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Abstract

The aim of this work was to study the role of pallidal GABAa and GABAb neurotransmission in the behavioral disorders induced by

pressure. The effects of GABAb antagonist 5-aminovalleric acid (5-AVA) or GABAa antagonist gabazine administrations in the globus

pallidus (GP) on locomotor and motor hyperactivity (LMA) and myoclonia expressions in the model of the rat submitted to 8 MPa of

helium–oxygen breathing mixture were analyzed. The administration of GABAa antagonist gabazine enhances the occurrence of the

epileptic seizures, slightly increases LMA but decreases myoclonia. In contrast, the administration of GABAb antagonist 5-AVA decreases

both LMA and myoclonia during the compression and the beginning of the holding time at 8 MPa. These data indicate that some behavioral

disorders induced by pressure are in relation with GABAergic neurotransmission and establish clearly that GABAa and GABAb receptor

mediations have distinct functions in the GP of the rat. D 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

The High-Pressure Neurological Syndrome (HPNS) is a

term applied to a set of symptoms, which appears when

mammals, including man, are exposed to high pressure of

helium–oxygen (He–O2) breathing mixture. The principal

symptoms consist of electrophysiological disturbances and

behavioral disorders. In the rat, behavioral disorders

include tremor, locomotor and motor hyperactivities

(LMA), myoclonia and, when pressure exceeds 9 MPa,

epileptic seizures. These behavioral disorders are related in

part to central neurotransmission changes (for review, see

Rostain, 1993).

Pharmacological studies have established that glutama-

tergic (Meldrum et al., 1983; Wardley-Smith and Meldrum,

1984; Wardley Smith and Wann, 1989), GABAergic

(Bichard and Little, 1982; Rostain et al., 1986) and dop-

aminergic (Abraini and Rostain, 1991) neurotransmission

changes at central level are involved in some behavioral

disorders induced by pressure. Numerous studies in vivo

have clearly established that the occurrence of several

motor disorders involves neurotransmission changes in the

basal ganglia circuitry, especially in the striatum (Abraini

et al., 1991; Requin and Risso, 1992; Darbin et al., 1997a,b,

1999, 2000, 2001), the globus pallidus (GP; Darbin et al.,

2000), the entopedoncular nucleus (Millan et al., 1989), the

substantia nigra (Millan et al., 1989) and the thalamus

(Millan et al., 1990).

Recently, we reported that LMA development, but not

myoclonia expression, requires both striatal dopaminergic

and NMDA receptor activities in the rat (Darbin et al.

1999). In fact, both dopaminergic (D1 or D2) and NMDA

antagonists have protective effects against LMA when

drug administrations take place in this input structure of

basal ganglia. This finding, in agreement with previous

works performed at normal pressure (Hu and White,

1997), suggests that pressure could enhance the permissive

effects of dopamine on excitatory amino acid neurotrans-

mission (Darbin et al., 1999). This set of evidences,

showing that pressure affects the interactions between

dopaminergic and glutamatergic neurotransmissions at

striatal level, suggests also that striatal output pathway

activities should be affected.
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The major populations of efferent striatal neurons

project principally to the substantia nigra and the GP,

using GABA as a neurotransmitter (for review, see

Gerfen, 1999). The fact that pressure enhances the

striatal NMDA neurotransmission suggests that pallidal

GABAergic neurotransmission may be enhanced by pres-

sure. To date, the contribution of pallidal GABAergic

neurotransmission remains unknown. The aim of this

work was to study the role of pallidal GABAa and

GABAb neurotransmission in the behavioral disorders

induced by pressure.

This study reports the effects of pallidal administration

of gabazine (a selective GABAa antagonist; Seutin et al.,

1997) or 5-aminovalleric acid (5-AVA; a GABAa/

GABAb antagonist; Luzzi et al., 1985) on LMA and

myoclonia expressions in the model of the rat submitted

to a relative pressure of 8 MPa (80 atm) of helium–

oxygen breathing mixture.

2. Material and methods

2.1. Drugs

Gabazine and 5-AVA were obtained from RBI (Illkirch-

France). All solutions were prepared daily in PBS.

2.2. Animals and surgery

All procedures and experiments involving animals in this

study were approved by the local animal research authority

and conducted according to the European convention of the

protection of vertebrates used for scientific purposes. Sub-

jects consisted of male Sprague–Dawley rats (IFFA-

Fig. 1. LMA (a) and myoclonia (b) developments in control rats during

pressure exposure. Represented on each graphic: (1) Left: basal value

recorded at atmospheric conditions during 1 h before and after PBS or

drug administration. (2) Middle: compression up to 8 MPa; duration

80 min. (3) Right: isobaric condition at 8 MPa; duration 3 h. X-axis:

pressure expressed in MPa and time expressed in min. (a) LMA

development in rats pretreated by PBS (n=6). Y-axis: LMA level

expressed as a percentage from a 1-h control period taken as 100% value;

median value and 25–75th percentiles. (b) Myoclonia development in rats

pretreated by PBS (n=6). Y-axis: Myoclonia expressed in count/5 min;

median value and 25–75th percentiles.

Fig. 2. Effects of gabazine (0.5 nmol/side) injection into the GP on the LMA

and myoclonia developments. Represented on each graphic: (1) Left: basal

value recorded at atmospheric conditions during 1 h before and after PBS or

drug administration. (2) Middle: compression up to 8 MPa; duration 80 min.

(3) Right: isobaric condition at 8 MPa; duration 3 h. X-axis: pressure

expressed in MPa and time expressed in min. (* P<.05, control rats vs.

treated rats). (a) LMA development in rats pretreated by gabazine (n=4) into

theGP. Y-axis: LMA level expressed as a percentage from a 1-h control period

taken as 100% value; median value and 25–75th percentiles [for the sake of

comparison, Fig. 1a is redrawn on (a)]. (b) Myoclonia development in rats

pretreated by gabazine (n=4) in the GP. Y-axis: Myoclonia expressed in

count/5 min; median value and 25–75th percentiles [for the sake of

comparison, Fig. 1b is redrawn on (b)].
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CREDO-France) weighing 280–320 g. The rats were

housed at 21±0.5 �C in individual home cages under a

12–12 h light/dark cycle (lights on from 07:00 to 19:00 h)

with free access to food and water. At least 2 weeks prior to

the experiments, rats were anaesthetized with sodium pen-

tobarbital (60 mg/kg ip). Then, intracerebral guides were

stereotaxically implanted in the left and the right GP

(A: 6.67, L: 2.40, H: �0.5; according to the atlas of König

and Klippel, 1967) and fixed with dental cement (Ivoclar

Resin Cement, Liechtenstein) on the skull surface.

2.3. Behavioral analysis

Briefly, the behavioral device is based on an analysis of

signals obtained from a piezoelectrical sensor located

under the floor of the cage. The signal generated by the

sensor, when the rat developed LMA, was analyzed by the

Fast Fourier Transform (FFT) as described by Darbin et al.

(1997a). Spectral data were collected during a 5-min

period, and the mean of each unit frequency was recorded

and expressed in percent of the atmospheric basal value.

The values of 1–35-Hz band frequency as a function of

time were represented by a 3D shaded surface graph. Band

frequency associated to tremor or LMA were graphically

determined on the map and integrated (Darbin et al.,

1997a). Myoclonia are expressed in counts/5 min.

2.4. Pressure exposure

Free-moving animals were placed in a cylindrical cage

equipped with a piezoelectrical sensor. This cage was

placed in a 30-l pressure chamber. Three hours later, the

basal values were monitored during 60 min. The dummy of

the guides was removed, and the injection cannula was

inserted into the GP. One microliter of solution (PBS,

gabazine 0.5 nmol or 5-AVA 10 nmol) was injected into

the right and the left structures at a rate of 0.5 ml/min. The

behavioral activities of the animals were recorded during

60 min after drug injection. Then, the compression was

started. The partial pressure of oxygen was increased to

0.04 MPa, which is the partial pressure commonly used in

pressure experiments, and the rats were compressed up to

8 MPa (1 MPa=10 atm or 10 bars) with helium at a rate of

0.1 MPa/min during 80 min. Simultaneously, the temper-

ature was slowly increased from 25 �C at atmospheric

conditions to 33 �C at 8 MPa to maintain thermal comfort

in a helium–oxygen environment. Animals were main-

tained at 8 MPa for 4 h. Following the experiment, they

were decompressed at a rate of 0.006 MPa/min from 8 to

1.2 MPa and at a rate of 0.004 MPa from 1.2 MPa to

atmospheric pressure.

2.5. Statistics

Data are expressed using median value and the 25–75th

percentiles. Statistical comparisons between groups were

performed using a Kruskal–Wallis analysis of variance by

ranks, and the Mann–Whitney U-test was used for pairwise

comparison (Siegel and Castellan, 1989).

3. Results

3.1. Drug effects at normal pressure

The administration of 0.5 nmol/slide of gabazine induced

a transient increase of the LMA (U = 6.88, df = 1, P <.01;

Fig. 1a). At higher doses ( > 50 nmol/slide), epileptic seizures

occur a few minutes after administration (data not shown). In

contrast, the administration of 10 nmol/slides of 5-AVA

reduced the spontaneous activities (U = 15.00, df=1, P <.01).

Fig. 3. Effects of AVA (10 nmol/side) injection into the GP on the LMA and

myoclonia developments. Represented on each graphic: (1) Left: basal

value recorded at atmospheric conditions during 1 h before and after PBS

or drug administration. (2) Middle: compression up to 8 MPa; duration

80 min. (3) Right: isobaric condition at 8 MPa; duration 3 h. X-axis:

pressure expressed in MPa and time expressed in min. (* P <.05, control

rats vs. treated rats). (a) LMA development in rats pretreated by AVA (n=4)

into the GP. Y-axis: LMA level expressed as a percentage from a 1-h control

period taken as 100% value; median value and 25–75th percentiles [for the

sake of comparison, Fig. 1a is redrawn on (a)]. (b) Myoclonia development

in rats pretreated by AVA (n=4) in the GP. Y-axis: Myoclonia expressed in

count/5 min; median value and 25–75th percentiles [for the sake of

comparison, Fig. 1b is redrawn on (b)].
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3.2. Drugs effects during pressure exposure

All control subjects have expressed LMA (Fig. 1a) and

myoclonia (Fig. 1b) during pressure exposure. None of this

control group has developed convulsive seizure.

The intrapallidal gabazine administration (0.5 nmol/

slide) was without effects on LMA development during

compression (U = 0.081, df = 1, P >.1) but tend to increase

this behavioral disorder during the holding time at 8 MPa

(U =18.82, df =1, P <.01) despite a lack of significant

pairwise comparison during this last phase (Fig. 2a). This

treatment slightly reduced the myoclonia expression

(U = 43.76, df = 1, P < .01) (Fig. 2b). Nevertheless, three

of the four animals developed short-latency epileptic seiz-

ures at the end of the compression (pressure > 7 MPa) and

during the first hour of the holding time at 8 MPa.

In contrast, the intrapallidal 5-AVA administration

(10 nmol/slide) reduced both the LMA (U = 14.82, df = 1,

P <.01; Fig. 3a) and the myoclonia (U = 87.42, df = 1,

P <.01; Fig. 3b) during compression. No epileptic seizure

was observed in the 5-AVA-pretreated groups.

4. Discussion

Our data established that, at pressure, the administra-

tion of GABAa antagonist gabazine enhanced the occur-

rence of epileptic seizures, slightly increased LMA but

decreased myoclonia. In contrast, the administration of

GABAb antagonist 5-AVA decreased both LMA and

myoclonia during the compression and the beginning of

the holding time at 8 MPa, and no epileptic seizure

was observed. These data confirm the participation of the

GP in the development of LMA and myoclonia at pressure.

They indicate also that this structure can modulate the

convulsive seizure occurrences evoked by pressure. Con-

sequently, our data report that GABAa and GABAb neuro-

transmission have different roles in the severity of

behavioral disorders induced by pressure in rats.

At normal pressure, several studies have reported the

participation of GP in seizures. Marked metabolic activa-

tion was seen at the GP level in a rat model of self-

sustaining status epilepticus (SSSE; Pereira de Vasconcelos

et al., 1999) or in models of cholinergic convulsions

(Scremin et al., 1998). Additionally, it is noted that GP

lesion exerts a pronounced antiepileptic effect on the

development of the neocortical epileptic activity com-

plexes. In contrast, the GP stimulation has been reported

to enhance the neocortex interictal seizure activity (Makul-

kin et al., 1992). Our data report that a higher dose of

gabazine (50 nmol) evoked epileptic seizures at normal

pressure. These convulsions are probably in relation to a

sustained increase of GP activity as previously described

by Makulkin et al. (1992). The fact that pallidal adminis-

tration of gabazine, at lower doses, which did not induce

convulsion at normal pressure, decreased the threshold of

pressure-evoked convulsion suggests that pressure may

disrupt the GABAa neurotransmission in the GP of rats.

This finding is in agreement with previous studies per-

formed at pressure, supporting the view that the enhance-

ment of GABAa neurotransmission decreases the severity

of the HPNS in mice (Bichard and Little, 1982) and in rats

(Rostain et al., 1986). They also suggest that the GP is

probably involved, at least in part, in the protective effects

of GABAa antagonist against pressure-evoked convulsion.

However, at normal pressure, recent data have suggested

that the disruption of GABAa receptor activity at several

levels in the neural axis can produce myoclonus (Matsu-

moto et al., 2000). These results may partially explain the

origin of the myoclonia at pressure, which have been

reported to relate to an excitability increase in the GP

(Darbin et al., 2000). In this view, the fact that pallidal

gabazine administration decreased myoclonia at the end of

compression and during the holding time at 8 MPa is

unlikely a direct consequence of GABAa receptor block-

age but more probably a consequence of the premature

convulsion occurrences.

Little is known about the effect of pressure on GABA

receptors. In vitro, pressure has been reported to be

without effect on GABA response in cervical ganglion

and on the potentiation of the GABA caused by pen-

tobarbitone (Little and Thomas, 1986). These data support

the view that GABAa neurotransmission disruption at

pressure may not be related to a direct effect of pressure

on the GABAa receptor. Interestingly, ketamine (a NMDA

antagonist) has been reported to reduce GABA response

of cervical ganglion at normal condition and at pressure

(Little, 1982), supporting the view that pressure does not

alter NMDA–GABAa interaction. NMDA hyperactivity

has been demonstrated in vitro, in mammalian excitatory

receptors expressed in Xenopus oocytes (Daniels et al.,

1991) and in rat hippocampal slices (Zinebi et al., 1991)

exposed to pressure and has been suggested in vivo

(Darbin et al., 1999, 2000, 2001). Consequently, it is

reasonable to suggest that GABAa neurotransmission

disruption in the GP could be in relation to the pallidal

NMDA hyperactivity (Darbin et al., 2000).

In contrast to gabazine, 5-AVA administration

(GABAa/GABAb antagonist) (Luzzi et al., 1985) reduced

the severity of the HPNS in rats. Since gabazine was

found to enhance the effects of pressure, the protective

effects of 5-AVA can be related to its binding on

GABAb receptors in the extern GP. In the primate,

Charara et al. (2000) reported that most GABAb-containing

terminals (as well GP intern and substantia nigra pars

reticulata) displayed the ultrastructural features of glutama-

tergic buttons. In agreement with these observations, the

application of baclofen was found to decrease the efflux of

glutamate in the rat GP in vivo (Singh, 1990). Conse-

quently, the protective effects of 5-AVA against the behav-

ioral disorders induced by pressure are probably related, at

least in part, to the enhancement of glutamate efflux in this

O. Darbin et al. / Pharmacology, Biochemistry and Behavior 71 (2002) 319–324322



structure through GABAb presynaptic heteroreceptors. The

fact that pressure-induced LMA and myoclonia are

decreased by pallidal inhibition of glutamate uptake

(Abraini et al., 1999) reinforces this hypothesis. Neverthe-

less, NMDA neurotransmission is probably not involved in

these protective effects since pallidal NMDA antagonist

administration reduces the severity of the HPNS (Darbin

et al., 2000).

However, evidences for dendritic GABAb receptors

have been reported in the rat GP (Stefani et al., 1999)

and in the GP extern of the primate (Charara et al.,

2000). Electrophysiological studies also have reported that

GABAb receptors mediate an inhibition of calcium cur-

rent in a subset of pallidal neurons (Stefani et al., 1999).

Therefore, it is reasonable to suggest that protective

effects of pallidal 5-AVA administration against HPNS

may be linked, at least in part, to a decrease of GABA-

evoked inhibition through postsynaptic GABAb receptors

located on dendrites of this subset pallidal output neurons.

Pharmacological and anatomical characterizations of this

subset pallidal output neurons appear to be required to

increase our knowledge of pallidal GABAb neurotrans-

mission functions.

The hypothesis that higher pressure induces a disrup-

tion of GABAa neurotransmission remains to be estab-

lished more directly (i.e. patch clamp) but could partially

explain previous data obtained on NMDA neurotransmis-

sion. The GABAa neurotransmission is believed to

control the spreading of excitability (Avoli, 1996). In

this view, the putative disruption of GABAa neurotrans-

mission at pressure may facilitate the spreading of

excitability along the cortico-cortical pathways and

explain that NMDA antagonists have protective effects

against HPNS at every level in the basal ganglia (e.g.

striatum, GP, entopedoncular nucleus, substantia nigra or

thalamus; Millan et al., 1989, 1990; Darbin et al., 1999),

especially in the GP (Darbin et al., 2000). Despite a lack

of information on the magnitude of excitation mediated

by 5-AVA, we believe that protective effects of this

GABAb antagonist may be related to a moderate increase

in the activity of inhibitory output pathways of the GP.

Some increases of GABA release into the output struc-

tures of the GP (i.e. SN and thalamus) may also decrease

the spread of excitability into the cortico-cortical loop.

Nevertheless, the paradoxal effects of GABAa and

GABAb at pressure remain to be clarified by further

electrophysiological studies.

In conclusion, our data report that pallidal GABAa and

GABAb neurotransmission have opposing effects on

HPNS in rats. They also suggest that a disruption of

GABAa neurotransmission may enhance the spread of

pressure-evoked excitability along the cortico-cortical

pathways. Further experiments are required to better

understand the role of the GP in the spread of excitability

in cortico-cortical pathways at pressure and its involve-

ment in the behavioral components of HPNS.
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