and Wag-
oner, 1989), and second, a noninactivating, voltage-activated
current that is at least partially blocked by 5 mm TEA (Oxford
and Wagoner, 1989). Some evidence supports the view that this
current reflects Ca**-activated K* current activated by voltage
in the absence of Ca?* (Oxford and Wagoner, 1989). However,
at present, some contribution of a delayed-rectifier type of K+
channel cannot be excluded. Irrespective of the identity of the
noninactivating component of K+ current, examination of the
effects of halothane on these currents provides a useful com-
parative test of the selectivity of halothane.

Voltage-dependent K+ currents were elicited either by voltage
ramps or voltage steps. The effect of halothane on K+ current
activated by a voltage ramp is illustrated in Figure 54. At com-
mand potentials above +20 mV, some blockade of K* current
was observed with 1.2 mm halothane, with near 50% blockade
observed at 3.0 mm. Halothane may produce some shift in the
voltage dependence of activation of K+ current, and as a result,
the concentration dependence of halothane action will depend
on the command potential. This has not been examined closely.
However, the essential observation is that, at concentrations of



halothane quite effective in blocking either component of Ca2*
current, voltage-dependent K* currents are largely unaffected.

To examine the relative effectiveness of halothane on different
components of K* current, K* current was evoked by depolar-
izations from either a —80-mYV or a —40-mV holding potential.
From —80 mV, a pronounced slowly inactivating K* current
was observed, while K* current elicited from —40 mV was
entirely noninactivating (Fig. 5B,C). Despite the large increase
in total K* current elicited from a —80-mV holding potential,
the absolute amount of K* current blocked by halothane was
identical in both cases (Fig. 5B, bottom). This result suggests
that halothane is largely selective for the noninactivating portion
of K+ current and has virtually no effect on the inactivating
portion of K+ current.

The effects of halothane on voltage-dependent Na+ current in
GH, cells were also examined (Fig. 6). Concentrations of 1.4
mM halothane produced only slight effects on peak Na* current,
though both the activation and the inactivation of Na* current
were noticeably faster at this concentration (Fig. 64, B). In Figure
6, C and D, 2.6 mM halothane is shown to block peak Na*
current about 50%. For comparison to the effects of halothane
on Ca?* currents, the fractional block of peak Na* current by
halothane is plotted in Figure 4B.

The records in Figure 6, A and C, also show that a concen-
tration of halothane reducing Na* current about 50% almost
completely blocks a noninactivating outward current observed
at positive command potentials. This noninactivating current
is likely to represent monovalent cation flow through HVA Ca?*
channels (Almers et al., 1984) and thus directly demonstrates
the differential sensitivity of HVA Ca?* channels and Na* chan-
nels to halothane. Figure 6D illustrates the effect of halothane
on the current-voltage relation of peak Na* current and suggests
that the fractional blockade of Na* current by halothane is rel-
atively independent of command potential.

Halothane also has pronounced effects on the kinetic prop-
erties of the Na* current. In particular, as shown in Figure 6,
A, C, and E, halothane results in a pronounced increase in the
rate of inactivation of Na* current. Furthermore, 2.6 mm halo-
thane causes approximately an 11-mV negative shift in the
steady-state inactivation curve for GH, cell Na* current (Fig.
6F). For four cells studied with 2.6 mm halothane, half-maximal
inactivation for control Na* currents occurred at —61.6 + 3.1
mV, while half-maximal inactivation was observed at —72.4 +
2.3 mV in the presence of halothane. These effects of halothane
on Na* current in GH, cells are similar to results reported for
Na* currents in other preparations (Bean et al., 1981; Haydon
and Urban, 1983). However, at concentrations that reduce Ca?*
current at least 50%, there is very little effect of halothane on
Na* current (Fig. 4B).

The above results have established that halothane selectively
reduces voltage-dependent Ca?* in GH; cells. The remaining
sections of this article will now address the possible mechanisms
by which reduction of Ca?* current may occur.

Effects of halothane on high-threshold Ca*+ current

To explore the possibility that the effect of halothane on the
HVA Ca?* currents is voltage dependent, HVA current was
studied using both voltage steps up to +60 mV and voltage
ramps up to +100 mV. Representative currents activated by
different command steps from a holding potential of —40 mV
are shown in Figure 74 both in the absence and in the presence
ofhalothane. The peak inward current as a function of command
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Figure 4. Concentration dependence of blockade of Ca2* current by
halothane. In 4, the percent blockade of LVA (open triangles) and HVA
(solid diamonds) currents are plotted versus the concentration of halo-
thane. For display purposes, nominally identical halothane concentra-
tions were lumped, and the mean and SD were plotted. However, for
fitting purposes, all points were fit independently, and the actual mea-
sured halothane concentration was used in the fit. The percent blockade
of Ca*>* was described by 100 — 100/(1 + ([halothane)/K,)"), where K,
represents the concentration resulting in 50% reduction of Ca2* current
and n represents a Hill coefficient. For blockade of LVA current, K, =
1.3 = 0.2 mm (£90% confidence limit on fitted value) with n = 1.4 +
0.3. For HVA current, X, was 0.85 = 0.10 mm, with n = 1.5 + 0.2.
Only cells in which at least two concentrations of halothane could be
examined were included in this plot, and a total of 14 cells were used.
In B, the percent blockade of HVA current measured at the peak of the
current (solid diamonds) and at the end of the command step (open
diamonds) is plotted as a function of halothane concentration. The half-
maximal blockade of HVA current active at the end of 190-msec voltage
steps to +10 mV occurred at 0.5 + 0.05 mwm, with n = 1.75 + 0.37.
For comparison, the percent blockade of peak voltage-dependent Na*
current (open circles) is plotted for two concentrations. Four cells were
tested at =~ 1.5 mwm halothane and four cells at =2.7 mm.
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Figure 5. Effects of halothane on volt-
age-dependent K+ current in GH, cells.
In 4, K+ current was elicited by a 125-
msec voltage ramp from —110 to +60
mV. Extracellular saline contained 0
Ca?* to minimize Ca2*-dependent K-+
current; 1.2 and 3 mm halothane reduce
K* current in a concentration-depen-
dent fashion. The apparent activation
of K* current by 3 mm halothane at
potentials negative to 0 mV was only
observed in this cell. R,, 6.4 MQ; C,,,
17.0 pF. In B, the effects of 1.2 mm
halothane on K* currents activated by
command steps to +40 mV from a
holding potential of —80 mV (top) or B
—40 mV (middle) are shown. K+ cur-
rents activated from —80 mV exhibit a
pronounced inactivating current, while
currents activated from —40 mV show
no inactivation. On the bottom, the dif-
ference between the currents activated
from —40 mV and those from —80 mV
either in the presence or absence of
halothane are plotted. Halothane re-
duces the same absolute amount of cur-
rent in both cases. R,, 8.4 MQ; C,,, 13.6
pF. In C, the peak K* current ampli-
tudes from the experiment in B are plot-
ted as a function of time for both com-
mand steps from —40 mV and from—80
mV. The amount of current removed
by halothane is identical in both cases.

potential is plotted in Figure 7B and shows that there is no
significant shift in the current-voltage relation in the presence
of halothane. In particular, halothane is similarly effective in
blocking Ca?* current at all command potentials. However, shifts
in voltage dependence of activation can be overlooked when
the complete current-voltage curve is not examined (Bean,
1989b). To resolve this issue more clearly, voltage ramps were
used to facilitate examination of the effect of halothane over a
wider range of voltages. In the absence of tail-current measure-
ments (Bean, 1989b), this procedure may still overlook some
subtle shifts in voltage dependence of activation produced by
halothane. However, as shown in Figure 7C (for a cell with less
than 30 pA of maximal LVA current), halothane does not alter
the shape of the current-voltage relationship even at voltages
up to +100 mV.

HVA Ca?* current in clonal pituitary cells is known to undergo
inhibition by a number of mechanisms, including direct channel
blockade (Cohen and McCarthy, 1987), receptor-coupled
G-protein—-induced modulation (Lewis et al., 1986), Ca*-in-
duced inactivation (Kalman et al., 1988), or rundown (Arm-
strong and Eckert, 1987; Korn and Horn, 1989). Some exper-
iments were done in order to provide some initial clues that
might direct future investigation into the sites and mechanism
of halothane action on HVA current.

To examine the possibility that the blocking action of halo-
thane on HV A current might only develop after opening of the
Ca?* ion channel, the rising phase of HVA current was examined
both in the absence and in the presence of halothane (Fig. 7D).
When the current in the presence of halothane is scaled to match
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the peak amplitude of the control current (Fig. 7D), there is no
detectable difference in the two currents. This is consistent with
the view that there is no time-dependent aspect to the blocking
action of halothane during the rising phase of the HVA current
and that blockade by halothane is at equilibrium at the time of
the first measurable current flow.

Halothane is known to enhance release of Ca2* from the sar-
coplasmic reticulum in skeletal muscle (Beeler and Gable, 1985;
Mickelson et al., 1986), and it has been suggested that inhibition
of Ca?* current by halothane may reflect a halothane-induced
elevation in intracellular Ca?*, thereby mediating Ca?*-depen-
dent inactivation (Krnjevi¢, 1974; Krnjevi¢ and Puil, 1988).
Because LVA Ca?* current is not thought to be subject to Ca?*-
dependent inactivation, it seems unlikely that elevation of [Ca?*],
can account for the reduction in LVA. Several experiments were
done to address the possibility that the effect of halothane on
HVA current might reflect an elevation of [Ca?*], and a conse-
quent inactivation of HVA current. First, a faster Ca** chelator,
BAPTA, was used to replace EGTA in the recording pipettes.
The fractional reduction of peak HVA current by 1 mm halo-
thane in the presence of 10 mm BAPTA (50.4 + 10.6%; n = 3)
was indistinguishable from the reduction of HVA current by 1
mum halothane using 10 mm EGTA (53.6 = 10.75%; n = 11;
Fig. 4). Second, in muscle cells, halothane appears to promote
release of Ca?* from a caffeine-releasable pool. To test whether
a similar phenomenon might account for suppression of Ca?*,
GH,; cells were exposed to 10 mm caffeine prior to application
of halothane. Caffeine produced no noticeable decrease in the
ability of 1 mm halothane to reduce Ca?* current (47.1 + 2.1%;
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Figure 6. Effects of halothane on volt-
80 100 age-dependent Na* current in GH, cells.

t 1 In A, the effect of 1.4 mm halothane on
Na* currents activated from a holding
potential of —80 mV is displayed. Top
traces, currents in control saline; bot-
tom traces, currents in 1.4 mm halo-
thane. Halothane has little effect on peak
amplitude, though alterations in cur-
rent kinetics are apparent. R,, 3.2 M(Q;
C,., 8.9 pF. In B, the peak amplitudes
from the currents in A are plotted as a
function of voltage to illustrate the lack
of effect of halothane. Solid squares,
control saline; open squares, halothane.
In C, the effect of 2.6 mm halothane on
Na+ currents activated as in Fig. 104
is shown. Top traces, control saline;

A bottom traces, currents in 2.6 mm halo-

thane. R, 3.5 M@Q; C,,, 16.3 pF. In D,

the peak Na* current amplitudes are

plotted from the experiment in C. The

diamonds correspond to currents in
halothane, while solid and open trian-
gles correspond to currents in control
saline and following recovery, respec-
tively. In E, Na* currents were activat-
ed at —10 mV following 200 msec at
potentials from —120 to —20 mV. Cur-
rents on the top were obtained in con-
trol saline, and currents on the bottom,
in 2.6 mM halothane. Traces in E are
from the same cell as in Cand D. In F,
the amplitude of currents obtained from
the records in E are plotted as a func-
tion of inactivating voltage to yield the
steady-state voltage dependence of in-
activation. Triangles correspond to
control values, diamonds correspond to
currents in halothane, and the broken
line indicates recovery. Lines represent
the best-fit Boltzmann distribution: I(¥)
= I ../(1 + exp[—(V — V,)/k]), where
1., represents maximal activatable
current, V', represents the voltage where
half the current is inactivated, and k&
represents the voltage dependence of the
distribution. For this cell, half~-maximal
inactivation was —62 mV for control
saline, —73 mV in halothane, and —68
mYV following recovery. The slope fac-
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= 3). However, it should be noted that both here and in the
preceding article (Stern et al., 1991) we have found no evidence
that caffeine activates release of Ca?* from intracellular stores
in GH, cells. This apparently contrasts with effects of caffeine
in the GH,C, subclone (Law et al., 1990). In any case, the result
indicates that release of Ca?* from at least one type of intracel-
lular Ca?* store cannot account for the reduction of Ca** current
in GH, cells. Finally, experiments described in the preceding
article (Stern et al., 1991) indicate that halothane produces no
measurable increase in resting Ca?* levels as measured by fura-2

tors describing the voltage dependence
of inactivation were 4.8 mV for control
saline, 5.6 mV for halothane, and 5.1
mV following recovery.

fluorescence. Thus, halothane-induced reduction of HVA Ca?*

current in GH, cells is not likely to result from an elevation of
[Ca?]..

Effects of halothane orn voltage dependence of activation and
inactivation of LVA current

In contrast to the effects of halothane on HVA current, reduction
of LVA current by halothane is associated with a number of
kinetic changes in the current. In particular, halothane produces
changes in both activation and inactivation kinetics of LVA
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Figure 7. Effects of halothane on HVA
current. In 4, HVA currents were elic-
ited by command steps from —30 mV A
through +10 mV from a holding po-
tential of —40 mV both in the absence
(left traces) and presence (right traces)
of 0.9 mm halothane. R, 5.8 MQ; C,,
44.3 pF. In B, the peak HVA currents
activated from a holding potential of
—40 mV for control (solid squares), B
halothane (triangles), and recovery (open
squares) salines are plotted as a func-
tion of command voltage. In C, to il-
lustrate the effects of halothane at com-
mand potentials up to + 100 mV, HVA
current was elicited in a cell with 30 pA
of LVA current by a 50-msec voltage
ramp from —100to + 100 mV (4.0 mV/
msec). Linear current from —60 to — 100
mV was used for leakage subtraction.
At least up to +80 mV, 0.9 mm halo-
thane appears to produce a similar re-
duction of HVA current at all voltages.
The broken line shows currents elicited
following halothane removal. In D, the
effect of 0.9 mM halothane on the initial
rising phase of HVA current is illus-
trated for the same cell asin C (R,, 12.2
MQ; C,,, 23.8 pF). On the /eft, currents D
activated by a 100-msec step to +10

mV from a holding potential of —40

mV are shown both in the absence and

presence of halothane. Calibration: ver-

tical, 100 pA; horizontal, 25 msec. On

the right, the currents were matched in

amplitude and plotted on an expanded

time base. Calibration: vertical, a.u.;

horizontal, 5 msec.

current. As seen in Figures 1 and 3, the time to peak of the LVA
current is shorter, and the apparent rate of inactivation some-
what faster, in the presence of halothane. These effects of halo-
thane on LVA current kinetic properties raise the possibility
that the action of halothane may involve a shift in the voltage
dependence of inactivation or activation, perhaps similar to the
observed effects on voltage-dependent Na* current.

Determination of the voltage dependence of activation of a
rapidly inactivating current is complicated by a number of fac-
tors. For present purposes, there are two questions of interest.
First, is the fractional blockade of LVA current produced by
halothane dependent on the command potential? Second, is the
alteration of LVA activation and inactivation rates sufficient to
account for the reduction in peak LVA current amplitude? To
assess the effect of halothane on the properties of LVA current,
LVA current was examined in cells in which little or no HVA
current was present. An example of the current—voltage rela-
tionship for peak LVA current in such a cell in the presence and
absence of halothane is shown in Figure 84. Over the range of
voltages examined, there is some indication that the fractional
reduction of peak LVA current produced by halothane is some-
what greater at more positive potentials. Experiments that fol-
low provide a partial explanation for this observation.

A standard procedure for assessing the voltage dependence
of activation of a current is the examination of tail-current am-
plitudes as a function of command voltage. As described pre-
viously (Armstrong and Matteson, 1985; Matteson and Arm-
strong, 1986), LVA current in GH, cells contributes a prominent
component of slow tail current following voltage steps suffi-
ciently short that inactivation of LVA current is minimal. At
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—90 mV, the inward tail current we attribute to LVA current
decayed with a time constant of 2.02 + 0.42 msec (six cells;
e.g., see Fig. 94). This time constant of decay of the slow tail
current is similar to that previously reported for deactivation
of LVA current by Matteson and Armstrong (1986) and is about
an order of magnitude slower than tail-current decays associated
with HVA current (Matteson and Armstrong, 1986). Experi-
ments shown in Figure 8 also provide two pieces of evidence
that the slow tails recorded here result solely from deactivation
of LVA currents. First, in cells in which HVA current is largely
absent (Armstrong and Eckert, 1987; Korn and Horn, 1989),
the inward tail currents remain (Fig. 8 B). As shown in Figure
8B in a cell in which no current was activated by steps from
—40 mV to potentials from —30 to +20 mV (bottom traces),
there is no slow tail current following repolarization to —40 mV.
However, following command steps to various potentials from
a holding potential of —90 mV, a slow tail current is evoked
following repolarization to —90 mV. Second, the properties of
the tail currents mirror the behavior of the LVA currents. To
show this, tail currents were elicited following voltage steps of
varying durations to —30 mV. The amplitudes of such tail cur-
rents as a function of command pulse duration were compared
to the time course of LVA current activated at —30 mV (Fig.
8C). The amplitudes of the slow tail currents as a function of
command pulse duration follow a time course very similar to
the peak amplitude of LVA current, supporting the idea that
the tail currents result from activation of LVA current. Fur-
thermore, alteration by halothane of LVA current is mirrored
by effects of halothane on tail-current amplitudes (Fig. 8B,C).
Having established that a component of tail current corre-



The Journal of Neuroscience, July 1991, 71(7) 2235

pA -L -100
C 0 D 700 T
= _. 600 .
< -100 | <
=~ 500
3 3
- _ =]
5 20 2 400 - .
E [-%
< €
& 300 -
E -300 A =
e L
3 5 200 -
= —400 - —30 mv 2
s F 100 A
-500 T T T T ! [ T T T T T d
-10 0 10 20 30 40 -60 -50 -40 -30 -20 -t 0
time (msec) membrane potential (mV)

Figure 8. Effect of halothane on voltage dependence of activation of LVA current. In A4, the amplitude of peak LVA current as a function of
command potential is plotted in a cell in which there was little remaining HVA current. Solid squares, peak current activated from a holding
potential of ~90 mV in control saline; triangles, 2.0 mm halothane; open squares, wash. Circles plot peak inward current activated from a holding
potential of —40 mV, showing that there was less than 10 pA of HVA Ca?* current in this cell. In B, families of slow tail currents resulting from
LVA current activation are shown. Inward current was elicited by a 7-msec step to command potentials between —60 and 0 mV followed by
repolarization to —90 mV. A pronounced slow tail of inward current is observed at —90 mV. Top traces, currents in control saline; middle traces,
0.9 mm halothane; bottom traces, inward current activated by steps to —30 mV through +10 mV from a holding potential of —40 mV. No HVA
current was present in this cell. Thus, the slow tail currents are specifically associated with activation of LVA current. Note the lack of effect of
halothane on tail currents resulting from the smaller command steps with a more marked effect of halothane at the larger command steps. R,, 5.2
MQ; C,,, 12.4 pF. In C, families of tail currents were elicited by command steps of varying durations to —30 mV from a holding potential of —90
mYV. The slow tail current was fit with a single exponential. The amplitude (ordinate) estimated from the exponential function both in the absence
(squares; larger current) and presence (circles; smaller current) of 2.0 mm halothane is plotted as a function of the command-pulse duration (abscissa).
The amplitude of the tail current follows a time course that mirrors the activation kinetics of LVA currents measured at —30 mV. The noisy /ines
plotted in association with the points reflect the LVA current activated at —30 mV scaled to overlap the tail-current amplitudes. The amplitude
of the fitted tail currents at 250 usec after the repolarizing voltage step was used for these plots. This may overestimate the fractional blockade
produced by halothane. Halothane both shortens the time to peak LVA current and speeds the apparent time constant of inactivation. In D, the
apparent voltage dependence of activation determined from 7-msec command steps from the cell shown in C is plotted. Points were obtained from
the slow tail-current amplitude estimated from the exponential fit to the tail current. The /ines represent the best fit of a Boltzmann distribution
to each set of points. Half-maximal activation voltages for this cell were —33 mV in control saline and —36 mV in halothane. Squares, control
saline; circles, halothane; triangles, recovery.

sponding to deactivation of LVA current can be reliably iden-
tified, the amount of LVA current activated as a function of
command potential was assessed from the tail-current ampli-
tudes. Examples of the types of traces used for assessing the
effects of halothane on tail-current amplitudes are shown in

timate of half-maximal blockade of LVA current by halothane
provided in Figure 4 will underestimate the blocking effect of
halothane on peak LVA current at potentials positive to —30
mV and overestimate it at potentials negative to —30 mV. Al-
though LVA currents at more negative command potentials are

Figure 8 B. Representative tail currents in the presence and ab-
sence of halothane with the fitted exponential function overlay-
ing the currents are displayed in Figure 94. The amplitude of
tail current was estimated by extrapolation of a single exponen-
tial fit to the current decay to a point 250 usec after the initiation
of the repolarization step. The effect of halothane on LVA tail-
current amplitude activated by 7-msec command steps to po-
tentials ranging from —60 to 0 mV in a cell with no HVA current
is shown in Figure 8D. Similar to the result of Figure 84, there
appears to be some tendency for less blockade at the more
negative activation potentials. This result implies that the es-

more resistant to blockade by halothane, the half-maximal ac-
tivation voltages for control and halothane-containing salines
were indistinguishable. For three cells, half-maximal activation
occurred at —31.4 = 1.1 mV for control saline and —34.1 +
1.2 in the presence of 1 mm halothane. The slope factors indic-
ative of the voltage dependence of the activation process were
5.9 and 4.9 for control and halothane-containing salines, re-
spectively. Cells studied with other halothane concentrations
showed qualitatively similar effects. Half-maximal activation
was also estimated from the amplitudes of the maximal acti-
vatable current obtained from a Hodgkin—-Huxley fit (see below)
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Figure 9. Alteration of kinetic properties of LVA current by halothane.
In A, LVA currents activated by a voltage step from —90 mV to —30
mV both in the presence and absence of 2 mm halothane are displayed
in the top traces. The best fit of a Hodgkin-Huxley activation model
(Eq. 1) to the currents is overlaid over the actual current points. With
n = 2, control values were 7,, = 4.8 msec, 7, = 38.5 msec; halothane
values were 7,, = 3.3 msec; 7, = 14.0 msec. The bottom traces, from
the same cell, are examples of tail currents recorded at —90 mV following
the command step to —30 mV and the best single exponential fit to those
currents. Control: = 1.76 msec; 2 mm halothane: 7 = 1.27 msec. R,,
4.3 MQ; C,, 10.6 pF. In B, the activation (solid symbols) and deacti-
vation (open symbols) time constants for LVA currents obtained as in
A either in the absence (squares) or in the presence (triangles) of 2 mm
halothane are plotted as a function of membrane potential. The /ines
represent fits of Equation 2 to each set of points with the values as listed
in the text. In C, the LVA current inactivation obtained from the fit of
Equation 1 to the LVA current wave form is plotted as a function of
command potential for currents both in the absence (squares) and in

to the LVA current. Such estimates also suggest that halothane
produces little effect on the voltage dependence of activation of
LVA current.

The lack of significant change in the voltage dependence of
activation is further supported by an analysis of LVA current
activation and deactivation rates. Figure 9 summarizes the mea-
surements of apparent activation, deactivation, and inactivation
time constants. Activation and inactivation time constants were
estimated from the fit of a Hodgkin—-Huxley type of model to
the entire LVA current time course as follows:

I(t) = A=(1 exp(—t/7,))y'~exp(—t/1,), (1)

where m, A, and n have their usual meanings (Hodgkin and
Huxley, 1952; Yoshii et al., 1988) and A4 is a scaling factor
representing maximal activatable current. The onset of current
activation particularly at potentials negative to —30 mV exhibits
some sigmoidicity requiring that »n be at least 2. However, the
value of n, though affecting the exact value of z,,, is not critical
to any of the conclusions reached below. The deactivation time
constant was estimated as in Figure 94 from a single exponential
fit to the tail currents following activation of LVA current. The
most prominent effect of halothane is a shortening of the acti-
vation rate constant and deactivation rate constant over the
entire voltage range (Fig. 9B). For a Hodgkin—Huxley approx-
imation, the activation time constant or deactivation time con-
stant as a function of membrane potential is

TulV) = Vla (V) + B,.(V)], )

where «,,(V) and 3,,(V) represent apparent activation and de-
activation rates, respectively. When Equation 2 is fit to the
points in Figure 9B, the following values for the 0-voltage kinetic
rates (units of msec™!) and the voltage dependencies (units of
mV-') were obtained:

a(V) = 1.117+exp(0.067+ 1),
and
B(V) = 0.014-exp(—0.038+ V).
In 2 mm halothane, the corresponding expressions were
o V) = 4.354+exp(0.094+ 1),
and
B(V) = 0.022+exp(—0.040+ V).

Qualitatively similar results were obtained in four cells with
halothane concentrations of either 1 or 2 mm. The essential
feature of the action of halothane is that there is little change
in the voltage dependence for either apparent rate, though there
i1san increase in each rate. The magnitude of the increase appears
to depend on the concentration of halothane (not shown).

—

the presence (triangles) of 2 mm halothane. The solid lines represent the
best fit of the equation (V) = 1/k(0)+exp(B+V) + t,, where 7(V) is the
observed inactivation time constant, 7, is a voltage-independent inac-
tivation time constant, and k(0) and B represent the O-voltage rate and
voltage dependence, respectively, of the processes that contribute to the
apparent voltage dependence of inactivation at voltages less than —20
mV. For this cell, the voltage-independent component of the inacti-
vation process has a time constant of 21.8 + 1.5 msec (90% confidence
limit) in control saline and 11.1 + 0.4 msec in 2 mm halothane.



For control currents, the voltage at which the apparent acti-
vation time constant equals the deactivation time constant is
about —45 mV. At this voltage, the channel opening rate equals
the channel closing rate, and as such, this voltage provides an-
other estimate of the half-maximal LVA current activation un-
der steady-state conditions. It is notable that halothane does
not change this voltage at which the activation rate is identical
to the deactivation rate (Fig. 9B). This probably provides the
best indication that halothane has minimal effect on the voltage
dependence of activation of the LVA current.

The properties of the apparent inactivation rate of LVA cur-
rent are more complex. Figure 94 provides an example of the
effect of halothane on the inactivation of LVA current. Over
the range of —60 to —20 mV, the apparent inactivation time
constant decreases with depolarization. Presumably at the more
negative potentials, the apparent inactivation rate is compli-
cated by the slow rate of activation of the current. Above —20
mV, the inactivation rate is fairly voltage independent. Halo-
thane produces an increase in the apparent inactivation rate at
all voltages (Fig. 9C). For three cells tested with halothane, the
voltage-independent inactivation rate was 49.7 = 10/sec in con-
trol saline and 75.2 + 12.1/sec in 2 mm halothane. Lower con-
centrations of halothane produced smaller changes in this rate.

To assess whether the changes in activation, deactivation, and
inactivation rates could account for the reduction in peak LVA
current amplitude, two separate types of models were consid-
ered. This included the Hodgkin-Huxley expression shown above
(Eq. 1) and a five-state model proposed to describe T-current
behavior in 3T3 fibroblasts (both schemes 3a and 3b from Chen
and Hess, 1990). In the latter case, predicted currents were
generated using a Runge-Kutta procedure to solve the appro-
priate set of differential equations. For all cases, the alteration
in kinetic behavior was insufficient to explain the reduction in
peak LVA current amplitude by halothane. In particular, the
observed effect of halothane on activation and deactivation ki-
netics is expected to result in a shift in the time to peak LVA
current (e.g., as seen in Figs. 8, 9) with little change in amplitude.
The effect on inactivation kinetics would result in some reduc-
tion in peak current amplitude, which would be somewhat more
pronounced at more positive activation voltages (e.g., as in Fig.
8D), but the magnitude of the observed changes in inactivation
rates is insufficient with either type of model to account for the
magnitude of the reduction in peak current. Two possible ex-
planations are the following: First, some of the reduction of
peak current by halothane could be explained by schemes in
which halothane increases the number of channels that enter
inactivated states without ever opening. Second, halothane might
reduce the single-channel conductance of the underlying cur-
rents. However, whatever the explanation of the reduction in
peak current, to account for the smaller inhibition at more neg-
ative command potentials (Fig. 8 D) this process would need to
be rather voltage dependent. For this reason, at present we prefer
the explanation that halothane affects rates of inactivation from
closed states of the LVA channel.

To test the possibility that the voltage-dependence of inac-
tivation might contribute to the reduction of LVA current by
halothane, the effects of halothane on the steady-state inacti-
vation properties of LVA current are illustrated in Figure 10.
LVA current was elicited by command steps to —30 mV fol-
lowing periods of 500 msec at prepulse potentials ranging from
—120 to —40 mV. Typical families of currents elicited by such
a protocol are shown in Figure 104 for control saline, saline
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containing 1.2 mm halothane, and recovery. As observed above,
the time to peak and rate of inactivation of LVA current are
faster in the presence of halothane. The LVA current activated
as a function of prepulse potential is plotted in Figure 10B. The
LVA current activated as a function of prepulse normalized to
the maximal activatable current is plotted as a function of pre-
pulse potential in Figure 10C in order to emphasize the relative
lack of effect of halothane. In each case, the points were fit by
a single Boltzmann distribution. For three cells tested with 1
mM halothane, half-maximal inactivation was observed at —52.7
+ 0.9 mV in control saline and —55.4 + 1.9 mV in halothane.
The slope factors in each case were 5.9 and 6.0 mV, respectively.
Thus, halothane produces little effect on the voltage dependence
of inactivation of LVA current.

Discussion

The major finding of this article is that halothane reduces two
components of voltage-dependent Ca?* current in clonal GH,
pituitary cells. HVA Ca?* current is more sensitive to halothane
than LVA Ca?* current, but both currents are substantially more
sensitive to halothane than either voltage-dependent Na* cur-
rent, a 4-AP-sensitive, inactivating voltage-dependent K* cur-
rent, or a noninactivating component of voltage-dependent K+
current. Coupled with results from the preceding article (Stern
et al., 1991), the halothane-induced inhibition of TRH- and
KCl-induced prolactin secretion in GH, cells appears to result
from the reduction of Ca?* current by halothane. Furthermore,
these results support the view that, at clinically relevant con-
centrations, volatile anesthetics do not produce some nonspe-
cific alteration in a large number of membrane-associated pro-
cesses. In particular, within the clinically relevant range of
concentrations, we found that, of the processes we have ex-
amined, only Ca?* current is sensitive to halothane.

Concentration dependence of halothane action on Ca’* current

The concentration of halothane that produces 50% blockade of
peak HVA current is about 0.8 mm; the concentration producing
50% blockade of LVA current, when measured at —30 mV
command potential, is about 1.3 mm. Several factors influence
the usefulness of these numbers for comparison to other effects
of halothane in other preparations. Because little voltage de-
pendence was observed in the inhibition of either current by
halothane, these half-maximal blocking estimates should be
largely independent of stimulation protocol. However, a no-
ticeable component of inactivating HVA current was observed
in many cells, and the percent blockade of current at the end of
command steps was clearly greater than at the peak of the HVA
current. In fact, 50% blockade of HVA current at the end of
depolarizing commands to +20 mV occurred at about 0.5 mm
halothane. Without a better understanding of the origin of the
apparent inactivation of HVA current, it is difficult to assess
the significance of the interaction of halothane with the inac-
tivation. In most cases, the absolute amount of HVA current
exhibiting inactivation appears identical in the presence or ab-
sence of halothane. This would seem to be most easy to reconcile
with a situation in which there is both a noninactivating HVA
current sensitive to halothane and an inactivating portion of
HVA current relatively resistant to halothane (though blocked
at sufficiently high concentrations; see Fig. 34, 3.2 mm halo-
thane). However, the results cannot exclude the possibility that
halothane, acting on a single population of HVA channels, shifts
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Figure 10. Halothane has little effect
on the voltage dependence of inacti-
vation of LVA current. In 4, LVA cur- A
rents were activated at —20 mV follow-
ing periods of 500 msec at voltages from
—110 to —-30 mV. The left and right
sets of traces show control and recovery
currents, respectively, while currents in
the presence of 1.2 mm halothane are
shown in the middle. R,, 12.5 MQ; C,,,
10.8 pF. In B, the peak amplitudes from B
the traces in A4 are plotted as a function
of voltage. Solid squares are control val-
ues, open squares are recovery values,
and triangles are valuesin 1.2 mm halo-
thane. The fit of a Boltzmann distri-
bution to the points is plotted over each
set of points (/ines). For this cell, half-
maximal inactivation occurred at —53
mYV in control saline and —56 mV in
halothane. In C, the points in B are plot-
ted after normalization to the peak cur-
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The sensitivity of LVA current in GH, cells is markedly less
than the reported sensitivity (50% block at 0.1 mm halothane)
of an LVA Ca?* current in rat DRG cells (Takenoshita and
Steinbach, 1990). In addition to the apparent difference in sen-
sitivity to halothane between GH; and dorsal root ganglion cell
LVA Ca?* current, the activation kinetics of the two currents
are quite different. The observed differences may reflect the
existence of distinct types of LVA currents in these two cell

types.

Mechanism of action of halothane

Reduction of HVA Ca?* current can occur by any of a number
of mechanisms, including receptor-coupled G-protein—induced
inhibition (Lewis et al., 1986), direct pharmacological blockade
(Cohen and McCarthy, 1987), Ca?>*-mediated inactivation (Kal-
man et al., 1988), or rundown possibly involving dephosphor-
ylation (Armstrong and Eckert, 1987). Our results, though not
in any way conclusive, support the view that halothane acts
directly on the Ca?* channel.

The possibility that Ca?*-mediated inactivation of HVA cur-
rent (Krnjevié, 1974; Krnjevi¢ and Puil, 1988) plays a role in
the effects of halothane is unlikely for three reasons: First, halo-
thane produced no increase in resting levels of Ca?* in GH; cells
(Stern et al., 1991). Second, the effect of halothane was similar
whether 10 mm BAPTA or 10 mm EGTA was used in the
intracellular pipette. It is unlikely that the release of Ca®* from
intracellular stores could appreciably elevate submembrane Ca2*
under such conditions. Third, a caffeine-releasable pool of in-
tracellular Ca?*, a potential target of halothane action (Beeler
and Gable, 1985; Mickelson et al., 1986), does not appear to
be present in GH, cells. The present results also provide some
information concerning the idea that halothane reduces HVA
current either by mimicking the action of a G-protein or by
activating a somatostatin-sensitive G-protein that inhibits the
Ca?* current (Lewis et al., 1986). A characteristic of G-protein—
mediated inhibition of HVA current in some cells is slowing of
activation and relief of blockade during depolarizing pulses at
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-50 -30 -110 -%0 -70 -50 =30
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very positive potentials (Luini et al., 1986; Bean, 1989b; Dol-
phin and Scott, 1989; Ikeda and Schofield, 1989). This was not
observed in the case of halothane. In addition, in preliminary
experiments the fractional reduction of HVA current produced
by halothane and time course of onset and recovery of halothane
blockade was identical following inclusion of the non-hydro-
lyzable guanosine triphospate analog, GTP-y-S, in the recording
micropipettes. Thus, these arguments suggest that involvement
of G-proteins in the mechanism of halothane-induced reduction
of HVA Ca?* current is unlikely.

The final point concerning the mechanism of blockade of
HVA current is that blockade appears to exhibit no significant
time dependence during the initial 10-20 msec of activation of
HVA current. This supports the view that, whatever the mech-
anism of blockade, blockade is fully developed at the time of
the first sampling point on the first activation of current in the
presence of halothane. Unfortunately, it was not possible to
distinguish whether blockade requires opening of the channel
or whether blockade develops in the absence of channel opening.

In contrast to the effect of halothane on HVA current, halo-
thane produced marked alterations in the kinetic properties of
LVA current. Such an alteration of kinetic behavior could result
from both direct and indirect actions of halothane on the LVA
channels, and the present results do not allow us to discriminate
between these possibilities. However, in terms of understanding
the mechanism of reduction of LVA current, it is important to
know whether the alteration in kinetic properties can account
entirely for the blockade of LVA current. Although the present
results were not intended as a detailed analysis of GH, LVA-
channel kinetic properties, an attempt was made to correlate
the halothane-induced alterations in kinetic behavior with the
effects of halothane on steady-state inactivation, activation, and
fractional blockade. Our results indicate that the halothane-
induced increases in activation and inactivation rates were not
sufficient to account for all the reduction of peak LVA current.
This discrepancy suggests that halothane may also reduce the
maximal number of LVA channels that can be opened during
a command step or reduce the current flow through the channels.
The effects of halothane on LVA kinetics are similar in some
ways to the effect of halothane on Na* current in which sub-



stantial alteration of Na* current kinetics is observed at con-
centrations of halothane that produce negligible change in the
peak Na* current amplitude.

Specificity in halothane action

One significant feature of this work is that the effect of halothane
on a number of different cellular processes and potential sites
of action was evaluated. Although halothane inhibits several
different membrane currents, effects of halothane on Ca?* cur-
rents occurred at substantially lower concentrations. In addition,
halothane was without noticeable effect on a number of other
phenomena that involve membrane-associated biochemical
steps. Halothane did not produce an elevation of intracellular
Ca?* in resting cells, nor did it inhibit the ability of TRH to
produce an inositol triphosphate—mediated elevation of [Ca2+],
(Stern et al., 1991). Similarly, halothane was without effect on
the ability of thyrotropin-releasing hormone (TRH) to stimulate
phosphoinositide hydrolysis (Stern et al., 1991). Thus, our re-
sults support the view that, at clinically relevant concentrations,
only a limited number of membrane-associated processes are
altered by halothane. In particular, we found that, of the pro-
cesses we have examined, only Ca?* current is sensitive to halo-
thane and only the reduction in Ca?* current can account for
the halothane-induced reduction of KCl- and TRH-induced se-
cretion.

Physiological significance of Ca’* current inhibition by
halothane

Clearly, alteration of Ca?* channel function can have critical
consequences for a number of cellular processes and, in partic-
ular, for synaptic transmission. It remains unclear which HVA
Ca?* channels may be involved in synaptic transmission (Bean,
1989a), and evidence in support of both L- and N-types of
channels has been presented (Rane et al., 1987; Hirning et al.,
1988). If an L-type HVA Ca?* channel analogous to those in
GHj; cells was involved in synaptic transmission, halothane would
be expected to produce inhibition of synaptic transmission.
However, it should be kept in mind that the functional categories
of LVA and HVA Ca?* current may represent families of chan-
nels with distinct pharmacological sensitivities such that effects
of halothane on Ca?* channels in GH, cells may not relate to
effects on particular neuronal preparations. Thus, the potential
consequences of L-current inhibition by halothane must await
better definition of the physiological role of different categories
of HVA current in different neurons.

Our results show that the effects of halothane on HVA Ca?*
current in GH, cells occur within a clinically appropriate range
(0.2-0.9 mm). However, it is unclear to what extent the relatively
modest reductions in Ca?* current amplitude at concentrations
less than 0.5 mm halothane would be functionally meaningful.
Two issues address this question: First, in the case of synaptic
transmission, the large cooperativity in the Ca>* dependence of
transmitter release (Dodge and Rahamimoff, 1967; Dingledine
and Somjen, 1981; Llinas et al., 1981) would imply that small
changes in Ca?* influx might have large effects on amount of
transmitter released. Thus, small reductions may be sufficient
to produce substantial depression of Ca**-dependent processes.
Second, it is interesting to consider that the magnitude of in-
hibition of Ca?* current produced by endogenous modulatory
actions typically involves less than 50% blockade of Ca?* current
even at maximal concentrations of inhibitor (Lewis et al., 1986;
Bean, 1989b; Dolphin and Scott, 1989; Ikeda and Schofield,
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1989). Thus, significant functional alterations may be expected
to occur in response to relatively modest reductions in Ca?*
current.

Because of the large number of effects of volatile anesthetics
that have been described, there is some opinion that the anes-
thetic effect may not result from action on a single functional
target. Our results support the view that, though halothane may
affect multiple components of membrane current in GH, cells,
only Ca?* currents are sensitive to halothane within the clinical
concentration range. At least in GH; cells, halothane exhibits
clear specificity in its action. However, it is clear that other
effects ofhalothane do occur in appropriate concentration ranges
(Nicoll and Madison, 1982; Franks and Lieb, 1988). One view
supported by the present work is that, though there may be
multiple clinically important molecular targets of general an-
esthetic action, the number of these targets may be more limited
than often imagined.
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