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Halothane Blocks 
Sensory Neurons 

Low-Voltage-activated Calcium Current 
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Although volatile anesthetic agents have been used clini- 
cally for many years, the mechanisms by which they act on 
the nervous system to produce anesthesia are not known. 
A possible site of action is the voltage-gated calcium-se- 
lective channel (Kmjevic and Puil, 1988). Accordingly, the 
action of the halogenated alkane anesthetic halothane on 
voltage-dependent Ca currents in neonatal rat sensory neu- 
rons was examined using whole-cell patch-clamp record- 
ings. Halothane reversibly reduced the low-voltage-activat- 
ed Ca current with an EC, of about 100 @t. Similar effects 
were seen using a halogenated ether anesthetic (isoflurane) 
and in sensory neurons from adult rats. At higher concen- 
trations, both halothane and isoflurane reduced the high- 
voltage-activated Ca current. Because low-voltage-activat- 
ed Ca current has been postulated to be involved in the 
control of neuronal excitability and bursting (Llinas, 1988), 
this block may explain some of the clinical actions of volatile 
anesthetics. 

The mechanisms by which volatile anesthetics produce clinical 
anesthesia are not understood. It is clear that at clinically rel- 
evant concentrations they have relatively little effect on con- 
duction in peripheral axons, so it has been suggested that they 
act on some aspect of synaptic transmission (Larrabee and Pos- 
temak, 1952; Richards, 1983). More recent work has indicated 
that some voltage-gated membrane channels may be affected. 
In particular, neuronal voltage-dependent calcium currents have 
been implicated as a possible site ofaction. It has been suggested 
that volatile anesthetics depress evoked transmitter release by 
reducing Ca entry (Takenoshita and Takahashi, 1987), and mea- 
surements of evoked quanta1 content at Ia synapses onto mo- 
tomeurons show a reduction (Kullmann et al., 1989). Further- 
more, halothane has been found to reduce voltage-gated Ca 
current in hippocampal neurons (Krnjevic and Puil, 1988). There 
are several classes of voltage-gated Ca currents (Bean, 1989); 
the most distinct are the low-voltage-activated (LVA, or “T”) 
current and the high-voltage-activated (HVA, or “N” and/or 
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“L”) current. LVA Ca current is activated at relatively negative 
membrane potentials (-50 mV), is a transient current (inacti- 
vating in tens of milliseconds), and undergoes steady inactiva- 
tion at negative membrane potentials(half-inactivation negative 
to -50 mV). Although there is some debate about how many 
distinct types of HVA currents there are (see Bean, 1989) HVA 
Ca current is activated at more positive potentials (-20 mV), 
is more maintained during a voltage-clamp pulse, and undergoes 
steady inactivation at more positive potentials than LVA cur- 
rent. The LVA and HVA Ca currents apparently fulfill different 
physiological roles in neurons. The LVA current is postulated 
to underlie depolarizing afterpotentials that can produce burst- 
ing behavior and may influence overall neuronal excitability. 
HVA current apparently carries the Ca influx required for release 
of neurotransmitters (Llinas, 1988; Bean, 1989). 

Because of the existing reports of an effect of volatile anes- 
thetics on Ca current, we undertook a study of the effects of 
halothane (1, 1,l -trifluorobromochloroethane) on Ca currents in 
rat dorsal root ganglion (DRG) cells. Halothane reversibly re- 
duced LVA and HVA currents in these cells. Block of LVA 
current was especially potent, with a half-blocking concentration 
of about 100 KM. 

A report of these findings has been published in abstract form 
(Takenoshita and Steinbach, 1990). 

Materials and Methods 
The methods were based on those described by Schroeder et al. (1990a). 
In brief, neonatal (0- or I d-old) SpragueDawley rats were anesthetized 
with halothaae and decapitated. Dorsal root ganglia were dissected out, 
incubated in Hank’s balanced salt solution, with no added Mg ions, and 
25 PM CaCl, containing collagenase (0.1 mg/ml; type. CLSZ, Worthing- 
ton Bioehemicals, Freehold. NJ) and trvosin (0.1 ma/ml: Gibco. Grand 
Island, NY) for 30 mm at 37”C.‘Gangl&‘were rinsed, then dispersed by 
trituration in growth medium minus NGF (see below). Drops of cell 
suspension in growth medium minus NGF were plated on collagen- 
coated coverslips. Cells were allowed to settle for 2 hr at 37”c, then 2 
ml of growth medium plus 50 rig/ml &NGF (isolated from mouse 
submaxillary glands and kindly provided by Dr. E. Johnson, Jr., Wash- 
ington University School of Medicine) were added to the 35-mm culture 
dish containing the coverslips. Dishes were returned to the incubator 
until use. Growth medium (Schroeder et al., 1990b) was composed of 
Ham’s F12 (Gibeo) with 5% heat-inactivated horse serum, 44 mM glu- 
cose, 2 mM glutamine, 1% 100x minimum essential medium vitamin 
stock (G&o), 100 U/ml penicillin, 100 &ml streptomycin, and 1% 
N3-additives concentrate (composed of 1 mg/ml BSA, 20 mg/ml human 
transfenin, 3.2 mg/ml putreseine hydrochloride, 1.04 &ml sodium 
selenite, 2 &ml triiodothyronine, 1 mg/ml insulin, 1.25 &ml proges- 
terone, and 4 &ml corticosterone). 

Cells were studied at room temperature (21-23°C) using the whole- 
cell patch-clamp method between 12 and 20 hr after dissociation. Pi- 
pettes were prepared from KG33 borosilicate glass and coated with 
Sylgard 184 (Dow-Coming, Midland, MI) to within 50 pm of the tip. 
Pipette resistances were between 3 and 5 MR. Cells were chosen by 
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morphology, because it was impossible to adequately space clamp a cell 
if it had visible processes. Once the whole-cell configuration had been 
gained, cells were accepted for further study if the series resistance read 
from the dial of an EPC-7 clamp amplifier (Medical Systems Corp., 
Greenvale, NY) was less than 10 MR and the series resistance could be 
compensated by 65% or more. The initial 5 min of a record were used 
to determine that the series resistance and the voltage-dependent Ca 
current were stable. At the end of this time, the Peak inward current at 
-30 mV needed to be at least 100 pA. If these criteria were met, 
anesthetics were applied to the cell. In all, 25 neonatal cells were studied. 
The Peak current at -30 mV (representative of low-voltage-activated 
or LVA Ca current) ranged from 100 to 1600 pA (324 + 3 18 pA, mean 
* SD). Normalized bv cell canacitance. the mean was 15 + 15 DA/DF. 
The &k current at $20 mV-(representative of high-voltage-activated 
or HVA Ca current) ranged from 970 to 6930 pA (2 1 I2 _+ 1580 pA or 
100 + 66 pA/pF). The mean series resistance after compensation was 
calculated to be 1.6 f  0.6 MR (N = 25). The calculated control error 
due to uncompensated series resistance was 0.4 +_ 0.3 mV for peak 
LVA current and 3.1 f  2.0 mV for peak HVA current. The maximal 
control error for HVA current was 9.4 mV in an adult cell with 7800 
pA of peak HVA current. There was no correlation between the efficacy 
ofblock ofeither LVA or HVA current with absolute current magnitude. 

Voltage steps were applied to the cells using P-CLAMP software (Axon 
Instruments, Foster City, CA) and a 386-based computer. Data were 
filtered at 2-3 kHz with an I-pole Bessel filter (Frequency Devices, 
Haverhill. MA) and samnled at 50- or IOO-rrsec intervals. Leak and 
residual c&city currents’were subtracted using a scaled average of 10 
responses to hyperpolarizing steps (usually -80 to -100 mv). Data 
were analyzed using several programs, including CLAMPAN (Axon In- 
struments), ~nmrrs and NFITS (generously provided by C. Lingle, Wash- 
ington University School of Medicine), and DUP (a program that fits 
multiple exponentials, generously provided by D. Maconochie, Wash- 
ington University School of Medicine). 

The recording solutions were those used by Schroeder et al. (1990a). 
The bath contained tetraethylammonium (TEA) Cl (135 mM), CaCl, 
(10 mM), and HEPES (10 mM): pH, 7.4 (adjusted with TEA-OH); 330 
mOsm (adjusted with glucose). The pipette contained CsCl (100 mM), 
MgClz (2.5 mM), CaCI, (2.9 mM) plus EGTA (10 mM; free Ca of 100 
nM), HEPES (40 mM), ATP (I mM), GTP (0.3 mM; Aldrich Chemical 
Co., Milwaukee, WI), and phosphocreatine (8.8 mM); pH, 7.0 (adjusted 
with CsOH); 330 mOsm. All chemicals were obtained from Sigma 
Chemical Corp. (St. Louis, MO), unless otherwise indicated. 

All experiments were done at room temperature (2 I-23°C). Expeti- 
ments were done in a small Plexiglas chamber (vol, -0.25 ml). The 
chamber was constantly perfused at about 1 ml/mitt, either with bath 
saline or with bath saline containing anesthetic. Anesthetic solutions 
were applied from 60-ml glass syringes connected through a Teflon four- 
way valve (Hamilton Co., Reno, NV). All plumbing was stainless-steel 
tubing (26~ga thin wall, Small Parts, Miami, FL), except for short flexible 
joints made from polyethylene tubing. Earlier failures had indicated the 
importance of a closed delivery system and the use of as little plastic 
as possible if accurate concentrations of anesthetic were to be delivered. 
Anesthetic solutions were made from saturated solutions prepared by 
equilibrating saline overnight at 20°C over halothane or isoflurane (sat- 
urated concentrations at 20°C are about 17 mM and 15 mM, respectively; 
see Firestone et al., 1986). 

Anesthetic concentrations were determined at the end of a series of 
experiments by allowing solution to flow into the chamber for 2 min, 
then collecting the contents of the chamber. Anesthetic concentrations 
were determined by gas chromatography using the methods published 
by Stem et al. (1989). The bath concentrations measured, in PM, were 
as follows [given as median (range; number of determinations)]: 50 PM 

nominal, 60 (50-70; 8); 100 JIM, 105 (100, 110; 2); 250 HIM, 230 (180- 
270; 6); 500 IM, 480 (280-630; 4); 1000 PM, 850 (710-850; 3). In the 
text, the nominal concentration is used; in the dose-response curves, 
the measured bath concentrations are shown except for a few points for 
which it was not measured. 

The halothane used was purchased as Fhtothane (Ayent Laboratories, 
New York. NY): the isoflurane was Forane (Anaauest. Madison. WI). 
Isoflumne has no stabilizing or preservative agents addeh, but halothane 
has 0.0 1% (w/w, or 0.00013 mole fraction) thymol added. The oil/water 
partition coefficients for halothane and thymol are comparable (thymol, 
- 500; halothane, -200; Stecher, 1968) so it is likely that the final 
concentration of thymol in buffer is about l/10,000 that of the halo- 
thane. The maximal concentration of thymol in the halothane solutions 

used would then be about 0.2 FM. A related alcohol (menthol) reduces 
LVA currents in DRG neurons, but with an EC,,, of 300 FM (Swanduha 
et al., 1987). 

Average values are given as mean +- standard deviation (number of 
observations), unless specified otherwise. The significance of differences 
was estimated using the two-tailed t test on unpaired observations of 
unequal variance. Confidence limits are given for parameters in indi- 
vidual fitted curves in some figure legends; these are given as nonlinear 
90% confidence limits. 

Results 
The basic properties of the inward current seen in these cells 
and ionic conditions were identical to those reported by Schroe- 
der et al. (1990a) and others (e.g., Bossu and Feltz, 1986; Car- 
bone and Lux, 1987; Kostyuk and Shirokov, 1989). During 
depolarizing steps from a holding potential of - 80 mV or more 
negative, the major currents were a transient inward current 
seen at potentials from -50 mV to about -20 mV and a larger 
and more maintained current seen at potentials positive to -20 
mV (Fig. 1A). Previous workers have identified these currents 
as flowing through voltage-gated Ca-selective channels. In our 
hands, the currents were greatly reduced when external Ca was 
replaced with Mg ions and when Cd (3 mM) was included in 
the external solution (data not shown). For these reasons, we 
consider these currents to he Ca currents. We also saw a transient 
outward current in some cells (e.g., Fig. 1). This current was 
seen at test potentials positive to -20 mV. This current dis- 
appeared when cells were held more positive than -40 mV, 
was insensitive to 1 PM tetrodotoxin, and was not seen in all 
cells. We have not characterized this current further, but its 
presence may well have affected the rising phase of the inward 
Ca current. In a few cells that had very small Ca current but 
large transient outward current, it appeared that the outward 
current peaked by 10 msec and decayed rapidly. 

Halothane reduces the peak amplitude of Ca current 

Our basic observation is illustrated in Figure 1: applications of 
halothane rapidly and reversibly reduced the amplitude of the 
Ca current in these cells. The effect appeared to he much stronger 
on the transient inward current evoked at relatively negative 
membrane potentials (LVA Ca current) than on current at pos- 
itive test potentials (HVA Ca current; Figs. 1, 2). 

To obtain a dose-response relationship, we defined a measure 
of the peak LVA channel current as the peak current measured 
at a test potential of -30 mV from a holding potential of -80 
mV, and the peak HVA current as the peak current measured 
at +20 mV from a holding potential of -80 mV. As shown in 
Figure 3, halothane reversibly reduced both peak currents but 
had a much stronger effect on LVA current at a given concen- 
tration. 

The effects of halothane developed as rapidly as chamber 
perfusion, within 30-60 sec. This is considerably more rapid 
than some reports, in which the time course of the effect was 
presumably slowed by slow equilibration of halothane with the 
preparation. Recovery from halothane could take several min- 
utes (Fig. 3); the reason for the slower recovery than onset was 
not investigated further. 

Because there is some instability in the amplitude of the Ca 
currents (Fig. 3), a qualitative dose-response relationship was 
constructed by taking the steady level reached during exposure 
to halothane and dividing it by the linearly interpolated value 
between the maximal surrounding control currents. The result- 
ing dose-response relationship is shown in Figure 4. Halothane 
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Figure 1. Halothane reduces LVA Ca current reversibly. Three sets of currents evoked in a neonatal rat DRG cell are shown: before halothane 
(A), currents 4 min after starting application of 250 PM halothane (B), and currents 2 min after starting washout of halothane (C’). The upper traces 
in each panel show currents evoked at -40, -30, -20, - 10, and 0 mV (emphasizing the LVA current); the lower truces show currents at 10, 20, 
30,40, and 50 mV (emphasizing the HVA current). The cell was held at -80 mV, and the currents were evoked by 50-msec voltage steps to test 
potentials from -40 to +50 mV; steps were separated by 3-set intervals at the holding potential. The entire protocol was repeated at I-3-min 
intervals. 

clearly has a more potent effect on LVA Ca current than on 
HVA Ca current. 

It was possible that the relative weakness of the block of HVA 
current was because any effect of halothane depended on the 

-40 -20 0 al 40 so 

TEST POTENTlAL (mv) 

Figure 2. Current-voltage relationships in the presence and absence 
of halothane. Peak currents are plotted against test potential for the data 
traces shown in Figure 1 (open squares, control; solid circles, 250 PM 
halothane; open diamonds, recovery). The shoulder of inward current 
seen at more negative test potentials is preferentially reduced by halo- 
thane. 

membrane potential. Therefore, in some cells the peak current 
at 20 mV was measured from holding potentials of - 50 or - 30 
mV. With 500 or 1000 PM halothane, there was no apparent 
effect of holding potential. The ratio of the fraction of HVA 
current remaining in halothane in steps from -50 mV to that 
in steps from -80 mV was 1 .OO + 0.09 (mean f SD; nine 
applications), and the ratio for steps from - 30 mV was 0.92 + 
0.13 (eight applications). The ratios did not differ significantly 
from 1 (p > 0.1, t test). These observations also suggest that 
halothane affects inactivating and noninactivating components 
of HVA Ca current. 

The dose-response curve for LVA Ca current is not well de- 
scribed by a simple binding isotherm; the line in Figure 4A is 
a plot of the Hill equation with an apparent Kd of 100 PM and 
a Hill coefficient of 0.4. There are several possible explanations 
for such a flat dose-response curve. One is that there is some 
contribution of HVA current activated at -30 mV, which is 
not as strongly affected by halothane, and hence would contrib- 
ute a portion of “LVA” current that would not be blocked. In 
some cells, there was more than 100 pA of inward current at a 
test potential of -40 mV. In these cells, there was no significant 
difference in the efiicacies of block at -30 mV and -40 mV 
(ratio of fractions remaining at -30 mV to that at -40 mV, 
1.1 + 0.5; 12 applications of 500 or 1000 PM halothane). In 
four applications, there was a larger fraction of current remain- 
ing in steps to -30 mV, whereas in eight applications, there 
was a smaller fraction. A second possible explanation is that, 
in some cases, recovery of the LVA current appeared to be 
protracted (Fig. 3). It is possible that the “control” current am- 
plitude was underestimated for applications after the first one. 
Because anesthetics were usually applied at increasing doses, 
this could produce an apparent flattening and would also in- 
crease the scatter. A third explanation for the flat dose-response 
curve is that the maximal block is not complete and might differ 
between cells (e.g., Fig. 3). 
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Figure 3. Halothane reduces Ca currents reversibly. Peak currents at test potentials of - 30 mV (solid circles and fines, LVA) and + 20 mV (open 
circles, HVA) are shown as a function of time during the whole-cell recording Halothane was applied to the cells as indicated on the abscissa. A 
shows data from the cell illustrated in Figures I and 2; B shows data from another neonatal cell. C shows data from an adult DRG cell exposed 
to 50 PM halothane (50 and i&mane (501). Lines have been drawn to connect LVA currents; to emphasize the timing of anesthetic applications, 
the lines are drawn at the level of the preceding current until tbe time of application (flat segments and cusps without data points). Note that the 
effect on LVA current may saturate at less than complete block, and the maximal block may differ among cells. LVA and HVA current amplitude 
showed some changes with time, both decreases and increases. Tbe maximal currents seen were A: LVA, -980 pA; HVA, -3800 PA; B: LVA, 
- 145 pA; HVA, - 1950 pA; C LVA, -560 pA; HVA, -2540 pA. 
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Figure 4. Halothane reduces LVA Ca current at lower concentrations than HVA current. The percentage of control current remaining in the 
presence of anesthetic is plotted against anesthetic dose for peak currents elicited at -30 mV (A, LVA) and +20 mV (B, HVA). Most data were 
obtained with halothane applied to neonatal cells (open circles); data obtained with isoflurane applied to either adult or neonatal cells (solid triungles) 
and with halothane applied to adult cells (solid circles) are also shown. The fines through the points show fits of the Hill equation Y(x) = I/[ I + 
(X/K,)‘]. where Y is percent of current remaining and X is halothane concentration. Curves were fit to data obtained with halothane applied to 
neonatal cells (open circles). Fitting was done using the NFITS program; tbe values for the curves shown are LVA current, K,, = 100 k 40 PM, n = 
0.4 rt 0.1; HVA current, K, = 1500 f  260 PM, n = 1.2 ? 0.2. Altogether, data are shown for 25 neonatal cells exposed to 45 applications of 
anesthetic, and 4 adult cells exposed to 10 applications. 
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Figure 5. The voltage dependence of steady-state inactivation of LVA GI current is not altered by halothane. Currents elicited at -40 mV in an 
adult DRG cell after conditioning at different potentials are shown in the two left panels (A, control; B. 1 mitt after start of application of 50 PM 
halothane; conditioning potentials for traces shown are -100, -80, -60, -50, and -40 mv). A plot of Fraction of maximal current against 
conditioning potential (C) shows no shift in the presence of halothane (solid circles), though the maximal current was reduced to 67% of control 
(see A, B). The lines in C show fits of the equation Y(x) = F/( 1 + exp[ -(X - v&k), where Y is the observed fraction of maximal current, X is 
conditioning potential, F is the fitted maximal current, V, is the potential at which current is reduced 50%, and k is a slope factor. The curves 
shown have values V3,, = -54 mV, k = -6.0 mV (control) and V, = -54 mV, k = -5.5 mV (halothane), with confidence limits of +2 mV for 
V,O and f  1 mV for k. The cell was held at - 100 mV. At 3-set intervals, a conditioning pulse lasting 1 set was applied, conditioning pulses were 
to potentials of - 120 to -40 mV in IO-mV steps. At the end of each conditioning pulse, the membrane potential was stepped to - 100 mV for 
15 msec, then LVA current was evoked at -40 mV with a 25msec pulse. At the end of the test pulse, the potential was returned to - 100 mV. 

C 
1.0 

0.2 

I I 

TEST POTENTIAL (mv) 

Figure 6. Halothane does not affect the voltage dependence of activation of LVA Ca current at negative potentials. LVA Ca current was elicited 
in a neonatal DRG cell in control solution (A) and 2 min after start of application of 50 PM halothane (B). Traces am shown of currents elicited 
at potentials of -60, -50, -40, -30, and -20 mV. C shows normalized peak I-Vcurves for currents in control solution (open circles) and in the 
presence of halothane (solid circles). The lines drawn are fits of the Boltzmann relationship, with values for V,, of -44 + 1 mV (control) and -44 
? 0.4 mV (halothane), and for k of 4 + 1 mV (control) and 5 + 0.5 mV (halothane). The cell was held at - 100 mV. Every 3 see, a 50-msec test 
pulse was applied to potentials of -60 to - 15 mV in 5-mV increments. 
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The effect of halothane does not involve a change in the 
voltage dependence of L VA Ca-channel inactivation 

Halothane has been reported to reduce peak sodium current 
amplitudes elicited from a given holding potential by shifting 
the steady-state inactivation curve towards more negative po- 
tentials, so fewer sodium channels are available to be opened 
at a given holding potential (Ikemoto et al., 1986; Ruppersberg 
and Riidel, 1988). To test whether this possible mechanism was 
likely, we held cells at - 100 mV, then applied 1 -set conditioning 
pulses to potentials from - 120 to -40 mV. As can be seen in 
Figure 5, the currents elicited at a test potential of -40 mV 
were equally depressed by halothane at all conditioning poten- 
tials. The dependence of steady-state inactivation on condi- 
tioning voltage was examined by fits of the Boltzmann equation 
(see Fig. 5 caption). In all, 19 inactivation curves were obtained 
in the absence of halothane (nine neonatal and two adult cells) 
and gave values for the half-inactivation voltage (V,J of -6 1 
+ 4 mV and steepness parameter(k) of -7.0 + 1.2 mV. Curves 
in the presence of halothane were obtained from one adult and 
four neonatal cells, at concentrations ranging from 50 to 500 
PM halothane (nine curves in all). There was no negative shift 
in inactivation: the mean V,, value was - 57 -+ 4 mV (p < 0.05). 
The steepness parameter was slightly increased to -7.8 + 2.0 
mV (p < O.l), which would result in a slight flattening of the 
inactivation curve. There was no obvious dependence of either 
parameter on halothane concentration, comparing across con- 
centrations for a single cell or for the entire data set. 
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The voltage dependence of L VA current 
apparently not altered by halothane 

activation is 

The voltage dependence of peak LVA current appeared to be 
little affected by halothane. Test pulses to potentials in the range 
of - 60 to - 15 mV (to activate preferentially the LVA Ca cur- 
rent) resulted in peak I-V curves that were depressed but not 
shifted along the voltage axis (Fig. 6). For descriptive purposes, 
a Boltzmann equation was fit to the normalized peak I-Vcurves. 
The V>,, value was not affected by halothane; in control saline, 
the mean V,, was -38 + 3 mV (N = 18 curves in seven cells), 
whereas in halothane (50-500 PM), the mean was -38 +_ 4 mV 
(N = 9 in five cells). Similarly, the mean steepness was 5.5 + 
0.8 mV for control curves and 6.1 f 1.3 mV in the presence of 
halothane. Values obtained in the presence of halothane did not 
differ signficantly from those in control solutions @ > 0.1). 
These observations indicate that the voltage dependence of peak 
LVA current is not shifted by halothane, even though the am- 
plitude is reduced. 

Some preliminary examination of LVA current kinetics was 
made, to determine whether halothane altered activation or 
inactivation rates. Inspection of the traces in Figure 7A indicates 
that there is no major change in the kinetics of the tail currents 
seen upon repolarization to - 100 mV. Tail currents from a test 
potential of -30 mV were examined, to avoid contamination 
with HVA currents. The tail currents decayed along a time 
course that was well described as the sum of two exponent&; 
the major component (>85% of the amplitude) had a time 
constant ofabout 2 msec, while the minor component was small- 
er and slower (about 10 msec; see Fig. 7A; similar records are 
shown by Carbone and Lux, 1987). The major component has 
a time constant close to that reported previously for deactivation 
rates of LVA currents in rat DRG cells (Carbone and Lux, 1987; 
Kostyuk and Shirokov, 1989), so the effect of halothane on it 

Figure 7. Halothane does not affect activation kinetics. A shows su- 
perimposed traces of the end of the current evoked at - 30 mV followed 
by the tail currents recorded when the cell was repolarized to - 100 mV 
in control (larger current) and halothanecontaining (smaller current) 
solution. The horizontal line indicates the zero current level. The com- 
plete traces for these tail currents are shown in Figure 6A, B. Super- 

imposed on the data points are fits of the sums of two exponentials in 
each case. The values for the curves shown are as follows: control slow 
component amplitude, -89 * 6 pA (time constant, 10 If: 1 msec); 
control faster component amplitude, - 1634 + 25 pA (time constant, 
1.3 _+ 0.03 msec); halothane slow component amplitude, - 10 1 _+ 6 pA 
(time constant, 8 + 0.6 msec); halothane faster component amplitude, 
-1055 + 19 pA (time constant, 1.2 * 0.02 msec). Note that the re- 
duction of tail current amplitude is comparable to that of the peak 
current. B shows the initial time course of the currents evoked at -30 
mV in control (larger current) and halothane-containing (smaller cur- 
rent) solutions. Again, complete traces are shown in Figure 6A. B. 
Superimposed on the traces are fits of an m2h Hodgkin-Huxley equation. 
The values for the fits shown are control: amplitude, -3385 + 8 pA, 
T,, 7.6 f 0.3 msec; T,,, 28 ? 1 msec; halothane: amplitude, - 1270 + 
4 PA, 7,, 7.4 + 0.4 msec; T,+, 41 + 0.2 msec. Note that the theoretical 
amplitude is more strongly reduced by halothane than is the peak am- 
plitude, because the calculated effect of the inactivation on the peak 
current is reduced when the rate of inactivation is slowed. 

was examined. At - 80 mV, the time constant in control solution 
was 2.5 + 0.6 msec (N = 14 currents in six cells), while in the 
presence of halothane (SO-500 PM), the time constant was 2.37 
+ 0.5 (nine currents in five cells). At - 100 mV the time constant 
in control solution was 1.63 f 0.3 msec (14 currents in five 
cells), and in halothane was 1.56 + 0.4 msec (eight currents in 
four cells). There was no effect of halothane on the deactivation 
time constants (p > 0.5 in each case). However, the amplitude 
of the tail current was reduced by halothane essentially as much 
as the peak inward current. The ratio of the fraction of tail 
current amplitude remaining in the presence of halothane to the 
remaining fraction of peak current amplitude in that record was 
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1.1 + 0.1 at - 80 mV (nine applications to five cells) and 1.2 
+ 0.4 at - 100 (eight applications to four cells; p > 0.05 in both 
cases). Hence, halothane apparently has no effect on deactiva- 
tion rates of LVA channels at negative potentials, but does 
reduce the tail current amplitude to a similar extent as the 
inward current at -30 mV. 

The analyses so far indicate that the voltage dependence of 
the steady-state inactivation, the voltage dependence ofthe peak 
activation, and the deactivation rate for LVA current are not 
altered by halothane. However, inspection of the traces in Fig- 
ures 1 and 6 indicates that some changes in the time course of 
the current do occur (e.g., traces at -30 mV). The time to peak 
is slightly increased, and the extent of inactivation is decreased, 
so the current appears to be less peaked. A model-dependent 
preliminary analysis was made of the waveforms at -30 mV 
using a Hodgkin-Huxley equation. Initial trials indicated that 
either mzh or m’h forms described the data adequately, and the 
m’h form was used (Fig. 7B). These analyses suggested that the 
major change was an increase in the time constant for macro- 
scopic inactivation (T,,), with little change in the time constant 
for macroscopic activation (7,). At -30 mV, the mean T,,, in 
control solution was 9.2 f 2 msec (15 records from seven cells), 
while in halothane (SO-500 PM), the mean was 7.4 + 2.3 msec 
(nine records from seven cells). The difference is marginally 
significant (0.05 < p < 0.1) but is probably real because in all 
seven cells the time constant was shorter in the presence of 
halothane. The mean T*S were 64 + 36 msec (control) and 105 
+ 44 msec (halothane). This difference is significant at 0.025 < 
p < 0.05, and again the shift was seen in all seven cells examined. 
There was no obvious concentration dependence to the length- 
ening, though this might well reflect the limited data set. The 
small change in activation rate is in agreement with the absence 
of a change in deactivation rate found in the analysis of tail 
currents. No mechanistic interpretation of these macroscopic 
rates can be made, especially as they were derived in the context 
of a particular kinetic model. However, the changes are in the 
opposite direction to those that would be expected to reduce 
the peak current. 

Overall, these analyses have not found major effects of halo- 
thane on the kinetics of LVA currents that explain the reduction 
in peak amplitude. 

Isoflurane has similar effects 

Isoflurane is a halogenated volatile anesthetic, but is an ether 
rather than an alkane. To determine whether other volatile an- 
esthetics also affected LVA Ca current, we tested isoflurane on 
some cells. Although too few experiments were done to estimate 
accurately the potency of isoflurane, its ability to block LVA 
Ca currents is clearly apparent at concentrations as low as 50 
MM (Figs. 3, 4). 

Halothane blocks LVA current in DRG cells from adult rats 

In a single experiment, we examined the effects of halothane 
and isoflurane on cells from adult rat DRG cells (the cells were 
kindly provided by M. Mamo, Washington University School 
of Medicine). The effects of halothane and isoflurane on four 
cells in this preparation were indistinguishable from effects on 
neonatal cells (Figs. 3-5). 

Discussion 
Our results indicate that halothane and isoflurane act on rat 
sensory neurons to reduce the amplitude of LVA Ca current. 

The kinetic mechanism by which the LVA current is reduced 
is not known. The data on the voltage dependences ofactivation 
and inactivation are consistent with the idea that either some 
channels are completely removed from the activatable pool, or 
the single-channel conductance is reduced. However, there is 
some indication that the rate of channel inactivation is affected 
by halothane. Final determination ofthe mechanism will require 
additional experiments designed specifically to address this 
question. 

Because LVA current is more effectively blocked than HVA 
current, some selective action of halothane is implied. This 
could result from an effect on a nonchannel protein; for example, 
the LVA channel could be more sensitive to alterations in a 
modulatory protein or subsequent steps in a pathway. Such 
selective modulation is known to occur in rat DRG cells, because 
phorbol 12-myristate 13-acetate reduces LVA current ampli- 
tude while leaving HVA current relatively unaffected (Schroeder 
et al., 1990a; but see Gross and MacDonald, 1989). Altema- 
tively, the local membrane environment around the LVA chan- 
nel could be preferentially perturbed, the LVA channel protein 
might be more sensitive to perturbation, or anesthetic may in- 
teract preferentially with the LVA channel protein. None of 
these alternatives are favored by the present results. 

Both halothane and isoflurane blocked LVA current in almost 
ail cells tested (one cell tested only with 50 PM halothane showed 
no block). The maximum block is not known; 90% block was 
seen in some cells. However, the dose-effect curve was very 
poorly described by a simple binding isotherm, showing a Hill 
coefficient of 0.4. This observation cannot be given any mech- 
anistic interpretation, because the reason for such a flat curve 
is not known. Two of the possibilities are that the currents are 
contaminated by some HVA current (which is relatively in- 
sensitive), or that the maximal block is not complete. The pos- 
sibility of incomplete block is raised by some previous phar- 
macological studies of LVA currents using drugs that are 
relatively specific for block of LVA over HVA Ca current. The 
anti-petit ma1 seizure drugs ethosuximide and dimethadione 
reduce the amplitude of LVA current in thalamic relay neurons 
(Coulter et al., 1989b). In this case, the maximal inhibition is 
only about 40% (with an EC,, of 200 PM) and about one-quarter 
of the cells tested had LVA current that was insensitive to the 
drugs. Amiloride can fully block LVA current in N 18 neuroblas- 
toma cells, with an EC,, of 30 PM (Tang et al., 1988). Amiloride 
also blocks LVA current in adult rat DRG neurons (Carbone et 
al., 1990a), but is less effective against LVA current in human 
IMR32 neuroblastoma cells (Carbone et al., 1990b) and is in- 
effective on LGN neurons (Suzuki and Rogawski, 1989). These 
pharmacological results suggest that LVA current may be het- 
erogeneous, between cell types and possibly even within a single 
cell. For this reason, further experiments will be required before 
the effects of halothane seen in DRG cells can be generalized 
to other neurons. 

The half-blocking concentration of halothane for LVA current 
is about 100 PM for neonatal DRG neurons. The inhaled con- 
centration necessary to anesthetize a rat is about 1.2% (v/v; 
Evers et al., 1986). This vapor pressure corresponds to an equi- 
librium concentration in saline of about 0.3 mM (at 37”C), which 
gives an estimate of the concentration of free anesthetic in bi- 
ological fluids, though the effective concentration in the nervous 
system is not known. Caution must be exercised in extrapolating 
the effects observed in this report at room temperature to those 
seen at body temperatures, because it is known that the kinetics 
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and modulation of Ca currents can be strongly temperature 
dependent (Cavalie et al., 1985; Schroeder et al., 1990a). How- 
ever, the block of LVA current in rat DRG ceils clearly occurs 
at concentrations of anesthetic achieved during surgical pro- 
cedures. 

Although HVA currents were less sensitive than LVA cur- 
rents, the mean block at nominal 250 FM halothane was 8 + 
4% (eight applications), and at 500 PM, 23 -+ 8Oh (eight appli- 
cations). Thus, significant block of HVA currents can occur in 
these cells over the effective concentration range. 

The physiological role of LVA currents is thought to be two- 
fold. LVA current can underlie the depolarizing afterpotential 
that results in bursting by neurons (Llinas, 1988; Suzuki and 
Rogawski, 1989; White et al., 1989). Also, LVA current can 
affect the overall excitability of a neuron because it activates at 
a more negative potential than voltage-gated sodium current. 
Hence, LVA current activation can serve to initiate a full-blown 
action potential from relatively negative membrane potentials 
(Llinas and Yarom, 198 1; Coulter et al., 1989a). Block of LVA 
currents would therefore be expected to reduce the bursting 
activity and excitability of some neurons. Because some adult 
rat DRG neurons show bursting activity driven by LVA currents 
(White et al., 1989), some analgesic effect of halothane might 
result from block of these currents. Furthermore, neuronal 
bursting has been associated with seizure activity, and some 
antiseizure drugs have been shown to reduce LVA currents 
(Coulter et al., 1989b). 

The high sensitivity of LVA Ca current in these cells is sur- 
prising, because previous studies of voltage-gated currents have 
indicated that clinically used concentrations of volatile anes- 
thetics have little or no effect (Haydon and Urban, 1983, 1986; 
Ikemoto et al., 1986; Ruppersberg and Riidel, 1988; Herrington 
et al., 1990). Indeed, major possible neuronal targets of volatile 
anesthetics have been proposed to be GABA receptors (Nicoll, 
1972) and K’-selective channels other than classical voltage- 
sensitive ones (Nicoll and Madison, 1982; Franks and Lieb, 
1988). Inhibitory postsynaptic currents mediated by GABA are 
prolonged up to twofold by volatile anesthetics, though most 
studies have used concentrations higher than clinical (Scholfield, 
1980; Gage and Robertson, 1985). Halothane potentiates re- 
sponses to low doses of GABA, but markedly enhances the rate 
and extent of desensitization produced by higher concentrations 
(Nakahiro et al., 1989). A recent paper compared responsiveness 
of cortical neurons to several neurotransmitters in the absence 
and presence of halothane and isoflurane (Puil and El-Beheiry, 
1990). In these experiments, the most sensitive response was 
an excitatory one mediated by muscarinic receptors, which was 
strongly blocked at clinically effective concentrations of anes- 
thetics. This observation may be related to the recent report 
that halothane and isoflurane depress an ATP-stimulated mixed 
Na-K conductance (“I,,“) in bullfrog sensory neurons (Toki- 
masa et al., 1990). Several reports have been made that volatile 
anesthetics produce a membrane hyperpolarization by an in- 
crease in K-selective conductances in vertebrate (Nicoll and 
Madison, 1982; Berg-Johnsen and Langmoen, 1987) and snail 
(Franks and Lieb, 1988) neurons, though halothane actually 
blocks the resting K conductance in squid axon (Haydon et al., 
1988). It is clear that the conductance in snail neurons is affected 
strongly at clinically used concentrations; complete dose-re- 
sponse data are not yet available for other cells. The block of 
I,, mentioned earlier results in a membrane hyperpolarization 
in cells in which this conductance is active, but one associated 

with a decrease in membrane conductance. All in all, anesthetics 
have relatively specific effects on several membrane conduc- 
tance systems. The aggregate effect on a given cell will depend 
on the mix of conductances expressed and the concentration of 
anesthetic applied. The block of LVA Ca currents in rat sensory 
neurons occurs at concentrations comparable to or less than 
those required for other actions of anesthetics on membrane 
conductances. 

It seems unlikely that an effect on LVA Ca current can explain 
the mechanism of action of volatile anesthetics. As just de- 
scribed, other actions of anesthetics are known. Also, the re- 
ported reduction in quanta1 content at Ia synapses (Kullmann 
et al., 1989) is unlikely to be associated with a reduction in LVA 
Ca current. A more likely target is the HVA current thought to 
be involved in evoked transmitter release (Himing et al., 1988; 
Holz et al., 1988) and the reduction in Ca current reported by 
Kmjevicand Puil(1988) is most likely an effect on HVA current. 
Finally, some drugs that affect LVA currents do not appear to 
act as anesthetics (e.g., ethosuximide; Coulter et al., 1989b). 
Further work will be required to delineate which effect, or com- 
bination of effects, of volatile agents is required to produce 
general anesthesia. 

Because of the effects on quanta1 release already mentioned, 
it was expected that halothane would affect HVA Ca current, 
so the relative insensitivity seen came as a surprise. However, 
some results suggest that the effects of halothane on Ca currents 
may differ between cells. Recent work with the clonal pituitary 
cell line GH3 has shown that halothane has a strong blocking 
effect on the HVA current (500 PM blocks plateau HVA by 50%) 
and a weaker action on the LVA current in those cells (50% 
block at 1300 PM; Herrington et al., 1990). Furthermore, in 
adult dog ventricular myocytes, halothane is able to reduce both 
the LVA and HVA Ca current with equal potency (reduction 
to about 0.67 at 450 PM; Eskinder et al., 1990). 

In conclusion, the present results show that halothane and 
isoflurane block the LVA Ca current in rat DRG cells. The block 
appears to be present in all cells and is pronounced at clinically 
effective concentrations of these anesthetics. It is not known 
whether this effect can underlie the mechanism of production 
ofgeneral anesthesia. However, if LVA current in other neurons 
is affected in a similar fashion, the ability ofanesthetics to reduce 
seizure activity and produce analgesia may be related to reduc- 
tion of this current. 
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