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Biochemical and Electrophysiologic Evidence That Propofol

Enhances GABAergic Transmission in the Rat Brain

V. A. Peduto, M.D.,* A. Concas, Ph.D.,t G. Santoro, Ph.D.,t G. Biggio, Ph.D.,T G. L. Gessa, M.D.}

The influence of propofol, a new intravenous anesthetic agent,
on brain y-aminobutyric acid (GABA)-ergic transmission has been
investigated both in vitro and in vivo, In vitro, propofol, like ben-
zodiazepines, 1) markedly enhanced *H-GABA binding in cortical
membrane preparations; 2) potentiated muscimol-induced stimu-
lation of **Cl™ uptake in membrane vesicle preparations (the propofol
potentiating effect was antagonized by bicuculline); and 3} inhibited
35.TBPS binding to unwashed membrane preparations from rat
cerebral cortex. Finally, propofol failed to displace *H-flunitrazepam
from its binding site, indicating that its site of action in brain is
different from that of benzodiazepines. In vivo, the effect of propofol
was studied using single-unit recording of the electrical activity of
both nondopaminergic neurons in the pars reticulata of the sub-
stantia nigra (PR neurons) and of dopaminergic neurons in the pars
compacta of the substantia nigra (DA neurons). PR neurons are
known to be inhibited by GABA-mimetic drugs and benzodiazepines,
whereas DA neurons are tonically inhibited by PR neurons. The
intravenous administration of propofol, in a fat emulsion formu-
lation, produced a brief dose-dependent inhibition of the firing rate
of PR neurons. The dose producing 50% inhibition of the firing
rate was calculated to be 1.2 + 0.1 mg/kg. The inhibitory effect lasted
less than 5 min. Repeated injections of propofol reproduced the
same inhibitory response, whereas continuous infusion (0.5
mg kg™ - min™") produced a persistent inhibition of neuronal firing.
The inhibitory effect of propofol on PR neurons was potentiated by
diazepam and reversed by picrotoxin and bicuculline but was not
influenced by the benzodiazepine antagonist Ro 15-1788. These
findings suggest that propofol exerts a GABA-mimetic action on PR
neurons by acting on a site distinct from the benzodiazepine rec-
ognition site. Unlike benzodiazepines, propofol inhibited the firing
rate of DA neurons with a potency proportional to its inhibitory
effect on PR neurons. The inhibition of DA neurons was reversed
by bicuculline and picrotoxin. The results suggest that propofol en-
hances the inhibitory control over DA neurons by strionigral GA-
BAergic neurons. (Key words: Anesthetics, intravenous: propofol;
diazepam. Receptors: benzodiazepine; GABA. Neurons: dopami-
nergic; nondopaminergic.)

AFTER ITS INTRODUCTION into clinical practice, about
4 yr ago, propofol (2,6-diisopropylphenol, Diprivan®), a
sterically hindered phenol derivative dissolved in an
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emulsion formulation, has been widely used as an intra-
venous anesthetic agent because of its short recovery time
either after a single bolus injection or after an infusion
lasting even several days.!™”

The pharmacology of propofol has been broadly re-
viewed with regard to its pharmacokinetic and pharma-
codynamic properties,®'! but little is known of its neu-
rochemical mechanisms of action. In preliminary exper-
iments using bovine adrenomedullary chromaffin cells
(which have been shown to possess y-aminobutyric acid
A [GABA A] receptors), Hales and Lambert'? documented
that propofol reversibly and in a dose-dependent manner
potentiated the amplitude of membrane currents elicited
by locally applied GABA. Subsequently, Collins'® con-
firmed that propofol enhances GABA-evoked neuronal
inhibition in rat olfactory cortex slices. The ability to po-
tentiate the GABA-induced responses both in central
neurons and in bovine chromaffin cells is believed to be
a general feature of many anesthetic drugs, such as al-
phaxalone,'* barbiturates, and benzodiazepines.'*~'7 Ap-
parently by acting at different binding sites, these drugs
can modulate the activity of GABA, receptors and, in
addition, can directly activate the chloride channel func-
tionally linked to the GABA 4 receptor.'®!® An enhance-
ment of GABA-mediated chloride ion conductance in
some neuronal systems may in part be responsible for
their sedative, anticonvulsant, hypnotic, and anesthetic
effects.?02!

The present study was designed to clarify the influence
of propofol on GABAergic transmission. For this purpose,
both in vive and in vitro experimental models were used.

In order to clarify the molecular mechanism involved
in the facilitative action of propofol on GABAergic trans-
mission, we examined the effect of this drug on GABA
and benzodiazepine recognition sites and directly on
chloride channel function by measuring **CI~ uptake and
the binding of t-[**S]butylbicyclophosphorothionate (**S-
TBPS). This binding constitutes a very sensitive tool for
studying the function of the GABA-dependent chloride
channel. In fact, the binding of **S-TBPS to the recog-
nition sites associated to the GABA4 receptor complex is
modulated in an opposite manner by different compounds
that specifically enhance (benzodiazepines and barbitu-
rates) and inhibit (bicuculline and § carbolines) the func-

tion of the GABA-dependent chloride channel.?*-?
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Furthermore, in vivo we studied the effect of propofol
on single-unit electrical activities of both nondopaminergic
neurons in the substantia nigra pars reticulata (PR neu-
rons) and dopaminergic neurons in the pars compacta
(DA neurons). PR neurons are extremely sensitive to in-
hibitory influences of GABA and GABA-mimetic drugs.?
In turn, DA neurons are tonically inhibited by PR neu-
rons.?’

Materials and Methods

IN VITRO EXPERIMENTS

Male adult Sprague-Dawley CD® rats (Charles River,
Como, Italy) weighing 180-200 g were used. The animals
were kept under a 12 h light-dark cycle at 23 + 2° C
with water and standard laboratory food ad libitum. The
animals were killed by decapitation in the middle of the
light phase. The brains were rapidly removed and the
cerebral cortex was dissected out and was used for mea-
surement of *°CI™ uptake, **S-TBPS binding, *H-GABA
binding, and 3H-ﬂunitrazepam binding.

6 CI™ Uptake

Membrane vesicles were prepared from the cerebral
cortex as described by Concas et al.?® Approximately 1 g
tissue was homogenized in 7 ml buffer (0° C) containing
20 mM Hepes-Tris, 118 mM NaCl, 4.7 mM KCl, 1.18 mM
MgSOy, 2.5 mM CaCly, and 10 mM D-glucose (pH 7.4)
using a glass-glass homogenizer (12 strokes). The ho-
mogenate was brought to 30 ml with ice-cold buffer and
centrifuged at 1,000 X g for 15 min. After discarding the
supernatant the pellet was washed once more with the
same volume of buffer followed by centrifugation at 1,000
X g for 15 min. The pellet was gently resuspended in
buffer to a final protein concentration of 16 mg/ml. Al-
iquots of tissue (100 ul) were preincubated for 10 min at
30° C prior to the simultaneous addition of 100 ul 3¢Cl~
(2.0 Ci/ml) and muscimol (5 uM). Final incubation vol-
ume was 500 ul. Drugs were preincubated with tissue at
30° C for 10 min. Uptake of *°Cl”~ was terminated 5 s
later by the addition of 3.5 ml ice-cold buffer, followed
by filtration through 2.5 cm Whatman GF/C filters (pre-
soaked with 0.05% polyethyleneimine to reduce nonspe-
cific binding), using a Hoefer manifold (Hoefer Scientific,
San Francisco, CA). The filters were washed twice with
3.5 ml cold buffer, and the *6Cl™ content of the filters was
determined by liquid scintillation spectrometry. The
amount of **Cl” bound to the filters in the absence of
membranes was subtracted from all values.

P’S-TBPS Binding

According to the method of Concas et al.,?® cerebral
cortices were homogenized with a Polytron PT 10 (setting
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5, for 20 s) in 50 volumes of ice-cold 50 mM Tris-citrate
buffer (pH 7.4 at 25° C) containing 100 mM NaCl. The
homogenate was centrifuged at 20,000 X g for 20 min
and reconstituted in 50 volumes of Tris-citrate buffer for
the binding assay.

*S-TBPS binding was determined in a final volume of
500 pl, consisting of 200 gl tissue homogenate (0.2-0.25
mg protein), 50 ul **S-TBPS, 50 ul 2 M NaCl, 50 xl drugs
or solvent, and buffer to volume. Incubations (25° C) were
initiated by the addition of tissue homogenate and were
terminated 90 min later (steady state?**?®) by rapid filtra-
tion through glass fiber filter strips (Whatman GF/B).
The filters were rinsed with two 4-ml portions of ice-cold
Tris-citrate buffer with a Cell Harvester filtration mani-
fold (model M-24, Brandel). Radioactivity bound to the
filter was quantified by liquid scintillation spectrometry.
Nonspecific binding was defined as binding in the presence
of 100 uM picrotoxin. Under these conditions, the specific
binding was 85-90% of total binding. Saturation analysis
was based on eight different concentrations of ligand (2.5-
500 nM). The amount of radioligand was kept constant
at 2.5 nM and then diluted with unlabeled TBPS. The
maximum binding site density (B,.x, picomoles per mil-
ligram of protein) and the dissociation constant (Kg,
nanomolar) were determined by Scatchard analysis.

’H-GABA Binding

According to the method of Biggio,?® cerebral cortices
were homogenized with a Polytron PT 10 (setting 5, for
30 s) in 10 volumes of ice-cold water and centrifuged 10
min at 48,000 X g at 0° C. The pellet was washed once
by resuspension and recentrifugation in 10 volumes of
20 mM KoHPO,/KH,PO, buffer (pH 7.4) containing 50
mM KCI. The membranes were stored at —20° C until
used 1-15 days later. On the day of the assay, the mem-
branes were thawed and centrifuged. The pellet was
washed three additional times by resuspension and recen-
trifugation in ice-cold buffer. The tissue was resuspended
in 50 volumes of the same buffer, and 300 ul membrane
suspension (250-300 ug protein) was added to plastic
minivials. The drugs were added in 50-ul aliquots. The
total incubation volume was 500 ul. The incubation (10
min at 4° C; steady state) was started by the addition of
*H-GABA and was stopped by centrifugation of the in-
cubation mixture at 48,000 X g for 10 min. The super-
natant was discarded, and the pellet was gently washed
twice with 4 ml of ice-cold distilled water and then dis-
solved in 3 ml scintillation fluid (Atomlight, New England
Nuclear). Nonspecific binding was defined as binding in
the presence of 1 mM unlabeled GABA. Under these con-
ditions, the specific binding was 75-80% of total binding.

Saturation analysis of *H-GABA binding was per-
formed using nine different concentrations (20-1200 nm)
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of ligand. The amount of radioligand was kept constant
at 20 nM and then diluted with unlabeled GABA. Scatch-
ard analysis of the binding data was performed using an
iterative computer program in BASIC for IBM-PC com-
puter (LIGAND). The program accepts as input the
binding data (bound and bound/free) and determines
whether the results from individual Scatchard plots are
best fitted by a one- or a two-site model. This analysis
provides estimates for Ky and B, values.

’H-Flunitrazepam Binding

Cerebral cortices were homogenized in 50 volumes of
ice-cold 50 mM Tris-citrate buffer (pH 7.4) plus 100 mm
NaCl and centrifuged at 20,000 X g for 20 min. The
pellet was reconstituted in 50 volumes of Tris-citrate
buffer without salts and used for the binding assay. Ali-
quots of 200 ul tissue homogenate (0.2-0.25 mg of pro-
tein) were incubated in the presence of 0.5 nM *H-fluni-
trazepam (specific activity 80 Ci/mmol, New England
Nuclear), in a total incubation volume of 500 ul. The
drugs were added in 50-ul aliquots. Nonspecific binding
was determined in the presence of 5 uM diazepam. Under
these conditions, specific binding was 90-95% of total
binding.

After 60 min incubation at 0-4°C (steady state), the
assay was terminated by rapid filtration through glass-
fiber filter strips (Whatman GF/B) that were then rinsed
with two 4-ml portions of ice-cold Tris-citrate buffer as
previously described. Radioactivity present on the filters
was determined by liquid scintillation spectrometry.

Proteins were assayed by the method of Lowry et al.3°
using bovine serum albumin as standards.

IN VIvo EXPERIMENTS

These experiments were conducted according to the
following protocol, which was reviewed and approved by
our University Board.

Male adult Sprague-Dawley CDR® rats (250-300 g,
Charles River) were anesthetized with halothane and tra-
cheotomized and intubated. A femoral venous catheter
was inserted for intravenous drug administrations. The
head of each animal was placed in a David Kopf stereotaxic
apparatus. Once surgical procedures were accomplished,
the incised tissues and those compressed by the stereotaxic
device were infiltrated with mepivacaine 3%. Halothane
anesthesia was then discontinued and d-tubocurarine (10
mg/kg) was injected intraperitoneally. The lungs were
mechanically ventilated (Aika” R60). A heating lamp and
circulating water blanket were used to maintain body
temperature between 37 and 38°C. During the trial, heart
rate and frontal cortex electroencephalogram were also
monitored.

Glass “Q dot” recording microelectrodes, filled with a
2% Pontamine Sky Blue solution in CHs-COONa 0.5 M,
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were placed in the substantia nigra pars reticulata, ac-
cording to Paxinos and Watson atlas®' coordinates ad-
justed to the rats used. The electrode tip was 0.5-1.0 um
(outer diameter), and the in vitro impedance (measured
with direct current in 0.9% NaCl) was 4-6 M2.*? PR
neurons were identified according to their electrophysi-
ologic patterns. Identification was then confirmed by his-
tologic examination. Briefly, PR neurons, localized 50—
200 pm ventrally to dopaminergic neuronal layer in sub-
stantia nigra pars compacta, exhibit a biphasic, sponta- -
neous, brief (1.0-1.5 ms) spike repeated at a nearly regular
rate of 15-50 per second. The spikes were integrated
every 10 s and recorded for 10 min before drug admin-
istrations. Steady-state baseline was considered as 100%
activity value. Percentage changes in the firing rate were
calculated at the times indicated in the Results section,
below.

Glass microelectrodes with the same features were
placed in the substantia nigra pars compacta. DA neurons
were identified according to the method described by
Mereu et al.*® These neurons show a regular firing rate
or brief bursting activity (2-5 spikes or bursts per second).

CHEMICALS

Propofol was kindly provided by ICI-Pharma (Milan,
Italy). Diazepam and quazepam were a generous gift from
Hoffmann-La Roche (Basel, Switzerland) and from Essex
(Milan, Italy), respectively.

For in vitro experiments (**Cl” uptake, **S-TBPS, and
*H-flunitrazepam binding), stock solutions of propofol (56
mM) and benzodiazepines (10 mM) were dissolved in di-
methyl sulfoxide, and serial dilutions were made up in
the respective incubation buffer. For *H-GABA binding,
the same concentrations of propofol were prepared using
ethanol instead of dimethyl sulfoxide. Control groups re-
ceived the same amount of solvent. Bicuculline methio-
dide (Pierce Chemical Co.) was dissolved in buffer.

For in vivo experiments propofol was administered in
a fat emulsion formulation consisting of soybean oil 100
mg, purified phosphatide egg 12 mg, glycerol 22.5 mg,
sodium hydroxide 0.07 mg, and water to 1 ml. The emul-
sion, if necessary, was diluted with water. Muscimol, pic-
rotoxin HCI (Sigma), and bicuculline (Pierce) were dis-
solved in saline.

Ro 15-1788 (Hoffman-La Roche) was suspended in a
4% aqueous solution of Tween 80. Diazepam (Hoffman-
La Roche) was used in the commercially available solution
and diluted in water. All drugs were injected intravenously
in a volume of 1 ml/kg, when infused. Propofol was ad-
ministered in a volume of 1 ml+kg™' +min~".

No effect was observed after administration of the sol-
vents alone.
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TABLE 1. Bicuculline Suppresses Propofol-induced Potentiation
of Muscimol Effect on “°Cl~ Uptake

8C1" Uptake
(nmol per mg protein per 5 s)
+ Muscimol
Basal (5 pM)
Solvent 11.7 £0.9 22.8 £ 1.8*
Propofol 30 uM 10.5 = 1.2 32.9 £ 2.2}
Bicuculline 50 uM 94 %14 10.6 + 1.67
Bicuculline 50 uM + propofol
30 uMm 100+ 1.8 12.3 £ 1.5%

Membrane vesicles were preincubated for 10 min at 30° C in the
presence of propofol, bicuculline, or solvent before the addition of
5CI~ and muscimol. Data are the mean * SEM of four experiments
performed in quadruplicate.

* P < 0.01 versus basal.

+ P < 0.05 versus muscimol.

Results

IN VITRO EXPERIMENTS

As shown in table 1, propofol per se failed to affect
unstimulated 36CI~ uptake in membrane vesicles prepa-
rations from rat cerebral cortex, but enhanced in a dose-
dependent manner, like diazepam and quazepam, the
stimulation of chloride channel conductance induced by
muscimol, a GABA-mimetic drug (fig. 1). However, while
the efficacy of propofol was similar to that of quazepam,
the former showed a lower potency with respect to di-
azepam and quazepam. Moreover, propofol (10 uM)
shifted the concentration-response curve for muscimol
(1-100 uM) on *Cl™ uptake to the left without a change
in its maximum (fig. 2). Propofol-induced increase of
muscimol-activated **Cl™ uptake was antagonized by bi-
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FIG. 1. Propofol, like diazepam and quazepam, potentiates muscimol-
induced stimulation of 3CI~ uptake in the rat cerebral cortex. Mem-
brane vesicles were preincubated for 10 min in the presence of drugs
before the addition of *CI™ 4+ muscimol (5 uM). Data are the mean
+ SE of four different experiments, each run in quadruplicate.
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F1G. 2. Effect of propofol on the concentration-response curve for
muscimol of 3Cl" uptake by membrane vesicles from rat cerebral cor-
tex. Membrane vesicles were preincubated for 10 min in the presence
of propofol or solvent before the addition of **CI~ + muscimol. Data
are the mean = SE of four different experiments each run in quadru-
plicate. *P < 0.05 versus muscimol.

cuculline, a selective GABA-receptor blocking drug®* (ta-
ble 1).

To investigate whether the effect of propofol on the
chloride channel was mediated by a direct interaction of
propofol with the GABA or benzodiazepine recognition
sites, we studied the effect of this compound on *H-GABA
and *H-flunitrazepam binding in the rat cerebral cortex.
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FIG. 3. Saturation isotherm of *H-GABA binding in the absence
and in the presence of propofol (10 uM). Inset: Scatchard plots are the
transformation of saturation experiments using nine concentrations of
SH-GABA (20-1200 nM). The figure shows a typical experiment that
was replicated five more times with very similar results. The Bpa, (pi-
comoles per milligram protein) and K4 (nanomolar) values for each
experimental group were as follows (mean + SEM of five independent
experiments): solvent: By, = 0.41 £ 0.05, By, = 5.06 = 0.7; Ky,
=14+ 2, Kyo = 818 £ 51; propofol: Brax, = 0.38 £ 0.06; By, = 4.33
+0.5; Kg; = 16 = 4, Kgo = 401 £ 26*. *P < 0.001 versus solvent.

202 Yoie 0z uo 3sanb Aq 4pd z1000-000Z | L 661-27S0000/2€82ZE/0001/9/G L /4Pd-801Ee/ABOJOISAUISBUE/WOD JILDIBA|IS ZESE//:dRY WOl) papeojumo]



,—
()
[w)
=

I

o—
—
J——
\
®

1001

— ]

w
o
'

SPECIFIC SH—-FLUNITRAZEPAM BINDING
(% of solvent)

0 . T T
7 6 5 4
—Log [DRUG], M

FIG. 4. Failure of propofol to modify specific *H-flunitrazepam
binding in the rat cerebral cortex. Membranes were incubated for 60
min at 0° C in the presence of 0.5 nM *H-flunitrazepam. Data are the
mean % SE of three experiments. Specific binding of *H-flunitrazepam
in the control group was 205 * 2 fmol/mg protein (n = 3) and was
90-95% of total binding.

As shown in figure 3, nonlinear regression analysis of
binding data from saturation analysis of *"H-GABA bind-
ing yielded curvilinear Scatchard plots that were best fitted
by a two-site model—a model with both high- and low-
affinity components. Propofol produced a marked in-
crease in the affinity of the low-affinity *H-GABA binding
sites (as indicated by the lower dissociation constant K o)
without a significant change in the maximum number of
binding sites (Byax®) or in the high-affinity parameters (Kq;
and B,./). In contrast, propofol failed to displace *H-
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FIG. 5. Effect of propofol on **S-TBPS binding to cortical membranes
from rat cerebral cortex. Scatchard plots are the transformation of
saturation experiments using eight concentrations of **S-TBPS (2.5—
500 nM). The figure shows a typical experiment that was replicated
four more times with very similar results. The By, (picomoles per
milligram protein) and Ky (nanomolar) values for each experimental
group were as follows (mean = SEM of five independent experiments):
solvent Bp, = 1.76 £ 0.11, Kg = 93 = 6; propofol B, = 1.36 + 0.09%;
Kg = 121 * 8.*% *P < 0.05 versus control.
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flunitrazepam from its binding sites, even in high con-
centrations (fig. 4).

Taken together, these results exclude a competitive
interaction of propofol with GABA or benzodiazepine
recognition sites.

Finally, to further clarify the mechanism of propofol-
induced potentiation of GABA response, we evaluated its
effect on 2*S-TBPS binding to chloride-channel protein
coupled to GABA, receptor. On this subject we studied
the action of this drug in unwashed membrane prepara-
tions from rat cerebral cortex, which are believed to be
rich in endogenous GABA. In a preliminary report® we
showed that propofol induced a concentration-dependent
decrease of **S-TBPSbinding. The effect is similar to that
induced by other general anesthetics (steroids and bar-
biturates). Saturation analysis of **S-TBPS binding indi-
cated that propofol inhibits **S-TBPS binding in an al-
losteric rather than in a competitive manner. In fact, both

F1G. 6. Scope traces depicting a pars reticulata neuron firing spon-
taneously at a frequency of 60 Hz. A: Before the intravenous admin-
istration of propofal (5 mg/kg), B: Thirty seconds after propofol,
spontaneous activity is drastically inhibited to 6 Hz. Space bar = 50
ms,
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F1G. 7. Typical example of the inhibitory effect of propofol (P) (5
mg/kg) on the electrical activity of a PR-neuron.

the apparent K4 and B,y of 355-TBPS binding were al-
tered by propofol (fig. 5).

IN VIvo EXPERIMENTS

The intravenous administration of propofol inhibited
the firing rate of PR neurons (fig. 6). Of the 27 neurons
tested, only 4 were found to be insensitive to the inhibitory
effect of propofol. As shown in figure 7, propofol-induced
inhibition of firing had a rapid onset and a short duration.

The cumulative dose~response curves for the inhibition
of PR neurons induced by propofol, diazepam, and mus-
cimol were compared. As shown in figure 8, propofol-
induced maximal inhibition of firing was greater than that

120
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FiG. 8. Dose-response curves of the inhibitory effect elicited by
propofol, diazepam and muscimol on the firing rate of PR-neurons.
The percent changes in the firing rate were calculated from the mean
number of spikes per second counted during the 5 min preceeding
the drug injection and the number counted during 1 min at peak drug
effect. Each point is the mean (+ SEM) obtained from the responses
of 6-12 neurons.
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F1G. 9. Typical example of the inhibitory response to a second dose
of propofol (P) of a PR neuron. Results from four experiments showed
that the mean (= SEM) percent inhibition produced by a first and a
second (about 10 min apart) injection of propofol at the dose of 5 mg/
kg was 78.3 £ 23.1 and 83.6 =+ 19.3, respectively.

produced by diazepam and comparable to that of mus-
cimol.

The EDs, of propofol was calculated to be 1.2 + 0.1
mg/kg.

As shown in figure 9, the administration of a second
dose of propofol, when the effect of previous one had just
lapsed, produced similar inhibitory response.

As shown in figure 10, a continuous propofol infusion
(0.5 mg-kg™' - min™') induced a stable and nearly com-
plete firing inhibition, lasting throughout the infusion pe-
riod and disappearing within a few minutes after propofol
discontinuation.

The inhibitory effect of propofol was readily reversed
by picrotoxin (fig. 11 and table 2). Bicuculline was found
to reverse propofol-induced inhibition so slowly that it
was not easy to distinguish such a reversal from a spon-
taneous recovery of firing. Therefore, a true antagonistic
effect by bicuculline could be demonstrated by testing
propofol in the same animal before and after bicuculline
administration. As shown in table 3, bicuculline at the

SPIKES/SEC

INFUSTON-
P

| |
0 mhnh §

F1G. 10. Typical example of the inhibition produced by a continuous
intravenous infusion (0.5 mg - kg™' - min™") of propofol (P) on the firing
rate of a PR neuron. When propofol was reinfused to the same animal
for 30 min, a similar degree of inhibition was produced and persisted
throughout the infusion period. Similar results were obtained in three
separate experiments. After interruption of the perfusion the firing
rate rapidly returned to the baseline.
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FIG. 11. Typical example of the picrotoxin-induced reversal of the
inhibitory effect of propofol on the firing rate of a PR neuron. Propofol
(P): 5 mg/kg; pricrotoxin (Px): 4 mg/kg.

dose of 5 mg/kg completely prevented propofol-induced
inhibition of firing rate in PR neurons. The effect of pro-
pofol was not antagonized by the classic benzodiazepine
antagonist Ro 15-1788% (results not shown). However,
when propofol was administered following a supramaxi-
mally active dose of diazepam, it produced a further in-
hibition of firing rate in PR neurons (fig. 12).

As shown in figure 13, propofol was found to inhibit
the firing rate of DA neurons. The effect was dose-related;
the ED;q was calculated to be 6.8 + 1.3 mg/Kg; and the
inhibitory effect was brief (less than 5 min). As on the PR
neurons, the inhibitory effect of propofol on DA neurons
was antagonized by picrotoxin and bicuculline (results not
shown).

Discussion

The data reported support the view that propofol fa-
cilitates GABA-mediated neuronal inhibition.

In particular, the results of in vitro experiments indicate
that, similarly to benzodiazepines,?**’~*° propofol in-
creased *H-GABA binding to cortical membrane prepa-
rations and potentiated GABA-mediated opening of the
chloride channel. Thus, whereas propofol per se failed to

TABLE 2. Reversal of Propofol-induced Inhibition of Firing
Rate of PR Neurons by Picrotoxin

Number of Firing Rate (% of
Treatment Cells baseline, mean = SEM)
Propofol + saline 24 18.6 = 8.8
Propofol + picrotoxin 6 117.4 * 21.6%

Picrotoxin 4 mg/kg or saline was given 2 min after propofol 10
mg/kg. Percent changes were calculated from the mean firing rate
recorded during the interval between the 2nd and 4th min following
propofol injection at peak effect.

* P < 0.001, Student’s ¢ test.
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TABLE 3. Prevention of Propofol-induced Inhibition
of Firing Rate of PR Neurons by Bicuculline

Firing Rate (% of baseline)

First Propofol Second Propofol
Treatment Injection Injection
Propofol + saline + propofol 61.3 £23.1 | 543126
Propofol -+ bicuculline + propofol | 48.6 + 27.4 | 103.1 + 4.3*

Propofol (5 mg/kg) was injected twice 10 min apart. Two minutes
before the second propofol injection, when the firing rate had returned
to the normal, bicuculline (5 mg/kg) or saline was injected. Mean firing
rate was calculated at 2 min following propofol injection.

* P < 0.001, Student's ¢ test.

modify 361~ uptake by membrane vesicles, it enhanced
the effect of muscimol, a potent GABA 4 receptor agonist.
Conversely, bicuculline, a selective GABA receptor an-
tagonist,* antagonized not only the positive effect of
muscimol on 3¢Cl™ uptake but that of propofol as well.
The contention that propofol facilitates GABA-mediated
opening of the chloride channel is supported by the results
on **S-TBPS binding®’ (fig. 5).

As mentioned above, 33S-TBPS binds to the chloride
channel protein, from which it may be displaced by pic-
rotoxin and other convulsant drugs: these drugs, in turn,
bind the same chloride channel protein and decrease the
frequency and/or duration of the channel opening.?**®
Paradoxically, also, drugs that increase the frequency
and/or the duration of the chloride channel opening, such
as benzodiazepines and barbiturates, have been shown to
inhibit 3*S-TBPS binding.?*~** However, such inhibition,
unlike that of the convulsants, is noncompetitive, being
mediated by an allosteric alteration of the **S-TBPS rec-
ognition site. Like benzodiazepines, barbiturates, and an-
esthetic steroids,?2-254%4! propofol was found to inhibit
355.TBPS binding in a noncompetitive manner. As for
the 3°CI™ uptake effect, the effect of propofol on **S-TBPS

50
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FIG. 12. Propofol (P) (5 mg/kg) further inhibits firing rate of a PR

neuron following a supramaximally active dose of diazepam (Dzx) (1
mg/kg). The histogram is a typical example of three experiments.
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FIG. 13. Inhibition by propofol (P), 5 mg/kg of the firing rate of a
DA neuron. The histogram is a typical example of six experiments.
The administration of propofol at cumulative doses of 1-10 mg/kg
inhibited neuronal firing by 10-90% in a dose-related manner
(n = 6).

binding seems to be mediated by a facilitation of the
GABA action. In fact, in the washed membrane prepa-
rations, from which endogenous GABA was removed,
propofol effect on *S-TBPS binding was lost (results not
shown).

However, the site of action of propofol in facilitating
a GABA-mediated effect is different from that of ben-
zodiazepines. In fact, in vitro propofol failed to displace
*H-flunitrazepam from the binding site, and in in vivo
experiments the inhibitory effect of propofol on neuronal
activity (see below) was not antagonized by flumazenil,
the selective benzodiazepine antagonist.?® Moreover, the
binding site of propofol seems to be different from that
of GABA, since propofol failed to displace *H-GABA from
its binding site.

Propofol concentrations effective in vitro in facilitating
GABA-mediated responses are within the concentrations
that can be reached after the doses of the drug used in
the in vivo experiments.>*? Therefore, the data from the
in vitro experiments are relevant in explaining results ob-
tained in vivo.

Intravenously administered propofol inhibited the
spontaneous firing activity of PR neurons. The inhibitory
efficacy of propofol was greater than that of diazepam
and comparable to that of muscimol. As expected from
the results in vitro, propofol-induced inhibition of firing
of PR neurons was antagonized by bicuculline, a specific
GABA, antagonist, and by picrotoxin, a drug that binds
to a protein subunit of the GABA 4 receptor complex and
decreases the duration of the channel opening.*?

Moreover, consistent with the in vitro results, we found
that the inhibitory response to propofol was not antago-
nized by flumazenil, which instead, as expected, com-
pletely antagonized the effect of diazepam. These data
suggest that propofol facilitates GABAergic transmission
by interacting with a site distinct from the benzodiazepine
recognition site. Such a contention is further supported
by the finding that, whereas the diazepam inhibitory effect
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is self-limiting, propofol is able to suppress completely the
electrical activity of PR neurons. Moreover, the inhibitory
effect of propofol may add to the partial inhibition ob-
tained with a supramaximal dose of diazepam.

Such a synergism should be taken into account in clin-
ical practice. Indeed, the combination of propofol and
benzodiazepines has been shown to cause a prolongation
of anesthesia.** ’

The effect of propofol on DA neurons in the substantia
nigra differs from that of benzodiazepines, which fail to
modify the firing rate of DA neurons in this area and
even stimulate that of DA neurons in the ventrotegmental
area.?’

As previously mentioned, DA neurons are tonically in-
hibited by PR neurons but they also underlie inhibitory
influences by striatonigral GABAergic neurons.262745 ]t
is possible that propofol might preferentially facilitate
GABAergic inhibition directly on DA neurons, whereas
benzodiazepine might preferentially facilitate the GA-
BAergic inhibitory control over PR neurons so that their
tonic inhibitory control over DA neurons is removed.

The effects of propofol on DA and PR neuronal activity
are consistent with the idea that propofol has a GABA-
mimetic action; however, we cannot rule out the possibility
that the observed effects of propofol are a consequence
of a global decrease in neuronal excitability.

The data reported may have clinical relevance. Indeed,
the calculated EDsq of propofol for inhibiting the firing
rate of PR neurons is not higher than the range of doses
used in clinical practice to obtain anesthesia.®*' This is
even more relevant considering metabolic differences be-
tween the human and the rat.

The inhibitory effect of propofol on neuronal activity
has features similar to those of the clinical effect of the
drug. Like the anesthetic response, the inhibitory effect
on firing has a rapid onset and a short duration. Rapid
reversal of neuronal inhibition occurs after discontinua-
tion of propofol infusion; in the same way, in clinical prac-
tice, recovery from anesthesia readily occurs faster after
propofol than after other intravenous anesthetic agents.®

Finally, both in clinical practice and in our experimental
conditions, repeated bolus injections fail to produce
tachyphylaxis. The finding that propofol inhibits the firing
rate of DA neurons may be of theoretical as well as prac-
tical importance, in raising the possibility that propofol
may be effective in clinical situations in which DA neurons
seem to be hyperactive (that is, acute alcohol intoxication,
psychostimulant drug overdose, or psychotic agitation).

In conclusion, the present findings suggest GABA-po-
tentiating properties of propofol. Like benzodiazepines
and steroid anesthetic agents, propofol facilitates both
GABA-receptor interaction and GABA-stimulated chlo-
ride channel conductance. However, the site of propofol
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action seems to be quite different from benzodiazepine
and GABA, recognition sites. Although the above ex-
perimental data do not allow the exact identification of
neuronal populations specifically responsible for the se-
dative, hypnotic, and anesthetic effects of propofol, nev-
ertheless they might clarify the molecular mechanism by
which the neuronal inhibition is operated. Although the
anesthetic action of propofol appears to be closely cor-
related to its inhibitory influences on PR neurons, further
work is needed to exactly identify the propofol site of
action.

Propofol may be a new means for interfering with
GABAergic transmission and may be a tool in clarifying
the GABA role in sleep-awake mechanisms.

The authors thank Virgilio Boi and Stefano Adamo for their ex-
cellent technical assistance and ICI-Pharma (Milan, Italy) for providing
propofol.
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