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ABSTRACT

Title of Dissertation: The Efficacy of LY293558 in Blocking Seizures and Associated
Morphological, and Behavioral Alterations Induced by Soman in Immature Male Rats
and the Role of the M1 Muscarinic Acetylcholine Receptor in Organophosphate Induced
Seizures
By

Steven L. Miller, Doctor of Philosophy, 2015

Thesis directed by: Dr. Maria Braga, D.D.S., Ph.D.,
Professor, Department of Anatomy, Physiology, and Genetics

Department of Psychiatry, Program in Neuroscience

Poisoning by organophosphorous compounds (OPSs) can produce severe
symptoms including seizures or status epilepticus (SE), and if left untreated results in
long-term brain damage and neuropsychiatric symptoms or death. OPs produce their
toxic effects by irreversibly inhibiting the enzyme acetylcholinesterase (AChE), which
subsequently causes a hyperstimulation of the muscarinic acetylcholine receptors
(mAChRs) and the nicotinic acetylcholine receptors (NnAChRs). The use of OP nerve
agents in attacks in Syria recently highlighted the importance of developing treatments
for all ages, but specifically, this attack highlighted the importance of developing
treatments for seizures induced by OP intoxication for children. We developed an

immature rat model appropriate for testing novel anticonvulsants against the nerve agent
vii



soman. Using postnatal day 21 male rats (P21), we found them to be highly susceptible to
seizure induction and mortality induced by soman exposure. Soman exposure in P21 rats
produced profound reduction in the activity of AChE in numerous brain regions but
suggested that this reduction must occur specifically in the basolateral amygdala (BLA)
to produce seizures as animals that did not experience seizures still retained higher AChE
activity within the BLA. Seizures, if treated within 20 min or 60 min post-soman
exposure could be arrested with the administration of atropine sulfate (ATS) or the
GluK1-subunit containing Kainate (GluK1KR)/a-Amino-3-hydroxy-5-methyl-4-
isoxazolepropionic Acid (AMPA) Receptor Antagonist LY 293558, respectively. We also
found an additional GIuK1KR antagonist, UBP302 to be efficacious in arresting soman-
induced seizures when treatment was administered at 60 min post-exposure. Delayed
posttreatment with LY293558 blocked volumetric reductions in the amygdala and
hippocampus induced by soman exposure that was observed 30 or 90 days post-soman
exposure in rats that did not receive LY293558 treatment. LY293558 treatment prevented
an increase in anxiety-like behavior and deficits in fear conditioning at 30 days post-
soman exposure. These results provide a rodent model relevant to the pediatric
population for studying novel anticonvulsants for soman intoxication and identify
treatments that are efficacious against soman-induced seizures and in preventing the
associated long-term effects.

Hyperstimulation of mAChRs, within the BLA, is thought to be responsible for
seizure induction following OP intoxication. To date, it has not been elucidated what
specific subtypes of MAChRs are involved in seizure induction, nor how their stimulation

produces an excitatory state. We found that the OP paraoxon (POX), through stimulation

viii



of the M; mAChR subtype, facilitates a net increase in the ratio of spontaneous excitatory
postsynaptic currents to spontaneous inhibitory postsynaptic currents within the BLA.
We also found that antagonizing M mAChRs in vivo in rats suppressed the severity of
seizures induced by either POX or soman, indicating a critical role for these receptors for

seizure induction following OP intoxication.
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graph). The total charge transferred by sIPSCs or SEPSCs during a 20 s time-
window, 10 min after paraoxon application, was expressed as a percentage of the
total charge transferred, during 20 s, in control conditions. Only when there was no
atropine or VU0255035 in the slice medium, the total charge transferred by sIPSCs
and sEPSCs was increased by paraoxon, and the difference between the increase in
sIPSCs and the increase in SEPSCs was statistically significant (***P < 0.001)..... 64
Figure 14. Semi-quantitative analysis of mouse mAChR gene expression. Density and
intensity was analyzed using the semi-quantitative scale published on the website for
the Allen Institute for Brain Science (3). A - Representative images of sagittal
sections of mouse BLA for each age and gene analyzed in the analysis. B -
Quantification of the density and intensity for each age and gene in the analysis.
Chrm5 was not detected in the analysis. "Chrm" designation indicates mouse gene
names (e.g. Chrm1 refers to MACHR SUBtype 1).....cccooiiiiiiiiiniiceeeeee e 81
Figure 15. ASIC1la channels are present on BLA interneurons. (a) Typical linear currents
(In is absent) recorded from interneurons in response to hyperpolarizing voltage
steps in voltage-clamp (v-clamp) mode (left), and an example of fast, non-
accommodating spiking of interneurons in response to current injection in the
current-clamp (c-clamp) mode (right). (b) Brief (200 ms) pressure application of
acidified solution (left), or 40 mM ammonium (right) induced inward currents in
interneurons, which were increased by lowering the bath temperature. (c) Currents
evoked in interneurons by acidified solution or 40 mM ammonium were blocked by
2 mM flurbiprofen. (d) In the current clamp mode, bath application of 5 mM
ammonium induced high-frequency firing of interneurons. In (b) and (c), holding
potential is -70 mV. In (b), (c), and (d), recordings are in the presence of CNQX (10
uM), D-APS5 (50 uM), bicuculline (20 pM), and SCH50911 (10 pM)....ocvvvevrennnenn 93
Figure 16. ASIC1la channels are present on BLA principal neurons. (a) Currents recorded
from principal neurons in response to hyperpolarizing voltage steps in voltage-clamp
(v-clamp) mode (left; notice the presence of I), and an example of accommodating
firing in response to current injection in the current-clamp (c-clamp) mode (right).
(b) Pressure application (200 ms) of acidified solution (left), or 40 mM ammonium
(right) induced inward currents in principal cells, which were increased by lowering
the bath temperature. (c) Currents evoked in principal cells by acidified solution or

XVii



40 mM ammonium were blocked by 2 mM flurbiprofen. (d) In the current clamp
mode, bath application of 5 mM ammonium induced bursts of action potentials. In
(b) and (c), holding potential is -70 mV. In (b), (c), and (d), recordings are in the
presence of CNQX (10 uM), D-AP5 (50 uM), bicuculline (20 uM), and SCH50911
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Figure 17. Activation of ASIC1a increases spontaneous inhibitory activity. Recordings
were obtained from BLA principal cells in the presence of CNQX (10 uM), D-APS
(50 uM), and SCH50911 (10 uM), at Vi, = +30 mV. (a) Spontaneous inhibitory
postsynaptic currents (sIPSCs) before, during, and after bath application of 5 mM
ammonium. (b) Amplitude-frequency histogram of sIPSCs before and after bath
application of 5 mM ammonium (n =11); bin width is 5 pA. (c) Group data of the
frequency of sIPSCs in control medium, in 5 mM ammonium, and after washing out
of ammonium (n = 11). (d) sIPSCs before, during, and after application of acidified
ACSF. (e) Amplitude-frequency histogram of sIPSCs in control medium and in pH
6.65 (n = 8); bin width is 5 pA. (f) Group data of the frequency of sIPSCs in control
medium, in low pH, and after return to control medium (n = 8). ***P < 0.001....... 97
Figure 18. Antagonism of ASIC1a reduces spontaneous inhibitory activity. Recordings
were obtained from BLA principal cells in the presence of CNQX (10 uM), D-AP5
(50 uM), and SCH50911 (10 uM), at Vi, = +30 mV. (a) sIPSCs in control medium,
in the presence of bath-applied flurbiprofen (2 mM), and after a 10 min-wash.
Flurbiprofen suppressed sIPSCs, with no significant effect on the amplitude of
GABAA-mediated currents evoked by pressure-applied GABA (arrowheads; 400
mM GABA, 200 ms). The lower traces show, in an expanded view, the last 5 s of
the upper traces. (b) Amplitude-frequency histograms for sIPSCs in control medium
and in the presence of 2 mM flurbiprofen, for the cell shown in (a) (bin size, 10 pA).
(c) Group data of the frequency of sIPSCs in control medium and in the presence of
2 mM flurbiprofen (n =7, ***P < 0.001). (d) sIPSCs before, during, and after bath-
applied PcTx1 venom (1:1000 dilution of the 100 pul lyophilized, milked venom).
PcTx1 suppressed sIPSCs, with no significant effect on the amplitude of GABAA-
mediated currents evoked by pressure-applied GABA. The lower traces show, in an
expanded view, the last 5 s of the upper traces. (€) Amplitude-frequency histograms
for sIPSCs in control medium and in the presence of PcTx1, for the cell shown in (d)
(bin size, 10 pA). (f) Group data of the frequency of sIPSCs in control medium and
in the presence of PCTX1 (N =4, **P < 0.01). ocveiviiiiiieeceseee e 99
Supplementary Figure 1: The non-specific ASIC1la antagonists Nafamostat mesylate
(NM) and amiloride reduce GABAA receptor-mediated currents. The recordings
shown are from principal BLA neurons in the presence of 10 uM CNQX, 50 uM D-
AP5, and 10 uM SCH50911 (Vi = +30 mV). (a) Currents evoked by pressure-
applied GABA (400 mM, 200 ms) were blocked by bicuculline (40 uM). (b) NM
(200 uM) nearly blocked GABA-evoked currents. (c) Amiloride also reduced the
GABAA receptor-mediated CUITENTS. ......c.evveieeriiiie e 102
Figure 19. Activation of ASIC1a increases the excitatory drive of interneurons.
Recordings are from interneurons at V}, -58 mV and in the presence of D-AP5 (50
uM) and SCH50911 (10 uM). (a) Lowering the pH of the bath increased the
frequency of SEPSCs. The lower current traces in (a) are from the same cell as in the
upper trace, at an expanded view. CNQX (10 uM) blocked the recorded currents. (b)
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Currents evoked by pressure application (arrowhead, 200 ms) of acidified ACSF in
the absence of CNQX, displayed “riding” EPSCs. (c) Pressure application of
ammonium (40 mM, 500 ms) increased the frequency of SEPSCs. (d) Bath
application of flurbiprofen (1 mM) decreased the frequency of SEPSCs................ 104
Figure 20. The net effect of ASIC1a activation is suppression of BLA excitability. (a) and
(b) Simultaneous recordings of sIPSCs (outward currents) and SEPSCs (inward
currents) were obtained from principal cells at V, -58 mV, and in the presence of D-
APS5 (50 uM) and SCH50911 (10 uM). Bath application of 5 mM ammonium (a), or
acidified solution (b) increased the charge transferred by sIPSCs and sEPSCs; the
increase in the charge transferred by sIPSCs was significantly greater than the
increase in charge transferred by SEPSCs. Example traces are shown in the upper
panels of (a) and (b), and group data are shown in the bar graphs; n =21 in (a) and n
=9in (b), ***P < 0.001. (c) Upper panel shows field potentials evoked in the BLA
by single-pulse stimulation of the external capsule, and lower panel shows
spontaneous field activity recorded in gap-free mode. Recordings are in medium
containing 7 mM K+ and zero Mg++, which induced epileptiform activity. Bath
application of 8 mM ammonium reduced the evoked field potentials and blocked
epileptiform activity. Each of the three field potentials shown in the upper panel is
an average of 10 sweeps; the stimulus artifacts have been truncated for clarity. The
equidistant vertical lines in the traces of spontaneous activity are stimulus artifacts,
as evoked field potentials were sampled during gap-free recordings, by stimulation
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Figure 21. The net effect of ASICla antagonism is reduction of inhibition and increased
excitability. (a) Simultaneous recordings of sIPSCs (outward currents) and SEPSCs
(inward currents) were obtained from principal cells at V, -58 mV, and in the
presence of D-AP5 (50 uM) and SCH50911 (10 uM). Bath application of 2 mM
flurbiprofen decreased the frequency of sIPSCs to a greater extent than that of
SEPSCs. An example is shown in the upper panel, and group data in the bar graphs
(n=9, ***P <0.001). (b) Field potentials evoked in the BLA by stimulation of the
external capsule. Bath application of 2 mM flurbiprofen reversibly increased the
amplitude of the evoked responses. Each trace is an average of 10 sweeps........... 109
Figure 22. In vivo activation of ASIC1a in the BLA suppresses anxiety-like behavior,
while antagonism of ASIC1a increases anxiety. (a) In the open field test, the rats
spent significantly more time in the center, after microinjection of ammonium
bilaterally into the BLA (left graph), and significantly less time in the center, after
microinjection of psalmotoxin into the BLA (right graph), compared to the time they
spent in the center of the open field when injected with the vehicle. (b) In the light-
dark box test, rats microinjected with ammonium bilaterally into the BLA took a
significantly longer time to enter the dark compartment, and spent more total time in
the light compartment compared to rats injected with the vehicle. *P < 0.05........ 111
Figure 23. DZP terminates soman-induced SE, but does not reduce the total duration of
SE within the 24 h period after soman exposure, as seizures return; UBP302 reduces
the total duration of SE within 24 h. (A) and (B) Example traces from EEG
recordings showing that both DZP and UBP302—-administered 1h after soman—
terminated the SE induced by soman, but seizure activity returned after DZP
administration. (C) Duration of initial SE and total duration of SE within 24 h after
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soman exposure, when DZP and UBP302 were administered at 1 h after soman
injection. The three bars on the left show the duration of the initial SE (the SE that
started 5 to 15 min after soman exposure and was terminated by DZP or UBP302, or
spontaneously in the SOMAN group), while the three bars on the right show the
total duration of SE. SOMAN, n = 4; SOMAN+DZP, n = 6; SOMAN+UBP302, n =
8. (D) Duration of initial SE and total duration of SE within 24 h after soman
exposure, when DZP and UBP302 were administered at 2 h after soman injection.
The three bars on the left show the duration of the initial SE, while the three bars to
the right show the total duration of SE. SOMAN, n = 4; SOMAN+DZP, n = 4;
SOMAN+UBP302, n = 4. *P < 0.05, **P < 0.01 and ***P < 0.001 in comparison to
the SOMAN group (ANOVA followed by Bonferroni post-hoc test for the initial SE
and ANOVA followed by Games-Howell post-hoc test for total SE). *P < 0.05,
**P < (.01 for the comparisons between the DZP-treated and the UBP302-treated
groups (ANOVA followed by Fisher’s LSD test). .....ccccevervieresieiieeieseeseeie e 133
Figure 24. The number of convulsive seizures that recurred in the DZP-treated rats after
termination of the initial SE was greater than in the UBP302-treated rats. (A) EEG
baseline before soman exposure. (B) Representative recording of a convulsive
seizure recurring after termination of the initial SE by DZP, and its correspondence
with the behavioral seizure observations. (C) Number of convulsive seizures that
occurred after cessation of the initial SE, within the remaining time of the 24 h
period after soman exposure. SOMAN, n = 4; SOMAN+DZP, n = 6;
SOMAN+UBP302, n = 8. **P < 0.01, significantly higher compared to the
SOMAN+UBP302 group and the SOMAN group (ANOVA followed by Holm-
SidaK POST-NOC TEST). ..evveieieieeii e sr e aenreas 134
Figure 25. UBP302, but not DZP, administered 1 h after soman exposure, reduced
neuronal degeneration in the amygdala, hippocampus, and neocortex, 1 day after the
exposure. (A) and (B) Panoramic photomicrographs of Nissl-stained sections
showing the brain regions evaluated by FJC staining. (C) Representative
photomicrographs of FJC-stained sections from the brain regions where neuronal
degeneration was evaluated, for the SOMAN, SOMAN+DZP, and
SOMAN-+UBP302 groups. Total magnification is 100x. Scale bar is 50 um. (D)
Neuropathology scores (median and interquartile range) for the SOMAN,
SOMAN+DZP, and SOMAN+UBP groups (n = 6 for each group) for the amygdala
(Amy), piriform cortex (Pir), entorhinal cortex (Ent), the CAL, CAS3, and hilar areas
of the ventral hippocampus, and neocortex (neo-Ctx). *P < 0.05, **P < 0.01 in
comparison to the SOMAN group (Mann-Whitney U test)..........cccooevivrivniveiennnen. 136
Figure 26. UBP302, but not DZP, administered 1 h after soman exposure, reduced
neuronal loss in the BLA and the CA1 hippocampal area, 1 day after the exposure.
(A) Panoramic photomicrographs of Nissl-stained half hemispheres outlining the
amygdalar nucleus and the hippocampal subfield where stereological analysis was
performed. (B) Representative photomicrographs of Nissl-stained sections showing
BLA and CAL1 cells from the CONTROL, SOMAN, SOMAN+DZP and
SOMAN+UBP302 groups. Total magnification is 630x and scale bar is 50 pum. (C)
and (D) Group data (mean and standard error; n = 6 for each group) of stereological
estimation of the total number of Nissl-stained neurons in the BLA (left) and CA1
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area (right). **P < 0.01, ***P < 0.001 in comparison to CONTROL, *P < 0.01 in
comparison to the SOMAN group (ANOVA, Dunnett post-hoc test).................... 137
Figure 27. UBP302, but not DZP, administered 1 h after soman exposure, reduced
neuronal degeneration in the amygdala, CA1 and CA3 dorsal hippocampal areas,
and entorhinal cortex, 7 days after the exposure. (A) and (B) Panoramic
photomicrographs of Nissl-stained sections showing the brain regions evaluated by
FJC staining. (C) Representative photomicrographs of FJC-stained sections from the
brain regions where neuronal degeneration was evaluated, for the SOMAN,
SOMAN+DZP, and SOMAN+UBP302 groups. Total magnification is 100x. Scale
bar is 50 pm. (D) Neuropathology scores (median and interquartile range) for the
SOMAN, SOMAN+DZP, and SOMAN+UBP groups (n = 6 for each group), for the
amygdala (Amy), piriform cortex (Pir), entorhinal cortex (Ent), the CA1, CA3 and
hilar areas of the ventral hippocampus, and neocortex (neo-Ctx). *P < 0.05, **P <
0.01 in comparison to the SOMAN group (Mann-Whitney U test). .......c...ceeuennen. 139
Figure 28. UBP302, but not DZP, administered 1 h after soman exposure, reduced
neuronal loss in the BLA and the CA1 hippocampal area, 7 days after the exposure.
(A) Panoramic photomicrographs of Nissl-stained half hemispheres outlining the
amygdalar nucleus and the hippocampal subfield where stereological analysis was
performed. (B) Representative photomicrographs of Nissl-stained sections showing
BLA and CA1 cells from the CONTROL, SOMAN, SOMAN+DZP and
SOMAN+UBP302 groups. Total magnification is 630x and scale bar is 50 pum. (C)
and (D) Group data (mean and standard error; n = 6 for each group) of stereological
estimation of the total number of Nissl-stained neurons in the BLA (left) and CAl
area (right). *P < 0.05, **P < 0.01, ***P < 0.001 in comparison to CONTROL, P <
0.05 and *P < 0.01 in comparison to the SOMAN group (ANOVA, Dunnett post-
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Figure 29. UBP302, but not DZP, administered 1 h after soman exposure, prevented
GABAergic interneuronal loss in the BLA, 7 days after the exposure. Group data
(mean and standard error; n = 6 for the each group) of stereological estimation of the
total number of GAD67+ neurons in the BLA for the CONTROL, SOMAN,
SOMAN+DZP and SOMAN+UBP302 groups. Representative photomicrographs of
GADG67+ interneurons are shown in the lower panel. Total magnification is 630x
and scale bar is 50 pm. **P < 0.01 in comparison to CONTROL (ANOVA, Dunnett
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Figure 30. UBP302, administered 1 h after soman exposure, reduces neuronal
degeneration in the amygdala, piriform cortex, and CA1 hippocampal area, while
DZP reduces neurodegeneration in the CA1 area, 30 days after the exposure. (A)
and (B) Panoramic photomicrographs of Nissl-stained sections showing the brain
regions evaluated by FJC staining. (C) Representative photomicrographs of FJC-
stained sections from the brain regions where neuronal degeneration was evaluated,
for the SOMAN, SOMAN+DZP, and SOMAN-+UBP302 groups. Total
magnification is 100x. Scale bar is 50 um. (D) Neuropathology scores (median and
interquartile range) for the SOMAN , SOMAN+DZP, and SOMAN+UBP groups (n
= 6 for each group), for the amygdala (Amy), piriform cortex (Pir), entorhinal cortex
(Ent), the CAL, CA3 and hilar areas of the dorsal hippocampus, and neocortex (neo-
Ctx). *P < 0.05 in comparison to the SOMAN group (Mann-Whitney U test)..... 143
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Figure 31. UBP302, but not DZP, administered 1 h after soman exposure, reduced
neuronal loss in the BLA and the CA1 hippocampal area, 30 days after the exposure.
(A) Panoramic photomicrographs of Nissl-stained half hemispheres outlining the
amygdalar nucleus and the hippocampal subfield where stereological analysis was
performed. (B) Representative photomicrographs of Nissl-stained sections showing
BLA and CAL1 cells from the CONTROL, SOMAN, SOMAN+DZP and
SOMAN+UBP302 groups. Total magnification is 630x and scale bar is 50 pum. (C)
and (D) Group data (mean and standard error; n = 6 for each group) of stereological
estimation of the total number of Nissl-stained neurons in the BLA (left) and CAl
area (right). *P < 0.05, **P < 0.01, ***P < 0.001 in comparison to CONTROL; P
< 0.01 in comparison to the SOMAN group (ANOVA, Dunnett post-hoc test). ... 144

Figure 32. UBP302, but not DZP, administered 1 h after soman exposure, protected
against the development of anxiety, 30 days after the exposure. (A) Distance
traveled (Mean £ SE) in the open field. (B) Percentage of time spent in the center of
the Open Field. (C) Amplitude of startle responses to 120 dB and 110 dB acoustic
stimuli. CONTROL, n = 8; SOMAN, n = 10; SOMAN+DZP, n =9;
SOMAN+UBP302, n = 12. *P < 0.05, **P < 0.01 and ***P < 0.001 (ANOVA,
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CHAPTER 1: Introduction

Over 1,400 civilians were killed by rockets loaded with military-grade sarin
during attacks in Damascus, Syria. The victims of this attack, which occurred in August,
2013, resulted in the death of 426 children and exemplifies one of the deadliest uses of
chemical weapons in recent history (81). Nerve agents, like sarin, are categorized as OP
compounds and also include some widely used pesticides. OPs can be extremely lethal
upon exposure; approximately 10% of people exposed to an OP will die from the acute
toxic side effects resulting from exposure (26; 60), indicating the significant public health
concern of OP exposure.

OP compounds exert their toxic effects through their action as irreversible
inhibitors of the enzyme AChE in the peripheral and central nervous system. Irreversible
inhibition of AChE indirectly results in a "cholinergic crisis" and induces a collection of
symptoms, including salivation, lacrimation, urination, defecation, gastrointestinal
motility, emesis, and miosis. In cases of severe poisoning, or if treatment is not
immediately administered, respiratory distress/failure and seizures/SE may result.
Following the binding of an OP compound to AChE, a biochemical process referred to as
"aging" occurs, where the OP becomes permanently bound to AChE, resulting in an
inability to restore AChE enzymatic activity. Time to AChE aging widely varies
depending on the OP compound, but nerve agents, especially the nerve agent soman,
display extremely short times to AChE aging, which makes the window for therapeutic

intervention limited.

BiocHEMICAL MECHANISM OF OP ACTION



AChE is a critically important enzyme in the peripheral and central nervous
system due to its role in the termination of cholinergic neurotransmission. The canonical
role of AChE is the catalytic hydrolysis of acetylcholine (ACh) into acetate and choline
(272). AChE contains a catalytic triad of histidine, glutamate and serine deep within the
core of the enzyme and requires that the substrate for hydrolysis travel down into the
enzyme to be hydrolyzed (263; 272). OPs act as a substrate for AChE; once they interact
with the enzyme, the phosphorous group on the OP forms a covalent bond with the serine
residue within the active site (144). AChE can spontaneously recover its activity with the
OP potentially dissociating, but the rate at which AChE can recover activity varies
depending on the particular AChE-OP conjugate. If bound long enough to an OP, the
active site of AChE undergo dealkylation, which in turn makes this AChE-OP conjugate
permanent and AChE permanently inactive (144). The half-time to AChE aging varies
widely by the specific OP studied, but the rate of aging for AChE-OP conjugates is
highest for the nerve agent class of OPs (265). The aging half-time from the binding of
soman to human AChE has been reported to be as fast as 1.87 min which makes soman
one of the most lethal nerve agents (251) and is the nerve agent studied in this

dissertation.

PROPERTIES OF ORGANOPHOSPHATES: NERVE AGENTS AND PESTICIDES

Pesticides and nerve agents share a similar, primary mechanism of action: the
irreversible inhibition of AChE. Both pesticides and nerve agent organophosphates pose a
high risk to humans due to their potency and exert toxic effects through all potential
routes of exposure. However, the biochemical, chemical and physical properties of these

compounds vary dramatically and must be considered to understand the differences in
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their relative toxicity. See Table 1 for a comparison of the relative toxicities between
pesticides and nerve agents.

Table 1. Physical and Toxicological Properties of Nerve Agents and Pesticides.

Tabun Sarin Soman VX Parathion Dichlorvos Chlorpyrifos Malathion
o Nerve Nerve Nerve Nerve
OP Classification Pesticide Pesticide Pesticide Pesticide
Agent Agent Agent Agent
Subclassification G-Series G-Series G-Series | V-Series Diethyl Diethyl Dimethyl Dimethy!
Molecular Weight
162.13 140.09 182.17 267.37 291.26 220.28 350.59 330.36
(g/mol)
Vapor Pressure
490 22,000 3,900 10.5 6.68 X 10°® 1.2 X102 1.9 X 10°* 3.38 X 10
(mm Hg at 20°C)
Rat Dermal LD50
18 N/A N/A N/A 6.8-49.4 75-107 202 >4,400
(mg/kg)
Rat Oral LD50
3.7 0.55 N/A 0.012 2-22 56-80 155 1000-1375
(mg/kg)
Human Dermal 0.001-
1 0.7 0.35 N/A N/A N/A N/A
LD50 (mg/70 kg) 0.006
Human Oral LD50
N/A 8-12 7-12 5 50-200 500-1000 grams grams
(mg/70 kg)

References: (24; 206; 211; 245; 285). *mm Hg at 25°C.




Organophosphate Pesticides

Organophosphate pesticides are categorized into two groups: diethyl and dimethyl
pesticides. Commonly used dimethyl pesticides include dichlorvos and malathion
whereas commonly used diethyl pesticides include chlorphyrifos and parathion. Of these
pesticides, the World Health Organization (WHO) ranks parathion as the most hazardous,
while dichlorvos, chlorpyrifos, and malathion are less hazardous (144). Hazard rankings
are determined by the WHO based on dermal and oral acute toxicity in the rat, where
dermal medial lethal dose (LDsg) values dictate the hazardous classification of a pesticide
(123). Additionally, if toxic effects in humans are found to be more pronounced,
pesticides are classified into more hazardous categories (310). Enhanced toxicity of
diethyl pesticides can be explained by a relatively slow spontaneous reactivation of
AChE following diethyl pesticide binding to the active site of AChE (100). This also
explains why dimethyl pesticides are classified as less toxic or hazardous due to the faster
spontaneous reactivation of AChE (100). Some of the OP pesticides require a metabolic
conversion to the active, toxic metabolite. Following exposure to these pesticides, liver
oxidases rapidly convert these compounds to an ‘oxon' form, which is the form that binds
to and irreversibly inhibits AChE (286). The precursor, parent compounds are relatively
inactive and exert minimal toxicity on their own prior to conversion into their oxon form
(287). Some of the parent compounds are not substrates that are capable of interacting
with AChE until metabolic conversion to the oxon form (287). Parathion, for example, is
converted by oxidative metabolism to paraoxon and is highly toxic compared to the
parent compound (286). Synthesized in 1944, parathion is one of the most lethal
pesticides (287) and has been used as a chemical weapon in war (189). Specifically, the

Rhodesian Army produced a lethal mixture of parathion by mixing it with dimethyl
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sulfoxide to contaminate clothing left for guerilla rebels to find and wear during the
Rhodesian war (189). Parathion is rarely used in agriculture due to its severe, acute
toxicity in humans, persistence in the environment, and is easily replaced by effective
pesticides that are less toxic to humans (135). Given its high toxicity, and shared
mechanism of action to nerve agents; the active metabolite paraoxon was used for

pharmacological studies in this dissertation.

Organophosphate Nerve Agents

OP nerve agents differ in their toxicity compared to OP pesticides for a variety of
reasons: 1) nerve agents do not require metabolic conversion into an active, toxic form in
order to act as a substrate for AChE and result in the irreversible inhibition of AChE, 2)
AChE aging time is far more rapid for nerve agents than pesticides, and 3) the potency of
nerve agents is dramatically higher compared to pesticides, as doses that are required for
lethal action are far smaller. These characteristics of nerve agents make treatment
challenging as the onset to the most severe symptoms including respiratory distress and

seizures can occur rapidly.

MECHANISM OF ORGANOPHOSPHATE-INDUCED SEIZURES

Following AChE inhibition, synaptic levels of ACh increase drastically and cause
a hyperstimulation of the ACh receptors: the mAChRs and the nAChRs. In cases of
severe poisoning, profound inhibition of AChE in the brain can induce long-lasting
seizures or SE. Animal models demonstrate that, if these seizures are not arrested, severe
brain damage results (12; 13; 89). Seizures are a common symptom in severely poisoned
individuals, as seen in the patients exposed to sarin following the Tokyo Subway attacks

by the Japanese terrorist group Aum Shinrikyo (202; 205). SE induced by nerve agents is
5



notoriously difficult to treat. Evidence from experimental models suggest that the longer
an episode of nerve agent induced-SE lasts, the greater the resulting brain damage and
associated symptoms.

Seizures induced by severe poisoning by OPs are a biochemical consequence of
the irreversible inhibition of AChE, which in turn leads to a dramatic increase in synaptic
ACh. A three-phase model of seizure initiation and maintenance following
organophosphate poisoning proposed by Shih and Mcdonough (181) suggests that the
increase in synaptic ACh initiates seizure activity, primarily through the hyperstimulation
of mMAChRs. Neuropharmacological evidence supports this hypothesis as pre- or rapid
post-treatment with nonselective mAChR antagonists such as atropine sulfate or
scopolamine exert potent anticonvulsant efficacy (153; 181; 259; 261; 266). However, as
seizure activity continues over time, treatment with mAChR antagonists exert either no or
little anticonvulsant efficacy and require dramatically higher doses in order to do so.
Following an early phase of seizure activity mediated primarily by the increase in ACh in
peripheral and central synapses, excitatory amino acids appear to sustain and reinforce
ongoing seizure activity induced by OPs (181).

The development of successful immediate or delayed post-treatment of OP-
induced seizures/SE requires an understanding of the mechanism by which AChE
inhibition results in seizure induction, and experimental models that are relevant to all
populations and ages to test novel therapies. While evidence suggests mAChRs play a
critical role in seizure induction following OP poisoning, a clear mechanism for seizure
induction and their maintenance remains to be elucidated. Additionally, a majority of the

literature examining the long-term effects of organophosphates has largely been



examined in adult laboratory animals. Dramatic differences exist in the induction,
maintenance, and treatment of seizure activity in the immature brain. However, no
experimental models currently exist to examine 1) the long-term effects of these seizures
in immature animals, 2) if novel therapies can arrest OP-induced seizures/SE in immature
animals, 3) whether novel anticonvulsants are successful in blocking any associated long-
term side effects of OP-induced SE, and 4) how seizures are induced by OPs in the
immature brain. To address this gap, this dissertation has aimed to develop a rodent
model relevant to the pediatric population for testing treatments to arrest seizures induced
by the nerve agent soman, to verify whether new treatments can protect against the
associated long-term toxic effects; and determine the cellular and molecular mechanism

for seizure induction following severe OP poisoning.

TREATMENT OF OP-EXPOSURE

Following decontamination of the victim of OP intoxication, several
pharmacological treatments are currently available depending on the severity of

intoxication, symptoms present, and time at which therapies are administered.

Atropine

Atropine, a nonselective muscarinic receptor antagonist, is one of the first lines of
care in the treatment of OP intoxication and is used as a countermeasure against the
hyperstimulation of muscarinic receptors in the periphery (24). While animal studies
suggest that atropine may be efficacious as an anticonvulsant, it has low availability to
the central nervous system and may only be efficacious if given immediately after the
onset of seizure activity, which is unrealistic for mass casualty scenarios (182). Atropine

is extremely effective in alleviating some of the severe peripheral symptoms associated
7



with OP intoxication, including apnea, and bronchoconstriction, and can induce a drying
of secretions associated with mAChR hyperstimulation (24). Tolerance for atropine may
be very high as it has been estimated that in cases of severe OP intoxication, a safe
therapeutic range can be 35-210 mg per 70 kg in humans (24). This recommended dose is
much higher than the standard carried in the United States military nerve agent antidote
kits which contains 2.1 mg atropine sulfate (184). Doses of atropine contained in
autoinjectors designed for adult treatment following OP exposure have been found to be
well-tolerated in children. During the Persian Gulf Crisis, for example, the Medical Corps
of the Israeli Defense Forces distributed autoinjectors to the Israeli population containing
antidotes to nerve agent exposure, including atropine. A total of 410 children
unintentionally poisoned themselves with these atropine autoinjectors and were evaluated
in two separate studies (7; 142) but only a small number of cases presented with

symptoms of severe atropine poisoning but no deaths resulted.

Oximes

Oximes are also first line treatment for OP poisoning and are used in both clinical
and military settings. Oximes are nucleophilic compounds that attack the phosphorous
bond created between the AChE-OP adduct within the active site of AChE (145; 240).
This reaction can restore the activity of AChE if the enzyme has not already undergone
the aging process. Unfortunately, oximes do not exert broad-spectrum efficacy in
restoring AChE function for all AChE-OP adducts. In the United States, pralidoxime
chloride (2-PAM) is the standard civilian and military treatment used after OP
intoxication; 2-PAM is predominantly effective in restoring AChE function when sarin or

VX is the OP bound to the enzyme, but is relatively ineffective in restoring function
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when the OP is tabun, cyclosarin or soman (240). These compounds are typically
incapable of penetrating the blood-brain barrier and as a result have little efficacy as
anticonvulsants (240). However, development of new oxime compounds with broad
spectrum efficacy in restoring AChE function, which are capable of crossing the blood-
brain barrier, is an active area of investigation and has yielded promising results with the

compound MMBA4 (46; 240).

Anticonvulsants

Atropine is only an effective anticonvulsant against seizures induced by OP
exposure when administered rapidly following seizure induction; typically within the first
20 minutes (153; 261; 266). This may be due to a transition from mAChR-mediated
seizure activity to glutamate-receptor hyperactivation that sustains ongoing seizure
activity for OP-induced seizures (181). The United States Food and Drug Administration
(FDA) approved diazepam for the treatment of seizures induced by OPs. Enhancing the
activity of the inhibitory y-aminobutyric acid A-receptor (GABAAR) has been
consistently used as a therapeutic approach for the treatment of seizures. Thus, the
commercially available anticonvulsant, diazepam was investigated as a potential
treatment for OP-induced seizures and has been implemented as the standard
anticonvulsant in military autoinjectors designed for treatment of OP intoxication (181).
Though numerous studies suggest that diazepam is an effective anticonvulsant for nerve
agent-induced seizures, none of these studies found a complete protection of brain
damage associated with nerve agent-induced seizures (37; 39; 65; 110; 115; 128; 129;
161-163; 169; 178; 180; 195; 218; 256; 257). Corroborating these findings, our group has

found that diazepam administered 1 h following soman exposure offers either no or
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minimal neuroprotection against seizure-induced cellular loss, depending on the brain
structure studied (13). Diazepam treatment suppresses the initial episode of SE induced
by soman exposure, but over a 24 h period diazepam treatment offers no protection
against the total duration of SE. In juxtaposition, diazepam can enhance the 24 h duration
of SE if treatment is delayed to 2 h post-soman exposure and it was found to increase the
number of returning convulsive seizures (13).

It has been suggested that during a later phase of OP-induced seizure activity,
ongoing activity is primarily mediated by the excitatory amino acid receptors (181), and
as such, antagonists to the N-methyl-D-aspartate (NMDA) receptor have been thoroughly
investigated. This has been substantiated by recent research suggesting the NMDA
receptor antagonist MK-801 exerts some anticonvulsant efficacy against nerve agent-
induced seizures and this efficacy increases when treatment is delayed to further
timepoints (256). However, MK-801 is ineffective in blocking seizure induction or
arresting seizure activity when administered soon after induction by soman (43; 256). As
the sole treatment for seizures induced by soman in rats, high dose treatment of MK-801
increased mortality or enhanced the lethal effects of soman (256). In this study, Shih also
found that treatment with MK-801 at doses necessary to exert anticonvulsant efficacy
actually produces numerous adverse events including severe respiratory depression (256).

A novel class of glutamate receptor antagonists, GIUK1KR antagonists, are
promising candidates for arresting seizures and protecting the brain against the
neuropathology associated with nerve agent exposure. GIUK1KR antagonists have been
found to block the induction or arrest ongoing seizures induced by pilocarpine-a

nonselective mMAChR agonist that has comparable mechanisms of action for seizure
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induction and maintenance following exposure (269; 284). Topiramate, an anticonvulsant
that has antagonistic properties for the GIuK1KRs, suppresses excitability in the BLA
(41), a key structure involved in the induction of seizures induced by OP exposure (227).
Our group and others have hypothesized a critical role for GIluK1KRs in maintaining and
reinforcing further seizure activity during an episode of OP-induced SE. As such, we
have investigated the role of GIuUK1KR antagonists as treatments for nerve agent-induced
SE at delayed timepoints. Stopping seizures induced by nerve agents at delayed
timepoints following seizure induction (e.g. 1 h post-seizure onset) is extremely difficult,
but model realistic windows for therapeutic intervention for mass casualty scenarios
involving civilians or military personnel.

LY?293558, a GIuK1KR/AMPA receptor antagonist; and UBP302, a GIuK1KR
antagonist, are promising candidates for the treatment of OP-induced SE. When SE is
induced by soman in adult male rats and treatment is delayed to 1 h post-soman exposure,
LY?293558 treatment: 1) increases survival to 100% , 2) reduces the initial episode of SE,
3) reduces the duration of SE over a 24 hr period, 4) protects against neuronal loss in
BLA and CA1l at 1 and 7 d post-soman exposure, and 5) protects against the loss of
interneurons in the BLA at 7 d post-soman exposure (12; 89). By comparison, UBP302
administration 1 h post-soman exposure: 1) increases survival to 96%, 2) reduces the
initial episode of SE, 3) reduces the duration of SE over a 24 h period, 4) reduces
neuronal loss in the BLA and CA1 at 1 and 7 d post-soman exposure, 5) protects against
the loss of interneurons in the BLA at 7 d post-soman exposure, and 6) protects against
the development of anxiety-like behavior induced by soman exposure (13). These results

indicate that GIuK1KR antagonist may be leading candidate in the treatment of OP-
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induced SE as they are highly effective in increasing survival, arresting SE, and
protecting against neuropathology and behavioral deficits induced by OP exposure.
While both LY293558 and UBP302 show similar effectiveness, LY293558 reaches peak
brain levels more rapidly following administration (12) and can arrest SE more rapidly
following soman exposure. As such, LY293558 is the primary GluK1KR antagonist used

in the experiments described below.

LONG-TERM NEUROTOXICOLOGICAL EFFECTS OF OP EXPOSURE
Long-Term Toxicological Effects in Humans

What is known about the long-term effects of nerve agents in humans has largely
been derived from the long-term studies conducted on patients exposed to sarin in the
early 1990's in Japan. Largely, the long-lasting symptoms resulting from sarin exposure
are neuropsychiatric in nature (118), although some memory impairments have been
reported (198; 200; 204). The most common diagnosis or clinical finding in long-term
studies is the presentation of post-traumatic stress disorder (PTSD). A variety of studies
that performed long-term follow-ups found a higher frequency of PTSD or suspected
diagnoses of PTSD in sarin-exposed patients than in the general population, which was
positively correlated with the severity of sarin exposure (134; 194; 200; 203; 204).

Gray and white matter analyses have been conducted on a collection of patients
exposed to sarin from the attacks (238; 314). In one study, 38 patients treated for severe
sarin intoxication had structural MRI scans and variety of structural alterations were
identified up to six years post-sarin intoxication (314). In addition to widespread white
matter integrity disruption in the parietal lobe, temporal lobe and brainstem, gray matter

volume was reduced in the insular cortex, temporal cortex and the hippocampus (314).
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Notably, the authors also found that the volume of insular white matter was positively
correlated with serum cholinesterase (ChE) suggesting that more pronounced structural
alterations are directly correlated to the severity of sarin intoxication (314). In a separate
structural study of victims of the sarin attacks, 25 patients were scanned for differences in
the volume of the amygdala and hippocampus. Remarkably, only patients who currently
or had a history of PTSD displayed reductions in bilateral volumes of the amygdalae and
specifically, a reduction in the volume of the left amygdala, which was negatively
correlated with PTSD severity (238). Given the critical role of the amygdala in regulating
anxiety and emotional processing (219; 221); along with the function of the hippocampus
in memory processes (239), reductions in the volumes of these structures may impair

their function and explain the observed, long-term clinical sequela of sarin poisoning.

Long-Term Toxicological Effects in Animals

The long-term consequences of OP and specifically nerve agent poisoning have
been studied exhaustively in a variety of laboratory species including guinea pigs, mice
and rats (70; 74; 90; 166; 188; 218; 228; 233). Exposing guinea pigs to sublethal (0.6 or
0.8 X LDsp) doses of soman resulted in anxiety-like behavior that persisted up to 3
months following a single exposure (166). Similarly, in mice exposed to soman, anxiety-
like behavior was observed up to 3 months post-exposure and responses in both cue and
context dependent fear conditioning were impaired (74). Additionally, both mice and rats
have been found to have long-term deficits in performance on behavioral measures of
learning and memory (90; 233). These behavioral studies suggest that a single, acute

exposure to an OP can cause long-lasting anxiety and behavioral deficits.
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Gross neuropathology is a common finding following OP-induced seizures in
animals (12-14; 23; 62; 69; 89; 132; 133; 158; 176; 178; 181; 194; 216; 218; 228). The
presence and severity of observed neuropathology appears to be directly related to the
expression of seizures and their duration (177; 227; 228; 258). Of the variety of brain
structures damaged following OP-induce seizures, which include the amygdala,
hippocampus, entorhinal cortex, neocortex, piriform cortex, and thalamus, the amygdala,
hippocampus and piriform cortex sustain the most severe damage (12-15; 53; 62; 70; 76;
89; 216). Given the role of the amygdala in regulating anxiety and its role in mediating
cue-dependent fear conditioning, along with the role of the hippocampus in mediating
context-dependent of fear conditioning and mediating some behavioral tasks of learning
and memory, it would suggest that the neuropathology routinely observed in these
structures following an OP exposure may explain the long-term behavioral impairments.

Acute neuropathology from OP-induced seizures may be long-lasting and could
explain the long-term neuropsychiatric symptoms observed in humans following sarin
poisoning. In mice receiving a convulsive dose of soman, the number of cells in the
amygdala is still reduced compared to controls up to 90 days post-soman exposure (70)
and correlates with impairments in amygdala-dependent behaviors such as cue-dependent
fear conditioning, lasting up to 30 days post-exposure and increases in anxiety-like
behavior up to 90 days post-exposure (74). Long-term neuropathology and impairments
in hippocampal-dependent behaviors are also evident following soman intoxication. A
single injection of soman in mice reduces the number of cells in the CA1 subfield of
hippocampus by 50% and this reduction persists up to 90 days post-exposure (68). More

severe intoxication by soman produces greater weight loss in mice and correlates the
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extent of neuropathology observed in CA1 (90); as well as impairments in T-maze or the
Morris water maze task up to 90 days post-exposure (90). Animal models provide an
excellent means to study the mechanisms and time-course of the neuropathology and
behavioral alterations resulting from OP intoxication. Information obtained from these
studies may help in the development of novel treatments for OP intoxication, but limited
studies have been performed to understand the effects of OPs, especially the effects of
nerve agents on immature animals. This information is critically important for the
development of treatments suitable for children during mass casualty scenarios involving

nerve agent intoxication.

CHILDREN AND OP POISONING

Unlike adults, children require special consideration in the poisoning and
treatment following intoxication by OPs. Children are highly susceptible to the toxic
effects of OPs due to a variety of physiological, developmental and medical reasons. In
the event of dermal exposure to OPs, children are poisoned faster and more severely due
to thinner skin with a greater permeability compared to adults and a larger surface-area to
body mass ratio (116). Greater respiratory minute volume — the total air either inhaled or
exhaled in one minute — and their height, where vapor density of volatilized OPs is
greatest, also make them more vulnerable to respiratory exposure (116). Levels of AChE
in the brain are also lower compared to that of adults rats (Miller et al., Unpublished),
characteristic of incomplete development of the cholinergic system (75), and therefore
lower doses of OPs can elicit more severe symptoms. This is especially true in regards to
seizures due to the increased susceptibility to seizure induction in children (1; 113).

Standard decontamination methods, which do not include the use of heated water may

15



result in hypothermia following the decontamination of children also due to their higher
surface-area to body-mass ratio (116). Medical guidelines for the treatment of children
following nerve agent poisoning do not have a national consensus and therefore would
likely result in chaos, overwhelming first responders and causing a high mortality rate for
children during a mass casualty scenario involving nerve agents (92).

Given the special considerations for treating children intoxicated by OPs, it is
surprising that more basic research has not been conducted in this area. To our
knowledge, only one study has investigated developmental effects of nerve agent
intoxication in animal models. Specifically, this study by Sterri and Colleagues (279)
examined the mortality rates of rats exposed to varying doses of soman across
development. They found that younger rats were more susceptible to death following
soman exposure at lower doses when compared to adult rats only one to three weeks
older (279). For example, in their study, when post-natal day 5 (P5) rats were exposed to
20 pg/kg soman (s.c.) this caused 100% mortality, but this same dose only resulted in a
25% mortality rate in P12 rats (279). This single study in rats and the deaths of the 426
children during the sarin attack in Syria highlight the importance of investigating the
mechanisms of OP action in immature animals to develop treatment for children. With
this knowledge, treatments may be developed to protect against the acute and long-term

side effects associated with OP exposure.

CONCLUSIONS

The effects of OPs, their mechanism of action, treatment, as well as the acute and
long-term effects are well studied in adult animals and humans. Though it is well

accepted that the mechanism of action by which OPs induce their toxicity, and in
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particular seizures, is through the inhibition of AChE and the subsequent
hyperstimulation of MAChRs and nAChRs, the specific receptors responsible for seizure
induction remain to be elucidated. The standard of care for seizures induced by OPs is
diazepam, but recent evidence suggests diazepam may increase SE duration and mortality
rate (13) and it is unclear if this therapy would be efficacious in children or protect them
against the long-term effects associated OP-induced seizures. Therefore, the purpose of
this dissertation is to develop a rodent model of nerve agent exposure that is relevant to
the pediatric population. In particular, in immature rats we will: 1) test novel
anticonvulsants to arrest seizures induced by nerve agents; 2) study the long-term
deleterious effects associated with nerve agent induced seizures; 3) study whether novel
anticonvulsants protect against these long-term neuropathological effects resulting from
nerve agent-induced seizures; and 4) clarify the molecular and cellular mechanism by

which OPs induce seizure activity.

17



CHAPTER 2: A Rat Model of Nerve Agent Exposure Applicable to the
Pediatric Population: The Anticonvulsant Efficacies of Atropine and
GluK1 Antagonists

Steven L. Miller*®, Vassiliki Aroniadou-Anderjaska®”®, Taiza H. Figueiredo?, Eric M.
Prager®®, Camila P. Almeida-Suhett*°, James P. Apland®, Maria F.M. Braga®"*

“Department of Anatomy, Physiology, and Genetics, "Department of Psychiatry, and
“Program in Neuroscience, Uniformed Services University of the Health Sciences, 4301
Jones Bridge Road, Bethesda, MD 20814, USA
Neurotoxicology Branch, U.S. Army Medical Research Institute of Chemical Defense,
Aberdeen Proving Ground, Maryland, 21010, USA

*Corresponding Author:

Maria F.M. Braga, D.D.S., Ph.D.

Department of Anatomy, Physiology, and Genetics

F. Edward Hébert School of Medicine,

Uniformed Services University of the Health Sciences
4301 Jones Bridge Road

Bethesda, MD 20814, USA

Phone: (301) 295-3524

Fax: (301) 295-3566

Email: maria.braga@usuhs.edu

18


mailto:maria.braga@usuhs.edu

ABSTRACT

Inhibition of AChE after nerve agent exposure induces 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 P21 rats to different doses of soman, followed by probit
analysis, produced an LDs of 62 ug/kg. The onset of 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. 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 GIuK1 antagonist UBP302, administered 1 h post-exposure,
terminated SE. There were no degenerating neurons in the 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 L'Y293558.
Behavioral deficits present at 30 days post-exposure, were also prevented by LY293558
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. LY 293558 administered 1 h post-exposure, prevents brain

pathology and behavioral deficits.
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INTRODUCTION

Nerve agents are potent, OP toxins that act primarily by inhibiting the activity of
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 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 (13; 14; 74; 88-90; 228; 229; 315). 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 (81). 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 (1). 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 FDA has approved the use of atropine, a
muscarinic receptor antagonist, along with an oxime (2-PAM), which reactivates the
inhibited AChE (24; 25; 168; 297). In addition, diazepam has been approved for the
cessation of nerve agent-induced SE. Improvements to this regimen are likely to be made
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in the future, as more effective anticonvulsants are being discovered (12; 49; 88; 89; 97),
and, as recent studies suggest, diazepam does not protect against brain damage and
behavioral deficits associated with nerve agent exposure (13; 196), while other
anticonvulsant compounds have high neuroprotective efficacy (13). Due to the nature of
the research, nerve agent studies can be carried out only in animal models. Do the
findings from studies in adult animals apply to the 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
(75). In addition, differences in the blood-brain barrier (BBB) between developing and
adult animals (243; 294) 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 (30; 113; 277; 302); 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 P21 rats. It is difficult to precisely
ascertain the corresponding age in humans. If we use the conversion factor for the early

developmental phase (10; 250), P21 would correspond to about a 6-month-old human;
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however, because the developmental stage of the brain in the two species must be taken
into account (8), 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
(230), a P21 rat may correspond to a human close to 4 years of age. In the P21 rats, we
determined the LDs, 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 SE. In addition, because we
have shown previously in young-adult rats that antagonists of kainate receptors
containing the GluK1 subunit (formerly known as GIUR5Rs, see (66; 124)) are very
effective anticonvulsants and neuroprotectants against soman exposure (12; 13; 89), we

also examined the efficacy of these compounds in the immature, P21 rats.
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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.

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 LDso 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 LDso, Seizures were classified according to a minimally modified version of the
Racine scale (232) as we have previously described (89): 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.
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Median lethal dose determination

Using the log-probit method (164), we determined the LDs, of soman for the
immature rats. P21 rats were randomly assigned into five groups of ten animals per

group. Animals in each group received doses ranging from 40 to 70 pg/kg soman.

Groups and drug treatments

Another group of P21 male rats were administered 1.2 X LDsg soman (74.4 pg/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 (131; 186). At 60 min after soman injection, these rats were
administered the GluK1/AMPA receptor antagonist LY 293558 (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; (190)), 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, BLA,
piriform cortex, and hippocampus, using an established spectrophotometric protocol (83;
207). 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 8.0). Coronal brain slices
(500 pum-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;
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Technical Products International, St. Louis, MO). The subsequent procedure has been
described previously (227; 228). 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 puL per well) were
added to either 10 uL eserine or ethoprozine, in the presence of 5 pL 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 (40)

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.
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Two adjacent series of sections were also mounted on slides for Fluoro-Jade C (FJC)

staining.

FJC staining and analysis

FJC (Histo-Chem, Jefferson, AR) was used to identify irreversibly degenerating
neurons (247) in the brains of P21 soman-exposed rats, at 24 h and 7 days after exposure,
as described previously (12; 89). 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
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-minute rinses in dH0, 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 (14; 89).

Volumetric analysis

Volumetric analysis was performed 30 and 90 days after soman exposure. Nissl-
stained sections containing the hippocampal formation (sections were 400 pm apart) or
the amygdala (sections were 200 um apart) were used to estimate stereologically 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
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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 (215), 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 and two days 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 and four days after the fear conditioning, rats

were placed into a novel context (Context B), and were presented with twenty auditory
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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
(17; 228). One day prior to testing (on day 29 or 89 after soman exposure), animals were
acclimated to the apparatus for 20 min. 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
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All data are expressed as mean + standard error. Differences in latency to seizure
onset between adult and P21 rats were tested for statistical significance using the
Student’s t-test. 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.

RESULTS
Calculation of the LDsg of soman in immature P21 male rats

The doses of soman (40-70 pg/kg, n = 10 rats/dose) and the corresponding
mortality rates (Table 2) were the input data for the log-probit method of calculating the
LDso. 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 pg/kg. The estimated soman doses and mortality rates (Table 3) were used to

produce a dose-response curve for soman in P21 male rats (Fig. 1).

Table 2. Input Data for Log-Probit Analysis

Soman Dose (ug/kg) Number of Rats Mortality Rate
40 10 0%

55 10 40%

57.5 10 30%

62.5 10 50%

70 10 70%
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Table 3. 95% Confidence Limits for Estimated Dose from Probit

Analysis.

Upper
Estimated Mortality =~ Soman Dose Estimate (ug/kg) Lower Bound Bound
.010 38.085 14.149 46.280
.020 40.325 16.924 47.951
.030 41.814 18.956 49.054
.040 42.970 20.640 49.909
.050 43.934 22.117 50.622
.060 44.771 23.455 51.243
.070 45.519 24.691 51.799
.080 46.199 25.851 52.306
.090 46.826 26.951 52.777
.100 47.411 28.002 53.219
150 49.911 32.767 55.157
.200 51.991 37.045 56.872
.250 53.845 41.040 58.552
.300 55.566 44.817 60.340
.350 57.210 48.353 62.398
400 58.815 51.557 64.926
450 60.411 54.325 68.130
500 62.023 56.633 72.148
550 63.679 58.561 77.027
.600 65.407 60.235 82.802
.650 67.241 61.771 89.582
.700 69.231 63.258 97.594
.750 71.444 64.776 107.258
.800 73.991 66.407 119.332
.850 77.076 68.272 135.306
.900 81.140 70.606 158.672
910 82.153 71.172 164.919
920 83.268 71.788 171.993
930 84.512 72.468 180.132
940 85.923 73.230 189.689
.950 87.561 74.105 201.222
.960 89.525 75.140 215.687
970 92.001 76.425 234.926
.980 95.398 78.158 263.217
990 101.008 80.948 314.959
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Figure 1. Determination of the LDso of soman for P21 male rats. Fifty rats (10 rats per
dose) were injected subcutaneously with soman at the following doses (ng/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 LD50. The plot shows the

predicted mortality rates at different doses of soman at P21. The LD50 was
62.02 ng/kg (dashed line; p = 0.00414).

Latency to seizure onset and comparison with adults

Soman, at 1.2 X LDsp, was administered to 191 P21 rats (74.4 ng/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, p < 0.001, Fig. 2).
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Figure 2. The latency to SE onset after soman injection is shorter in P21 rats compared to
adults. P21 rats (n = 12) and young-adult rats (n = 20) were injected with the
appropriate soman dose corresponding to 1.2 X LD50. ***p < 0.001 (Student’s
t-test).

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 = 15). As in the young-adult rats ((228), and Fig. 3), AChE activity in
the immature rats was significantly higher in the BLA (932.5 + 132.2) than in the
prelimbic cortex (193.3 £ 11.8), piriform cortex (250.8 £ 37.2), and hippocampus

(196.8 + 16.7; p < 0.001, Fig. 3). 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; p = 0.244), but in the prelimbic cortex (193.3 £ 11.8 in the P21 rats and

351.8 = 32.4 in the adults; p < 0.001), piriform cortex (250.9 + 37.2 in the P21 rats and

473.4 + 58.6 in the adults; p < 0.01), and hippocampus (196.8 + 16.7 in the P21 rats and

425.2 + 45.0 in the adults; p < 0.001), AChE activity was significantly lower in the P21
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rats (Fig. 3).

ES) Adult Rats
— [ Immaturc Rats

10004

5004

* &

AChE Activity (nmol/min/ng)

%4

Prelimbic Cortex Basolateral Amygdala  Piriform Cortex Hippocampus

Figure 3. Baseline AChE activity in P21 rats is lower in the prefrontal cortex, piriform
cortex and hippocampus, but not in the amygdala, compared to adult rats. For
P21 rats, n = 5, and for the young-adult rats, n = 15. **p < 0.01, ***p < 0.001
(Student's t-test).

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 (p

< 0.001; Fig. 4). In the No-SE group, AChE activity was 12.2 £ 7.2 nmol/min/ng in the
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prelimbic cortex, 360.4 + 33.7 in the basolateral amygdala, 36.2 + 24.2 in the piriform
cortex, and 29.7 £ 17.4 in the hippocampus. In the SE-Onset group, AChE activity was
13.4 + 3.2 in the prelimbic cortex, 100.1 + 30.3 in the basolateral amygdala, 159 £ 3.1 in
the piriform cortex, and 4.9 £ 0.8 in the hippocampus 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 < 0.05; Fig. 4).
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Figure 4. Reduction of AChE activity in P21 rats after injection of 1.2 X LDs, 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 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).

Efficacy of 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
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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 (12). 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 LDz, soman; all of the
100 rats 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 LDsy 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.
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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 LD50 (P21 rats: 74.4
ng/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).

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 (12; 89), 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
LDsp soman (74.4 pug/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, rats were administered LY 293558 (20 mg/kg; n = 15), or UBP302 (250

mg/kg; n = 18), or the drug vehicle (n = 16). Treatment with LY293558 significantly
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suppressed seizures within 20 min, while UBP302 also significantly suppressed seizures
but with a slower time course (p < 0.001; Fig. 6). In the rats who received only the drug

vehicle, SE continued for at least the 2 h of observation.
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Figure 6. Delayed post-treatment with the GIuK1R antagonists LY293558 or UBP302
arrests soman-induced seizures in P21 rats. Rats were exposed to 1.2 X LD50
soman (74.4 pg/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 LY 293558 (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).

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 (12; 14; 88; 89) and particularly in the amygdala and the
hippocampus (14). 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
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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
worked properly, we also processed sections from adult rats who had been exposed to
1.2XLDs 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).
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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 LD50 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 pum.

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
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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 LY293558 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? (n =
8), while the control size was 11.86 + 0.27 mm?® (n = 8, p < 0.05); in the soman-exposed
rats treated with LY293558, the size of the amygdala (11.72 £+ 0.3; n = 8) did not differ
from the control (p = 0.08; Fig 8D). At 90 days post-exposure, the size of the amygdala
in the soman group was 12.10 + 0.32 mm?® (n = 8), which was still significantly smaller
than the control (p < 0.05); in the LY293558-treated group the size of the amygdala
(11.98 £ 0.27, n = 8) did not differ from the control (p = 0.07; Fig. 8E). The size of the
hippocampus at 30 days post-exposure was 48.4 + 2.2 mm? in the soman-exposed group
(n = 8) versus 62.5 + 1.7 mm? in the control group (n = 8, p < 0.05); in the soman-
exposed rats treated with LY 293558, the size of the hippocampus (59.8 £ 2.3, n = 8) did
not differ from the control (p = 0.09; Fig. 9D). 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 < 0.05); in the LY293558-treated group the size of the

hippocampus (62.4 £ 2.6, n = 8) again did not differ from the control (p = 0.08; Fig. 9E).
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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).

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 within the
following 4 days (see methods). 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 <0.05); for the soman-exposed rats treated with
LY293558, the total freezing time (452 + 28 s, n = 11) did not differ from the control (p =
0.07, Fig.10A). 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) did not differ from the control (p = 0.08; Fig. 10C). 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 + 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 LY293558
(p = 0.084). The total freezing time in the cue-dependent test was also similar among the
groups (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 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,
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the time spent in the center of the open field was significantly less in the soman-exposed
rats that did not receive anticonvulsant treatment (8.6 = 1.06 % of the total movement
time, n = 13, p = 0.02) compared to the time spent by the control rats (12.51 + 1.12 % of
the total movement time, n = 17), or the soman-exposed that were treated with LY293558
(11.95 % 1.08% of the total movement time, n = 11; Fig. 10E). At 90 days after exposure,
the distance traveled in the open field was not significantly different between the soman-
exposed rats (2851 £+ 193 cm, n= 11), the soman-exposed rats that received LY 293558
(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 between the soman-exposed rats
that did not receive anticonvulsant treatment (11.7 + 1.25 % of the total movement time,
n = 11) and the control rats (13.36 + 1.03% of the total movement time, n = 12), or the
soman-exposed, LY293558-treated rats (13.68 + 1.08% of the total movement time, n =

12, p = 0.08; Fig. 10F).
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Figure 10. LY293558 treatment prevents behavioral deficits 30 and 90 days after soman
exposure. A and B show that 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 (n = 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. E and F are the results from the open field test,
showing the time spent in the center, for the same three groups, at 30 and 90
days after exposure. *p < 0.05 (ANOVA, Dunnett post-hoc test).

DiscussiON

The present study shows that 1) immature rats appear to be more susceptible to
the toxicity of nerve agents, as suggested by the LDso of soman for the P21 rats, which
was lower than the LDsq 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
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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 GIluK1 antagonists LY293558 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.

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 (227), 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 (112; 120).
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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
(30; 120). 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 (12; 89; 181; 229; 260)), 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 (152; 260; 261). In adult rats, ATS, a non-selective muscarinic
antagonist, suppresses nerve agent-induced seizures, but with an EDsg of more than 50
mg/kg (261). The BBB is weaker early in life (33; 173; 244) and appears to be more
susceptible to increased capillary leakiness induced by organophosphorus agents (271);
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
aging of soman-inhibited AChE (168; 265; 282), which renders it non-reactivatable by
oximes (24; 168). In the rat whole brain, the activity of choline acetyltransferase, the
concentration of ACh, and the number of mMAChRs do not mature until after the fourth

postnatal week (75). Therefore, in addition to a weaker BBB, differences between the
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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 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 (181). Accordingly,
soman-induced SE can be terminated by certain glutamate receptor antagonists.
Specifically, LY293558, an AMPA/GIuK1R antagonist (36; 124), or UBP302, a GIuK1R
antagonist (190), terminate soman-induced seizures even when administerd at 1 hor 2 h
after exposure (13; 89). The efficacy of these two compounds may lie on the fact that
GluK1Rs play an important role in the regulation of neuronal excitability of at least two
highly seizure-prone regions, the amygdala (15; 16; 18; 42; 237) and the hippocampus
(54; 99; 225; 242); both GABAergic and glutamatergic synaptic transmission is
modulated by GIuK1Rs in different brain regions (124), but the net effect of GIuK1R
activation appears to be an increase in excitability in both the BLA (17) and the
hippocampus (269). During development, there are changes taking place in the
distribution (22) and the function of GluK1Rs (249). Although it is unclear how the
fuction of GIuK1Rs 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 (13).
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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 (119; 121; 276). 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 (12-14; 227; 228). The
resistance of immature neurons to seizure-induced degeneration and death is attributed in
part to their lower vulnerability to oxidative stress (214) and glutamate toxicity (35; 165;
167). 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 (121; 210) and, at least in some models, in the
amygdala as well (212), 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 (148).
Furthermore, amygdalar and hippocampal atrophy is a common pathology in temporal
lobe epilepsy (16; 56; 57), and a smaller amygdala volume was also found in a significant
number of the victims of the sarin attack in Tokyo, in 1995 (238). 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
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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 (127), 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 (5; 84; 149), and 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 (10; 250), 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 (148). 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 (74).

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
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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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ABSTRACT

BACKGROUND AND PURPOSE

Exposure to OP toxins induces seizures and SE. The evidence is clear that
seizures are initiated by hyperstimulation of mMAChR, subsequent to inhibition of AChE
by the OP; this is followed by glutamatergic hyperactivity, which reinforces and sustains
seizures. It is unknown, however, which muscarinic receptor subtypes are involved in
seizure initiation, or how their stimulation leads to hyperexcitability.

EXPERIMENTAL APPROACH

We tested whether a selective M; mAChR antagonist, VU0255035, prevents the
development of SE after exposure of rats to POX or soman. In brain slices, we studied the
effects of POX on inhibitory and excitatory activity in the BLA, and the involvement of
M; mAChRs.

KEY RESULTS

Pretreatment of the rats with VU0255035 significantly suppressed the intensity of
seizures after POX or soman exposure. In the basolateral amygdala, bath application of
POX elicited a barrage of spontaneous inhibitory postsynaptic currents, lasting about 1
min, and followed by an increase in the ratio of the total charge carried by spontaneous
glutamatergic postsynaptic currents over GABAergic currents. The effects of POX were
prevented by pretreatment of the slices with atropine or VU0255035.

CONCLUSIONS AND IMPLICATIONS: Previous studies have pointed out
that the basolateral amygdala plays a key role in seizure initiation after OP exposure. The
present study provides an insight into the mechanisms involved. Activation of M;

receptors tips the balance between GABAergic and glutamatergic activity. The resulting
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hyperexcitability provides the background over which seizures commence and propagate

to other brain regions.
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INTRODUCTION

It is well understood that OPs—used as insecticides or in chemical warfare (nerve
agents)—induce seizures by hyperstimulation of mAChRs. Thus, phosphorylation of
AChE by these toxins inactivates the enzyme (265), resulting in a built-up of synaptic
and extrasynaptic ACh. Although both nAChRs and mAChRs are probably activated by
the elevated acetylcholine, it is the activation of mMAChRs that raises excitatory activity in
neuronal networks and initiates seizures. Evidence for that is provided by studies
showing that mMAChR antagonists but not nAChR antagonists prevent the induction of
seizures if administered before OP exposure (19; 111; 179; 259; 303), and can arrest
seizures if administered shortly after exposure (9; 50; 178). mAChR antagonists are
ineffective if administered at time points longer than 10 to 20 min after seizure onset
(181) because mAChR activation is involved only in the initiation of seizures, and it is
the imbalance between GABAergic and glutamatergic activity that reinforces and
sustains seizures (77; 125; 181; 303). Little is known, however, about the mechanisms
involved in the transition from mAChR hyperstimulation to glutamatergic
hyperexcitation, or which mAChR subtypes mediate the triggering of hyperactivity.
Uncovering these mechanisms may allow the development of more selective and safer

pharmacological means to prevent the development of SE after OP exposure.

There are five subtypes of mMAChRs, M; to Ms. They all are G-protein coupled;
M, and My are preferentially coupled to the Gi class of G proteins, while My, M3, and
Ms are coupled to the Gq family (147; 305). Although it is unknown which of these
receptor subtypes are primarily involved in seizure initiation after OP exposure, seizures

induced by convulsive doses of the mAChR agonist pilocarpine are dependent on
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M receptor activation (47; 109; 137; 252). Since both pilocarpine and OPs induce
seizures by mAChR hyperstimulation, it is possible that the M; receptor also mediates
seizure initiation by OPs. As there is now a new, selective M; receptor antagonist
available (252), in the present study we examined if the M; receptors are involved in the
generation of seizures by exposure to POX (O,0-diethyl O-p-nitrophenyl phosphate), the
active metabolite of the insecticide parathion (95), or exposure to the nerve agent soman.
To begin to understand how mAChHR activation by an OP leads to hyperexcitability of
neuronal networks and seizure initiation, we also examined, in brain slices, the effects of
POX on spontaneous GABAergic and glutamatergic activity, and whether M; receptors
mediate these effects. These in vitro studies were performed in the BLA, a seizure-prone
brain region (16) that plays a key role in the initiation of seizures by nerve agent exposure

(179; 227).

METHODS
Animals

Male, Sprague Dawley rats (Charles River Laboratories, Wilmington, MA) were
housed in an environmentally controlled room (20 —23°C, 12 hr light/dark cycle, lights on
06:00 A.M.), with food and water available ad libitum. For the in vivo experiments, adult
rats were pair-housed upon arrival. For the in vitro electrophysiology experiments,
animals were housed with a surrogate mother until they were 21 days-old. After 21 days
of age, all rats were pair-housed. The animal care and use programs at the Uniformed
Services University of the Health Sciences and the U.S. Army Medical Research Institute
of Chemical Defense are accredited by the Association for Assessment and Accreditation

of Laboratory Animal Care International. All animal experiments were conducted
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following the Guide for the Care and Use of Laboratory Animals, by the Institute of
Laboratory Animal Resources, the National Research Council USA, and were approved

by the Institutional Animal Care and Use Committees of both of our institutions.

POX and soman exposure

Ten-week-old rats were administered the selective M; receptor antagonist
VU0255035 (25 mg.kg™?, i.p.; Tocris Bioscience, Ellisville, MO) or the vehicle (DMSO,
1 ml.kg™, i.p.; Sigma-Aldrich, St Louis, MO), 15 min before exposure to POX
(paraoxon-ethyl; Sigma-Aldrich, St Louis, MO) or soman (pinacoyl
methylphosphonofluoridate; obtained from the Edgewood Chemical Biological Center,
Aberdeen Proving Ground, Edgewood, MD). For the POX experiments, animals were
subcutaneously injected with 4 mg.kg™ POX. In order to control the peripheral
cholinergic effects of POX exposure, the rats were intramuscularly injected with 2 mg.kg
L ATS (a non-selective mAChR antagonist that has no effect on seizures at this
concentration; Sigma-Aldrich, St Louis, MO) and 50 mg.kg™ 2-PAM (Sigma-Aldrich, St
Louis, MO), within 1 min after POX injection; this drug administration protocol
replicates the conditions of the DeLorenzo rat survival model of POX intoxication (79).
For the soman experiments, animals were subcutaneously injected with 1.8 X LDs
soman (198 pg.kg™, diluted in cold physiological saline), and within 1 min after soman
injection, the rats received 2 mg/kg atropine methylnitrate (i.m.), a non-selective mAChR
antagonist that does not cross the blood-brain barrier (Wedgewood Pharmacy,
Swedesboro, NJ). Seizures were monitored behaviorally, and their severity was scored

for 1 h, using a modified version of the Racine scale (232), as we have described
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previously (89). Behavioral seizures above stage 3, correspond to electrographically

recorded status epilepticus (76; 89).

Electrophysiology

Rats, 18 to 25 days-old, were anesthetized with isoflurane prior to decapitation for
slice preparation. Coronal slices (400 um thick) containing the amygdala were cut as
described previously (17). Recording solution (artificial cerebrospinal fluid, ACSF)
consisted of the following (in mM): 125 NaCl, 2.5 KCI, 1.25 NaH,PQy,, 21 NaHCOs3, 2
CaCly, 1 MgCly, and 11 D-glucose. All solutions were saturated with 95% O,, 5% CO, to
achieve a pH near 7.4. The slice chamber (0.7 ml capacity) had continuously flowing
ACSF (~8 ml/min) at a temperature of 31-32°C. The osmolarity of the external solution
was adjusted to 325 mOsm with D-glucose. Tight-seal (>1 GQ), whole-cell recordings
from principal neurons in the BLA were performed as described previously (221); BLA
principal cells were identified by their pyramidal shape and the presence of the
hyperpolarization-activated cationic current (I, (17)). Borosilicate glass patch electrodes
had a resistance of 3.5-4.5 MQ when filled with an internal solution of the following
composition (in mM): 60 CsCH3SO3, 60 KCH3SO3, 10 EGTA, 10 HEPES, 5 KClI, 5 Mg-
ATP, and 0.3 Na3GTP, pH 7.2, 290 mOsm. The 5 mM KCI allowed the simultaneous
recordings of spontaneous inhibitory postsynaptic currents (SIPSCs) and excitatory
postsynaptic currents (SEPSCs). Access resistance (15-24 MQ) was regularly monitored
during recordings, and cells were rejected if the resistance changed by >15% during the
experiment. lonic currents were amplified and filtered (1 kHz) using the Axopatch 200B
amplifier (Axon Instruments, Foster City, CA) with a four-pole, low-pass Bessel filter,

digitally sampled (up to 2 kHz) using the pClamp 10.2 software (Molecular Devices,
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Sunnyvale, CA), and further analyzed using the Mini Analysis Program (Synaptosoft,
Fort Lee, NJ) and Origin (OriginLab, Northampton, MA). Drugs used for the in vitro
experiments were paraoxon-ethyl and atropine sulphate, as well as D-AP5, an N-methyl-
D-aspartate receptor antagonist (Tocris Bioscience, Ellisville, MO), SCH50911, a
GABAg receptor antagonist (Tocris Bioscience), and LY 341495, a metabotropic

glutamate group I1/111 receptor antagonist (Tocris Bioscience).

Statistical Analysis

Seizure scores were analyzed using independent-samples Student’s t-test.
Electrophysiological results were analyzed using paired Student’s t-tests. Results were
considered statistically significant when P < 0.05. Data are represented as means *
standard error of the mean. Sample size “n” refers to the number of animals for the in

vivo experiments and the number of cells for the whole-cell experiments.

RESULTS

Pretreatment with VU0255035 reduced seizure severity following paraoxon
exposure

Eighteen rats were randomly divided into two groups: a group that was injected
with VU0255035 (25 mg.kg-1, n = 10) and a group injected with the vehicle (DMSO; 1
ml.kg?, n = 8), at 15 min before exposure to paraoxon (4 mg.kg™). All rats developed
seizures, but the seizure severity in the VU0255035-pretreated group (average Racine

score from 5 min to 60 min after exposure = 3.15 + 0.03) was significantly lower than the
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seizure severity in the vehicle-pretreated animals (average Racine score = 3.57 +

0.08, P < 0.01; Fig. 11A).

Pretreatment with VU0255035 reduced seizure severity following exposure to soman

Eight rats were randomly divided into two groups: a group that was injected with
VU0255035 (25 mg.kg-1, n = 4) and a group injected with the vehicle (DMSO; 1 ml.kg™,
n = 4), at 15 min before exposure to soman (198 ug.kg™). All rats developed seizures, but
the seizure severity in the VU0255035-pretreated group (average Racine score = 2.56 £
0.20) was significantly lower than the seizure severity in the vehicle-pretreated animals

(average Racine score = 4.58 = 0.74, P < 0.001; Fig. 11B).

Seizure Severity
”
Seizure Severity
e

N o VUD255035 " o VUD255035
& Vehicle 4 Vehicle

45 -10 0 5 10 15 20 25 30 35 40 45 S0 55 60 15 210 -5 0 5 10 15 20 25 30 35 40 45 50 55 6D
l Time (min) l Time (min)

n®

VUO255035 Paraoxon VU0255035 Soman
or Vehicle or Vehicle
Figure 11. Pretreatment with a selective M; receptor antagonist, VU0255035, reduces

seizure severity after exposure to paraoxon or soman. Administration of
VU0255035, 15 min before exposure to paraoxon (A) or soman (B) reduced the
Racine score of seizure severity, averaged over 5 min to 60 min after exposure.
For the paraoxon experiments, n = 8 for the vehicle group, and n = 10 for the
VU0255035-pretreated group (P < 0.01). For the soman experiments, n = 4 for
each group (the vehicle-pretreated and the VU0255035-pretreated group; P <
0.001).

Effects of POX on spontaneous synaptic activity and the role of M; receptors
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The in vivo experiments suggested that M, receptors play a key role in seizure
initiation after exposure to POX or soman. To obtain some insight into the mechanisms
by which M receptor activation increases the excitability of neuronal networks
culminating in seizure generation, we examined the effects of POX on spontaneous
inhibitory (GABAergic) and excitatory (glutamatergic) activity in the BLA. Whole-cell
simultaneous recordings of sSIPSCs and SEPSCs were obtained from principal BLA
neurons, at Vy of -58 mV, in the presence of D-AP5 (50 uM), SCH50911 (10 uM), and
LY341495 (3 uM); under these conditions, upward currents are mediated by GABAA
receptors (they are blocked by bicuculline), while downward currents are mediated by
AMPA/kainate receptors (they are blocked by CNQX; not shown). Bath application of
POX, at three different concentrations (0.1, 1, and 10 uM) induced a transient barrage of
large-amplitude sIPSCs with a duration of 1.1 £ 0.1 min (n = 21), which was followed by
a lasting enhancement of SEPSCs, in 21 out 34 neurons (Fig. 12A). POX took effect
(appearance of the barrage of sIPSCs) within 2 to 8 min after application, depending on
the concentration (the lower concentration of POX was slower to take effect). To quantify
the relative increase of excitatory synaptic activity by POX, we calculated the charge
transferred by the excitatory and the inhibitory currents, during a 20 s time-window, in
control conditions, and then again after POX had taken effect; the charge transferred, in
picoCoulombs, was calculated as the area delimited by the excitatory or inhibitory
current and the baseline. The ratio of the charge transferred by SEPSCs to the charge
transferred by sIPSCs was increased significantly in the presence of POX. When 0.1 uM
POX was applied, the ratio of SEPSC/sIPSC charge-transferred was increased from 0.6 £

0.1 in control conditions to 1.4 £ 0.3 at 17 min after POX application (P < 0.05, n = 7).
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When 1 uM POX was applied, this ratio was increased from 0.6 + 0.1 in control
conditions to 0.9 £ 0.1 at 9 min after POX application (P < 0.05, n = 4). Finally, when 10
uM POX was applied, the ratio of SEPSC/sIPSC charge-transferred was increased from
0.8 £ 0.1 in control conditions to 1.1 £ 0.1 at 6 min after POX application (P <0.01, n =
10; Fig. 12B).

Figure 12. Paraoxon, at three different concentrations, enhances both spontaneous
inhibitory currents (sIPSCs) and spontaneous excitatory currents (SEPSCs), with
a greater, lasting effect on the SEPSCs. Whole cell simultaneous recordings of
sIPSCs and sEPSCs were obtained from principal cells in the BLA (Vh = -58).
(A) The traces shown are representative examples of the effects of paraoxon at
0.1 uM, 1 uM, and 10 uM. Upward currents are GABAergic and downward
currents are glutamatergic. (B) The bar graphs show the ratio of the charge
transferred by glutamatergic currents over the charge transferred by GABAergic
currents, during a 20 s time-window, in control conditions and after bath
application of paraoxon (left graph: at 17 min after paraoxon application;
middle graph, at 9 min after paraoxon application; right graph, at 6 min after
paraoxon application). *P < 0.05, **P < 0.01.
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Next, we pretreated the slices with atropine (1 uM) or VU0255035 (10 uM), for
about 4 min, and then applied 10 uM POX, while recording from principal BLA neurons.
The holding potential was again -58 mV, and D-AP5 (50 uM), SCH50911 (10 uM), and
LY341495 (3 uM) were present in the slice medium. Examples of simultaneous sIPSC
and sEPSC recordings under these pharmacological conditions are shown in Fig. 13A.
Figure 13B shows the effects of 10 uM POX separately on sIPSCs and SEPSCs under the
three conditions: pretreatment with atropine (left bar graph), pretreatment with
VU0255035 (middle bar graph), and when no muscarinic receptor antagonist is present
(right bar graph). The total charge transferred by sIPSCs or SEPSCs during a 20 s time-
window, 10 min after POX application, was expressed as a percentage of the total charge
transferred, during 20 s, in control conditions. When 1 uM atropine was present in the
slice medium, the charge transferred by sIPSCs after 10 min in POX was 72 = 25% of the
control (n =7, P =0.203), while the charge transferred by SEPSCs was 79 * 23% of the
control (n =7, P =0.0441). When 10 uM VUO0255035 was present in the slice medium,
the charge transferred by sIPSCs after 10 min in POX was 75 £ 17% of the control (n =7,
P = 0.1561), while the charge transferred by SEPSCs was 81 + 16% of the control (n =7,
P =0.3892). In contrast, in the absence of MAChR antagonists, the charge transferred by
sIPSCs was increased by POX to 275 + 57% of the control (n = 10, P = 0.0001), and the
charge transferred by SEPSCs was increased by POX to 435 + 80% of the control (n = 10,
P =0.00002). The difference between the increase in sSIPSCs and the increase in SEPSCs

was statistically significant (P < 0.001).
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Figure 13. The effects of paraoxon are prevented when slices are pre-exposed to atropine
or VU0255035. Whole cell simultaneous recordings of sSIPSCs and sEPSCs
were obtained from principal cells in the BLA (Vh =-58). (A) Representative
traces showing that 10 uM paraoxon had no significant effect when applied in
the presence of atropine (1 uM, top row of traces) or VU0255035 (10 uM,
second row of traces). (B) Effects of 10 pM paraoxon on sIPSCs and sEPSCs
under three conditions: pretreatment with atropine (left bar graph), pretreatment
with VU0255035 (middle bar graph), and in the absence of any muscarinic
receptor antagonist (right bar graph). The total charge transferred by sIPSCs or
SEPSCs during a 20 s time-window, 10 min after paraoxon application, was
expressed as a percentage of the total charge transferred, during 20 s, in control
conditions. Only when there was no atropine or VU0255035 in the slice
medium, the total charge transferred by sIPSCs and SEPSCs was increased by
paraoxon, and the difference between the increase in sIPSCs and the increase in
SEPSCs was statistically significant (***P < 0.001).
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DI1SCUSSION AND CONCLUSIONS

The present study demonstrated that pretreatment with a selective M; receptor
antagonist interfered with seizure initiation and significantly decreased seizure severity
after exposure to POX or soman. The in vitro experiments suggested that one of the
mechanisms via which M; receptors are involved in seizure initiation by OP exposure is
by mediating a derangement in the balance between GABAergic and glutamatergic
activity in the BLA, favoring glutamatergic hyperactivity.

The BLA plays a key role in seizure initiation after OP exposure (15). Thus, when
McDonough et al. (179) microinjected nerve agents into different brain regions, they
observed that convulsions were elicited only when the nerve agent was injected into the
BLA. Recently, Prager et al. (227) found that in the small proportion of rats that do not
develop seizures when exposed to high doses of soman, the activity of
acetylcholinesterase (AChE) is reduced in the hippocampus and the piriform cortex to a
similar extent as in the rats that develop seizures, but to a significantly lesser extent in the
BLA; this suggests a crucial role of AChE reduction in the BLA for seizure initiation.
The importance of the amygdala in nerve agent-induced seizure generation is also
highlighted by the findings that the amygdala displays the earliest increase in
extracellular glutamate after exposure to soman (151), and generates ictal-like discharges
after in vitro application of soman (11). It has remained unclear, however, what are the
synaptic events in the BLA that are triggered by AChE inhibition and lead to
glutamatergic hyperactivity.

The BLA receives a very dense cholinergic innervation from the basal forebrain

(31; 51; 140; 187; 192; 197), and has a higher basal AChE activity in comparison to other
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brain regions in both adult (31; 227; 228) and 21-day old rats (Miller et al., unpublished).
Cholinergic nerve terminals synapse on both pyramidal cells and interneurons (51; 192;
201), targeting nicotinic and/or muscarinic acetylcholine receptors, which are abundantly
present in the amygdala (117; 171; 192; 248; 281, 293; 319). When acetylcholine levels
rise subsequent to inhibition of AChE by an OP (150), both nicotinic and muscarinic
receptors can be expected to be activated. The lack of contribution of nicotinic receptors
to seizure initiation by OP exposure may relate to the increase of inhibitory rather than
excitatory activity when these receptors are activated in the BLA (224; 319), or to the
rapid desensitization of nicotinic receptors (98) in the persistent presence of elevated
acetylcholine.

From the mAChRs, both the M; and M, subtypes are present in the rat BLA (71,
171; 172; 275), as well as the M3 and/or My receptors (267), but the M; receptors
predominate (44). Immunocytochemistry along with electron microscopy have revealed
that M receptors in the rat BLA are located on somata, dendritic shafts, and, to a lesser
extent, spines of pyramidal neurons, as well as on aspiny dendrites with morphological
features typical of interneurons (193). In addition, M; immunoreactivity was found on
presynaptic terminals most of which formed asymmetrical synapses with dendritic spines,
but some of which formed symmetrical synapses with neuronal somata and dendritic
shafts (193). It appears, therefore, that M; receptors in the rat BLA are in a position to
affect the activity of both glutamatergic and GABAergic neurons, by postsynaptic or
presynaptic mechanisms. Knowledge of their function has been hampered by the lack of
selective M; agonists and antagonists. The availability of the selective M; antagonist

VUO0255035 (252) has allowed us, in the present study, to discover that these receptors
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mediate the increase of glutamatergic activity in the BLA upon exposure to POX. The
first event observed when POX took effect was a dramatic but short-lasting increase of
GABAergic inhibitory activity, which did not occur in the presence of atropine or
VU0255035. Whether this was due to direct depolarization—by the elevated
acetylcholine—of GABAergic interneurons, facilitation of GABA release from
GABAergic presynaptic terminals, or depolarization of glutamatergic neurons or
terminals synapsing onto inhibitory interneurons cannot be ascertained by the present
study; presynaptic facilitation of GABA release may be the least likely of the three
possibilities, as it has been previously suggested that in the rat lateral amygdala M;
receptors mediate inhibition of GABA release (280). GABAergic activity subsided within
about 1 min, which could imply either that the drive of interneuronal depolarization was
reduced, or the availability of presynaptic GABA-containing vesicles was decreased.
Negative feedback inhibition via GABAg autoreceptors is not a possibility, since
recordings were performed in the presence of a GABAg antagonist. We should note here
that we also performed some experiments in the absence of GABAg, NMDA, and
metabotropic glutamate receptor antagonists, and the sequence of events upon application
of POX was the same as in the presence of the antagonists.

After the initial barrage of sIPSCs subsided, inhibitory activity remained elevated
relative to the baseline, while glutamatergic activity was also increased, significantly
more than the GABAergic; again, these effects were not seen in neurons pretreated with
atropine or VU0255035. The increase in SEPSCs could be the result of M; receptor-
mediated depolarization of BLA principal neurons; such a depolarizing effect of M;

activation could be due to inhibition of the voltage-dependent K* current (Im) (307; 308),
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and/or increase of the mixed Na*/K* current (Ih) and the Ca**-dependent nonspecific
cation current (91). In addition, M; receptors on glutamatergic terminals may facilitate
glutamate release; in granule cells of the hippocampus, the frequency and amplitude of
SEPSCs are increased by application of POX via a presynaptic mechanism, and this effect
is blocked by pre-application of atropine (143).

It is possible, therefore, that the M; receptor-mediated enhancement of
glutamatergic activity over that of GABAergic activity in the BLA network, upon OP
exposure, creates a background of hyperexcitability. Over this background, seizures will
be triggered when the ratio of glutamatergic over GABAergic activity becomes
sufficiently high to reach the seizure threshold for the network, and from the BLA,

seizures will propagate to other brain regions.
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CHAPTER 4: Discussion

Development of animal models is critical for testing antidotes against nerve agent
intoxication. The FDA has a special rule, referred to as the "Animal Efficacy Rule", for
approving medications for the treatment of chemical, biological, radiological or nuclear
threats. Organizations seeking approval for the treatment of these threats must satisfy the
requirements for this special rule if normal approval mechanisms, requiring human trials,
are not ethical or feasible (270). For example, attacks employing nerve agents do not
occur with high enough frequency to test antidotes against them; additionally, it would
not be ethical to intentionally poison patients with nerve agents simply to test putative
antidotes. However, as the sarin attacks in Syria (81) demonstrate there is still a critical
need for the development of treatments for nerve agent intoxication, and especially nerve
agent-induced seizures in the event that these lethal chemicals are employed in the future.

One of the main primary objectives of this dissertation was to develop a rodent
model relevant to children exposed to nerve agents that reflects the acute and long-term
symptomatology associated with nerve agent exposure and facilitate the testing of
potential therapies to nerve agent-induced seizures. In line with these goals, this
dissertation characterized the following aspects of soman exposure in immature male
rats: the median lethal dose, the time to seizure onset, AChE activity in a variety of brain
structures, and the efficacy of conventional and novel therapies against soman-induced
seizures, as well as the efficacy of the conventional therapy in protecting against the
long-term behavioral and morphological alterations associated with soman exposure.

A second objective of this research is to understand the cellular and molecular

mechanism by which OPs induce, maintain, and reinforce seizure activity. Understanding
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these mechanisms will help with the identification of novel molecular targets for the
development of more efficacious therapies for seizures induced by these compounds, and
could provide new treatments for patients suffering from temporal lobe epilepsy (77).
Neuropharmacological models have proposed that mAChRs are largely responsible for
seizure onset following OP intoxication but it has been unclear which mAChR subtype is
responsible for the generation of seizure activity (181). Additionally, it has yet to be
elucidated as to how mAChR hyperstimulation can lead to seizure activity following OP
intoxication. As such, we identified the mAChR subtype that plays a critical role in
seizure induction following OP intoxication and the electrophysiological mechanism
underlying its activity.

DEVELOPMENT OF A RAT MODEL FOR TESTING ANTICONVULSANTS AGAINST NERVE
AGENT-INDUCED SEIZURES AND ITS RELEVANCE TO THE PEDIATRIC POPULATION

To date, only one study has investigated nerve agent exposure in immature
animals. Sterri and Colleagues (279) found the median lethal dose of soman to be 50
ng/kg (s.c.) for P21 rats. In our model, we calculated the median lethal dose for P21 male
rats to be 62.02 pug/kg. This difference may result from the reduced toxicity of soman in
female compared to male rats as Sterri and Colleagues used a mixed group of male and
female rats for their median lethal dose calculation. The resistance of female rats to the
toxic effects and mortality induced by soman exposure they observed is consistent with
our work. We have found much greater doses are required to elicit seizures or induce
mortality following soman exposure in female rats (unpublished data) and the findings of
Sterri and Colleagues when groups of only female rats were used at different ages (279).
An LDsp of 62.02 pg/kg for P21 male rats is nearly half that of young adult male rats,

only one week older, with an LDsp of 110 pg/kg (126) illustrating the higher sensitivity of
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immature rats to the toxicity of nerve agents. Consistent with clinical data on children
(113; 119; 120) immature rats were also more susceptible to generating seizures
following exposure to soman. We hypothesized this extremely rapid, generalized seizure
onset following soman exposure was possibly due to a developmental difference in AChE
activity within the BLA given its role in seizure induction following OP exposure (227).
However, we found no difference in AChE activity of the BLA in naive immature and
adult male rats. Because it is unlikely this rapid seizure onset is due to the levels of AChE
activity in immature rats, we performed a semi-quantitative analysis of publically
available in situ hybridization data from mice of the different mAChR subtypes
throughout development (See Appendix 1) (21; 157). Of note, the M, mAChR subtype
has not reached adult intensity or density of expression within the BLA as late as P28 in
mice. A reduction, compared to adult levels, in the expression of M, mAChRs may
prevent an increase in g-protein coupled potassium conductance that is typically
associated with M, stimulation (45), thereby increasing susceptibility to seizure
induction. Additionally, binding of [*H]3-quinuclidinyl benzilate, a nonspecific mMAChR
antagonist, in rat brain suggests that the total mMAChR content has not reached adult levels
in a P21 rat and may also explain the rapid seizure onset (75). An incomplete transition of
the excitatory to an inhibitory function of GABA early in life and the subsequent rapid
development of excitatory synapses may also make immature animals and children more
susceptible to seizure induction (30).

Following exposure to 1.2 X LDsy soman, 2.0 mg/kg ATS was found to be a
highly effective anticonvulsant against generalized seizures when administered at 20

minutes post-exposure. This was an unexpected finding as this dose of ATS and the time
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at which ATS is administered usually has no anticonvulsant efficacy in adult animals
against nerve agent-induced seizures (12; 89; 181; 229; 260). A variety of factors may
help explain the age-dependent efficacy of ATS as an effective anticonvulsant. Ongoing
SE has been found to increase the permeability of the BBB in immature and adult rats
(208); and this permeability is also enhanced by OP exposure (4; 19; 52; 106; 208), even
at subconvulsive doses (208). While OP exposure itself may increase BBB permeability,
thereby increasing the OP content in the central compartment, this is also true for
potential therapies, and this age-dependent increase in BBB permeability following OP
exposure could explain the increase in seizure susceptibility but also in the efficacy of
potential therapies in early development. Further, the reduced total mMAChR content in the
developing brain may also explain the rapid seizure onset since it is likely that less ACh
would be required to elicit seizure activity following AChE inhibition. Regardless of the
explanation for the increased efficacy of ATS, our findings suggest that it might be a
highly effective anticonvulsant for children if administered rapidly after seizure onset.
We also investigated the efficacy of the GIuK1KR antagonist LY293558 in
arresting soman-induced seizures even when treatment is delayed to 1 h post-exposure in
immature male rats. We performed these experiments to determine whether these
compounds would exert the same efficacy that we have observed in adult rats against
soman-induced seizures. LY 293558 treatment, when delayed to 1 hr post-soman
exposure, rapidly arrested ongoing SE and prevented long-term behavioral, pathological
or pathophysiological changes that develop as a result of soman exposure (12; 89; 229).

This potent efficacy as an anticonvulsant against nerve agent-induced SE is likely due to
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the role of glutamate receptors in maintaining and reinforcing seizure activity at delayed
timepoints post-exposure (181).

Ongoing seizure activity is thought to result in excitotoxic effects and subsequent
cell-death through a variety of downstream mechanisms. Initially, in adult animals, cell
loss occurs over a short time-scale via necrosis, likely due to the large influx of calcium
through NMDA receptors during ongoing SE activity (108; 181). Delayed neuronal
degeneration also occurs and may be observed for months post-exposure and is likely
caused by edema, inflammation and apoptosis (62). This cell death is largely thought to
be responsible for the long-term side effects associated with seizures induced by OPs (62;
67; 70; 74). However, it is unclear what mechanism might underlie the increase in
anxiety-like behavior and impaired fear-learning 1 month following soman-induced
seizures in immature rats as we observed no neuronal degeneration.

Numerous studies suggest that immature animals are resistant to the cell loss that
is typically observed following seizure induction in adult animals (30; 113). The
literature on this topic, as to what age seizures are associated with neuropathology, is
complex and strongly dependent on the method employed to induce seizures, the sex,
age, species and genetic profile of the organism (114). A variety of features of the
immature brain may be neuroprotective following seizures. Superoxide radicals increase
dramatically following seizure induction and may contribute, in part, to neuronal death in
adult animals but no superoxide radical increases are observed following seizures in
immature animals (159; 214). In P30 or P45 Sprague-Dawley rats, seizures induced by
kainic acid increased the inactivation of mitochondrial aconitase, a metric of increased

oxidative stress in mitochondria and in oxidative DNA damage (214). However, the
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authors of this study did not find this increase in aconitase inactivation when seizures
were induced in P12 or P21 rats, suggesting that immature brains are resistant to
oxidative stress associated with seizure activity (214). Excessive glutamate-receptor
stimulation is thought to be responsible for part of the signaling cascades that lead to cell
death during episodes of SE in adult animals (165; 181). Direct microinjection of equal
amounts of glutamate into the CA1 of P10, P20, P30 and P60 rats results in either
minimal or no cell loss 7 d post-injection but the lesion size increased beyond this age
(165). Brain-derived neurotrophic factor (BDNF) regulates the differentiation, growth
and survival of neurons throughout development (6; 29; 122; 156; 317) and has been
found to be neuroprotective against a variety of insults including excitotoxic injury in the
adult (63). Seizures can modulate the expression of neurotrophins such as BDNF.
Seizures induced by either kainic acid or lithium-pilocarpine in P7 or P12 rats increase
BDNF in a variety of cortical and limbic structures and may play a role in the resistance
to seizure-induced cell loss observed at this age (141). When the increase in expression of
BDNF was blocked prior to seizure induction by kainic acid in P20 rats, neuronal loss
was observed within hippocampus (283). When BDNF expression was not blocked,
kainic acid injection resulted in a twofold increase in BDNF expression and no neuronal
loss was observed (283), strongly suggesting a neuroprotective role for this neurotrophin
early in development. While we did not study this in our model, a variety of these factors
may explain the lack of neurodegeneration following soman-induced seizures in P21 rats.

Despite the lack of neurodegeneration observed in our model, the volumes of both
the amygdala and hippocampus were significantly reduced at 30 and 90 d post-soman

exposure. In structural MRI studies, atrophy of amygdala and hippocampus is a common
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finding in temporal lobe epilepsy (TLE) patients, and may correlate with a history of
febrile seizures during childhood (32; 55; 57-59; 104; 139; 274). P12 and P25 rats have
also been observed to have reductions in the volume of temporal structures at timepoints
as long as 5 or 7 months following SE induction by lithium-pilocarpine (148). This
finding may also be important in the pathogenesis of the symptoms related to OP
exposure as a reduction in the volume of the amygdala was observed in victims exposed
to sarin during the Tokyo subway attack (238). Notably, this reduction in volume lasted
over a decade (238). Though it is unclear what mechanism is responsible for the
volumetric reductions observed in our study, long-term behavioral impairments are
commonly observed following early life seizures and must be due to a mechanism
unrelated to seizure-induced cell loss.

Given the role of the amygdala and hippocampus in regulating anxiety (5; 84;
149), and their role in cue- and context-dependent fear conditioning, respectively (127;
138; 219); it is expected that pathological damage to these structures would disrupt fear
learning and the regulation of anxiety. 1 month post-soman exposure, rats displayed an
increase in anxiety-like behavior and were unable to undergo fear learning. Though the
volumes of both amygdala and hippocampus were still reduced 3 months post-soman
exposure, fear-learning returned to control conditions as did anxiety-like behavior. This
suggests that between 1 and 3 months post-soman exposure, networks responsible for
mediating anxiety-like behavior and fear learning compensated for the initial damage
induced by SE at P21. Recovery from behavioral impairment was also observed in the
patients exposed to sarin in the Tokyo subway attacks (238; 315); patients that presented

with a reduction in amygdalar volume over a decade following the attack, which had a
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history of PTSD associated with sarin exposure, no longer presented with PTSD at the
time of the volumetric analysis but amygdala volume was persistently reduced (238).
Despite the suggestion from the clinical literature that seizures in children are
relatively benign, data from these studies suggest that nerve agent-induced seizures can
result in profound, long-term alterations in brain pathology and behavior. Importantly for
mass casualty scenarios, ATS may be very efficacious in arresting nerve agent-induced
seizures in children if treatment is delivered soon after seizure onset. In the event that
first responders cannot address the symptoms resulting from nerve agent exposure,
delayed treatment following seizure onset with LY293558 appears to be effective in
rapidly arresting SE induced by nerve agent exposure in the developing brain. This
treatment is also promising as it was capable of preventing long-term alterations in brain
pathology or behavioral impairments typically associated with nerve agent exposure. This
study establishes a model of nerve agent exposure that displays all of the symptoms of
severe poisoning, clinically relevant long-term symptoms, and has identified a potential
anticonvulsant for nerve-agent induced seizures that is efficacious even when treatment is
delayed; but also allows for the identification of novel therapies for the complex variety

of symptoms that present with OP poisoning.

THE ROLE OF THE M1 MUSCARINIC RECEPTOR IN SEIZURES INDUCED BY
ORGANOPHOSPHATES

Understanding the cellular and molecular mechanisms of seizure induction
following OP intoxication will aide in the development of novel treatments that will
reduce or eliminate seizure activity after an OP exposure. Numerous studies indicate that
the BLA plays a key role in facilitating seizure induction following OP poisoning (15).

Moreover, the amygdala is often identified as a seizurogenic structure in TLE and is
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routinely removed in an effort to reduce seizures (107; 289). In the case of nerve agents, a
variety of studies have suggested its causal role in seizure initiation. When soman or VX
is directly injected into the BLA, motor convulsions are elicited that closely resemble
nerve agent exposure via systemic injection (179). Following systemic injection,
glutamate levels also rapidly rise in the amygdala (151), before other structures, and
sustains the most extensive neuropathology (15), perhaps due to an increase in the
duration of exposure to the excitotoxic effects of glutamate. Recent data from our group
in adult rats (227) and immature rats (Miller et al., unpublished) also suggest a role of the
BLA in seizure induction as it appears that unless almost all of the total pool of AChE
activity is specifically inhibited there, seizure initiation does not occur. McDonough and
Shih (181) have suggested that following AChE inhibition, seizure initiation is mediated
via MAChRs but it is unclear how this may occur.

In this study we found that application of the OP POX to BLA slices initially
resulted in a relative increase in GABAergic inhibitory over glutamergic excitatory
activity. This dramatic increase in GABAA, receptor mediated inhibition subsided rapidly,
although there was a persistent increase in sIPSCs following POX application. This may
seem counterintuitive if OP exposure is going to initiate seizures. However, in addition to
the significant increase of sIPSCs, an increase in AMPA receptor mediated SEPSCs was
also observed and prevailed as the dominating driving force to BLA activity as indicated
by a greater SEPSC to sIPSC ratio. This effect of POX on sIPSCs and SEPSCs was
completely blocked by atropine and VU0255035. Indeed, the blockade of the increase in
GABA receptor mediated sIPSCs or AMPA receptor mediated SEPSCs by POX when

slices were pretreated with either atropine or VU0255035 strongly implicates the
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MAChRs, but more specifically, the M; mAChR subtype in facilitating a relative increase
in glutamatergic activity within the BLA following OP exposure. If M; mMAChR
hyperstimulation is required for seizure induction, pretreatment with VU0255035 in vivo
may block or suppress the severity of seizures induced by OP exposure. In agreement
with this hypothesis, we found that when adult rats were pretreated with VU0255035 the
severity of the seizures induced by either POX or soman was reduced compared to
vehicle pretreated controls. While VU0255035 pretreatment may be thought to possibly
block seizure induction, we do not find our data too surprising as this compound is a
competitive antagonist (252) and synaptic ACh levels will continue to rise due to the
irreversible inhibition of AChE; eventually overcoming the M; mAChR antagonism.
Though our findings strongly implicate the role of the M; mAChR in seizure induction, it
is unclear how hyperstimulation of this receptor could lead to a prevalence of
glutamatergic excitatory activity within the BLA.

Stimulation of postsynaptic mAChRs in the BLA may facilitate enhanced
excitatory transmission through the blockade of the voltage-dependent Im current (307).
mAChR stimulation in the BLA or hippocampus increases Ih (307) or the Ca™*-
dependent nonspecific cation current (91), respectively. Presynaptic mAChRs also been
increase the release of glutamate at synaptic terminals and the combination of all of these
events may drive the BLA network into a more excitable state, eventually reaching a
level that induces seizure activity. The strong role of mMAChRs in generating seizures
following OP intoxication suggests the importance of mMAChR antagonists, ideally
selective for the M; mAChR, with higher availability to the central compartment. This is

especially true for the early phase of seizure activity, which is predominantly mediated by
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MAChHR hyperactivity (181). In addition to GIuK1KR antagonists, including M; mAChR
antagonists in the delayed treatment of OP-induced seizure may be important as an
adjunct therapy. Due to the irreversible inhibition of AChE, synaptic concentrations of
ACh are likely to be maintained at high levels until AChE is resynthesized and result in
further M; mAChR stimulation; promoting further hyperexcitability. Indeed, our group
has found that the drug caramiphen, which has antagonistic properties to the M; mAChR
and the NMDA receptor, is an effective anticonvulsant against soman-induced seizures in
rats, even when seizures are delayed to 1 hour post-exposure (88). These data highlight
the importance of this receptor for OP-induced seizures and their potential role as target

for treatment.

CONCLUSIONS AND FUTURE DIRECTIONS

OP intoxication constitutes a significant threat to public health and has become
one of the most widely studied class of compounds in toxicological research. While a
dearth of data exists on OPs, an understanding as to how the irreversible inhibition of
AChE can lead to seizures and an associated set of long-term behavioral impairments is
lacking, especially for children. This investigation has yielded a rat model of nerve agent
exposure to facilitate testing of novel anticonvulsants for the pediatric population. We
found that immature rats are much more sensitive than adult rats to the toxic effects of
soman exposure, which produce a long-lasting reduction in the volumes of the amygdala
and hippocampus, lasting up to 3 months post-exposure. This volumetric reduction in the
amydala and hippocampus may underlie the observed increase in anxiety-like behavior
and the inability to undergo fear-learning at 1 months post-exposure. The explanation for

normal behavior at 3 months post-soman exposure is unclear, given the persistent
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reduction in amygdala and hippocampus, and requires further investigation. Although
immature rats were highly sensitive to the toxic and lethal effects of soman exposure,
they were also very amenable to anticonvulsant therapy. ATS, if administered within 20
minutes post-soman exposure was capable of arresting ongoing seizure activity induced
by soman. LY293558 was also effective in arresting seizures induced by soman, similar
to our previous data in adult rats (12; 89), even if administered 1 hour post-soman
exposure. Additionally, this compound blocked the volumetric reduction in the amygdala
and hippocampus, and prevented the behavioral impairments associated with soman
exposure. This strongly suggests the role of GIuUK1KR antagonists as an excellent
treatment for arresting seizures induced by OPs and protecting against the long-term side
effects associated with OP exposure.

Further understanding was provided in these studies as to the mechanisms
responsible for seizure induction following OP intoxication. We found that POX
exposure to the BLA facilitates a net shift in network activity towards glutamatergic
excitatory activity, which is mediated by mAChRs, and specifically, the M; mAChR.
Blockade of the M; mAChR in vivo prior to POX or soman exposure significantly
suppressed the seizure severity and strongly indicates their importance for seizure

induction following OP poisoning.
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Appendix 1: Semi-Quantitative Analysis of the Expression of mMAChR
Subtypes Throughout Development in Mouse Basolateral Amygdala

Using a semi-quantitative scale, mMAChR expression was evaluated from sagittal
sections of the BLA throughout development (Figure 14). An analysis of the density and

intensity of gene expression was performed as described in the Allen Institute's white

paper for in situ hybridization on their website (3).
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Figure 14. Semi-quantitative analysis of mouse mAChR gene expression. Density and
intensity was analyzed using the semi-quantitative scale published on the
website for the Allen Institute for Brain Science (3). A - Representative images
of sagittal sections of mouse BLA for each age and gene analyzed in the
analysis. B - Quantification of the density and intensity for each age and gene in
the analysis. Chrm5 was not detected in the analysis. "Chrm™ designation
indicates mouse gene names (e.g. Chrm1 refers to mAChR subtype 1).
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ABSTRACT

The discovery that even small changes in extracellular acidity can alter the
excitability of neuronal networks via activation of acid-sensing ion channels (ASICs)
could have therapeutic application in a host of neurological and psychiatric illnesses.
Blockade of ASIC1a has been recently proposed as a potential treatment for anxiety, as
these channels appear to mediate fear and anxiety in response to certain stimuli. The
basolateral nucleus of the amygdala (BLA) is a key brain region in the generation and
expression of fear. To provide a direct assessment of the role of ASIC1a in the regulation
of BLA excitability we recorded from interneurons and principal neurons in the rat BLA.
We found that ASIC1a activation favors the increase of GABAergic inhibition.
Accordingly, in vivo activation or blockade of ASIC1a in the BLA suppressed or
increased, respectively, anxiety-like behavior. These findings suggest an inhibitory and

anxiolytic function of ASICla in the rat BLA.

INTRODUCTION

Reduction of extracellular pH in the central and peripheral nervous system can
alter neuronal activity and network excitability via activation of specific cation channels
that are gated by H*. This has raised great interest, as manipulation of these channels may
be useful in the treatment of many neurological or mental illnesses that involve
derangements in neuronal excitability. The existence of an inward current activated by
lowering extracellular pH and carried by Na™ and K* was first reported in rat spinal
ganglia and trigeminal nerve ganglion by Krishtal and Pidoplichko, in 1980 (146). A
cation channel with these biophysical properties was later cloned from cDNA isolated

from rat brain, and was named ASIC for acid-sensing ionic channel (299). There are three
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types of ASICs: ASIC1, ASIC2, and ASIC3 (300). The three proton-gated channels are
members of the degenerin/epithelial Na* channel family, but have different biophysical
properties and regional distribution (300). The ASICL1 has two splice variants: ASICla
and ASIC1b. The ASIC1a is permeable to Ca™ (103; 316) and is widely expressed in the
brain, with the highest expression levels found in the amygdala, the main olfactory bulb,
cerebral cortex, hippocampus, habenula, and cerebellum (34; 299). The ASIC1b is
expressed only in sensory neurons (61) and is not permeable to Ca™" (28). Native ASIC1a
channels appear to be homomeric trimers, but they may also be heteromeric trimers
combining with the ASIC2a or ASIC2b subunits (27; 254), which are splice variants of
the ASIC2.

It is unclear whether activation of ASIC1la enhances or suppresses the activity and
excitability of the neuronal networks where the channel is expressed. ASIC1a activation
evokes larger currents in freshly dissociated hippocampal interneurons than in CAl
pyramidal cells (38; 321), suggesting that these channels may preferentially mediate
increases in inhibitory activity. Accordingly, low pH suppressed epileptiform activity in
mouse hippocampal slices, an effect that was apparently mediated by ASIC1a activation,
since epileptiform activity in hippocampal slices from ASIC1a-null mice was not affected
by acidification (321). Further evidence suggesting an inhibitory role of ASICla
activation is that the intensity and duration of chemoconvulsant-induced seizures is
greater in ASICla-null mice than in wild-type mice, and the inhibition of seizures by CO,
inhalation-induced acidosis is observed in wild type mice but not in ASIC1a-null mice

(321).

84



Behavioral studies, however, seem to suggest that, at least in the amygdala, a
brain region that plays a central role in emotional behavior (217) and associated disorders
— such as anxiety disorders including post-traumatic stress syndrome (86; 236; 253; 278)
— the function of the ASIC1a is to promote rather than suppress hyperexcitability. Thus,
intra-cerebroventricular administration of an ASIC1a antagonist, or genetic elimination of
ASICla reduced fear/anxiety (73) and had antidepressant (72) and anxiolytic effects (82).
Similarly, genetically eliminating or pharmacologically inhibiting ASIC1a, markedly
reduced the fear evoked by CO; inhalation (320). Anxiety, fear, and, in most cases,
depression are associated with hyperexcitability and hyperactivity of the amygdala (236;
253; 306). Therefore, the implication of studies showing reduced fear and anxiety when
ASIC1la channels are blocked or genetically eliminated (72; 73; 82; 320) is that, in the
amygdala, the function of ASIC1a is to promote hyperactivity. Accordingly, localized
ASIC1la expression in the amygdala of ASIC1a- null mice prevented the deficit in CO,-
induced fear (320), and intra-amygdala infusion of an ASIC1a antagonist increased the
levels of GABA but not glutamate (82). These observations have led to the suggestion
that antagonism of ASICla must receive consideration as a potential treatment for
anxiety (73; 82) and depression (72). However, so far there has been no direct evidence
that ASICla antagonism suppresses amygdalar excitability.

In the present study, we attempted to determine the role that ASIC1a channels
play in the regulation of amygdalar excitability. We recorded from neurons in the
basolateral nucleus of the amygdala (BLA), the region that is most closely associated
with the generation and expression of fear and anxiety (94; 253; 295). We found that

functional ASIC1a channels are present on both interneurons and principal cells in the
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BLA, and their activation increases glutamatergic and GABAergic activity in the
network. However, the increase in GABAergic activity predominates, suppressing overall
excitability. Furthermore, these channels are active in the basal state, enhancing
GABAergic inhibition. Consistent with the electrophysiological results, behavioral tests
suggested that, in contrast to the findings in mice (73; 82), ASIC1a activation in the rat

BLA has anxiolytic effects, while ASIC1a blockade augments anxiety-like behavior.

METHODS
Electrophysiological Experiments.

Male, Sprague-Dawley rats (25 to 40 days old) were anesthetized with
isoflurane before decapitation. Coronal brain slices (400 um thick) containing the
amygdala were cut with a vibratome (Leica VT 1200 S; Leica Microsystems, Buffalo
Grove, IL), in ice-cold solution consisting of (in mM): 115 sucrose, 70 NMDG, 1 KCl, 2
CaCl,, 4 MgCly, 1.25 NaH,PO,, 30 NaHCO3, 25 D-glucose. The slices were transferred
to a holding chamber, at room temperature, in a bath solution (artificial cerebrospinal
fluid, ACSF) containing (in mM): 125 NacCl, 2.5 KClI, 1.25 NaH,PQO,, 21 NaHCOs3, 2
CaCly, 1 MgCl;, and 11 D-glucose. Recording solution was the same as the holding bath
solution. For field potential recordings the bath/recording solution was same as above,
except for the concentration of MgCl, (1.5 mM) and KCI (3 mM). All solutions were
saturated with 95% O,, 5% CO, to achieve a pH near 7.4. For whole-cell recordings, the
slice chamber (0.7 mL capacity) had continuously flowing ACSF (~8 mL/min) at
temperature 31~32°C, except for a few experiments where the bath temperature was

reduced to 27°C, as indicated in the results. The osmolarity of the external solution was
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adjusted to 325 mOsm with D-glucose. Field potential recordings were obtained in an
interface-type chamber, maintained at ~32°C, with a flow rate of the ACSF at 1.5 ml/min.
For whole-cell recordings, neurons were visualized under infrared light
using Nomarski optics of an upright microscope (Zeiss Axioskop 2, Thronwood, NY)
through a 40x water immersion objective, equipped with a CCD-100 camera (Dage-MTI,
Michigan City, IN). The patch electrodes had resistances of 3.5-4.5 MQ when filled with
the internal solution (in mM): 60 CsCH3SO3, 60 KCH3SO3, 10 KCI, 10 EGTA, 10
HEPES, 5 Mg-ATP, 0.3 NazGTP (pH 7.2), 290 mOsm. When recordings were obtained
in the absence of CNQX, the internal chloride concentration was 1 mM, and osmolarity
was adjusted with potassium gluconate. Tight-seal (over 1 GQ) whole-cell recordings
were obtained from the cell body of interneurons and pyramidal-shaped neurons in the
BLA region. Access resistance (5—-24 MQ) was regularly monitored during recordings,
and cells were rejected if the resistance changed by more than 15% during the
experiment. Agonists or antagonists of ASIC1a were applied either to the bath or by
pressure injection. Pressure application was performed using a push—pull experimental
arrangement (222). Pressure was applied to the pipette via a Picospritzer (General Valve
Division, Parker Hannifin Corp., Fairfield, NJ), set at about 100 kPa (14 psi). A motorizer
(Newport, Fountain Valley, CA) was coupled with the approach/withdrawal (push—pull)
actuator of a micromanipulator (Burleigh PCS-5000 series; EXFO Photonic Solution Inc.,
Mississauga, Ontario, Canada). Motorizer movement and duration of application pulses
were controlled with a Master-8 digital stimulator (AMPI; Jerusalem, Israel). lonic
currents and action potentials were amplified and filtered (1 kHz) using the Axopatch

200B amplifier (Axon Instruments, Foster City, CA) with a four-pole, low-pass Bessel
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filter, were digitally sampled (up to 2 kHz) using the pClamp 10.2 software (Molecular
Devices, Sunnyvale, CA), and further analyzed using the Mini Analysis program
(Synaptosoft Inc., Fort Lee, NJ) and Origin (OriginLab Corporation, Northampton, MA).

Field potentials were evoked by single-pulse stimulation of the external capsule at
0.05 Hz. Recording glass pipettes were filled with ACSF, and had a resistance of
approximately 5 MQ. Stimulation was applied with a bipolar concentric stimulating
electrode made of tungsten (World Precision Instruments, Sarasota, FL). Signals were
digitized using the pClamp 10.2 software (Molecular Devices, Union City, CA), analyzed
using Clampfit 10.2, and final presentation was prepared using Origin (OriginLab
Corporation, Northampton, MA) or Graphpad Prism (GraphPad Software, La Jolla, CA).
In some experiments, the charge transferred by postsynaptic currents was calculated,
using the Mini60 software by Synaptosoft (Synaptosoft Inc., Fort Lee, NJ).

Drugs used were as follows: CNQX, an AMPA/kainate receptor antagonist,
bicuculline methiodide, a GABAA receptor antagonist, and ammonium chloride, an
activator of ASICla (223) (from Sigma-Aldrich, St. Louis, MO); D-AP5, an NMDA
receptor antagonist, SCH50911, a GABAGg receptor antagonist, and flurbiprofen, an
ASIC1la antagonist (298) (from Tocris, Ellisville, MO); tarantula venom psalmotoxin
(PcTX1, 100 pl lyophilized milked venom, from Spider Pharm Inc., Yarnell, AZ), an
ASICla antagonist (27; 80; 85); synthetic psalmotoxin 1 (Peptides International,
Louisville, KY), an ASIC1la antagonist. Low pH solutions for bath application were
prepared as described by Ziemann et al. (321), except that sodium bicarbonate content
was lowered to 5 mM to yield a pH of 6.6. Solutions with pH 5.0 for pressure-application

were buffered with HEPES. Osmolarity was adjusted by adding sodium gluconate.
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Behavioral experiments
Subjects

Male, Sprague-Dawley rats (200 ~ 220 g) were individually housed in an
environmentally controlled room (20-23°C, 12-h light/12-h dark cycle, lights on 06:00
pm), with food and water available ad libitum. All experimental procedures adhered to
the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and
were approved by the Institutional Animal Care and Use Committee (IACUC) of the

Uniformed Services University of the Health Sciences.

Surgical procedure

Forty rats were anesthetized with 2-5% isoflurane, using a KSC Anesthesia
System (Kent Scientific, Torrington, CT). Each rat was mounted on a stereotaxic frame
(David Kopf Instruments, Kent, UK), and a midline incision was made over the skull.
The skull was scraped clean, four holes were then drilled into the skull, and self-tapping
stainless-steel screws were inserted to help anchor the guide cannulae (Plastics One Inc.,
Roanoke, VA). Next, two additional sites were drilled, and stainless steel guide cannulae
(26 gauge, Plastic One Inc) of 8.0 mm length were implanted at the following
coordinates: 2.8 mm anteroposterior to the bregma, 4.6 mm lateral to the midline, and 8.0
mm in depth (based on Paxinos and Watson, 2005). Dental cement (A-M Systems,
Sequim, WA) was used to affix the guide cannulae and to stabilize the assembly by

adhering to the four stainless steel screws.

Microinjection procedure
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Beginning on the seventh day following surgery, each rat was extensively handled
by the experimenter for 3 days. During the following 3 days, the rats were gently
restrained by hand, and injection tubing (Plastics One Inc., Roanoke, VA) was screwed in
the animals’ head, while an electric pump was turned on, in order to habituate the rats to
the handling and noises associated with the microinjection procedure. On experimental
days, 33 gauge injector-cannulae were inserted into the guide cannulae. The injectors
were 9 mm length to extend 1 mm beyond the end of the guide cannulae. Drug solutions
were bilaterally infused for 2 min, at a rate of 0.5 pl/min, with the use of a microinfusion
pump (Harvard Apparatus, Holliston, MA); 1 ul total volume was delivered in the BLA
of each hemisphere. Injectors were left in place for 1 min after the end of the infusion. In
the open field test (see next paragraph), each rat was tested only with a single dose of one
of three drugs (ammonium chloride, synthetic psalmotoxin, tarantula venom
psalmotoxin; all dissolved in ACSF) and a single dose of the vehicle (ACSF); the two

tests were separated by one week, and the order of testing was randomized.

Open Field test

Behavioral tests took place during the dark phase of the rats’ light/dark cycle.
Anxiety-like behavior was assessed using an open field apparatus (40 X 40 X 30 cm clear
Plexiglas arena). The animals were acclimated to the apparatus in one session. On test
days, the rats were placed in the center of the open field, 5 min after drug or vehicle
injection. Activity was measured and recorded for 5 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

(Accuscan Electronics). Locomotion (distance traveled in cm), total movement time, and
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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.

Light-Dark Box test

Anxiety-like behavior was also assessed using a light/dark box apparatus, which
consisted of an activity arena that was fitted with a light/dark box insert (Accuscan
Instruments Inc.). The light and dark compartments measured 20 X 40 X 30 cm each.
About 5 min after drug or vehicle microinjection, rats were placed in the light
compartment facing the dark compartment, and their activity was recorded for 5 minutes,
using an Accuscan Electronics infrared photocell system. Anxiety behavior was assessed

by the latency to enter the dark compartment and the time spent in the light compartment.

Histology

After completion of the behavioral tests, rats were deeply anesthetized with
isoflurane using a KSC Anesthesia System (Kent Scientific, Torrington, CT) and
decapitated. The brains were removed and stored in 4% paraformaldehyde for at least 7
days before being sectioned on a freezing microtome (40 um sections). Brain sections
were mounted onto slides, and stained with cresyl violet according to standard
procedures. The location of the guide cannulae was determined using a light microscope.

Only rats with confirmed cannulae position in the BLA were used in the results analysis.

Statistical Analysis

The results from the electrophysiological and behavioral experiments were tested

for statistical significance using the two-sample- or the paired t-test. Differences were
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considered significant when P < 0.05. Data are presented as Mean * standard error.
Sample size “n” refers to the number of neurons for the whole-cell experiments, the
number of slices for the field potential recordings, and the number of animals for the

behavioral experiments.

RESULTS
ASIC1la channels are present on both interneurons and principal cells

Our first aim was to determine whether interneurons and principal neurons in the
BLA carry functional ASICla channels. We distinguished interneurons from principal
cells based on size and shape (larger size and pyramidal shape for principal cells), as well
as on their electrophysiological characteristics. The majority of BLA interneurons fire
fast, non-accommodating action potentials in response to depolarizing current pulses,
while principal cells fire longer duration action potentials displaying various patterns of
accommodation (241; 273). In addition, the majority of interneurons demonstrate linear
change in leakage current in response to hyperpolarizing voltage steps, in contrast to the
principal BLA neurons, which display a hyperpolarization-activated cationic current (ly,)
(17; 213; 308). Figure 1a and 2a show the characteristic responses of interneurons and
principal cells, respectively, to 1 s -long hyperpolarizing steps (10 mV increments) from
the holding potential of -70 mV (left panel), as well as to 500 ms-long current injections
in the current-clamp mode (right panel).

ASICla is also gated by ammonium (220; 223). Therefore, to determine whether
ASIC1la channels are present on BLA interneurons, we pressure-applied acidified ACSF
(pH 5), or ACSF containing 40 mM ammonium chloride, while recording from

interneurons (n = 9) at a holding potential (V}) of -70 mV, and in the presence of CNQX
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(10 uM), D-APS5 (50 puM), and bicuculline (20 uM). Both low pH and ammonium
induced inward currents that were dramatically enhanced when the temperature of the
bathing solution was reduced from 32° to 27°C (Fig. 15b), which is consistent with the
paradoxical temperature dependency of ASIC1a channels (20). The evoked currents were
reversibly blocked by the ASIC1a antagonist flurbiprofen (Fig. 15c). In the current clamp
mode, bath application of 5 mM ammonium induced high-frequency firing of the
recorded interneurons (n=4, Fig. 15d). These data indicate that ASIC1a channels are
present on BLA interneurons, and their activation produces strong depolarization.

Figure 15. ASIC1la channels are present on BLA interneurons. (a) Typical linear currents
(I is absent) recorded from interneurons in response to hyperpolarizing voltage
steps in voltage-clamp (v-clamp) mode (left), and an example of fast, non-
accommodating spiking of interneurons in response to current injection in the
current-clamp (c-clamp) mode (right). (b) Brief (200 ms) pressure application of
acidified solution (left), or 40 mM ammonium (right) induced inward currents
in interneurons, which were increased by lowering the bath temperature. ()
Currents evoked in interneurons by acidified solution or 40 mM ammonium
were blocked by 2 mM flurbiprofen. (d) In the current clamp mode, bath
application of 5 mM ammonium induced high-frequency firing of interneurons.
In (b) and (c), holding potential is -70 mV. In (b), (c), and (d), recordings are in
the presence of CNQX (10 uM), D-APS5 (50 uM), bicuculline (20 uM), and
SCH50911 (10 uM).
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Next, we examined if principal neurons in the BLA also carry ASIC1a channels.
Pressure application of either acidified ACSF of pH 5.0 (n = 27), or ACSF containing 40
mM ammonium (n = 24) induced inward currents in principal cells, which were enhanced
when the temperature of the bathing solution was reduced from 32° to 27°C (Fig. 16b),
and were reversibly blocked by flurbiprofen (Fig. 16c). In the current clamp mode, bath
application of ammonium (5 mM) induced repetitive bursts of action potentials (n = 5,
Fig. 16d). Thus, BLA principal neurons also express functional ASICla channels.

Figure 16. ASIC1a channels are present on BLA principal neurons. (a) Currents recorded
from principal neurons in response to hyperpolarizing voltage steps in voltage-
clamp (v-clamp) mode (left; notice the presence of I,), and an example of
accommodating firing in response to current injection in the current-clamp (c-
clamp) mode (right). (b) Pressure application (200 ms) of acidified solution
(left), or 40 mM ammonium (right) induced inward currents in principal cells,
which were increased by lowering the bath temperature. (c) Currents evoked in
principal cells by acidified solution or 40 mM ammonium were blocked by 2
mM flurbiprofen. (d) In the current clamp mode, bath application of 5 mM
ammonium induced bursts of action potentials. In (b) and (c), holding potential
iIs-70 mV. In (b), (c), and (d), recordings are in the presence of CNQX (10
uM), D-AP5 (50 uM), bicuculline (20 pM), and SCH50911 (10 pM).
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The effects of ASIC1a activation or blockade on spontaneous inhibitory activity

The presence of ASIC1a on interneurons - presumed to be GABAergic - predicts
that activation of these channels will increase GABAergic activity in the BLA network.
Indeed, bath application of 5 mM ammonium, in the presence of CNQX (10 uM), D-AP-
5 (50 uM), and SCH50911 (10 uM), increased the frequency of spontaneous inhibitory
postsynaptic currents (SIPSCs) recorded from principal neurons, from 25 + 2 Hz to 36 + 3
Hz (n =11, P =0.0006; Fig. 17a,b,c). Similarly, perfusion of the slices with acidified
ASCF (pH 6.6) increased the frequency of sIPSCs from 17 £+ 2 Hzto 24+ 1 Hz (n=8, P
= 0.00008; Fig. 17d,ef).

Figure 17. Activation of ASIC1a increases spontaneous inhibitory activity. Recordings
were obtained from BLA principal cells in the presence of CNQX (10 uM), D-
APS5 (50 uM), and SCH50911 (10 uM), at Vi, = +30 mV. (a) Spontaneous
inhibitory postsynaptic currents (sIPSCs) before, during, and after bath
application of 5 mM ammonium. (b) Amplitude-frequency histogram of sIPSCs
before and after bath application of 5 mM ammonium (n =11); bin width is 5
pA. (c) Group data of the frequency of sIPSCs in control medium, in 5 mM
ammonium, and after washing out of ammonium (n = 11). (d) sIPSCs before,
during, and after application of acidified ACSF. (¢) Amplitude-frequency
histogram of sIPSCs in control medium and in pH 6.65 (n = 8); bin width is 5
pA. (f) Group data of the frequency of sIPSCs in control medium, in low pH,
and after return to control medium (n = 8). ***P < 0.001.
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Since ASIC1a activation enhances sIPSCs, we asked if these channels are also
active in the basal state, contributing to the tonic level of inhibition (“background”
inhibition due to spontaneous GABA release) in the BLA. To answer this question, we
recorded sIPSCs from principal BLA neurons, and then applied either flurbiprofen, or the
tarantula venom, psalmotoxin (PcTx1), which specifically blocks homomeric ASICla
channels (27; 80; 85). Both compounds significantly decreased the frequency and
amplitude of sIPSCs; flurbiprofen decreased the frequency of sSIPSCs from 26 £ 2 Hz to 7
+2Hz (n=7,P =0.00001; Fig. 18a,b,c), whereas PcTX1 decreased sIPSCs from 38 + 2
Hz to 24 £+ 3 Hz (n = 4, P = 0.005; Fig. 18d,e,f). To be certain that flurbiprofen or PcTX1
did not have a direct suppressive effect on GABAergic synaptic transmission, we also
evoked GABA currents by pressure application of GABA on the recorded principal
neurons. Neither flurbiprofen nor PcTX1 had any significant effect on the GABA-evoked
currents at the time that these drugs suppressed sIPSCs (Fig. 18a,d). These data suggest
that ASIC1la channels are active during basal synaptic activity and contribute
significantly to the generation of sSIPSCs. We should note here that we also attempted to
antagonize the activity of ASIC1a with amiloride (298; 299) or nafamostat mesylate
(290), but found that these compounds directly affect GABAergic transmission; currents
evoked by pressure application of GABA were reduced by about 40% and 90% by
amiloride and nafamostat mesylate, respectively (see Supplementary Figure 1).

Figure 18. Antagonism of ASIC1a reduces spontaneous inhibitory activity. Recordings
were obtained from BLA principal cells in the presence of CNQX (10 uM), D-
APS5 (50 uM), and SCH50911 (10 uM), at Vi, = +30 mV. (a) sIPSCs in control
medium, in the presence of bath-applied flurbiprofen (2 mM), and after a 10
min-wash. Flurbiprofen suppressed sIPSCs, with no significant effect on the
amplitude of GABAA-mediated currents evoked by pressure-applied GABA

(arrowheads; 400 mM GABA, 200 ms). The lower traces show, in an expanded
view, the last 5 s of the upper traces. (b) Amplitude-frequency histograms for
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sIPSCs in control medium and in the presence of 2 mM flurbiprofen, for the cell
shown in (a) (bin size, 10 pA). (c) Group data of the frequency of sIPSCs in
control medium and in the presence of 2 mM flurbiprofen (n =7, ***P <
0.001). (d) sIPSCs before, during, and after bath-applied PcTx1 venom (1:1000
dilution of the 100 pl lyophilized, milked venom). PcTx1 suppressed sIPSCs,
with no significant effect on the amplitude of GABAA-mediated currents
evoked by pressure-applied GABA. The lower traces show, in an expanded
view, the last 5 s of the upper traces. (€) Amplitude-frequency histograms for
sIPSCs in control medium and in the presence of PcTx1, for the cell shown in
(d) (bin size, 10 pA). (f) Group data of the frequency of sIPSCs in control
medium and in the presence of PcTx1 (n = 4, **P < 0.01).
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Supplementary Figure 1: The non-specific ASIC1a antagonists Nafamostat mesylate
(NM) and amiloride reduce GABAA, receptor-mediated currents. The recordings
shown are from principal BLA neurons in the presence of 10 uM CNQX, 50
uM D-APS5, and 10 uM SCHS50911 (Vy, = +30 mV). (a) Currents evoked by
pressure-applied GABA (400 mM, 200 ms) were blocked by bicuculline (40
uM). (b) NM (200 uM) nearly blocked GABA-evoked currents. (c) Amiloride
also reduced the GABAA receptor-mediated currents.

ASICla activation increases glutamatergic excitation of interneurons
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Considering that in addition to GABAergic cells, principal BLA neurons also
have functional ASIC1a channels, we examined if under acidic conditions, interneurons
are not depolarized only directly by activation of ASIC1a, but also due to glutamatergic
excitation secondarily to ASICla-mediated depolarization of principal cells. When we
recorded spontaneous excitatory postsynaptic currents (SEPSCs) from BLA interneurons,
application of acidified solution increased the frequency of SEPSCs from 19 £ 3 Hz to 25
+ 3 Hz (n=4, P =0.01023, Fig. 19a). When we recorded currents evoked by pressure
application of acidified solution in the absence of CNQX, sEPSCs were present,
overlapping with the evoked currents (n = 3, Fig. 19b). The frequency of SEPSCs
recorded from interneurons was also increased by pressure application of ammonium (n =
4, Fig. 19c). To determine if in the basal state, ASIC1a activity on principal cells
contributes to glutamatergic excitation of interneurons, we recorded sEPSCs from
interneurons, and then applied flurbiprofen; the frequency of SEPSCs was reduced by
flurbiprofen from20 £ 3 Hzto 5+ 1 Hz (n =4, P =0.00528, Fig. 19d). Thus, activation
of ASIC1a channels depolarizes interneurons not only directly, but also indirectly due to
glutamate release from principal cells, and this mechanism is in effect also in the basal

state.
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Figure 19. Activation of ASIC1a increases the excitatory drive of interneurons.
Recordings are from interneurons at V}, -58 mV and in the presence of D-AP5
(50 uM) and SCH50911 (10 uM). (a) Lowering the pH of the bath increased the
frequency of SEPSCs. The lower current traces in (a) are from the same cell as
in the upper trace, at an expanded view. CNQX (10 uM) blocked the recorded
currents. (b) Currents evoked by pressure application (arrowhead, 200 ms) of
acidified ACSF in the absence of CNQX, displayed “riding” EPSCs. (c)
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Pressure application of ammonium (40 mM, 500 ms) increased the frequency of
SEPSCs. (d) Bath application of flurbiprofen (1 mM) decreased the frequency of
SEPSCs.

The net effect of ASIC1a activation on BLA excitability

The results described above demonstrate that activation of ASIC1a increases
inhibitory activity in the BLA due to direct and indirect (via synaptic glutamatergic
excitation) depolarization of interneurons. However, ASIC1a activation can be expected
to also increase excitatory activity, since principal neurons also carry these channels. The
question, therefore, arises as to what would be the net effect of ASIC1la activation on the
overall level of activity and excitability of the BLA. To answer this question, first we
examined the effect of ASIC1a activation on sIPSCs and SEPSCs recorded
simultaneously from principal cells. To quantify these effects we calculated the total
charge transferred. The charge, in pico Coulombs, was calculated as the area delimited by
the inhibitory or excitatory current and the baseline. Current areas were analyzed for a
time window of 5s. Bath application of ammonium (5mM) increased the charge
transferred by sIPSCs from 1.4 + 0.2 pC to 38 £ 4 pC (n = 21, P = 0.0000008), while at
the same time the charge transferred by SEPSCs increased from 1.3+ 0.1 pCto 9+ 1 pC
(n =21, P =0.000003, Fig. 20a). The ammonium-induced increase of the charge
transferred by sIPSCs (5000 = 1000 %) was significantly greater than that of the SEPSCs
(900 + 200 %; P = 0.01318). Similar effects were observed during bath application of
ACSF of pH 6.6. The acidified solution increased the charge transferred by sIPSCs from
21+0.6 pCto19+3pC (n=9, P=0.0005), while at the same time the charge
transferred by sEPSCs increased from 2.0 £ 0.5 pCt0 4.8 + 0.6 pC (n =9, P = 0.00003,

Fig. 20b). Again, the difference between the increase of sIPSCs (1400 + 400 %) and the
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increase of SEPSCs (290 £ 30 %) was statistically significant (P = 0.00544). Thus,
ASICla activation increases both GABAergic and glutamatergic spontaneous activity,
but the increase of GABAergic activity is significantly greater than the increase of
glutamatergic activity.

Next, we examined the effects of ASIC1a activation on BLA field potentials
evoked by stimulation of the external capsule. The field potentials evoked in the BLA are
not pure field EPSPs; they also contain population spiking activity and are under strong
GABAergic inhibition. For this reason, any manipulation that increases inhibitory activity
reduces the amplitude of the evoked field potential. Bath application of ammonium (8
mM) reduced the amplitude of the field potentials to 76.4 + 4 % of the control values
(from 0.46 £ 0.02 mV t0 0.36 £ 0.01 mV, n =4, P = 0.008; not shown). The reduction of
the field potentials by ammonium suggested that ASICla activation suppresses
excitability in the BLA network. To obtain more clear evidence of such an effect, we first
induced epileptiform activity by increasing the concentration of K™ in the ACSF to 7 mM
and removing Mg**, and then applied ammonium. Bath application of 8 mM ammonium
reduced the evoked field potentials and eliminated the spontaneous epileptiform
discharges (n = 5, Fig. 20c). The same concentration of ammonium had no significant
effect on spontaneous epileptiform activity when flurbiprofen (2 mM) was present in the
slice medium (n = 4; not shown), which is consistent with the involvement of ASICla

channels in the suppressive effect of ammonium.
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Figure 20. The net effect of ASIC1a activation is suppression of BLA excitability. (a) and
(b) Simultaneous recordings of sIPSCs (outward currents) and SEPSCs (inward
currents) were obtained from principal cells at V, -58 mV, and in the presence
of D-AP5 (50 uM) and SCH50911 (10 uM). Bath application of 5 mM
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ammonium (a), or acidified solution (b) increased the charge transferred by
sIPSCs and sEPSCs; the increase in the charge transferred by sIPSCs was
significantly greater than the increase in charge transferred by SEPSCs. Example
traces are shown in the upper panels of (a) and (b), and group data are shown in
the bar graphs; n =21 in (a) and n =9 in (b), ***P < 0.001. (c) Upper panel
shows field potentials evoked in the BLA by single-pulse stimulation of the
external capsule, and lower panel shows spontaneous field activity recorded in
gap-free mode. Recordings are in medium containing 7 mM K+ and zero Mg++,
which induced epileptiform activity. Bath application of 8 mM ammonium
reduced the evoked field potentials and blocked epileptiform activity. Each of
the three field potentials shown in the upper panel is an average of 10 sweeps;
the stimulus artifacts have been truncated for clarity. The equidistant vertical
lines in the traces of spontaneous activity are stimulus artifacts, as evoked field
potentials were sampled during gap-free recordings, by stimulation applied
every 20 sec.

The net effect of ASIC1la blockade on BLA excitability

To determine whether the activity of ASIC1la channels favors enhancement of
GABAergic inhibition over that of glutamatergic excitation also in the basal state, we
examined the effect of ASIC1a blockade by flurbiprofen on sIPSCs and SEPSCs recorded
simultaneously from principal cells (Fig. 21a). Flurbiprofen decreased the frequency of
SIPSCsfrom 15+ 1 Hzto5%+1Hz (n=9, P=0.000004), and the frequency of SEPSCs
from16 +1Hzto1l1+1Hz (n=9, P=0.0002). The reduction in the frequency of
sIPSCs (70 = 4 %) was significantly greater than the reduction in the frequency of
SEPSCs (30 £ 4 %; P = 0.000002). We also tested the effects of flurbiprofen on evoked
field potentials, in normal ACSF. Bath application of 2 mM flurbirpofen increased the
amplitude of the field potentials from 0.61 £ 0.09 mVV t0 1.05+0.19mV (n=5,P =
0.020, Fig. 21b). These results suggest that in the basal state the activity of ASICla in the

BLA favors enhancement of inhibition over excitation.
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Figure 21. The net effect of ASICla antagonism is reduction of inhibition and increased
excitability. (a) Simultaneous recordings of sIPSCs (outward currents) and
SEPSCs (inward currents) were obtained from principal cells at Vy, -58 mV, and
in the presence of D-AP5 (50 uM) and SCH50911 (10 uM). Bath application of
2 mM flurbiprofen decreased the frequency of sIPSCs to a greater extent than
that of SEPSCs. An example is shown in the upper panel, and group data in the
bar graphs (n =9, ***P < 0.001). (b) Field potentials evoked in the BLA by
stimulation of the external capsule. Bath application of 2 mM flurbiprofen
reversibly increased the amplitude of the evoked responses. Each trace is an
average of 10 sweeps.
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Effects of ASIC1a activation or blockade on anxiety-like behavior

Since the net role of ASIC1a in the BLA is primarily to enhance inhibition,
activation of these channels could have an anxiolytic effect. One test of anxiety-like
behavior in rodents is the open-field, where the more anxious the animal is, the less time
it spends in the center of the field. Microinjection of ammonium (12 mMoles) bilaterally
into the BLA significantly increased the time the rats spent in the center of the open field,
from 9.7 + 2.1 % of the total movement time (after vehicle microinjection) to 17.3 £ 2.6
% of the total movement time (P = 0.009, n = 8, Fig. 22a, left graph). We also examined
the effect of blockade of ASIC1a on anxiety. The effects of the synthetic psalmotoxin
(400 nMoles; n =5) and the tarantula venom psalmotoxin (1 ul from a 1/1000 dilution of
the 100 pul lyophilized milked venom; n = 4) were similar, therefore the results were
combined. Psalmotoxin significantly reduced the time the rats spent in the center of the
open field from 12.8 = 1.6 % of the total movement time (after vehicle microinjection) to
6.8 = 1.0 % of the total movement time (P =0.013, n =9, Fig. 22a, right graph). The
distance the rats traveled in the open field was not significantly affected by activation or
blockade of ASICla.

Another behavioral test that can assess the level of anxiety is the light/dark box.
In this test, the less anxious the animal is, the longer the latency to enter the dark
compartment and the longer the time it spends in the light compartment. Rats that
received microinjection of ammonium (12 mMoles) bilaterally into the BLA displayed a
longer latency (104.0 = 22.0 s, n = 7) to enter the dark compartment — after placed in the
light compartment — compared to rats that received the vehicle (35.8 = 11.0s;n=6; P =

0.012; Fig. 22b, left graph). In addition, the time spent in the light compartment was
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significantly longer in rats administered ammonium (138.4 + 12.5 s) compared to
vehicle-microinjected rats (48.2 £ 8.8 s; P = 0.00013; Fig. 22b, right graph).

Figure 22. In vivo activation of ASIC1a in the BLA suppresses anxiety-like behavior,
while antagonism of ASIC1la increases anxiety. (a) In the open field test, the rats
spent significantly more time in the center, after microinjection of ammonium
bilaterally into the BLA (left graph), and significantly less time in the center,
after microinjection of psalmotoxin into the BLA (right graph), compared to the
time they spent in the center of the open field when injected with the vehicle.

(b) In the light-dark box test, rats microinjected with ammonium bilaterally into
the BLA took a significantly longer time to enter the dark compartment, and
spent more total time in the light compartment compared to rats injected with
the vehicle. *P < 0.05.
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DISCUSSION

In the present study, we demonstrated that in the rat BLA, ASICla channels are
present on both interneurons and principal cells, and their activation by ammonium, or by
lowering extracellular pH, induces intense firing. When these channels are activated
throughout the BLA network, spontaneous GABAergic inhibitory activity is increased
significantly more than glutamatergic activity. Consistent with this finding, ammonium
blocked epileptiform discharges in vitro, and reduced anxiety-like behavior when
microinjected bilaterally into the BLA in vivo. Furthermore, ASIC1a channels are active
in the basal state, enhancing background GABAergic inhibition, not only by direct
depolarization of interneurons, but also by indirect excitation of interneurons secondary
to ASICla-mediated depolarization of principal cells. Accordingly, in vivo blockade of
ASICla in the BLA increased anxiety.

The BLA displays a markedly high expression of the ASIC1a subunit (73; 304),
but it also expresses the ASIC2a and ASIC2b subunits (34; 160). It is unknown if the
functional ASIC1a channels in the BLA are homomeric ASIC1la trimers, or if they co-
assemble with the ASIC2a or 2b. From the two mechanisms that we employed to activate
these channels, the low pH can activate any type of ASIC, while ammonium specifically
activates ASIC1a currents as demonstrated in isolated sensory neurons (220), as well as
in central dopaminergic neurons, hippocampal interneurons, and HEK 293 cells (223).
The effects we observed when ASICs were activated by either low pH or ammonium
application were blocked by flurbiprofen. In addition, both flurbiprofen and PcTX1
significantly reduced the frequency of sIPSCs in the BLA (Fig. 22). Flurbiprofen has

been shown to inhibit PcTX1-sensitive currents (298), and PcTX1 specifically blocks
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currents mediated by homomeric ASICla (27; 85). Thus, at least a portion of the ASICla
channels in the BLA are probably homomeric trimers.

If we consider that ASIC1a channels are present on both interneurons and
principal neurons, and their activation strongly depolarizes both types of neurons (Figs.
15 and 16), but also that interneurons constitute only a small percentage of the total
neuronal population in the BLA (175; 241), then we have to ask why the predominant
effect of ASIC1a activation in the BLA network is an increase of GABAergic inhibition
rather than glutamatergic excitation. A possible explanation lies on the evidence that
much of the excitatory input within the BLA circuitry is directed onto interneurons, while
most of the inhibitory input is directed onto principal cells (154; 209; 226; 268). Our
observations are in accordance with these findings, as only a small percentage of the
interneurons we have recorded from have sIPSCs, while all of them display high activity
of single SEPSCs and, occasionally, bursts of SEPSCs. An additional factor that can make
BLA interneurons more excitable is that the GABAA, receptor-mediated IPSPs recorded
from them reverse at more depolarized potentials than the GABAA IPSPs of projection
cells (170). Finally, the electrical coupling between BLA interneurons (191; 309) can
enhance inhibitory strength in the BLA network. As a result, when both interneurons and
principal cells are depolarized by ASIC1a activation, the inhibition of principal cells is
stronger than their excitation, probably because principal cells receive strong inhibitory
inputs, which are further reinforced due to concomitant strong excitation of interneurons
(see Fig. 19).

Both the electrophysiological and the behavioral results suggested that the

ASICla channels in the BLA are active in the basal state, preferentially increasing
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background inhibition. Thus, flurbiprofen or PcTX1 reversibly decreased the frequency
and amplitude of isolated sIPSCs (Fig. 22), and when sIPSCs and SEPSCs were recorded
simultaneously, flurbiprofen preferentially reduced the sIPSCs (Fig. 21a). In addition,
flurbiprofen reduced the basal excitatory drive of interneurons (Fig. 19d). These results
are consistent with the increase of the evoked population response in the BLA by bath
application of flurbiprofen (Fig. 21b; increased population spiking due to reduced
inhibition), as well as with the increase in anxiety-like behavior in the open field, when
psalmotoxin was injected bilaterally in the BLA (Fig. 22a). How can ASIC1a channels be
active in the basal state? Extracellular pH can fluctuate during normal synaptic activity,
and the nature of these fluctuations (alkalinization or acidification, and their time course
relative to the intensity of synaptic activity) may differ in different brain regions (64;
313). The present data suggest that, in the BLA, pH shifts during spontaneous synaptic
activity, maintain a sufficient number of ASICla channels open to have a significant
effect on spontaneous inhibitory activity.

Previous studies have shown the involvement of ASIC1a activation in the
suppression of seizures in vivo, and the blockade of epileptiform activity in hippocampal
slices (321). A similar role of these channels was demonstrated in BLA slices, in the
present study, where bath application of ammonium suppressed epileptiform activity. In
agreement with the role of ASIC1a in suppressing excitatory activity in the BLA, we
found increased anxiety-like behavior when these channels were blocked, and
suppression of anxiety when they were activated. These results are in sharp contrast to
previous studies which have indicated that activation of ASIC1a is necessary for the

generation and expression of certain types of fear (320), and genetic elimination or
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blockade of these channels have anxiolytic effects (73; 82). Species difference (mice
versus rats) in the function of ASIC1a in the BLA is possible. Such species difference
exists for the function of the GIuK1 receptors in the BLA, the blockade of which is
anxiogenic in mice (311), but anxiolytic in rats (17). It should also be considered that the
strength and the temporal pattern of ASIC1a activation could play a determinant role in
the effect it will have on the network excitability — and may have played a role in the
discrepant results —, as strong or slow acidification can lead to fast desensitization of
ASIC1la (38; 103), which can give way to other mechanisms that may produce
hyperexcitability.

The present study clearly demonstrated that in the rat amygdala the primary
function of ASIC1a channels is to increase inhibition, and, as a result, activation of these
channels has an anxiolytic effect. It is apparent, however, that we are still at the early
stages of understanding the roles that ASICa plays in the excitability of different brain
regions, what parameters affect these roles, and if there are species differences.
Delineating the functions of these channels can potentially have profound implications

for the treatment of several neurological and mental illnesses.
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Abstract

Exposure to nerve agents induces prolonged status epilepticus (SE), causing brain
damage or death. Diazepam (DZP) is the presently FDA-approved drug for the cessation
of nerve agent-induced SE. Here, we compared the efficacy of DZP with that of
UBP302-an antagonist of the kainate receptors that contain the GluK1 subunit-against
seizures, neuropathology, and behavioral deficits induced by soman, in rats. DZP,
administered 1 h or 2 h post-exposure, terminated the SE, but seizures returned; thus, the
total duration of SE within 24 h after soman exposure was similar to (DZP at 1 h) or
longer than (DZP at 2 h) that in the soman-exposed rats that did not receive
anticonvulsant. Compared to DZP, UBP302 stopped SE with a slower time-course, but
reduced dramatically the total duration of SE within 24 h. Neuropathology and behavior
were assessed in the groups that received anticonvulsant treatment 1 h after exposure.
UBP302, but not DZP, reduced neuronal degeneration in a number of brain regions, as
well as neuronal loss in the basolateral amygdala and the CA1 hippocampal area, and
prevented interneuronal loss in the basolateral amygdala. Anxiety-like behavior, assessed
in the open field and by the acoustic startle response, 30 days after soman exposure, was
increased in the group that did not receive anticonvulsant treatment and in the DZP-
treated group, but not in the UBP302-treated group. The results argue against the use of
DZP for the treatment of nerve agent-induced seizures and brain damage, and suggest

that targeting GluK1-containing receptors is a more effective approach.
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Introduction

The devastating effects of the sarin attack against civilians in Syria that the world
witnessed in August of 2013 (81) brought again to the forefront the question of readiness
and whether the existing medical countermeasures can save lives and protect against the
long-term health consequences of exposure. The primary action of nerve agents is the
inhibition of acetylcholinesterase (AChE). Without medical intervention, the ensuing
cholinergic crisis can culminate in the collapse of the cardiorespiratory system and death
(24). In addition to the peripheral effects, AChE inhibition in the brain produces
convulsive seizures and status epilepticus (SE), initiated by the excessive stimulation of
cholinergic receptors. If immediate death is prevented by adequate control of the
peripheral symptoms, but SE is not controlled effectively, lives may still be lost from the
prolonged SE, or severe brain damage can ensue with long-term behavioral
consequences. The lasting behavioral deficits that follow nerve agent exposure are well-
known from experimental studies in animals (74; 90; 155; 228), but also from studies in
the victims of the sarin attacks in Japan, who present neurological and neuropsychiatric
disturbances years after the exposure (118; 204; 315).

As the initiation of seizures after nerve agent exposure is due to excessive
elevation of acetylcholine, acting primarily on muscarinic receptors, administration of
muscarinic receptor antagonists can halt the development of SE, but only when
administered within a short period of time after exposure (153; 261; 266), suggesting that
seizures are sustained and reinforced by glutamatergic rather than cholinergic
mechanisms (181). One way to suppress glutamatergic hyperactivity is by enhancing
GABAergic inhibition. Benzodiazepines, which are positive allosteric modulators of
GABA receptors (48; 96), have long been the first line of treatment for the cessation of
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SE triggered by various etiologies (266). Accordingly, the benzodiazepine diazepam
(DZP) is also currently the only FDA-approved injectable drug for the control of seizures
caused by nerve agents.

A number of concerns, however, are associated with the use of DZP for the
cessation of nerve agent-induced SE. First, the efficacy of DZP decreases as the interval
between the initiation of SE and the administration of DZP increases (183; 261; 288); this
has also been documented in the lithium-pilocarpine model of SE (102; 130; 301), which
has many similarities to the nerve agent-induced SE, in both the mechanisms of seizure
initiation and the effects it produces (284). The development of resistance to DZP is
concerning because in a terrorist attack with nerve agents, it may not be possible for
medical assistance to arrive immediately; thus, when DZP is administered, the seizures
may have already become resistant to benzodiazepines. Second, benzodiazepines are
among the anticonvulsants with the most serious side effects (136; 185). Third, seizures
often recur after termination of the initial SE by benzodiazepines (174; 264), and at least
in the case of nerve agent-induced SE, it is unclear whether DZP compares favorably
with other anticonvulsant treatments in the duration of its anti-seizure effects. This is
particularly significant considering that the duration and intensity of seizures clearly
correlate with the severity of the resulting neuropathology (227; 258).

We recently demonstrated that nerve agent-induced seizures can be effectively
controlled by targeting the glutamatergic system. LY 293558, which is an antagonist of
both the AMPA receptors and the kainate receptor subtype that contains the GluK1
subunit (GluK1Rs; formerly known as GIURS5 kainate receptors or GLUks receptors; see

(66; 124)) was very efficacious in stopping seizures induced by the nerve agent soman
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and protecting against neuronal damage (12; 89). In the present study, we used a rat
model of nerve agent exposure in which the anticonvulsant treatment was delayed to at
least 1 h, and compared the efficacy of DZP to that of another GIuK1R antagonist, (S)-3-
(2-carboxybenzyl)willardiine (UBP302), which antagonizes selectively the GIuK1Rs
(190), against soman-induced seizures, as well as acute and long-term neuropathology.
We also examined the efficacy of DZP and UBP302 in preventing the development of
anxiety, which is a prevalent behavioral deficit resulting from nerve agent-induced brain

damage, in both animals (74; 155; 228) and humans (118; 204).
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Materials and Methods
Animals

Male, Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA),
weighing 150-250 g (6 to 8-weeks-old) at the start of the experiments, were individually
housed in an environmentally controlled room (20-23°C, 12-h light/12-h dark cycle,
lights on 06:00 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
(USAMRICD) and the Uniformed Services University of the Health Sciences (USUHS)
are accredited by the Association for Assessment and Accreditation of Laboratory
Animal Care International. All animal experiments were conducted following the Guide
for the Care and Use of Laboratory Animals by the Institute of Laboratory Animal
Resources, National Research Council and the Animal Welfare Act of 1966 (P.L. 89-
544), as amended, and were approved by the Institutional Animal Care and Use

Committees of the USAMRICD and the USUHS.

Soman administration and drug treatment

Soman (pinacolyl methylphosphonofluoridate) was obtained from the U.S. Army
Edgewood Chemical Biological Center (Aberdeen Proving Ground, MD). The agent was
diluted in cold saline, and administered via a single subcutaneous injection (154 pg/kg,
which is approximately 1.4 X LD50; (126)) to rats that were 7 to 8-weeks-old. To
increase survival rate, rats were administered HI-6 (1-(2-
hydroxyiminomethylpyridinium)-3-(4-carbamoylpyridinium)-2-oxapropane dichloride;
125 mg/kg, i.p.; Starks Associates, Buffalo, NY) 30 min prior to soman exposure. HI-6 is

a bispyridinium oxime that reactivates inhibited acetylcholinesterase, primarily in the
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periphery (24). Within 1 min after soman exposure, rats also received an intramuscular
injection of atropine sulfate (2 mg/kg; Sigma- Aldrich, St. Louis, MO) to minimize
peripheral toxic effects. The soman-exposed rats were randomly divided into 3 groups:
Those that did not receive any further treatment (except for the oxime pretreatment and
the atropine; SOMAN group), those that received DZP (10 mg/kg, i.m.) at 1 h after
exposure to soman (SOMAN+DZP group), and those that received UBP302 (250 mg/kg,
i.p.) at 1 h after exposure to soman (SOMAN+UBP302 group). Some of the soman-
exposed rats had been implanted with electrodes for electroencephalographic (EEG)
monitoring (see next section for implantation procedure), 10 days before exposure. From
the implanted rats, some were administered DZP or UBP302 (doses same as above) at 1h
or 2 h after soman exposure; therefore, there were two SOMAN+DZP groups and two
SOMAN+UBP302 groups for the electrode-implanted rats (for the two time points of
anticonvulsant treatment; sample sizes are in the results section). DZP and UBP302 were
purchased from Hospira Inc. (Lake Forest, IL) and Tocris Bioscience (Bristol, UK),
respectively. Control animals received HI-6 and atropine, but were injected with saline
instead of soman (CONTROL group). For the SOMAN+UBP302 groups, we had to
decide on a dose based only on our own observations, as there are no previous studies in
which UBP302 has been injected systemically. First, we tested 100 mg/kg; this
concentration suppressed seizures, but with a very slow time course (it took more than 3
h to terminate seizure activity). We concluded with 250 mg/kg, after testing this
concentration also in control rats (rats not exposed to soman). Unlike DZP which
produces sedative effects even at 10 mg/kg, the 250 mg/kg of UBP302 administered to

control rats produced only a mild reduction in overall activity.
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In the rats that were not implanted with EEG electrodes, the occurrence
and the progression of seizures were monitored behaviorally and classified according to
the Racine scale (232), 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,

full tonic-clonic seizures.

Electrode implantation and EEG recordings

Rats (6-week-old) were anesthetized with isoflurane using a gas anesthesia system
(Kent Scientific, Torrington, CT). Five stainless steel, cortical screw electrodes were
stereotaxically implanted, as described previously (89), using the following coordinates
(from (215)): two frontal electrodes, 2.0 mm posterior from bregma and 2.5 mm lateral
from the midline, and two parietal electrodes, 5.0 mm posterior from bregma and 2.5 mm
lateral from the midline; a cerebellar reference electrode was implanted 1.0 mm posterior
to lambda. Each screw electrode (Plastics One Inc., Roanoke, VA) was placed in a plastic
pedestal (Plastics One Inc.) and fixed to the skull with dental acrylic cement. For EEG
recordings (obtained 10 days after electrode implantation), rats were placed in the EEG
chamber and connected to the EEG system (Stellate, Montreal, Canada; 200 Hz sampling
rate). Video-EEG recordings were performed in the freely moving rats, as described
previously (89). EEG was continuously recorded for 24 hours after soman injection;
during that time the animals had free access to food and water. The termination of the
soman-induced SE was defined as the disappearance of large amplitude, repetitive

discharges (>1 Hz with at least double the amplitude of the background activity).
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Fixation & tissue processing

Neuropathological analysis was performed in the amygdala, piriform cortex,
entorhinal cortex, hippocampus, and a neocortical region of rats that were not implanted
with EEG electrodes (the implantation procedure might cause some damage that could
interfere with the neuropathology results). One day, 7 days, and 30 days after soman
administration, 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 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 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 mounted
on slides for Fluoro-Jade C (FJC) staining, or were stored at -20°C in a cryoprotectant
solution for GAD-67 immunohistochemistry. All neuropathological analysis was done in

a blind fashion.

Fluoro-Jade C staining and analysis

FJC (Histo-Chem, Jefferson, AR) was used to identify irreversibly degenerating neurons
in all the amygdalar nuclei and the piriform cortex (-2.04 mm to -3.36 mm from bregma),
a neocortical area (-2.04 and -6.36 mm from bregma), the entorhinal cortex and the CA1,
CA3, and hilar areas of the ventral hippocampus (-5.4 and -6.36 mm from bregma; all
coordinates from (215)); we studied the ventral hippocampus because it displays

significantly more severe neurodegeneration after soman exposure than the dorsal
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hippocampus (14). 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 (dH20), and then incubated in
0.06% potassium permanganate solution for 10 min. After a 2 min rinse in dH0, the
slides were transferred to a 0.0001% solution of FJC 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 following rating system was used to score the
extent of neuronal degeneration in each structure and substructures: 0 = no damage, 1 =
minimal damage (1-10%), 2 = mild damage (11-25%), 3 = moderate damage (26-45%)
and 4 = severe damage (>45%). We have previously shown that qualitative assessment
using this scale produces results that are in agreement with quantitative assessments
(Qashu et al., 2010). The scores for neurodegeneration present on FJC-stained sections
were assessed considering the density of cells from Nissl-stained sections, along the

anterior to posterior extent, at 600 um intervals.

Stereological quantification

Design-based stereology was used to quantify the total number of neurons in Nissl-
stained sections in the basolateral amygdala (BLA) and CA1 area. Sections were viewed

with a Zeiss Axioplan 2ie (Oberkochen, Germany) fluorescent microscope with a
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motorized stage, interfaced with a computer running Stereolnvestigator 9.0
(MicroBrightField). The BLA and CALl regions were identified on slide-mounted
sections, and delineated for each slide of each animal, under a 2.5x objective, based on
the atlas of Paxinos and Watson (215). All sampling was done under a 63x oil immersion
objective. Nissl-stained neurons were distinguished from glial cells by their larger size
and pale nuclei surrounded by darkly-stained cytoplasm containing Nissl bodies. The
total number of Nissl-stained neurons was estimated using the optical fractionator probe,
and, along with the coefficient of error (CE), was calculated using Stereo Investigator 9.0
(MicroBrightField). The CE was calculated by the software according to Gundersen (m =
1; (105)) and Schmitz-Hof (2nd estimation; (246)) equations.

For Nissl-stained neurons in the BLA, a 1-in-5 series of sections was analyzed (8
sections on average). The counting frame was 35 x 35 um, the counting grid was 190 x
190 pm, and the dissector height was 12 um. Nuclei were counted when the cell body
came into focus within the dissector which was placed 2 um below the section surface.
Section thickness was measured at every counting site, and the average mounted section
thickness was 22.3 um. An average of 365 neurons per rat was counted, and the average
CE was 0.045 for both the Gunderson and Schmitz-Hof equations. For Nissl-stained
neurons in the CAL area, a 1-in-10 series of sections was analyzed (8 sections on
average). The counting frame was 20 x 20 um, the counting grid was 250 x 250 um, and
the dissector height was 10 um. Nuclei were counted when the cell body came into focus
within the dissector which was placed 2 um below the section surface. Section thickness
was measured at every counting site, and the average mounted section thickness was 18.3

pm. An average of 253 neurons per rat was counted, and the CE was 0.065 for
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Gunderson (m = 1) and 0.060 for Schmitz-Hof (2nd estimation) equation. For
GABAergic interneurons immuno-labeled for GAD-67 in the BLA (see procedure
below), a 1-in-10 series of sections was analyzed (on average 6 sections). The counting
frame was 60 x 60 um, the counting grid was 100 x 100 um, and the dissector height was
20 pum. Nuclei were counted when the top of the nucleus came into focus within the
dissector which was placed 2 um below the section surface. Section thickness was
measured at every 5th counting site, and the average mounted section thickness was 30
pm. An average of 260 neurons per rat was counted, and the average CE was 0.07 for the

Gunderson equation and 0.065 for Schmitz-Hof equation.

GADG67 immunohistochemistry

To label GAD-67 immunoreactive neurons, a I-in-5 series of free-floating sections
was collected from the cryoprotectant solution, washed three times for 5 min each in 0.1
M PBS, and then incubated in a blocking solution containing 10% normal goat serum
(NGS, Chemicon International, Temecula, CA) and 0.5% Triton X-100 in PBS for one
hour at room temperature. The sections were then incubated with mouse anti-GAD67
serum (1:1000, MAB5406; Chemicon), 5% NGS, 0.3% Triton X-100, and 1% bovine
serum albumin, overnight at 4° C. After rinsing three times for 10 min each in 0.1%
Triton X-100 in PBS, the sections were incubated with Cy3-conjugated goat anti-mouse
antibody (1:1000; Jackson ImmunoResearch, West Grove, PA) and 0.0001% DAPI
(Sigma-Aldrich, St. Louis, MO) in PBS for one hour at room temperature. After a final
rinse in PBS for 10 min, sections were mounted on slides, air dried for at least 30 min,
and coverslipped with ProLong Gold antifade reagent (Life Technologies, Grand Island,

NY).
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Behavioral experiments

Animals from the SOMAN, SOMAN+DZP, SOMAN+UBP302 and CONTROL groups
were tested in the open field and the acoustic startle apparatus, 30 days after soman. In
the open field apparatus (40X40X30 cm clear Plexiglas arena), anxiety-like behavior was
assessed as described previously ((17; 228)), following the procedure used by Grunberg
and collaborators (87). One day prior to testing (on day 29 after soman exposure),
animals were acclimated to the apparatus for 20 min. 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. Subjects
were exposed to an acclimation session on day 29 post-exposure, and followed next day
for a test session.

Acoustic startle response (ASR) testing was conducted with the use of the Med
Associates Acoustic Response Test System (Med Associates, Georgia, VT), which
consists of weight-sensitive platforms inside individual sound-attenuating chambers. A
ventilating fan built into the chamber provides background noise. Each rat was
individually placed in a ventilated holding cage. The holding cages are small enough to
restrict extensive locomotion, but large enough to allow the subject to turn around and
make other small movements. Each cage was placed on a weight-sensitive platform.
Subjects’ movements in response to stimuli were measured as a voltage change by a

129



strain gauge inside each platform. All animals were acclimated to the apparatus in two
sessions on post-soman days 28 and 29. Startle stimuli consisted of 120 or 110 dB sound
pressure level noise bursts of 20-ms duration. Each stimulus had a 2 ms rise and decay
time, such that the onset and offset were abrupt, which is a primary requirement for
startle. Each trial type (110 dB or 120 dB stimulus) was presented eight times. Trial types
were presented in random order to avoid effects and habituation, and inter-trial intervals
ranged randomly from 15 to 25 s. Responses were recorded by an interfaced Pentium
computer as the maximum response occurring during the no-stimulus periods and during
the startle period, and were assigned a value based on an arbitrary scale used by the

software of the test system.

Statistical analysis

Fisher exact test was used to compare the survival rate between the groups. Initial
SE duration, total SE duration, number of convulsive seizures recurring during the 24 h
period after termination of the initial SE, stereological estimations of the number of
neurons and interneurons, and results from behavioral tests were compared between the
SOMAN, the SOMAN+DZP and the SOMAN+UBP302 groups using analysis of
variance (ANOVA) followed by post-hoc tests as described in the figure legends. The
statistical values are presented as mean and standard error of the mean.
Neurodegeneration scores were compared between groups for each structure separately
using the Kruskal-Wallis test followed by Mann-Whitney U-test for comparisons
between pairs of groups. The statistical values are presented as median and the

interquartile range (IQR, the difference between the 75th and the 25th percentiles). For
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all tests, differences were considered significant when P < 0.05. Sample sizes (n) refer to

the number of animals.

Results

Behavioral SE (stage 3 seizures progressing to higher stages) developed within 5 to 15
min after soman injection. Eleven out of 124 rats that were exposed to soman did not
develop seizures and were not included in the study. The survival rate for the animals that
were non-implanted with EEG electrodes (92 rats) was 63% (22 out of 34) for the
SOMAN group, which did not receive anticonvulsant treatment, 91% (21 out of 23) for
the SOMAN+DZP group, which received DZP at 1 h after soman challenge, and 96% (24
out of 25) for the SOMAN+UBP302 group, which received UBP302 at 1 h after soman
exposure. The higher survival rate of the DZP- and UBP302-treated rats, versus the
SOMAN group, was statistically significant (Fisher exact test, P = 0.018 and P = 0.003,
respectively).

For the rats that were implanted with EEG electrodes (n = 31), the survival rate
was 44% for the SOMAN group (4 out of 9) and 100% for the animals that were
administered DZP at 1 h (n = 6) or 2 h (n = 4) after exposure, as well as for the animals
administered UBP302 at 1 h (n = 8) or 2 h (n = 4) after exposure. In the SOMAN+DZP
group, the electrographic initial SE —the SE that started after soman injection and was
terminated, at least temporarily, after anticonvulsant administration (Fig. 23A)- lasted for
113.6 £ 10.6 min (n = 6), when DZP was administered 1 h after soman, and 133.7 £ 10.9
min (n = 4) when DZP was administered at 2 h after soman. In the SOMAN+UBP302
group, the electrographic initial SE (Fig. 23B) lasted for 189.9 + 6.2 min (n = 8) when

UBP302 was administered 1 h after soman, and 236 = 5.4 min (n = 4) when UBP302
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was administered 2 h after soman. Compared to the duration of the SE in the SOMAN
group (609.4 £ 37.3 min, n = 4), the initial SE duration in the SOMAN+DZP and the
SOMAN+UBP302 groups was significantly lower (P < 0.001) whether the
anticonvulsants were administered at 1 h after soman exposure (Fig. 23C, left set of bars)
or at 2 h after soman exposure (Fig. 23D, left set of bars). The duration of the initial SE in
the SOMAN+UBP302 group was significantly greater than in the SOMAN+DZP group
(P <0.05).

Seizures recurred in all of the rats that received DZP and in half of the rats that
received UBP302. The total duration of electrographic seizures within the 24 h period
after soman exposure (initial SE + recurring seizures) was significantly lower in rats
administered UBP302 at 1 h (203.6 = 4.4 min, n = 8, P < 0.001; Fig. 23C, right set of
bars) or 2 h (237 £ 3.2 min, n = 4, P = 0.003; Fig. 23D, right set of bars) after exposure,
compared to the SOMAN group (655.2 = 36.9 min, n = 4). In contrast, rats treated with
DZP at 1 h after exposure had similar total duration of SE (707.4 £ 62.5 min, n = 6) to the
untreated SOMAN rats (Fig. 23C, right set of bars), while in rats treated with DZP at 2 h
post-exposure, the total duration of SE (879 + 59.2 min, n = 4) was significantly longer
than that in the SOMAN group (P < 0.05; Fig. 23D, right set of bars). The total duration
of SE in the SOMAN+UBP302 group was also significantly less than in the

SOMAN+DZP group (P <0.01).
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Figure 23. DZP terminates soman-induced SE, but does not reduce the total duration of
SE within the 24 h period after soman exposure, as seizures return; UBP302
reduces the total duration of SE within 24 h. (A) and (B) Example traces from
EEG recordings showing that both DZP and UBP302-administered 1h after
soman-terminated the SE induced by soman, but seizure activity returned after
DZP administration. (C) Duration of initial SE and total duration of SE within
24 h after soman exposure, when DZP and UBP302 were administered at 1 h
after soman injection. The three bars on the left show the duration of the initial
SE (the SE that started 5 to 15 min after soman exposure and was terminated by
DZP or UBP302, or spontaneously in the SOMAN group), while the three bars
on the right show the total duration of SE. SOMAN, n = 4; SOMAN+DZP, n =
6; SOMAN+UBP302, n = 8. (D) Duration of initial SE and total duration of SE
within 24 h after soman exposure, when DZP and UBP302 were administered at
2 h after soman injection. The three bars on the left show the duration of the
initial SE, while the three bars to the right show the total duration of SE.
SOMAN, n =4; SOMAN+DZP, n = 4; SOMAN+UBP302, n = 4. *P < 0.05,
**P < (.01 and ***P < 0.001 in comparison to the SOMAN group (ANOVA
followed by Bonferroni post-hoc test for the initial SE and ANOVA followed
by Games-Howell post-hoc test for total SE). *P < 0.05, **P < 0.01 for the
comparisons between the DZP-treated and the UBP302-treated groups
(ANOVA followed by Fisher’s LSD test).
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Using the video-EEG recording system, we also counted the number of
convulsive seizures that recurred after termination of the initial SE and within the
remaining time of the 24 h period after the exposure, in the SOMAN rats and the rats that
received anticonvulsant treatment at 1 h after soman exposure. After the prolonged SE in
the SOMAN group, the number of recurring convulsive seizures was very low (1.5 +
0.86, n = 4; Fig. 24). The number of recurring convulsive seizures in the DZP-treated
group (27.2 £ 6.89, n = 6) was significantly greater than in the UBP302-treated group

(4.72 +2.10, n = 8, P < 0.01; Fig. 24).
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Figure 24. The number of convulsive seizures that recurred in the DZP-treated rats after
termination of the initial SE was greater than in the UBP302-treated rats. (A)
EEG baseline before soman exposure. (B) Representative recording of a
convulsive seizure recurring after termination of the initial SE by DZP, and its
correspondence with the behavioral seizure observations. (C) Number of
convulsive seizures that occurred after cessation of the initial SE, within the
remaining time of the 24 h period after soman exposure. SOMAN, n = 4;
SOMAN+DZP, n = 6; SOMAN+UBP302, n = 8. **P < 0.01, significantly
higher compared to the SOMAN+UBP302 group and the SOMAN group
(ANOVA followed by Holm-Sidak post-hoc test).

Neuronal loss and degeneration, 1 day after soman administration

Neuropathological analysis was performed in the SOMAN group and in the groups that
received DZP or UBP302 at 1 h after soman exposure; neuronal loss was determined
based on comparisons with the CONTROL group. The neurodegeneration score for the

amygdala was moderate in the SOMAN group (median = 3, IQR = 3~4, n = 6), severe in
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the SOMAN+DZP group (median = 4, IQR = 3~4, n = 6), and mild in the
SOMAN+UBP302 group (median = 2, IQR = 2~3, n = 6; Fig. 25). Neuronal
degeneration in the CA1, CA3 and hilar regions of the ventral hippocampus was severe in
the SOMAN group (CA1L, median = 4, IQR = 3~4; CA3, median =4, IQR = 3~4; hilus,
median = 4, IQR = 4~4), moderate in the SOMAN+DZP group (CA1, median = 3, IQR =
2.75~4; CA3, median = 3, IQR = 2.5~4; hilus, median = 3, IQR = 3~4), and mild to
moderate in the SOMAN-+UBP302 group (CAL, median =2, IQR = 2~3; CA3, median =
2.5, IQR = 2~3; hilus, median = 2.5, IQR = 2~3). The neurodegeneration score for the
neocortex was mild in the SOMAN group (median = 2.5, IQR = 2~3) and the
SOMAN+DZP group (median = 2, IQR = 1~2), and minimal to mild in the
SOMAN+UBP302 group (median=1.5, IQR = 1~2). The neuronal degeneration in the
amygdala, ventral hippocampus, and neocortex of the SOMAN+UBP302 group was
significantly less extensive compared to the SOMAN group (for the amygdala, P = 0.026;
for the CAl area, P = 0.041; for the CA3 area, P = 0.015; for the hilus, P = 0.002; for the
cortex, P = 0.026; Fig. 25). In contrast, there were no significant differences between the
SOMAN+DZP group and the SOMAN group in the neurodegeneration scores of the
amygdala, hippocampus, and neocortex. In addition, neurodegeneration scores for the
piriform cortex and entorhinal cortex did not differ significantly among the SOMAN
group (piriform cortex, median = 3, IQR = 3~4; entorhinal cortex, median = 2, IQR =
2~2.25), the SOMAN+DZP group (piriform cortex, median = 4, IQR = 3~4; entorhinal
cortex, median = 2, IQR = 2~3), and the SOMAN+UBP302 group (piriform cortex,
median = 3, IQR = 3~3.25; entorhinal cortex, median = 2, IQR = 1.75~2). The control

group did not show any FJC-positive staining.
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Figure 25. UBP302, but not DZP, administered 1 h after soman exposure, reduced
neuronal degeneration in the amygdala, hippocampus, and neocortex, 1 day
after the exposure. (A) and (B) Panoramic photomicrographs of Nissl-stained
sections showing the brain regions evaluated by FJC staining. (C)
Representative photomicrographs of FJC-stained sections from the brain regions
where neuronal degeneration was evaluated, for the SOMAN, SOMAN+DZP,
and SOMAN-+UBP302 groups. Total magnification is 100x. Scale bar is 50 pm.
(D) Neuropathology scores (median and interquartile range) for the SOMAN,
SOMAN+DZP, and SOMAN+UBP groups (n = 6 for each group) for the
amygdala (Amy), piriform cortex (Pir), entorhinal cortex (Ent), the CA1, CA3,
and hilar areas of the ventral hippocampus, and neocortex (neo-Ctx). *P < 0.05,
**P < (0.01 in comparison to the SOMAN group (Mann-Whitney U test).

The total number of neurons in the BLA and the CA1 hippocampal area was

estimated using an unbiased stereological method in Nissl-stained sections. The number
of neurons in the SOMAN group (BLA, 78,027 £ 1,939; CA1, 463,976 + 19,972; n = 6)
was significantly lower than the number of neurons in the CONTROL group (BLA,
118,041 £ 4,281; CAl, 645,450 * 28,232, n = 6), in both brain regions (P < 0.001; Fig.

26). The number of neurons in the SOMAN+DZP group (BLA, 87,893 + 4,814; CAL,

136



439,186 + 23,211; n = 6) did not differ significantly from that in the SOMAN group (P =
0.23 and P = 0.83 for the BLA and CAL, respectively; Fig. 26). In the SOMAN+UBP302
group, the number of neurons in the BLA (98,648 + 4,513, n = 6) was significantly lower
than in the controls (P = 0.008), but also significantly higher than in the SOMAN group
(P =0.005; Fig. 26C). The number of neurons in the CAL area of the SOMAN+UBP302
group (588,100 + 28,012, n = 6) did not differ from the control group (P = 0.276) and

was significantly higher than in the SOMAN group (P = 0.006; Fig. 26D).
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Figure 26. UBP302, but not DZP, administered 1 h after soman exposure, reduced
neuronal loss in the BLA and the CAL hippocampal area, 1 day after the
exposure. (A) Panoramic photomicrographs of Nissl-stained half hemispheres
outlining the amygdalar nucleus and the hippocampal subfield where
stereological analysis was performed. (B) Representative photomicrographs of
Nissl-stained sections showing BLA and CAL cells from the CONTROL,
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SOMAN, SOMAN+DZP and SOMAN+UBP302 groups. Total magnification
is 630x and scale bar is 50 um. (C) and (D) Group data (mean and standard
error; n = 6 for each group) of stereological estimation of the total number of
Nissl-stained neurons in the BLA (left) and CA1 area (right). **P < 0.01, ***P
< 0.001 in comparison to CONTROL, *P < 0.01 in comparison to the SOMAN
group (ANOVA, Dunnett post-hoc test).

Neuronal loss and degeneration, 7 days after soman administration

The neurodegeneration results at 7 days after soman exposure are shown in Fig.
27. The SOMAN group (n = 6) had moderate to severe neurodegeneration in the
amygdala (median = 3, IQR = 2.75~4), piriform cortex (median = 3, IQR = 3~4),
entorhinal cortex (median = 3, IQR = 2~3), CA1 hippocampal area (median =4, IQR =3
~4), and CA3 hippocampal area (median = 3, IQR = 1~3.5), and mild to moderate in the
hilus (median = 2.5, IQR = 0~4) and neocortex (median = 2.5, IQR = 1~3). Similarly, in
the SOMAN+DZP group (n = 6), neurodegeneration was moderate to severe in the
amygdala (median = 3, IQR = 0.75~3.25), the piriform cortex (median = 3.5, IQR =
1.75~4), entorhinal cortex (median = 3, IQR = 1.5~3), CA1 hippocampal area (media =
3.5, IQR =2.5 ~4), and CA3 hippocampal area (median = 3, IQR = 0.75~3.25), and mild
to moderate in the hilus (median = 2.5, IQR = 1.75~3.25) and neocortex (median = 2,
IQR = 1~3). In the SOMAN+UBP302 group (n = 6), neurodegeneration was minimal to
mild in the entorhinal cortex (median = 1.5, IQR = 0.75~2.25), CA3 hippocampal area
(median = 0.5, IQR = 0~2), hilus (median = 1.5, IQR = 0~3), and neocortex (median = 1,
IQR = 0.75~2), mild to moderate in the amygdala (median = 2, IQR = 1.5~3) and CA1l
area (median = 2, IQR =0 ~ 3), and moderate to severe in the piriform cortex (median =
3, IQR = 1.5~4). Compared to the SOMAN group, neurodegeneration in the
SOMAN+UBP302 group was significantly lower in the amygdala (P = 0.041), entorhinal

cortex (P =0.041), CA1 (P =0.009) and CA3 (P = 0.041) hippocampal areas.
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Figure 27. UBP302, but not DZP, administered 1 h after soman exposure, reduced
neuronal degeneration in the amygdala, CA1 and CA3 dorsal hippocampal
areas, and entorhinal cortex, 7 days after the exposure. (A) and (B) Panoramic
photomicrographs of Nissl-stained sections showing the brain regions evaluated
by FJC staining. (C) Representative photomicrographs of FJC-stained sections
from the brain regions where neuronal degeneration was evaluated, for the
SOMAN, SOMAN+DZP, and SOMAN+UBP302 groups. Total magnification
is 100x. Scale bar is 50 um. (D) Neuropathology scores (median and
interquartile range) for the SOMAN, SOMAN+DZP, and SOMAN+UBP
groups (n = 6 for each group), for the amygdala (Amy), piriform cortex (Pir),
entorhinal cortex (Ent), the CA1, CA3 and hilar areas of the ventral
hippocampus, and neocortex (neo-Ctx). *P < 0.05, **P < 0.01 in comparison to
the SOMAN group (Mann-Whitney U test).

The total number of neurons in the BLA and the CA1 hippocampal area was
estimated 7 days after soman exposure; the results are shown in Fig. 28. The number of
neurons in the SOMAN group (BLA, 79,394 + 3287; CA1, 440,698 + 17,159; n = 6) was
again significantly lower than the number of neurons in the CONTROL group (BLA,

115,108 + 2,673; CAL, 639,701 £ 29,350, n = 6), in both brain regions (P < 0.001). The
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number of neurons in the SOMAN+DZP group (BLA, 87,729 £ 6,032; CA1l, 463,196 *
25,729; n = 6) did not differ significantly from those in the SOMAN group (P = 0.424
and P = 0.841 for the BLA and CA1, respectively). The number of neurons in the
SOMAN+UBP302 group (BLA, 99,678 + 4,947; CAL, 568,098 £ 20,386; n = 6) was
significantly higher than in the SOMAN group (P = 0.011 for the BLA and P =0.003 for

the CA1), but differed from the CONTROL group only in the BLA.
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Figure 28. UBP302, but not DZP, administered 1 h after soman exposure, reduced
neuronal loss in the BLA and the CAL hippocampal area, 7 days after the
exposure. (A) Panoramic photomicrographs of Nissl-stained half hemispheres
outlining the amygdalar nucleus and the hippocampal subfield where
stereological analysis was performed. (B) Representative photomicrographs of
Nissl-stained sections showing BLA and CALl cells from the CONTROL,
SOMAN, SOMAN+DZP and SOMAN+UBP302 groups. Total magnification
Is 630x and scale bar is 50 um. (C) and (D) Group data (mean and standard
error; n = 6 for each group) of stereological estimation of the total number of
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Nissl-stained neurons in the BLA (left) and CA1 area (right). *P < 0.05, **P <
0.01, ***P < 0.001 in comparison to CONTROL, “P < 0.05 and *P < 0.01 in
comparison to the SOMAN group (ANOVA, Dunnett post-hoc test).

We have previously shown that the number of GABAergic interneurons in the
BLA is not altered 1 day after soman exposure, but it is significantly reduced 7 days after
the exposure (89; 228). Therefore, we examined whether DZP or UBP302 protected
against GABAergic interneuronal loss. Stereological estimation of GAD67+ neurons in
the BLA showed that, compared to the CONTROL group (10,837 + 565, n = 6), there
was a significantly lower number of GABAergic interneurons in both the SOMAN (7,260
+ 367; n=6, P=0.001) and the SOMAN+DZP (8,875 = 293; n =6, P = 0.012) groups.
In contrast, the number of GABAergic interneurons in the SOMAN+UBP302 group

(10,345 £ 633; n = 6) did not differ from the CONTROL group (P = 0.9; Fig. 29).
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Figure 29. UBP302, but not DZP, administered 1 h after soman exposure, prevented
GABAEergic interneuronal loss in the BLA, 7 days after the exposure. Group
data (mean and standard error; n = 6 for the each group) of stereological
estimation of the total number of GAD67+ neurons in the BLA for the
CONTROL, SOMAN, SOMAN+DZP and SOMAN+UBP302 groups.
Representative photomicrographs of GAD67+ interneurons are shown in the
lower panel. Total magnification is 630x and scale bar is 50 pm. **P < 0.01 in
comparison to CONTROL (ANOVA, Dunnett post-hoc test).
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Neuronal loss and degeneration, 30 days after soman administration
Thirty days after soman exposure, the analysis of ongoing neuronal degeneration showed

that in the amygdala neurodegeneration was mild to moderate in the SOMAN group
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(median = 2.5, IQR = 2~3.75, n = 6) and the SOMAN+DZP group (median =2, IQR =
2~3, n = 6), but only minimal in the SOMAN+UBP302 (median =1, IQR=0~2,n=6; P
< 0.001 compared to SOMAN; Fig. 8). In the piriform cortex, neurodegeneration was
mild to moderate in the SOMAN group (median = 2, IQR = 2~3.75) and the
SOMAN+DZP group (median = 3, IQR = 2~4), but only minimal in the
SOMAN+UBP302 group (median =1, IQR =1~2; P = 0.002 compared to SOMAN; Fig.
30). In the CAL hippocampal area, neurodegeneration was moderate in the SOMAN
group (median = 3, IQR = 3~4), and mild in the SOMAN+DZP group (median = 2, IQR
= 0~3; P =0.002 compared to SOMAN) and the SOMAN+UBP302 groups (median = 2,
IQR =0.5~3; P =0.001). There were no significant differences between the three groups
in the neurodegeneration scores for the entorhinal cortex (SOMAN group: median = 1.5,
IQR = 1~2; SOMAN+DZP group: median = 2, IQR = 0~2; SOMAN+UBP302 group:
median =1, IQR = 1~2), CA3 hippocampal area (SOMAN group: median = 3, IQR =
0~3; SOMAN+DZP group: median =1, IQR = 1~3; SOMAN+UBP302 group: median =
2, IQR = ~3), the hilus (SOMAN and SOMAN+DZP groups: median = 1, IQR = 0~2;
SOMAN+UBP302 group: median =0, IQR = 0~2), and the neocortex (SOMAN and
SOMAN+DZP groups: median = 1, IQR = 0~1; SOMAN+UBP302 group: median =0,

IQR = 0~1).
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Figure 30. UBP302, administered 1 h after soman exposure, reduces neuronal
degeneration in the amygdala, piriform cortex, and CA1 hippocampal area,
while DZP reduces neurodegeneration in the CAl area, 30 days after the
exposure. (A) and (B) Panoramic photomicrographs of Nissl-stained sections
showing the brain regions evaluated by FJC staining. (C) Representative
photomicrographs of FJC-stained sections from the brain regions where
neuronal degeneration was evaluated, for the SOMAN, SOMAN+DZP, and
SOMAN+UBP302 groups. Total magnification is 100x. Scale bar is 50 pm. (D)
Neuropathology scores (median and interquartile range) for the SOMAN
SOMAN+DZP, and SOMAN+UBP groups (n = 6 for each group), for the
amygdala (Amy), piriform cortex (Pir), entorhinal cortex (Ent), the CA1, CA3
and hilar areas of the dorsal hippocampus, and neocortex (neo-Ctx). *P < 0.05
in comparison to the SOMAN group (Mann-Whitney U test).

Thirty days after soman exposure, neuronal loss was still present in the SOMAN
group (n = 6), in which the total number of neurons (BLA, 82,119 + 2099; CA1, 444,356
* 21,045) was significantly lower (P < 0.001) than in the CONTROL group (BLA,

119,860 + 2898; CAL, 684,738 + 15,340; n = 6; Fig. 31). In the SOMAN-+UBP302 group
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(n = 6), the total number of neurons (BLA, 101,412 + 1535; CAl, 553,583 + 27,489) was
significantly lower than in the CONTROL group, both in the BLA (P = 0.012; Fig. 31C)
and in the CAl area (P = 0.006; Fig. 31D), but also significantly higher than in the
SOMAN group (P = 0.001). The number of neurons in the SOMAN+DZP group (BLA,
88,591 + 7134; CAl, 463,211 + 21,536; n = 6) was significantly lower than the
CONTROL group (P <0.001), and did not differ from the number of neurons in the
SOMAN group (P =0.55 and P = 0.34 for the BLA and the CA1 area, respectively; Fig.

31).
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Figure 31. UBP302, but not DZP, administered 1 h after soman exposure, reduced
neuronal loss in the BLA and the CAL1 hippocampal area, 30 days after the
exposure. (A) Panoramic photomicrographs of Nissl-stained half hemispheres
outlining the amygdalar nucleus and the hippocampal subfield where
stereological analysis was performed. (B) Representative photomicrographs of
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Nissl-stained sections showing BLA and CA1 cells from the CONTROL,
SOMAN, SOMAN+DZP and SOMAN+UBP302 groups. Total magnification
Is 630x and scale bar is 50 um. (C) and (D) Group data (mean and standard
error; n = 6 for each group) of stereological estimation of the total number of
Nissl-stained neurons in the BLA (left) and CA1 area (right). *P < 0.05, **P <
0.01, ***P < 0.001 in comparison to CONTROL; *P < 0.01 in comparison to
the SOMAN group (ANOVA, Dunnett post-hoc test).

Behavioral alterations 30 days after soman administration

To investigate whether the long-term neuropathology observed 30 days after
soman exposure had translated into behavioral deficits, we examined anxiety-like
behavior in all experimental groups, using the open field and the acoustic startle response
(ASR) tests. The distance traveled in the open field by the groups exposed to soman
(SOMAN: 2270 £ 265 cm, n = 10; SOMAN+DZP: 2290 £ 235 cm, n = 9;
SOMAN+UBP302: 1329 + 279 cm, n = 12) was not significantly different from that in
the CONTROL group (1620 £ 219 cm, n = 8; Fig. 32A). However, both the SOMAN and
the SOMAN+DZP groups spent significantly less time in the center of the open field
(SOMAN group, 6.28 = 1.56 % of the total movement time, n = 10, P = 0.034;
SOMAN+DZP group, 6.88 £ 1.29 % of the total movement time, n =9, P = 0.027)
compared to the time spent by the CONTROL rats (15.22 + 2.67 % of the total movement
time, n = 8). The SOMAN+UBP302 rats spent 17.61 + 2.27 % (n = 12) of the total
movement time in the center of the open field, which was not different from the
CONTROL group (P =0.73; Fig. 32B).

In the ASR test, there was a significant increase in startle amplitude in the
SOMAN (110 dB: 17.94 + 0.83, n = 10, P < 0.001; 120 dB: 19.20 + 0.35, P = 0.001) and
the SOMAN+DZP (110 dB: 17.38 £ 0.95,n =9, P =0.001; 120 dB: 18.85 + 0.41, P =
0.003) groups compared to the CONTROL group (110 dB: 10.99 + 1.35; 120 dB: 14.09 £

1.54, n = 8; Fig. 10C). Startle response amplitude in the SOMAN+UBP302 group (110
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dB: 13.95 + 0.99; 120 dB: 16.03 £ 0.91, n =12) did not differ from the CONTROL group

(P =0.123 for the 110 dB, and P = 0.291 for the 120 dB; Fig. 32C).
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Figure 32. UBP302, but not DZP, administered 1 h after soman exposure, protected
against the development of anxiety, 30 days after the exposure. (A) Distance
traveled (Mean = SE) in the open field. (B) Percentage of time spent in the
center of the Open Field. (C) Amplitude of startle responses to 120 dB and 110
dB acoustic stimuli. CONTROL, n = 8; SOMAN, n = 10; SOMAN+DZP, n =9;
SOMAN+UBP302, n = 12. *P < 0.05, **P < 0.01 and ***P < 0.001 (ANOVA,
Dunnett post-hoc comparison to CONTROL).

Discussion

Seizures induced by exposure to nerve agents require medical intervention,
otherwise they can lead to severe brain damage or death. Administration of DZP is the
presently FDA-approved treatment for nerve agent-induced seizures. The present study

showed that if DZP is administered to soman-exposed rats at 1 hour post-exposure,
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seizures are terminated effectively, but they soon return, resulting in a total duration of
SE within 24 h after exposure that is no different from the total SE duration in the soman-
exposed rats that do not receive anticonvulsant treatment. Moreover, if DZP is
administered at 2 h after soman exposure, the total duration of SE in the DZP-treated rats
is longer than in the rats that do not receive anticonvulsant treatment. The consequences
of the return of seizures after DZP treatment were evident in the neuropathology analysis
and the behavioral tests. Thus, DZP treatment provided no protection against neuronal
degeneration and death, except for a lower number of degenerating neurons in the CAl
hippocampal area, 30 days after the exposure. In contrast, treatment with the GluK1
antagonist UBP302, which reduced the total duration of SE within 24 hours post-
exposure, protected against neuronal damage in most of the brain regions examined. The
anxiety tests also revealed that UBP302, but not DZP treatment, prevented an increase in

anxiety-like behavior, 30 days after soman exposure.

The disadvantages of DZP treatment as an anticonvulsant

From the clinical experience and studies in human patients, as well as from experimental
studies in animals, the efficacy of benzodiazepines in terminating status epilepticus has
long been recognized to decrease as the latency between the initiation of SE and the time
point of drug administration increases (78; 102; 130; 174; 262; 301). This is also the case
with SE induced by nerve agents. Thus, in rats, Shih et al. (255) found that DZP was very
effective in stopping seizures when administered 5 min after the onset of soman-induced
SE, but was virtually ineffective when administration was delayed to 40 min after seizure
initiation. The mechanisms underlying the development of refractoriness to

benzodiazepines are not fully understood, but may involve internalization and
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downregulation of GABAA receptors (78; 102; 199), or other dysfunctions in GABAergic
synaptic transmission that manifest as the seizures progress. At least in hippocampal
neurons, Goodkin et al. (102) have demonstrated that GABAergic inhibition displays a
high degree of plasticity, in that, during prolonged epileptiform bursting, the rate of
GABA receptor internalization increases rapidly, and the subunit composition of these
receptors swiftly changes (as suggested by the changes in the kinetics of miniature
IPSCs), perhaps due to movement of extrasynaptic GABAA receptors onto synaptic sites.
Therefore, when DZP is administered at delayed time points, the function of the
GABAergic system is already compromised, and, as a result, DZP may be ineffective.
Nevertheless, the available evidence suggests that the progressive refractoriness to
benzodiazepines is not an absolute phenomenon and can be partially overcome depending
on the animal model used to induce SE, the dose of DZP, or other factors. For example,
in a guinea pig model of nerve agent exposure, 10 mg/kg of DZP was effective against
soman-induced seizures in a sizeable proportion of the animals, even when administration
was delayed beyond 1 h after seizure onset, although its efficacy was still clearly reduced
as the latency of administration increased (McDonough et al., 2010). In addition, kainic
acid-induced SE can be stopped by 25 mg/kg DZP even when the drug is administered 3
h after the onset of seizures (231), and in the present study, 10 mg/kg DZP terminated SE
at either the 1 h or the 2 h time point of administration.

Considering the above, one would conclude that DZP remains an effective
anticonvulsant, but it is desirable to be used at early time points after seizure initiation,
for greater effectiveness. What, however, has not received enough attention is the

recurrence of intense seizures after cessation of the initial SE by DZP, and the impact that
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such recurrence of SE has on the neuroprotective efficacy of DZP. Shih et al. (255)
reported that 25% of the animals receiving 9 mg/kg DZP at 5 min after the onset of
soman-induced seizures had seizures recurring within the 6 h monitoring period. In the
present study, seizures recurred in all of the soman-exposed rats that received DZP,
making the total duration of seizures within the 24 h period of video-EEG monitoring no
different from (Fig. 23C), or even longer than (Fig. 23D) in the soman-exposed rats that
did not receive anticonvulsant treatment. The mechanisms underlying the recurrence of
seizures after cessation of the initial SE by DZP probably involve a severely
compromised GABAergic system, in combination with the pharmacokinetics of the drug.
Thus, intense seizure activity impairs the function of GABAergic inhibition (78; 102;
199). Then, the brain is exposed to DZP, which, on one hand, enhances GABA receptor
activity and thereby stops the SE temporarily, but on the other hand it may contribute to
more desensitization and downregulation of GABAA, receptors (292; 296), further
impairing GABAergic synaptic transmission. As DZP is rapidly cleared from the
animal’s system (235), the brain remains with severely compromised GABAergic
inhibition, and therefore neuronal networks intermittently enter into intense seizure

activity, every time the unopposed glutamatergic activity intensifies.

Targeting the GIuK1KRs to control seizures

While inhibition progressively weakens during SE, glutamatergic excitation is reinforced,
probably not only because of disinhibition; during SE, there is upregulation of AMPA
receptors (62; 234), as well as enhanced expression of the GluK1 subunit (291), which
could significantly contribute to worsening hyperexcitability and excitotoxicity.

Therefore, suppressing glutamatergic hyperactivity can be a more effective way to
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control seizures, particularly if immediate treatment is not possible and the anticonvulsant
is administered with a delay after seizure onset. Indeed, we have shown previously that
the GIuK1/AMPA receptor antagonist LY 293558, administered 1 h after soman
exposure, stops seizures and fully protects against neuronal damage (12; 89). In the
present study, we tested UBP302, which is selective for the GluK1 receptors (190). It is
uncertain at what concentrations UBP302 reached the brain and whether other
glutamatergic receptors were also affected, however, this compound also suppresses
soman-induced seizure-like activity, in vitro, at relatively low concentrations that are
considered selective for GluK1 antagonism (11). UBP302 blocked the seizures induced
by soman, and protected against neuropathology and anxiety-related behavioral deficits.

The time-course of termination of the initial SE by UBP302 was slow in
comparison to that of DZP or LY?293558. Although this may have to do with the type of
receptors being targeted and their involvement in seizure activity, it is also possible that it
relates to the pharmacokinetics of UBP302 which is not known. However, despite the
apparently slow time-course of action of UBP302, the total duration of SE within the 24 h
period after exposure was dramatically reduced in the UBP302-treated rats, compared to
either the soman-exposed rats that did not receive anticonvulsant treatment or the rats that
received DZP. The mechanisms by which a GluK1 antagonist may suppress
hyperexcitability and stop seizures have been discussed previously (17; 89). GIuK1Rs
modulate both GABAergic and glutamatergic synaptic transmission, in a number of brain
regions (124). At least in the BLA and the hippocampus, the net effect of their activation
IS excitatory. This is suggested by the findings that GIuK1R antagonists block

epileptiform activity in hippocampal slices and limbic seizures in vivo (269). In the BLA,
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GluK1Rs are present on postsynaptic (somatodendritic) sites of both principal cells
(Gryder and Rogawski, 2003) and interneurons (42), as well as on the presynaptic
terminals of both cell types, where they mediate facilitation of glutamate release (17) and
either facilitation or inhibition of GABA release, depending on the concentration of the
agonist (42). The net effect of their activation in the BLA network is an increased
excitation and excitability, as suggested by a greater enhancement of spontaneous EPSCs
versus IPSCs, the reduction of anxiety-like behavior when these receptors are blocked by
microinjection of UBP302 selectively into the BLA, and the increased anxiety or the
induction of seizures when a GIUK1R agonist is injected into the BLA (17). Although it
remains to be determined what role GIuK1Rs play in the overall excitation of other
neuronal networks, the fact that activation of these receptors increases the excitation state
of the BLA and the hippocampus, two highly seizurogenic brain regions, may explain
why blockade of these receptors can terminate seizures. It should also be noted that in
contrast to the downregulation and internalization of GABAA, receptors after excessive
neuronal/seizure activity (78; 102; 199), which can render DZP ineffective, the
upregulation of the GluK1 subunit (291) may contribute to hyper-excitation, which

further explains the efficacy of GIuK1R antagonists.

Neuropathology and associated behavioral deficits

Depending on the extent of brain damage after prolonged SE, behavioral deficits may
ensue. Increased anxiety is observed in animals that have been exposed to nerve agents
(74; 155; 228). Similarly, the human victims of the sarin terrorist attack in Japan report
enduring symptoms of anxiety disorders, long after the exposure (118; 204). The

amygdala plays a central role in emotional behavior, and dysfunction with increased
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excitability of the BLA is associated with anxiety (101; 221; 253; 318). The hippocampus
is also significantly involved in the modulation of anxiety (84; 93). Both the amygdala
and the hippocampus are severely damaged by nerve agent-induced SE, as shown in the
present and previous studies (14; 15; 258). In the BLA, there is significant loss of
GABAergic neurons by day 7 after exposure to soman (88; 228), and at 14 and 30 days
after exposure the ratio of GABAergic interneurons to the total number of neurons in the
BLA is significantly decreased (228). Reduction of inhibitory activity in the BLA,
resulting from the interneuronal loss, will increase the excitability of the BLA network,
which can lead to the development of anxiety.

In the present study, treatment with UBP302 significantly reduced neuronal loss
and degeneration in a number of brain regions, including the hippocampus and the
amygdala, and prevented the loss of GABAergic interneurons in the BLA, as assessed 30
days after the exposure. The neuroprotection provided by UBP302, despite its being only
partial, was sufficient to prevent the development of anxiety-like behavior, as assessed in
the open field and the acoustic startle response tests. In contrast, DZP had no
neuroprotective effects, except for reduced neurodegeneration in the CA1 area at 30 days
after exposure, and did not prevent the development of anxiety. Since the extent of nerve
agent-induced neuropathology is solely or largely determined by the intensity and
duration of seizures (227; 258), the failure of DZP to protect the brain can be attributed to
the failure of this drug to reduce the total duration of seizures. Consistent with the present
findings revealing the inefficacy of DZP to reduce neuropathology and prevent

behavioral deficits, previous studies in which 10 mg/kg DZP was administered at 30 min
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after soman-induced seizures show that this treatment did not prevent the development of
anxiety-like behavior (155) or epileptogenesis (76).

The present data clearly argue against the use of DZP as a medical
countermeasure for the treatment of SE induced by nerve agent exposure, at least when
anticonvulsant treatment is delayed. DZP is likely to substantially increase the survival
rate of exposed individuals, but because seizures recur, there is virtually no protection
against neuropathology and the resulting behavioral deficits. Administering DZP
repeatedly, every time intense seizures recur, not only may not be feasible, but may also
be detrimental to the victims’ health. The results suggest that targeting the glutamatergic
system is a more effective approach to controlling nerve agent-induced SE, and

antagonists of the GIuK1Rs appear to be both safe and efficacious in this regard.
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ABSTRACT

NEURO.tv is a new educational project that seeks to bring advanced concepts in
neuroscience to the general public. We film one-hour discussions with leading
neuroscientists, philosophers, and psychologists who have had significant impact on our
current understanding of brain function, and we publish these discussions on YouTube,
iTunes, and other social media outlets. Here, we explain the motivations behind this new

program.

AN ONLINE PROGRAM TO DISSEMINATE KNOWLEDGE ABOUT BRAIN AND MIND

The internet has an enormous impact on the way people learn. With the advent of
Massive Open Online Courses (MOOCs), academic blogs, and online education tools,
anyone can learn anything, from almost anywhere. While academics take part in this
online education movement, we have not yet fully benefited from the educational
opportunities that the internet can provide. Interactions between researchers in different
fields and the general public typically happen in universities or through the publishing of
textbooks and journal articles between academics are sometimes precluded by the
monetary and physical costs of conferences, traveling, and visits to universities. New
technologies offer an avenue for scientists to share their knowledge with colleagues and
members of the general public in a more efficient and open manner.

Despite the progress that the internet has made in leveling the barriers between
scientists and the general public, there exists a need for a forum in which advanced
subjects at the heart of current neuroscience research can be discussed openly, with
participation from the general public. A new internet-based program called NEURO.tv

addresses this need, by airing one-hour discussions with scientists who have made
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significant discoveries in neuroscience. We believe this program provides a platform for
academics to present ideas and discoveries directly to the public in a setting that is not
rushed or overly technical, and that remains accessible to individuals of all backgrounds.
NEURO.tv’s format is not merely a repetition of presentation content by a speaker, but
rather a new type of interaction between scientists of different fields, discussing what
they really think about the scientific methods used in their research, advances in medical
treatment, and other important scientific problems that shape or limit current research.
Leading neuroscientists, philosophers, and psychologists have already
volunteered their time to appear on the show. Our success in having many scientists
commit to appearing on the program is due in part to the fact that filming an episode does
not require travel, since physical presence is not required; scientists can simply connect to
conversations with each other from their home or office computers. Within a one-hour
discussion, they are able to convey their thoughts on neuroscience-related topics to a
wide public on the scale of many thousands, which is advantageous compared to the
number of students they would reach in a traditional conference room or lecture hall. The
Internet-based, asynchronous delivery also provides broad and flexible access to these
fascinating discussions, years after the filming. Free access is a particularly crucial aspect
of NEURO.tv and may benefit developed as well as developing countries, which may
help reduce the gap in global access to advanced scientific knowledge (2). In principle,
there is no reason why individuals in one country ought to have access to discussions
with leading minds in neuroscientific research, while others cannot. As such, there
remains a major demand for higher level education to be made available to the public and

anyone interested in the subject. With the advent of crowd-funding platforms such as
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Kickstarter, we have seen that independently operated programs like NEURO.tv can be
entirely funded by the individuals who are interested in such educational initiatives (312).
NEURO.tv is not just targeted at educating the public; those involved in its
production learn from their experience in the program as well. The program trains young
scientists in scientific communication by placing them in a panelist or co-host position, a
role that requires several weeks of preparation leading up to the filming. This preparation
includes reading scientific articles, formulating topics to discuss, and preparing questions
that will allow anyone with minimal understanding of biology to understand the show. It
is a rare, novel, firsthand learning experience in public science communication and

education.

Public science education has experienced a remarkable transformation as the
internet has grown, with many high quality podcasts, videos, and blogs now being
available for free to anyone interested in learning about science. However, a specialised
niche has not yet been filled, one in which listeners could learn about how research is
conducted, with an in-depth discussion on the details of a scientific discovery along with
the implications of a result or cutting-edge technique. NEURO.tv fills this niche, with
content that does not avoid these details, but rather embraces them, producing episodes
that do not only focus on the product of research, but also delve deeper into the thought
process behind it and why scientists care about the questions being covered.

The internet has also created opportunities to improve transparency and honesty
in academia. In an academic presentation setting, there is rarely room to discuss any of
the doubts scientists naturally harbor about their research or techniques, or the works of

others. Neuroscience is a work-in-progress, and as with all science, relies on the best
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available techniques at the time the research is conducted, rather than the perfect ones.
Discussions on NEURO.tv take place in an informal setting, which allows scientists to
freely express their ideas and opinions about research and methods, without fearing being
dismissed. Open conversations like these can only serve to better the field and improve
the confidence of the general public in the scientific process and in the ability of
scientists to question themselves.

With the advent of the internet, there has been a movement towards increasing the
accessibility of scientific knowledge. We believe that programs such as NEURO.tv allow
a novel interface between scientists and the general public. With this new experiment in
scientific communication, we hope that highly-motivated individuals in the general
public will develop a taste for a deeper understanding of neuroscience, and that
neuroscientists will embrace the idea that part of the work lies on their shoulders, and that
simplifying the explanation of their research will benefit the general public, the field, and

themselves.
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