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Neurons: Comparison with Effects on GABA-activated Cl- Current
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Block of a voltage-activated Ca?* channel current by pheno-
barbital (PHB), 5-(2-cyclohexylideneethyl)-5-ethyl barbituric
acid (CHEB), and the optical R(—)- and S(+)-enantiomers of
pentobarbital (PB) was examined in freshly dissociated adult
guinea pig hippocampal CA1 neurons; the effects of the
barbiturates on GABA-activated Cl- current were also char-
acterized in the same preparation. (—)-PB, PHB, and CHEB
produced a reversible, concentration-dependent block of the
peak Ca?+ channel current (3 mm Ba2+ as the charge carrier)
evoked by depolarization from —80 to —10 mV (IC,, values,
3.5, 72, and 118 um, respectively). In contrast, (+)-PB was
nearly inactive at concentrations up to 1 mM. The inhibitory
action of PHB was decreased at acid pH, indicating that the
dissociated (anionic) form of the molecule is the active spe-
cies. Block by (—)-PB was voltage dependent with the frac-
tional block increasing at positive membrane potentials; cal-
culations according to the method of Woodhull indicated that
the (—)-PB blocking site senses ~40% of the transmem-
brane electric field. The time course and voltage depen-
dence of activation of the Ca?* channel current were unaf-
fected by (—)-PB, PHB, and CHEB. The rate of inactivation
was enhanced by (—)-PB and CHEB, with the major effect
being acceleration of the slow phase of the biexponential
decay of the current. GABA-activated Cl- current was po-
tently enhanced by (—)-PB and PHB (EC,, values, 3.4 and 12
uM), whereas (+)-PB was only weakly active. At concentra-
tions of (—)-PB > 100 um and PHB > 200-300 um, Cl- current
responses were activated even in the absence of GABA.
These results demonstrate that in CA1 hippocampal neu-
rons, PB causes a stereoselective block of a voltage-acti-
vated Ca?* current; PHB is also effective, but at higher con-
centrations. For (—)-PB, the effect on Ca?* channel current
occurred at similar concentrations as potentiation of GABA
responses. In contrast, PHB was more potent as a GABA
enhancer than as blocker of Ca?+ current, but the maximal
potentiation of GABA responses was 40% of that obtained
with (—)-PB. Consequently, the anticonvulsant action of PHB
at clinically relevant concentrations may relate to modest
enhancement of GABA responses and partial blockade of
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Ca?* current, whereas the sedative effects that occur at high-
er concentrations could reflect stronger Ca?+ current block-
ade. The powerful sedative—hypnotic action of (—)-PB may
reflect greater maximal enhancement of GABA responses
in conjunction with strong inhibition of Ca2+ current. The
convulsant action of CHEB is unlikely to be related to its
effects on the Ca?* current.

[Key words: calcium channel, GABA receptor, (—)-pen-
tobarbital, (+ )-pentobarbital, phenobarbital, CHEB [5-(2-cy-
clohexylideneethyl)-5-ethyl barbituric acid], CA1 hippocam-
pal neuron, voltage-clamp recording]

Barbiturates are used clinically for their sedative, hypnotic, gen-
eral anesthetic, and anticonvulsant actions (Rall, 1990). How-
ever, there are important differences among the pharmacological
properties of structurally similar barbiturates. For example,
phenobarbital (PHB) is an anticonvulsant that produces mini-
mal sedation at clinically effective doses, whereas pentobarbital
(PB) is a powerful CNS depressant at anticonvulsant doses and
is therefore unsuitable for use in epilepsy therapy (Rogawski
and Porter, 1990). Moreover, certain barbiturate analogs, such
as 5-(2-cyclohexylideneethy!)-5-ethyl barbituric acid (CHEB),
have convulsant activity (Andrews et al., 1982). These phar-
macological differences have been attributed to differences in
the profile of action of the various barbiturate analogs on neu-
rotransmitter- and voltage-gated ion channel systems in CNS
neurons. Among the best recognized cellular actions of barbi-
turates is enhancement of GABA-activated Cl- conductance,
which occurs at low micromolar concentrations (Olsen, 1988;
Macdonald et al., 1989), and GABA-independent activation of
the GABA, receptor channel, which occurs at higher but still
clinically relevant concentrations (Mathers and Barker, 1980;
Parker et al., 1986). Structure-activity studies are consistent
with the view that the sedative and anesthetic effects of barbi-
turates are mediated via their interaction with GABA , receptors
(Olsen, 1988). However, the GABA hypothesis does not explain
differences in the activity profiles of the various barbiturate
analogs. These differences could be due to actions of the drugs
on other target sites. In this regard, blockade of voltage-activated
Ca?* channels, particularly those in nerve terminals that me-
diate excitatory synaptic neurotransmitter release, is a partic-
ularly attractive non-GABA mechanism. In fact, barbiturates
are well known to inhibit neurotransmitter release (Brooks and
Eccles, 1947; Weakly, 1969; Richards, 1972) and have been
demonstrated to block Ca?* entry into presynaptic nerve ter-
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minals (Blaustein and Ector, 1975; Morgan and Bryant, 1977,
Leslie et al., 1980). N-type and also L-type Ca?* channels may
provide the pathway for the Ca2* entry that triggers transmitter
release (Miller, 1990; Stanley, 1991). In voltage-clamp studies
carried out with vertebrate (Werz and Macdonald, 1985) and
invertebrate (Nishi and Oyamura, 1983; Ikemoto et al., 1986)
neurons, PB and PHB were found to block Ca?* current, with
a selectivity for N- and L-type Ca?* channels (Gross and Mac-
donald, 1988). A reduction of an N-type Ca?* current by PB
and PHB was also observed in Xenopus oocytes injected with
human brain mRNA (Gundersen et al., 1988). In all of these
studies, high (supratherapeutic) concentrations were required
(typically 0.1-1 mm for PB) and no compelling structure-activ-
ity data were presented for a correlation between Ca?* current
blocking potency and CNS depressant activity, so the role of
Ca?* channel blockade in the various pharmacological actions
of barbiturates has remained uncertain (Olsen, 1988). Dem-
onstration of a stereoselective action would be of particular
significance since, for barbiturates like PB that have a chiral
center, the S(—) isomers are well known to have greater CNS
depressant activity than the R(+) isomers (Waddell and Baggett,
1973). Recently, it has become apparent that there is great di-
versity among neuronal Ca?* channels with respect to their
sensitivity to pharmacological blockade (Bean, 1989; Regan et
al., 1991; Mintz et al., 1992). Therefore, in the present study
we compared the activity of several barbiturates, including the
optical enantiomers of PB, on Ca?+ channel and GABA-acti-
vated Cl- currents in acutely isolated guinea pig hippocampal
neurons. Qur data support the concept that differences in the
profile of activity at Ca?* channels and GABA-activated Cl-
channels may account for the distinctive properties of the phar-
macologically dissimilar barbiturates.

Materials and Methods

Cell preparation. Pyramidal neurons were acutely isolated form the CA1
region of the mature guinea pig hippocampus according to methods
described by Kay and Wong (1986). In brief, 1 mm? tissue chunks were
dissected by hand from the hippocampus of 200-300 gm guinea pigs.
The chunks were digested at 37°C for 40-50 min under a pure oxygen
atmosphere in PIPES [piperazine-N, N'-bis(2-ethanesulfonic acid)]-buf-
fered saline of the following composition (in mm, except as noted): NaCl,
120; K(l, §; CaCl,, 1; MgCl,, 1; p-glucose, 25; PIPES, 20; and trypsin
(type XI; Sigma Chemical Co., St. Louis, MO), 0.5 mg/ml (pH, 7.0).
The trypsin-containing PIPES/saline was then replaced with enzyme-
free solution and left at room temperature for <2 hr. Cells were isolated
as needed by trituration of six tissue chunks in 1 ml of 20 mm HEPES-
buffered Dulbecco’s modified Eagle’s medium (DMEM). The cell sus-
pension was plated onto a 35 mm polystyrene petri dish, and the cells
were allowed to settle for 7-10 min before the DMEM was aspirated
and replaced with recording medium.

Whole-cell recording. Macroscopic whole-cell Ca>+ channel currents
were recorded at room temperature (19-25°C) using 3 mm Ba2+ as the
external charge-carrying divalent cation, and with the Ca2* chelator
Cs,-BAPTA (Molecular Probes, Eugene, OR) in the intracellular solu-
tion to reduce Ca?*-promoted Ca?*+ channel inactivation (Eckert and
Chad, 1984). The bath solution contained (in mm) BaCl,, 3; tetracthyl-
ammonium chloride (TEA-C1), 140; MgCl,, 1; HEPES, 10; glucose, 6;
and TTX, 0.002. The solution was adjusted to a pH of 7.4 with fresh
CsOH solution and to an osmolality of 320 mOsm/kg H,O. The pipette
solution contained (in mM) N-methyl-p-glucamine chloride, 120; Cs,-
BAPTA, 5; and Mg-ATP, 5. The ATP regeneration system Tris-phos-
phocreatinine (20 mmM) and creatine kinase (20 U/ml) was added to the
internal solution to minimize rundown of the Ca?+ currents (Forscher
and Oxford, 1985; Byerly and Yazejian, 1986). The internal solution
was adjusted to pH 7.2 with fresh CsOH and to an osmolality of 315
mOsm/kg H,O. The rate of rundown under these conditions was <5%
over a 30 min period (verified in five control cells). GABA-activated
currents were recorded with the same internal pipette solution as Ca?*

channel currents and with the following bath solution (in mm): NaCl,
120; CsCl, 5; CaCl,, 2; MgCl,, 1; TEA-Cl, 15; 4-aminopyridine, 5;
HEPES, 10; and glucose, 25. The solution was adjusted to a pH of 7.4
and an osmolality of 320 mOsm/kg H,O.

Recordings were carried out using the whole-cell patch-clamp tech-
nique. Patch electrodes were prepared from 1.5 mm o.d. filament fused,
borosilicate glass capillaries (Kwik-Fil TW 150F, WPI Instruments,
New Haven, CT) using a Sutter-Brown P-87 horizontal puller (Sutter
Instruments, CA). Pipette-to-bath resistances prior to seal formation
were typically 3-7 Mg, seal resistances were > 10 G. Liquid junction
potentials between the electrode solution and the bath were minimized
by placement of the reference electrode in a compartment filled with
the pipette solution that was electrically connected to the recording
chamber by an agar bridge. Whole-cell currents were recorded with an
Axopatch 1D patch-clamp amplifier (Axon Instruments, Foster City,
CA). Following seal formation and prior to entering the whole-cell mode,
electrode capacitance was neutralized by using the capacitance com-
pensation circuitry of the Axopatch. In the whole-cell mode, the Axo-
patch was further adjusted to correct for 80-85% of the series resistance
(24 MQ).

Command potential sequences were delivered to the patch-clamp
amplifier and data was simultaneously acquired under computer control.
Evoked currents were filtered at 10 kHz (—3 dB, eight-pole low-pass
Bessel filter; Frequency Devices, Haverhill, MA), digitally sampled at
500 usec per point (50 usec per point for tail current measurements),
and stored on magnetic media in digital form for later analysis. Capa-
citative and leakage currents were digitally subtracted from all records
on line with the pcLamp 5.51 (Axon Instruments) software package.
Capacitative transients decayed with a time constant of 100 usec.

Drug application. A rapid superfusion system consisting of a side-by-
side array of six 200 um i.d. (100 um for the GABA solutions) capillary
tubes was positioned within 400 uMm of the cell under study. Drug so-
lutions were applied by gravity feed and flow was computer controlled
via solenoid valves. Solution changes were accomplished within 200~
500 msec. GABA was applied at 1-3 min intervals to prevent desen-
sitization. The recording chamber was continuously perfused at all times
during the experiment with drug-free solution at a flow rate of 1.5 ml/
min.

Data analysis. Percentage block was determined according to the
formula 100 X (1 ~ I4ye/ Lontrar ), Where I, is the leak-subtracted peak
current amplitude prior to the drug application and I, is the peak
current amplitude in the presence of the test drug. All traces are the
average of three steps and are leak subtracted. During the drug appli-
cations, the Ca2* current was repetitively evoked at intervals of 15, 30,
and 180 sec for the 10, 200, and 1000 msec duration depolarizing step
protocols, respectively. When exposed to the barbiturates, the peak
current gradually diminished during the 20-90 sec period after the onset
of the drug superfusion. An additional 60 sec was allowed to elapse
upon achieving this steady-state level before the measurement of drug
block was made. The slow onset of block presumably results from re-
stricted access of the barbiturates to their blocking site; there was no
evidence of use-dependent block (see Results). Concentration—effect data
were fit with a nonlinear least-squares program (Nfit, Island Products,
Galveston, TX) according to the logistical equation

100

B = ic./IDRUG)™’ M

where [DRUG] is the drug concentration, IC,, is the concentration
resulting in 50% block, and n,, is an empirical parameter that describes
the steepness of the curve and has the same meaning as the Hill coef-
ficient. Decay rates were fit to either single or double exponential func-
tions using NrIT. Tail current amplitudes were estimated by fitting the
falling phase of the current to a single exponential function and extrap-
olating the curve to zero time. Concentration—response data for bar-
biturate potentiation of GABA currents were fit to the equation

Proax
P=17 (EC,o/[DRUG]y™’ @

where P is the percentage potentiation, P, is the maximal percentage
potentiation, and EC, is the concentration resulting in 50% maximal
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potentiation. All quantitative data are expressed as the mean + SEM;
n indicates the number of cells examined.

Materials. (+)- and (—)-pentobarbital, phenobarbital, and CHEB were
obtained from the Research Triangle Institute, Research Triangle Park,
NC. All other chemicals were obtained from Sigma.

Results

The data presented in this report represent the results of whole-
cell recordings from 113 acutely dissociated adult guinea pig
hippocampal CA1 neurons.

1., in acutely dissociated guinea pig hippocampal CAl neurons

Macroscopic voltage-gated whole-cell Ca?+ channel currents (I..,)
were recorded using 3 mm Ba?+ as the charge-carrying cation.
Depolarizing voltage steps from —80 mV to various potentials
positive to —60 mV elicited a high-threshold inward current
that peaked rapidly and decayed gradually with maintained de-
polarization (see, e.g., Figs. 1, 2, 8). Superfusion with 50 um
Cd2* virtually eliminated (98 + 1% block; n = 4) the inward
current (Fig. 24), demonstrating that it is carried by Ca?* chan-
nels. The absence of any detectable voltage-dependent outward
current in the leak-subtracted recordings after exposure to Cd2+
indicated that K+ currents were effectively eliminated under the
recording conditions we used. The current—voltage relationship
of'the macroscopic Ca?* channel current was smooth and peaked
at —20 mV (Fig. 1B).

In the subsequent pharmacological studies, we determined
the current amplitude at its peak so as to maximize the contri-
bution of the inactivating (N-type) Ca?* channel currents. At
times other than the peak of the Ca?* current, we used tail
currents to quantitate the Ca2+ conductance. Tail currents re-
corded at —80 mV were generally well fit by a single exponential
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Figure 1. PB blocks I, in a concen-
tration-dependent and stereospecific
manner. Currents were evoked in guin-

: COI\;TRS[L ea pig CA1 hippocampal neurons using
.10 ’;M Ba?+ as the charge carrier. 4, Increasing
. 100 uM concentrations of (—)-PB produced a

progressive depression of I, and the
corresponding tail currents. B, Cur-
rent—voltage plot for the experiment il-
lustrated in 4 (current amplitude mea-
sured 0.5 msec prior to the end of the
10 msec step) under control conditions
and after exposure to increasing con-
centrations of (—)-PB; the data points
are connected by cubic splines. C, In
another neuron, perfusion with 100 um
(+)-PB has no effect on the amplitude
of the current evoked with voltage steps
from —80 to —10 mV. Inclusion of 1
uM (—)-PB in the (+)-PB-containing
solution depresses I, and its corre-
sponding tail current; partial recovery
is obtained upon wash with (+)-PB so-
lution.

function; the time constant of decay of the tail current at —80
mV in drug-free solution was generally ~200-300 msec. We
did not attempt to determine the relative contribution of N, P-,
or other Ca2+ channel types to the high-threshold current (Regan
etal., 1991; Mintz et al., 1992); T-type channels are not present
in CA1 neurons (Thompson and Wong, 1991).

PB stereoselectively depresses 1.,

The effects of (—)-PB were concentration dependent (Fig. 14)
and reversible at low concentrations. At concentrations of 10
uM or less, 80-100% recovery was consistently seen within 5
min of switching to the wash solution. With concentrations
=100 um, there was 60-80% recovery within the same time
period. As illustrated by the family of current—voltage curves
in Figure 1B, (—)-PB produced a concentration-dependent de-
pression of I, at all voltages without altering the shape of the
current—voltage relationship. As illustrated in Figure 1C, 100
uM (+)-PB had minimal effect on I.,. However, changing to a
solution containing 1 uM (—)-PB in addition to the (+)-PB caused
a suppression of I, that partially reversed upon returning to
the solution containing (+)-PB alone. We evaluated the possible
use-dependence of the block in experiments where I, was re-
petitively activated with 5-10-msec-duration voltage steps at
stimulus intervals of 1, 5, 10, and 30 sec applied after an equil-
ibration period of 2 min. In three cells evaluated in this manner,
we failed to observe a progressive development of block during
the stimulus train.

In contrast to the effects of (—)-PB, 100 um (+)-PB caused
very little depression of I, (2.9 £ 1.2% block; n = 6; Fig. 1C).
At 1 mm, the highest concentration examined, there was still
only a modest block (18 + 2%; n = 3).
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Figure 2. Concentration-dependent block of I, by PHB and CHEB
in two different cells. In A4, the wash record was obtained after exposure
to the highest drug concentration; following wash the current was vir-
tually completely blocked by perfusion with 50 um Cd**.

PHB and CHEB also depress 1, but are less potent than
(—)-PB

The anticonvulsant barbiturate PHB also reversibly depressed
I, in a concentration-dependent manner (Fig. 24). For the cell
shown in Figure 24, the peak current was depressed to 35% of
the control value by 300 um PHB, but recovered to 80% of the
control value during subsequent perfusion with control solution
(4 min). Like (—)-PB and PHB, the convulsant barbiturate CHEB
also depressed I, in a concentration-dependent manner (Fig.
2B). Both PHB and CHEB failed to alter the shape of the cur-
rent—voltage relationship for the peak current (three cells studied
with each drug; data not shown). As was the case with (—)-PB,
PHB failed to exhibit a use-dependent blocking action in ex-
periments with stimulus trains (n = 2).
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Figure 3. Concentration—response curves for depression of peak I, by
(—)-, (+)-, and (+)-PB, PHB, and CHEB. Each point represents the
mean + SEM of data from three to eight cells.

The concentration—effect relationships for inhibition of the
peak Ca?* current by (—)- and (+)-PB, (+)-PB, PHB, and CHEB
are shown in Figure 3. The IC,, values were 3.5, 72, and 118
uM and the Hill coefficients (n,) were 0.5, 0.7, and 1 for (—)-
PB, PHB, and CHEB, respectively (Table 1), (+)-PB failed to
cause 50% block even at concentrations as high as 1 mm. The
IC,, for (£)-PB was 16 um, a value intermediate to that of the
optical isomers (7, 0.7). All of the compounds, with the ex-
ception of (+)-PB, produced total block of the Ca?* current at
1 mm.

The activity of PHB decreases at acid pH

Among therapeutically useful barbiturates (barbituric acid de-
rivatives), PHB is unusually acidic. Because its pK, value (7.29;
Vida and Gerry, 1977) is close to the physiological pH (7.40),
PHB is normally present in both the undissociated (44%) and
dissociated (56%) forms and small shifts in the pH of the external
medium will result in large changes in the extent to which the
drug is ionized. We examined whether the effect of PHB on /[,
was attributable to the anion or the free acid by applying the
drug in solutions of different acidic pH values. Figure 4 indicates
the percentage block obtained with 10 uM PHB in solutions with
pH values of 6.50-7.40. The titration curve for the acidic car-

Table 1. IC,, values for blockade of I, and EC,, values for
potentiation of GABA-activated Cl- currents in isolated CA1l neurons

1.1C,, GABA EC,, GABA P,
Barbiturate (um) (u™M) (%)

(~)-PB 35 3.4 1366
(+)-PB >1000 >1000

PHB 72 12 600
CHEB 118 ND ND

I, 1C,, values were determined from Equation 1; GABA EC,, and P,,, values
were from Equation 2.
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Figure 4. Percentage block of I, upon superfusion with solutions of
10 um PHB at various pH values. Each data point represents the mean
+ SEM of three or four cells. The smooth curve is the appropriately

scaled titration curve for PHB (pK,, 7.29) where the ordinate value is
the percentage dissociated (anionic).

bonyl group of PHB is shown by the solid line. This curve is
given by the function B, /(1 + 1072°— ") where the scale factor
B,.. (=39%) was estimated by a nonlinear least-squares fit to
the experimental data. It is apparent that the reduction in the
blocking effect of PHB closely matches the titration curve for
the acidic group on PHB, indicating that the anionic form of
the molecule is the active species. In addition to diminishing
the block produced by PHB, low pH also produced a moderate
suppression of I, (Fig. 4, inset).

(—)-PB block of 1., is voltage dependent

Although (—)-PB reduced I, over a wide range of membrane
potentials (Fig. 1B), the degree of block increased as the step
potential became more positive. If the (—)-PB blocking site is
within the electrical field of the membrane and if the active form
of the molecule is the anion (as is the case for PHB), positive
membrane potentials should tend to enhance binding. [The pK,
of PB is 8.0 (Narahashi et al., 1971), so approximately 20% of
the molecules are in the anionic form at physiological pH.] The
increase in block at positive membrane potentials was analyzed
according to the scheme of Woodhull (1973) in which the bind-
ing affinity is assumed to vary exponentially with the membrane
potential and the blocking drug does not interact with other
ions. In this model, the ratio of current in the absence and
presence of (—)-PB, I,/ Iz, can be related to the transmembrane
voltage, V, according to the relationship

I,/ Iy = 1 + {[PCP)/K(0)}e—=FV/RT, (3)

where K,,(0) represents the dissociation constant of the (—)-PB-
acceptor site complex at 0 transmembrane potential, é is the
fractional voltage drop experienced at the acceptor site (mea-
sured from the outside), z is the charge of (—)-PB (=—1), and
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Figure 5. (—)-PB depresses I, in a voltage-dependent manner with

increasing block as the membrane potential is brought to more positive
levels. Data are from two separate experiments with 1 (@) and 10 (M)
uM (—)-PB. The straight lines are the linear least-square fits to the data
according to Equation 3; the means of the derived parameters are as
shown.

F, R, and T have their usual meanings. K,(0) and 6 were de-
termined from a plot of In (I,/1_,.s — 1) against V, as shown
in Figure 5 for 1 um and 10 um (—)-PB. The mean value of
K,(0) was 4 um. Correcting this value to —10 mV using the
equation K (V) = K,(0)e=r"ET (see Woodhull, 1973), we obtain
a K(—10) of 3.4 um. This independent measure of the K, for
(—)-PB block of I, is almost identical to the K, value of 3.5
uM determined by titration at —10 mV (Fig. 3). The mean value
of 6 was 0.4, which indicates that the (—)-PB blocking site senses
approximately 40% of the transmembrane electric field mea-
sured from the outside.

(—)-PB and PHB do not alter the activation of 1,

We investigated the time course and voltage dependence for
activation of I, using the extrapolated tail current amplitudes
(at —80 mV). The tail current amplitudes provide an estimate
of the instantaneous conductance at the end of the depolarizing
step. Figure 64, illustrates a family of Ca?* channel currents
and their tail currents evoked by depolarizing steps of increasing
duration from 0.5 to 6 msec in 0.5 msec increments. The Ca*+
channel currents and the corresponding tail currents were re-
duced in amplitude by 10 um (—)-PB (Fig. 64,). However, as
shown in Figure 64;, the rate of activation of the Ca?* con-
ductance (r = 1.02 msec), as determined from the extrapolated
tail current amplitudes, was not altered by the drug. Similar
results were obtained in three additional cells with (—)-PB. PHB
also failed to alter the rate of activation of the Ca?* conductance
(n = 4; not shown).

We next investigated the effect of (—)-PB on the voltage de-
pendence for activation of the Ca** conductance. Figure 6B,
illustrates the tail currents following 10 msec duration steps to
—10 and +20 mV. In this cell, superfusion with 10 um (—)-PB
results in a marked reduction in the tail current amplitudes at
both potentials (Fig. 6B,). Despite the large suppression of the
current, as illustrated in Figure 6B,, which plots the fraction of
the maximum extrapolated tail current amplitude versus the
step potential, the current-voltage relationship for the residual
current was similar to that of the control current. Similar results
were obtained in three additional cells. The smooth curve in
Figure 6 B, was drawn by fitting the data points to the Boltzmann
function [1 + ™~ 4]~ with V,,, = —~12.5 mV and 4 = 16
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Figure 6. A, (—)-PB does not alter the time course of I, activation. Tail currents were elicited by depolarizing voltage steps (from —80 to —10
mV) of various durations (0.5-6 msec, 0.5 msec increments) in the absence (4,) and presence (4,) of 10 uM (—)-PB. The interval between successive
steps was | sec. 4;, Extrapolated tail current amplitudes (at —80 mV) normalized to the maximum tail current amplitude (6 msec step); the solid
line is the best single-exponential fit to the control and (—)-PB data; time constant, 1.02 msec. B, (—)-PB does not alter the voltage dependence of
I, activation: tail currents following 10-msec-duration voltage steps from —80 mV to —10 and +20 mV in the absence (B,) and presence (B,) of
10 um (—)-PB. B;, Tail current amplitudes at —80 mV normalized to the maximal value [either control or (—)-PB] following activation of current
by test pulses to various potentials. The smooth curve was drawn by fitting the data points to a Boltzmann function (see Results) with half-maximal
voltage (V,,,) of —12.5 mV and slope factor (4) of 16 mV. The points between —70 and —40 mV are likely to be underestimates of the true values
because of the difficulty of measuring the small tail currents at these potentials. The interval between successive steps in each family was 6 sec.

mV. PHB also failed to alter the voltage dependence of acti-
vation of I, (n = 3; data not shown).

(—)-PB speeds 1, inactivation

During prolonged voltage steps, I, gradually inactivated but
did not reach a plateau even with steps as long as 1 sec in
duration. The inward current showed an initial, rapid decline
followed by a more gradual decay (see, e.g., Fig. 74). A consistent
observation with all of the barbiturates tested was a greater block
of the late current than the peak current as illustrated in Figure
7A4. For example, with 1 um (—)-PB, there was 32 + 4% block
of the peak current and a 60 = 9% block of the current at 1 sec
after the onset of the step (p < 0.05, paired ¢ test; n = 5 cells).
The inactivation during 1 sec steps was adequately fit by the
sum of the two exponential functions with voltage-dependent
time constants (7, and 7). The augmented block of the late
current was due to a speeding of both 7, and 7., but the effect
on 7,,., was much larger. For example, for the cell illustrated in
Figure 74, 7., and 7, were 69 msec and 573 msec, respectively,
while in the presence of 1 um (—)-PB the corresponding values
were 60 msec and 288 msec. The concentration dependence of
the effect of (—)-PB on 7, and 7, 1s summarized in Table 2.
Increasing concentrations of (—)-PB did not significantly affect
Tre DUt speeded 7,.. The rate of decay of I., was dependent

upon membrane potential, with a monotonic slowing of both
Trs and 7, as the step potential was made more positive. CHEB
(300 um) caused a similar effect on the two time constants of
inactivation: 7., and 7, were, respectively, 49 and 377 msec
under control conditions and 46 and 267 msec in the presence
of the drug (means of data from two cells).

To investigate inactivation throughout the range of mem-
brane potentials at which Ca*+ channels are conducting, we used
a two-pulse voltage-clamp protocol in which inactivation was
allowed to proceed during a 1 sec voltage step and the current
passing capacity of the noninactivated channels was assessed at
the end of the step with a 100 msec postpulse to —10 mV (Fig.
7A). Using this protocol, we are able to estimate the degree of
inactivation at potentials where little current is flowing through
the open channels because of a small driving force. In Figure
7B, the prepulse peak inward current (O, @) and test pulse peak
inward current (CJ, W) are plotted as a function of prepulse po-
tential. The extent of inactivation as assessed by the postpulse
current did not show a monotonic increase with increasing pre-
pulse potential (Fig. 7B, 0), as is typical of many voltage-de-
pendent channels. Instead, the inactivation curve had an in-
verted U-shape, with inactivation greatest at — 10 mV, a potential
near the maximum of the current (—20 mV). The inactivation
curve during 1 uM (—)-PB (M) was similar in shape to the control
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Figure 7. Voltage dependence of inactivation of I, during 1 sec de-
polarizing steps to various step potentials from a holding potential of
—80 mV. 4, A double pulse protocol was used to determine the level
of inactivation at the end of a 1 sec step. The postpulse step is always
from —80 to —10 mV with a 22 msec interval between the prepulse
and postpulse. The prepulse inactivated according to a biexponential
time course (best fit superimposed on the raw trace) with 7, = 69 msec
and 1, = 573 msec. In the presence of 1 um (—)-PB, corresponding
values are 74, = 60 msec and r,, = 288 msec. B, Prepulse peak current
(O, @) plotted and test pulse peak current (O, l) plotted against prepulse
potential. The data points are connected by cubic splines.

curve, but showed a greater absolute extent of inactivation at
all prepulse potentials and also a relatively greater degree of
inactivation at potentials positive to —10 mV. The inverted
U-shape inactivation curve and the specific effect of (—)-PB
portrayed in Figure 7B were observed in all cells examined (n
= 3). Although an inverted U-shape inactivation curve is typical
of current-dependent inactivation, we have previously provided
strong evidence that inactivation under the conditions used in
this study (Ba2?+ as charge carrier) is largely independent of cur-
rent (ffrench-Mullen and Rogawski, 1992; see also Jones and
Marks, 1989; Kay, 1991). Consequently, the results imply an
effect of (—)-PB on channel gating and not on the disposition
of intracellular cations.
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Table 2. Effect of (—)-PB on the time constants of Ca>* channel
current inactivation

(=)-PB
Time constant Control 0.1 um 1.0 um 10 um
T (IMISEC) 41 £ 2 44 + 2 39+ 4 43 + 4
Toow (IMSEC) 437 + 14 403 =24 269 = 22* 260 + 20*

Ca?+ channel current was activated with 1 sec steps from —80 to —10 mV. The
evoked current was fit to a biexponential function using a nonlinear curve fitting
routine. Each value represents the mean of data from four cells.

* Significantly different from control, p < 0.05 (paired ¢ test).

Since (—)-PB block of I, is greater at depolarized potentials,
a possible mechanism to account for the speeding of the ap-
parent rate of I, inactivation is that there is a slow transition
in the degree of block from the level at the holding potential
(—80 mV) to the greater level at the step potential (—10 mV).
An apparent speeding of the slow phase of I, inactivation would
be manifest if the rates of transition occurred on a time scale
comparable to that of slow inactivation. To investigate this
possibility, we determined the fractional block of I, at each of
the 1000 points acquired during 1 sec voltage steps in the pres-
ence of 1, 10, and 20 um (—)-PB. As illustrated in Figure 8C,
the time constants of the fits to the fractional block values in-
crease with increasing (—)-PB concentration. Assuming a first-
order bimolecular binding reaction between the drug and the
channel, the rate of approach to equilibrium £,,, = k,[(—)-PB]
+ k_,, where k, and k_, are the forward and reverse binding
rates. We calculated the k,,, values as the reciprocal of the time
constants of the fits to the fractional block data and plotted them
against concentration. For the cell shown in Figure 84, the
concentration-dependent increase in rate was consistent with
the proposed mechanism and, from the plot shown in Figure
8C, we estimated k, = 1.1 x 10°5m~'sec'and k_, = 3.2 x 10¢
sec~! (at —10 mV). However, we were unable to carry out ad-
ditional experiments as our supply of (—)-PB became exhausted.

Barbiturates enhance GABA-activated Cl- current

The effects of (—)- and (+)-PB and PHB were investigated on
GABA-activated Cl- current evoked with 10-200 msec appli-
cations of GABA. The inward current activated by GABA at
—50 mV was completely blocked by 10 uM picrotoxin (n = 3;
Fig. 9B). As illustrated in Figure 9, 4 and B, (—)-PB and PHB
enhanced the amplitude and duration of the GABA response
in a concentration-dependent fashion. The concentration-re-
sponse relationships for these effects are presented in Figure 10,
and the EC,, and P,,, values are summarized in Table 1. The
P... value for PHB was 600%, compared to a P, value of
1366% for (—)-PB, indicating that PHB has a partial agonist-
like effect. Figure 10 also illustrates that 1 mm (£)-PB produces
a similar potentiation of GABA responses as does (—)-PB, a
result that is expected since the (—)-enantiomer component of
the racemate would by itself produce a maximal (plateau) re-
sponse.

Figure 9, C and D, demonstrates the voltage-independent
action of (—)-PB on GABA-activated Cl- current. The GABA
current was enhanced throughout the range of voltages tested
(—50 to +30 mV), without affecting its reversal potential (—3.5
mV) or modifying its voltage dependence. Similar results were
obtained in two additional cells; the mean reversal potential was
—2.9 + 0.35mV (n = 3) and this was taken to be the equilibrium
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Figure 8. Concentration dependence of the apparent speeding in I, inactivation rate produced by (—)-PB. 4, Current records illustrating the
block of I, by 1, 10, and 20 um (—)-PB. B, Fractional block values computed with respect to the control current at each point in the current traces
shown in A. The thin curves illustrate the best single exponential fits to the data points. C, Apparent rate constant values (k,,,) estimated as the
reciprocals of the time constants of the exponential fits to the fractional block values shown in B. The straight line is the least-squares best fit to

the data.

potential for Cl-. At concentrations greater than 100 um, (—)-
PB and PHB directly activated Cl- current even in the absence
of GABA, as did (+)-PB at 1 mm (not shown).

Discussion

The principal observation in this study is that the sedative-
anesthetic barbiturate PB produces a potent, stereoselective
blockade of a voltage-activated Ca?* channel current in CA1l
hippocampal neurons. This effect occurs at concentrations sim-
ilar to those that potentiate GABA responses. In contrast, the
anticonvulsant barbiturate PHB was substantially weaker as a
blocker of Ca2+ channel current than as a potentiator of GABA
responses and the maximal GABA response potentiation ob-
tained was only 44% of that obtained with PB. Therefore, the
CNS depression produced by the active S(—)-enantiomer of PB
may reflect a powerful action of the drug on both Ca?* channels
and GABA receptors, whereas the anticonvulsant effect of PHB
at therapeutic concentrations may be due to a more modest
enhancement of GABA responses and submaximal block of
Ca?* channels.

The effect of PB on Ca2+ channel current and GABA receptor
responses occurred in a stereoselective fashion, with the S(—)-
enantiomer being more potent than the R(+)-enantiomer. This
stereoselectivity corresponds with that exhibited by the isomers
as CNS depressants in vivo (Wadell and Baggett, 1973; Richter
and Holtman, 1982). In contrast, it has recently been reported
that the (+)- and (—)-isomers of PB are equipotent at depressing
voltage-dependent Na+ channels (Frenkel et al., 1990) and that
they have opposite stereoselectivity for binding to nicotinic cho-
linergic receptors (Roth et al., 1989), implying that effects on
these channels do not contribute in a major way to the sedative
action of the drug. In contrast, (—)-PB was more potent than

(+)-PB in enhancing a slow outward current in Aplysia giant
neurons (Huguenard and Wilson, 1985); however, the signifi-
cance of this action with regard to the depressant effects of the
drug in the mammalian CNS is uncertain.

PHB was substantially less potent than (—)-PB both in sup-
pressing Ca2+ channel current and in potentiating GABA re-
sponses. However, in contrast to the situation with (—)-PB,
where the two effects occurred at similar concentrations, PHB
was weaker as a Ca?* channel blocker than as a GABA enhancer.
In patients receiving therapeutic doses of PHB, the free serum
concentrations of the drug are typically 25-100 um (Prichard
and Ransom, 1989). At these concentrations, our results predict
substantial enhancement of GABA responses (i.e., the thera-
peutic range is on the upper part of the rising phase of the
concentration—response curve). However, the maximal GABA
potentiation produced by PHB was less than that of PB and this
could contribute to the relatively weaker CNS depressant activ-
ity of PHB.

Although there is variation among individuals, free serum
concentrations of PHB >100 uMm frequently produce sedation
(Prichard and Ransom, 1989)., At thesc concentrations, en-
hancement of GABA responses would be only slightly greater
than at therapeutic levels, but there would be substantially larger
blockade of Ca2+ current, suggesting that effects on Ca2* current
may be important to the sedative side effects of PHB at su-
pratherapeutic blood levels. At concentrations greater than 100
uM, we note that both (—)-PB and PHB activate a Cl- current
response by themselves, even in the absence of GABA; this
direct agonist action, which has been observed previously in
CNS neurons (Barker and Ransom, 1978; Nicoll and Wojtowicz,
1980) and also in Xenopus oocytes expressing cloned GABA,
receptor subunits (Levitan et al., 1988), could be an additional
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factor contributing to the CNS depressant activity of the bar-
biturates at high doses (Macdonald and Barker, 1978; Schulz
and Macdonald, 1981).

Prompted by the observation that barbiturates suppress pre-
synaptic release of neurotransmitters and reduce Ca?+ entry into
synaptosomes (see introductory remarks), several groups have
investigated the action of barbiturates on voltage-dependent
Ca?* currents in invertebrate (Ikemoto et al., 1986; Nishi and
Oyama, 1983) and vertebrate (Werz and Macdonald, 1985; Gross
and Macdonald, 1988) neurons. These investigators have gen-
erally observed that PB suppresses certain Ca?* current com-
ponents by enhancing steady-state inactivation and markedly
accelerating the rate of inactivation. However, these studies in
invertebrate and peripheral vertebrate neurons typically re-
quired PB concentrations > 100 um to obtain substantial block
of the current (IC,, ~ 250 um). Similarly, the IC,, for blockade
of Ca?+ current in Xenopus oocytes injected with total human
brain mRNA was ~250 uM (Gundersen et al., 1988). In contrast,
the Ca2+ current activated by depolarization of acutely isolated
CA1 hippocampal neurons from a holding potential of —80 mV
was blocked by 70-fold lower concentrations of PB. At least
some of potency differences may relate to differences in the
method of drug application. In the present series of experiments
we utilized a fast perfusion system that delivers drug solutions
with little dilution, whereas in previous studies drugs were often
applied by diffusion or pressure ejection from micropipettes in
a manner that could result in substantial mixing with the bath
solution. However, it is unlikely that technical factors alone can
completely account for the apparent potency differences. In
mouse sensory neurons, Gross and Macdonald (1988) have pro-
posed that there is differential sensitivity of various Ca2+ chan-

blocked by 10 um picrotoxin. Note the
difference in the size of the control re-
sponse compared with that in 4. C,
Representative GABA currents at —20
and +10 mV in the absence (control)
and presence of 1 um (—)-PB. D, Cur-
rent-voltage relationship for the cell il-
lustrated in C.

-600-

nel types to barbiturates that selectively block N- and L- but
not T-type Ca?* currents. Similarly, the Ca?* channel current
in CAl hippocampal neurons appears particularly sensitive to
block by barbiturates. The total Ca?* current activated by de-
polarization from —80 mV in these cells may consist of several
components (Regan et al., 1991; ffrench-Mullen and Plata-Sal-
aman, 1992; Mintz et al., 1992). The concentration—response
data presented in Figure 3 indicate that the barbiturates block
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Figure 10. Concentration—-response curves for the potentiation of GABA
current. The EC,, and P, values are given in Table 1. Each point
represents the mean + SEM of three or four cells.
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all of the components (100% block at 1 mm). Moreover, our
data taken together indicate that the sensitivity of the various
components may be roughly similar. However, this preliminary
conclusion will need to be examined further using selective an-
tagonists to separate the components.

As previously reported for the Ca?* channels in sensory neu-
rons and human brain mRNA-injected oocytes (Gross and Mac-
donald, 1988; Gundersen et al., 1988), neither (—)-PB nor PHB
had any effect on the shape of the current—voltage relationship
ofthe Ca2+* channel current in CA 1 hippocampal neurons. More-
over, the drug failed to alter the voltage dependence of channel
activation and did not affect the channel activation kinetics. In
addition, it is noteworthy that there was no use dependence to
the block with either (—)-PB or PHB, in contrast to our previous
results with phencyclidine in the same preparation (ffrench-Mul-
len and Rogawski, 1992). [The lack of use dependence here
differs from the situation in snail neurons; see Nishi and Oyama
(1983).](—)-PB’s block of the Ca?* current occurred in a voltage-
dependent fashion, with the degree of block increasing as the
membrane was brought to more positive potentials. The voltage
dependence of the (—)-PB block at pH 7.40 indicates that the
(—)-PB acceptor site senses about 40% of the transmembrane
electric field, and implies that the charged form of the molecule
is the active species. This conclusion is similar to that obtained
by Blaustein (1968) for PB block of Na+ and K+ channels in
lobster axons, but opposite to that of other investigators (Krupp
et al., 1969; Narahashi et al., 1971; Nishi and Oyama, 1983).
The discrepancy may, in part, reflect the fact that at alkaline
pH, the uncharged barbiturate molecule would be able to pen-
etrate tissue more effectively. Thus, even if the charged form is
the active one, high pH could favor block under certain circum-
stances because higher drug concentrations would be achieved
at the blocking site (but see Krupp et al., 1969). In any case,
block of I., by PHB matched the titration curve for the acid
group, providing additional evidence that the charged forms of
the barbiturate molecules are responsible for channel block in
the present situation. We note, however, that this conclusion is
only valid if the shift in pH does not modify the intrinsic sen-
sitivity of the Ca?+ channel to block by PHB. Potentiation of
GABA-activated Cl- current by (—)-PB was insensitive to volt-
age, indicating that the (—)-PB acceptor site is outside the trans-
membrane electric field or, alternatively, that the uncharged
form of the molecule is the active species.

There are several mechanisms that could account for the ac-
celeration in the rate of inactivation produced by the barbitu-
rates. Gross and Macdonald (1988) have speculated that PB
may enhance inactivation of the N-type Ca2+ current in mouse
sensory neurons by increasing the efficacy of Ca?*-dependent
inactivation. This is unlikely in the present circumstance since
we strongly chelated internal Ca?+ and used Ba?* as the charge
carrier. [Ba?+ does not support current-dependent Ca?* channel
inactivation under the present conditions; see ffrench-Mullen
and Rogawski (1992).] A similar conclusion was obtained by
Nishi and Oyama (1983), who studied the effect of PB on the
inactivation of Ca?* current in Helix neurons internally perfused
with high concentrations of EGTA. These investigators pro-
posed that PB accelerates inactivation by an open channel block-
ing mechanism because it appeared to act in an use-dependent
fashion when applied during trains. We did not observe any use
dependence to the (—)-PB block. Thus, our data indicate that
(—)-PB can bind and block closed channels, and an open channel
blocking mechanism is unlikely to account for the block in the

present study. However, the affinity of the drug for closed chan-
nels at —80 mV differs from that at —10 mV because repulsive
electric field effects on the anionic (—)-PB molecule are dimin-
ished at the depolarized potential. The concentration-dependent
increase in slow inactivation rate (Table 2) and the more de-
tailed, but preliminary analysis presented in Figure 8 suggest
that the apparent speeding of I, inactivation produced by (—)-
PB may to a large extent reflect the slow transition from the
level of block at —80 mV to that at —10 mV. Thus, the bar-
biturates appear to modify the gating of the Ca?* channels al-
losterically to reduce the total number of channels available for
activation and to enhance steady-state inactivation (Fig. 7); there
may not be a meaningful effect on the rate of inactivation per
se. However, a more specific definition of the step(s) in the gating
reaction affected by barbiturates will require a more detailed
understanding of the gating of the Ca?* channels.

The convulsant barbiturate CHEB blocked Ca2+ channel cur-
rent in a similar manner as the other barbiturates, although it
was weaker than either (—)-PB or PHB. Convulsant barbiturates
including CHEB have previously been reported to potentiate
GABA receptor responses and shorten Ca2*-dependent action
potentials (presumably by inhibiting Ca2+ channels) in a similar
fashion as sedative and anticonvulsant barbiturates (Skerritt and
Macdonald, 1984; Holland et al., 1990), in addition, they may
have other cellular actions that account for their convulsant
activity (Downes and Franz, 1971; Nicholson et al., 1988a,b).
Our demonstration that CHEB is an effective blocker of Ca2+
channel current is consistent with these previous reports. How-
ever, the effect on Ca?* channels does not provide insight into
the convulsant activity of the drug.
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