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Abstract

Inhibition of acetylcholinesterase (AChE) after nerve agent exposure induces status epilepticus
(SE), which causes brain damage or death. The development of countermeasures appropriate for
the pediatric population requires testing of anticonvulsant treatments in immature animals. In the
present study, exposure of 21-day-old (P21) rats to different doses of soman, followed by probit
analysis, produced an LDsg of 62 pg/kg. The onset of behaviorally-observed SE was accompanied
by a dramatic decrease in brain AChE activity; rats who did not develop SE had significantly less
reduction of AChE activity in the basolateral amygdala than rats who developed SE. Atropine
sulfate (ATS) at 2 mg/kg, administered 20 min after soman exposure (1.2XLDs), terminated
seizures. ATS at 0.5 mg/kg, given along with an oxime within 1 min after exposure, allowed
testing of anticonvulsants at delayed time-points. The AMPA/GIuK1 receptor antagonist
LY293558, or the specific GluK1 antagonist UBP302, administered 1 h post-exposure, terminated
SE. There were no degenerating neurons in soman-exposed P21 rats, but both the amygdala and
the hippocampus were smaller than in control rats at 30 and 90 days post-exposure; this pathology
was not present in rats treated with LY293558. Behavioral deficits present at 30 days post-
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exposure, were also prevented by LY 293558 treatment. Thus, in immature animals, a single
injection of atropine is sufficient to halt nerve agent-induced seizures, if administered timely.
Testing anticonvulsants at delayed time-points requires early administration of ATS at a low dose,
sufficient to counteract only peripheral toxicity. LY293558 administered 1 h post-exposure,
prevents brain pathology and behavioral deficits.
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Introduction

Nerve agents are potent, organophosphorus toxins that act primarily by inhibiting the
activity of acetylcholinesterase (AChE). The resulting accumulation of acetylcholine at
synaptic junctions produces peripheral cholinergic crisis (excessive salivation, lacrimation,
rhinorrhea, bronchorrhea, cardiorespiratory suppression, eventual muscle paralysis, etc.),
and, in the brain, induces seizures and status epilepticus (SE). Without timely
pharmacological intervention, death will ensue, or if death is prevented but the SE is not
controlled, brain damage will result, with long-term neurological and behavioral
consequences (Apland et al., 2010, 2014; Coubard et al., 2008; Figueiredo et al., 2011a,
2011b; Filliat et al., 2007; Prager et al., 2014a, 2014b; Yanagisawa et al., 2006). The nerve
agent sarin that was released during a terrorist attack in Syria, in August 2013, resulted in
the death of over 1,400 civilians, 426 of which were children (Dolgin, 2013). Mass
casualties during terrorist attacks that employ nerve agents are expected to
disproportionately affect children due to their greater body surface area-to-body mass ratio,
increased skin permeability, faster respiration rate, breathing at a level where nerve agent
vapor density would be highest, and an increased susceptibility to seizures (American
Academy of Pediatrics, 2000). The higher vulnerability of children necessitates the
availability of effective countermeasures that will protect their lives.

Pharmacological treatments to counteract nerve agent toxicity exist for the adult population,
and the scientific community is actively seeking to improve them by testing the efficacy of
novel compounds in mitigating both the short-term and the long-term health consequences
of nerve agent exposure. Specifically, for the control of the peripheral effects of nerve agent
exposure, the Food and Drug Administration has approved the use of atropine, a muscarinic
receptor antagonist, along with an oxime (pralidoxime), which reactivates the inhibited
AChE (Bajgar, 2005, 2010; Marrs et al., 2006; Voicu et al., 2010). In addition, diazepam has
been approved for the cessation of nerve agent-induced SE. Improvements to this regimen
are likely to be made in the future, as more effective anticonvulsants are being discovered
(Apland et al., 2013; Capacio et al., 2004; Figueiredo et al., 2011a; Figueiredo et al., 2011b;
Gilat et al., 2005), and, as recent studies suggest, diazepam does not protect against brain
damage and behavioral deficits associated with nerve agent exposure (Apland et al., 2014;
Myhrer et al., 2005), while other anticonvulsant compounds have high neuroprotective
efficacy (Apland et al., 2014). Due to the nature of this research, nerve agent studies can be
carried out only in animal models. Do the findings from studies in adult animals apply to the
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young age as well, and only the dose has to be adjusted according to body weight? There is
very limited information on immature animals, and although it is possible that adult and
immature animals or humans would respond similarly to pharmacological countermeasures
against nerve agents, the differences between a developing brain and an adult brain, and
their implications, must be considered. For example, the cholinergic system— which plays a
central role in the mechanisms of nerve agent action— is still at a developing stage in early
postnatal life (Coyle and Yamamura, 1976). In addition, differences in the blood-brain
barrier (BBB) permeability between developing and adult animals (Saunders et al., 2000;
Vannucci and Simpson, 2003) could affect the pharmacokinetics of the injected drugs.
Furthermore, there is evidence suggesting that immature animals differ from adult animals
both in seizure susceptibility and in the extent and nature of neuropathology that seizures
can induce (Ben-Ari and Holmes, 2006; Haut et al., 2004; Stafstrom and Holmes, 2002;
Wasterlain et al., 2002); it is unclear what type of neuropathology nerve agents induce in
immature animals, and, therefore, it is also unclear what is the nature of neuroprotection
expected by drugs that terminate nerve agent-induced seizures in immature animals.

In the present study, we describe findings in postnatal-day-21 (P21) rats. It is difficult to
precisely ascertain the corresponding age in humans. If we use the conversion factor for the
early developmental phase (Andreollo et al., 2012; Sengupta, 2013), P21 would correspond
to about a 6-month-old human; however, because the developmental stage of the brain in the
two species must be taken into account (Andersen, 2003), and synaptogenesis— which is a
basic parameter of brain development- is completed within the first 3 weeks of life in the rat
and about 3.5 years in the human (Pressler and Auvin, 2013), a P21 rat may correspond to a
human close to 4 years of age. In the P21 rats, we determined the LDsg of the nerve agent
soman, measured AChE activity after soman exposure in brain regions that play an
important role in seizure generation, and determined the effects of atropine administration
on ongoing, behaviorally-monitored SE. In addition, because we have shown previously in
young-adult rats that antagonists of kainate receptors containing the GluK1 subunit
(GluK1Rs; formerly known as GIUR5Rs, see Collingridge et al., 2009; Jane et al., 2009) are
very effective anticonvulsants and neuroprotectants against soman exposure (Apland et al.,
2013; Apland et al., 2014; Figueiredo et al., 2011b), we also examined the efficacy of these
compounds in the immature, P21 rats.

Materials and Methods

Animals

Sprague-Dawley rats were obtained from Charles River Laboratories (Wilmington, MA).
Male, immature rats (weighing 50-60g at the time of soman exposure on P21) were housed
in groups of 5 with a surrogate mother and weaned on the day of experiments. Young-adult
male rats (150-200g at the time of soman exposure) were housed in pairs until the day of
experiments. All rats were provided with food and water ad libitum. Experiments were
carried out with the approval of the Institutional Animal Care and Use Committees of the
Uniformed Services University of the Health Sciences and the U.S. Army Institute of
Chemical Defense.
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Seizure Induction and assessment

Rats were exposed to soman (pinacoyl methylphosphonofluoridate; obtained from the
Edgewood Chemical Biological Center, Aberdeen Proving Ground, Edgewood, MD) diluted
in cold physiological saline, by subcutaneous injection over the right hind-quarter. The LD5q
was determined for the immature rats (see next section), and the two age-groups (immature
and young-adult rats) were administered a dose that corresponded to 1.2 X LDgq_ Seizures
were monitored behaviorally and classified according to a minimally modified version of the
Racine scale (Racine, 1972) as we have previously described (Figueiredo et al., 2011b):
stage 0, no behavioral response; stage 1, behavioral arrest; stage 2, oral/facial movements,
chewing, head nodding; stage 3, unilateral/bilateral forelimb clonus without rearing, Straub
tail, extended body posture; stage 4, bilateral forelimb clonus plus rearing; stage 5, rearing
and falling; and stage 6, full tonic seizures. Following soman injection, rats that went on to
develop Stage 3 seizures or above were considered to have SE.

Median Lethal Dose Determination

Groups and

Using the log-probit method (Litchfield and Wilcoxon, 1949), we determined the median
lethal dose (LDsg) of soman for the immature rats. P21 rats were randomly assigned into
five groups of ten animals per group, and received five different doses ranging from 40 to 70
ng/kg soman (see results). Three groups were exposed in one day and the other two groups
were exposed on the next day.

Drug treatments

P21 male rats were administered 1.2 X LDsgg soman (74.4 pg/kg, s.c.). A group of the
soman-exposed P21 rats was administered 2 mg/kg atropine sulfate (ATS; i.m.; Sigma
Aldrich, St Louis, MO) at 20 min after soman injection. For comparison, we also injected
young-adult rats with 1.2 X LDsgg soman (132 pg/kg, s.c.) and administered 2 mg/kg ATS
(i.m.) at 20 min after soman injection. Some animals from these groups were used for
measurements of AChE activity (see below).

Another group of P21 male rats were administered 1.2 X LDs soman (74.4 ug/kg, s.c.)
followed by 0.5 mg/kg ATS (i.m) and 125 mg/kg HI-6 (i.p.) at 1 min post-soman exposure;
HI-6 is a bispyridinium oxime that reactivates inhibited acetylcholinesterase, primarily in
the periphery (Joosen et al., 2011; Mercey et al., 2012). At 60 min after soman injection,
these rats were administered the GIuK1/AMPA receptor antagonist LY293558 (20 mg/kg,
i.m.; kindly provided by Raptor Pharmaceutical Corp., Novato, CA; Bleakman et al., 1996),
or the GluK1 receptor antagonist UBP302 (250 mg/kg, i.p.; Tocris, Bristol, UK; More et al.,
2004), or the drug vehicle.

Acetylcholinesterase Assay

Following soman exposure, rats that went on to develop SE were sacrificed immediately (at
the onset of SE). Rats that did not develop SE were sacrificed 20 min after soman exposure.
Total AChE activity was measured in the prelimbic cortex, basolateral amygdala (BLA),
piriform cortex, and hippocampus, using an established spectrophotometric protocol (Ellman
etal., 1961; Padilla et al., 1999). Rats were anesthetized with 3-5% isoflurane and rapidly
decapitated. The brain was removed and placed in ice-cold phosphate buffer (0.1 M, pH
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8.0). Coronal brain slices (500 pm-thick) containing the prelimbic cortex (Bregma 5.16 mm
to 2.52 mm), BLA (Bregma —2.28 mm to —3.72 mm), piriform cortex (Bregma —1.72 mm to
-3.00 mm), and hippocampus (Bregma -2.28 mm to —4.68 mm) were cut using a vibratome
(series 1000; Technical Products International, St. Louis, MO). The subsequent procedure
has been described previously (Prager et al., 2013; Prager et al., 2014a). Briefly, each
structure was isolated by hand and placed in an Eppendorf tube. They were homogenized in
phosphate buffer (0.1M, pH 8.0) + Triton 10%, centrifuged, and the supernatant was placed
into a separate Eppendorf tube. Glutathione was used to construct a standard curve in the
presence of DTNB [5.5'-dithio-bis(2-nitrobenzonic acid)]. Then, tissue homogenate
supernatants (10 pL per well) were added to either 10 uL eserine or ethoprozine, in the
presence of 5 L acetylthiocholine (1 uM) and 175 uL. DTNB (1 mM; all purchased from
Sigma-Aldrich, St. Louis, MO). Samples were read by the Softmax Pro 5.2 kinetics every 20
sec for 4 min. The total butyrylcholinesterase inhibition was subtracted from the absorbance
sample to provide a difference score, which was multiplied by the slope and intercept of the
standard curve to provide the total AChE activity. AChE specific activity was calculated by
dividing the total activity by the calculated protein concentration assayed by the Bradford
method (Bradford, 1976) using a protein assay dye reagent (Biorad, Cat # 500-006).

Fixation and Tissue Processing

One day, 7, 30, or 90 days after soman administration, groups of rats were deeply
anesthetized with pentobarbital (75-100 mg/kg, i.p.) and transcardially perfused with PBS
(100 ml) followed by 4% paraformaldehyde (200 ml). The brains were removed and
postfixed overnight at 4°C, then transferred to a solution of 30% sucrose in PBS for 72 h,
and frozen with dry ice before storage at 80°C until sectioning. A 1-in-5 series of sections
from the rostral extent of the amygdala to the caudal extent of the entorhinal cortex was cut
at 40 um on a sliding microtome. One series of sections was mounted on slides (Superfrost
Plus; Daigger, Vernon Hills, IL) in PBS for Nissl staining with cresyl violet. Two adjacent
series of sections were also mounted on slides for Fluoro-Jade C (FJC) staining.

Fluoro-Jade C (FJC) Staining and analysis

FJC (Histo-Chem, Jefferson, AR) was used to identify irreversibly degenerating neurons
(Schmued et al., 2005) in the brains of P21 soman-exposed rats, at 24 h and 7 days after
exposure, as described previously (Apland et al., 2013; Figueiredo et al., 2011b). Mounted
sections were air-dried overnight and then immersed in a solution of 1% sodium hydroxide
in 80% ethanol for 5 min. The slides were then rinsed for 2 min in 70% ethanol and 2 min in
distilled water (dH»0), and then incubated in 0.06% potassium permanganate solution for 10
min. After a 2 min rinse in dH50, the slides were transferred to a 0.0001% solution of FIC
dissolved in 0.1% acetic acid for 10 minutes. Following three 1-minute rinses in dH,0, the
slides were dried on a slide warmer, cleared in xylene for at least 1 min, and coverslipped
with DPX (Sigma-Aldrich). To assess the extent of neurodegeneration, we used a series of
adjacent Nissl-stained sections to trace the regions of interest. The tracings from the Nissl-
stained sections were superimposed on the FJC-stained sections, using the Stereo
Investigator 9.0 (MicroBrightField, Williston, VT). The rating system used to assess the
extent of neurodegeneration has been described previously (Apland et al., 2010; Figueiredo
etal., 2011b).
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Volumetric analysis

Volumetric analysis was performed 30 and 90 days after soman exposure. Nissl-stained
sections containing the hippocampal formation (sections were 400 um apart) or the
amygdala (sections were 200 um apart) were used to estimate stereogically the volume of
these structures based on the previously described Cavalieri principle (Gundersen et al.,
1988). Sections were viewed with a Zeiss Axioplan 2ie fluorescent microscope with a
motorized stage (Oberkochen, Germany), interfaced with a computer, running
Stereolnvestigator 9.0 (MicroBrightField, Williston, VT). The hippocampus and the
amygdala were identified on slide-mounted sections under a 2.5x objective, based on the
atlas of Paxinos and Watson (Paxinos and Watson, 2005), and traced using the Stereo
Investigator 9.0. The volume was calculated by using the stereological probe called
Cavalieri Estimator. An overlay of a rectangular lattice with a grid size of 300 um was
placed over the brain region (amygdala or hippocampus) tracings, and each point marked
was counted to estimate the volume. For each animal, the coefficient of error (CE) was
calculated to assure sufficient accuracy of the estimate (CE < 0.05).

Context- and Cue-Dependent Fear Conditioning

Fear conditioning took place 30 or 90 days after soman exposure. Rats were placed in
Context A, which was a rodent-conditioning chamber made of Plexiglas and metal grid floor
(Coulbourn Instruments, Lehigh Valley, PA, USA). The chamber was dimly illuminated by
a single house-light (2-3 lux) and enclosed within a sound-attenuating chamber (background
dB = 55). The chamber was cleaned between testing runs with a 70 % EtOH solution and
thoroughly dried. Prior to presentation of the stimuli, rats were left to explore the chamber
for 5 min. Then, they were presented with three pairings of an auditory conditioning
stimulus (CS; 5 kHz, 75 dB, 20 s) that co-terminated with a foot-shock unconditioned
stimulus (US; 1.0 mA, 500 ms); the intervals between CS presentations were random. One
day after the fear conditioning, rats were placed in Context A for 20 min, with no
presentations of CS or US, in order to test for context-dependent fear acquisition. Three days
after the fear conditioning, rats were placed into a novel context (Context B), and were
presented with twenty auditory CS (5 kHz, 75 dB, 20 s) at random intervals and without
electric shock, in order to test for cue-dependent fear acquisition. Context B consisted of
plastic flooring covered with fresh bedding; it had a geometry different from that of context
A, contained different spatial cues (red and black tape), and was cleaned with 1 % acetic
acid solution. Freezing behavior during testing of context or cue-dependent fear acquisition
was scored from digitized videos. Freezing was defined as the absence of all movements
except those related to respiration (Fanselow, 1980). For the cue-dependent test, freezing
was scored only during the CS presentations, while for the context-dependent test, freezing
was scored throughout the session. Total freezing time during test sessions was used as a
measurement of the extent of fear acquisition (the impact of the fear conditioning).

The Open Field Test

Thirty and 90 days after soman exposure, anxiety-like behavior was assessed in the open
field apparatus (40X40X30 cm clear Plexiglas arena), as described previously (Aroniadou-
Anderjaska et al., 2012; Prager et al., 2014a). One day prior to testing (on day 29 or 89 after
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soman exposure), animals were acclimated to the apparatus for 20 min; acclimation reduces
the effects the novelty during testing, so that the time spent in the center measures the
anxiety state of the animal, rather than the response to novelty (Faraday et al., 2001). On the
test day, the rats were placed in the center of the open field, and activity was measured and
recorded for 20 min, using an Accuscan Electronics infrared photocell system (Accuscan
Instruments Inc., Columbus, OH). Data were automatically collected and transmitted to a
computer equipped with “Fusion” software (from Accuscan Electronics). Locomotion
(distance traveled in cm), total movement time, and time spent in the center of the open field
were analyzed. Anxiety behavior was measured as the ratio of the time spent in the center
over the total movement time, expressed as a percentage of the total movement time.

Statistical Analysis

Results

All data are expressed as mean + standard error. The Student's t-test was used to test for
differences in latency to seizure onset between adult and P21 rats, and the differences in
baseline AChE activity between these two groups. Results from the AChE assay were
analyzed using either One-way ANOVA followed by Dunnett's post-hoc test, or one-way
ANOVA followed by Tukey HSD post hoc test. Results from the behavioral seizures were
analyzed using MANOVA followed by Bonferroni post-hoc test. One-way ANOVA with a
Dunnett's post hoc test was used to analyze the results from the behavioral tests and from the
volumetric analysis. Statistical analyses were made using the software package PAWS SPSS
22 (IBM, Armonk, NY, USA). Differences were considered significant with p < 0.05.
Sample size “n” refers to the number of animals.

Calculation of the median lethal dose (LDsg) of soman in immature (P21) male rats

The doses of soman (10 rats/dose) were 40, 55, 57.5, 62.5 and 70 pg/kg, and produced
response fractions (dead rats/total exposed) of 0/10, 4/10, 3/10, 5/10 and 7/10, respectively.
These values were the input data for the log-probit method of calculating the LDsgg. Using
the probit analysis function of the IBM SPSS Statistics 20 package, the estimated dose of
soman expected to result in 50% mortality rate was calculated to be 62.02 ug/kg (95%
confidence intervals: 56.63~72.15 pg/kg). The estimated soman doses and mortality rates
were used to produce the log dose-response curve for soman, in P21 male rats (Fig. 1).

Latency to seizure onset and comparison with adults

Soman, at 1.2 X LDsgq, was administered to 191 P21 rats (74.4 pg/kg), of whom 156
developed SE, as well as to 24 young-adult rats (132 pg/kg), of whom 16 developed SE.
Mortality rates depended on the treatment and are reported below in the appropriate section.
The latency to initiation of generalized seizures (stage 3 of the Racine scale) was
significantly shorter in the P21 rats (2.15 £ 0.31 min, n = 20) compared to the young-adults
(8.94 £ 0.25 min, n = 16, t(18,03)= —6.64, p < 0.001, Fig. 2).

Baseline AChE Activity in immature rats and comparison with adult rats

Baseline AChE activity (in nmol/min/ng) in the prelimbic cortex, BLA, piriform cortex, and
hippocampus was measured in naive P21 rats (n = 5) and compared with young-adult rats (n
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=15). As in the young-adult rats (Prager et al., 20144, and Fig. 3), AChE activity in the
immature rats was significantly higher in the BLA (932.5 + 132.2; F (3 16)=26.94; p < 0.001;
Fig. 3) than in the prelimbic cortex (193.3 + 11.8; p < 0.001), piriform cortex (250.8 + 37.2;
p < 0.001), and hippocampus (196.8 + 16.7; p < 0.001). Between the two age groups, there
was no statistically significant difference for the BLA (932.5 + 132.2 for the P21 group and
1134.8 £ 92.1 for the adult group; t(g »7)= —1.25; p = 0.244), but in the prelimbic cortex
(193.3 £ 11.8 in the P21 rats and 351.8 + 32.4 in the adults; t(15 79)= —4.6; p < 0.001),
piriform cortex (250.9 + 37.2 in the P21 rats and 473.4 £ 58.6 in the adults; ; t(17.56) = =3.21;
p = 0.005), and hippocampus (196.8 £ 16.7 in the P21 rats and 425.2 + 45.0 in the adults;
t(16.98) = —4.75; p < 0.001), AChE activity was significantly lower in the P21 rats (Fig. 3).

Inhibition of AChE activity in the basolateral amygdala plays a critical role in seizure
induction following exposure of immature rats to soman

The AChE activity in the prelimbic cortex, BLA, piriform cortex, and hippocampus of naive
P21 rats (Control Group, n = 5) was compared to that of P21 rats that were exposed to
soman but did not develop seizures (No-SE Group, n = 7; AChE activity was measured at 20
min after soman injection) and P21 rats that were exposed to soman and developed seizures
(SE-Onset Group, n = 7; AChE activity was measured at the onset of stage 3 seizures). We
found that, compared to the control group (for control values see baseline activity in the
immature group in the previous section), AChE activity was significantly lower in all four
brain regions in the rats that were exposed to soman (prelimbic cortex: F(2,16) = 176.93, p <
0.001; BLA: F(2,16) = 37.70, p < 0.001 ; piriform cortex: F(2,15) = 28.42, p < 0.001;
hippocampus: F(2,16) = 52.68, p < 0.001; Fig. 4). In the No-SE group, AChE activity was
12.2 £ 7.2 nmol/min/ng in the prelimbic cortex (p < 0.001), 360.4 + 33.7 in the basolateral
amygdala (p < 0.001), 36.2 + 24.2 in the piriform cortex (p < 0.001),, and 29.7 + 17.4 in the
hippocampus (p < 0.001). In the SE-Onset group, AChE activity was 13.4 + 3.2 in the
prelimbic cortex (p < 0.001), 100.1 £ 30.3 in the basolateral amygdala (p < 0.001), 15.9 +
3.1 in the piriform cortex (p < 0.001), and 4.9 £ 0.8 in the hippocampus (p < 0.001). The
only significant difference between the SE-Onset group and the No-SE group was the
greater reduction of AChE activity in the basolateral amygdala of the former group (p =
0.024; Fig. 4). The differences between the SE-Onset group and the No-SE group in AChE
activity in the prelimbic cortex (p = 0.992), piriform cortex (p = 0.789) and hippocampus (p
= 0.381) were not statistically significant.

Efficacy of atropine sulfate (ATS) against soman-induced seizures in immature versus

adult rats

Testing of anticonvulsant treatments at different time points after nerve agent exposure
requires control of the peripheral cholinergic crisis in order to prevent rapid death. For this
purpose, most animal models employ administration of ATS within 1 min after exposure;
HI-6 is often administered as well, either as a pretreatment or along with atropine. In order
to mimic more closely a real-life scenario, where in the event of a terrorist attack it is
unlikely that medical assistance will be administered within the first minute, we have
employed administration of ATS and HI-6 at 20 min post-exposure in adult rats (Apland et
al., 2013). We attempted to do the same in the immature rats, in the present study. For these
experiments, we injected P21 rats (n = 100) with 1.2 X LDsgg soman; all of the 100 rats

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2016 April 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miller et al. Page 9

developed seizures, but 67 rats died before the 20 min time-point. In the initial experiments,
we injected surviving rats with 2 mg/kg ATS and 125 mg/kg HI-6 at 20 min after soman
exposure; we observed that not only the peripheral effects of soman were controlled by ATS
and HI-6, but seizures also were terminated. To determine if it was the ATS or the HI-6 that
was responsible for the cessation of seizures, we administered 125 mg/kg HI-6 alone to 7
rats, at 20 min after soman injection; this treatment had no effect on seizures (Fig. 5A).
However, when we administered 2 mg/kg ATS alone, SE was terminated in all of the P21
rats who received this treatment (n = 10; Fig. 5B). For comparison, twenty four young-adult
rats were also exposed to 1.2 X LDsg soman. From these rats, 16 developed seizures and
none of them died before the 20 min post-exposure time-point. Administration of 2 mg/kg
ATS to the 16 rats did not suppress seizures (Fig. 5B), and 4 of these rats died soon after the
injection of ATS. Comparisons between the adult and the immature rats showed that seizure
severity in the immature rats was significantly reduced after ATS administration, at 40 min
(F@,20) = 22.43, p = 0.000126), 50 min (F(1,20) = 45.34 p = 0.000001) and 60 min (F(1 20) =
84.56 p = 0.000000015) minutes post-exposure (Fig. 5B).

Efficacy of the GIuK1KR antagonists LY293558 or UBP302 against soman-induced
seizures in immature rats

Next, we examined if the GIuK1R antagonists which are effective in stopping seizures and
preventing brain damage in adult rats, even when the anticonvulsants are administered at 1 h
or longer after exposure (Apland et al., 2013; Figueiredo et al., 2011b), are also effective in
the P21 rats. Since at this age, ATS alone at 2 mg/kg terminates soman-induced seizures, in
this set of experiments we used a lower concentration of atropine, which was sufficient to
control peripheral effects, but did not affect seizures. Thus, P21 rats were injected with 1.2
X LDsg soman (74.4 ug/kg) and treated with ATS (0.5 mg/kg) and HI-6 (125 mg/kg) at 1
min post-soman exposure; in this treatment paradigm, the survival rate was 59%. At 1 h
post-exposure, there was no significant difference in seizure severity between the groups
(F(2,48= 1.55, p=0.22). At this time point (1 h), rats were administered LY293558 (20
mg/kg; n = 15), or UBP302 (250 mg/kg; n = 18), or the drug vehicle (n = 16). Treatment
with either drug significantly reduced seizure severity within 10 min (F (2 4g)= 4.69, p =
0.014) and for the rest of the observation period (p < 0.001 for post-exposure times 80 to
120 min, Fig. 6; F values: F(7 4g) = 28.41, 47.49, 66.89, 80.79, and 76.15 for the 80, 90, 100,
110, and 120 min post-exposure, respectively). In the rats who received only the vehicle, SE
continued for at least the 2 h of observation.

Immature rats do not undergo neuronal degeneration after soman-induced SE

In adult rats, nerve agent-induced SE causes significant neuronal degeneration in many brain
regions (Apland et al., 2010, 2013; Figueiredo et al., 2011a, 2011b) and particularly in the
amygdala and the hippocampus (Apland et al., 2010). In the immature rats, the effects of the
soman-induced SE on neuronal degeneration was examined at 24 h and 7 days after soman
exposure in the group that received 0.5 mg/kg ATS and 125 mg/kg HI-6 at 1 min post-
exposure, but no anticonvulsant treatment. There was no evidence for neuronal degeneration
at either time point, in the amygdala or the hippocampus; we also inspected the rest of the
brain on the FJC-stained sections, throughout the rostro-caudal extent, but, as in control rats,
there were no FJC-stained cells in any brain region. To ensure that the staining procedure
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worked properly, we also processed sections from adult rats who had been exposed to
1.2XLDsg soman, receiving 2 mg/kg ATS and 125 mg/kg HI-6 at 1 min after exposure, but
no anticonvulsant treatment; neurodegeneration was pronounced in these rats (Fig. 7).

Amygdalar and hippocampal volume is significantly reduced 30 days and 90 days after
exposure of immature rats to soman, and this is prevented by LY293558 treatment

Despite the lack of neuronal degeneration after soman-induced SE, volumetric
measurements of the amygdala and the hippocampus, 30 and 90 days after soman exposure,
indicated that the size of these structures was reduced in the soman-exposed rats that
received only ATS (0.5 mg/kg) and HI-6 at 1 min after exposure, but no anticonvulsant
treatment. This type of pathology was not observed in the group that received LY 293558 at
1 h after soman exposure (Figs. 8 and 9). Thus, at 30 days post-exposure, the size of the
amygdala in the soman-exposed rats was 10.13 + 0.49 um?3 (n = 8), while the control size
was 11.86 + 0.27 mm?3 (n = 8, p = 0.008); in the soman-exposed rats treated with LY 293558,
the size of the amygdala (11.72 + 0.3; n = 8; p = 0.82) did not differ from the control (Fig
8D; F(1,21) = 10.29; p = 0.001). At 90 days post-exposure, the size of the amygdala in the
soman group was 12.10 + 0.32 mm3 (n = 8), which was still significantly smaller than the
control (p = 0.01); in the LY293558-treated group the size of the amygdala (11.98 = 0.27, n
=8, p=0.713) did not differ from the control (Fig. 8E; (F(1,21)=11.34; p < 0.001). The size
of the hippocampus at 30 days post-exposure was 48.4 + 2.2 mm3 in the soman-exposed
group (n = 8) versus 62.5 + 1.7 mm?3 in the control group (n = 8, p = 0.01); in the soman-
exposed rats treated with LY 293558, the size of the hippocampus (59.8 +2.3,n=8,p=
0.09) did not differ from the control (Fig. 9D; F(1 21)=12.53; p = 0.001). At 90 days post-
exposure, the hippocampus was still significantly smaller in the soman group (41.2 £2.1,n
= 8) compared to control (p = 0.01); in the LY 293558-treated group the size of the
hippocampus (62.4 £ 2.6, n = 8, p = 0.08) again did not differ from the control (Fig. 9E;
F(1’21):11.92; p< 0001)

Soman-exposed immature rats display behavioral deficits 30 days post-exposure, which
are prevented by LY293558 treatment

P21 rats that were exposed to soman and received only ATS (0.5 mg/kg) and HI-6 at 1 min
after exposure, along with soman-exposed rats that were also treated with LY293558 at 1 h
after exposure, as well as control rats, were tested for context- and cue-dependent fear
conditioning. Fear conditioning took place at 30 days after exposure, and testing for context-
dependent and cue-dependent acquisition of fear took place the next day and the third day
after the fear-conditioning, respectively. In the context-dependent test, the total freezing
time for the soman-exposed rats was 250 + 15 s (n = 13), significantly lower than that of the
control group (523 + 24 s, n = 17, p = 0.002); for the soman-exposed rats treated with
LY293558, the total freezing time (452 £ 28 s, n = 11, p = 0.07) did not differ from the
control (Fig.10A; F(2 3g) = 52.67; p < 0.001). In the cue-dependent fear acquisition test, the
freezing time for the soman-exposed rats (214 + 14 s) was significant lower compared to
control (354 £ 20 s, p < 0.05), while for the soman-exposed rats that received LY293558,
the freezing time (331 = 21 s, p = 0.08) did not differ from the control (Fig. 10C;
F(2,38)=50.98; p < 0.001). At 90 days post-exposure, there were no differences among the
groups (Fig. 10B and D). Thus, the total freezing time in the context-dependent test was 489
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+ 20 s for the soman-exposed group, 554 + 35 s for the control group, and 513 + 29 s for the
soman-exposed rats treated with L'Y293558 (F(2 32)=2.86, p = 0.084). The total freezing time
in the cue-dependent test was also similar among the groups (F(2,38)=2.90 p= 0.09). Thus,
freezing time was 301 * 40 s for the soman-exposed rats, 389 + 25 s for the control rats, and
391 + 19 s for the soman-exposed, LY293558-treated rats.

The same groups of rats were also tested in the open field. At 30 days after soman exposure
the distance traveled in the open field was not significantly different (F,,3g)=1.57 p=0.221;
Fig. 11A) between the soman-exposed rats (2522 + 246 cm, n = 13), the soman-exposed rats
that received LY293558 (2741 + 254 cm, n = 11) and the controls (2293 + 158 cm, n = 17) .
However, the time spent in the center of the open field was significantly less (F;,3g)=51.57
p< 0.001) in the soman-exposed rats that did not receive anticonvulsant treatment (69.79 +
9.87 s equivalent to 8.6 £ 1.06 % of the total movement time, n = 13, p = 0.003) compared
to the time spent in the center by the control rats (99.53 + 9.86 s equivalent to 12.51 + 1.12
% of the total movement time, n = 17), or the soman-exposed that were treated with
LY293558 (96.14 + 11.18 s equivalent to 11.95 + 1.08% of the total movement time, n = 11;
Fig. 11E). At 90 days after exposure, the distance traveled in the open field was not
significantly different (F(2 32)=1.39, p= 0.263; Fig. 11B) between the soman-exposed rats
(2851 + 193 cm, n= 11), the soman-exposed rats that received LY293558 (2698 + 244 cm, n
= 12) and the controls (2752 + 201 cm, n = 12). The time spent in the center of the open
field also did not differ significantly (F(; 32)=2.008, p= 0.151) between the soman-exposed
rats that did not receive anticonvulsant treatment (91.02 + 12.58 s equivalent to 11.7 + 1.25
% of the total movement time, n = 11) and the control rats (106.34 + 8.87 s equivalent to
13.36 + 1.03% of the total movement time, n = 12), or the soman-exposed, LY293558-
treated rats (107.38 + 9.54 s equivalent to 13.68 + 1.08% of the total movement time, n = 12,
Fig. 11F).

Discussion

The present study shows that 1) immature rats appear to be more susceptible to the toxicity
of nerve agents, as suggested by the LD50 of soman for the P21 rats, which was lower than
the LD50 for the adult rats; 2) immature rats are more prone to generating seizures after
nerve agent exposure, as suggested by the time to seizure onset which was significantly
shorter in the P21 rats compared to the adults; 3) as in adult rats, reduction of brain AChE
activity appears to be the primary mechanism of seizure generation in the P21 rats, and the
BLA plays a key role in that respect; 4) ATS, at a dose that does not affect nerve agent-
induced seizures in adult rats, promptly terminates seizures in P21 rats; 5) the GluK1
antagonists LY 293558 and UBP302 are effective in terminating soman-induced seizures in
P21 rats, even when administered at 1 h after exposure; 6) soman-induced seizures do not
cause neuronal degeneration in the brain of P21 rats, but they reduce the volume of the
amygdala and the hippocampus, 30 and 90 days after exposure; 7) soman exposure results in
fear-learning deficits and increased anxiety at 30 days after exposure; 8) both the brain
pathology and the behavioral deficits are prevented if exposed rats are administered
LY293558 at 1 h after exposure.
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Since nerve agents induce seizures by inhibiting AChE, it seems reasonable to speculate that
the faster onset of seizures upon exposure to soman in the P21 rats compared to adults is due
to the lower concentration of the enzyme in some brain regions (Fig. 3), which may result in
more rapid reduction of AChE activity in the brain. This is not a very plausible explanation,
however, for two reasons: a) AChE activity was also dramatically reduced in the prelimbic
cortex, the piriform cortex, and the hippocampus of the P21 rats that did not develop SE; the
only difference of these rats from those who developed SE was that AChE in their BLA was
reduced to a lesser extent (Fig. 4). b) AChE activity in the BLA, which appears to play a key
role in the induction of seizures in the P21 rats, as in the adult rats (Prager et al., 2013), did
not differ significantly between the two ages in the basal state (Fig. 3). Therefore, the shorter
latency to seizure onset in the P21 rats is likely due to reasons that are not related to the
baseline concentration of AChE in the brain. It is well recognized that the immature brain
has a greater propensity for seizure generation regardless of the triggering stimulus, in both
humans and animals (Hauser, 1994; Holmes, 2009). The reasons are not quite clear, but may
include the high input resistance of neurons during development and the prevalence of gap
junctions— which facilitate bursting and synchronous activity— and the immaturity of the
GABAergic and glutamatergic system (Ben-Ari and Holmes, 2006; Holmes, 2009).
Contribution of possible differences between P21 and adult rats in the pharmacokinetics of
the injected soman must also be considered.

An unexpected finding in the present study was that ATS, at 2 mg/kg, a concentration that
has no effect on nerve agent-induced seizures in adult animals (Fig. 5B and Apland et al.,
2013; Figueiredo et al., 2011b; McDonough and Shih, 1997; Prager et al., 2014b; Shih and
McDonough, 2000), terminated soman-induced seizures in the P21 rats. After nerve agent
exposure, seizures are initiated by hyperstimulation of muscarinic receptors, as evidenced by
the anti-seizure effects of muscarinic antagonists when administered shortly after exposure
(Lallement et al., 1998; Shih and McDonough, 2000, 1999). In adult rats, ATS, a non-
selective muscarinic antagonist, suppresses nerve agent-induced seizures, but with an EDgg
of more than 50 mg/kg (Shih and McDonough, 1999). The BBB is weaker early in life (Betz
and Goldstein, 1981; Matsuoka et al., 1999; Saunders et al., 2012) and appears to be more
susceptible to increased capillary leakiness induced by organophosphorus agents (Song et
al., 2004); this may explain the anti-seizure efficacy of relatively low concentrations of ATS
in the immature rats. However, a weaker BBB in the P21 rats was not sufficient to confer
efficacy to HI-6, which had no effect on seizures when administered at 20 min after
exposure (Fig. 5A); it is likely though that the inefficacy of HI-6 had to do with the rapid
ageing of soman-inhibited AChE (Marrs et al., 2006; Sirin et al., 2012; Talbot et al., 1988),
which renders it non-reactivatable by oximes (Bajgar, 2005; Marrs et al., 2006). In the rat
whole brain, the activity of choline acetyltransferase, the concentration of acetylcholine, and
the number of muscarinic receptors do not mature until after the fourth postnatal week
(Coyle and Yamamura, 1976). Therefore, in addition to a weaker BBB, differences between
the P21 and the adult rats in the function of the muscarinic cholinergic system may be
involved in the differential anticonvulsant response to ATS.

Seizures did not return after the cessation of SE by 2 mg/kg ATS, at least for the two hours
that we continued observing the rats. We did not examine, in the present study, whether
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ATS would also be effective if administered at 1 h after exposure or at more delayed time
points. However, from studies in adult rats, it has become clear that muscarinic receptors are
involved only in the initiation of seizures after exposure, while it is excessive glutamatergic
activity that reinforces and sustains SE (McDonough and Shih, 1997). Accordingly, soman-
induced SE can be terminated by certain glutamate receptor antagonists. Specifically,
LY293558, an AMPA/GIUK1R antagonist (Bleakman et al., 1996; Jane et al., 2009), or
UBP302, a GIuK1R antagonist (More et al., 2004), terminate soman-induced seizures even
when administerd at 1 h or 2 h after exposure (Apland et al., 2014; Figueiredo et al., 2011b).
The efficacy of these two compounds may lie on the fact that GIuK1Rs play an important
role in the regulation of neuronal excitability of at least two highly seizure-prone regions,
the amygdala (Apland et al., 2009; Aroniadou-Anderjaska et al., 2007, 2008; Braga et al.,
2003; Rogawski et al., 2003) and the hippocampus (Carta et al., 2014; Gisabella et al., 2012;
Pinheiro et al., 2013; Salmen et al., 2012); both GABAergic and glutamatergic synaptic
transmission is modulated by GIuK1Rs in different brain regions (Jane et al., 2009), but the
net effect of GIUK1R activation appears to be an increase in excitability in both the BLA
(Aroniadou-Anderjaska et al., 2012) and the hippocampus (Smolders et al., 2002). During
development, there are changes taking place in the distribution (Bahn et al., 1994) and the
function of GIuK1Rs (Segerstrale et al., 2010). Although it is unclear how the fuction of
GluK1Rs may differ in the brain of a P21 rat from an adult rat, the present study shows that
in P21 rats, LY293558 and UBP302 are effective in stopping soman-induced seizures when
administered at 1 h after exposure, with UBP302 having a slower time course of action, as
we had observed in the adult rats (Apland et al., 2014).

It is becoming increasingly understood that prolonged seizures early in life may not cause
neuronal death/loss, yet, they produce long-term pathological alterations, inhibiting brain
growth, modifying neuronal circuits, and leading to lasting behavioral deficits (Holmes,
2005; Holmes and Ben-Ari, 1998; Stafstrom, 2002). The present study shows that this is also
the case when prolonged seizures are induced by soman exposure in P21 rats. There was no
irreversible neuronal degeneration at either 24 h or 7 days post-exposure, suggesting that
there was no neuronal loss. This is in contrast to the severe neuronal degeneration that is
seen in young-adult rats at 24 h and 7 days after soman exposure (Apland et al., 2010, 2013,
2014; Figueiredo et al., 2011a, 2011b; Prager et al., 2013, 2014a). The resistance of
immature neurons to seizure-induced degeneration and death is attributed in part to their
lower vulnerability to oxidative stress (Patel and Li, 2003) and glutamate toxicity (Bickler et
al., 1993; Liu et al., 1996; Marks et al., 1996). However, despite the absence of neuronal
degeneration, the volumes of the amygdala and the hippocampus were significantly smaller
in the P21 rats than in control rats, at 30 days and 90 days post-exposure. Considering that
prolonged seizures induce neurogenesis in the hippocampus (Holmes and Ben-Ari, 1998;
Parent et al., 1997) and, at least in some models, in the amygdala as well (Park et al., 2006),
it may seem surprising that the volume of these structures decreased. However, significant
atrophy of temporal lobe structures has also been observed after P12 and P25 rats were
subjected to lithium/pilocarpine-induced SE (Kubova and Mares, 2013). Furthermore,
amygdalar and hippocampal atrophy is a common pathology in temporal lobe epilepsy
(Aroniadou-Anderjaska et al., 2008; Cascino et al., 1991; Cendes et al., 1993), and a smaller
amygdala volume was also found in a significant number of the victims of the sarin attack in
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Tokyo, in 1995 (Rogers et al., 2009). It appears, therefore, that prolonged seizures or
chronic recurrent seizures can result in atrophy of temporal lobe structures, and when
prolonged seizures occur early in life, atrophy may ensue despite the absence of neuronal
loss; in this latter case, perhaps a smaller number or thickness of synaptic connections
contribute to the reduction in the total volume, and/or death of glia cells.

Abnormalities in the amygdala and the hippocampus may also explain the behavioral
deficits seen at 30 days after exposure. The amygdala plays a key role in fear-conditioning
(Johansen et al., 2011), and the ability for “fear-learning”, as reflected in the total freezing
time, was impaired in the rats exposed to soman at P21. The amygdala, but the hippocampus
as well, also play a central role in anxiety (Adhikari, 2014; Engin and Treit, 2007; Kwon and
Park, 2014). A substantial number of the victims of the sarin attack in Tokyo, in 1995,
exhibit symptoms of anxiety disorders, years later (Hoffman et al., 2007; Ohtani et al., 2004;
Rogers et al., 2009; Yanagisawa et al., 2006), along with atrophy of the amygdala (Rogers et
al., 2009). In the present study, anxiety-like behavior was increased 30 days after exposure
of P21 rats to soman. These behavioral deficits were absent 2 months later, despite that there
was no reversal of the amygdalar and hippocampal atrophy. It is possible that during the 2-
month-period, which corresponds to more than 8 human years (Andreollo et al., 2012;
Sengupta, 2013), synaptic or biochemical adjustments rectified these behavioral deficits.
Others have found persistent cognitive deficits, as revealed by the Morris water-maze test, 3
months after P12 rats and P25 rats experienced lithium/pilocarpine-induced SE (Kubova and
Mares, 2013). Thus, whether or not recovery will occur may depend, in addition to age, on
other factors such as the nature of the behavioral deficit. For example, in adult mice exposed
to soman-induced SE, increased anxiety-like behavior was still present 90 days after the
exposure, but deficits in auditory and contextual fear-conditioned responses recovered
during the 30 to 90 day post-exposure period (Coubard et al., 2008).

The present study provides support to the increasing evidence that prolonged seizures early
in life may not be benign in long-term, even when they have not produced irreversible
neuronal degeneration. The data suggest that children are likely to be more prone to
developing seizures upon exposure to nerve agents, but a single injection of atropine will be
sufficient to halt seizures, if administered timely. Control of seizures is necessary in order to
prevent long-term brain pathologies and behavioral deficits, and administration of
LY293558 is an effective anticonvulsant and neuroprotectant even when administered at 1 h
after exposure. Testing of anticonvulsants at delayed time-points after nerve agent exposure
in immature animal models requires timely administration of ATS at a low dose, which will
alleviate peripheral toxicity and reduce mortality, without preventing or halting seizures.
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Figure 1. Determination of the Median Lethal Dose (LDsq) of soman for P21 male rats
Fifty rats (10 rats per dose) were injected subcutaneously with soman at the following doses

(ug/kg): 40, 55, 57.5, 62.5, and 70. Mortality rates were recorded at 24 hr following soman
injection and used as the input data into the log-probit method of the IBM SPSS Statistics 20
package to determine the LDsgq. The plot shows the predicted mortality rates at different
doses of soman at P21. The LDsg was 62.02 ug/kg (dashed line; p = 0.00414).

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2016 April 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Miller et al.

Page 22

v
8 2 10
= E
-5
5%
QO =

=)
S 9 51
z} -
= 5 k%
= N
]

0- T
Adult Rats Immature Rats

Figure 2. The latency to SE onset after soman injection is shorter in P21 rats compared to adults
P21 rats (n = 20) and young-adult rats (n = 16) were injected with the appropriate soman

dose corresponding to 1.2 X LDgg. ***p < 0.001 (Student's t-test).
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Figure 3. Compared to adult rats, baseline AChE activity in P21 rats is lower in the prefrontal
cortex, piriform cortex, and hippocampus, but not in the basolateral amygdala

For P21 rats, n = 5, and for the young-adult rats, n = 15. **p < 0.01, ***p < 0.001 (Student's

t-test).
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Figure 4. Reduction of AChE activity in P21 rats after injection of 1.2 X LDsg soman
Soman-exposed rats that did not develop SE were sacrificed 20 min after soman injection

(No-SE group, n = 7). Rats that developed SE were sacrificed at the onset of SE (SE-onset
group, n = 7). The soman-exposed rats of both groups had significantly lower AChE activity
in all brain regions, compared to the control group (n = 5). AChE activity in the basolateral
amygdala of the SE-onset group was significantly lower than that in the No-SE group. ***p
< 0.001 compared to the control group, and *p < 0.05 between the no-SE and the SE-onset

groups (One-way ANOVA with Tukey HSD post-hoc).
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Figure 5. Atropine sulfate (ATS) in immature but not in adult rats arrests generalized seizures
induced by soman exposure

Young-adult (n = 12) and P21 (n = 10) rats were exposed to a soman dose corresponding to
1.2 X LDgq (P21 rats: 74.4 pg/kg, young-adult rats: 132 pg/kg). A. Administration of HI-6 to
P21 rats, at 20 min after soman injection, had no effect on seizures. B. Administration of 2.0
mg/kg ATS, at 20 min after soman injection, terminated seizures in the P21 rats, but not in
the adult rats. ***p < 0.001 when seizure severity score is compared between P21 and adult
rats at 40, 50, and 60 min after soman exposure (MANOVA, Bonferroni correction).
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soman-induced seizures in P21 rats
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UK1R antagonists LY293558 or UBP302 arrests

Rats were exposed to 1.2 X LDgg soman (74.4 ug/kg) and treated with ATS (0.5 mg/kg) and
HI-6 (125 mg/kg) at 1 min post-exposure. At 1 hr post-exposure, rats received LY293558
(20 mg/kg; n = 15), or UBP302 (250 mg/kg; n = 18), or the drug vehicle (n = 16). ***p <
0.001 for the difference in seizure score of the LY293558-treated and UBP302-treated
groups compared to the vehicle-treated group (MANOVA, Bonferroni post-hoc test).
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Figure 7. Immature rats do not suffer neuronal degeneration, 1 day and 7 days after soman-
induced SE

A. Cresyl violet photomicrographs outline the brain regions (amygdala in red; hippocampus
in yellow) from where the FJC photomicrographs (B and C) were taken (the specific areas
shown in the photomicrographs are outlined with black rectangles). Immature and adult rats
were exposed to the age-specific 1.2X LDsg of soman. In contrast to the adult rats (C),
immature rats (B) did not display any degenerating cells. Magnification in A is 200x. Scale
bar (for B and C) is 50 um.
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Figure 8. A reduction in amygdalar volume, 30 and 90 days after soman exposure, is prevented
by LY?293558 treatment

A, B, C. Tracings of the amygdala in series of slices (left) and representative
photomicrographs (right) from control animals (A, n = 8), soman-exposed animals that
received only ATS (0.5 mg/kg) and HI-6 at 1 min post-exposure (B, n = 8), and soman-
exposed animals that received LY293558 (20 mg/kg) at 1 h after soman injection (C, n = 8).
D. Group data showing the estimated volume of the amygdala for all three groups, 30 days
after the exposure. E. Group data showing the estimated volume of the amygdala for all
three groups, 90 days after the exposure. *p < 0.05 (ANOVA, LSD post-hoc test).
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Figure 9. A reduction in hippocampal volume, 30 and 90 days after soman exposure, is
prevented by LY293558 treatment

A, B, C: Tracings of the hippocampus in series of slices (left) and representative
photomicrographs (right) from control animals (A, n = 8), soman-exposed animals that
received only ATS (0.5 mg/kg) and HI-6 at 1 min post-exposure (B, n = 8), and soman-
exposed animals that received LY293558 (20 mg/kg) at 1 h after soman injection (C, n = 8).
D: Group data showing the estimated volume of the hippocampus for all three groups, 30
days after the exposure. E: Group data showing the estimated volume of the hippocampus
for all three groups, 90 days after the exposure. *p < 0.05 (ANOVA, LSD post-hoc test).
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Figure 10. LY293558 treatment prevents impairment in fear conditioning, 30 days after soman

exposure

A and B show the total freezing time of the contextual fear-conditioned responses, 30 and 90
days after soman exposure, for the soman-exposed rats who received only ATS (0.5 mg/kg)
and HI-6 at 1 min after exposure (n = 13), similarly treated rats who received also
LY293558 at 1 h after soman exposure (nh = 11), and controls (n = 17). C and D show the
total freezing time for the auditory fear-conditioned responses, for the same groups, at 30
and 90 days after exposure. **p < 0.01, *p < 0.05 (ANOVA, Dunnett post-hoc test).
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Figure 11. LY293558 treatment prevents an increase in anxiety-like behavior, 30 days after
soman exposure

A and B show the distance travelled, C and D show the total movement time, and E and F
show the time spent in the center of the open field, 30 and 90 days after exposure, for the
soman-exposed rats who received only ATS (0.5 mg/kg) and HI-6 at 1 min after exposure (n
= 13), similarly treated rats who received also LY293558 at 1 h after soman exposure (n =
11), and controls (n = 17). **p < 0.01 (ANOVA, Dunnett post-hoc test).
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