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Recent neurochemical basis of inert gas
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Rostain J.C., Balon N. Recent neurochemical basis of inert gas narcosis and pressure effects. Undersea
Hyperb Med 2006; 33(3):197-204. Compressed air or a nitrogen-oxygen mixture produces from 0.3MPa
nitrogen narcosis. The traditional view was that anaesthesia or narcosis occurs when the volume of a
hydrophobic site is caused to expand beyond a critical amount by the absorption of molecules of a narcotic
gas. The observation of the pressure reversal effect on general anaesthesia has for a long time supported
the lipid theory. However, recently, protein theories are in increasing consideration since results have been
interpreted as evidence for a direct anaesthetic-protein interaction. The question is to know whether inert
gases act by binding processes on proteins of neurotransmitter receptors. Compression with breathing
mixtures where nitrogen is replaced by helium which has a low narcotic potency induces from 1MPa, the
high pressure nervous syndrome which is related to neurochemical disturbances including changes of the
amino-acid and monoamine neurotransmissions. The use of narcotic gas (nitrogen or hydrogen) added to a
helium-oxygen mixture, reduced some symptoms of the HPNS but also had some effects due to an additional
effect of the narcotic potency of the gas. The researches performed at the level of basal ganglia of the rat
brain and particularly the nigro-striatal pathway involved in the control of the motor, locomotor and cognitive
functions, disrupted by narcosis or pressure, have indicated that GABAergic neurotransmission is implicated

via GABAa receptors.

INTRODUCTION

All mammals including man exposed
to increasing pressure of breathing gas
mixtures show disturbances at the level of the
central nervous system, which differ according
to which gas is used. In Man, compressed
air or compressed nitrogen-oxygen mixtures
produce from 0.3 MPa, nitrogen narcosis
(1). When nitrogen is replaced by a gas less
narcotic than nitrogen such as helium, the
breathing mixture induces from 1 MPa the
High Pressure Nervous Syndrome (HPNS)

Q).

INERT GAS NARCOSIS

1 - Nitrogen narcosis
When men are exposed to pressures of

Copyright © 2006 Undersea and Hyperbaric Medical Society, Inc

air higher than 0.3 MPa, they exhibit the signs
and symptoms shown in Table I.

NITROGEN NARCOSIS IN MAN

Temporo - spatial disorientation
Memory troubles
Euphoria
Hallucinations
Mood changes

Impaired neuromuscular coordination

Psychomotor and intellectual decrements

Table 1. Signs and symptoms of nitrogen narcosis in
man from 0.3MPA (3 bars, 4 ATA).

When laboratory animals are exposed
to compressed air or to increased pressures of
nitrogen-oxygen, they also present signs and
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symptoms of a narcotic type for pressure higher
than 0.8 to 1 MPa. Behnke et al. (3) have
related the phenomenon to the narcotic potency
of nitrogen that is 79% of air. Similar signs and
symptoms have been observed by inert gases
other than nitrogen but they vary according
to the narcotic potency of the gas. From the
numerous attempts that have been made to
correlate the narcotic potency of helium, neon,
argon, krypton and xenon to physical properties
it seems that the most satisfactory correlation,
is afforded by lipid solubility (Table 2).

Gas Molecular | Solubility | Rank
weight in lipid (narcotic

potency)
Least narcotic

He 4 0.015 1

Ne 20 0.019 2

H, 2 0.036 3

N, 28 0.067 4

A 40 0.14 5

Kr 83.7 043 6

Xe 131.3 1.7 7
Most narcotic

Table 2. Molecular weight and lipid solubility of inert
gases and their rank from the least narcotic to the most
narcotic.

According to the lipid solubility
hypothesis, three gases are more narcotic than
nitrogen: xenon is anaesthetic at atmospheric
pressure (4, 5, 6, 7, 8), krypton causes dizziness
(4, 6) and argon will be narcotic about twice
the pressure of nitrogen (1, 9). Three other
gases are less narcotic than nitrogen. These
are hydrogen which would be between two to
three times less narcotic than nitrogen (10),
neon which would be at least three times less
narcotic than nitrogen (11, 12) and last, helium
which is the least narcotic.

2 - Pressure effects and helium narcosis

Based on the lipid solubility hypothesis,
the narcotic effect of helium would occur around
400 m (1). However, pressure counteracts this
weak narcotic potency according to the pressure
reversal effectand the critical volume hypothesis
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(13). The symptoms that occur are different
from those observed in narcosis and they are
called the High Pressure Nervous Syndrome
(HPNS). The HPNS includes behavioural
symptoms and electrophysiological changes
which are described in Table 3. It is generally
considered that helium is not narcotic.

HIGH PRESSURE NERVOUS SYNDROME IN MAN
HELIUM - OXYGEN
up to 6.1MPa

ELECTROPHYSIOLOGICAL
CHANGES

BEHAVIORAL
SYMPTOMS

EEG: INCREASE IN SLOW WAVES,
DECREASE IN FAST ACTIVITIES

TREMOR

FASCICULATIONS, MYOCLONIA
DYSMETRIA

SOMNOLENCE

COGNITIVE IMPAIREMENTS

up to -20%

CHANGES IN EVOKED POTENTIALS,
IN CORTICAL EXCITABILITY CYCLE

SLEEP: INCREASE IN STAGES 1 and 2
DECREASE IN STAGES 3 and 4, REM

HYPER-REFLEXIA

Table 3. Signs and symptoms of HPNS up to 6.1
Mpa (610 msw) with helium-oxygen-mixture.

However, from recent data obtained
during experimental dives with narcotic gases
added to helium at great pressure (14, 15), there
were mood changes or sensory hallucinations
reported in some cases in helium-oxygen dives
to pressure greater than 4 MPa (400m), which
could be due to a narcotic effect of helium
rather than a pressure effect (16, 17). Moreover,
hallucinatory behaviour has been also reported
in monkeys breathing a helium-oxygen mixture
at pressures of 8 MPa and above (18, 19, 20),
which could be due to the narcotic effect of
helium at high pressure (20).

Origins and Mechanisms of Inert

Gas Narcosis

Comparatively little is known about
the cause and mechanisms of the signs and
symptoms produce by inert gas breathing
at pressure. Although the carbon dioxide
theory has been eliminated as the cause, the
lipid theory has provided several hypotheses
as to the possible mechanisms of inert gas
narcosis. From the works of Behnke et al. (3),
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the nitrogen and inert gas theory suggested
that there is a parallel between the affinity of
a narcotic or anaesthetic gas for lipid and its
narcotic potency. Consequently the traditional
view was that anaesthetics dissolve in the lipid
bilayer of the cellular membrane and expand
its volume. Anaesthesia then occurs when the
volume of ahydrophobic site is caused to expand
beyond a critical amount by the absorption of
molecules of a narcotic gas; if the volume of
this site is restored by increasing pressure, then
the anaesthesia will be removed (Fig. 1). The
observation of this pressure reversal effect on
general anaesthesia (13) that has been reported
for different anaesthetics including inert gases
has supported the lipid theory.

Fig.1

Non specific mechanisms

Hypothesis :

The narcotic troubles are attributed to the solubility of the gas in the
lipidic part of the membranes which induced their expansion; in
contrast, pressure reduced them.

Narcotic gases

il

Atmospheric
pressure

Pressure

This is the reason of the use of narcotic
gases in a helium-oxygen mixture for deep
diving such as nitrogen or hydrogen, to
decrease the clinical symptoms of HPNS
such as the tremor. With the helium-nitrogen-
oxygen mixture, depths of 650 and 686 msw
were reached (21, 22) and several dives were
performed between 450 and 600 msw with a
reduction of many HPNS symptoms (Table 4)
(2, 23, 24, 25).

Hydrogen is another inert gas which has
been considered and used for deep diving (26,
27,28, 29, 30, 31, 32, 33), for several reasons.
Hydrogen has a greater narcotic potency than
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helium, which may in accordance with the
critical volume hypothesis reduce some of
the symptoms of HPNS. It has also a lower
density than helium and thus could be better for
breathing. Brauer and Way (33) have established
that its narcotic potency is in agreement with
its lipid solubility. It is, however, explosive in
mixtures of more than 4% oxygen.

HIGH PRESSURE NERVOUS SYNDROME
HELIUM - NITROGEN - OXYGEN
up to 4.5 MPa

ELECTROPHYSIOLOGICAL
CHANGES

BEHAVIORAL
SYMPTOMS

EEG: INCREASE IN SLOW WAVES,
DECREASE IN FAST ACTIVITIES

SOMNOLENCE
COGNITIVE IMPAIREMENTS
around - 10%

CHANGES IN EVOKED POTENTIALS,
IN CORTICAL EXCITABILITY CYCLE

SLEEP: INCREASE IN STAGES 1 and 2
DECREASE IN STAGES 3 and 4, REM

HYPER-REFLEXIA

Table 4. Effects of addition of nitrogen (5%) in the
helium-oxygen-mixture on signs and symptoms of
HPNS.

In the past, several groups have studied
the effects of hydrogen at pressure in man and
in animals (27, 33; 35, 36, 37). The results
have been contradictory. However, Edel et
al. (38) and Fife (39) suggested that the use
of hydrogen in diving could be beneficial (2).
In the last twenty years, COMEX has carried
out several experiments with hydrogen in
mice, rats, monkeys and men (40, 41). In
human divers, significant narcotic sensations
which were different from those reported with
nitrogen, were reported from 240 metres, when
breathing hydrogen oxygen mixtures.

Experiments performed in hydrogen-
oxygen mixtures (HYDRA VII, IX) or in
hydrogen-helium-oxygen mixtures (HYDRA
V, VI, X) have shown narcotic effects of a
psychotropic type which occur when the partial
pressure of hydrogen is higher than 2.5 MPa.
Indeed, psychotic like disorders have been
observed in some subjects, which consisted of
hallucinations, mood disturbances, agitation,
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delirium and paranoid thoughts (42, 43). These
results indicated that pressures of hydrogen
higher than 2.4-2.5 MPa may induce narcosis
and are consistent with the work of Brauer et al.
(10) and Brauer and Way (33) which predicted
hydrogen narcosis around 2.5 and 3.0 MPa.
However, the use of helium-hydrogen-oxygen
mixtures with a partial pressure of hydrogen
which did not exceed 2.5 Mpa reduces the
clinical symptoms of HPNS (Table 5) and a
depth of 701 m has been reached using this
mixture (17, 20).
HIGH PRESSURE NERVOUS SYNDROME

HELIUM - HYDROGEN - OXYGEN
up to 4.5 MPa

ELECTROPHYSIOLOGICAL
CHANGES

BEHAVIORAL
SYMPTOMS

EEG: INCREASE IN SLOW WAVES,
DECREASE IN FAST ACTIVITIES

COGNITIVE IMPAIREMENTS
less than 5% SLEEP: INCREASE IN STAGES 1 and 2

DECREASE IN STAGES 3 and 4, REM

Table 5. Effects of addition of hydrogen (up to 2.5
MPa) in the helium-oxygen mixture on the signs and
symptoms of HPNS.

The reduction or even the suppression
of'some clinical symptoms obtained by narcotic
gases added to a helium-oxygen mixture
supports the lipid theories. However there
were also other effects recorded with some
symptoms of HPNS which indicat that the lipid
theory is insufficient to explain alone the effects
of pressure and inert gases at pressure.

Recently, protein theories have been
proposed due to results obtained from some
experiments with inhalational anaesthetics
which have been interpreted as evidence for a
direct anaesthetic-protein interaction (44, 45,
46, 47). The question is whether inert gases do
exert binding processes on proteins at raised
pressure. Data obtained by Abraini et al. (48)
with two inert gases (nitrogen and argon) and
an anaesthetic gas (N,0) seem to indicate that
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inert gases bind directly to a modulatory site of a
protein receptor and act as allosteric modulators.
Theresults clearly showed whatever the inert gas
used, the pressure required to produce a 100%
loss of righting reflex increased significantly
as the compression rate increased. The rate at
which compression was applied influenced the
anaesthetic potencies of these inert gases in a
sigmoidal fashion rather than a linear fashion as
the lipid theory would suggest. The sigmoidal
curve indicates a gas-protein interaction. The
gas could bind to modulatory sites of protein
receptors, producing conformational changes
and thereby make channel opening more or less
favourable (Fig 2).

Fig. 2.

Specific mechanisms

Hypothesis :

The troubles related to narcosis and to pressure could be attributed
to a binding with proteins of the membranes (neurotransmitter
receptors).

Narcotic gases Pressure

Neurotransmitter receptors

Recently, neurochemical studies have
been carried out on the effect of inert gas
narcosis at the level of the basal ganglia, and
particularly at the level of the nigro-striatal
pathway. These structures are implicated in the
regulation of motor, locomotor and cognitive
processes which are disrupted by inert gas
narcosis and HPNS.

The studies performed by differential
pulse voltametry at the level of the striatum
with carbon multifiber electrodes have shown
(49, 50, 51, 52):

1 - A decrease of dopamine when rats are
exposed to increased pressures of nitrogen,
argon, or to an anaesthetic gas such as the
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nitrous oxide.

2 - An increase of dopamine when rats were
exposed to helium pressure.

These results demonstrated, at least at the level
of the stiatal DA, an opposing effect of pressure
and narcotic gases.

Other studies performed by
microdialysis at the level of the striatum have
shown in addition to an increase of dopamine
with increasing pressure of helium, an increase
of serotonin, glutamate, and aspartate but with
different kinetics (53, 54, 55, 56, 57). The
same studies performed with nitrogen have
shown a decrease of dopamine and glutamate,
an increase of serotonin and no change of the
level of aspartate (58, 59, 60). Moreover,
microdialysis and differential pulse voltametry
studies have indicated that dopamine at the
striatal level is also decreased when rats are
exposed to increase pressures of argon (51, 52),
and nitrous oxide (51, 52, 61, 62).

GABA neurotransmission is one of the
processes implicated in these changes from the
use of agonists of GABA, or GABA  receptors
which have demonstrated changes when
injected in the substantia nigra reticulata (SNr)
or substantia nigra pars compacta (SNc) (63,
64, 65).

The injection of 1nM of muscimol
(agonist GABA,) in the SNr at atmospheric
pressure did not induce changes in DA release
in the striatum. In contrast, with helium oxygen
pressure, the injection of the same dose of
muscimol blocked the increase of DA induced by
pressure (65, 66). At atmospheric pressure, the
injection of 10 nM of baclofen (agonist GABA )
in the SNr induced a 40% decrease of striatal
DA release. With helium pressure, the decrease
of DA release produced by baclofen persisted.
The motor and locomotor hyperactivity (LMA)
one of the HPNS symptoms in the rat, which is
correlated to the change of striatal DA release,
is reduced by the activation of the GABA,
receptor and increased by the activation of the
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GABA , receptors (65, 66).

Consequently, the activation of GABA
receptors in the SNr decreased both dopamine
and motor and locomotor hyperactivity by
the inhibition of the nigro striatal pathway
(NSP) and the thalamo cortical pathway and
suggests the implication of these receptors in
the regulation of the NSP and the development
of LMA

The activation of GABA, receptors
inhibits directly the NSP and consequently
produces a decrease of striatal dopamine
but induces also a desinhibition of the nigro-
thalamic pathway which induces an activation
of the thalamo-cortical pathway and an
activation of LMA. Consequently, helium
pressure may act by the stimulation of GABA
receptors of GABA neurons of the SNr which
produces both a desinhibition of dopaminergic
neurons of the nigro-striatal pathway and of
glutamatergic neurones of the thalamo-cortical
pathway which also induces an increase of
striatal DA and of LMA.

CONCLUSION

In conclusion at pressure, our results
suggesta change in the sensibility of the GABA |
and GABA receptors in the SNr, and in the
SNc, with a greater response by the GABA
postsynaptic receptors on the GABAergic
nigrothalamic pathway in the SNr and in the
GABAergic interneurones of the SNc.

Alternatively, the similarity between
the effects obtained with GABA injection
(decrease of DA and LMA) and those obtained
with nitrogen suggest that nitrogen acts directly
on the GABA  receptors of the dopaminergic
neurons of the NSP and produces a decrease
of DA and consequently of the motor and
locomotor activities.

The results obtained with pressure and
narcotic gases would be the consequence of a
balance or an imbalance between the effects
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of pressure on the GABAergic nigrothalamic
pathway and the effects of narcotics gases
on GABA, receptors of the dopaminergic
nigro stiatal pathway. The opposing effects
of pressure and narcotic gases on GABA,
receptors could be due to different receptor
subunit compositions (Fig 3).

Fig. 3
Effects of pressure and nitrogen at the level of the SN
Dopaminergic
nigrostriatal pathway
M
Pressure
NITROGEN

Pressure

Receptor
GABA,

Receptor
D2

GABAergic

Receptor
nigrothalamic pathway ﬂ]ﬂ]ﬂ)

NMDA

These recent results at the neurochemical
level give new indications on the development
of inert gas narcosis and of the high pressure
nervous syndrome. The disruption of GABA
neurotransmission is one of the aspects of the
mechanisms implicated in these symptoms
and serotonin or glutamate neurotransmission
with NMDA receptors (Fig 3). Other systems
which could play a role in the occurrence of
inert gas narcosis from microdialysis studies
have indicated changes in their release at the
level of striatum and that studies on HPNS have
indicated a potentiation of NMDA receptors
(55, 56, 57, 67).

REFERENCES

1. Bennett PB, Rostain JC. Inert gas narcosis. In :
Brubakk A.O. T.S. Neuman (eds). Bennett and
Elliott’s physiology and medicine of diving. London:
W.B. Saunders Company Ltd., 2003: 300-322.

Bennett PB, Rostain JC. The high pressure nervous
syndrome in man. In : A.O. Brubakk and T.S.

202

10.

11.

12.

13.

14.

15.

Neuman (eds). Bennett and Elliott’s physiology
and medicine of diving. London: W.B. Saunders
Company Ltd., 2003: 323-357.

Behnke AR, Thomson RM, Motley EP. The
psychologic effects from breathing air at 4 atm.
Pressure. Am J Physiol 1935; 112: 554-558.
Lawrence JH, Loomis WF, Tobias CA, Turpin FH.
Preliminary observations on the narcotic effect of
xenon with a review of values for solubilities of
gases in water and oils. J Physiol 1946; 105: 197-204.
Lazarev NV, Lyublina YI, Madorskaya RY. Narcotic
action of xenon [in Russian]. Fiziol Zh SSSR 1948:
34:131-134.

Cullen SC, Gross EG. The anesthetic properties of
xenon in animals and human beings with additional
observations on krypton. Science, NY 1951; 113:
580-582.

Featherstone RM, Muehlbaccher CA, Debon FL,
Forsaith JA. Interactions of inert anesthetic gases
with proteins. Anesthesiology 1961; 22: 977-981.
Pittinger CB. Mechanisms of anesthesia. Xenon
as an anesthetic. In: Proceedings of the 22"
international Congress of Physiological Science.
London. Excerpa Medical Foundation. 1962.
Behnke AR, Yarbrough OD. Respiratory resistance,
oil-water solubility and mental effects of argon
compared with helium and nitrogen. Am J Physiol
1939; 126: 409-415.

Brauer RW, Way RO, Perry TA. Narcotic effects
of helium and hydrogen and hyperexcitability
phenomenon at simulated depths of 1500 to 4000 ft of
sea water. In: Fink BR (ed) Toxicity of Anesthetics,
Baltimore: Williams and Wilkins, 1968: 241-255.
Marshall JM, Fenn WO. The narcotic effects of
nitrogen and argon on the central nervous system of
frogs. Am J Physiol 1950; 163: 733.

Ikels KG. Determination of the Solubility of Neon
in Water and Extracted Human Fat. Task No 775801
SAM-TDR 64-28. USAF School of Aerospace
Medicine, Brooks Air Force Base, Texas. 1964.
Miller KW, Paton WD, Smith RA, Smith EB. The
pressure reversal of general anesthesia and the
critical volume hypothesis. Molec Pharmacol 1973;
9: 131-143.

Stoudemire A, Miller J, Schmitt BSF, Logue P,
Shelton D, Latsow PAG, Bennett PB. Development
of'an organic affective syndrome during a hyperbaric
diving experiment. Am J Psychiatry, 1984; 141:
1251-1254.

Fructus X, Gardette B, Carlioz M, Giran Y.
Hydrogen Narcosis. In: Nome T, Susbielle G,
Comet M, Jacquin M, Sciarli R. (eds). Proceeding
of Xe Congress of European Undersea Biomedical



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

UHM 2006, Vol. 33, No. 3 — Neurochemical basis of narcosis and HPNS

Society. Marseille, 1984 : 87-96.

Rostain JC. Nervous system at pressure. In: Bennett
PB, Marquis RE (eds). Basic and applied high
pressure biology. Rochester: University press of
Rochester, 1994: pp 157-172.

Rostain JC, Gardette-Chauffour MC, Gardette B.
Hydrogen, a gas for diving: a mini review. Undersea
and Hyperbaric Med 1999; 26 (suppl) : 62.

Rostain JC. The high pressure nervous syndrome
at the central nervous system level. In : Jannasch
HW, Marquis RE, Zimmerman AM (eds). Current
perspectives in high pressure biology. London:
Academic Press,. 1987: 137-148.

Gardette B, Gortan C. Mice and monkeys deep
dives in heliox, hydrox and hydreliox gas mixtures
- synthesis of COMEX “Hydra” programme. . In:
Bennett PB and Marquis RE (eds). Basic and applied
high pressure biology. . Rochester: University Press
of Rochester, 1994: 173-184.

Rostain JC, Gardette-Chauffour MC, Gardette B.
HPNS during a deep hydrogen-helium-oxygen dive
up to 701 meters. Undersea and Hyperbaric Med
1994; 21 (suppl) 40.

Bennett PB, Coggin R, Roby J. Control of HPNS
in humans during rapid compression with trimix to
650 m (2123 ft). Undersea Biomed Res 1981; 8: 85-
100.

Bennett PB, Coggin R, McLeod M. Effect of
compression rate on use of trimix to ameliorate
HPNS in man to 686 m (2250 ft). Undersea Biomed
Res 1982; 9: 335-351.

Rostain JC, Gardette B, Naquet R. Effects of
exponential compression curves with nitrogen
injection in human. J Appl Physiol 1987; 63: 421-
425.

Bennett PB; Schafstall H. Scope and design of the
GUSI International Research Program. Undersea
Biomed Res 1992; 19: 231-241.

Rostain JC. The nervous system: man and laboratory
mammals. In: Macdonald AG (ed). Advances in
comparative and environmental physiology: effects
of high pressure on biological systems. Berlin:
Springer Verlag,. 1993; 17: 198-238.

Case EM, Haldane JBS. Human physiology under
high pressure. J Hyg Camb 1941; 41: 225-249.
Zetterstrom A. Deep sea diving with synthetic gas
mixtures. Milit Surg 1948; 103: 104-106.

Bjurstedt T, Severin G.  The prevention of
decompression sickness and nitrogen narcosis by
the use of hydrogen as a substitute for nitrogen.
Milit Surg 1948; 103: 107-116.

Zal’tsman GL. Physiological Principles of a Sojourn
of a Human in Conditions of Raised Pressure of the

203

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Gaseous Medium. Gasodarstvennoye Izdatel’stvo
Meditsinskoy Literatury. Medgiz Leningradskoye
Otdeleniye. 1961.

Zal’tsman GL (ed). Hyperbaric Epilepsy and
Narcosis (Neurophysiological Studies) pp 1-265.
Leningrad: Sechenov Institute of Evolutionary
Physiology and Biochemistry. USSR Academy of
Sciences. 1968

Fructus X. Hydrogen, pressure and HPNS. In: Brauer
RW (ed). Hydrogen as a diving gas. Bethesda, Md.,
UHMS publication 69 (WS-HYD): 1987. 125-138.
Gardette B, Lemaire C, Rostain JC, Fructus X. The
French deep diving scientific programm on oxygen-
helium, trimix and oxygen-hydrogen gas mixtures.
In: Lin YC, Shida KK (eds). Man in the sea. vol. 1.
San Pedro CA: Best Publishing Company, 1990: 69-
100.

Rostain JC, Gardette-Chauffour MC, Lemaire C,
Naquet R. Effects of a H/He/O, mixture on the
HPNS up to 450 m. Undersea Biomed Res 1988;
15: 257-170.

Brauer RW, Way RO. Relative narcotic potencies
of hydrogen, helium, nitrogen and their mixtures. J
Appl Physiol 1970; 29 : 23-31.

Michaud A, Parc J, Barthelemy L, Le Chutton J,
Corriol J, Chouteau J, Le Boucher F. Premieres
données sur une limitation de [’utilisation du
mélange oxygene-hydrogéne pour la plongée
profonde a saturation. CR Acad Sci (Paris) 1969 ;
269: 497-499.

Rostain JC, Naquet R. Resultats preliminaires
d’une étude comparative de I’effet des mélanges
oxygene-helium et oxygene-hydrogene et des
hautes pressions sue le babouin Papio Papio. In:
Proc 3" International Conference on Hyperbaric and
Underwater Physiology. Paris: Doin, 1972: 44-49.
Halsey MJ, Eger EI, Kent DW, Warne PJ. High
pressure studies of anaesthesia. In: B.R. Fink (ed)
Molecular mechanisms of anaethesia (Progress in
anesthesiology) New York: Raven press, 1975; 1:
353-361.

Edel PO. Preliminary studies of hydrogen-oxygen
breathing mixtures for deep sea diving. In: Proc
Oceanology International. London: Society for
Underwater Technology, 1972: 485-489.

Fife WP. The Use of Non-explosive Mixtures of
Hydrogen and Oxygen for Diving. Report TAMU-
SG-79-201. A&M University, Texas. 1979.
Gardette B. Hydra IV and Hydra V: human deep
hydrogen dives 1983-1985. In: Brauer RW (ed).
Hydrogen as a diving gas. Bethesda, Md: UHMS
publication 69 (WS-HYD), 1987: 109-117.
Gardette B. Compression procedures for mice and



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

UHM 2006, Vol. 33, No. 3 — Neurochemical basis of narcosis and HPNS

human hydrogen deep diving COMEX HYDRA
program. In: Rostain JC, Martinez E, Lemaire C
(eds). High Pressure Nervous Syndrome 20 years
later. Marseille: ARAS SNHP, 1989: 217-231.
Raoul Y, Meliet JL, Broussolle B. Troubles
psychiatriques et plongée profonde. Médecine et
armées. 1988, 16 : 269-270.

Rostain JC, Gardette-Chauffour MC, Naquet R.
Studies of neurophysiological effects of hydrogen-
oxygen mixture in man up to 30 bars. Undersea
Biomed Res 1990; 17 (Suppl): 159.

Franks NP, Lieb WR. Molecular mechanisms of
general anaesthesia. Nature 1982; 300: 487-493.
Franks NP, Lieb WR. Do general anaesthetics act
by competitive binding to specific receptors? Nature
1984; 310: 599-601.

Franks NP, Lieb WR. Stereospecific effects of
inhalational general anaesthetic optical isomers on
ion nerve channels. Science 1991; 254: 427-430.
Franks NP, Lieb WR. Molecularand cellularmechanisms
of general anaesthesia. Nature 1994; 367: 607-614.
Abraini JH, Rostain JC, Kriem B. Sigmoidal
compression rate-dependence of the narcotic
potency of inert gases in rats : implication for lipid
vs protein theories of inert gas action in the central
nervous system. Brain Res 1998; 808: 300-304.
Abraini JH, Rostain JC. Pressure-induced striatal
dopamine release correlates hyperlocomotor activity
in rats exposed to high pressure. J Appl Physiol 1991;
71: 638-643.

Rostain JC, Forni C. The effects of high pressures
of various gas mixtures on rat striatal dopamine
detected in vivo by voltammetry. J Appl Physiol
1995; 78: 1179-1187.

Balon N, Kriem K, Rostain JC. Effects of different
inert gases on the rat striatal dopamine release.
Undersea Hyperb Med 2000; 27 (Suppl):25.

Balon N., Kriem B, Dousset E, Weiss M, Rostain
JC. Opposing effects of narcotic gases and pressure
on the striatal dopamine release in rats: Brain Res
2002; 947: 218.

Darbin O, Risso JJ, Rostain JC. Anew system analysis
of motor and locomotor activities associated with a
midrodialysis study of pressure-induced dopamine
increase in rats. Physiol Behav 1997; 62: 367-371.
Darbin O, Risso JJ, Rostain JC. Pressure induces
striatal serotonin and dopamine increases:a
simultaneous analysis in free moving microdialysed
rats. Neuroscience Lett 1997; 238 : 69-72.

Darbin O, Risso JJ, Rostain JC. The full expression
of locomotor and motor hyperactivities induced by
pressure requires both striatal dopaminergic and
NMDA receptors activities in rat. Neuroscience Lett

204

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

1999; 267: 149-152.
Darbin O, Risso JJ, Rostain JC. High pressure
enhanced NMDA activity in the striatum and the
globus pallidus: relationships with myoclonia and
locomotor hyperactivity in rat. Brain Res 2000; 852 : 62-67.
Darbin O, Risso JJ, Rostain JC. Helium-oxygen
pressure induces striatal glutamate increase: a
microdialysis study in freely-moving rats: Neurosci
Let. 2001; 297: 37-40.
Dedieu D, Balon N, Weiss M, Risso JJ, Kinkead
R, Rostain JC. Microdialysis study of striatal
dopaminergic dysfunctions induced by 3 MPa of
nitrogen— and helium—oxygen breathing mixtures in
freely moving rats. Brain Res 2004; 998: 202-207.
Vallee N, Dedieu D, Weiss M, Risso JJ, Rostain JC. Role
of nitric oxide on the striatal glutamatergic transmission
in rat exposed to 3 MPa of nitrogen-oxygen or helium-
oxygen mixture. VIIIth High Pressure Biology meeting.
Moscow (Russia). 2003: 71
Vallee N, Risso JJ and Rostain JC. Activation of NMDA
receptors by bilateral retrodialysis in striatum of awake
rat under nitrogen at 3 MPa. In: Desola, J., Bennett,PB.,
Risso JJ, Rostain JC (eds). IXth International Meeting on
High Pressure Biology Program and Abstracts. 2005: 12.
Turle N, Saget A, Zouani B, Risso JJ. Neurochemical
studies of narcosis: a comparison between the effects
of nitrous oxide and hyperbaric nitrogen on the
dopaminergic nigro-striatal pathway. Neurochemical
Res 1998; 14: 999-1005.
Turle-Lorenzo N, Zouani B, Risso JJ. Narcotic effect
produced by nitrous oxide and hyperbaric nitrogen
narcosis in rats performing a fixed ratio test. Physiol
Behav 1999; 67: 321-325.
Kriem B, Cagniard B, Rostain JC, Abraini JH. Modulation
by GABA transmission in the substantia nigra compacta
and reticulata of locomotor activity in rat exposed to
high pressure. Neuroreport 1998; 9: 1343-1347.
David HN, Balon N, Rostain JC, Abraini JH.
Nitrogen atraised pressure interacts withthe GABAA
receptor to produce its narcotic pharmacological
effects in the rat. Anesthesiology 2001; 95: 921-927.
Balon N, Kriem B, Weiss M, Rostain JC.
GABAergic modulation in the substantia nigra of
the striatal dopamine release and of the locomotor
activity in rats exposed to helium pressure: Brain
Res 2002; 948, 82-92.
Balon N, Kriem B, Weiss M, Rostain JC. GABA(A)
receptors in the pars compacta and GABA(B)
receptors in the pars reticulata of rat substantia nigra
modulate the striatal dopamine release: Neurochem
Res 2002; 27, 373-379.
Zinebi F, Fagni L, Hugon M. Excitatory and inhibitory
amino-acidergic determinants of the pressure-
induced neuronal hyperexcitability in rat hippocampal
slices. Undersea Biomed Res. 1990;17:487-493.



