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SUMMARY

Barbiturates have been shown to reduce presynaptic release of neunotransmitten. It is

likely that barbiturates alter transmitter release by decreasing calcium entry since
barbiturates decrease calcium influx into snaptosomes and reduce the maximal rate of

rise and duration of calcium-dependent action potentials. The mechanisms of barbiturate
action on neuronal calcium entry have been studied using mouse dorsal root ganglion
neurons in cell culture. Dorsal root ganglion neuron action potentials have a calcium-

dependent component which is decreased by the barbiturates, pentobarbital (50-500 �tM)
and phenobarbital (500-2000 zM). Calcium-dependent action potential after hyperpolar-
ization was also decreased by barbiturates. Intracellular injection of the potassium

channel blocker, cesium, enhanced barbiturate actions. In voltage-clamp studies, barbi-
turates reduced inward calcium current and calcium chord conductance without altering
the leak conductance which is present after all calcium conductance was blocked by
application of cadmium ions (100 �zM). Calcium current inactivation was accelerated by
barbiturates but unaffected by cadmium. We conclude that barbiturates reduce calcium
conductance by enhancing calcium channel inactivation or by producing open channel

block of calcium channels.

INTRODUCTION

Barbiturates have been shown to have multiple syn-

aptic and nonsynaptic action in the central nervous
system (1-3). One of these actions is to reduce presyn-

aptic release of neurotransmitter (4-16) and to reduce

calcium entry into synaptosomes (17-20). Furthermore,

barbiturates have been shown to reduce the duration of
presynaptic calcium-dependent action potentials, and

thus calcium entry, at the squid giant synapse at concen-
trations that reduce release of neurotransmitter (13).

Thus, it is likely that barbiturates reduce release of
neurotnansmitter by blocking pnesynaptic calcium entry.

In vertebrate and most invertebrate neurons, recordings

cannot be made from presynaptic terminals. However,
calcium-dependent action potentials have been recorded
from cell bodies of many neurons (21-28). Several neu-

rotnansmitters and drugs have been shown to reduce

somatic calcium-dependent action potentials at concen-

trations effective in reducing the release of neurotrans-
mitters (29-35). Thus, actions of neurotransmitters and

drugs on somatic calcium-dependent action potentials

may be similar to their actions on presynaptic calcium
entry. Barbiturates have been shown to reduce the max-

imal rate of rise of calcium-dependent action potentials

of cell R2 of the Aplysia abdominal ganglion (36). Barbi-
turates also reduced the duration of calcium-dependent
action potentials of mouse neurons in dissociated cell

culture (32) at concentrations that reduced spontaneous
release of neurotransmitter (37) and K�-stimu1ated up-
take of 45Ca2� (38). Thus, it is likely that barbiturates
also modify calcium entry at synaptic terminals as well
as neuronal cell bodies.

Barbiturates could modify calcium-dependent action
potential duration by directly blocking calcium channels.
However, barbiturates could also reduce calcium-de-

pendent action potential duration indirectly by enhanc-
ing voltage- or calcium-dependent potassium conduct-
ance which would result in less net inward current and

thus less calcium entry.
To investigate the mechanism of barbiturate reduction

of calcium-dependent action potentials, we have studied
the action of barbiturates on calcium-dependent action
potentials and inward currents of mouse DRG’ neurons

in cell culture with and without blockade of potassium
channels with intracellular and extracellular replace-
ment of potassium ion by the potassium channel blocker

cesium ion. We report that barbiturates reduce voltage-
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dependent calcium conductance of DRG neurons without

altering potassium conductance.

MATERIALS AND METHODS

Cell culture. Cultures were prepared, as previously described (38), by

dissecting spinal cords with attached dorsal root ganglia from 12-14-

day-old fetal mice, then mechanically dissociating the tissue and plating

the resultant cell suspension on 35-mm collagen-coated plates at a

density of ‘/s or ‘/4 spinal cord/plate. Initial culture medium consisted

of8O% Eagle’s minimum essential medium, 10% horse serum, and 10%

fetal calf serum. Approximately 4 days after initial plating, S’-fluoro-

2’-deoxyuridine and uridine were added to the cultures to inhibit the

division of non-neuronal background cells after which growth medium

was modified to 90% Eagle’s minimum essential medium and 10%

horse serum. All culture medium contained nerve growth factor at a

concentration of 5 ng/ml to promote survival and growth of DRG

neurons. Two- to twelve-week-old cultures were used in electrophysi-

ology experiments.

Intracellular recording and single microelectrode voltage clamp. For

intracellular recording, neurons were placed in TBS (pH 7.3, 320

mosmol) that contained in mM: NaC1, 135.0; KC1, 5.3; MgC12, 0.8;

CaCI2, 5.0; Tris base, 13; glucose, 5.6; and TEA, 5.0. Cultures were

placed on the heated stage (35ac) of an inverted phase contrast micro-

scope allowing neuronal impalement by a recording micropipette under

visual observation. Drug actions on DRG neurons somatic calcium-

dependent action potentials were determined during intracellular re-

cording using high resistance (20-50 megaohms) micropipettes filled

with 4 M KAc or 4 M CsAc. A modified bridge circuit allowed simulta-

neous current application and voltage recording using single micropi-

pettes.

For voltage clamp, neurons were bathed in the same TBS or in TBS

with the potassium channel blocker cesium substituted for potassium

(cesium TBS). In all voltage clamp experiments, 5-10 MM TTX was

added to the recording medium. Micropipettes used for voltage-clamp

recordings were filled with either 3 M potassium chloride (KC1) (for

recording in TBS medium) or 3 M CsC1 (for recording in cesium TBS

medium) and had resistances of 10-25 megaohms. Micropipette tip

capacitance was reduced by coating the micropipette shank with poly-

styrene (Q-dope, GC Electronics), and noise was reduced by painting

the pipette shaft with conductive material and driving the shield. The

somata of DRG neurons were voltage clamped using a single micro-

electrode voltage clamp preamplifier (Dagan 8100) that switched be-

tween voltage sampling and current injection modes at 3 KHz with a

50-50 duty cycle. In several experiments an Axoclamp-2 preamplifier

was used as a single microelectrode voltage clamp that switched at 6

KHz between voltage sampling and current injection modes with a 70-

30 duty cycle. The accuracy of the single microelectrode voltage clamp

procedure was assessed by inserting a second intracellular micropipette

connected to a separate recording amplifier to independently monitor

membrane potential. Depolarizing clamp steps applied to neurons

bathed in cesium TBS and impaled with cesium-containing micropi-

pettes produced inward currents that inactivated slowly. Voltage steps

measured by the voltage-clamp micropipette and independent micro-

pipette corresponded to within 10%.

Drug application by pressure ejection or diffusion. Pentobarbital

(Mallincrodt), phenobarbital (Mallincrodt), barbituric acid (Sigma),

and cadmium chloride (Matheson, Coleman and Bell) were dissolved

in recording medium. Drugs were applied locally to neurons by pressure

ejection (0.5-1.5 psi.) for 1-2 sec from micropipettes with a tip

diameter of 2-5 �m or, when long term application was required as

during determination of current-voltage relations, by diffusion from

micropipettes with a tip diameter of 15-25 Mm. Micropipette tips were

cracked under direct visual observation, approximately 400x magnifi-

cation, to be of appropriate tip diameters.

RESULTS

Action potentials of mouse DRG neurons had sodium-

and calcium-dependent components. DRG neuron action
potentials were previously determined to have two com-

ponents: an initial sodium-dependent component that
was only partially sensitive to block by tetrodotoxin as
well as a slower calcium-dependent component (28). In

recording medium containing 1.0 mM calcium, DRG neu-
ron action potentials had durations of about 2.5 msec
and had a convex inflection on the repolanizing phase
(Fig. 1, A1). Cadmium, a calcium channel blocker, abol-
ished the convex inflection leaving an action potential

mM Ca�’, 0mM TEA

KAC(1)

5mM Ca��’, 5mM TEA

KAc(1)

. 4mMc

B1

B2��

500pM Cd�4

Cl

5mM Ca� 5mM TEA

100pM Cd4�

FIG. 1. Action potentials of dorsal root ganglion neurons have sodium- and calcium-dependent components and have a potassium-dependent

after-hype rpokirization

Action potentials were evoked from resting membrane potential at 15-sec intervals by 100-500-sec duration depolarizing stimuli. The action

potentials illustrated in A, and A2, however, were evoked by 2-sec depolarizing stimuli while the modified Wheatstone bridge circuit was

maintained in balance. Action potentials were evoked in medium containing 1 mM Ca2�, and 0 mM TEA� (A1, A2) or 5 mM Ca2� and 5 mM TEA�

(B1, B2) during recording with KAc-filled micropipettes and in medium containing 5 mM Ca2�, 5 mM TEA� during recording with CsAc-fihled

micropipettes (C,, C2). A2, B2, C2: superimposed action potentials evoked prior to ( 1 ) and subsequent to (2) application of cadmium (Cd21, a

calcium channel blocker. TEA at 5 mM partially blocked potassium conductance and augmented the calcium component of the action potential

to a duration of about 10 msec (A, B). Intracellular cesium abolished substantial potassium conductance, thus abolishing the after-hyperpolari-

zation and producing calcium-dependent action potentials with durations of 100-2000 msec (C).
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FIG. 2. Pentobarbital and phenobarbital but not barbituric acid de-

creased DRG neuron calcium-dependent action potential duration

Action potentials were evoked at a frequency of 4/mm by 100-gs

depolarizing current pulses. Action potentials evoked before ( 1 ) and

after (2) barbiturate application were superimposed. Pentobarbital

(PB) at 250 MM, phenobarbital (PhB) at 1 mM but not the inactive

barbiturate, and barbituric acid (BA ) at 2 mM decreased the calcium

component of action potentials recorded in a single DRG neuron. The

recording medium bathing the neurons during the experiments de-

scribed in Figs. 2-8 contained 5 mM Ca2�, 5 mM TEA, and 5 mM K�.

A complete description of the medium is given in the text.

tion

The amplitude of action potential after-hyperpolarizations prior to

(0) and following (#{149})pentobarbital application (inset) are plotted as

a function of time. In each case, measurement of the after-hyperpolar-

ization was begun where the repolarizing limb of the action potential

intersected resting membrane potential.

FIG. 4. Pentobarbital decreases of calcium-dependent action potential

duration were enhanced by intracellular cesium injection

During recording with a KAc-filled micropipette, pentobarbital de-

creased calcium-dependent action potential duration by less than 10%.

The KAc-filled micropipette was then withdrawn, and the neuron was

reimpaled with a CsAc-filled micropipette. Following intracellular ion-

tophoresis of cesium, pentobarbital reduced calcium-dependent action

potential duration by approximately 55%.

IO0�uM 500pM

�

200pM 500pM mM

FIG. 5. Pentobarbital and phenobarbital decreased calcium-de-
pendent action potential duration dose-dependently but over different

concentration ranges

Semilogarithmic plot of dose-dependent actions of pentobarbital ( n

= 8) and phenobarbital (n = 5) on DRG neurons impaled with CsAc-

filled micropipettes. Bars represent standard error of mean. Dose-

dependent action of pentobarbital (PB) and phenobarbital (PhB) on

single DRG neurons is shown. BA, barbituric acid.

with a duration of about 2.0 msec which was sodium-

dependent (Fig. 1, A2). The calcium component of action
potentials was augmented to 5-25 msec by recording
medium containing S mM calcium and S mM TEA (Fig.
1, B1). The first 2.0 msec of the action potentials were

dependent upon sodium with the remaining broad pla-
teau dependent upon calcium, as indicated by the block-
ade of the plateau by cadmium (Fig. 1, B2). Although S
mM TEA augmented the calcium component of action
potentials, substantial voltage- and/or calcium-depen-

dent potassium conductance remained as indicated by

the large after-hyperpolanization recorded following ac-
tion potentials. Intracellular injection of cesium, with

the extracellular medium containing either 5.3 mM po-
- tassium or substituting cesium for potassium, decreased
50msec membrane potential to 0 to -20 mV. Following mem-

brane hyperpolanization to about -60 mV, calcium-de-
pendent action potentials with durations of 100 msec-2
sec, but without after-hyperpolarization, could be evoked,
consistent with substantial blockade of potassium con-
ductance (Fig. 1, C1). Application of cadmium (100 �zM)
blocked the long duration action potential, leaving only
the short sodium-dependent component (Fig. 1, C2).

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 5, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


A

Vh

B, 0mM Ca��

V

-2 0

-30

B2 200pM Cd��

-40

nA

PB (500pM)

FIG. 6. I)epolarizing commands evoked calcium-dependent currents

The current-voltage relation obtained when command steps were applied from a holding potential of -60 mV to a dorsal root ganglion neuron

bathed in potassium-free medium that substituted cesium for potassium and contained 5 mM tetraethylammonium chloride is illustrated in A.

The recording micropipette contained 3 M CsC1. B, and B2 (trace 1 in each case) illustrate the inward currents obtained from neurons bathed in

1 mM Ca2� and 5 mM Ca2�, respectively. Local application of 10 mM calcium augmented inward current (B1; trace 2) while the calcium channel

blocker, cadmium, at 200 pM reduced the inward current (B2; trace 2).

BA (2000pM)PhB (2000pM)

20 msec

A3 _____

/
FIG. 7. Barbiturates decreased inu’ard currents evoked by depolar-

izing voltage commands

Pentobarbital (PB), phenoharbital (PhB), but. not barbituric acid

(BA ) decreased the amplitude of inward currents evoked by depolar-

izing voltage commands from a holding potential of -60 mV. Data

represent superimposed traces evoked prior to ( 1 ) and during (2)

barbiturate application. Trace 2 (pentobarbital) was obtained imme-

diately after the onset of barbiturate application by local pressure

ejection from blunt-tipped micropipettes. Trace 3 (pentobarbital) was

evoked 5 sec later and was the maximal obtained response.
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Barbiturates decreased DRG neuron somatic calcium-
dependent action potential duration without affecting rest-

ing membrane potential or conductance. We determined
barbiturate actions on somatic calcium-dependent action
potentials obtained from DRG neurons bathed in 5.3 mM
potassium and impaled with KAc-filled micropipettes
(Fig. 2). Application of pentobanbital (250 �.tM) for 2 sec
by pressure ejection delivered 4 sec prior to evoking an
action potential decreased DRG neuron somatic calcium-
dependent action potential duration of 10 neurons tested
and slightly augmented action potential duration of 4

neurons. Phenobanbital at 1 mM decreased DRG neuron
somatic calcium-dependent action potential duration in
5 neurons tested and slightly augmented action potential
duration in 4 neurons. The inactive barbiturate, barbi-
tunic acid (2 mM), did not affect action potential duration
or configuration.

Effects on DRG neuron somatic calcium-dependent
action potential duration by pentobarbital, phenobarbi-

tal, and cadmium were not associated with a change of

either resting membrane potential (20 neurons) on rest-
- ing membrane conductance (4 neurons).

Barbiturates reduced calcium-dependent action poten-

tial after- hyperpolarization. DRG neuron action poten -

tials have large after-hyperpolanizations of 10-25 mV
with a mean after-hyperpolanization amplitude of 19 mV

± 0.7 (n = 19). Pentobarbital and phenobarbital effects

on calcium-dependent action potential duration were

associated with a decrease in the amplitude of action

potential after-hyperpolanizations (Fig. 3). The peak am-
plitude of action potential after-hyperpolanizations was

decreased 0.9 to 3.7 mV (mean 2.2 mV ± O.�2) (13 of 13
neurons) by 500 �tM pentobarbital and 2.5 to 4.9 mV

(mean 3.5 mV ± 0.4) by 1 mM phenobarbital (S of S
neurons). The calcium channel blocker cadmium (100

jzM) had a similar action on aften-hyperpolanizations
producing decreases of 1-10 mV (mean 3.3 mV ± 1.0) (9

of 9 neurons).
Barbiturates decreased calcium-dependent action po-

tential duration following intracellular cesium injection.

Pentobarbital and phenobanbital, but not barbitunic acid,

decreased somatic calcium-dependent action potential

duration of DRG neurons bathed in medium substituting
cesium for potassium and impaled with CsAc-filled mi-

cropipettes (18 neurons). We compared barbiturate ac-
tions on single DRG neurons bathed in potassium-con-
taming medium during recording with KAc-filled and
CsAc-filled micropipettes (4 neurons). Barbiturate de-

creases of calcium-dependent action potential duration
were consistently larger during CsAc recording. In con-

trast to the results obtained with KAc-filled micropi-

pettes, barbiturates decreased calcium-dependent action

potentials of all DRG neurons during CsAc recording.
Indeed, DRG neuron action potentials that had durations
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FIG. 8. Pentobarbital reduced the amplitude of inward currents but did not affect their voltage dependence or extrapolated reversal potential

The current-voltage relation obtained from a DRG neuron prior to (fl) and following (U) pentobarbital (500 MM) application is plotted. B

(lower) illustrates the current-voltage relation after leak current has been subtracted. The leakage curve was estimated by averaging the current-

voltage curve obtained in 7 neurons with an input resistance comparable (±10%) to the neuron illustrated. B (upper) is the conductance-voltage

relation following leak subtraction and is derived from B (lower).

FIG. 9. Barbiturates did not affect leak conductance

Pentobarbital decreased inward current when potassium conduct-

ance was largely blocked by cesium but did not affect leak currents

when the inward calcium current was blocked by 500 �iM cadmium.

The plot is the current-voltage relationship obtained in the presence

of cadmium (0) and cadmium plus pentobarbital (U).

unaffected or slightly prolonged by barbiturates during

recording with KAc-filled micropipettes had large de-

creases of action potential duration during recording with

CsAc-filled micropipettes (Fig. 4). During recording with

CsAc-filled micropipettes, pentobarbital and phenobar-
bital produced dose-dependent decreases of calcium-de-

pendent action potential duration over 50-500 �M (IC50
= 220 �tM 6 of 6 neurons) and 500-2000 �M (IC50 = 1200
�zM) (8 of 8 neurons) respectively (Fig. 5).

Membrane currents ofDRG neuron somata. For voltage

clamp, neurons were bathed in potassium-free medium
containing cesium and TTX and were impaled with
CsC1-filled micropipettes. Neurons were held at -60 mV
and step depolarizations to potentials between -40 to
+25 mV produced net inward currents which had several

components (Fig. 6). Despite the present of the sodium
channel blocker, TTX, an early inward current was

occasionally recorded which was presumably at least
partially sodium dependent. Following this early current,

a later slowly inactivating current was recorded. The
magnitude of the late inward current was dependent

upon extracellular calcium concentration (Fig. 6, B1),
and the currents were reduced by the calcium channel

blocker, cadmium (Fig. 6, B2). Since the single electrode
clamp technique is relatively slow and allowed voltage

control only after 1-3 msec and since there was occa-
sionally some TTX-resistant early inward sodium cur-

rent, all current measurements were made after the early

inward current had diminished (5-10 msec after the

onset of the clamp step). The current-voltage relation-
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FIG. 1 1. Pentobarbital reduced chord conductance by about 50% at step commands that fully activated cakium conductance

From a holding potential of -60 mV, depolarizing step commands were applied to fully activate voltage-dependent calcium conductance.

During the large depolarizing command, small hyperpolarizing and depolarizing voltage steps (±10 mV) were applied. Barbiturate application

resulted in less current being required to attain a given voltage during step commands that fully activated calcium conductance.

m

I nA

5msec

. CTL1

. PB 500pM
0 CTL2

-�.u nA

274 WERZ AND MACDONALD

cium conductance by cadmium (7 neurons).

A,

B

A2

�mV

2Omsec

Cd2�

,p.___t_I___I �1�-U-I

:� PB+Cd�1

I nA

FIG. 10. Barbiturates decreased the magnitude of late outward current when they were not blocked by cesium

Voltage clamp recordings obtained from neurons bathed in medium containing normal potassium. Depolarizing clamp commands from a

holding potential of -60 mV produced a transient inward current which rapidly declined and developed into an outward current. Pentobarbital

decreased (A1) and cadmium totally suppressed (A2) the inward current. Both substances also decreased the outward potassium current. B.

Recording from a single neuron illustrating that pentobarbital decreased (B1) and cadmium totally abolished (B2) the initial inward current and

that both substances reduced the late outward current. On the same neuron, pentobarbital did not affect that magnitude of the outward current

measured in the presence of cadmium (B3). Calibrations for A1 and B are: voltage, 100 mV; current, 1 nA; and time, 20 msec. Calibrations for A2

are the same except that for current the calibration bar represents 2 nA.

ship was linear with hyperpolanizing and small depolar-
izing command voltages (Fig. 6, A). With depolarizing
commands greater than 20 mV, net inward currents of
1-12 nA were produced with the maximal inward current
being recorded at about -20 mV. Currents became net
outward above +20 mV. In the presence ofcadmium (500
�tM) the current-voltage relationship was linear over the
voltage range of -140 to 0 mV consistent with substantial
blockade of potassium conductance by cesium and cal-

Barbiturates decreased the magnitude of inward cur-

rents. Pentobarbital and phenobarbital, but not barbi-

tunic acid, reversibly decreased the magnitude of depo-

lanization-induced inward currents (19 neurons) (Fig. 7).

Barbiturates did not affect the potential at which net

inward current was recorded, the potential at which the

inward current was maximal, or the extrapolated reversal

potential for calcium current (4 neurons) (Fig. 8). When

the inward calcium current was blocked by cadmium, the

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 5, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


4

C

H

TIME (msec)

FIG. 12. Pentobarbital increased the rate at which calcium currents
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PB 500pM ductance rather than to augment an outward potassium

I- conductance. At step commands that fully activated cal-

- r- cium conductance, 500 �tM pentobarbital reduced chord
- 2 conductance by 48% ± 5 (mean of 5 neurons).

I Barbiturates increased the rate at which calcium cur-

Ij����:v rents decayed. Calcium currents activated by depolarizing

40msec step commands decayed with a time constant between
120 and 180 msec (n = 3). During step commands 150 to

Cd� 4OpM 750 msec, pentobarbital (500 suM) increased the rate at

I which calcium currents decayed by about a factor of

- - three. In three neurons, we obtained time constants of

_(______�_____‘__� 120, 160, and 180 in control, but 45, 45 and 70 in 500
� �tM pentobarbital. While 40 �zM cadmium also reduced

the magnitude of calcium currents, it did not affect the
rate at which calcium currents decayed (Fig. 12).

decayed

The decay of calcium current as a function of time is plotted

semilogarithmically. Calcium current activated by a step depolarization

from a holding potential of -60 mV inactivated with a time constance

of about 180 msec. The decay time constant in the presence of pento-

barbital, however, was about 70 msec. In contrast, calcium current

inactivation in the presence of 40 �iM cadmium had a time constant of

160 msec and thus did not differ from control.

remaining leak current was unaffected by pentobarbital

(S neurons) (Fig. 9).
The absence of a barbiturate effect on cadmium-insen-

sitive outward currents does not definitively indicate a
barbiturate action on voltage-dependent calcium con-

ductance since an augmentation of calcium-dependent
potassium current is not excluded. We have obtained an
indirect measure of barbiturate effects on calcium-de-

pendent potassium current. In the presence of normal

potassium, depolarizing commands produced a transient
inward current that declined rapidly and developed into
an outward current (Fig. 10). Cadmium chloride (200-

500 ,ttM) abolished the inward current and also reduced
the magnitude of the later outward current (Fig. 10, A2,
B2). Similarly, barbiturates decreased the duration of the

early inward current and reduced the magnitude of the
late outward current (n = 28) (Fig. 10, A1, B1). However,
barbiturates did not affect the magnitude of the outward

current in the presence of cadmium (Fig. 10, B3). Thus,
cadmium and barbiturates block the calcium-dependent
inward current and also calcium-dependent outward cur-

rents.
Barbiturates decreased calcium conductance. Finally,

we have used a more direct approach to determine that

barbiturates decrease voltage-dependent calcium con-
ductance rather than augment calcium-dependent potas-
sium conductance. From a holding potential of -60 mV,

depolarizing step commands were applied to fully acti-
vate voltage-dependent calcium conductance. During the
large depolarizing commands, small hyperpolanizing and

depolarizing voltage steps (±10 mV) were applied. Bar-
biturate application resulted in less current being re-

quired to attain a given voltage during step commands
that fully activated calcium conductance (Fig. 11). Thus,
the reduction in inward currents by barbiturates was
associated with a decrease in membrane chord conduct-
ance consistent with an action to decrease calcium con-

DISCUSSION

The barbiturates, pentobarbital and phenobarbital, di-
rectly reduced voltage-dependent calcium conductance
of mouse DRG neurons in cell culture since they: 1)

reduced the duration of calcium-dependent action poten-
tials and inward currents following extracellular replace-
ment of potassium by the potassium channel blocker

cesium and intracellular cesium injection; 2) reduced
peak calcium conductance without altering the extrapo-
lated calcium equilibrium potential; 3) reduced the in-
stantaneous current-voltage slope (calcium chord con-

ductance); and 4) did not alter membrane conductance
following blockade of calcium channels by cadmium.

It is possible that the reduction in inward current

produced by the barbiturates was due to an enhancement
of an outward cesium current. However, the absence of

effect of barbiturates in the presence of the calcium

channel blocker cadmium argues strongly against an
effect on a “leak” outward cesium current or a voltage-
activated outward cesium current. It does not rule out
the possibility that barbiturates enhanced calcium-acti-
vated outward cation current. The finding that barbitu-
rates reduced the peak conductance achieved at large

depolarizing commands, however, effectively rules out a
major action on a calcium-activated cesium outward
current. Thus, it is likely that the barbiturates directly
reduce voltage-dependent calcium conductance.

The decay ofthe inward current during the maintained
depolarizing step was accelerated in the presence of

barbiturates. A similar enhancement of the rate of cal-
cium current decline by barbiturates has been observed
in Helix neurons (39). The decay of the inward current

is likely to be due to either calcium- and/or voltage-
dependent inactivation of calcium conductance. Thus,
barbiturates may increase the rate of decline of the

inward current by accelerating calcium-dependent or
voltage-dependent inactivation of calcium channels. Al-
ternatively, an enhanced rate of current decay would be

expected if barbiturates produce a blockade of open
calcium channels similar in mechanism to the barbitu-

rate blockade of open end-plate channels that has been
reported (40).

Barbiturate reduction of calcium-dependent action po-
tentials of mouse dorsal root ganglion neurons in cell
culture was similar to that of mouse spinal cord neurons
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in cell culture (32). However, the action potentials had
to be recorded using different methodologies. Spinal cord
neurons have minimal somatic calcium conductance and

calcium-activated potassium conductance while dorsal
root ganglion neurons have a large somatic calcium con-

ductance and calcium-activated potassium conductance
(33). In spinal cord neurons, 25 mM extracellular TEA

produced substantial block of voltage-dependent potas-
sium conductance and allowed long duration calcium-

dependent action potentials to be evoked. It was difficult
to consistently evoke calcium-dependent action poten-
tials at lower TEA concentrations in spinal cord neurons.
In dorsal root ganglion neurons, considerable calcium-
activated potassium conductance remained following S
mM extracellular TEA application, and thus the calcium-
dependent action potentials were of shorter duration and
were followed by large after-hyperpolanizations. Under
these conditions, barbiturates shortened calcium-de-
pendent action potentials of spinal cord neurons but had
variable actions on the calcium-dependent action poten-
tials of dorsal root ganglion neurons. It is likely that the
variable result on dorsal root ganglion neurons was due

to insufficient blockade of calcium-activated potassium
conductance. Thus, reduction of calcium entry also re-
duced the calcium-activated outward potassium current.

The net effect on calcium-dependent action potential
duration, then, depended on the relative reduction in the

two currents.
These results have several implications for the action

of barbiturates. First, as with spinal cord neurons, bar-

biturates reduce calcium conductance of DRG neurons
at concentrations that are in the sedative/anesthetic
range and are correlated with reduction in neurotrans-
mitten release (32). This suggests that calcium channel

block and reduction of neurotransmitter release may be
causally related and that the effect may contribute to the
development of sedation and anesthesia. In addition, if
barbiturates hasten calcium channel inactivation, it is
possible that barbiturates would reduce release of neu-

notnansmitter due to rapid repetitive stimulation more
effectively than to slow repetitive stimulation.

ACKNOWLEDGMENTS

We thank Nancy Fox for illustrative work and Michaela Weeks,

Debbra Neuvirth, and Marjorie Mills for secretarial assistance. We

thank Dr. Gordon Guroff for kindly supplying us with nerve growth

factor.

REFERENCES

1. Nicoll, R. A. Differential postsynaptic effects of barbiturates on chemical

transmission, in Neurobiokgy of Chemical Transmission (M. Otsuka and Z.

Hall, eds.). Wiley, New York, 267-278 (1979).

2. Prichard, .J. W. Barbiturates: physiological effects. I: Antiepileptic drugs:

mechanisms of action. Adv. Neurol. 27:505-522 (1980).

3. Macdonald, R. L. Mechanisms of anticonvulsant drug action, in Recent

Advances in Epilepsy (T. A. Pedley and B. S. Meldrum, eds.). Churchill-

Livingstone, New York, 1-23 (1983).

4. Brooks, C. M. and J. C. Eccles. A study of the effects of anaesthesia on the

monosynaptic pathway of the spinal cord. J. Neurophysiol. 10:349-360
(1947).

5. Somjen, G. G. Effects ofether and thiopental on spinal presynaptic terminals.

J. Pharmacol. Exp. TIwr. 140:393-402 (1963).
6. Somjen, G. C., and M. Gill. The mechanism of the blockade of synaptic

transmission in the mammalian spinal cord by diethyl ether and by thiopen-

t.al. J. Pharmacol. Exp. Titer. 140:19-30 (1963).

7. Loyning, Y., T. Oshima, and J. Yokota. Site of action of thiamytal sodium

on the monosynaptic spinal reflex pathway in cats. J. Neurophysiol. 27:408-

428 (1964).

8. Kalant, H., and W. Grose. Effects of ethanol and pentobarbital on release of

acetylcholine from cerebral cortex slices. J. Pharmacol. Exp. Ther. 158:386-
393 (1967).

9. Galindo, A. Effects of procaine, pentobarbital and halothane on synaptic

transmission in the central nervous system. J. Pharmacol. Exp. Titer.
169:185-195 (1969).

10. Weakly, J. N. Effect of barbiturates on ‘quantal’ synaptic transmission in

spinal motoneurons. J. Physiol. (Lond.) 204:63-77 (1969).

11. Richards, D. C. On the mechanism of barbiturate anaesthesia. J. Physiol.

(Lond.) 227:749-767 (1972).

12. Richter, J. A., and M. B. Waller. Effects of pentobarbital on the regulation

of acetylcholine content and release in different regions of rat brain. Biochem.

Pharmacol. 26:609-615 (1977).

13. Morgan, K. G., and S. H. Bryant. Pentobarbital: presynaptic effect in the

squid giant synapse. Experientia 33:487-488 (1977).

14. Cutler, R. W. P., and J. Young. Effect ofbarbiturates on release of endogenous

amino acids from rat cortex slices. Neurochem. Res. 4:319-329 (1979).

15. Richter, J. A., and L. L. Werling. K-stimulated acetylcholine release: inhibi-

tion by several barbiturates and chloral hydrate but not by ethanol, chlordi-

azepoxide, or l1-OH-9-tetrahydrocannabinol. J. Neurochem. 32:935-941
(1979).

16. Waller, M. B., and J. A. Richter. Effects of pentobarbital and Ca2� on the

resting and K�-stimulated release of several endogenous neurotransmitters

from rat midbrain slices. Biochem. Pharmacol. 29:2189-2198 (1980).

17. Blaustein, M. P., and A. C. Ector. Barbiturate inhibition of calcium uptake

by depolarized nerve terminals in vitro. Mol. Pharmacol. 1 1:369-378 (1975).

18. Ondrusek, M. G., J. K. Belknap, and S. W. Leslie. Effects of acute and

chronic barbiturate administration on synaptosomal calcium accumulation.

Mol. Pharmacol. 1 5:386-395 (1979).
19. Leslie, S. W., M. B. Friedman, R. E. Wilcox, and S. V. Elrod. Acute and

chronic effects of barbiturates on depolarization-induced calcium influx into

rat synaptosomes. Brain Res. 185:409-417 (1980).

20. Elrod, S. V., and S. W. Leslie. Acute and chronic effects of barbiturates on

depolarization-induced calcium influx into synaptosomes from rat brain

regions. J. Pharmacol. Exp. Titer. 212:131-136 (1980).

21. Gelduldig, D., and D. Junge. Sodium and calcium components of action

potentials in the Aplysia giant neurone. J. Physiol. (Lond.) 199:342-365

(1968).

22. Barrett, E. F., and J. N. Barrett. Separation of two voltage-sensitive potas-

sium currents and demonstration of a tetrodotoxin-resistant calcium current

in frog motoneurones. J. Physiol. (Land.) 255:737-774 (1976).

23. Llinas, R., and R. Hess. Tetrodotoxin-resistant dendritic spikes in avian

purkinje cells. Proc. NatI. Acad. Sci. U. S. A. 73:2520-2523 (1976).

24. Matsuda, Y., S. Yoshida, and T. Yonezawa. A Ca-dependent regenerative

response in rodent dorsal root ganglion cells cultured in vitro. Brain Res.
1 15:334-338 (1976).

25. Schwartzkroin, P. A., and M. Slawsky. Probable calcium spikes in hippocam-

pal neurons. Brain Res. 135:147-161 (1977).

26. Dichter, M. A., and G. D. Fischbach. The action potential of chick dorsal

root ganglion neurones maintained in cell culture. J. Physiol. (Lond.)

267:281-298 (1977).

27. McAfee, D. A., and P. J. Yarowsky. Calcium-dependent potentials in the

mammalian sympathetic neurone. J. Physiol. (Load.) 290:507-523 (1979).

28. Heyer, E. J., and R. L. Macdonald. Calcium and sodium-dependent action

potentials of mouse spinal cord and dorsal root ganglion neurons in cell

culture. J. Neurophysiol. 47:641-655 (1982).

29. Mudge, A. W., S. E. Leeman, and G. D. Fischbach. Enkephalin inhibits

release of substance P from sensory neurons in culture and decreases action

potential duration. Proc. Natl. Acad. Sci. U. S. A. 76:526-530 (1979).

30. Horn, J. P., and D. A. McAfee. Aipha-adrenergic inhibition of calcium-

dependent potentials in rat sympathetic neurones. J. Physiol. (Lond.)

301:191-204 (1980).

31. Dunlap, K., and G. D. Fischbach. Neurotransmitters decrease the calcium

conductance activated by depolarization of embryonic chick sensory neu-
rones. J. Physiol. (Load.) 317:519-535 (1981).

32. Heyer, E. J., and R. L. Macdonald. Barbiturate reduction of calcium-de-

pendent action potentials: correlation with anesthetic action. Brain Res.

236:157-171 (1982).
33. Werz, M. A., and R. L. Macdonald. Opioid peptides with differential affinity

for mu- and delta-receptors decrease sensory neuron calcium-dependent

action potentials. J. Pharmacol. Exp. Titer. 227:394-402 (1983).
34. McLean, M. J., and R. L. Macdonald. Multiple actions ofphenytoin on mouse

spinal cord neurons in cell culture. J. Pharmacol. Exp. Titer. 227:779-789

(1983).

35. Goldring, J. M., and M. P. Blaustein. Effect of pentobarbital on Na and Ca

action potentials in an invertebrate neuron. Brain Res. 240:273-283 (1982).

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 5, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


BARBITURATES DECREASE VOLTAGE-DEPENDENT CALCIUM CONDUCTANCE 277

36. Schulz, D. W., and R. L. Macdonald. Barbiturate enhancement of GABA-

mediated inhibition and activation of chloride ion conductance: correlation
with anticonvulsant and anesthetic actions. Brain Res. 209:177-188 (1981).

37. Percy, V. A., M. C. L. Lamm, and J. J. F. Taljaard. Effects of �-aminolaevu-
linic acid, porphobilinogen, amino acids, and barbiturates on calcium accu-

mulation by cultured neurons. Biochem. Pharmacol. 30:665-666 (1981).

38. Ransom, B. R., E. Neale, M. Henkart, P. N. Bullock, and P. G. Nelson.

Mouse spinal cord in cell culture. I. Morphology and intrinsic neuronal
electrophysiologic properties. J. Neurophysiol. 40:1132-1150 (1977).

39. Nishi, K., and Y. Oyama. Accelerating effects of pentobarbitone on the
inactivation process of the calcium current in Helix neurones. Br. J. Phar-
macol. 79:645-654 (1983).

40. Adams, P. R. Drug blockade of open end-plate channels. J. Physiol. (Lond.)

260:531-552 (1976).

Send reprint requests to: Dr. Robert L. Macdonald, Neuroscience
Laboratory Building, 1103 East Huron, Ann Arbor, MI 48104.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 5, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/



