ly temporary deposition rather than an
accumulation of enzyme over 2 or 3
days, it is unknown for how long the
immunoreactive enzyme has been pres-
ent in the observed locations.

These data suggest that collagenase is
released by the long dendritic processes
(Fig. 2), and that the large number of
dense bodies found in these extensions
(Fig. 1) may be related to enzyme stor-
age or release. Immuno-ultrastructural
studies may help to elucidate the mecha-
nism of collagenase secretion or exo-
cytosis in these cytoplasmic processes,
whether the perinuclear region of cells
demonstrating FITC-fluorescence repre-
sents Golgi apparatus, and how the en-
zyme is transported to the site of secre-
tion.

It is not known whether the dendritic
cell observed in vitro in monolayer cul-
tures has the same morphology in vivo,
or what the origin or distribution of this
cell is in rheumatoid synovial tissue. The
dendritic cells may be synovial cells
transformed in morphology and function
by components of chronic inflammation,
much as bone cells may be transformed
in vitro from a spherical to a stellate ap-
pearance by certain hormones and cyclic
nucleotides (/4). Since we now know
that collagenase is produced at sites of
cartilage resorption in vivo (5) and that
the dendritic cell has the ability to pro-
duce large quantities of this enzyme in
vitro, further studies on the role of this
cell in the pathophysiology of the rheu-
matoid joint are essential.
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Different Actions of Anticonvulsant and Anesthetic Barbiturates

Revealed by Use of Cultured Mammalian Neurons

Abstract. Barbiturate anesthetics, but not anticonvulsants, abolish the spontane-
ous activity of cultured spinal cord neurons; directly increase membrane con-
ductance, an effect which is suppressed by the y-aminobutyric acid (GABA) antago-
nists picrotoxin and penicillin; and are more potent than anticonvulsants in augment-
ing GABA and depressing glutamate responses. Barbiturate anticonvulsants abolish
picrotoxin-induced convulsive activity. These results indicate qualitative and quan-
titative differences between anesthetic and anticonvulsant barbiturates, which may

explain their different clinical effects.

Barbiturates are used therapeutically
for their varied pharmacological effects.
Phenobarbital is an effective anticon-
vulsant at clinical doses that produce
minimal sedation, while pentobarbital is
commonly used as an anesthetic because
of its dominant sedative action. Such dis-
parate pharmacological effects may re-
flect different mechanisms for attenuat-
ing central nervous system (CNS) ex-
citability, although such a comparative
study has not been performed. Pento-
barbital has multiple effects, including (i)
enhanced presynaptic inhibition of sen-
sory afferents (/), possibly mediated by
v-aminobutyric acid (GABA) (2); (ii)
depression of transmitter release at sen-
sory afferent synapses into the CNS
(3); (iii) enhanced transmitter release at
peripheral neuromuscular junctions ¢);
(iv) depression of excitatory synaptic
transmission at a variety of peripheral
and central synapses (5-7); (v) enhance-
ment of GABA-mediated postsynaptic
inhibition (7-10); and (vi) direct effects
on sensory afferents and spinal cord
neurons (/, 7, 9, 10) that are abolished
by the GABA antagonist picrotoxin
(1, 9). Thus, barbiturate anesthesia is
thought to result from the combined ef-
fect of enhanced inhibition and dimin-
ished excitation, producing a net de-
crease in neuronal excitability.

We have compared the actions of
anesthetic and anticonvulsant barbitu-
rates using a mammalian tissue culture
system. We have found that (i) anesthet-
ics, but not anticonvulsants, abolish all
spontaneous synaptic activity at thera-

peutic concentrations, and anticonvul-
sants abolish picrotoxin-induced parox-
ysmal events; (ii) anesthetics, but not
anticonvulsants, directly increase mem-
brane conductance, an effect which can
be antagonized by the GABA-specific
antagonists picrotoxin and penicillin (/1,
12); (iii) anesthetics, but not anticon-
vulsants, substantially prolong GABA
responses; and (iv) both classes of bar-
biturates enhance postsynaptic GABA
responses and antagonize postsynaptic
glutamate responses, although anesthet-
ics are two to three times more potent
than anticonvulsants. These results indi-
cate qualitative and quantitative differ-
ences in the pharmacological actions of
anticonvulsant and anesthetic barbitu-
rates, which may explain their different
clinical effects.

Spinal cords were dissected from 12-to
14-day-old mouse embryos, mechanical-
ly dissociated, and grown in tissue cul-
ture for 5 to 13 weeks before electro-
physiological study (I3). Recordings
were made on a modified stage of an in-
verted phase microscope. Large, multi-
polar spinal cord neurons were pene-
trated under direct vision with glass mi-
cropipettes (25 to 50 megohms filled with
4M potassium acetate or 3M KCI. The
legends to Figs. 1 and 2 contain addition-
al details of methodology.

Spontaneous activity in these cultures
(Fig. 1A1) was characterized by abun-
dant excitatory and inhibitory post-
synaptic potentials, random firing of ac-
tion potentials with varying frequency,
and occasional short duration (< 0.5 sec-
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ond) bursts of action potentials. Addition
of 0.2 mM phenobarital produced little
alteration in spontaneous activity (Fig.
1A2), with slightly increased neuronal
firing rate and decreased frequency of
short bursts. Addition of the same con-
centration of the anesthetic pentobarbital
produced an electrically silent state with no
discernible synaptic activity (Fig. 1A3), an
effect that was rapidly reversible (Fig.
1A4). Application of 0.08 mM picrotoxin

Fig. 1. (A) Barbiturate action on spontaneous
activity recorded intracellularly from the
same neuron over a 2-hour period. Phenobar-
bital (PhB) (0.2 mM), pentobarbital (PB) (0.2
mM), and picrotoxin (PICRO) (0.08 mM)
were added to normal growth medium and
perfused into the culture dish in volumes suf-
ficient to exchange the medium four times.
Records are from a pen recorder, and there-
fore the action potentials are attenuated. The
10 mV X 1 second bars apply throughout ex-
cept in (AS) and (B) (time is 5 and 20 seconds,
respectively). (B) Effect of barbiturates and
GABA on membrane potential and con-
ductance. Intracellular recordings were made
with micropipettes filled with 4M potassium
acetate, and iontophoresis was achieved with
high-resistance (50 to 80 megohms) theta mi-
cropipettes filled with PB (0.2M, pH 9.0), PhB
(0.2M, pH 9.0), and GABA (0.5M, pH 3.95).
Membrane conductance was assessed by rec-
ording the voltage response to repeated cur-
rent pulses (40 msec) delivered to the neuron
using a standard bridge technique. Appli-
cation of PB (300 nA) and GABA (50 nA), but
not PhB (300 nA), produce membrane hyper-
polarization and an increase in membrane
conductance. Membrane potential was —50
mV. The 10-mV bar applies, but the time bar
represents 20 seconds. (C) Direct effect of ion-
tophoresed PB. The response to PB and
GABA is reversed by use of recording micro-
pipettes filled with 3M KCIl. Membrane poten-
tial in (C) and (D) was —90 mV. (D) The PB
response (200 nA) was rapidly and reversibly
antagonized by concurrent iontophoresis of
picrotoxin (10 mM, pH 4.5) (KCI recording
micropipettes). Fig. 2. Barbiturate modu-
lation of GABA and glutamate responses elic-
ited from cultured mammalian spinal cord
neurons. Intracellular recordings were made
with micropipettes filled with 3M KCl, and
iontophoresis was achieved using GABA,
glutamate, PB, and PhB. Amino acids were
passed with 50-msec pulses of appropriate
polarity while barbiturates were applied with
steady anionic current. The schematic insets
in (A2) and (B1) illustrate the relationship be-
tween the neuronal cell body and recording
and ionophoretic micropipettes. (A) Both PB
and PhB augmented the GABA response
(A3). PB produced the effect at much lower
iontophoretic currents (A2) and also produced
a pronounced increase in the decay time of
the response (Al). (B) Both barbiturates an-
tagonized the glutamate response (B2) with-
out significant alteration in the response kinet-
ics. PB was effective at lower iontophoretic
currents (B1). Arrowheads indicate iontopho-
retic currents producing half-maximal effects
on the various parameters. The data plotted in
(Al), (A2), and (B1) are derived from the ex-
periments illustrated in (A3) and (B2), respec-
tively, and are representative of responses ob-
tained with 15 different neurons.
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led to the development of paroxysmal
depolarizing events (PDE), character-
ized by random, abrupt depolarizations
associated with bursts of action poten-
tials (Fig. 1AS). These events were simi-
lar to the paroxysmal depolarizing shifts
recorded in cortical neurons exposed
to convulsant agents (/4). Addition of
0.2 mM phenobarbital to the picrotoxin
medium (Fig. 1A6) abolished the PDE
and restored a spontaneous activity
more characteristic of control record-
ings, or that with phenobarbital alone
(Fig. 1A7). Thus, at identical concentra-
tions, pentobarbital abolished spontane-
ous activity, and phenobarbital attenu-
ated the picrotoxin-produced convulsive
effect with minimal alteration in baseline
spontaneous activity. Clinically, at this
concentration, pentobarbital would pro-
duce anesthesia while phenobarbital
would not; phenobarbital would be
in therapeutic range as an anticon-
vulsant.

To determine how these structurally
similar barbiturates produced such dis-
similar effects on spontaneous neuronal
activity, we investigated their effects on
neuronal membrane properties and on
responses to the iontophoretically ap-
plied GABA and glutamate. When ap-
plied from a pipette containing a 0.2M
concentration with currents up to 500
nA, phenobarbital produced no response
in eight of nine cells tested (Fig. 1B), and
a small response in the remaining cell.
Pentobarbital applied from a 0.2M solu-
tion increased membrane conductance and
altered membrane potential in a reversible,
dose-dependent manner (Fig. 1B). Use
of 3M filled recording micropipettes re-
versed the direct pentobarbital and the
GABA responses (Fig. 1C); this would
be expected for a chloride-mediated con-
ductance change. The direct PB re-
sponse was rapidly and reversibly antag-
onized in a dose-dependent fashion by
both picrotoxin (Fig. 1D) and penicillin
(unpublished observations). Picrotoxin
and penicillin do not affect neuronal
membrane properties at doses that pro-
duce the specific antagonists of GABA-
mediated postsynaptic inhibition in cul-
tured murine spinal cord neurons (I2).
Thus, pentobarbital is ‘‘GABA-mimet-
ic’’ when applied directly, that is, it ap-
pears to interact with GABA receptors
to produce an increase in neuronal chlo-
ride conductance.

Pentobarbital and phenobarbital both
augmented the amplitude of the GABA
response (Fig. 2A3), an effect that required
less iontophoretic current with pentobar-
bital than phenobarbital in 30 cells (Fig.
2A2). If similar transport numbers are
assumed for both, these data would sug-
gest that pentobarbital was more potent.
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In addition, pentobarbital slowed the ki-
netics of the GABA response in a dose-
dependent manner, while phenobarbital
did not (Fig. 2A1). Enhancement of the
GABA response at low pentobarbital
iontophoretic currents occurred without
the direct pentobarbital effect; at higher
currents, the direct effect was generally
produced. Phenobarbital produced no
such direct effect over similar ranges of
GABA augmentation in eight trials.
Thus, it would appear that the concen-
tration of pentobarbital at which GABA
augmentation occurs overlaps the con-
centration that produces the direct mem-
brane effect; phenobarbital enhances
GABA at concentrations which produce
no direct effects. Both barbiturates an-
tagonized the glutamate response with-
out significant alteration in the response
kinetics, pentobarbital again being two
to three times more potent. Thus, (i) only
pentobarbital is GABA-mimetic and ap-
pears to activate postsynaptic GABA re-
ceptors at the doses employed in this
study; (ii) pentobarbital both augments
and prolongs GABA responses while
phenobarbital only augments them; (iii)
both compounds antagonize glutamate
responses; and (iv) in all cases, pento-
barbital appears to be the more potent.
Similar differences in pharmacological
effects have been observed with the
anesthetic secobarbital and the anti-
convulsant mephobarbital. The ability of
the anticonvulsant barbiturates to in-
crease GABA-ergic inhibition and to de-
crease glutaminergic excitation might
then form the basis for anticonvulsant
action, while the addition of widespread
inhibition produced directly by pento-
barbital to the modulation of synaptic ac-
tivity could form the basis for anesthetic
action.

The mechanism of GABA augmenta-
tion by the barbiturates is unclear, but it
is likely to involve a receptor interaction,
since other neutral amino acids utilizing
the same conductance mechanisms (/5)
are not affected. Additionally, prelimi-
nary analysis of Lineweaver-Burk plots
suggests that -the "barbiturates increase
the apparent affinity of the receptor for
GABA (unpublished observations). The
prolongation of the GABA response by
pentobarbital could be produced by di-
minished presynaptic uptake of GABA,
increased duration of the unitary con-
ductance change produced by GABA, or
decreased cooperativity of the GABA re-
ceptor. Pentobarbital does not alter
GABA uptake by synaptosomes (/6),
making altered GABA uptake an unlike-
ly cause of the prolongation. Further
analysis of GABA dose-response data is
necessary to determine which of these
mechanisms is involved. In addition to

their postsynaptic effects, it is likely that
phenobarbital modulates presynaptic
events as does pentobarbital (I, 3), and
that such an effect also contributes to the
therapeutic action of phenobarbital.
Our present results may provide the
cellular basis for the different pharmaco-
logical actions of anticonvulsant and
anesthetic barbiturates. They suggest
that the distinction between an anesthet-
ic and anticonvulsant barbiturate de-
pends on the concentration at which
amino acid modulation and GABA-mi-
metic activities occur. If both effects are
present at similar concentrations, the
agent would have primarily anesthetic
properties, whereas if the threshold for
modulatory activity is lower, the agent
would be an effective anticonvulsant
with sedation a feature only at toxic
doses.
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