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THE IMPAIRMENT OF SPATIAL MEMORY FOLLOWING LOW-LEVEL SARIN
INHALATION EXPOSURE AND ANTIDOTAL TREATMENT IN RATS
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Summary: 1. To study the influence of antidotes on low-level sarin-induced impairment of cognitive functions, the rats were
exposed to three various low concentrations of sarin (LEVEL 1-3) for 60 minutes in the inhalation chamber. In addition,
one group of rats was exposed to LEVEL 2 of sarin repeatedly. 2. Testing of cognitive functions was carried out using the
Y-maze evaluating learning and spatial memory. The correct averse behavior of sarin-exposed rats in the Y-maze was test-
ed several times within four weeks following sarin inhalation exposure and antidotal treatment to look for any cognitive
impairments. 3. The results were compared to the Y-maze performance of sarin-exposed rats without antidotal treatment
and control rats exposed to pure air instead of sarin with or without antidotal treatment. While antidotal treatment was
able to eliminate a short-term deficiency in the Y-maze performance in rats exposed to the LEVEL 1 of sarin, a significant
decrease in the Y-maze performance in rats exposed to sarin at the LEVEL 2 and 3 was only shortened. Sarin-induced spa-
tial memory impairments in rats exposed repeatedly to sarin at the LEVEL 2 was also shortened when rats were treated
following each sarin inhalation exposure. 4. The findings confirm that antidotes currently used for nerve agent poisonings
are beneficial for the treatment of rats singly or repeatedly exposed to non-convulsive symptomatic or even clinically

asymptomatic concentrations of sarin.
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Introduction

The potential for the exposure to highly toxic organo-
phosphorus compounds (OPs), called nerve agents, exists
on the battlefield (e.g. Iran-Iraq war) as well as in a civilian
sector as a threat by a terrorist group (e.g. Tokyo subway in-
cident - 16) or as an accident as part of current demilitari-
zation efforts. The irreversible binding to and subsequent
inactivation of acetylcholinesterase (AChE, EC 3.1.1.7) in
the central as well as peripheral nervous system allowing
accumulation of acetycholine (ACh) and excessive stimu-
lation of postsynaptic cholinergic receptors is generally be-
lieved to be the major mechanism of poisoning. The
overstimulation of central cholinergic system is followed by
the activation of other neurotransmitter systems including
glutamate receptors leading to the increase in extracellular
levels of the excitatory amino acid glutamate, a major exci-
totoxin mediating central neurotoxicity of OPs (14,24).
Signs of acute toxicity with extensive AChE inhibition also
include autonomic dysfunction (e.g. excessive salivation,
lacrimation, urination and defecation), involuntary move-
ments (e.g. tremor, fasciculation) and respiratory dysfunc-
tion (12,26). Acute exposure to nerve agents also produces
psychiatric symptomatology that includes depression, anti-
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social thoughts, irrationality, emotional lability and anxiety
(23).

OP-induced cholinergic effects are usually manifested
immediately following high-level exposure (12,26), never-
theless, there are numerous studies in both humans and ani-
mals showing that survivors of high-level OP exposure can
experience subtle but significant long-term neurological and
neuropsychological outcomes that are detectable months
or even years following the recovery from acute poisoning
(3). In addition, behavioral alterations and impairments of
cognitive functions were found following acute exposure to
OPs in the absence of any classic signs of cholinergic toxi-
city (10,21).

The current standard antidotal treatment for poisoning
with OPs usually consists of combined administration of
anticholinergic drugs (preferably atropine) and oximes
(preferably pralidoxime, obidoxime and HI-6). Anti-
cholinergic drugs block effects of overstimulation by accu-
mulated ACh at muscarinic receptors sites while oximes
repair biochemical lesions by dephosphorylating the enzy-
me molecule and restoring activity (7,12). Nevertheless,
very little is known about possible beneficial effects of an-
tidotal treatment in the case of exposure to low-level, clini-
cally asymptomatic concentrations of OPs. The purpose of
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this study is to find out whether standard antidotal treat-
ment of poisonings with OPs is able to influence low-level
sarin-induced long-term adverse effects on cognitive func-
tions, especially spatial memory, in rats.

Methods

Male albino Wistar rats weighing 170-190 g were pur-
chased from VUFB Konarovice. They kept in an air-condi-
tioned room with light from 07:00 to 19:00 h at room
temperature in cages (370x570x200 mm, 10 animals/cage)
and allowed to access to standard food and tap water ad li-
bitum. The rats were divided in eight groups of ten experi-
mental animals per group (four group were treated with
antidotes following sarin inhalation exposure, other four
groups were treated with saline instead of antidotes follow-
ing sarin inhalation exposure) and two control groups (N =
10) exposed to pure air instead of sarin with or without anti-
dotal treatment. Handling of the experimental animals was
done under supervision of the Ethics Committee of the
Medical Faculty of Charles University and Purkyné
Military Medical Academy.

Sarin was obtained from Zemianské Kostolany (Slovak
Republic) and was 98.5 % pure. The oxime HI-6 of 98 % pu-
rity was synthesized at the Department of Toxicology of the
Military Medical Academy, Hradec Kralové. The purity
was analysed using a HPLC technique. All other chemicals
of analytical grade were obtained commercially and used
without further purification.

The experimental rats were exposed to various low con-
centrations of sarin for 60 minutes in the inhalation cham-
ber while control rats were exposed to pure air for 60
minutes in the same inhalation chamber. The chamber is
a box (300x400x250 mm) made from enamel metal with
sarin applicator where the rats are placed in the cage
(185x310x65 mm, 3 rats/cage). Three concentration of sa-
rin were chosen:

- clinically and laboratory asymptomatic concentration
(0.8 ug/L) with a non-significant inhibition of erythro-
cyte AChE by 10% - LEVEL 1

- clinically asymptomatic concentration with a signifi-
cant inhibition of erythrocyte AChE by 30% (1.25 ug/L)
- LEVEL 2. This concentration was used for a single
(LEVEL 2) or repeated (three times, each other day)
exposure (LEVEL 2R). After the third exposure, a sig-
nificant inhibition of erythrocyte AChE by 48 % was
measured.

- non-convulsive symptomatic concentration with a signi-
ficant inhibition of erythocyte AChE by 50% (2.5 ug/L)
- LEVEL 3

The erythocyte AChE activity of sarin-exposed rats was
measured in another experiment immediately following the
inhalation exposure by the same laboratory using Ellman
spectrophotometric method (9). The development of sarin-
induced AChE inhibition during the testing of cognitive
functions was not followed. In the case of 60 minute inha-
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lation exposure in the same experimental conditions, the
lethal concentration of sarin for rats was 4.48 ug/L and the
convulsive concentration of sarin for rats was 3.25 ug/L.

One minute following the end of inhalation exposure,
four groups of experimental rats and one group of control
rats were treated intramuscularly (i.m.) with atropine and
the oxime HI-6 at human relevant doses corresponding to
2 % of their LD, value. In the case of repeated sarin expo-
sure, the rats were treated with atropine and HI-6 following
each sarin inhalation exposure. Other four group of experi-
mental rats and one group of control rats were treated with
saline instead of antidotes.

Cognitive functioning was tested using a Y-maze with
averse motivation by a strong electric footshock, evaluating
learning and spatial memory (11). The Y-maze is a fully
automated apparatus used for the study of behavior of labo-
ratory rats. It is a plastic box consisting of a square start area
(285x480 mm) separated by a plexiglass sliding door from
two trapezoid, black and white arms - choice area (140x324
mm). The grid-floor in the start and choice area is electri-
fiable. The animals are placed on the start area and after
a couple of seconds, electric footshocks (60 V, 50 Hz, du-
ration 0.5s) are applicated at 5 second intervals. The rats
try to avoid the shock by escaping to one of two arms. In
the case of moving of a rat to wrong (dark) arm, the rats fail
to avoid further footshock. The animals were taught spatial
discrimination with the preference of black or white arm in
the Y-maze. The latency to enter the correct arm was
measured and the number of wrong entries was counted.
Before inhalation exposure to sarin, the rats were trained
to avoid footshock by moving to correct (white) arm in the
Y-maze. It usually tooks 4 weeks of training to reach the cri-
terion which was 80% or more correct averse behavior (mo-
ving to the correct arm) within less than 1.5 second. During
the training, 10 sessions (two trials/session) per week last-
ing 4 minutes were realized. The exposure started the day
after the animals had reached this criterion. The spatial me-
mory was tested 1 hour, 2 hours, 1 day and 1 week follow-
ing the sarin inhalation exposure and then, once a week till
the end of the fifth week following the exposure. The laten-
cy time to enter the correct arm by sarin-exposed treated
rats and the number of entry errors were compared to the
values obtained from sarin-exposed non-treated rats and
the control rats exposed to the pure air instead of sarin.

Analysis of variance (ANOVA) with Bonfferoni’s cor-
rections for multiple comparisons was used for the deter-
mination of significant differences between experimental
and control values (1). The differences were considered sig-
nificant when P < 0.05.

Results

The results of the influence of various sarin concen-
trations on the Y-maze performance of rats following the
single inhalation exposure and the influence of antidotal
treatment with atropine and the oxime HI-6 on low level sa-



rin-induced impairment of spatial memory are shown in
Figure 1-3. While treated as well as non-treated control rats
did not show any changes in the rapidity of spatial discri-
mination in Y-maze following their exposure to the pure air
in comparison with the values obtained before the expo-
sure, a spatial memory of rats exposed to LEVEL 1 of sarin
was significantly influenced for a short time (P < 0.05). On
the other hand, experimental rats exposed to LEVEL 1 of
sarin, treated with atropine and the oxime HI-6, did not
show any significant increase in the reaction time following
the exposure and antidotal treatment (Fig. 1).

The significant increase in the reaction time of rats ex-
posed to LEVEL 2 of sarin was also demonstrated for
a short time (P < 0.05). The antidotal treatment was only
able to shorten, not eliminate a significant decrease in
Y-maze performance of rats exposed to LEVEL 2 of sarin
(Fig. 2).

The rats exposed to LEVEL 3 of sarin showed a signifi-
cant decrease in Y-maze performance for a relatively long
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Fig. 1: The alteration of the Y-maze performance in rats
singly exposed to LEVEL 1 of sarin and treated with atro-
pine and the oxime HI-6, where A - without antidotal treat-
ment, B - with antidotal treatment. Statistical significance:
* P <0.05, ** P <0.01, *** P <0.001.
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Fig. 2: The alteration of the Y-maze performance in rats
singly exposed to LEVEL 2 of sarin and treated with atro-
pine and the oxime HI-6. Symbols and statistical signifi-
cance - see Fig. 1.

time (until the third week following the exposure) (P <
0.05). When the experimental rats were treated with atro-
pine and the oxime HI-6, the sarin-induced impairments of
spatial memory was markedly shortened (until the second
hour following the exposure and treatment) (Fig. 3). In
contrast to the reaction time, the number of entry errors of
experimental rats was not different from the number of
entry errors of control rats exposed to pure air, regardless
of the sarin concentration used for the inhalation exposure
of experimental rats.

The results of Y-maze performance of rats repeatedly
exposed to LEVEL 2 of sarin compared to control values
are given in Figure 4. While the first exposure to LEVEL 2
brought only short-time increase in the reaction time of sa-
rin-exposed rats, the second and the third exposure to the
same sarin concentration caused a significantly higher and
longer spatial memory impairments compared to rats singly
exposed to LEVEL 2 of sarin. The decrease in Y-maze per-
formance of repeatedly exposed rats lasted until the end of
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Fig. 3: The alteration of the Y-maze performance in rats
singly exposed to LEVEL 3 of sarin and treated with atro-
pine and the oxime HI-6. Symbols and statistical signifi-
cance - see Fig. 1.
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Fig. 4: The alteration of the Y-maze performance in rats re-
peatedly exposed (a - the first exposure, b - the second ex-
posure, ¢ - the third exposure) to LEVEL 2 of sarin and
treated with atropine and the oxime HI-6. Symbols and sta-
tistical significance - see Fig. 1.
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the third week following the last exposure to sarin. When
sarin-exposed rats were treated with antidotes following
each sarin exposure, the first and second exposure to
LEVEL 2 only brought short-term increase in the reaction
time of sarin-exposed rats (P < 0.05) and the third exposure
to the same sarin concentration did not cause any spatial
memory impairment (Fig. 4). The number of entry errors
of rats repeatedly exposed to LEVEL 2 of sarin did not
differ from control values.

Discussion

Acetylcholine is important in the modulation of various
brain functions, including learning and memory, attention,
arousal and the control of locomotor activity (2,8). There-
fore, a shift in the cholinergic activity produced by OPs
leads to functional changes in humans and animals, which
may be observed as cognitive dysfunction (6,25). Impair-
ment of cognitive functions, especially incapacitation of
learning and memory, belongs to the most frequent central
signs of acute OP poisoning (12,13). In addition, the adver-
se effects of OP compounds on cognition functions, such as
learning and memory, may persist for quite some time after
termination of toxicant exposure. The results from several
studies have demonstrated the presence of OP-induced
learning impairments several days after the behavioral signs
of OP toxicity have subsided (4,5,13). The chronic exposure
to OP agents can also result in specific long-term cognitive
deficits even when signs and symptoms of excessive cho-
linergic activity are not present (18,19). Epidemiological
studies showed alterations in cognitive functions, impaired
memory and concentrations in humans after chronic
low-dosage occupational exposure to organophosphorus in-
secticides (17,25). In addition, a behavioral alteration indi-
cative of an increase in anxiety and impairment of cognitive
functions, especially spatial memory, in the absence of any
classic signs of overstimulation of cholinergic nervous sys-
tem has been demonstrated after acute low-dosage exposure
of experimental animals to OPs (10,21). Thus, the signifi-
cant, clinically manifested AChE inhibition in the central
nervous system leading to the neuronal degeneration of
some brain regions including hippocampus, associated with
the spatial learning and memory, is not necessary for the
clinically manifested cognitive impairments. These findings
correspond with earlier published data about neurological
and neurophysiological outcomes detectable months or
even years following recovery from acute OP poisoning (22,
28).

Our data clearly demonstrate that low-level sarin-in-
duced decrease in Y-maze performance of rats is signifi-
cantly influenced by the administration of standard anti-
dotal treatment consisting of atropine and the oxime HI-6
shortly following sarin inhalation exposure. The admi-
nistration of antidotes significantly shortened low-level sa-
rin-induced impairment of spatial memory but they were
not able to eliminate the increase in the reaction time in
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Y-maze. While non-treated rats singly exposed to sarin at
LEVEL 3 or repeatedly exposed to sarin et LEVEL 2 show-
ed long-term impairment of spatial memory lasting till the
end of the third week following the inhalation exposure,
rats treated with atropine and HI-6 suffered from sarin-in-
duced impairment of cognitive functions very shortly (till 2
hours following the exposure) regardless of the concen-
tration of sarin or number of sarin exposures.

It is rather difficult to explain the therapeutic effects of
standard antidotes if they are administered following the ex-
posure to OPs at levels that do not cause clinical signs of
overstimulation of postsynaptic cholinergic receptors be-
cause their efficacy consists in blocking the effect of accu-
mulated ACh at muscarinic receptor sites (atropine) and
reactivating OP-inhibited AChE (HI-6). However, the abili-
ty of tested antidotes to shorten long-lasting impairments of
spatial memory induced by low-level sarin inhalation expo-
sure may be due to other antidotal mechanisms based on di-
rect antimuscarinic and ganglion blocking actions,
restoration of cholinergic transmission, retardation of the
formation of the aged inhibitor-enzyme complex and inhi-
bition of ACh release (20,27).

Although our findings are difficult to extrapolate di-
rectly to human low level exposure to OPs, they indicate
that antidotes currently used for nerve agent poisonings
seem to be beneficial for the antidotal treatment of humans
exposed to low-dosage of OPs because they are able to
shorten OP-induced chronic decline of memory functions
observed, for example, in first responders exposed to sarin
in the Tokyo subway attack (15). Therefore, the antidotal
treatment of OP-exposed humans seems to be rational re-
gardless of the dosage of OPs.
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