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Nitrogen at Raised Pressure Interacts with the GABAA
Receptor to Produce Its Narcotic Pharmacological
Effect in the Rat
Hélène N. David, M.Phil., * Norbert Balon, M.Phil.,† Jean-Claude Rostain, Ph.D., D.Sc.,‡
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Background: Strong evidence supports the concept that con-
ventional anesthetics, including inhalational agents and inert
gases, such as xenon and nitrous oxide, interact directly with
ion channel neurotransmitter receptors. However, there is no
evidence that nitrogen, which only exhibits narcotic potency at
increased pressure, may act by a similar mechanism.

Methods: We compared the inhibitory and sedative effects of
�-aminobutyric acid (GABA) and nitrogen pressure on locomo-
tor activity and striatal dopamine release in freely moving rats
and investigated the pharmacologic properties of the GABA-
induced and nitrogen pressure–induced narcotic action using
the highly selective competitive GABAA receptor antagonist
bicuculline.

Results: Intracerebroventricular GABA infusion up to 60 �mol
or exposure to nitrogen pressure up to 3 MPa decreased to a sim-
ilar extent striatal dopamine release (r2� 0.899, df � 4, P < 0.01)
and locomotor activity (r2 � 0.996, df � 28, P < 0.001). However,
both agents only showed small effects on striatal dopamine re-
lease, reducing dopamine currents by only 12–13% at sedative
concentrations. Pretreatment with bicuculline at 0.5, 1, and
2.5 pmol reduced the sedative action of GABA on locomotor
activity by 10, 20, and 41%, respectively. Bicuculline in the
nanomole range at 1, 2.5, and 5 nmol but not in the picomole
range reduced the sedative action of nitrogen pressure by 5, 37,
and 73%, respectively. Schild plot analysis is consistent with the
fact that bicuculline is a competitive antagonist of both GABA
and nitrogen at pressure.

Conclusions: These results suggest (1) that the presynaptic
effects of both GABA and nitrogen pressure on striatal dopa-
mine transmission are modest and not mainly involved in their
sedative action and (2) that nitrogen at increased pressure may
interact directly with the GABAA receptor. However, because the
antagonistic effect of bicuculline on nitrogen sedation only
occurred at much higher bicuculline concentrations than seen
with GABA, it is suggested that nitrogen does not compete for
the same site as GABA.

MORE than a century after the Frenchman Paul Bert
described the narcotic effects of nitrogen at increased
pressure, the molecular mechanisms by which the di-
luent of oxygen in the air produces general narcosis at

increased pressure in humans and experimental ani-
mals1,2 still remain unknown. Because inert gases at
pressure produce narcosis in accordance with the
Meyer-Overton rule of a high correlation between nar-
cotic potency and lipid solubility,2 the traditional view
has been that nitrogen at increased pressure dissolves in
the lipid bilayer of the cellular membrane, occupying or
expanding its volume.3–5 Since then, lipid theories have
been refined6–7 and now postulate that lipid occupation
or expansion would disrupt indirectly the functioning of
neurotransmitter receptors and thereby would disrupt
synaptic transmission.

Alternatively, there is growing evidence that the con-
ventional inhalational anesthetic agents that exhibit nar-
cotic potency at normal pressure,8–14 including the inert
gases xenon and nitrous oxide,15–17 interact directly
with ion channel receptors, such as the N-methyl-D-as-
partate glutamate receptor, the nicotinic acetylcholine
receptor, or the �-aminobutyric acid A (GABAA) recep-
tor, which is the major inhibitory neurotransmitter re-
ceptor in the brain18 and is thought to have an important
role in the induction of general anesthesia.9 The consen-
sus is that anesthetics allosterically modulate ion channel
receptors. However, there is no evidence that inert gases
that only exhibit narcotic potency at increased pressure,
such as nitrogen, may act by a similar mechanism. Apart
from a postsynaptic action at the ion channel receptors,
an alternative mechanism for an anesthetic-induced al-
teration of synaptic transmission is the presynaptic mod-
ulation of neurotransmitter in the synaptic cleft.19,20

This study directly addresses the question of whether
nitrogen could interact with GABA transmission to pro-
duce narcosis at increased pressure. We tested this pos-
sibility by investigating the inhibitory effects of GABA
and nitrogen at increased pressure on locomotor activity
and striatal dopamine release, a system of neurotransmis-
sion that is well-known to be involved in the control of
locomotor activity, and by characterizing the pharmaco-
logic properties of the GABA-induced and nitrogen pres-
sure–induced narcotic action with use of the highly selec-
tive competitive GABAA receptor antagonist bicuculline.

Methods

Animals and Surgery
All animal use procedures were in accordance with the

European Communities Council (Bruxelles, Belgium) Di-

* Doctoral Fellow, § Associate Professor, UMR CNRS 6551 “Mort Neuronale
Neuroprotection, Neurotransmission”, Université de Caen-Basse Normandie.
† Doctoral Fellow, ‡ Associate Research Director, UPRES EA 3280 “Physio-
pathologie et Action Thérapeutique des Gaz sous Pression”, Université de la
Méditerranée, Marseille, France.

Received from the Université de Caen-Basse Normandie, Caen, France.
Submitted for publication September 18, 2000. Accepted for publication March
29, 2001. Supported by grant No. 98/10033 and a doctoral fellowship DGA/CNRS
(to H. N. David) from the Direction Générale de l’ Armement, Paris, France.

Address reprint requests to Dr. Abraini: Université de Caen, UMR CNRS 6551,
Centre Cyceron, BP 5229, Bld Henri Becquerel, 14074 Caen Cedex, France.
Address electronic correspondence to: abraini@neuro.unicaen.fr. Individual arti-
cle reprints may be purchased through the Journal Web site,
www.anesthesiology.org.

Anesthesiology, V 95, No 4, Oct 2001 921

Downloaded from anesthesiology.pubs.asahq.org by guest on 06/28/2019

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by CiteSeerX

https://core.ac.uk/display/357597175?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


rective of November 24, 1986 (86/609/EEC). Naive male
adult Sprague-Dawley rats weighing approximately 200–
250 g at the time of the experiments were used. Rats
were housed at 21 � 0.5°C in individual Perspex home
cages under a 12:12 h light:dark cycle (lights on at 07:00
h) with free access to food and water.

Carbon electrodes for monitoring dopamine concentra-
tions, a stainless steel guide cannula (23 gauge) for intra-
cerebroventricular drug infusion, or both were respec-
tively implanted during general anesthesia (30 mg/kg
intraperitoneal sodium pentobarbital and 100 mg/kg intra-
muscular ketamine) in the striatum (anteriority, 0.48;
laterality, 2.2; ventrality, 4) and the lateral ventricle (an-
teriority, �0.92; laterality, 1.4; ventrality, 3.2), according
to the rat brain atlas of Paxinos and Watson.21 The
reference and auxiliary electrodes (1-mm diameter stain-
less steel screws) were fixed to the bone. The electrodes
were attached to a miniconnector, and electrodes, guide
cannula, and connector were anchored to the bone with
dental cement. A stainless steel wire stylet was inserted
into the cannula to prevent occlusion. The rats were
allowed to recover for 1 week before the experiments.

Measurement of Dopamine Release
Electrochemical measurements of dopamine release

were made in freely moving rats by differential pulse
voltametry, using a PRG5 polarograph (Taccussel Radi-
ometer, Lyon, France) and a three-electrode potentiosta-
tic system with reference, auxiliary, and carbon multifi-
ber working electrodes. During voltametric recordings,
the animals were connected to the polarograph through
a flexible cable and a swivel connector. The polarograph
was set as follows: scan rate, 10 mV/s; voltage range,
0–500 mV; pulse record, 0.2 s; pulse modulation ampli-
tude, 50 mV; pulse modulation duration, 48 ms.

Carbon multifiber electrodes were made from a rigid
rod of 10,000 carbon fibers (AGT4F 10000; Carbone
Lorraine, Gennevilliers, France) sharpened at one ex-
tremity to reduce the external diameter of the electrode
from 1 mm to 50 �m at the tip.22 The carbon multifiber
electrode was encased in an insulating resin, and the tip
was exposed using an abrasive disc to shape the active
surface of the carbon electrode. Before use, the car-
bon multifiber electrodes were electrochemically
pretreated23,24 by applying a triangular wave potential
(0–3 V, 70 Hz, 20 s; 0–2 V, 70 Hz, 20 s; and 0–1 V, 70 Hz,
15 s) to increase both their selectivity and sensitivity to
dopamine. Before being implanted, the carbon elec-
trodes were calibrated in various solutions of 3,4 dihy-
droxyphenylacetic acid (DOPAC), ascorbic acid (AA),
uric acid (UA), and homovanillic acid (HVA) of 10�8 to
10�3

M to control their selectivity for and responsiveness
to dopamine compared with these compounds. The ox-
idation peaks of dopamine and DOPAC both occurred at
160 mV, whereas those of AA, UA, and HVA occurred at
90, 300, and 450 mV, respectively. The voltametric sig-

nals recorded in dopamine solutions of 10�8 to 10�3
M

consisted of electrochemical currents ranging from 3 to
40 nA. No voltametric signals were found in DOPAC, AA,
UA, or HVA solutions of 10�8 to 10�3

M. Data acquisition
and analysis were made by using an A/D converter in-
terfaced with a computer. Signals were amplified (�10)
and recorded every 6 min; dopamine release was quan-
tified by measuring the amplitude of the oxidation cur-
rents and expressed as percentage changes. In vivo
recording showed oxidation peaks similar to those re-
corded in dopamine solutions during calibration of the
carbon electrodes (peak range, 150–180 mV).

Measurement of Sedation
The sedative effects of GABA or nitrogen pressure

were evaluated by using locomotor activity as an index.
Locomotor activity was detected using a 12-cm-diameter
piezo-electrical sensor (Quartz et Silice, Montreuil,
France) that was fixed under the floor of each Perspex
activity cage. Data acquisition was made as detailed pre-
viously25 by using a A/D converter interfaced with a
personal computer. Signals from the piezo-electrical sen-
sors were sampled at a frequency of 120 Hz on 4-s
epochs, were amplified, and were analyzed by perform-
ing a fast-Fourier transform. Total activity counts were
recorded every minute and were expressed in arbitrary
units.

Induction of Sedation by Either Nitrogen or GABA
and Pharmacologic Treatments
The freely moving rats were placed in individual Per-

spex activity cages in a pressure chamber fitted with
three viewing windows. Ten minutes after saline or drug
pretreatment with the selective GABAA receptor antag-
onist bicuculline, the animals were compressed with
nitrogen of medical grade (Air Products, Paris, France)
up to a pressure of 3 MPa at a linear rate of 0.1 MPa/min.
Oxygen of medical grade (Air Products) was maintained
at a constant partial pressure of 0.025 MPa inside the
pressure chamber; a powerful fan ensured mixing of
the gases. Carbon dioxide was maintained at less than
300 parts per million by continuously circulating cham-
ber gases through a soda lime canister. To avoid tem-
perature–anesthesia interactions, the temperature inside
the pressure chamber was adjusted to maintain rectal
temperature at 37 � 1°C in one additional restrained
animal.

To mimic exposure to nitrogen pressure, induction of
sedation by GABA was performed by continuous intra-
cerebroventricular infusion. Ten minutes after saline or
drug pretreatment with bicuculline, the animals were
injected intracerebroventricularly with 60 �mol GABA
in a volume of 6 �l saline solution at a rate of 0.2 �l/min
using a perfusion apparatus (PHD2000; Harvard Appara-
tus, Holliston, MA). These experiments were made with
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the pressure chamber maintained at normal pressure; oxy-
gen and carbon dioxide were maintained as described.

GABA and (�)bicuculline methiodide were purchased
from Tocris (distributed by Fisher Bioblock, Illkirch,
France). Pretreatment with bicuculline before induction
of sedation by nitrogen pressure or GABA infusion was
delivered intracerebroventricularly in a volume of 4 �l
saline solution at a rate of 1 �l/min using a perfusion
apparatus.

Data Analysis
Data from the control records and the GABA and ni-

trogen pressure experiments were expressed as mean �
SEM. Changes in striatal dopamine release and locomo-
tor activity were analyzed using the t test. Data from the
GABA and nitrogen pressure experiments were com-
pared using the Pearson correlation. The inhibitory ef-
fects produced by GABA and nitrogen pressure on do-
pamine release and locomotor activity were fitted by the
logistic equation using nonlinear least squares regres-
sions to allow determination of the half-maximal effec-
tive- GABA concentrations (EC50) and nitrogen pressures
(EP50). The dose-dependent effects of the GABAA recep-
tor antagonist bicuculline on GABA EC50 and nitrogen
EP50 were analyzed using the Schild plot procedure.
Sigmoidal fits with the logistic equation were performed
using the Origin® software (Microcal Software Inc.,
Northampton, MA).

Results

Inhibitory Properties of GABA Infusion and
Nitrogen at Pressure
Figure 1 illustrates the inhibitory effects of GABA (n �

5) and nitrogen pressure (n � 5) on striatal dopamine
release, compared with control records (n � 5). GABA
and nitrogen both showed small effects, reducing striatal
dopamine currents to a similar extent by only 13 � 2%
(t test � 8.366, df � 58, P � 0.001) and 12 � 2%
(t test � 7.245, df � 58, P � 0.001), respectively.
Statistical analysis showed a significant correlation be-
tween the mean values of the inhibitory effects of GABA
and nitrogen pressure on striatal dopamine release
(r2 � 0.899; df � 4, P � 0.01). The fit of the pooled data
by the logistic equation yielded a GABA EC50 of
21.04 �mol and a nitrogen EP50 of 1.04 MPa. For the
individual experiments, the average GABA EC50 was
17.82 � 2.91 �mol, and the average nitrogen EP50 was
1.04 � 0.16 MPa.

As shown in figure 2, GABA (n � 3) and nitrogen at
increased pressure (n � 4) both reduced locomotor
activity to the same extent, compared with control
records (n � 4). GABA and nitrogen reduced locomotor
activity by 78 � 6% (t test � 11.578, df � 208, P �
0.001) and 77 � 9% (t test � 10.272, df � 238, P �

0.001), respectively. Statistical analysis showed a signif-
icant correlation between the mean values of the seda-
tive effects of GABA and nitrogen at increased pressure
on locomotor activity (r2 � 0.996; df � 28, P � 0.001).
The fit of the pooled data by the logistic equation yielded
a GABA EC50 of 26.77 �mol and a nitrogen EP50 of 1.52
MPa. For the individual experiments, the average GABA
EC50 was 28.85 � 2.94 �mol, and the average nitrogen
EP50 was 1.52 � 0.26 MPa.

GABA Pharmacology of the GABA- and Nitrogen
Pressure–induced Sedative Effects
The GABA pharmacology of the GABA- and nitrogen

pressure–induced sedative action was investigated using
bicuculline, a highly selective competitive GABAA recep-
tor antagonist that can induce arousal and hyperexcit-
ability, such as tonic–clonic seizures or convulsions. The
effects of bicuculline infusion in the picomole range and
the nanomole range on basal activity are shown in fig-
ures 3 and 4, respectively. Administration of bicuculline

Fig. 1. Inhibitory effects of �-aminobutyric acid (GABA) and
nitrogen pressure on striatal dopamine release. (A) Percentage
change in striatal dopamine release versus time expressed in
minutes. Compared with control (open squares, n � 5), GABA
(closed squares, n � 5) and nitrogen pressure (triangles, n � 5)
reduced striatal dopamine release to a similar extent by 12–13%
(P < 0.001). Data are expressed as mean � SEM. The arrow
indicates the time at which GABA or nitrogen was applied.
Dopamine signals were recorded every 6 min. Statistical analy-
sis showed a significant correlation between the mean inhibi-
tory effects of GABA and nitrogen pressure (r2 � 0.899, P <
0.01). (B, C) The fit of the pooled data for the GABA dose–
response curve and the nitrogen dose–response curve by the
logistic equation yielded a half-maximal effective GABA concen-
tration of 21.04 �mol (B) and a half-maximal effective nitrogen
pressure of 1.04 MPa (C).
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in the picomole range (fig. 3A) showed no evidence
of arousal, hyperexcitability, or locomotor activation
(t test � 0.387, df � 238, not significant); in the
nanomole range, infusion of bicuculline at the higher
dose of 5 nmol resulted in convulsions in 20% of the
animals (1 in 5), which could have affected the cur-
rent investigations. To avoid artefactual records and
interpretation, the animals that had convulsions were
not taken into account. In the 80% of animals that
were included in the study, administration of bicucul-
line resulted in a moderate (18%), nonsignificant in-
crease in locomotor activity (fig. 4A; t test � �1.733,
df � 238). Although bicuculline in the nanomole
range has been reported to induce hyperactivity when
injected focally in brain areas that are well-known to
be involved in the control of locomotor activity,26,27

the current findings are in accordance with previous
studies28 –30 that have shown (1) that systemic or in-
tracerebroventricular infusion of bicuculline at high
doses failed to increase locomotor activity in the rat;

Fig. 3. Bicuculline antagonized the sedative action of �-ami-
nobutyric acid (GABA). (A) Total locomotor activity expressed
in arbitrary units (A.U.; mean � SEM) during the 30-min period
of recording. Pretreatment with bicuculline at 0.5, 1, or
2.5 pmol (n � 3 per dose), 10 min before GABA was applied,
inhibited GABA sedation (n � 3) in a dose-dependent manner.
�P < 0.01, ��P < 0.001 versus control records; *P < 0.001
versus GABA administered alone. Note that bicuculline at
2.5 pmol had no effect on basal locomotor activity. (B) The
GABA sedation dose–response curve is shifted to the right by
bicuculline at 0.5, 1, and 2.5 pmol, leading to an increase of
half-maximal effective GABA concentration (EC50) from 26.77 to
31.51 (B1), 37.99 (B2), and 54.14 �mol (B3), respectively. (C)
Schild plot analysis yields a linear regression of high reliability
(r2 � 0.995) with a slope of 1.085 and a bicuculline pA2 value of
11.62 that corresponds to a Ki value of 2.40 pmol.

Fig. 2. Sedative effects of �-aminobutyric acid (GABA) and nitro-
gen pressure on locomotor activity. (A) Locomotor activity ex-
pressed in arbitrary units (A.U.) versus time expressed in min-
utes. Compared with control (open squares, n � 4), GABA
(closed squares, n � 3) and nitrogen pressure (triangles, n � 4)
reduced locomotor activity to a similar extent by 77–78% (P <
0.001). Data are expressed as mean � SEM. The arrow indicates
the time at which GABA or nitrogen was applied. Locomotor
activity was recorded every minute; for clarity of presentation,
data were pooled every 6 min. Statistical analysis showed a
significant correlation between the mean values of the seda-
tive action of GABA and nitrogen (r2 � 0.996, P < 0.001). (B,
C) The fit of the pooled data for the GABA dose–response
curve and the nitrogen dose–response curve by the logistic
equation yielded a half-maximal effective GABA concentra-
tion of 26.77 �mol (B) and a half-maximal effective nitrogen
pressure of 1.52 MPa (C).
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(2) that bicuculline at a dose just sufficient to produce
clonic convulsions in 20% of rats resulted in no signif-
icant change in locomotor activity; and (3) that intra-
cerebroventricular infusion of bicuculline at 50 nmol
(i.e., a dose 10-fold higher than the maximal dose used
in the current study) is required to induce hyperactiv-
ity and convulsions in the mouse (note the brain
weight/dose ratio would be higher in the rat, so that
similar effects would be expected to occur at a higher
concentration of bicuculline).

The effects of the highly selective GABAA antagonist
bicuculline on the sedative action of GABA on locomotor
activity are shown in figure 3. Pretreatment with bicu-
culline at 0.5, 1, and 2.5 pmol (n � 3 per dose) inhibited
GABA sedation (n � 3) in a dose-dependent manner by
10, 20, and 41%, respectively (fig. 3A; �10.978 � t test
� �5.189, df � 178, P � 0.001). The fit of the pooled
data by the logistic equation shows that the GABA
dose–response curve shifted to the right in a parallel
manner (fig. 3B), leading to an increase of the GABA
EC50 of 26.77 to 31.51, 37.99, and 54.14 �mol, respec-
tively. For the individual experiments, the average
GABA EC50s were 28.85 � 2.94 (GABA alone), 32.43 �
2.65 (GABA � 0.5 pmol bicuculline), 37.62 � 4.45
(GABA � 1 pmol bicuculline), and 52.04 � 2.82 �mol
(GABA � 2.5 pmol bicuculline). Schild plot analysis
of the series EC50'/EC50, EC50''/EC50 and EC50'''/EC50 [in
the form log10(EC50'/EC50 � 1), log10(EC50''/EC50 � 1),
log10(EC50'''/EC50 � 1)] on bicuculline concentration (in
the form log10) yields a linear regression of a high reliabil-
ity (r2 � 0.995), with a slope of �1.085 and a bicuculline
pA2 value of 11.62 that corresponds to a Ki value (anti-
log of �pA2) of 2.40 pmol (fig. 3C).

Pretreatment with bicuculline in the nanomole range
but not in the picomole range also reduced the sedative
effect of nitrogen at pressure on locomotor activity in a
dose-dependent manner, as shown in figure 4. Pretreat-
ment with bicuculline at 1, 2.5, and 5 nmol (n � 4 per
dose) inhibited nitrogen sedation (n � 4) in a dose-
dependent manner by 5, 37, and 70%, respectively (fig.
4A; �5.837 � t test � �3.204, df � 238, 0.001 � P �
0.01). The fit of the pooled data by the logistic equation
shows that the nitrogen dose–response curve shifted to
the right in a parallel manner (fig. 4B), leading to an
increase of the nitrogen EP50 of 1.52 MPa to 1.66, 1.93,
and 2.46 MPa, respectively. For the individual experi-
ments, the average nitrogen EP50s were 1.52 � 0.26
(nitrogen alone), 1.69 � 0.17 (nitrogen � 1 nmol bicu-
culline), 1.94 � 0.04 (nitrogen � 2.5 nmol bicuculline),
and 2.56 � 0.33 MPa (nitrogen � 5 nmol bicuculline).
Schild plot analysis of the series EP50'/EP50, EP50''/EP50

and EP50'''/EP50 on bicuculline concentration yields a
linear regression of high reliability (r2 � 0.994), with
a slope of �1.183 and a pA2 value for bicuculline
of 8.12 that corresponds to a Ki value of 7.59 nmol
(fig. 4C).

Fig. 4. Bicuculline antagonized the nitrogen pressure-induced
sedative action. (A) Total locomotor activity expressed in arbi-
trary units (mean � SEM) during the 30-min period of record-
ing. Pretreatment with bicuculline at 1, 2.5, or 5 nmol (n � 4 per
dose), 10 min before nitrogen was applied, inhibited nitrogen
sedation (n � 4) in a dose-dependent manner. �P < 0.05,
��P < 0.001 versus control records; *P < 0.01, **P < 0.001
versus nitrogen pressure when applied alone. Note that bicu-
culline at 5 nmol had no effect on basal locomotor activity. (B)
The nitrogen sedation dose–response curve is shifted to the
right by bicuculline at 1, 2.5, and 5 nmol, leading to an increase
of half-maximal effective nitrogen pressure (EP50) from 1.52 to
1.66 (B1), 1.93 (B2), and 2.46 MPa (B3), respectively. (C) Schild
plot analysis yields a linear regression of high reliability
(r2 � 0.994) with a slope of 1.183 and a bicuculline pA2 value of
8.12 that corresponds to a Ki value of 7.59 nmol.

925NITROGEN NARCOSIS AND THE GABAA RECEPTOR

Anesthesiology, V 95, No 4, Oct 2001

Downloaded from anesthesiology.pubs.asahq.org by guest on 06/28/2019



Discussion

Our results show that both GABA infusion and expo-
sure to nitrogen pressure led to a decrease in striatal
dopamine release and locomotor activity. The similari-
ties between the inhibitory effects of GABA and nitrogen
pressure on dopamine release and locomotor activity
suggest that nitrogen at pressure could act, at least
partly, through GABA transmission to produce its inhib-
itory effects. However, while GABA and nitrogen at pres-
sure progressively decreased locomotor activity, they
only showed small effects on striatal dopamine release
that decreased frankly and then remained at a steady
state before the animals evidenced maximal sedation.
This led to different nitrogen EP50s for locomotor activity
and dopamine release that indicate, in accordance with
the current opinion that presynaptic membranes would
be less sensitive to general anesthetics than would
postsynaptic membranes, that the nitrogen pressure-in-
duced decrease in striatal dopamine release would be
poorly involved in the sedative action of nitrogen at
increased pressure.

Pretreatment with the highly selective GABAA receptor
antagonist bicuculline reduced the sedative action of
both GABA and nitrogen at increased pressure in a dose-
dependent manner. Interestingly, Schild plot analysis
showed that bicuculline increased GABA EC50 and nitro-
gen pressure EP50 and shifted the GABA and nitrogen
sedation dose–response curves to the right in a parallel
manner with a slope of linear regression of 1.085 for
GABA and 1.183 for nitrogen pressure. Although Schild
plot analysis for competitive antagonism is based on the
theoretical assumption that the concentration–response
curves for the agonist in the presence of the antagonist
must be parallel and the slope of the linear regression for
the antagonist must be 1, this is not what happens in
reality (because the most competitive antagonist does
not behave ideally), and the slope of the linear regres-
sion is considered to be optimal within the limits of
0.8–1.2.31,32 Our results confirm, with no surprise, that
bicuculline acts as a competitive antagonist of GABA33,34

and further suggest that it could also competitively an-
tagonize the sedative action of nitrogen at increased
pressure.

Because of the Schild plot analysis results and the fact
that bicuculline did not significantly affect the baseline
of locomotor activity, it is tempting to suggest that ni-
trogen at pressure could act at the GABAA receptor for
producing its narcotic action. However, the fact that the
antagonistic effect of bicuculline on the sedative action
of nitrogen at pressure only occurs at much higher
bicuculline concentrations than those seen with GABA
raises some important questions about whether this re-
flects a pharmacologic effect, or a physiologic effect that
remains extremely difficult to dismiss definitively. It is
possible that this effect is indirect and that bicuculline

antagonized the sedative action of nitrogen by increasing
the general excitability in the central nervous system.
Alternatively, the much higher concentration of bicucul-
line needed to antagonize the narcotic action of nitrogen
pressure could indicate, in accordance with the consen-
sus that general anesthetics allosterically modulate ion
channel receptors,7,8,35,36 that nitrogen could bind at
multiple ion channel receptors and does not compete
necessarily for the same site as GABA at the GABAA

receptor to produce sedation.
In conclusion, the current data are consistent with but

did not prove the possibility that nitrogen at pressure
may induce its narcotic action partly through a GABAA

mechanism. If such, although the discrete site of action
of nitrogen at the GABAA receptor remains to be identi-
fied, the demonstration that the sensitivity of ionotropic
receptors to a series of general anesthetics may be mod-
ulated by specific mutations in the channel receptor
domains37—with the receptor sensitivity to anesthetics
being increased as hydrophobicity increased—is suffi-
cient to explain the Meyer-Overton correlation between
narcotic potency and lipid solubility that is the origin of
the lipid theories of inert gas action. However, further
experiments are needed to clarify the mode of narcotic
action of inert gases at pressure.
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