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SUMMARY

1. The effects of the barbiturate anaesthetic pentobarbitone on the membrane
properties and amino acid pharmacology of mammalian C.N.S. neurones grown in
tissue culture were studied using intracellular recording coupled with bath applica-
tion, extracellular ionophoresis, or focal diffusion.

2. The addition of an anaesthetic concentration of pentobarbitone to the bathing
medium abolished all spontaneous synaptic activity, but did not render individual
cells electrically unexcitable nor prevent evoked synaptic activity.

3. Focal ionophoresis of pentobarbitone or diffusion from blunt micropipettes
reversibly increased membrane conductance, effectively dampening excitability
without directly affecting individual action potential characteristics.

4. Pentobarbitone-induced membrane conductance was reversibly blocked by
picrotoxin. The inversion potential of the pentobarbitone voltage response depended
on C1- ion gradients and was similar to that of GABA.

5. Pentobarbitone reversibly enhanced the conductance increase produced by
GABA with a variable slowing of response kinetics, shifting GABA dose-response
curves to the left. Responses to glycine and /5-alanine were not affected.

6. Higher ionophoretic currents of pentobarbitone, which measurably increased
membrane conductance, attenuated and markedly slowed GABA responses. Similar
effects on GABA responses were observed by superimposing GABA pulses on low level
GABA currents.

7. Pentobarbitone, in the absence of an increase in membrane conductance, re-
versibly depressed depolarizing responses to glutamate without changing response
kinetics. Slower responses to acetylcholine which were associated with an apparent
decrease in membrane conductance were not affected by the drug.

8. Analysis of double-reciprocal plot data suggested a non-competitive type of
antagonism between pentobarbitone and glutamate. Pentobarbitone depression of
glutamate was not affected by picrotoxin.

9. Both GABA and glutamate responses appeared to be equally sensitive to pento-
barbitone. Specific interaction of the drug with amino acid receptor-coupled events is
indicated by the requirement for pentobarbitone pipette placement close to the amino
acid response site.

* Present address: Department of Neurology, Stanford University Medical Center, Palo Alto,
California.
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10. The results suggest that pentobarbitone depresses neuronal excitability by

(1) directly activating post-synaptic GABA-receptor coupled Cl- conductance, (2)
potentiating post-synaptic GABA-induced conductance events, probably at the level
of the GABA receptor, and (3) depressing post-synaptic glutamate-induced excita-
tion, probably at the level of the conductance mechanism.

INTRODUCTION

The barbiturate pentobarbitone is commonly used to induce or maintain anaesthesia
in vertebrates. The cellular mechanisms underlying the generalized depression of
excitability have been studied using a wide variety of vertebrate and invertebrate
preparations with various electrophysiological and biochemical methods. Several fre-
quently made observations include (1) depression of axonal conduction (Staiman &
Seeman, 1974) and voltage-dependent Na+ spike conductance (Thesleff, 1956;
Blaustein, 1968; Narahashi, Frazier, Deguchi, Cleaves & Ernaw, 1971), (2) direct
depression of post-synaptic excitability either through cytoplasmic (Krnjevic, 1974)
or membrane effects (Ransom & Barker, 1975; Nicoll, 1975a; Nicoll, Eccles, Rubia &
Oshima, 1975), (3) depression of excitatory synaptic transmission at neuromuscular
junctions (Galindo, 1971; Thomson & Turkanis, 1973; Seyama & Narahashi, 1975;
Adams, 1976; Proctor & Weakly, 1976) with evidence of enhanced transmitter
release, (4) depression of excitatory synaptic transmission at peripheral vertebrate
ganglia (Larrabee & Posternak, 1952) and invertebrate ganglia (Barker & Gainer,
1973; Barker, 1975a, b, c), (5) depression of excitatory transmission in the spinal cord
(Brooks & Eccles, 1947; Somjen, 1963; Somjen & Gill, 1963; L0yning, Oshima &
Yokota, 1964; Weakly, 1969) and in supra-spinal preparations (Galindo, 1969;
Richards, 1972), (6) preservation of inhibitory synaptic transmission in the C.N.S.
(Larson & Major, 1970; Eccles, Faber & Taborikova, 1971), (7) prolongation of
inhibitory post-synaptic (Nicoll, 1972; Nicoll, Eccles, Oshima & Rubia, 1975) and
pre-synaptic transmission (Eccles & Malcolm, 1946; Eccles, Schmidt & Willis, 1963;
Schmidt, 1963; Nicoll, 1975b) and (8) depression of K+-depolarized Ca2+ uptake
and/or transmitter release in peripheral nerve or C.N.S. nerve ending preparations
reported bysome laboratories (Quastel, Hackett & Okamoto, 1972; Blaustein & Ector,
1975; Blaustein, 1976; Haycock, Levy & Cotman, 1977; but not others (Olsen, Lamar
& Bayless, 1977). Pentobarbitone thus appears to have multiple actions, most of
which would be expected to contribute to a general depression of neuronal
excitability.
The membrane events which account for pentobarbitone's C.N.S. effects have not

been directly established using C.N.S. tissue, although considerable progress has been
made with a number of the in vitro model systems. We have investigated some of the
membrane mechanisms underlying the depression of neuronal excitability by pento-
barbitone using a tissue-cultured c.N.s. preparation and report here three principal
effects of the anaesthetic: (1) direct depression of membrane excitability through
activation of GABA receptors, (2) specific modulation of GABA events to enhance
and prolong the conductance change evoked by GABA, and (3) non-competitive
depression of glutamate excitation. Some preliminary observations have appeared
earlier (Ransom & Barker, 1975, 1976).
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PENTOBARBITONE ACTIONS ON CULTURED NEURONES 357

METHODS

The techniques for tissue culture, recording, solutions and ionophoresis were as described in the
preceding paper. Post-synaptic pharmacology was carried out in medium containing elevated
Mg2+ to depress synaptic activity and allow clearer study of post-synaptic interactions. Pento-
barbitone (Abbott, Chicago) was ionophoresed from a freshly prepared 0-2 M solution (pH 9-2)
or diffused from a blunt micropipette containing 0 1 mm drug in bathing medium (10 % heat-
inactivated horse serum-90 % Eagle medium with 10 mM.MgSO4) or added to the medium
(giving a final concentration of 0-1 mm). In several experiments picrotoxin (Sigma, St Louis)
was diffused near a penetrated cell from a blunt micropipette containing 1 mm drug in bathing
medium.
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Fig. 1. Recordings from ten different neurones in the same culture. Control, five have
been recorded in the maintenance medium (modified Eagle medium with 10 % horse
serum) to show representative examples ofspontaneous activity. 1-3 are rectilinear pen
recordings (downward 'events' in 2 are voltage responses to constant current pulses).
4-5 are oscillographic recordings with potential traces above current traces (- 0-5 nA
in upper right panel of 4). Cal. pulse: 10 mV, 10 msec. Resting membrane potentials
(mV): -57 (1), -51 (2), -54 (3), -49 (4), -62 (5). Pentobarbitone was added to
same plate to give final concentration of 0-1 mm. All neurones recorded under these
conditions were electrically silent. 1-3 are pen recordings. 4-5 are oscillographic records
which show excitability and recurrent inhibitory activity (5). Cal. 10 mV, 10 msee.
Resting membrane potentials (mY): -52 (1), -60 (2), -47 (3), -50 (4), -58 (5).
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RESULTS
Direct effect of pentobarbitone

Intracellular recordings of spontaneous activity before and after addition of pento-
barbitone in the bath were carried out on two different occasions. All 33 neurones
recorded from in control medium showed spontaneous activity of varying degree
(Fig. 1A), while all twenty-four neurones recorded from after addition of pento-
barbitone were electrically silent (Fig. 1 B). Although the latter were not spon-
taneously active, they were excitable, showing full-amplitude action potentials,
repetitive activity and recurrent synaptic activity when depolarized to threshold by
injected current (Fig. 1, B4_5). Due to variation in input resistance from cell to cell,
any change in this membrane property could not be properly evaluated.

Pentobarbitone
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8, Pentoberbitone 5 sec C, Pentobarb 50 n GABA

iA C2 nA 300- GABA decay kinetics
8 -12 -0;8 -0 4 0 -1 0 0 8 0 6 04 02 g 200 Control GA PB 15 mV
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Fig. 2. Pentobarbitone directly alters resting membrane properties. A and C are
recordings from different spinal cord cells, B is from a cerebellar-brainstem neurone.
Pentobarbitone applied by local diffusion from a blunt micropipette containing 0.1 mu
of the drug in A and B, and by ionophoresis in C. The drug depresses excitability (A, B)
by increasing membrane conductance (A-C) with (A, C), or without (B1) an increase in
membrane potential. Uppermost trace in A is at one third the gain of other two traces in
A. Pentobarbitone alters the steady-state I- V curve (B2, C2) and depresses and prolongs
the conductance increase to ionophoresed GABA (C,). Vertical arrowheads in C3 indicate
half-decay times. Horizontal arrowhead marked PB gives PB-induced membrane con-
ductance. Constant current pulses (nA): - 0 5 (A), - 0-3 (B, C). GABA pulses: 25 nA,
100 msec (C). Resting membrane potentials (mV): -41 (A), -40 (B, D), -53 (C).
Calibration in A applies to B. Inserts in this and following Figures are schematic dia-
grams of intracellular and extracellular pipettes used in each experiment.

Diffusion or ionophoresis of pentobarbitone from micropipettes placed at the
cell body invariably depressed the excitability of spinal and cerebellar-brainstem
neurones, altering membrane potential and increasing membrane conductance to a

358



PENTOBARBITONE ACTIONS ON CULTURED NEURONES 359

variable degree (Fig. 2). These effects were associated with a decrease in the slope
resistance the steady-state current-voltage curve (n = 22 cells) (Fig. 2B2, C2). The
magnitude of the conductance change which could be induced by sustained iono-
phoresis of pentobarbitone was considerably less, and the kinetics of the conductance
change obviously slower than that induced by GABA (Fig. 2C3) (see also Figs. 7, 10).
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Fig. 3. Pentobarbitone increases the membrane conductance and alters the GABA
response without altering rate of rise of action potential of a spinal cord cell. Top:
oscillographic records of action potentials with potential and current traces aligned
above d V/dt traces before (control) and during pentobarbitone ionophoresis (pentobarbi-
tone). Arrows indicate where oscillographic data come from on continuous pen-writer
record. GABA pulse (100 msec, 20 nA) used to monitor pentobarbitone efficacy (40 nA
ionophoresis indicated by bars beneath trace) is enhanced and prolonged during con-
comitant ionophoresis with pentobarbitone. Sequence repeated and illustrated in lower
oscillographic and pen-writer records. Calibration on potential traces: 10 mV, 10 msec.

Voltage responses to ionophoresed pentobarbitone were also slower than those of
comparable size in response to pulsed GABA (Figs. 6A, 9D2). A large increase in
conductance induced by pentobarbitone greatly attenuated that produced by a pulse
ofGABA (Figs. 2C1, C3, IOA ). Voltage responses were likewise attenuated and their
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kinetics altered by diffused and ionophoresed pentobarbitone (Figs. 2C3, D, 7).
While local application of pentobarbitone appreciably inhibited spontaneous activity
and increased membrane conductance, it did not render the cell inexcitable nor did it
depress the rate of rise of the action potential (n = 5 cells) (Fig. 3).

Picrotoxin diffused from a micropipette containing a 1 mm solution prevented
(Fig. 4A) or reversed (Fig. 4B) the direct effects of ionophoresed pentobarbitone on
the cell (n = 6 cells) (Fig. 4A, B). Under these conditions picrotoxin directly excited
the cell and completely blocked the voltage response and conductance increase in
response to GABA. A barbiturate reversal of convulsant antagonism of GABA
A Control Pentobarbitone-100 nA Pentobarbitoneo50 nA 50 nA

GABA Picrotoxin Picrotoxin
*.eeees ******.GA PB

B Picrotoxin Picrotoxin
ntobarbitone:100 nA _
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Control PeV rbit _ _ X 3
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Fig. 4. Picrotoxin blocks inhibitory effects ofGABA and pentobarbitone on a spinal cord
cell. A, picrotoxin diffused from blunt pipette containing 1 mm drug directly excites
cell, increases apparent input resistance, and decreases depressant effects of ionophoresed
pentobarbitone and GABA (marked by filled circles). Coincident ionophoresis of GABA
and pentobarbitone brings out GABA's inhibitory effect. Trace continued in B. With-
drawal ofpicrotoxin pipette during ionophoresis ofpentobarbitone reveals drug-induced
increase (45 %) in membrane conductance. Replacement of picrotoxin pipette reverses
pentobarbitone effect but GABA responses remain inhibitory during, but not after,
pentobarbitone ionophoresis. C, dose-response curve of pentobarbitone restoration of
picrotoxin-blocked GABA response of a spinal cord cell. Quantitative data graphed in
Fig. 5. Resting membrane potentials (mV): -47 (A), -44 (C). Constant current pulses:
-0-5 nA (A), -0-3 nA (B, C).

responses elicited at the superior cervical ganglion has been reported by Bowery &
Dray (1976). Concomitant ionophoresis of pentobarbitone at doses which did not
directly affect membrane properties restored the blocked GABA response (Fig.
4A, B) in a dose-dependent manner (Fig. 4C). In fact, it was possible more than fully
to recover the completely blocked GABA response with sufficient ionophoresed
pentobarbitone. Thus, pentobarbitone could restore and potentiate GABA responses
before it directly increased membrane conductance. The picrotoxin-sensitivity of the
pentobarbitone-induced change in membrane conductance suggests that the drug
effect is due, in some way, to activation of GABA receptors.
The ionic mechanism of the pentobarbitone-induced change in membrane prop-

erties was assessed by comparing the inversion potential of the pentobarbitone
response to that of GABA, the latter being due primarily to a Cl- conductance (see
preceding paper). In Fig. 2B1 both pentobarbitone and GABA increased membrane
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conductance without changing membrane potential since the resting potential of the
cell was equivalent to the inversion potential of the voltage responses. A similar
inversion potential for both GABA and pentobarbitone was observed on seven cells
under control conditions using K-acetate or KCl recording pipettes. In low Cl-
solution the inversion potentials of both GABA and pentobarbitone responses were
similar and were shifted in a hyperpolarizing direction upon placement of a diffusion
micropipette filled with 159 mM-Cl- ion concentration (n = 4 cells) (Fig. 5). Thus, the
similarity of inversion potentials between pentobarbitone and GABA and their Cl-
dependency coupled with the picrotoxin sensitivity of both responses suggests that
pentobarbitone directly depresses membrane excitability through its 'GABA-
mimetic' properties by activation of GABA-receptor-coupled Cl- conductance.
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Fig. 5. C1- dependency of pentobarbitone response in spinal cord cells. Cells bathed in
9 mM-Cl ('low Cl-') with blunt pipette near cell used to diffuse Cl- ions (159 mM-Cl-)
('high Cl '). A, pentobarbitone ionophoresis (40 nA) produces no observable response
in 9 mm-Cl- (coupling artifact evident), while response to 20 nA-2 sec GABA pulse is
depolarizing. After placement of Cl- diffusion pipette pentobarbitone and GABA hyper-
polarize cell membrane, but at quite different rates. Sag in voltage during GABA
response is likely due to Cl- redistribution. B, inversion potentials ofGABA and pento-
barbitone responses (arrowheads) shift from -45 mV in 9 mM-Cl to -75 mV after
placement of Cl- diffusion pipette (B1). Specimen records of responses to 20 nA, 2 sec
GABA pulse and 50 nA, 2 sec pentobarbitone pulse shown in B2. Small conductance
increases to pentobarbitone and GABA (30-50 %) seen in 'low Cl-'. Resting
potentials (mV): -56 (A), -45 (B). Constant current pulse: -1 nA (B).

Modulation of GABA responses
Pentobarbitone could either attenuate certain aspects of GABA responses (Fig. 2)

or restore and potentiate picrotoxin-blocked GABA responses (Fig. 4). Even in the
absence of picrotoxin, pentobarbitone, in concentrations which either did not increase
membrane conductance or increased it only slightly, potentiated GABA responses,
enhancing the conductance increase to GABA and altering the kinetics of the
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response (Ransom & Barker, 1975, 1976; Figs. 6, 8). The spectrum of potentiation,
as well as its time course of effect (when diffused from a pipette) can be observed
in Fig. 6 where a 54% enhancement in extrapolated GABA conductance increase
is associated with a 45% increase in decay rate (A), while in another cell a
300% enhancement is associated with a 15% increase in decay (B). Thus, enhance-
ment of the GABA-induced conductance increase was associated with a variable
slowing of the kinetics. As can be seen in the traces illustrating Fig. 6A, potentiation
of the GABA response by pentobarbitone was functionally important, leading
to an increase in the duration of the inhibitory effect of GABA on spontaneous
activity.
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Fig. 6. Pentobarbitone diffused from a blunt pipette containing 0 Imm drug potentiates
GABA response on spinal cord neurone (A) and cerebellar-brain-stem neurone (B).
Pentobarbitone enhancement of GABA-induced conductance increase associated with
variable slowing of decay kinetics (filled circles; control: open circles). Horizontal arrow-
heads in plots in B give values for data in A. Duration of GABA inhibition of spike
generation is also increased during pentobarbitone. B, time course of pentobarbitone
potentiation with relatively greater enhancement of GABA-induced conductance change
than decay kinetics. GABA pulses: 14 nA, 100 msec (A), 20 nA, 100 msec (B). Resting
membrane potentials: -41 mV (A), -52 mV (B). Constant current pulses: -0.5 nA
(A), -04nA (B).

Initial pharmacological analysis of pentobarbitone's potentiating action was done
by examining the effect of low concentrations of the drug on the GABA dose-
response curve (n = 8 cells). Pentobarbitone shifted the curve of both GABA voltage
responses (Fig. 7A, B.,) and conductance changes (not illustrated) to the left. It also
delayed time-to-peak (Fig. 70) and prolonged decay kinetics (Fig. 7 D), the net result
of which was to enhance the integral of the voltage response considerably more than
the amplitude of the response (Fig. 7B2). The change in the kinetics of the GABA
response during ionophoresis of pentobarbitone would thus effectively enhance GABA
inhibition by more than would be expected from consideration of the amplitude
enhancement alone. Analysis of double-reciprocal plots of GABA dose-response
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curves and of pentobarbitone's effects on the plots was complicated by the nature
of the GABA response, which involved more than one GABA molecule (see preceding
paper).
At higher ionophoretic currents pentobarbitone depressed GABA responses (as

illustrated in Fig. 2C). The peak conductance increases in response to GABA declined,
the kinetics of the GABA conductance change slowed and the input conductance of
the membrane increased in response to increasing pentobarbitone current (n = 8
cells). Since the rate of change of these parameters was not identical, the conductance
event (as reflected in its magnitude and duration) was potentiated at lower barbitu-
rate currents relative to that observed in control or at higher barbiturate currents.
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Fig. 7. Pentobarbitone alterations in parameters of GABA response as a function of
GABA ionophoretic current. Recording from a spinal cord cell bathed in low Cl- with
Cl- diffusion pipette in place. Pentobarbitone ionophoresis (15 nA) potentiates response
amplitude (B1) and slows kinetics (C and D) of voltage responses to 50 msec GABA
pulses. Hyp3rpolarizing GABA response amplitude plotted as positive integer in B1.
The change in response kinetics effectively yields a greater overall increase in response,
B2, (estimated from integral ofresponse), than is seen when simply comparing amplitude
enhancement. Resting membrane potential -46 mV.

When present, the barbiturate-induced membrane conductance summed with the
GABA peak conductance increase to produce a total membrane conductance which
approached, but was typically less than the control GABA peak conductance increase,
suggesting that much of the apparent decline in the GABA response was due to
concomitant pentobarbitone activation of GABA-mediated Cl- conductance with
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some 'desensitization'. Significant enhancement ofGABA peak conductance increase
of pentobarbitone was usually obtained in the absence of measurable barbiturate-
induced conductance (as in Figs. 6 and 8; Fig. 1 of Ransom & Barker, 1976).

Since the pentobarbitone-iinduced increase in membrane conductance appears to occur through
activation of GABA receptors, we examined the effects of stepwise increments of sustained
GABA ionophoretic application on the conductance increase to a pulse of GABA and compared
this interaction w^ith that of pentobarbitone on the same cell (n = 5 cells). Continuous, low current

Al Control
Gly GABA

3 4 5 6 0 2 4 e

Time (sec) Time (sec)

Fig. 8. Selectivity of pentobarbitone potentiation of GABA. A, recordings from a

cerebellar-brainstem neurone (A) and a spinal neurone (B). Specimen records in A1_2,
B1; plots of kinetics and conductance in A3, B2. Pentobarbitone diffused from 0.1 mm
solution potentiates and prolongs GABA-induced conductance (A3) and prolongs
inhibitory effect of GABA on spontaneous excitation (A,.2) (open circles), without
affecting glycine response (open squares). B, pentobarbitone selectively prolongs
GABA-induced conductance change (open circles) without affecting that of BALA
(open squares). Resting membrane potentials (mV): -43 (A), -59 (B). GABA
pulses: 24 nA, 300 msec (A), 14 nA, 200 msec (B). Glycine pulse: 30 nA, 300 msec;

BALA pulse: 24 nA, 200 msec. Constant current pulses: - 0-5 nA (A), -1 nA (B).
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ionophoresis of GABA increased membrane conductance, decreased the subsequent conductance
increase to a pulse of GABA and slowed the kinetics of the GABA-induced conductance change.
All of these effects occurred in a dose-dependent manner. The depression of the conductance
increase to GABA pulses was considerably more than could be accounted for by the increasing
membrane conductance to continuous GABA.

Presumably, the relatively greater depression of the GABA response by GABA reflects a
relatively more complete 'desensitization' of the GABA receptor-coupled conductance by GABA.
Thus, the effects of low-current ionophoresis of GABA on GABA responses, while qualitatively
similar to those of pentobarbitor.e, can be distinguished from the drug mainly by the lack of
enhancement, and relatively greater depression of GABA responses by sustained GABA current.

The specificity of pentobarbitone's enhancement of GABA responses was tested by
examining the effects of pentobarbitone ionophoresis or diffusion application on
glycine (n = 26 cells) and ,6-alanine responses (n = 12 cells). GABA responses were
used as a monitor of pentobarbitone's efficacy. Pentobarbitone specifically enhanced
GABA voltage responses and conductance changes in all cells tested without measur-
ably affecting those to glycine and /-alanine (Fig. 8). The drug prolonged the
ability of GABA to inhibit either spontaneously present excitation (Figs. 6 and 8) or
excitation of the cell in response to suprathreshold constant current depolarizing
pulses (n = 8 cells). Pentobarbitone did depress, but did not prolong glycine and
fl-alanine responses, when applied in concentrations sufficient to increase membrane
conductance. The specificity of the enhancing effect for GABA-mediated Cl- con-
ductance and not other neutral amino acid-mediated Cl- conductance (see preceding
paper) suggests that pentobarbitone interacts with the GABA receptor-coupled
conductance mechanism at the receptor or coupling-step level rather than at the Cl-
conductance stage.

Modulation of glutamate responses
Pentobarbitone depressed depolarizing glutamate responses directly (n = 24 cells)

(Ransom & Barker, 1975, 1976) and indirectly by increasing membrane conductance
(n = 18 cells). The two types of depression of the glutamate response occurred at
pentobarbitone concentrations which enhanced and prolonged GABA responses
(n = 6 cells). Direct depression ofglutamate excitation was thus about as sensitive to
pentobarbitone as enhancement of GABA inhibition. In either case, the interaction
required application of the drug at the same site as the ionophoretic response was
obtained. Furthermore, the direct interaction between pentobarbitone and glutamate
was not affected by application of picrotoxin in doses which depressed the GABA
conductance change (n = 6 cells, not illustrated).
On occasion glutamate ionophoresis evoked rapid events superimposed on the

primary post-synaptic response. These events were presumably derived from gluta-
mate-induced release of transmitter from terminals pre-synaptic to the cell recorded
from. Pentobarbitone blocked the appearance of these events in the absence of direct
effects on post-synaptic membrane properties, suggesting that the drug can also block
chemically induced release of transmitter.
Pharmacological analysis of the direct interaction between pentobarbitone and

glutamate was carried out by examining the effect of the drug on the glutamate dose-
response curve (n = 6 cells). Pentobarbitone depressed glutamate responses without
changing their kinetics (Fig. 9). Double-reciprocal plot analysis of the antagonism,
assuming one glutamate molecule participates in the conductance event and that this
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is unchanged in the presence of the drug, reveals no change in the affinity parameter
of the glutamate response (Fig. 90). Rather, the results indicate that the direct
antagonism of glutamate is likely occurring at a coupling step or at the conductance
mechanism of the responses and is independent of pentobarbitone activation of
GABA receptor-coupled conductance.

Pentobarbitone did not depress depolarizing responses to acetylcholine (ACh)
ionophoresis on four cells tested where it did antagonize glutamate responses (Fig.
10C). Although not completely characterized, the ACh responses recorded had
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Fig. 9. Pentobarbitone depression of glutamate dose-response curve. Recording from a

spinal cord cell. A, plot of depolarizing effect of increasing glutamate current before,
during and after concomitant ionophoresis of 20 nA pentobarbitone. Specimen records
in B and double-reciprocal plot of data in C. Numbers above each set of records indicate
glutamate ionophoretic currents in nA. D, half-decay time of glutamate response as

function of glutamate current before, during and after pentobarbitone. Glutamate
pulse duration 50 msec. Restirg membrane potential -67 mV.

considerably slower kinetics than amino acid responses and were associated with an

apparent increase in membrane resistance independent ofpotential-dependent changes
in membrane resistance (Fig. lOA). Superimposition of glutamate pulses on ACh
responses revealed an enhancement of the glutamate voltage response, as would be
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expected from the increase in input resistance (Fig. 10 B). ACh ionophoresis also gave
rise to rapid events superimposed on the slow post-synaptic depolarization (Fig.
l OB, C). These presumably reflect ACh-induced release of transmitter from terminals
presynaptic to the cell recorded from. They were not blocked by pentobarbitone
(Fig. lOC).

A ACh ACh

25 sec
a Glu ACh

'mE I I..1 / ~~~~~~~~~~~~~~~~~111
01D1 0 0 * 0 0 0 0 0 0 0
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ACh Glu
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Fig. 10. Pentobarbitone does not block slow depolarization to acetylcholine (ACh).
Recording from two spinal cord cells. ACh ionophoresed from a 1 M solution. A, de-
polarizing response and conductance decrease long outlast ionophoretic pulse (25 nA,
200 msec). B1-2, same cell as in A. Glutamate pulses superimposed on ACh response are
potentiated during the ACh response. Large arrowheads indicate spikes evoked during
glutamate response. Small events (double arrow heads) are presumably post-synaptic
events reflecting presynaptic effects of ACh. C, pentobarbitone depresses glutamate
response (20 nA, 100 msec) but not ACh (40 nA, 400 msec). Resting membrane potentials
(mV) -56 (A), -61 (C). Constant current pulses - 0-6 nA.

DISCUSSION

Studies on pentobarbitone effects in vivo and in vitro
Pentobarbitone's depression of neuronal excitability has been studied in many

different vertebrate and invertebrate preparations, using a variety of methods. The
results derived from these varied investigations have forced the conclusion that
pentobarbitone's anaesthetic properties appear to be due to a wide array of pharma-
cological actions. Pharmacological effects in five distinct areas of neuronal function
are commonly thought to contribute to the depressant effects of the drug.
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(1) Depression of excitatory transmission has been correlated with depressant
effects on post-synaptic receptor coupled-conductance changes in a variety of prep-
arations (Galindo, 1969; Thomson & Turkanis, 1973; Barker & Gainer, 1973;
Barker, 1975a,b; Seyama & Narahashi, 1975; Nicoll, 1975a; Ransom & Barker, 1975,
1976; Adams, 1976; Lee Son, Waud & Waud, 1974; Richards & Smaje, 1976). This
depression appears to be non-competitive (Barker & Gainer, 1973; Barker, 1975b;
Seyama & Narahashi, 1975) and is likely not due to some effect on the affinity of
membrane receptor for agonist (Barker & Gainer, 1973; Barker, 1975b; Adams, 1976).
Barbiturate depression of excitatory transmission at peripheral neuromuscular junc-
tions does not appear to include depression of presynaptic transmitter release since an
increase or no change in the presynaptic phases of transmission has been reported
(Westmoreland, Ward & Johns, 1971; Thomson & Turkanis, 1973; Seyama &
Narahashi, 1975; Proctor & Weakly, 1976).

(2-4) Barbiturate depression of excitatory transmission at the initial synapse into
the C.N.S. (primary sensory afferent-motoneurone or interneurone) is, however, cor-
related with a decrease in transmitter release (Weakly, 1969) which could be due to
direct inhibition of release and/or to an indirect enhancing effect of barbiturates on
'presynaptic' inhibitory pathways which regulate transmission at this synapse into
the c.N.s. (Eccles & Malcolm, 1946; Eccles et al. 1963; Schmidt, 1963; Nicoll, 1975b).
Not yet understood are the mechanisms underlying either barbiturate enhancement
of presynaptic inhibitory transmission, the latter thought to be mediated partly by
GABA (Davidoff, 1972; Barker & Nicoll, 1972, 1973; Barker, Nicoll & Padjen,
1975a,b), and of GABA responses on primary afferents (Nicoll, 1975b) or barbiturate
enhancement of post-synaptic inhibitory transmission, presumed to be mediated by
GABA (Nicoll et al. 1975), as well as post-synaptic inhibitory responses to GABA
(Ransom & Barker, 1975, 1976; Nicoll, 1975a). The notion that barbiturate anaes-
thesia derives partly from a generalized depression of evoked transmitter release
throughout the c.N.s. is largely based on studies of the release of labelled transmitter
from synaptosomal fractions (Blaustein & Ector, 1975; Haycock et at. 1977). A later
investigation, also using a C.N.S. synaptosomal fraction as a model of presynaptic
terminal physiology, has, however, not confirmed the earlier observations (Olsen et al.
1977). If barbiturates can decrease excitability by acting at presynaptic terminals in
the C.N.S. is this effect generalized to all presynaptic terminals?

(5) The direct inhibitory effect of barbiturates on post-synaptic membranes
(Krnjevic, 1975; Nicoll, 1975b; Ransom & Barker, 1975) is blocked by picrotoxin
(Nicoll, 1975a), suggesting that the barbiturate action may involve activation of
GABA receptors, rather than depression of cellular metabolism as proposed by Krnje-
vic (1975).

Pentobarbitone activation of GABA receptors
The observations presented in this paper indicate that pentobarbitone depresses

excitability by (1) activating GABA receptor-coupled Cl- conductance, (2) enhancing
and prolonging GABA-mediated synaptic events, and (3) depressing glutamate-
mediated excitatory synaptic events.

Activation of GABA receptors by pentobarbitone does not appear to be due to
pentobarbitone-induced release ofGABA from terminals presynaptic to the recorded
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cell, since pentobarbitone either depresses (Haycock et al. 1977) or does not alter
GABA release from synaptosomes (Olsen et al. 1977). The time course of the mem-
brane's response to pentobarbitone, which is much slower than that to ionophoresed
GABA, is also quite unlike that observed during glutamate-induced release of
inhibitory transmitter where discrete events are evident. Finally, Nicoll (1975b) has
demonstrated a picrotoxin-sensitive, pentobarbitone-induced depolarization of dorsal
root ganglion cells which are devoid of synapses, although invested with glia.
Pentobarbitone would thus appear directly to increase membrane conductance by
activating GABA receptor-coupled Cl- conductance.

Pentobarbitone potentiation of GABA responses
Enhancement and prolongation of post-synaptic responses to GABA pulses by

pentobarbitone may help to explain the enhancement and prolongation of synaptic
events thought to be mediated by GABA. Depression of GABA uptake mechanisms
would effectively enhance and prolong time-to-peak and decay kinetics of responses
to GABA pulses, especially if these mechanisms regulate the kinetics and amplitude
of the response. However, anaesthetic concentrations of pentobarbitone do not
depress uptake by, and transport into synaptosomes (Peck, Miller & Lester, 1976;
Olsen et al. 1977). That pentobarbitone itself can apparently activate GABA receptor-
coupled conductance suggests that the drug might participate in the response to
GABA when the two are applied coincidentally. Some interaction between pento-
barbitone and GABA at the level of the GABA receptor is suggested by the 'cross-
desensitization' between the two agents observed by Nicoll (1975b) on amphibian
sensory neurones. A receptor level of interaction is also indicated in the present study
from the selectivity of pentobarbitone for GABA receptors and responses and not
other neutral amino acids utilizing Cl- conductance mechanisms. The mechanism of
pentobarbitone prolongation of GABA responses is unclear, but in the absence of any
reported effects on GABA uptake (Peck et al. 1977; Olsen et al. 1977), it most likely
reflects some interaction of the drug with GABA receptors. The drug might enhance
the affinity of GABA receptors for GABA or act at later steps in the GABA response
so as to prolong the conductance change. Alternatively, the modulation of GABA
responses by pentobarbitone might reflect both binding to an operationally distinct
'activator site' in proximity with GABA receptors, as well as binding to GABA
receptors. In fact, GABA responses can be markedly enhanced by phenobarbitone
without change in response kinetics (Barker, Macdonald & Ransom, 1977; Macdonald
& Barker, 1978).

Pentobarbitone depression of glutamate excitation
Depression of glutamate-induced depolarization occurred through a direct inter-

action between pentobarbitone and the receptor-coupled conductance as well as
indirectly through activation of GABA receptor-coupled Cl- conductance. Analysis
of the direct depression indicated a non-competitive antagonism, excluding depres-
sion of receptor affinity for glutamate and suggesting an interaction at the level of the
conductance mechanism, as has been proposed previously from invertebrate (Barker
& Gainer, 1973; Barker, 1975b) and peripheral vertebrate studies (Seyama & Nara-
hashi, 1975; Adams, 1976). Although various putative excitatory transmitters have
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not been tested, the fact that depolarizing responses to ACh, which have distinctly
slower kinetics than glutamate responses and are associated with an apparent decrease
in membrane conductance, were not affected by pentobarbitone argues against a non-
specific depression of all excitatory events. A similar lack ofinteraction between pento-
barbitone and slow excitatory responses coupled to membrane conductance decreases
in response to ACh and serotonin has been reported in invertebrate C.N.s. studies
(Barker, 1975 a, b), leading to the proposal that pentobarbitone interacts only with the
conductance mechanism of excitatory receptor-coupled events where the underlying
ionic conductance is Na+ or Na+-K+ (Barker, 1975a,b,c). The ionic conductance
associated with the glutamate response recorded from frog motoneurones is dependent
on [Na+]O (Nicoll, Padjen & Barker, 1976). Although the response observed in the
present study is unknown, sustained application ofglutamate leads to a post-response
hyperpolarization which is abolished by ouabain (Ransom, Barker & Nelson, 1976).
The latter has been taken as evidence for measurable Na+pump activity stimulated by
an excessive influx of Na+ during the glutamate response. The mechanism by which
pentobarbitone affects receptor-coupled Na+ and Na+-K+ conductance has not been
elucidated. It does not appear to involve GABA-mimetic properties of the drug since
depression of glutamate responses by pentobarbitone is not reversed by picrotoxin.

Conclusions
The results presented in this study provide evidence, based on intracellular record-

ings ofmammalian central neurones, that pentobarbitone's depression of spontaneous
activity derives from a variety of effects. These include (1) activation of GABA
receptor-coupled Cl- conductance, rendering all cells with GABA receptors less
excitable, thus decreasing their output, (2) potentiation of GABA-mediated synaptic
events at the GABA-receptor level, thereby enhancing this important form of synap-
tic inhibition, and (3) depression of glutamate-mediated synaptic events at the con-
ductance level, thereby depressing this important form of synaptic excitation. Missing
from the present report are details regarding direct actions of pentobarbitone on
C.N.S. presynaptic release mechanisms, although blockade of glutamate-induced re-
lease has been observed. This aspect of pentobarbitone's anaesthetic actions requires
further study. While all of these effects of pentobarbitone likely contribute to the
anaesthetic properties of the drug, the relative contribution of each will depend on
the distribution of GABA receptors and inhibitory pathways, as well as the distribu-
tion of excitatory pathways utilizing receptor-coupled Na+ and Na+-K+ conductance
mechanisms. Assessing these parameters may be difficult, if not impossible.
We thank Drs P. G. Nelson, T. G. Smith and R. N. McBurney for reading earlier drafts of the

manuscript. We are especially grateful to Dr Nelson for his encouragement and continued
support.
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