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Pressure-Induced Disorders in Neurotransmission -
and Spontaneous Behavior in Rats: An Animal

Model of Psychosis

Jacques H. Abraini, Marc Ansseau, and Taoufiq Fechtali

Disorders in neurotransmission and spontaneous behavior in rats exposed to a high pressure

helium—oxygen mixture that shows interesting parallels with the dopaminergic hypothesis of

schizophrenia at both the biochemical and the therapeutic responding levels are reviewed. ~
Furthermore, as human subjects exposed to a very high pressure have shown psychotic
episodes, we conclude that the pressure-induced disorders in neurotransmission and spon-
taneous behavior in rats could constitute a valid animal model of schizophreniform psychosis
and a useful tool for both the investigation of the biological mechanisms underlying schizo-
phrenia and the development of new antipsychotic drugs.
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Introduction

One of the major handicaps in schizophrenia research to-
day is the lack of valid and potent animal models (Ellen-
broek 1991). In the present article, we review disorders
in neurotransmission and spontaneous behavior in rats ex-
posed to the high pressure of a helium—oxygen mixture
that shows interesting parallels with the dopaminergic hy-
pothesis of schizophrenia at both the biochemical and the
therapeutic responding levels. A brief overview of high-
pressure biological research and of the dopaminergic hy-
pothesis of schizophrenia will precede the description of
the suggested animal model of schizophreniform psy-
chosis.
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High Pressure Biology

The high ambient pressure of helium—oxygen is known as .
a basic etiological factor underlying central nervous system
changes referred to as the high-pressure neurological syn-
drome. This syndrome is observed when human divers or
experimental animals are exposed to pressure of more than
20 bars. The principal symptoms consist in biobehavioral
disorders and electroencephalographic changes (Lemaire
and Rostain 1988). Biobehavioral disorders consist in tremor;
muscular jerks; disorientation; and sensorimotor, atten-
tion, and habituation deficits. Electroencephalographic
symptoms mainly include an increase in slow-frequency
activities and a decrease in the amplitude of the event-
related potential P300 (Rallo et al 1989), which are elec-
troencephalographic disorders - classically described in
schizophrenic patients (Itil 1977; Faux et al 1990). More-
over, recent data on divers exposed to very high pressure
have also reported psychotic episodes defined as organic
affective disorder (Stoudemire et al 1984) or hallucinatory
psychosis (Raoul et al 1988; Douchet et al 1990). Although
the nosology of these cases is still discussed, all of the
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subjects initially presented delusions, hallucinations, par-
anoid thoughts, and agitation. Interestingly, this clinical
picture, which is suggestive of schizophreniform psy-
chosis, responded to neuroleptics but not to benzodiaze-
pines, in doses up to 120 mg/day, or lithium (Stoudemire
et al 1984). -

In free-moving rats, biobehavioral disturbances mainly
include locomotor and motor activity, which consist of
ambulatory activity and hoarding behavior, tremor, and
myoclonia (Tomei et al 1991). Elsewhere, rats also present
coprophagous behavior (Abraini and Rostain 1991a). Fur-
thermore, when compression is carried out, unrestrained
or restrained animals also develop convulsions (for review
see Halsey 1982).

The high-pressure neurological syndrome is considered
to be a function of raised hydrostatic pressure and is ex-
acerbated by the rate at which compression is applied.
Many of its manifestations can be modulated pharmaco-
logically. Neuronal hyperexcitability can be reduced by
hypnotics, narcotic analgesics, anesthetic agents, and some
inert gases at raised pressure (for review Halsey 1982),

_and can be exaggerated by analeptic drugs and lithium
" (Bennett et al 1980). Conversely, high pressure reverses

the narcotic effects of anesthetics and hypnotics (Halsey-

and Wardley-Smith 1975).

Dopaminergic* Hypothesis of Schizophrenia:
Biological Data

One of the predominant biological hypotheses. of schizo-
phrenia posits -that the schizophrenic illness would be a

manifestation of a hyperdopaminergic state (Matthysse 1973;

Davis et al 1991). Recently, new evidence for this hy-
pothesis has emerged from in vivo positron emission to-
mography studies (Wong et al 1986), and postmortem
analysis of schizophrenic brains (Reynolds -1983). More-
over, several studies have also shown that nonmedicated
schizophrenics do show an increase in dopaminergic (DA)
levels or turnover, as experienced by increased concen-
trations in cerebrospinal fluid homovanilic acid (HVA)
(Delisi et al 1987; Goldin et al 1987; Meltzer 1987). Fur-
thermore, in drug-free schizophrenic patients, plasma HVA
levels have been found to be correlated with the severity
of psychotic symptoms (Davis et al 1985; Davidson and
Davis 1988; Maas et al 1988).

In this field, it is particularly suggested today that the
DA mesolimbic system would play a preponderant role in
schizophrenia, and would be a target for the antipsychotic
action of neuroleptics, whereas the nigrostriatal pathway
would be the anatomical substratum of extrapyramidal side
effects (Muller and Seeman 1978). This hyperdopami-
nergic state is partially supposed to be the consequence of
an excessive burst firing of dopaminergic neurons (Grace
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1991). Elsewhere, human postmortem studies supported
that the D1-D2 link would be altered in schizophrenic
patients. The influence of a D1 receptor would be reduced,
because of an abnormal function and structure, and would
allow an excessive number of D2 receptors to remain in
a high-affinity state. As the high-affinity state constitutes
the functional state of D2 receptors, it is suggested that
high-affinity D2 states may: be associated with the clinical
condition of schizophrenia (Seeman et al 1989; Seeman
and Niznik 1990). However, other works further suggested
that such high-affinity D2 states would be effective only
at the postsynaptic level, as D2 presynaptic receptors would
present a reduced activity (Grace 1991).

At the therapeutic level, inhibitjon of dopamine syn-
thesis fails to block schizophrenia; and presently,' neuro-
leptic compounds, such as potent DA receptor antagonists,
constitute the most effective treatment of the schizophrenic
illness (Creese et al 1976). However, classical neuroleptics
induce extrapyramidal side-effects, that is, involuntary and
abnormal movements, in contrast to more recent com-
pounds classified as atypical.

Nevertheless, contrary to the suggestion that there is
an “absolute” overactivity of DA systems, other studies
suggested that this would be only “relative” to a primarily
reduced excitatory glutamatergic striatal and/or limbic in-
put from the frontal cortex. Thus, in this field of hypoth-
esis, low cerebral spinal fluid glutamate (Kim et al 1980),
and glutamatergic deficiency in the frontal and temporal
cortex of schizophrenic patients (Sherman et al 1991) have
been demonstrated. Furthermore, increased N-methyl-D-
aspartate (NMDA) receptor density, that is, an activation
of NMDA receptors, has been measured in the temporal

~and parietal cortex (Suga et al 1990), and the putamen

(Kornhuber et al 1989).

Pressure-Induced Disorders in Rats:
Parallels with Schizophrenia Data
and Hypothesis

We have recently demonstrated in vivo, in agreement with
previous in vitro studies (MacLeod et al 1988; Paul and
Philip 1989), that high pressure increased extracellular DA’
concentrations in the caudate-putamen (Abraini and Ros-
tain 1991a).and the nucleus accumbens of rats exposed to
high pressure (Abraini and Rostain 1991b) (Figure 1).
Simultaneously, the animals developed behavioral motor
disturbances such as locomotor and motor activity (LMA),
which was correlated to the pressure-induced DA increase
in both the nucleus accumbens (r = 0.982, p < 0.001)
and the caudate-putamen (r = 0.775, p < 0.05), and
myoclonia. This result favors a preponderant role of the
nucleus accumbens, as compared to the caudate-putamen,
in the occurrence and the development of LMA (Abraini
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Figure 1. (A) Pressure-induced increase in DA release recorded
from the nucleus accumbens (A) (n = 4; p < 0.01) and the
caudate-putamen (@) (n = 6; p < 0.05) of free-moving rats
exposed to 80 bars: (B) Dcvelopment of the locomotor and motor
activity (LMA) in free- movmg rats exposed to hlgh pressure (O)

The development of LMA is correlated to the increase of DA in

both the nucleus accumbens (r = 0.982, p < 0.001) and the

caudate-putamen (r = 0.775, p < 0.05).

Rats were compressed to 80 bars at a rate of 1 bar/min in
plexiglass individual cylinder in a 50-L pressure chamber, ac-
cording to a conventional technique: oXygen was maintained at

a constant partial pressure of 0.4 bar; temperature was increased

throughout the experiment from 25 to 34° C and humidity con-
trolled between 50%—70% to maintain the comfort of the animals.
Decompression was at a rate of 0.06 bar/min from 80 bars to 12
bars and 0.04 bar/min from 12 bars to normal pressure. During
decompression, partial pressure of oxygen was 0.5 bar. In all
cases, the animals survived to the pressure experiments. DA
release was monitored using differential pulse voltammetry and
a classical three-electrode potentiostatic ‘system with electro-
chemically pretreated DA-selective carbon electrodes (El Gan-
ouni et al 1987) implanted under general anesthesia (pentobarbltal
30 mg/Kg). DA voltammograms were recorded every 3 min, and
DA release was expressed as a percentage of the mean of a 2-
hr period of control before pressure exposure, taken as the 100%
value. LMA was deduced from piezo-electrical sensors fixed
under the floor of each individual cylmder analyzed usmg a
computerized device, and expressed in arbitrary units (Tomei et
al 1991).
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and Rostain 1991b). Because it has been clearly demon-
strated that the pressure-induced increase in DA ‘release

-‘was the consequence of an increase DA synthesis (Paul

and Philp 1989), one can postulate that the -hyperdopa-
minergic states in both the caudate putamen and the nu-
cleus accumbens could be the consequence of an increased
firing of dopaminergic neuronal cells.

Pressure investigations performed with DA receptor ag-
onists have shown that pressure exposure reversed the de-
crease in striatal DA release induced by the specific D1
receptor agonist SKF 38393, and the specific D2 receptor
agonist LY :171555 [which is expected to act selectively
on D2 presynaptic receptors (Walters et al 1987)], although
it failed to change the effect of the activation of both D1
and D2 receptors by apomorphine or mixed (SKF 38393

~+ LY 171555) (Abraini et al 1992) (Figure 2). This sug-

gested pressure-induced “blockade-like” abnormal func-
tions of D1 and D2 presynaptic receptors. As SKF 38393
did not prevent the pressure-induced increase in DA re-
lease, whereas apomorphine or mixed (SKF 38393 + LY
171555) did, this further suggested that the D1-D2 post-
synaptic link would be reduced under high pressure. If so;
a reduced influence of D1 receptors could allow an ex-

cessive number of D2 postsynaptic receptors to remain in

the high-affinity state for DA. Finally, in agreement with
previous pharmacobehavioral observations which reported
that D2 postsynaptic, but not presynaptic, receptors would
be highly activated under high pressure (Abraini et al 1991d),
it is suggested that such a preponderance of high-affinity
D2 states would be associated with LMA in rats exposed
to high pressure, as this behavioral disturbance has been

demonstrated to be correlated to the pressure- -induced DA *

increase.

At the “therapeutic” level, inhibition of DA synthesis
by administration of a-methyl-p-tyrosine delayed the oc-
currence of LMA, but failed to counteract its final devel-
opment in spite of decreased levels of DA (Figure 3) (Abraini
and Rostain 1991c). Alternatively, neuroleptic compounds
dramatically blocked LMA (Figure 4); however, typical
neuroleptics such as haloperidol significantly enhanced
myoclonia (which consist as indicated above in involuntary
muscular jerks), whereas atypical neuroleptics such as SCH
23390 or sulpiride decreased it (Figure:5) (Abraini et al
1991d).-

Beyond these dopaminergic disturbances in rats, pres-
sure exposure has been shown to decrease glucose metab-
olism in the frontal cortex, although it enhanced glucose
metabolism in the striatum (Brauer et al 1981). Elsewhere,
other authors have clearly demonstrated that high pressure
significantly decreased glutamate release in hippocampal
brain slices (Zinebi et al 1988), and furthermore that NMDA
receptor activity was highly potentiated under high pres-
sure (Meldrum et al 1983; Fagni et al 1987; Millan et al
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Figure 2. Effects of pressure on DA release recorded from the caudate-putamen’of free-moving rats injected with DA receptor
agonists at 10~% mol, such as SKF 38393, a D1 receptor agonist; LY 171555, a D2 receptor agonist; apomorphine, a D1/D2
receptor agonist; or mixed (SKF 38393 + LY 171555). In each case, ((O) represents control experiments at normal pressure
(n = 6); and (@) represents pressure experiments (n- = 4). (A) shows the reversal effect of pressure on the SKF 38393-
induced DA decrease as compared to normal pressure control experiments: (B) represents the reversal effect of pressure on
the LY 171555-induced DA decrease as compared to normal pressure control experiments: (C) ‘and (D) respectively, show the
persistent effect of apomorphine and mixed (SKF 38393 + LY 171555) under high pressure (p < 0.01). DA voltammograms
were recorded every 3 min, and DA release was expressed as a percentage of the mean of a 2-hr period of control before drug

administration, taken as the 100% value.

1989, 1990). In these conditions, as suggested for schizo-
phrenia, the pressure-induced dopaminergic disorders re-
corded in the nucleus accumbens and the caudate-putamen
could be related to a reduced excitatory glutamatergic func-
tion, possibly from the frontal cortex (Abraini and Fechtali
1992). :

Discussion

The present animal model of schizophreniform psychosis
is based on parallels between the dopaminergic hypothesis
of schizophrenia in humans and pressure-induced neuro-

biological symptoms in animals. However, although sev-
eral of the features reported above are shared with schizo-
phrenia, there are also marked differences. Indeed, the
general central nervous system impairment induced by
pressure exposure appears to be more characteristic of
toxic psychosis than of schizophreniform psychosis. For
instance, a symptom such as depression of P300 is com-
mon with other nonrelated attentional disorders; further-
more, other symptoms have much in common with a toxic-
type psychosis, as exemplified by the characteristic of dis-
orientation or myoclonia, which are not consistent with a
true schizophrenia-like psychosis. Also, animals exposed
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Figure 3. Neurochemical and behavioral effects of the admin-
istration of a-methyl-p-tyrosine (AMPT) at 10”7 mol in rats ex-
posed to 80 bars.: Pressure control experiments are represented
by (O); (@) represents AMPT experiments. (A) AMPT admin-
istration significantly decreased striatal DA release (n = 4;p <
0.05) as compared to control rats (n = 6): (B) AMPT admin-
istration significantly delayed the occurrence of LMA (n = 4;
p < 0.05), but failed to block its final development as compared
to control rats (n. = 6).
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Figure 4. Effect of the administration of DA receptor antagonists
at 108 mol on the pressure-induced locomotor and motor activity
(LMA) in rats exposed to 80 bars. Neuroleptic compounds such
as SCH 23390 (n = 4) (A), sulpiride (n = 4) (B), or haloperidol
(n = 4) (C) dramatically decreased the development of LMA
(p < 0.01) as compared to control (n = 6). Pressure control
experiments are represented by (QO); (@) represents neuroleptic
experiments.
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Figilre 5. Effects of the administration of DA receptor antago-

. nists on the pressure-induced myoclonia in free-moving rats ex-

posed to 80 bars: atypical compounds such as SCH 23390 (n =

_4) and sulpiride (n = 4) decreased myoclonia as compared to

control (n = 6) (respectively, p < 0.01, and p < 0.05), whereas
a classical one such as haloperidol (n = 4) enhanced it (p <
0.05) as compared to control data (n = 6). Myoclonia were
deduced from piezo-electrical sensors fixed under the floor of
each individual cylinder, analyzed using a computerized trigger,
and expressed in arbitrary units (Tomei et al 1991)." °

to high pressure have been clearly demonstrated to be less
sensitive to narcotics and anesthetics, whereas schizo-
phrenics are normoresponsive to these agents.

Moreover, although new evidence for the dopaminergic
hypothesis of schizophrenia has emerged from in vivo
positron emission tomography studies (Wong et al 1986),
postmortem analysis of schizophrenic brains (Reynolds
1983), and analysis of cerebrospinal fluid HVA concen-
trations in nonmedicated schizophrenics (Delisi et al 1987;
Goldin et al 1987; Meltzer 1987), there are several studies
that have failed to demonstrate an increase in DA levels
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