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Abstract

Nerve agents are acetylcholinesterase inhibitors, exposure to which causes brain damage, primarily
by inducing intense seizure activity. Knowledge of the brain regions that are most vulnerable to nerve
agent-induced brain damage can facilitate the development of drugs targeting the protection of these
regions. Both the amygdala and the hippocampus have been shown to suffer significant damage after
nerve agent exposure, but the amygdala appears to be the more severely affected structure. However,
damage in the amygdala has generally been compared with damage in the dorsal hippocampus,
whereas there is evidence that the ventral hippocampus is significantly more susceptible to seizures
than the dorsal region, and, therefore, it may also be more susceptible to nerve agent-induced
neuropathology. Here, we report that after status epilepticus induced by soman administration to rats,
neuronal degeneration as assessed by Fluoro-Jade C staining was more extensive in the ventral than
the dorsal hippocampal subfields, 1 day after soman exposure. Seven days later, the difference
between dorsal and ventral regions was not statistically significant. In the amygdala, soman-induced
neurodegeneration was more severe in the posteroventral regions of the lateral, basolateral, and
medial nuclei compared to the anterodorsal regions of these nuclei. The basomedial nucleus was
more severely affected in the anterodorsal region, while the central nucleus was less affected than
the other amygdalar nuclei. The extent of neurodegeneration in the amygdala was not significantly
different from that in the ventral hippocampus. However, when compared with the whole
hippocampus, the amygdala displayed more severe neurodegeneration, on both day 1 and day 7 after
soman exposure. Testing the protective efficacy of drugs against nerve agent-induced brain damage
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should include examination of the ventral hippocampus and the posteroventral regions of the

amygdala, as these areas are most vulnerable to nerve agent-induced neurodegeneration.
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1. Introduction

Nerve agents are organophosphorus acetylcholinesterase inhibitors (Bajgar, 2005; Barthold
and Schier, 2005; Layish et al., 2005; Lopez-Mufioz et al., 2008). Exposure to nerve agents
can cause death, or, even when death is prevented, brain damage may occur with serious
neurological and behavioral consequences (McDonough et al., 1986; Morita et al., 1995;
Brown and Brix, 1998; Kassa et al., 2001; Bajgar et al., 2004; Myhrer et al., 2005; Joosen et
al., 2009). In acute exposure to toxic levels of a nerve agent, brain damage is primarily due to
the intense seizure activity induced by these agents (Hayward et al., 1990; McDonough et al.,
1995, 2000; Shih et al., 2003; Baille et al., 2005; Myhrer et al., 2005). Identifying the brain
regions that are most vulnerable to nerve agents —in terms of generating seizure activity and
undergoing neuropathological alterations— along with knowledge of the biochemistry and
physiology of these regions can facilitate the development of effective antidotes that will reduce
brain seizures and damage after exposure.

Previous animal studies have suggested that both the amygdala and the hippocampus play a
major role in the generation of seizures by nerve agents, and suffer extensive neuronal damage
after nerve agent exposure (Hayward et al., 1990; Kadar et al., 1992, 1995; Baze, 1993;
McDonough et al., 2000; Shih et al., 2003; Myhrer et al., 2006). The evidence available so far
suggests that of the two structures the amygdala may play the predominant role (for a review
see Aroniadou-Anderjaska et al., 2009). Thus, the amygdala displays the earliest and most
rapid increase in extracellular glutamate after in vivo exposure of rats to the nerve agent soman
(Lallement et al., 1991), while, in vitro, the rat amygdala responds to soman with prolonged
seizure-like neuronal discharges at a time when the hippocampus generates only interictal-like
spikes (Apland et al., 2009). In addition, in guinea pigs, the amygdala displays the most severe
neuropathology of all the brain regions examined after nerve agent exposure (McDonough et
al., 2000; Shih et al., 2003). However, the rodent brain sections used in in vitro
electrophysiology experiments comparing the responses of the amygdala and the hippocampus
to nerve agents (Apland et al., 2009), or in pathology studies after in vivo nerve agent exposure
(for example, Collombet et al., 2007), contain for the most part the dorsal portion of the
hippocampus (relatively anterior coronal brain sections). A number of studies have suggested
that the ventral hippocampus has a significantly greater seizure susceptibility and ability to
propagate seizures to other brain regions compared to the dorsal hippocampus (Racine et al.,
1977; Gilbert et al., 1985; Akaike et al., 2001). As seizure susceptibility may parallel
vulnerability to damage by seizurogenic insults, the ventral hippocampus may suffer more
severe damage than the dorsal hippocampus after nerve agent exposure. If that is the case, then
the hippocampus may actually present more severe damage than the amygdala when the ventral
hippocampus is also taken into account. In the present study, we investigated 1) whether the
ventral hippocampus displays more neuronal degeneration than the dorsal hippocampus after
soman exposure, and 2) how neuronal degeneration in the whole hippocampus compares with
that in the amygdala.
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1. Methods

2.1. Animals

Experiments were performed using male Sprague Dawley rats (Charles River Laboratories,
Wilmington, MA), 5-6 weeks old, weighing 150-250 g at the start of the experiments. Animals
were individually housed in an environmentally controlled room (20-23°C, 12-h light/12-h
dark cycle, lights on 6:00 am), with food and water available ad libitum. The animal care and
use programs at the U.S. Army Medical Research Institute of Chemical Defense and the
Uniformed Services University of the Health Sciences are accredited by the AAALAC
International. All animal experiments were conducted following the Guide for the Care and
Use of LaboratoryAnimals (Institute of Laboratory Animal Resources, National Research
Council), and were approved by the Institutional Animal Care and Use Committee.

2.2. Experimental procedures

Soman (pinacoyl methylphosphonofluoridate; obtained from the U.S. Army Edgewood
Chemical Biological Center, Aberdeen Proving Ground, MD, USA) was diluted in cold saline,
and administered via a single subcutaneous (s.c.) injection (154 pg/kg, 1.4 x LDsp). To increase
survival rate, all rats were administered an intraperitoneal (i.p.) injection of HI-6 (1-(2-
hydroxyiminomethylpyridinium)-3-(4-carbamoylpyridinium)-2-oxapropane dichloride; 125
mg/kg), 30 min prior to soman. HI-6 is a bispyridinium oxime that can reactivate inhibited
acetylcholinesterase, peripherally (Bajgar, 2005). Within 1 min after soman exposure, all rats
also received an intramuscular (i.m.) injection of atropine methyl nitrate (4 mg/kg, Sigma, St.
Louis, MO) to minimize peripheral toxic effects. All animals developed status epilepticus (SE),
and were injected with diazepam (10 mg/kg i.m.) 2 hours after SE onset to stop the behavioral
seizures. Animals that continued to experience convulsions received s.c. injections of lactated
Ringer’s solution (total of 5 ml in divided doses) late in the afternoon of the day of the
experiment, and again the following morning.

Behavioral seizures were characterized according to the Racine Scale (Racine, 1972; Racine
et al., 1977) with minor modifications: 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, tonic-clonic seizures.

2.3. Fixation & Tissue Processing

Animals surviving soman-induced SE (70.5% survival rate) were used to examine neuronal
degeneration in the amygdala and hippocampus. One day or 7 days after soman exposure, rats
were deeply anesthetized using pentobarbital sodium (75-100 mg/kg, i.p.) and transcardially
perfused with phosphate buffered saline (PBS, 100 ml) followed by 4% paraformaldehyde (200
ml). The brains were removed and post-fixed overnight at 4° C, then transferred to a solution
of 30% sucrose in PBS for 72 hours, and frozen with dry ice before storage at —80° C until
sectioning. A 1-in-5 series of sections containing the rostro-caudal extent of the amygdala and
the hippocampus was cut at 40 um thickness on a sliding microtome. One series of sections
was mounted on slides (Superfrost Plus, Daigger, Vernon Hills, IL) for Nissl staining with
cresyl violet. An adjacent series of sections was also mounted on slides for Fluoro-Jade C (FJC)
staining.

2.4. Fluoro-Jade C Staining

FJC (Histo-Chem, Jefferson, AK) was used to identify irreversibly degenerating neurons in
the amygdala and hippocampus, at 1 or 7 days after soman exposure. Mounted sections were
air-dried overnight, and then immersed in a solution of 1% sodium hydroxide in 80% ethanol
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for 5 min. The slides were then rinsed for 2 min in 70% ethanol, 2 min in deionized H,0
(dH»0), and incubated in 0.06% potassium permanganate solution for 10 min. After a 2-min
rinse in dH,0, the slides were transferred to a 0.0001% solution of FJC dissolved in 0.1%
acetic acid for 10 minutes. Following three 1-min rinses in dH,0, the slides were dried on a
slide warmer, cleared in xylene for at least 1 min, and coverslipped with p-Xylene-bis(N-
pyridinium bromide) (DPX; Sigma).

2.5. Evaluation of Fluoro-Jade C

From an adjacent series of Nissl-stained sections, tracings were made of the amygdala and
individual amygdala nuclei: basolateral nucleus (BL), lateral nucleus (La), central nucleus
(Ce), medial nucleus (Me), and basomedial nucleus (BM). In addition, tracings were made of
the dorsal and ventral hippocampus, as well as individual hippocampal subfields (CA1, CA3,
and hilar regions), including the dentate gyrus (DG). The tracings from the Nissl-stained
sections were superimposed on the FJC-stained sections. For qualitative analysis of FJC-
stained sections, the following rating system —initially described by McDonough et al.
(1995, 2000) and later applied for FJC-stained sections by Myhrer et al. (2005) — was used
to score the extent of neuronal degeneration (neuropathology score) in each structure and
substructures: 0 = no neuropathology; 1 = minimal neuropathology (1-10% of the neuronal
population was FJC-stained); 2 = mild neuropathology (11-25%); 3 = moderate
neuropathology (26-45%); and 4 = severe neuropathology (>45%). Qualitative assessment
using this scale has been previously shown to produce results that are in agreement with
quantitative assessments (Qashu et al., 2009). The scores for neurodegeneration present on
FJC-stained sections were assessed considering the density of cells from Nissl-stained sections.
The extent of neurodegeneration was assessed in sections between the coordinates —2.40 and
—3.36 from bregma for the amygdala and dorsal hippocampus, and in sections between
coordinates —5.4 and —6.36 from bregma for the ventral hippocampus. Neurodegeneration in
anterior/dorsal (anterodorsal) amygdala nuclei was assessed in sections between the
coordinates —2.04 and —2.4 from bregma, while neurodegeneration in posterior/ventral
(posteroventral) amygdala nuclei was assessed in sections between the coordinates —3.12 and
—3.48 from bregma. When the “whole amygdala” and the “whole hippocampus” were
considered, neurodegeneration was assessed along the anterior to posterior extent, at 600 um
intervals. The coordinates and tracings of brain structures and substructures were based on
Paxinos and Watson (2005).

2.6. Statistical Analysis

3. Results

Neuropathology scores were compared between paired samples (e.g., dorsal versus ventral
regions for the hippocampus, or anterior versus posterior sections for the amygdala) using the
Wilcoxon test. Among more than two structures or substructures, comparisons were made
using the nonparametric Friedman test, followed by the Wilcoxon test when the Friedman test
revealed statistical significance among groups/regions. Differences were considered
significant when p < 0.05. All statistical values are presented as median and the interquartile
range (IQR, the values at the 251" and 75™ percentiles). Sample sizes (n) refer to the number
of rats.

By 10 min after soman injection, all soman-exposed rats reached stage 3 of behavioral seizures
and went on to develop SE. All animals continued to display characteristic behaviors of
generalized seizures (stages 4, 5 and 6) for at least 2 hrs after seizure onset. Under the conditions
of this study, the 24-h lethality was 29% (5 of 17). Six of the surviving animals were used to
study neurodegeneration 1 day after soman exposure, and another 6 rats were studied 7 days
after exposure.
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3.1. Neuronal degeneration in the hippocampus

One day after soman-induced SE, the extent of neuronal degeneration in the dorsal
hippocampus was minimal (median=1, IQR = 1~2), while in the ventral hippocampus it was
moderate to severe (median=3.5, IQR= 3~4; p < 0.05, Fig. 1). When individual hippocampal
subfields were examined, in the dorsal region, neurodegeneration was mild in the CAl and
CAZ3 areas, moderate in the hilus, whereas there were virtually no degenerating neurons in the
granule cell layer of the DG. The moderate neurodegeneration of the hilus was significantly
greater than that in the other subfields. In the ventral hippocampus, all hippocampal subfields
displayed moderate to severe neurodegeneration, which was significantly greater than that of
the respective subfields in the dorsal hippocampus, with the exception of the DG, where
neuronal degeneration was negligible in the ventral hippocampus as well; the differences
between subfields within the ventral region were not statistically significant (Fig. 1).

Seven days after soman-induced SE, there were still differences between the dorsal and ventral
hippocampus in the extent of neuronal degeneration, but the variability among animals was
high, and the differences were not statistically significant. Thus, neurodegeneration in the
dorsal hippocampus was mild (median=1.75, IQR=0.75~2.75), while in the ventral
hippocampus it was moderate to severe (median=3, IQR=2.25~4; p = 0.68, Fig. 2). When
individual hippocampal subfields were examined, in the dorsal region, neurodegeneration was
moderate in the hilus, minimal in the CA1 and CA3 areas, and absent in the DG. In the ventral
hippocampus, except for the DG which had only minimal neurodegeneration, all other
hippocampal subfields displayed moderate to severe neuropathology (Fig. 2).

3.2. Neuronal degeneration in the amygdala

In the amygdala, 1 day after SE, the extent of neuronal degeneration was greater in the posterior
sections (median=4, IQR=3~4) compared to the anterior sections (median =3, IQR=2.75~3.25;
Fig. 3), but the variability among animals was high and these differences were not statistically
significant. When individual nuclei were examined, neurodegeneration in the La, BL, and Me
was significantly greater in the posteroventral regions compared to the same nuclei in the
anterodorsal regions (Fig. 3). In contrast, the BM nucleus showed significantly greater
neurodegeneration in the anterodorsal versus the posteroventral sections. Neurodegeneration
inthe central nucleus was not significantly different in the anterior versus the posterior sections.
Among the anterodorsal nuclei, the BM displayed significantly greater neurodegeneration
(moderate to severe) than the Ce and Me where neurodegeneration was moderate, as well as
the La and BL where it was minimal. Among the posteroventral nuclei, neurodegeneration was
moderate to severe in the La and Me, and moderate in the BL, BM, and Ce; these differences
were not statistically significant (Fig. 3).

Seven days after soman-induced SE, there was no significant difference in the extent of
neurodegeneration in the anterior versus the posterior sections of the amygdala (median=3,
IQR=3~3.25 for both regions; Fig. 4). However, when individual nuclei were examined, the
posteroventral La and Me nuclei had significantly greater neuropathology score than the
anterodorsal La and Me, whereas the BM nucleus still displayed significantly greater
neurodegeneration in the anterodorsal region (Fig. 4). Among the anterodorsal nuclei, the BM
had moderate to severe neurodegeneration, which was significantly greater than the La, BL,
Ce, and Me where neurodegeneration was relatively mild. Among the posteroventral nuclei,
neurodegeneration in the Me nucleus was moderate to severe, in the La it was moderate, and
inthe BL, BM, and Ce it was milder (Fig. 4); these differences were not statistically significant.

3.3. Comparisons of neuronal degeneration in the hippocampus versus the amygdala

Comparison of the neuropathology scores of the hippocampal subfields (Figs. 1G and 2G) and
amygdalar nuclei (Figs. 3G and 4G) gives the following order of the different subregions, when

Neurotoxicology. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Apland et al.

Page 6

ordered from the most severe to the least severe neuronal degeneration they displayed: On day
1 after SE, posteroventral Me = ventral hilus =~ ventral CA1 > posteroventral La = anterodorsal
BM > posteroventral Ce ~ posteroventral BL = ventral CA3 = dorsal hilus > posteroventral
BM =~ anterodorsal Me ~ anterodorsal Ce > dorsal CA3 > anterodorsal La ~ anterodorsal BL
~ dorsal CAl > ventral DG = dorsal DG; on day 7 after SE, posteroventral Me ~ ventral CA1
~ ventral CA3 > ventral hilus > posterovenral La ~ anterodorsal BM = dorsal hilus >
posteroventral BL ~ posteroventral BM =~ anterodorsal Me > anterodorsal BL > anterodorsal
LA = anterodorsal Ce ~ posteroventral Ce > dorsal CA1 = ventral DG > dorsal CA3 > dorsal
DG.

Neurodegeneration in the whole amygdala (anterodorsal to posteroventral regions) was
significantly greater than that in the dorsal hippocampus, but did not differ significantly from
neurodegeneration in the ventral hippocampus (compare the first set of bars on Figs. 1G and
3G for day 1 after SE, and Figs. 2G and 4G for day 7 after SE). When the whole amygdala was
compared with the whole hippocampus (dorsal to ventral), the extent of neuronal degeneration
in the amygdala was significantly greater than that in the hippocampus, both on day 1 and day
7 after SE (Fig. 5). Neurodegeneration in the amygdala was also significantly greater when
compared with individual hippocampal subfields (CA1, CA3, hilus, and DG, throughout the
dorsal to ventral extent of the hippocampus) on day 1, but not on day 7 after SE.

4. Discussion

The amygdala and the hippocampus are well known for their high propensity to generate
epileptic activity, and, as seizure intensity and duration often parallel pathological damage
(Hayward et al., 1990; Baze, 1993; Kadar et al., 1995; McDonough et al., 1995, 2000; Shih et
al., 2003; Baille et al., 2005; Myhrer et al., 2005), these brain structures can be expected to be
susceptible to damage induced by seizurogenic insults. In the present study, we found that both
the hippocampus and the amygdala display significant neurodegeneration after two-hours of
SE induced by soman administration. Neuronal degeneration was severe in the ventral
hippocampus, and significantly greater than that in the dorsal hippocampus. In addition, the
posteroventral regions of the amygdala displayed more severe neuropathology than the
anterodorsal regions. Overall, when the whole hippocampus and amygdala were compared,
neurodegeneration was greater in the amygdala.

4.1. Mechanisms of nerve agent-induced neurodegeneration

After nerve agent exposure, neuronal degeneration and loss are primarily caused by strong
seizure activity. Thus, the extent to which seizures are pharmacologically controlled after nerve
agent administration correlates well with the degree of protection against neuropathology
(McDonough et al., 1995, 2000; Shih et al., 2003). Seizure activity is initiated by cholinergic
mechanisms, but is sustained and reinforced by the engagement of glutamatergic mechanisms
(McDonough and Shih, 1997); neuronal damage is probably caused by glutamate-mediated
excitotoxicity (Lallement et al., 1992; McDonough and Shih, 1997; Solberg and Belkin,
1997).

4.2. Neuronal degeneration in the hippocampus

Prior studies have shown significant damage in the hippocampus after soman (Kadar et al.,
1992) or sarin (Kadar et al., 1995) administration, but damage in the ventral versus the dorsal
hippocampus has not been examined previously. There is evidence indicating that compared
to the dorsal hippocampus, the ventral hippocampus clearly has a higher propensity to generate
seizures and propagate them to other brain regions (Gilbert et al., 1985; Wu et al., 2005). A
greater propensity for seizure generation does not necessarily imply a greater susceptibility to
seizure-induced damage, as the seizure-prone structure could be endowed with mechanisms
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that resist pathological alterations. However, the results of the present study indicate that the
ventral hippocampus is indeed more susceptible to neuronal damage than the dorsal
hippocampus. Thus, on day 1 after soman-induced SE, the ventral hippocampus, as well as the
individual hilar, CA1, and CA3 areas of the ventral hippocampus, displayed greater neuronal
degeneration than the corresponding dorsal structures. A week later, similar differences
between the dorsal and ventral regions were still present, but variability among animals was
high, and the differences were not statistically significant. Substantial variability is commonly
seen in this type of experiments (see for example Myhrer et al., 2005), and it may be due, in
part, to the difficulty in precisely controlling the intensity and duration of SE to the same level
in all animals. One of the reasons for the increased variability one week after SE compared
with the first day after SE probably relates to the time factor; in addition to the variable “number
of degenerating neurons,” the variable “rate of neuronal degeneration and loss” also comes
into play during the elapsed time, and this latter variable can be expected to vary considerably
among animals.

Interestingly, the granule cell layer of the DG was not significantly affected in either the dorsal
or the ventral hippocampus, at either time point. In contrast, the hilar region appeared to be
particularly susceptible to soman-induced neuronal degeneration. Resistance of the DG/
granule cells to seizure-induced damage and a high susceptibility of the hilus have also been
seen in response to other seizure- and SE-inducing insults (Freund et al., 1992; Choi et al.,
2007). Although the reasons for that are not quite clear (see Freund et al., 1992; Bouilleret et
al., 2000; Choi et al., 2007), the somatostatin-containing interneurons of the hilar region are
known to be very susceptible to seizure-induced damage (Freund et al., 1992; Choi et al.,
2007).

4.3. Neuronal degeneration in the amygdala

The amygdala has been shown to suffer the most extensive neuronal loss after nerve agent
exposure, in guinea pigs (Shih et al., 2003), while in rats, the frequency of damage in the
amygdala is exceeded only by that in the piriform cortex (McDonough et al., 1995). However,
which amygdala regions are most susceptible to damage by nerve agents has not been
investigated previously. Here, we found that overall (combined nuclei) neuronal degeneration
in the anterior versus the posterior sections of the amygdala did not differ significantly.
However, with the exception of the BM (also called accessory basal nucleus; for a review on
the nomenclature/anatomy and function of the amygdala nuclei see Sah et al., 2003), which
displayed more neurodegeneration in the anterodorsal part, the other major nuclei examined
(La, BL, Me) were more damaged in the posteroventral than in the anterodorsal regions.

The regional pattern of neuropathology in the amygdalar nuclei seen in the present study in
response to soman resembles that observed previously after kainic acid-induced SE (Tuunanen
etal., 1996); this suggests that neuronal damage is caused primarily by the seizures, irrespective
of the mechanisms that initiated the seizures. A major characteristic of this damage pattern is
the higher vulnerability of the ventral and medial regions of the amygdala (Tuunanen et al.,
1996; Pitkanen et al., 1998). Importantly, greater damage in the ventral portions of the
amygdala is also seen in humans with temporal lobe epilepsy (Meyer et al., 1955).

4.4. Implications

Along with previous literature (Hayward et al., 1990; Kadar et al., 1992; Baze, 1993; Myhrer
et al., 2006; McDonough et al., 2000; Shih et al., 2003), the present study indicates that the
hippocampus and, particularly, the amygdala are two of the brain regions that are most
susceptible to seizure-induced damage elicited by soman. Damage to the hippocampus and the
amygdala can produce serious cognitive and behavioral deficits —such as memory impairment,
difficulty in processing the emotional significance of sensory information, and mood
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disturbances— and may underlie the behavioral abnormalities seen after nerve agent exposure
(McDonough et al., 1986; Morita et al., 1995; Brown and Brix, 1998; Kassa et al., 2001; Bajgar
et al., 2004; Myhrer et al., 2005; Joosen et al., 2009). Furthermore, the non-uniform damage
of these structures, whereby certain regions are severely damaged and others only mildly
affected, may facilitate epileptogenesis and generation of spontaneous seizures (Pitkanen et
al., 1998). The knowledge gained by the present study can guide the development of
pharmacological treatments that can prevent brain damage after nerve agent exposure. Testing
of potential treatments should take into consideration the high susceptibility of the ventral
hippocampus and the posteroventral amygdala to nerve agent induced-neuropathology;
therefore, the extent to which these brain regions are protected by a prospective antidote should
be investigated. To target the protection of these regions further knowledge is also needed on
the biochemical, physiological, or other mechanisms that render the ventral hippocampus and
the posteroventral regions of the amygdala most vulnerable to nerve agent-induced
neuropathology.
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Fig. 1. Neuronal degeneration is greater in the ventral hippocampus compared to the dorsal
hippocampus, 1 day after soman-induced SE

A, B. Photomicrographs of panoramic Nissl-stained coronal brain sections showing the dorsal
(A) and ventral (B) hippocampus. C, D, E, F. Photomicrographs of Fluoro-Jade C-stained
sections showing the dorsal (C, E) and ventral (D, F) hippocampal subfields (scale bar is 300
for both magnifications). G. Bar graph showing medians and interquartile range (IQR) of the
neuropathology scores for the whole hippocampus, CAl and CA3 subfields, hilar region, and
granule cell layer of the dentate gyrus (IQR bar is not present in the CAL area of the ventral
hippocampus because there was no variability among animals in the neuropathology score).
*p < 0.05 for comparisons between dorsal and ventral regions. #p < 0.05 for comparisons
between the dorsal hilus and the other dorsal hippocampal subfields.
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Fig. 2. Neuronal degeneration in the dorsal and ventral hippocampus, 7 days after soman-induced
SE

A, B. Photomicrographs of panoramic Nissl-stained coronal brain sections showing the dorsal
(A) and ventral (B) hippocampus. C, D, E, F. Photomicrographs of Fluoro-Jade C-stained
sections showing the dorsal (C, E) and ventral (D, F) hippocampal subfields (scale bar is 300
for both magnifications). G. Bar graph showing medians and interquartile range of the
neuropathology scores for the whole hippocampus, CAl and CA3 subfields, hilar region, and
granule cell layer of the dentate gyrus (DG).
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Fig. 3. Neuronal degeneration in amygdalar nuclei, 1 day after soman-induced SE

A, B. Photomicrographs of panoramic Nissl-stained coronal brain sections showing the anterior
(A) and posterior (B) amygdala. C, D. Photomicrographs of Fluoro-Jade C-stained sections of
the amygdala, outlining the studied nuclei in the anterior and posterior amygdala (La-yellow;
BL-red; BM-orange; Ce-blue; Me-purple). Contours are traced in solid lines for the anterior
and dorsal (“anterodorsal™) subdivisions and in dashed lines for the posterior and ventral
(“posteroventral”) subdivisions. E, F. Photomicrographs of Fluoro-Jade C-stained sections
showing the different anterodorsal and posteroventral amygdala nuclei (scale bar is 300u for
both magnifications). G. Bar graph showing medians and interquartile range of the
neuropathology scores for the anterior and posterior sections of the amygdala, and individual
amygdala nuclei (solid colors for the anterodorsal and transparent colors for the posteroventral
nuclei). *p < 0.05 for comparisons between the anterodorsal and posteroventral regions. #p <
0.05 for comparisons between the anterodorsal BM nucleus and the other anterodorsal nuclei.
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Fig. 4. Neuronal degeneration in amygdalar nuclei, 7 days after soman-induced SE

A, B. Photomicrographs of panoramic Nissl-stained coronal brain sections showing the anterior
(A) and posterior (B) amygdala. C, D. Photomicrographs of Fluoro-Jade C-stained sections of
the amygdala, outlining the studied nuclei in the anterior and posterior amygdala (La-yellow;
BL-red; BM-orange; Ce-blue; Me-purple). Contours are traced in solid lines for the anterior
and dorsal (“anterodorsal”) subdivisions and in dashed lines for the posterior and ventral
(“posteroventral”) subdivisions. E, F. Photomicrographs of Fluoro-Jade C-stained sections
showing the different anterodorsal and posteroventral amygdala nuclei (scale bar is 300u for
both magnifications). G. Bar graph showing medians and interquartile range of the
neuropathology scores for the anterior and posterior sections of the amygdala, and individual
amygdala nuclei (solid colors for the anterodorsal and transparent colors for the
posteroventral). *p < 0.05 for comparisons between the anterodorsal and posteroventral
regions. #p < 0.05 for comparisons between the anterodorsal BM nucleus and the other
anterodorsal nuclei.
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Fig. 5. Neuronal degeneration in the amygdala is significantly greater than that in the hippocampus,
after soman-induced SE

When the whole amygdala and the whole hippocampus were compared (average
neurodegeneration score from sections along the anterodorsal to posteroventral axis), the
amygdala displayed greater damage than the hippocampus, on both day 1 (A) and day 7 (B)
after SE. Amygdala damage was also greater when compared with individual hippocampal
subfields along the extent of the hippocampus, on day 1 but not on day 7 after SE. The bars
show the medians and interquartile range. Asterisks indicating statistical significance (p <0.05)
have been placed on the bars that are statistically lower than the bar depicting amygdala
neuropathology.
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