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ABSTRACT

Exposure to nerve agents induces prolonged status epilepticus (SE), causing brain damage or
death. Diazepam (DZP) isthe presently FDA-approved drug for the cessation of nerve agent-
induced SE. Here, we compared the efficacy of DZP with that of UBP302[Jan antagonist of the
kainate receptors that contain the GluK 1 subunit 1against seizures, neuropathology, and
behavioral deficitsinduced 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 GluK 1-containing receptors

is amore effective approach.
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Introduction

The devastating effects of the sarin attack against civilians in Syriathat the world witnessed in
August of 2013 (Dolgin, 2013) brought again to the forefront the question of readiness and
whether the existing medical countermeasures can save lives and protect againgt 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 (Bajgar, 2005). 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 studiesin animals (Filliat et al., 2007; Coubard et
al., 2008; Langston et al., 2012; Prager et al., 2014), but also from studies in the victims of the
sarin attacks in Japan, who present neurological and neuropsychiatric disturbances years after the
exposure (Ohtani et al., 2004; Y anagisawa et al., 2006; Hoffman et al., 2007).

Astheinitiation 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 (Lallement et al., 1998; Shih and McDonough, 1999; Skoviraet a., 2010),
suggesting that seizures are sustained and reinforced by glutamatergic rather than cholinergic

mechanisms (McDonough and Shih, 1997). One way to suppress glutamatergic hyperactivity is
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by enhancing GABAergic inhibition. Benzodiazepines, which are positive alosteric modulators
of GABA receptors (Campo-Soria et a., 2006; Gielen et al., 2012), have long been thefirst line
of treatment for the cessation of SE triggered by various etiologies (Shorvon, 2001).
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 (Shih et al., 1999; McDonough et al.,
2010; Todorovic et a., 2012); this has also been documented in the lithium-pilocarpine model of
SE (Walton and Treiman 1998; Jones et al., 2002; Goodkin et al., 2003), which has many
similarities to the nerve agent-induced SE, in both the mechanisms of seizure initiation and the
effectsit produces (Tetz et al., 2006). The development of resistanceto DZP is concerning
because in aterrorist 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 sde effects (Mehta et al., 2007; Kellinghaus and Stogbauer, 2012). Third, seizures
often recur after termination of the initial SE by benzodiazepines (Mayer et al., 2002; Singhi et
al., 2002), 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. Thisis particularly significant considering that the duration and intensity of seizures
clearly correlate with the severity of the resulting neuropathology (Shih et a., 2003; Prager et al.,

2013).
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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 GluK 1 subunit (GluK1Rs; formerly
known as GIuR5 kainate receptors or GL U5 receptors; see Collingridge et al., 2009 and Jane et
al., 2009) was very efficaciousin stopping seizures induced by the nerve agent soman and
protecting against neuronal damage (Figueiredo et al., 2011; Apland et al., 2013). In the present
study, we used arat 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,
(9)-3-(2-carboxybenzyl)willardiine (UBP302), which antagonizes selectively the GIuK1Rs
(Moreet al., 2004), 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 isa prevalent behavioral deficit resulting from nerve agent-
induced brain damage, in both animals (Coubard et al., 2008; Langston et al., 2012; Prager et d.,

2014) and humans (Ohtani et al., 2004; Hoffman et al., 2007).

M aterials and M ethods

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
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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 ng/kg, which is approximately 1.4 X LD50; Jimmerson et al., 1989) to rats that
were 7 to 8-weeks-old. To increase survival rate, rats were administered HI-6 (1-(2-
hydroxyiminomethyl pyridinium)-3-(4-carbamoyl pyridinium)-2-oxapropane dichloride; 125
mg/kg, i.p.; Starks Associates, Buffalo, NY) 30 min prior to soman exposure. HI-6 isa
bispyridinium oxime that reactivates inhibited acetylcholinesterase, primarily in the periphery
(Bajgar, 2005). 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

el ectroencephal ographic (EEG) monitoring (see next section for implantation procedure), 10

days before exposure. From the implanted rats, some were administered DZP or UBP302 (doses
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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 el ectrode-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 avery 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 amild reduction in overall activity.

In the rats that were not implanted with EEG el ectrodes, the occurrence and the
progression of seizures were monitored behaviorally and classified according to the Racine scale
(Racine, 1972), 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 recor dings. Rats (6-week-old) were anesthetized with
isoflurane using a gas anesthesia system (Kent Scientific, Torrington, CT). Five stainless stedl,
cortical screw electrodes were stereotaxically implanted, as described previously (Figueiredo et

al., 2011), using the following coordinates (from Paxinos and Watson, 2005): two frontal
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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 el ectrode (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 €l ectrode 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 (Figueiredo et a., 2011). 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).

Fixation & Tissue Processing. Neuropathological analysis was performed in the amygdal a,
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 PBSfor 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 dsides (Superfrost Plus, Daigger, Vernon Hills, IL) in PBS for Nisd staining with cresyl
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violet. Two adjacent series of sections were mounted on sides for Fluoro-Jade C (FJC) staining,
or were stored at -20°C in a cryoprotectant solution for GAD-67 immunohistochemistry. All

neuropathological analysis was donein a blind fashion.

Fluoro-Jade C staining and analysis. FJC (Histo-Chem, Jefferson, AR) was used to identify
irreversibly degenerating neuronsin all the amygdalar nuclel 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 Paxinos and Watson, 2005); we studied the ventral hippocampus
because it displays significantly more severe neurodegeneration after soman exposure than the
dorsal hippocampus (Apland et al., 2010). 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 a2 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 dH20, 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 Nisd-stained
sections to trace the regions of interest. The tracings from the Nissl-stained sections were
superimposed on the FIC-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
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have previously shown that qualitative assessment using this scale produces results that arein
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.

Ster eological Quantification. Design-based stereology was used to quantify the total number of
neuronsin 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
motorized stage, interfaced with a computer running Stereolnvestigator 9.0 (MicroBrightField).
The BLA and CA1 regions were identified on slide-mounted sections, and delineated for each
dlide of each animal, under a 2.5% objective, based on the atlas of Paxinos and Watson (2005).
All sampling was done under a 63x oil immersion objective. Nissl-stained neurons were
distinguished from glial cells by their larger size and pale nuclel 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; Gundersen et al., 1999) and Schmitz-Hof (2nd estimation;

Schmitz and Hof, 2000) equations.

For Nisdl-stained neuronsin 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 um, and the
dissector height was 12 um. Nuclel 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
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neurons per rat was counted, and the average CE was 0.045 for both the Gunderson and Schmitz-
Hof equations. For Nissl-stained neuronsin the CA1 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 pm. 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 um. An average of 253 neurons per rat was counted, and the CE was 0.065 for 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 um. Nuclel 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 um. 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.

GAD-67 immunohistochemistry. To label GAD-67 immunoreactive neurons, al-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-GADG67 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
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sections were incubated with Cy3-conjugated goat anti-mouse antibody (1:1000; Jackson
ImmunoResearch, West Grove, PA) and 0.0001% DAPI (Sigma-Aldrich, . Louis, MO) in PBS
for one hour at room temperature. After afinal rinsein 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).

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 (Aroniadou-Anderjaskaet al., 2012; Prager et al., 2014), following the procedure
used by Grunberg and collaborators (Faraday et al., 2001). 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 Electronicsinfrared 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 atest 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

13

20z ‘6 |dy uoseuinor 134S Y e Blo'sfeulnolfiadse-iad | wouy pspeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 25, 2014 as DOI: 10.1124/jpet.114.217299
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #217299

weight-sensitive platforms inside individual sound-attenuating chambers. A ventilating fan built

into the chamber provides background noise. Each rat wasindividually 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 aweight-sensitive platform. Subjects movements in responseto stimuli were
measured as a voltage change by a 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 a2 msrise and decay time, such that the onset and offset were abrupt, which isa 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
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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 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 devel op 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 SOM AN-+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 dectrodes (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 UBP302a 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
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anticonvulsant administration (Fig. 1A)1 1 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. 1B) 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 was administered 2 h after soman. Compared to the duration of the SE in the
SOMAN group (609.4 £ 37.3 min, n = 4), theinitial 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. 1C, left set of bars) or at 2 h after soman exposure
(Fig. 1D, 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).

Seizuresrecurred in all of the rats that received DZP and in half of the rats that received
UBP302. Thetotal duration of electrographic seizures within the 24 h period after soman
exposure (initial SE + recurring seizures) was significantly lower in rats administered UBP302 at
1h(203.6 £ 4.4 min,n =8, P<0.001; Fig. 1C, right set of bars) or 2h (237 + 3.2 min,n=4, P
=0.003; Fig. 1D, 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. 1C, right set of bars), whilein
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. 1D, right set of bars). The
total duration of SE in the SOMAN+UBP302 group was aso significantly less than in the

SOMAN+DZP group (P <0.01).
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Using the video-EEG recording system, we also counted the number of convulsive
seizures that recurred after termination of theinitial 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. 2). 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. 2).

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), severein 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. 3). Neuronal degeneration in the CA1, CA3 and hilar regions of the
ventral hippocampus was severe in the SOMAN group (CAL, 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 (CA1, 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
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neocortex of the SOMAN-+UBP302 group was significantly less extensive compared to the
SOMAN group (for the amygdala, P = 0.026; for the CA1 area, P = 0.041; for the CA3 area, P =
0.015; for the hilus, P = 0.002; for the cortex, P = 0.026; Fig. 3). 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.

The total number of neuronsin the BLA and the CA1 hippocampal area was estimated
using an unbiased stereological method in Nissl-stained sections. The number of neuronsin the
SOMAN group (BLA, 78,027 + 1,939; CA1, 463,976 + 19,972; n = 6) was sgnificantly lower
than the number of neuronsin the CONTROL group (BLA, 118,041 + 4,281; CA1, 645,450 +
28,232, n = 6), in both brain regions (P < 0.001; Fig. 4). The number of neuronsin the
SOMAN+DZP group (BLA, 87,893 + 4,814; CA1, 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 CA1,
respectively; Fig. 4). In the SOMAN+UBP302 group, the number of neuronsin 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. 4C). The number of neuronsin the CAl area
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of the SOMAN+UBP302 group (588,100 + 28,012, n = 6) did not differ from the control group

(P =0.276) and was sgnificantly higher than in the SOMAN group (P = 0.006; Fig. 4D).

Neuronal loss and degeneration, 7 days after soman administration.

The neurodegeneration results at 7 days after soman exposure are shown in Fig. 5. 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),
CAL1 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). Smilarly, 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 CA1 area (median = 2, IQR =0 ~ 3), and moderate
to severein the piriform cortex (median = 3, IQR = 1.5~4). Compared to the SOMAN group,
neurodegeneration in the SOM AN+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.

The total number of neuronsin the BLA and the CA1 hippocampal area was estimated 7

days after soman exposure; the results are shown in Fig. 6. The number of neuronsin the
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SOMAN group (BLA, 79,394 + 3287; CA1, 440,698 + 17,159; n = 6) was again significantly
lower than the number of neuronsin the CONTROL group (BLA, 115,108 + 2,673; CAL,
639,701 £ 29,350, n = 6), in both brain regions (P < 0.001). The number of neuronsin the
SOMAN+DZP group (BLA, 87,729 + 6,032; CA1, 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 neuronsin the SOMAN+UBP302 group (BLA, 99,678 + 4,947;
CA1, 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.

We have previously shown that the number of GABAergic interneuronsin the BLA is not
altered 1 day after soman exposure, but it is significantly reduced 7 days after the exposure
(Figueiredo et al., 2011; Prager et a., 2014). Therefore, we examined whether DZP or UBP302
protected against GABAergic interneuronal loss. Stereological estimation of GAD67+ neuronsin
the BLA showed that, compared to the CONTROL group (10,837 £ 565, n = 6), therewas a
significantly lower number of GABAergic interneuronsin 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. 7).

Neuronal loss and degeneration, 30 days after soman administration.

Thirty days after soman exposure, the analysis of ongoing neuronal degeneration showed that in
the amygdal a neurodegeneration was mild to moderate in the SOMAN group (median = 2.5, IQR
= 2~3.75, n = 6) and the SOMAN+DZP group (median = 2, IQR = 2~3, n = 6), but only minimal
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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. 8). In the CA1 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 groupsin 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).

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; CA1,
684,738 £ 15,340; n = 6; Fig. 9). In the SOMAN+UBP302 group (n = 6), the total number of
neurons (BLA, 101,412 + 1535; CA1, 553,583 + 27,489) was significantly lower than in the
CONTROL group, both inthe BLA (P =0.012; Fig. 9C) and in the CA1 area (P = 0.006; Fig.

9D), but also significantly higher than in the SOMAN group (P = 0.001). The number of neurons
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in the SOMAN+DZP group (BLA, 88,591 + 7134; CALl, 463,211 + 21,536; n = 6) was
significantly lower than the CONTROL group (P < 0.001), and did not differ from the number of
neuronsin the SOMAN group (P = 0.55 and P = 0.34 for the BLA and the CA1 area,

respectively; Fig. 9).

Behavioral alterations 30 days after soman administration.

To investigate whether the long-term neuropathology observed 30 days after soman exposure
had trandlated 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. 10A).
However, both the SOMAN and the SOMAN+DZP groups spent significantly lesstime 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 timein
the center of the open field, which was not different from the CONTROL group (P = 0.73; Fig.

10B).

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
(110dB: 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
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response amplitude in the SOMAN+UBP302 group (110 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. 10C).

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 DZPis
administered to soman-exposed rats at 1 hour post-exposure, seizures are terminated effectively,
but they soon return, resulting in atotal 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 anticonvul sant
treatment. Moreover, if DZP isadministered at 2 h after soman exposure, the total duration of SE
in the DZP-treated ratsis 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 neuropathol ogy
analysis and the behavioral tests. Thus, DZP treatment provided no protection against neuronal
degeneration and death, except for alower number of degenerating neuronsin the CA1
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 reveaed
that UBP302, but not DZP treatment, prevented an increase in anxiety-like behavior, 30 days

after soman exposure.
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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 (Walton and Treiman 1998; Jones et al., 2002; Mayer et al., 2002;
Goodkin et al., 2003; Shorvon, 2001; Naylor et al., 2005; Deeb et al., 2012). Thisis also the case
with SE induced by nerve agents. Thus, in rats, Shih et al. (1999) 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 downregulation of GABA receptors (Goodkin
et al., 2005; Naylor et al., 2005; Deeb et al., 2012), or other dysfunctionsin GABAergic synaptic
transmission that manifest as the seizures progress. At least in hippocampal neurons, Goodkin et
al. (2005) 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 aresult, 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 aguineapig
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model of nerve agent exposure, 10 mg/kg of DZP was effective against soman-induced sei zures
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 (Qashu et al.,
2010), 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 theinitial SE by DZP, and the impact that such recurrence of
SE has on the neuroprotective efficacy of DZP. Shih et al. (1999) 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. 1C), or even longer than (Fig. 1D) 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 selzure activity impairs the function of GABAergic inhibition (Goodkin et al., 2005;
Naylor et al., 2005; Deeb et al., 2012). Then, the brain is exposed to DZP, which, on one hand,

enhances GABA 4 receptor activity and thereby stops the SE temporarily, but on the other hand it
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may contribute to more desensitization and downregulation of GABAa receptors (Uus-Oukari
and Korpi, 2010; Vinkers and Olivier, 2012), further impairing GABAergic synaptic
transmission. As DZP israpidly cleared from the animal’ s system (Ramsay et al., 1979), 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 GIuK1Rsto control seizures.

Whileinhibition progressively weakens during SE, glutamatergic excitation is reinforced,
probably not only because of disinhibition; during SE, there is upregulation of AMPA receptors
(Chen et al., 2007; Rgjasekaran et al., 2013), as well as enhanced expression of the GluK1
subunit (Ullal etal., 2005), which could significantly contribute to worsening hyperexcitability
and excitotoxicity. Therefore, suppressing glutamatergic hyperactivity can be a more effective
way to control seizures, particularly if immediate treatment is not possible and the anticonvul sant
is administered with a delay after seizure onset. Indeed, we have shown previously that the

GluK /AMPA receptor antagonist LY 293558, administered 1 h after soman exposure, stops
seizures and fully protects against neuronal damage (Figueiredo et al., 2011; Apland et al.,
2013). In the present study, we tested UBP302, which is selective for the GluK 1 receptors (More
et a., 2004). 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 (Apland et al., 2009). UBP302 blocked the seizures induced by

soman, and protected against neuropathology and anxiety-related behaviora deficits.
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The time-course of termination of theinitial 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 isalso 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 recelve anticonvulsant treatment or the rats that received DZP. The mechanisms by
which a GluK 1 antagonist may suppress hyperexcitability and stop seizures have been discussed
previously (Figueiredo et al., 2011; Aroniadou-Anderjaskaet al., 2012). GluK 1Rs modulate both
GABAergic and glutamatergic synaptic transmission, in a number of brain regions (Jane et a.,
2009). At least in the BLA and the hippocampus, the net effect of their activation is excitatory.
Thisis suggested by the findings that GIuK 1R antagonists block epileptiform activity in
hippocampal slices and limbic seizuresin vivo (Smolders et al., 2002). In the BLA, GluK1Rs are
present on postsynaptic (somatodendritic) sites of both principal cells (Gryder and Rogawski,
2003) and interneurons (Braga et al., 2003), as well as on the presynaptic terminals of both cell
types, where they mediate facilitation of glutamate release (Aroniadou-Anderjaska et al., 2012)
and either facilitation or inhibition of GABA release, depending on the concentration of the
agonist (Braga et al., 2003). 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
aGIluK 1R agonist isinjected into the BLA (Aroniadou-Anderjaskaet al., 2012). Although it
remains to be determined what role GIuK1Rs play in the overall excitation of other neuronal
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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 (Goodkin et al.,
2005; Naylor et al., 2005; Deeb et al., 2012), which can render DZP ineffective, the upregulation
of the GluK1 subunit (Ullal et al., 2005) may contribute to hyper-excitation, which further

explains the efficacy of GIUK1R antagonists.

Neur opathology 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 (Coubard et al.,
2008; Langston et al., 2012; Prager et al., 2014). Similarly, the human victims of the sarin
terrorist attack in Japan report enduring symptoms of anxiety disorders, long after the exposure
(Ontani et al., 2004; Hoffman et al., 2007). The amygdala plays a central role in emotional
behavior, and dysfunction with increased excitability of the BLA is associated with anxiety
(Gonzalez et al., 1996; Shekhar et al., 2003; Zhou et al., 2010; Pidoplichko et al., 2014). The
hippocampus is also significantly involved in the modulation of anxiety (Engin and Treit, 2007;
Fournier and Duman, 2013). Both the amygdala and the hippocampus are severely damaged by
nerve agent-induced SE, as shown in the present and previous studies (Shih et al., 2003; Apland
et a., 2010; Aroniadou-Anderjaska et a., 2009). In the BLA, thereis significant loss of
GABAergic neurons by day 7 after exposure to soman (Figueiredo et al., 2011; Prager et al.,
2014), and at 14 and 30 days after exposure the ratio of GABAergic interneurons to the total

number of neuronsin the BLA is significantly decreased (Prager et al., 2014). Reduction of

28

20z ‘6 |dy uoseuinor 134S Y e Blo'sfeulnolfiadse-iad | wouy pspeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 25, 2014 as DOI: 10.1124/jpet.114.217299
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #217299

inhibitory activity in the BLA, resulting from the interneuronal loss, will increase the excitability
of the BLA network, which can lead to the devel opment of anxiety.

In the present study, treatment with UBP302 significantly reduced neuronal loss and
degeneration in anumber of brain regions, including the hippocampus and the amygdala, and
prevented the loss of GABAergic interneuronsin the BLA, as assessed 30 days after the
exposure. The neuroprotection provided by UBP302, despite its being only partial, was sufficient
to prevent the devel opment 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 (Shih et al., 2003; Prager et al.,
2013), the failure of DZP to protect the brain can be attributed to the failure of thisdrug 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 studiesin which 10
mg/kg DZP was administered at 30 min after soman-induced seizures show that this treatment
did not prevent the development of anxiety-like behavior (Langston et al., 2012) or
epileptogenesis (de Araujo Furtado et al., 2010).

The present data clearly argue against the use of DZP as amedical countermeasure for
the treatment of SE induced by nerve agent exposure, at least when anticonvulsant treatment is
delayed. DZPislikely 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
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targeting the glutamatergic system is a more effective approach to controlling nerve agent-

induced SE, and antagonists of the GIuUK1Rs appear to be both safe and efficaciousin this regard.
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Figure Legends

Fig. 1. DZP ter minates soman-induced SE, but does not reduce thetotal duration of SE
within the 24 h period after soman exposure, as seizuresreturn; UBP302 reducesthe 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 theinitial 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 theinitial SE, while the
three barsto 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 < 0.01 for the
comparisons between the DZP-treated and the UBP302-treated groups (ANOV A followed by

Fisher's LSD test).

Fig. 2. The number of convulsive seizuresthat recurred in the DZP-treated rats after

termination of theinitial SE wasgreater than in the UBP302-treated rats. (A) EEG basdline
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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 (ANOV A followed by Holm-Sidak post-

hoc test).

Fig. 3. UBP302, but not DZP, administered 1 h after soman exposur e, 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 is50 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).

Fig. 4. UBP302, but not DZP, administered 1 h after soman exposur e, reduced neuronal
lossin the BLA and the CA1 hippocampal area, 1 day after the exposure. (A) Panoramic
photomicrographs of Nisdsl-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,

41

20z ‘6 |dy uoseuinor 134S Y e Blo'sfeulnolfiadse-iad | wouy pspeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 25, 2014 as DOI: 10.1124/jpet.114.217299
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #217299

SOMAN, SOMAN+DZP and SOMAN+UBP302 groups. Total magnification is 630x and scale
bar is50 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 neuronsin 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).

Fig. 5. UBP302, but not DZP, administered 1 h after soman exposur e, reduced neuronal
degeneration in the amygdala, CA1 and CA3 dorsal hippocampal areas, and entor hinal
cortex, 7 days after the exposure. (A) and (B) Panoramic photomicrographs of Nissl-stained
sections showing the brain regions evaluated by FIC staining. (C) Representative
photomicrographs of FIC-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).

Fig. 6. UBP302, but not DZP, administered 1 h after soman exposur e, reduced neuronal
lossin 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 is630x and scale
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bar is50 um. (C) and (D) Group data (mean and standard error; n = 6 for each group) of
stereological estimation of the total number of Nisdl-stained neuronsin 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 (ANOV A, Dunnett post-hoc test).

Fig. 7. UBP302, but not DZP, administered 1 h after soman exposur e, prevented
GABAergicinterneuronal lossin the BLA, 7 days after the exposur e. Group data (mean and
standard error; n = 6 for the each group) of stereological estimation of the total number of
GADG67+ neuronsin 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 is50 um. **P < 0.01 in

comparison to CONTROL (ANOVA, Dunnett post-hoc test).

Fig. 8. UBP302, administered 1 h after soman exposur e, reduces neur onal degeneration in
the amygdala, piriform cortex, and CA1 hippocampal area, while DZP reduces

neur odegeneration in the CA1 area, 30 days after the exposure. (A) and (B) Panoramic
photomicrographs of Nissl-stained sections showing the brain regions evaluated by FIC staining.
(C) Representative photomicrographs of FIC-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 dorsal hippocampus, and neocortex (neo-Ctx). *P < 0.05 in comparison to

the SOMAN group (Mann-Whitney U test).
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Fig. 9. UBP302, but not DZP, administered 1 h after soman exposur e, reduced neuronal
lossin 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 CA1 cells from the CONTROL,
SOMAN, SOMAN+DZP and SOMAN+UBP302 groups. Total magnification is 630x and scale
bar is50 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 neuronsin the BLA (left) and CA1
area (right). *P < 0.05, **P < 0.01, ***P < 0.001 in comparison to CONTROL; *P < 0.01in

comparison to the SOMAN group (ANOV A, Dunnett post-hoc test).

Fig. 10. 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).
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