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Allopregnanolone and perampanel as adjuncts to
midazolam for treating diisopropylfluorophosphate-
induced status epilepticus in rats
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Address for correspondence: Michael A. Rogawski, Department of Neurology, School of Medicine, University of California,
Davis, 4860 Y Street, Sacramento, CA 95817. rogawski@ucdavis.edu

Combinations of midazolam, allopregnanolone, and perampanel were assessed for antiseizure activity in a rat
diisopropylfluorophosphate (DFP) status epilepticus model. Animals receiving DFP followed by atropine and
pralidoxime exhibited continuous high-amplitude rhythmical electroencephalography (EEG) spike activity and
behavioral seizures for more than 5 hours. Treatments were administered intramuscularly 40 min after DFP.
Seizures persisted following midazolam (1.8 mg/kg). The combination of midazolam with either allopregnanolone
(6 mg/kg) or perampanel (2 mg/kg) terminated EEG and behavioral status epilepticus, but the onset of the peram-
panel effect was slow. The combination of midazolam, allopregnanolone, and perampanel caused rapid and com-
plete suppression of EEG and behavioral seizures. In the absence ofDFP, animals treatedwith the three-drug combi-
nation were sedated but not anesthetized. Animals that receivedmidazolam alone exhibited spontaneous recurrent
EEG seizures, whereas those that received the three-drug combination did not, demonstrating antiepileptogenic
activity. All combination treatments reduced neurodegeneration as assessedwith Fluoro-JadeC staining to a greater
extent thanmidazolam alone, andmost reduced astrogliosis as assessed by GFAP immunoreactivity but hadmixed
effects onmarkers ofmicroglial activation.We conclude that allopregnanolone, a positivemodulator of the GABAA

receptor, and perampanel, an AMPA receptor antagonist, are potential adjuncts to midazolam in the treatment of
benzodiazepine-refractory organophosphate nerve agent–induced status epilepticus.

Keywords: organophosphate nerve agent; status epilepticus; AMPA receptor antagonist; GABAA receptor positive
allosteric modulator; neuroactive steroid; benzodiazepine

Introduction

Acute intoxication with organophosphate (OP)
nerve agents is associated with a life-threatening
peripheral cholinergic toxidrome1 and the acute
development of seizures and refractory status
epilepticus (SE).2 The seizures, which are believed
to result from activation of muscarinic M1 recep-
tors and excessive release of glutamate,3,4 can

lead to irreversible neuronal damage5–7 and
epileptogenesis.2,8,9 The current standard-of-care
treatment for OP poisoning—themuscarinic antag-
onist atropine sulfate and an oxime cholinesterase
reactivator—only addresses the peripheral symp-
toms. Benzodiazepines are used to treat acute
seizures. Midazolam (MDZ) recently received
approval by the U.S. Food andDrug Administration
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(FDA) as a treatment for SE and is expected to be
deployed as the antiseizure drug of choice in acute
OP intoxication when an autoinjector formulation
becomes available.10 Benzodiazepines may repre-
sent an effective countermeasure if administered
within about 10 min after initiation of seizures, but
are generally ineffective in terminating established
SE (30 min or more after onset).4,11,12 Acute intox-
ication with diisopropylfluorophosphate (DFP), an
OP considered to be a credible threat agent,13 causes
SE that is not terminated by the administration of
MDZ 40 min or later after intoxication.14 Addition-
ally, delayed treatment with MDZ does not prevent
epileptogenesis caused by OP-induced SE.12
Refractoriness to the antiseizure efficacy of

benzodiazepines during prolonged seizures may
be caused by internalization of synaptic GABAA
receptors.15,16 Extrasynaptic GABAA receptors,
which are insensitive to benzodiazepines, are
not internalized with prolonged seizures, and
they provide a therapeutic target for refractory
SE, including that caused by OP nerve agents.17
Allopregnanolone (5α-pregnan-3α-ol-20-one;
brexanolone; ALLO), an endogenous neuroactive
steroid that acts as an allosteric modulator of both
synaptic and extrasynaptic GABAA receptors, has
efficacy in diverse seizure models,18 including
models of SE.19–21 The closely related synthetic
neuroactive steroid ganaxolone has been shown
to be effective in managing seizures induced by
DFP and other OPs.21,22 There is also evidence that
ALLO may have antiepileptogenic properties.23,24
Excessive glutamate excitation is a significant

mediator of OP SE, and the neuropathology asso-
ciated with OP poisoning is largely a consequence
of glutamatergic excitotoxicity.25 Diverse glutamate
receptor antagonists have been proposed as treat-
ments for OP nerve agent seizures, including the
mixed AMPA and GluK1 kainate receptor antag-
onist tezampanel (LY293558)26 and the NMDA
receptor antagonists ketamine and caramiphen.27–29
While GluK1 kainate receptors have not been con-
firmed as pertinent antiseizure targets,30 NMDA
receptor antagonists may be effective clinically31
and have been shown in animal models to be
effective in treating OP seizures.32,33 However,
NMDA receptors contribute only partially to fast
glutamate-mediated synaptic transmission, and
NMDA receptor antagonists, such as ketamine, are
associated with adverse neurobehavioral effects.34

AMPA receptors contribute more than NMDA
receptors to synaptic excitation and pharmacolog-
ical blockade of AMPA receptors is not associated
with ketamine-like adverse effects. It is, therefore,
of interest to evaluate the inclusion of an AMPA
receptor antagonist in the treatment regimen for
OP-induced SE. Perampanel (PPL) is a potent,
highly selective noncompetitive AMPA receptor
antagonist approved for epilepsy therapy.35 Studies
in animal models36 and anecdotal evidence from
numerous case reports indicate utility in the treat-
ment of SE.37–39 Moreover, AMPA receptor antago-
nists, including PPL, can depress epileptogenesis,40
including that caused by prolonged SE.41

A consistent finding in studies of the neurotoxi-
cological effects of OP nerve agents is that acuteOP-
induced seizures cause progressive neurodegenera-
tion and neuroinflammation in the days to weeks
following exposure.7,42–45 Treatment with benzo-
diazepines, even when administered early in the
course of SE, does not protect completely against
ensuing brain injury.45–48 The severity and extent
of brain damage correlates directly with the inten-
sity, frequency, and duration of seizures42,43,49 Thus,
it is widely posited that long-term outcomes will be
significantly improved by antiseizure therapies that
more effectively terminate SE and prevent seizure
recurrence.50–52
In the present study, we assess the potential of

ALLO and PPL as adjuncts to MDZ in the treat-
ment of OP-induced SE using the rat DFP model.
Our results demonstrate that both agents enhance
the activity of MDZ. In a previous study, we showed
that epileptogenesis occurs in rats that survive DFP
seizures,7 andwenowprovide evidence that adjunc-
tive treatment with the combination of ALLO and
PPL has antiepileptogenic potential.

Materials and methods

Animals
All experiments involving animals complied with
the ARRIVE guidelines of the National Centre for
the Replacement, Refinement and Reduction of
Animals in Research and were performed in accor-
dance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals (NIH
publication No. 8023, revised in 1978) under proto-
cols approved by theUniversity of California, Davis,
Institutional Animal Care and Use Committee.
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Adult male Sprague–Dawley rats (225–400 g)
were purchased at 8–10 weeks of age from Charles
River Laboratories (Hollister, CA) and individually
housed in standard plastic cages under controlled
environmental conditions (22 ± 2 °C, 40–50%
humidity) in fully accredited AALAC International
facilities. Animals were housed in a 12 h light-dark
cycle with access to food and water provided ad
libitum. Electroencephalography (EEG) experi-
ments were performed during the light phase of the
light/dark cycle after a minimum 30 min period of
acclimation to the experimental room. In exper-
iments involving measurement of spontaneous
recurrent seizures (SRS), animals were additionally
measured for their electrographic seizures in the
dark cycle.

Test substance and drug administration
DFP, atropine sulfate, and pyridine-2-aldoxime
methochloride (pralidoxime chloride; 2-PAM)were
purchased from Sigma-Aldrich (St. Louis, MO). A
commercially available formulation of midazolam
(MDZ; 5 mg/mL) was obtained from Hospira Inc.
(Lake Forest, IL). ALLOwas synthesized under con-
tract with SAFC Pharma (Madison, WI). PPL was
a generous gift from Eisai Inc. (Fycompa R© ; E2007;
Woodcliff Lake, NJ).
Before use, DFP was confirmed to be 90 ±

7% pure, as determined using previously pub-
lished methods.53 DFP was aliquoted and stored
at −80 °C; under these conditions, it has been
shown that DFP is stable for at least 400 days.54 Five
minutes before administration, DFP was diluted
in sterile, ice-cold phosphate-buffered saline (PBS;
3.6 mM Na2HPO4, 1.4 mM NaH2PO4, 150 mM
NaCl, pH 7.2) and administered subcutaneously at
a dose of 4 mg/kg in a volume of 300 microliters.
Atropine sulfate (2 mg/kg) and 2-PAM (25 mg/kg)
in sterile saline were administered in a combined
intramuscular injection 1 min following injection
of DFP to prevent lethality from peripheral cholin-
ergic symptoms.55 MDZ was administered as the
commercial 5 mg/mL solution for injection (Hos-
pira). ALLO (6 mg/mL) was dissolved in 24% w/v
Captisol R© (10% sulfobutyl ethers β-cyclodextrin
sodium salts) in 0.9% w/v NaCl. A 4 mg/mL
solution of PPL was prepared using a multisol
consisting of 7:2:1 propylene glycol:ethanol:water.
ALLO and PPL were injected in dose volumes of
1 and 0.5 mL/kg, respectively. The treatments were

administered intramuscularly, and in the case of
combinations, the injections were delivered in rapid
succession (separated by ∼5 seconds). In vehicle
control groups, three separate injections were used
to administer the vehicles for MDZ, ALLO, and
PPL, which were, respectively, 0.9% w/v NaCl; 24%
w/v Captisol R© in 0.9% w/v NaCl; and the 7:2:1
propylene glycol, ethanol, and water mixture.

EEG electrode implantation
Animals were anesthetized using ketamine (60–
80 mg/kg IP) and dexmedetomidine (0.5–1 mg/kg
IP) and stabilized in a stereotaxic apparatus. Six ⅛
inch bone screws with wire leads (#8247, Pinnacle
Technology, Lawrence, KS) were implanted epidu-
rally, three on each side of the sagittal skull suture.
A 6-pin rat prefabricated head-mount implant
(mounted on a 9 mm × 9 mm board with EEG
electrodewires attached; #8239-SE3, Pinnacle Tech-
nology) was soldered to the screws and fixed to
the skull using dental acrylic cement. The skin was
sutured, and the animals were administered keto-
profen (5 mg/kg, SC; Ketofen R© , Zoetis, Parsippany,
NJ) during the surgery and the following day. Anes-
thesia was reversed by atipamezole (1 mg/kg, SC;
Antisedan R© , Zoetis). Animals were returned to the
vivarium and allowed a minimum of 7–10 days
for postsurgery recovery, during which time they
received comprehensive veterinary care. Following
recovery, animals were brought into the laboratory
and acclimatized for at least 30min before the actual
experiment.
Signals were differentially recorded between the

following EEG electrode pairs: (1) left parietal and
left prefrontal, (2) right parietal and left prefrontal,
and (3) right posterior hippocampus and left pos-
terior hippocampus. During experiments, signals
from all three pairs were continuously monitored to
provide an ongoing assessment of seizure activity.
The signals displayed in Figures 1–3 and subjected
to analysis were from the electrode pair (1).

DFP-induced SE model and drug treatments
Rats with implanted electrodes were randomly
divided into treatment groups and individually
housed in cages in which they could move freely. At
the time of the experiment, they were weighed and
tethered to a Pinnacle EEGmonitoring system.Ani-
mals were injected with DFP followed by atropine
and 2-PAM as described above; 40 min after the
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DFP injection, animals confirmed to be in SE using
behavioral criteria and by EEG received one of the
following treatments by intramuscular injection: (1)
vehicle solutions, n = 8; (2) MDZ (1.8 mg/kg), n =
10; (3) MDZ (1.8 mg/kg) + ALLO (6 mg/kg), n =
10; (4) MDZ (1.8 mg/kg) + PPL (2 mg/kg), n = 6;
(5) MDZ (1.8 mg/kg) + ALLO (6 mg/kg) + PPL
(2 mg/kg), n = 11; and (6) ALLO (6 mg/kg) + PPL
(2 mg/kg), n = 5.

Behavioral seizure assessment
Behavioral seizures were scored based on a modi-
fied Racine Score as described by Deshpande et al.56
(see Fig. 4 inset). Score 1 (chewing) and score 2
(tremors, muscle fasciculation, andwet-dog shakes)
behaviors were generally not associated with elec-
trographic seizures and may reflect the periph-
eral cholinergic effects of DFP. Scoring was con-
ducted every 5 min for the first 120 min following
a DFP challenge and then every 20 min for a total
of 260 minutes. A 5% w/v dextrose solution was
administered intraperitoneally 5 h after DFP treat-
ment to counter fluid lost during continuous seizure
activity. Animals were returned to their home cages
and given soft chow daily until they were capable
of consuming both food and water by themselves.
Some animals were administered a second dose of
the dextrose solution 24 h after DFP treatment. Ani-
mals weremaintained in the vivarium and the num-
ber of animals that survived at the 7-day time point
was noted.

Loss of righting reflex
Loss of righting reflex (LRR) was determined
as described previously.57 Following intramuscu-
lar injection of MDZ + ALLO + PPL, rats were
returned to their home cages. If an animal exhib-
ited arrest of their spontaneous activity, they were
turned on their back every 10 seconds. Failure to
spontaneously return to an upright posture was
scored as LRR. The difference (in seconds) between
the time of LRR and the time an animal regained the
ability to right themselves was reported as the total
sleep time.

EEG measurement and analysis
EEG signals were recorded with a Pinnacle Tech-
nology 3-EEG rat preamplifier (#8407) and Data
Conditioning and Acquisition System (#8401). The
sampling frequency was 250 Hz, except in some
initial experiments where 1000 Hz was used. High-

and low-pass filtering was set at 1 and 40 Hertz. We
have found through power spectral analysis in the
frequency domain that EEG power is increased dur-
ing DFP seizures within frequency bands encom-
passed within the 1- to 40-Hz range of frequencies.
A similar range of frequencies has been used to
assess drug effects on DFP seizures by others.4,58,59
It was desirable to eliminate higher frequencies,
which may represent electrical noise and other
artifacts, including muscle movement.60 Rats were
allowed to move freely in the monitoring system
during recordings. After baseline recordings were
obtained for at least 15 min, animals were injected
with DFP and EEG recording continued for at least
5 hours. Some animals in each group (except MDZ
+ PPL) were monitored continuously for 2–3 days
for seizure progression. Recordings were reviewed
using Sirenia Seizure Pro software (Pinnacle Tech-
nology). The rootmean square (RMS; square root of
the mean value of the squared values of the voltage
amplitude) was calculated for each 1 min-epoch
of the EEG using SIGVIEW spectrum analyzer
software, version 3.0.2 (SignalLab e.K., Pforzheim,
Germany). The RMS value is a useful discriminator
of seizure versus nonseizure activity.61,62 To account
for arbitrary differences in RMS amplitude caused,
for example, by variations in electrode position
or signal detection efficiency, the RMS amplitude
values were normalized to the RMS amplitude
value at the initiation of treatment, which is 40 min
after administration of DFP, and expressed as a
percentage. In addition to the RMS amplitude
analysis, we visually inspected the EEG traces to
identify the initiation and termination of SE and
the occurrence of isolated seizures. Consistent with
the methodology used by others,8,63 ictal activity
was scored when high-frequency rhythmic spike-
wave discharges occurred with RMS amplitude
≥two-fold the baseline signal for at least 5 s, as
previously defined. Electrographic SE was defined
as ictal activity for 5 min or more and termination
of electrographic SE was defined as cessation of
EEG seizure activity for more than 5 minutes.

Spontaneous recurrent seizure recording and
measurement
Following DFP exposure, animals were monitored
for SRS using the Pinnacle tethered EEG system.
Animals that had been returned to the vivarium
after the acute study were brought back to the
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laboratory on random days up to 7.5 months after
DFP exposure for EEG recording to determine the
occurrence of SRS. A seizure in a freely moving
animal was defined as a spike-wave discharge at a
frequency >5 Hz for at least 5 s, where the ampli-
tude of the spikes are ≥two-fold the background
EEG level. EEG recordings were conducted in ses-
sions mainly during the morning but in some cases,
the session extended later in the day. The records
were scored manually for seizures and the follow-
ing values were determined in each recording:
(1) seizure rate calculated by dividing the seizure
count by the recording time (in hours), and (2)
seizure burden calculated as the percentage of the
recording time in seizure activity. The seizure rate
and seizure burden were determined for two time
periods: (1) the initial 4 days after DFP injection
and (2) the remainder of observation period. A
limitation of our approach is that we did not con-
tinuously monitor animals and therefore may have
missed spontaneous seizures in some animals. We
attempted to mitigate this concern in this study by
comparing groups treated in the same manner.

Immunohistochemistry
For histology, tissues were collected at 3, 7, and
28 days after DFP exposure (sample sizes indicated
in figure legends). Previous studies using the rat
model of acuteDFP intoxication have demonstrated
significant neurodegenerative and neuroinflamma-
tory responses at these time points44,64 and showed
that these effects were modestly attenuated by treat-
ment with benzodiazepines administered 30 min or
more postexposure.14,60,61 Rats were deeply anes-
thetized with 4% isoflurane in medical grade O2
at a flow rate of 1 L/min followed by transcardial
perfusion with 100 mL cold PBS using a Master-
flex peristaltic pump (Cole-Parmer, Vernon Hills,
IL) at a flow rate of 15 mL/min until the per-
fusate ran clear. Brains were removed from the skull,
blocked into 2-mm-thick coronal sections using a
brain matrix and postfixed for 24 h at 4 °C in 4%
paraformaldehyde (PFA; Sigma-Aldrich) in phos-
phate buffer (0.1 M Na2HPO4, 0.1 M NaH2PO4,
pH 7.2). Tissues were then transferred to 30%
(w/v) sucrose (Sigma-Aldrich) in PBS and stored
at 4 °C for at least 48 h until embedded and flash
frozen inTissue-PlusTM O.C.T. compound (Thermo
Fisher Scientific,Waltham,MA). Tissue blocks were

cryosectioned into 10-μm-thick coronal sections
and stored at −80 °C until immunostained.
All slides were processed at the same time

to reduce staining variability among treatment
groups. For Fluoro-Jade C (FJC; Chemicon, Temec-
ula, CA) staining, slides were stained following
the manufacturer’s recommended protocol as pre-
viously described.64 For other biomarkers, slides
were brought to room temperature, washed with
PBS, placed in 10 mM sodium citrate buffer at
pH 6.0, and heated for 30 min in a rice cooker for
antigen retrieval. Following antigen retrieval, sec-
tions were incubated in blocking buffer, which was
10% (v/v) normal goat serum (Vector Laboratories,
Burlingame, CA), 1% (w/v) bovine serum albumin
(Sigma-Aldrich), and 0.3% (v/v) Triton X-100
(Thermo Fisher Scientific) in PBS, for 1 h at room
temperature, and then incubated with primary
antibody in blocking buffer at 4 °C overnight. Pri-
mary antibodies included rabbit anti-IBA1 (1:1000,
019–19741, Wako Laboratory Chemicals, Rich-
mond, VA), mouse anti-CD68 (1:200, MCA341R,
Serotec, Hercules, CA), mouse anti-GFAP (1:1000,
3670, Cell Signaling Technology, Danvers, MA),
andmouse anti-NeuN (1:1000, MAB377, Millipore,
Burlington, MA). Slides were washed three times
for 10min each in PBSwith 0.3% (v/v) Triton X-100
and then incubated in the secondary antibody in
blocking buffer for 2 h at room temperature. The
secondary antibody used to detect anti-IBA1 was
goat anti-rabbit IgG conjugated to Alexa Fluor R©

568 nm (1:500, 997761, Life Technologies, Carls-
bad, CA); to detect anti-CD68, goat anti-mouse IgG
conjugated to Alexa Fluor 488 nm (1:500, A11001,
Life Technologies); and to detect anti-GFAP or
anti-NeuN, goat anti-mouse IgG1(γ1) conjugated
to Alexa Fluor 568 nm (1:1000, A21124, Life Tech-
nologies). All slides were mounted in Prolong Gold
anti-fade mounting media with DAPI (Invitrogen).
Fluorescent images were acquired using the

ImageXpress Micro XLS Widefield High-Content
Analysis System (Molecular Devices, Sunnyvale,
CA). Positive immunostaining was identified as flu-
orescence intensity that was twice the background
fluorescence levels in negative control samples.
Images were acquired from the basolateral amyg-
dala (bregma −3.6 to −4.2), dorsolateral thalamus
(bregma −3.0 to −3.6), piriform cortex (bregma
−3.6 to −4.2), hippocampus (bregma −3.6 to
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−4.2), and somatosensory cortex (bregma −3.6
to −4.2) at the same coronal plane across all ani-
mals as determined using a photographic rat brain
atlas.65 Two serial slices were analyzed for each
brain region of each animal. Multiple overlapping
tiles were stitched together to produce a single
image that encompassed an entire brain region
that was then processed using automated analysis
platforms to minimize operator bias. A MATLAB
script (MATLAB R© 2014b, the Mathworks Inc.,
Natick, MA) was used to set masking levels for
each image, so that only positive stained cells were
visualized, and then fluorescence was measured
per area using software from the Custom Module
Editor analysis software (MetaXpress High-Content
Image Acquisition and Analysis software, version
5.3, Molecular Devices).

Statistics
EEG traces in each animal were summarized in
1-min epochs as the mean RMS amplitude value
of (250 Hz sampling frequency × 60 s) = 15,000
values/minute. At minute 40, animals were admin-
istered treatments. The mean RMS amplitude val-
ues at later time points were normalized to the
minute 40 value, expressed as a percentage. Two
vehicle control animals did not survive during the
5-h observation period; one perished at minute 168
and the other at minute 246. The missing min-
utes for these animals were filled out with their last
observed value (last observation carried forward),
a conservative strategy because the last observed
value for each animal was among that animal’s
lowest.
To statistically compare treatment groups based

on the EEG data, between-group comparisons of
mean within-animal changes were performed for
each of three posttreatment time periods (hours
1, 2, and 3+) relative to the 40-min pretreatment
time period. Mixed-effects models were applied to
a dataset where the units of analysis were within-
animal time point–specific averages (i.e., four obser-
vations per animal). Models were estimated with
Version 9.4 of SAS, using the PROCGLIMMIXpro-
cedure, specifying a log-normalmodel with random
intercepts for each animal (to adjust for between-
animal differences) and autocorrelated residual
errors, which adjust for the feature in longitudinally

measured data that transient measurement errors
from observations from the same animal that are
closer in time will be more correlated than from
observations from the same animal that are fur-
ther apart in time. Because groups were compared
with respect tomeanwithin-group changes, statisti-
cal adjustment was possible for between-group dif-
ferences prior to treatment. Additionally, how each
posttreatment time point compares with the pre-
treatment time point is expressed as a geometric
mean ratio.
In the analysis of epileptogenesis, data for seizure

rate and seizure burden were visualized using dot
plots (shown) and panel data plots (not shown).
Because parametricmodeling assumptions for t-test
and ANOVA were not met, between-group com-
parisons at each time point were carried out by
plotting the observed data and using the nonpara-
metric Mann–Whitney test for the null hypoth-
esis that the observations come from the same
observation.
For analysis of the immunohistochemical data,

repeated measures models, including treatment
(MDZ alone, MDZ + ALLO, MDZ + PPL, MDZ
+ ALLO + PPL, or ALLO + PPL), region (cortex,
CA1, CA3, dentate gyrus, thalamus, amygdala, or
piriform cortex), and time point (3, 7, and 28 days
postexposure), were fit to the immunohistochemi-
cal endpoints (percent area for GFAP, FJC, IBA-1,
and CD68 and number of positive cells per mm2 for
NeuN). Only two time points were available (3 and
28 days postexposure) for IBA-1 andCD68. Interac-
tions between the factors were considered, and the
best model was chosen using the Akaike Informa-
tionCriterion.All immunohistochemical endpoints
were transformed using the natural logarithm to
better meet the assumptions of the models; owing
to observed zeros, all values for these endpoints
were first shifted by 0.5 before taking the natural
log. Results are presented as geometric mean ratios
of the values for the combination treatments to the
values for treatment with MDZ alone. These ratios
may be interpreted as fold changes, so that a ratio
of 1.5 corresponds to a 50% increase and a ratio of
0.5 corresponds to a 50% decrease. Point estimates
of the ratios and 95% confidence intervals are pre-
sented in the figures. When the confidence interval
includes 1, there is no statistical evidence of a dif-
ference between the combined treatment and treat-
ment with MDZ alone.
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0–15 min 1 40 min 60 min 120 min 180 min 240 min 285 min
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2-PAM (25 mg/kg, IM)

Treatment

EEG Recording
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200 µV
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DFP Atropine/2-PAM Vehicle injection 

Figure 1. Schematic illustration of the experimental protocol for the DFP status epilepticus (SE) model (top panel) and EEG
recording showing full-blown SE with vehicle treatment at 40 min (bottom panel). DFP was injected at time 0 followed 1 min
later by injections of atropine and 2-pralidoxime chloride (2-PAM). Forty minutes after DFP challenge, animals received three
vehicle injections as described in theMethods. The entire EEG record is shown in the lower trace; short segments of the record on
an expanded time scale from the regions marked with letters (a–d) are shown above. High-amplitude rhythmical spiking occurs
continuously after DFP treatment.

Results

DFP-induced behavioral and electrographic
seizures in vehicle-treated animals
Animals treated according to the DFP SE model
(scheme shown in Fig. 1) exhibited robust electro-
graphic seizures, as evidenced by the abrupt (typ-
ically within 6–9 min) onset of high-amplitude
rhythmical spiking (Fig. 1). If not pharmacologi-
cally interrupted, the epileptiform discharges con-
tinued for more than 5 h unless the animal expired
during the observation period, which was the case
for two out of eight (25%) animals in the vehicle
control group (168 and 246 min after DFP injec-
tion). All of the vehicle-treated animals that sur-
vived the initial observation period also survived for

7 days. Animals exhibiting DFP-induced electro-
graphic seizures displayed behavioral seizures con-
sisting of continuous jerking movement, forelimb
clonus, and rearing and falling (scored as 3 or 4
on the modified Racine Scale), and rarely tonic
extension (scored as 5) (Fig. 4). Behaviors scored
as 1 (chewing movements) and 2 (tremors, muscle
fasciculations, and wet-dog shakes) often occurred
in the absence of demonstrable EEG seizure dis-
charges, suggesting that they may be due to periph-
eral cholinergic effects of intoxication with DFP.
We did not consider scores of 1 or 2 to be a reli-
able indicator of seizures. In vehicle-treated ani-
mals, the mean behavioral seizure score remained
high throughoutmost of the observation period but
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Figure 2. Comparison of vehicle, MDZ, or the combination of MDZ, ALLO, and PPL on DFP-induced electrographic SE. (A)
Mean normalized (percentage) RMS amplitude values for the first 40 min after treatment are shown in the left graph and for the
entire recording period in the right graph. Each data point represents the mean of values from 8 to 10 rats. Error bars in the left
graph represent S.E.M values; they are omitted for clarity on the right. Baseline normalized RMS amplitude (15.9%) is indicated
by dashed lines. (B) Representative EEG segments at various times after treatment in an experiment with MDZ (left) or the com-
bination (right). High-amplitude rhythmic spiking was not terminated by MDZ, whereas the combined therapy terminated SE
in all animals. After SE termination, some animals in the latter group exhibited aperiodic high-amplitude spike-like phenomena,
possibly representing burst suppression activity. (C) Representative EEG segment demonstrating SE relapse in one of the four ani-
mals in the MDZ + ALLO + PPL group that underwent long-termmonitoring. Orange bars indicate periods of apparent seizure
and nonseizure behaviors.

began to decline at 150 min (Fig. 4A), whereas the
normalized RMS amplitude rose gradually during
the first hour and then declined during the 250-min
observation period but remained above the base-
line value (Fig. 2A). Most animals exhibited con-
tinuous high-amplitude rhythmic spiking through-
out the 5-h recording period (Fig. 2B). However,
EEG spikes continued even when the SE stopped in
two animals, and most of the animals continued to
experience seizures 24 h after DFP exposure (data
not shown). The mean RMS values during the first
and second hours after vehicle treatment were not

significantly different from the 40 min period after
DFP treatment and before vehicle injection (geo-
metricmean ratioswere 1.25 (95% confidence inter-
val (CI): 0.95–1.64) and 1.08 (95% CI: 0.70–1.68),
respectively). However, in the third hour, the mean
RMS amplitude value was reduced compared with
the 40-min pretreatment time period (geometric
mean ratio = 0.49, 95% CI: 0.25–0.96). We moni-
tored two animals in this group for 3 days to assess
the long-term impact of DFP. In one of the animals,
SE persisted for 2 days and then stopped. In the
second animal, SE continued for 17 h, after which
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isolated spikes and seizureswere observed, but there
was no relapse of SE.

MDZ is partially effective in suppressing
DFP-induced EEG and behavioral seizures
Some animals were treated with MDZ alone at a
dose (1.8 mg/kg) that is equivalent by allometric
scaling (according to the FDA guidance) to a 20
mg dose (maximum recommended adult dose; see
Ref. 66) in a 70 kg person. The mean normalized
RMS values of the MDZ treatment group diverged
significantly from the vehicle control group but
never reached the baseline value of freely mov-
ing control animals (Fig. 2A). MDZ treatment
resulted in 2 out of 10 (20%) animals achieving
SE termination at 114 and 262 min following the
treatment. The remaining eight animals contin-
ued to experience seizures and SE throughout the
recording period (Fig. 2B). MDZ caused a sta-
tistically significant reduction in the mean EEG
RMS measurement during the 1st hour (geomet-
ric mean ratio = 0.54, 95% CI: 0.42–0.69, P <

0.0001), 2nd hour (geometric mean ratio = 0.40,
95% CI: 0.30–0.54, P < 0.0001), and the 3+ hour
(geometric mean ratio = 0.37, 95% CI: 0.28–0.48,
P < 0.0001) compared with the 40-min pretreat-
ment time period. Furthermore, the ratio of MDZ
(n = 10) and vehicle (n = 8) geometric mean
ratios were found to be statistically significantly
<1 for the first two posttreatment hours (1st hour:
effect size = 0.43, 95% CI: 0.30–0.62, P < 0.0001;
2nd hour: effect size = 0.37, 95% CI: 0.22–0.63,
P= 0.0003), but not the 3+ hour (effect size= 0.75,
95% CI: 0.36–1.53, P = 0.4191), indicating that
MDZ treatment suppresses theRMSEEGamplitude
during each of the first 2 hourly epochs.
As depicted in Figure 4A and B, the behav-

ioral seizure score of the MDZ-treated animals was
similar to the vehicle group and remained high
throughout the observation period. Most animals
continued to exhibit electrographic SE despiteMDZ
treatment. In one animal, however, SE in the EEG
appeared to break at 114 minutes. This animal
continued to exhibit frequent EEG spikes and was
clearly in a continuing state of SE with a behavioral
seizure score of 3.
We monitored four of the 10 MDZ-treated ani-

mals for 3 days. In one of the animals, SE persisted
for 5 h, while the other three continued to exhibit SE
for 10–19 hours. Spikes and sporadic seizures were

observed following SE termination in these animals.
In one of the four animals, there was a relapse to
SE 6 h after its initial termination that persisted for
1 hour.

Addition of ALLO augments the antiseizure
activity of MDZ
As seen in Figure 3A, treatment with MDZ +
ALLO caused a rapid fall in the mean normalized
RMS value to near to baseline. In eight of 10 ani-
mals (80%) receiving the drug combination, electro-
graphic SE terminated with mean latency of 9.1 ±
2.1 min after the treatment, and behavioral seizures
were also rapidly terminated (score 0) inmost (eight
of 10) animals (Fig. 4C). In the remaining two ani-
mals that continued to exhibit EEG SE, behavioral
seizures persisted at a score of 3 and sometimes 4.
In the entire group, there was a statistically signif-
icant reduction in the mean EEG RMS amplitude
during the 1st hour (geometric mean ratio = 0.28,
95% CI: 0.21–0.38, P < 0.0001), 2nd hour (geo-
metric mean ratio = 0.24, 95% CI: 0.17–0.33, P <

0.0001), and 3+ h (geometric mean ratio = 0.25,
95% CI: 0.16–0.39, P < 0.0001) compared with the
40-min pretreatment time period. None of the ani-
mals receiving the treatment died during the 7-
day observation period. One animal developed a
large abdominal tumor at day 162 and was eutha-
nized. Figure 3B (left) depicts a representative EEG
from one of the two animals in which SE did not
stop with MDZ + ALLO treatment. The animal
continued to exhibit high-amplitude rhythmic spik-
ing throughout the recording period. The ratio of
the MDZ + ALLO (n = 10) and MDZ (n = 10)
geometric mean ratios are statistically significantly
<1 for the first two posttreatment epochs (1st hour:
effect size = 0.53, 95% CI: 0.36–0.77, P = 0.0010;
2nd hour: effect size = 0.59, 95% CI: 0.38–0.93,
P = 0.0216), but not the third (3+ hour: effect
size = 0.69, 95% CI: 0.41–1.15, P = 0.1542), indi-
cating that MDZ+ALLO treatment suppresses the
RMS EEG amplitude during each of the first 2
hourly episodes to a greater extent thanMDZ alone.
Comparing the vehicle and MDZ + ALLO groups,
the geometric mean ratios are statistically signifi-
cant for the first and second but not the third epochs
(1st hour: effect size = 0.23, 95% CI: 0.15–0.34,
P < 0.0001; 2nd hour: effect size = 0.22, 95% CI:
0.13–0.38, P < 0.0001; 3+ hour: effect size = 0.51,
95% CI: 0.23–1.14, P = 0.0999). We monitored 5

9Ann. N.Y. Acad. Sci. xxxx (2020) 1–23 © 2020 The Authors. Annals of the New York Academy of Sciences
published by Wiley Periodicals LLC on behalf of New York Academy of Sciences



Allopregnanolone and perampanel in DFP-induced status epilepticus Dhir et al.

Figure 3. Effect of MDZ combined with either ALLO or PPL on DFP-induced electrographic SE. (A) Mean normalized (per-
centage) RMS amplitude values for the first 40 min after the treatment are shown in the left graph and for the entire recording
period in the right graph. Each data point represents the mean of values from 6 to 10 rats. Error bars in the left graph represent
S.E.M. values; they are omitted for clarity in the right. Baseline normalized RMS amplitude (18.8%) is indicated by the dashed line.
(B) Representative EEG segments at various times after treatment with MDZ + ALLO (left) and MDZ + PPL (right). Treatment
withMDZ+ALLO rapidly stopped electrographic seizures in eight of 10 animals; however, in two animals, SE persisted as shown
here. In some of those animals in which SE stopped, aperiodic high-amplitude spike-like phenomenon possibly representing burst
suppression activity was observed. The combination of MDZ + PPL provided delayed protection in stopping SE. (C) Represen-
tative EEG segment demonstrating SE relapse in one out of five animals in the MDZ + ALLO group that underwent long-term
monitoring. Orange bars indicate periods of apparent seizure and nonseizure behaviors.

of the 10 MDZ + ALLO animals for 3 days. SE in
four of the animals stopped within minutes of treat-
ment but one animal exhibited continuing SE for
13 hours. Following the termination of SE, three

of the five monitored animals had isolated seizures,
and one animal had relapses of SE beginning at 9 h
(Fig. 3C). In that animal, such relapses continued
into the following day.
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Figure 4. Effects of different treatments on behavioral seizure scores in the DFP SEmodel. The seizure scoring scheme based on
amodification of the Racine Scale is shown in the upper left panel. (A) After DFP exposure (andwith vehicle treatment at 40min),
the mean behavioral seizure score rises rapidly and remains elevated for about 150 min and then begins to decline. (B) MDZ has
little effect on the mean seizure score, whereas MDZ + ALLO + PPL treatment caused a rapid reduction in seizure score in all
animals by 10 min following treatment. (C) MDZ + ALLO and MDZ + PPL reduced the mean seizure scores more than MDZ
alone. In theMDZ+ALLO group, the score was reduced to 0 in eight of 10 animals, while the remaining two animals continued to
exhibit behavioral seizures. The onset of action of MDZ + PPL was delayed compared with MDZ + ALLO. Data points represent
the mean ± S.E.M. values from experiments with 6–10 rats.

Addition of PPL to MDZ has mixed effects
In contrast with the results with ALLO, addition
of PPL to MDZ did not rapidly suppress either
EEG or behavioral seizures, although seizures were
slowly suppressed relative to vehicle. Comparing
Figures 3A and 2A, it is apparent that the mean
normalized RMS values in the PPL + MDZ group
actually exceeded those in the MDZ group in the
first 40 min after treatment, indicating a paradox-
ical early proconvulsant action relative to MDZ,
which is evident in the EEG traces in Figure 3B
(right panel). However, at 40 min, the curve for
the MDZ + PPL group falls below vehicle, and

then at 100 min falls below the baseline value. The
mean SE stopping time was 93.0 ± 14.5 (individual
animal stopping times: 49, 62, 88, 91, 133, and
135 minutes). In the MDZ + PPL group, there was
a statistically significant reduction in the mean EEG
RMS amplitude during the 1st hour (geometric
mean ratio = 0.54, 95% CI: 0.38–0.76, P = 0.0006),
2nd hour (geometric mean ratio = 0.20, 95% CI:
0.12–0.34, P < 0.0001), and the 3+ hour (geo-
metric mean ratio = 0.12, 95% CI: 0.11–0.13, P <

0.0001) compared with the 40-min pretreatment
time period. The ratio of the MDZ + PPL (n = 6)
and MDZ (n = 10) geometric mean ratios are
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statistically significantly <1 for the last two epochs
(2nd hour: effect size = 0.49, 95% CI: 0.27–0.90,
P = 0.0218; 3+ hour: effect size = 0.33, 95% CI:
0.25–0.44, P < 0.0001), but not the first epoch,
which included the initial 40-min period of greater
RMS amplitude (1st hour: effect size = 1.00, 95%
CI: 0.66–1.53, P = 0.9936).
As shown in Figure 4C, the behavioral seizures

only fell minimally during the 40-min post-
treatment period and then fell more rapidly at
100 min but then plateaued such that on average,
seizures were never eliminated. This contrasts with
the situation for MDZ + ALLO, where many ani-
mals achieved seizure freedom (seizure score 0) but
because two did not, themean score value remained
elevated. In the MDZ + PPL group, there was no
mortality on the day of recording, but two of six ani-
mals died within 7 days of the experiment.

Simultaneous administration of MDZ,ALLO,
and PPL rapidly eliminates EEG and
behavioral seizures
As shown in Figure 2A, the combination MDZ +
ALLO + PPL caused a rapid fall in mean nor-
malized RMS amplitude similar to that seen with
MDZ + ALLO and at 10 min following treatment
became minimally smaller than baseline, where
it remained during the observation period. There
was a statistically significant reduction in the mean
EEG RMS amplitude during the 1st hour (geomet-
ric mean ratio = 0.22, 95% CI: 0.18–0.26, P <

0.0001), 2nd hour (geometric mean ratio = 0.14,
95% CI: 0.12–0.17, P < 0.0001), and the 3+ hour
(geometric mean ratio = 0.14, 95% CI: 0.12–0.16,
P < 0.0001) compared with the 40-min pretreat-
ment time period. The ratio of ALLO + PPL +
MDZ (n = 9) and MDZ (n = 10) geometric mean
ratios are statistically significantly <1 for all the
three epochs (1st hour: effect size = 0.40, 95% CI:
0.29–0.55, P < 0.0001; 2nd hour: effect size = 0.35,
95% CI: 0.25–0.49, P < 0.0001; 3rd hour: effect
size = 0.37, 95% CI: 0.27–0.50, P < 0.0001). The
mean latency to cessation of EEG SE in the ALLO+
PPL + MDZ group was 13.0 ± 2.6 minutes. A rep-
resentative EEG is shown in Figure 2B. As shown
in Figure 4B, ALLO + PPL + MDZ also rapidly
suppressed the behavioral seizure score such that
within 5–10 min, most animals were in stage 0.
There was no mortality associated with the treat-
ment during the 7-day observation period. We

monitored four of the ALLO + PPL + MDZ ani-
mals for 3 days.One of these animals hadno isolated
seizures or SE relapse; two of the animals had spo-
radic seizure events but no SE relapse; and one ani-
mal had sporadic seizure events that in some cases
met the definition of SE. The first episode is illus-
trated in Figure 2C; these SE episodes continued in
the next day.
Because animals were hypoactive with MDZ +

ALLO + PPL treatment, we sought to better char-
acterize the behavioral impact by assessing LRR in
a separate group of eight naive animals not admin-
istered DFP. All animals scored positively. In these
animals, the average time to LRRwas 4.4± 0.7min-
utes. These animals gained their righting reflex at
83.7 ± 6.1 minutes. The total sleep time, therefore,
in this group of animals was 79.3 ± 5.8 minutes.
Animals exhibiting LRR remained responsive to tail
or toe pinch, indicating that they were sedated but
not in a state of general anesthesia.67,68

Simultaneous administration of ALLO and
PPL without MDZ is slow and variable to
terminate EEG SE
The combination ALLO + PPL was evaluated in
five animals. EEG SE eventually ceased in all of
the animals. One of the animals stopped in 7 min,
while the other four animals had prolonged stop-
ping times (34, 139, 203, and 878min, respectively),
indicating that, in general, the treatment action is
slow. There was a statistically significant reduction
in the mean EEG RMS amplitude during the 3+
hour epoch (geometric mean ratio = 0.62, 95%
CI: 0.12–0.52, P = 0.0001) but not in the 1st hour
(geometric mean ratio = 0.65, 95% CI: 0.34–1.27,
P = 0.2065) and the 2nd hour (geometric mean
ratio = 0.52, 95% CI: 0.22–1.22, P = 0.13), com-
pared with the 40-min pretreatment time period.
The mean RMS amplitude value for this treat-
ment group never reached the baseline value. The
mean behavioral seizure score continued to be
high in three out of the five animals tested (data
not shown). There was no mortality in the 5 h
posttreatment observation period. We monitored
four of the animals for 2 days. In one, following
termination of the initial SE, there were no spikes,
isolated seizures, or SE relapse. Another animal
exhibited sporadic seizures but no SE relapse. The
remaining two animals exhibited sporadic seizures
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and SE relapses, which occurred initially at 3.6 and
9.7 h following cessation of the initial SE episode.

Simultaneous administration of MDZ,ALLO,
and PPL prevents late SRS
Given the powerful effect of the combined therapy
MDZ + ALLO + PPL on EEG and behavioral SE,
we sought to determine if it would prevent the
occurrence of SRS, where the late occurrence of
such seizures is an indication of epileptogenesis.We
assessed spontaneous EEG seizures in randomly
selected recording periods during the first 4 days
after DFP treatment and for an extended period
after this time. During 4 days after DFP injection
(Fig. 5, top panel), animals treated with MDZ and
with MDZ + ALLO + PPL exhibited ictal activity.
There were no statistically significant differences
in seizure rate or seizure burden during this initial
recording period according to the Mann–Whitney
test. The second time period started on day 5 fol-
lowing DFP and continued for up to 7.5 months
(mean = 5.2 ± 0.5 months). Recordings were
carried out continuously for 1 week or more in
some of the animals. At the end of the monitoring,
seizure rate and seizure burden were determined.
Six of the eight (75%) MDZ-treated animals con-
tinued to exhibit seizures during the second time
period, although three only exhibited a single
seizure episode. By contrast, none of the 11 ani-
mals in the MDZ + ALLO + PPL group exhibited
any seizure episodes. Hence, the two groups dif-
fered significantly with respect to seizure rate and
seizure burden according to the Mann–Whitney
test, with P values of 0.001 for each outcome. The
Mann–Whitney test does not produce a 95% confi-
dence interval for an effect size parameter estimate
corresponding to the relative reduction in seizure
incidence between the two groups, but the observed
relative reduction was total (100%).

Animals receiving combination treatments
exhibit less neurodegeneration than those
receiving MDZ alone
In a separate series of experiments using the DFP
model, we sought to compare the neuroprotective
activities ofMDZ,MDZ+ALLO,MDZ+ PPL, and
MDZ + ALLO + PPL. As shown in the schematic
of Figure 6A, animals were treated as in the previ-
ously described experiments assessing seizure sup-
pression. The animals were then maintained for
3, 7, or 28 days, euthanized, and their brains col-

Figure 5. Spontaneous recurrent seizures in DFP animals
treated with MDZ or MDZ + ALLO + PPL. Left graphs
show seizure rates of individual animals calculated as num-
ber of seizures per hour of recording, and right graphs indicate
seizure burden calculated as total seconds of seizures per sec-
onds of recording, expressed as a percentage. The top graphs
represent data for the first 4 days after DFP; the bottom graphs
represent data from day 5 to the end of monitoring. Animals
weremonitored from1 to 7.5months and 3 to 7.5months in the
MDZ (8 animals) and the MDZ + ALLO + PPL (11 animals)
groups, respectively; total EEG recording times were 156 ± 28
(mean ± S.E.M.; range 18–444) h and 545 ± 103 (range 53–
3883) h, respectively. One animal in the MDZ group died (day
102). Data points representmean values from each rat analyzed
over the entire recording time. Gray bars represent the group
means.

lected for histological analysis. Automated image
acquisition and analysis was used to assess mark-
ers of neurodegeneration (FJC staining and NeuN
immunoreactivity). At each time point, data were
collected across multiple brain regions, including
the neocortex; hippocampal CA1, CA3, and dentate
gyrus; thalamus; amygdala; and piriform cortex.
In the experiments assessing treatment effects on

neurodegeneration, there was insufficient evidence
to suggest that treatment differences varied signifi-
cantly between brain regions or time postexposure
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Figure 6. (A) Schematic of the experimental time line. (B) Representative photomicrographs of FluoroJade C (FJC, yellow) and
NeuN (purple) staining in the hippocampus at day 7 post-DFP. Sections were counterstained with DAPI (blue) to label nuclei.
Bar= 100μm (applies to all photomicrographs). Arrows: NeuN+ cells in the dentate gyrus protected by combined treatment with
MDZ+ALLO. (C) Initial statistical analyses indicated that treatment differences did not vary between brain regions (cortex, CA1,
CA3, dentate gyrus, thalamus, amygdala, and piriform cortex) or time postexposure (3, 7, or 28 days), so comparisons between
treatments are presented as an overall estimate of the difference between treatments. Summary of geometric mean ratios (and
95% confidence intervals) of mean fluorescence values for the combination treatments to the value for MDZ alone (3–8 animals
per group). Confidence intervals that do not encompass a geometric mean ratio of 1 (solid light gray line) are colored blue and
indicate a significant difference between groups at a P< 0.05. A ratio of 0.75 or below for FJC or 1.25 or above for NeuN indicates
25% improvement compared with MDZ alone.
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Figure 7. (A) Representative photomicrographs of GFAP (purple) immunoreactivity in the hippocampal dentate gyri of rats at 7
days post-DFP. Sectionswere counterstainedwithDAPI (blue) to label nuclei. Bar= 200μm(applies to all photomicrographs). (B)
Summary of geometric mean ratios (and 95% confidence intervals) of mean fluorescence values for the combination treatments to
the value for MDZ alone (5–8 animals per group). Confidence intervals that do not encompass a geometric mean ratio of 1 (solid
light gray line) are colored blue and indicate a significant difference between groups at a P < 0.05. A ratio of 0.75 (dotted line) or
below indicates ≥25% improvement compared with MDZ alone. Estimates are averaged across brain regions (cortex, CA1, CA3,
dentate gyrus, thalamus, amygdala, and piriform cortex) and time points (3, 7, and 28 days post-DFP) because initial statistical
analyses indicated no differences in treatment effects between brain regions or between time points.

(3, 7, or 28 days), so comparisons between treat-
ments were presented as an overall estimate of the
difference between treatments; these treatment dif-
ferences were estimated to be the same across brain
regions and time postexposure. To assess whether
the combination drug treatments lead to reduced
neurodegeneration compared with neurodegenera-
tion occurring in animals receiving MDZ alone, we
calculated the ratio with 95% CI of the geometric
mean of the values for each combination treatment
to the geometric mean for the MDZ-only group.
The results are presented in Figure 6C. The mean
ratio was deemed to indicate a significant difference
between the combination treatment group and the
MDZ-only group if the 95% CI does not span 1.
In the case of FJC staining, we consider a reduc-
tion in signal to be an improvement; by contrast,

for NeuN immunoreactivity, an increase in signal
is considered to be an improvement. We arbitrarily
set a difference of 25% as an effect size of interest.
MDZ + ALLO, MDZ + PPL, and ALLO + PPL all
were associated with a significant reduction in FJC
staining compared with MDZ alone, and the mean
ratios met the 25% criteria but there was substantial
uncertainty, as indicated by the width of the 95%CI,
which included 0.75 (Fig. 6B and C). The point esti-
mate for theMDZ+ALLO+PPL group indicated a
>25% effect size, but the confidence in the estimate
did not meet the criteria for statistical significance.
Most treatments did not cause a significant change
in NeuN immunoreactivity relative to MDZ alone,
except for MDZ + ALLO, which showed a signif-
icant increase relative to MDZ alone that met the
25% improvement criteria (Fig. 6B and C).
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Addition of ALLO and PPL to MDZ
significantly attenuates astrocytosis and
microgliosis but not microglial activation
Sections from the same brains used to assess neu-
rodegeneration were evaluated for treatment effects
on astrocytosis and microglial activation at 3, 7,
and 28 days following DFP intoxication. Astroglio-
sis was assessed with GFAP immunostaining. As
with FJC and NeuN, no statistically significant dif-
ferences in treatment effectswere found across brain
regions or postexposure times, so the estimated
treatment differences were expressed as an overall
effect, which were the same across brain regions
and postexposure times. Representative photomi-
crographs in Figure 7A show less GFAP staining
in the hippocampus after MDZ + ALLO + PPL
treatment than MDZ alone. This was confirmed
by statistical analysis. Treatment with either MDZ
+ ALLO, MDZ + PPL, or MDZ + ALLO + PPL
was superior to MDZ alone in reducing astroglio-
sis (Fig. 7B). The combined treatment of MDZ +
ALLO + PPL produced the largest relative reduc-
tion of approximately 50%. TreatmentwithALLO+
PPL without MDZ was not significantly better than
the treatment with MDZ alone.
Microgliosis was assessed as the percent area

immunoreactive for IBA-1, and microglial acti-
vation was determined by immunoreactivity for
CD68, a marker of phagocytic microglia (Fig. 8A).
There was no statistical difference in treatment
effects between the brain regions or time points for
the IBA-1 staining, so treatment differences were
expressed as an overall effect; again, these treatment
differences were estimated to be the same across
brain regions and time points. Only the combina-
tion treatment ofMDZ+ALLO+PPLwas demon-
strated to be superior to MDZ alone in reduc-
ing microgliosis (Fig. 8B). The effect of treatment
on number of phagocytic microglia, as detected
by CD68, differed by time postexposure, but not
brain region. Therefore, treatment differences were
expressed by time point and estimated to be the
same across brain region. In particular, the number
of phagocytic microglia was significantly reduced
with MDZ + ALLO, MDZ + PPL, and ALLO +
PPL compared with MDZ alone at 3 days post-DFP
exposure, but the group receiving MDZ + ALLO+
PPL did not reach significance (Fig. 8C). There was
no significant improvement (decrease in the num-
ber of phagocytic microglia) in any of the treatment

groups and MDZ alone at 28 days following DFP
treatment. At 28 days following DFP exposure, the
MDZ + ALLO treatment group exhibited a signifi-
cant increase in phagocytic microglia.

Discussion

Treatment of rats with DFP rapidly induced con-
tinuous electrographic and behavioral SE, with a
mean time to onset of 6–9 min and persistence
of more than 5 hours. The International League
Against Epilepsy defines SE as continuous seizure
activity that lasts for 5 min or more and recognizes
that if seizures persist for more than 30 min, there
is a high risk of long-term consequences,69 such as
neurodegeneration, epileptogenesis, and cognitive
decline.7,64,70–73 Here, we administered treatments
at 40 min, a time in the evolution of SE where
there is irreversible morbidity. SE in rats receiving
4 mg/kg DFP along with atropine and 2-PAM usu-
ally survive although some animals do succumb,
which was the case for 25% of the animals in our
vehicle treatment group. This mortality rate is
comparable with the 16% rate observed by Pouliot
and colleagues.70
In this study, we examined single doses of MDZ

alone and in combinationwith single doses ofALLO
and/or PPL as treatments for DFP SE. We chose to
limit the study to single doses and explore the var-
ious possible adjunctive combinations; we plan to
investigate other doses in later studies. The dose
of MDZ (1.8 mg/kg) was equivalent to the maxi-
mum recommended midazolam dose for the emer-
gency treatment of nerve agent seizures in adults.
The doses of ALLO and PPL, 6 and 2mg/kg, respec-
tively, were based on prior studies reported in the
literature and preliminary studies with intramuscu-
lar dosing in the pentylenetetrazol model. Subcuta-
neous ALLO at a similar dose (5 mg/kg) exhibited
robust antiseizure activity in the rat pentylenete-
trazol seizure model.74 ALLO at doses similar to
that used here has also been reported to prevent
pilocarpine-induced SE in mice19 and to reduce
the duration of kainate seizures in rats.75 How-
ever, in preliminary experiments in two rats, we
found that by itself 6 mg/kg intramuscular ALLO
does not abort DFP-induced SE (data not shown).
PPL has demonstrated antiseizure activity in several
rat seizure models when administered by various
routes,76 including at 2 mg/kg with intraperitoneal
administration in a rapid kindling model,40 at
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Figure 8. (A) Representative photomicrographs of IBA1 (purple) and CD68 (yellow) immunoreactivity in hippocampal dentate
gyri at 28 days post-DFP. Sections were counterstained with DAPI (blue) to label cell nuclei. Bar = 200 μm (applies to all pho-
tomicrographs). Dashed boxes surrounding individual microglia are shown at higher magnification in the insets. (B) Summary
of geometric mean ratios (and 95% confidence intervals) of mean IBA1 fluorescence values for the combination treatments to
the value for MDZ alone (3–6 animals per group). Estimates are averaged across brain regions (cortex, CA1, CA3, dentate gyrus,
thalamus, amygdala, and piriform cortex) and time points (3, 7, and 28 days post-DFP) because initial statistical analyses indi-
cated no significant differences in treatment effects between brain regions and time points. (C) Summary of geometricmean ratios
(and 95% confidence intervals) of percent IBA1 cells colabeled for CD68 averaged across brain regions because initial statistical
analyses indicated no significant differences in treatment effects between brain regions. However, significant differences in treat-
ment effects between time points were identified, so estimates of these treatment differences from 3 and 28 days following DFP
exposure are shown separately. Confidence intervals that do not encompass a geometric mean ratio of 1 (solid light gray line) are
colored blue and indicate a significant difference between groups at a P < 0.05. A ratio of 0.75 (dotted line) or below indicates
≥25% improvement compared with MDZ alone.

2–3 mg/kg by intraperitoneal administration in
mouse models of tetramethylenedisulfotetramine-
induced seizures and SE,77,78 and at 2–6 mg/kg with
intravenous administration in a lithium-pilocarpine
SE model.36,79 In preliminary experiments, we
found that PPL at a dose of 2mg/kg intramuscularly
(30 min pretreatment time) increased the thresh-
olds formyoclonic jerks, clonus, and tonic extension
in the mouse timed intravenous pentylenetetrazol
seizure threshold test (data not shown).

We can only draw conclusions regarding the
specific doses used. Higher doses, to the extent
they are tolerated, could produce different or more
robust responses. With this important limitation in
mind, we have confirmed in this study that MDZ
fails to terminate DFP-induced electrographic or
behavioral seizures4,14,80 although it does modestly
suppress EEG RMS amplitude in relation to vehi-
cle treatment as recently reported by Spampanato
et al.81 We note that in contrast to this latter study,

17Ann. N.Y. Acad. Sci. xxxx (2020) 1–23 © 2020 The Authors. Annals of the New York Academy of Sciences
published by Wiley Periodicals LLC on behalf of New York Academy of Sciences



Allopregnanolone and perampanel in DFP-induced status epilepticus Dhir et al.

we did not pretreat animals with pyridostigmine
bromide because we have found it to have no effect
on seizure behavior or 24 h survival of rats intoxi-
cated with DFP.82
The combination MDZ + ALLO caused a rapid

and persistent suppression of EEG amplitude and
behavioral seizure score in eight of 10 animals
but did not terminate SE and eliminate behavioral
seizures in the remaining two animals. The speed
of this combination likely results from the speed
of absorption and distribution to the brain of
intramuscular MDZ (plasma Tmax = 2.3 min;83
treatment latency= 9–13 min51) and also the speed
of intramuscular ALLO (plasma Tmax = 1 min;
brain Tmax = 10 minutes20). The time to seizure
termination with MDZ + ALLO treatment (mean
latency of 9 min) is compatible with the pharma-
cokinetics of each component of the combination.
Both MDZ and ALLO have relatively fast elimi-
nation rates (plasma T1/2 = 20.7 min for MDZ;83
plasma T1/2 = 16 min for ALLO20,21). Nevertheless,
MDZ + ALLO treatment caused persistent >3-h
seizure suppression relative to baseline. We do note,
however, that while comparisons with the vehicle
and MDZ groups showed the RMS EEG amplitude
to be reduced more in the MDZ + ALLO group in
all three epochs, the comparisons were not statisti-
cally significant for the 3+ hour epoch. Although
plasma levels of MDZ and ALLO fall rapidly, both
compounds are retained to some extent in the brain
(<10–20% of peak levels at 120 minutes20,83). The
persistent low level brain exposures may contribute
to the long duration seizure suppression observed
in many animals. However, some animals in the
MDZ + ALLO group exhibited what appeared to
be isolated seizures following SE termination and
in one animal, the EEG activity met our criteria
for relapse of SE (Fig. 3C). In the early period fol-
lowing SE termination, some of the animals treated
with MDZ + ALLO also exhibited high-amplitude
phenomena on the time scale of 1–2.5 s with an
otherwise low-amplitude background. These events
may not be epileptic in nature but rather could rep-
resent burst suppression.84 Burst suppression is a
well-recognized EEGphenomenon that occurs with
general anesthetics that act by enhancing GABAA
receptors. The antiseizure effect of both MDZ and
ALLO is through this mechanism and both can
cause burst suppression at anesthetic doses.85–87

MDZ+ PPL had a slow action but over time sup-
pressed the EEG amplitude to below baseline and
eliminated behavioral seizures. In studies with oral
administration in the rat, PPL has relatively slow
absorption and distribution kinetics (oral plasma
Tmax = 30–60 min76), and exhibits slow brain entry
(oral brain Tmax = 90 minutes88). Although phar-
macokinetic data for intramuscular PPL are not
available, the slow onset withMDZ+ PPL likely has
a pharmacokinetic basis.
The three-drug combination MDZ + ALLO

+ PPL rapidly suppressed EEG amplitude and
largely prevented late rhythmic spike activity. At the
same time, it rapidly and consistently eliminated
behavioral seizures. We, therefore, conclude that
in terms of ability to confer rapid and persistent
seizure suppression, it is superior to the other
combinations tested, perhaps because it invokes
multiple antiseizure mechanisms but also because
the slow pharmacokinetics of PPL compensates for
the rapid elimination ofMDZandALLO.Aswas the
case with MDZ + ALLO, burst suppression-like
events were noted. Intermittent seizures and brief
seizure relapse were observed in the 3-day period
after treatment with the three-drug combination,
likely due to the persistence of brain cholinesterase
inhibition.89,90 We do not consider the occurrence
of such early spontaneous seizures to be an indica-
tion of epileptogenesis. However, the animals in the
MDZ-only group exhibited spontaneous seizures
that persisted for up to 7.5 months and clearly had
become epileptic. It is noteworthy that the combi-
nation MDZ + ALLO + PPL eliminated the occur-
rence of late spontaneous seizures. While we did
not monitor animals continuously, we conducted
recordings from the MDZ and MDZ + ALLO +
PPL contemporaneously, with a longer total record-
ing time in the latter group. Therefore, while we
cannot completely exclude the possibility that ani-
mals in the MDZ + ALLO + PPL group may have
had seizures at the times they were not monitored,
they clearly had fewer seizures than theMDZgroup,
strongly supporting an antiepileptogenic effect of
the combination treatment. The antiepileptogenic
action does not imply a mechanism independent
of the strong SE suppression provided by the treat-
ment, since SE is the proximate trigger for epilepto-
genesis. We did not evaluate whether the two-drug
combinations are as effective as the three-drug

18 Ann. N.Y. Acad. Sci. xxxx (2020) 1–23 © 2020 The Authors. Annals of the New York Academy of Sciences
published by Wiley Periodicals LLC on behalf of New York Academy of Sciences



Dhir et al. Allopregnanolone and perampanel in DFP-induced status epilepticus

combination in preventing the occurrence of late
seizures.
Inclusion of MDZ is required for high efficacy

and a consistent suppression of SE. While the com-
bination ALLO + PPL did stop SE in most animals,
in one animal (20%), it did not, and there was an
overall high (30%) mortality comparable with that
of vehicle (25%). By contrast, there was no mor-
tality in animals receiving MDZ + ALLO or MDZ
+ ALLO + PPL. Although MDZ + ALLO + PPL
performed best in terminating SE, it was associated
with greater sedation than the other treatments and
caused prolonged LRR (>1 h) but did not suppress
responses to noxious stimulation. The sedation was
not associated with cardiorespiratory compromise
and all animals fully recovered. Nevertheless, the
extent to which such prolonged depression of con-
sciousness would be tolerated in the emergency
treatment of nerve agent intoxication requires
consideration.
The dual combination of MDZ with ALLO

or PPL conferred enhanced neuroprotection as
assessed by FJC staining when compared with
MDZ alone. The geometric mean ratio for FJC was
reduced by >25% so that these treatment regimens
met the arbitrary criterion of substantial efficacy.
By contrast, treatment with MDZ + ALLO + PPL,
the combination that performed best in terms of
seizure termination, did not exhibit greater neuro-
protection.While the statistical criterion for greater
efficacy than MDZ alone was not met with MDZ
+ ALLO + PPL, the point estimate did exceed the
arbitrary threshold for substantial efficacy. Consid-
ering the data as awhole, it is reasonable to conclude
that all of the treatment combinations confer neu-
roprotection greater thanMDZ alone and that none
of the combinations is clearly superior. Unlike FJC,
NeuN, which labels neuronal nuclei, does not assess
the degree of short-term neuronal loss. Rather, loss
of NeuN immunostaining corresponds with neu-
rodegeneration occurring several weeks after brain
insults, includingOP seizures.55,91 Thus, in previous
studies of the DFP SE model, profound reductions
in NeuN staining were observed 28 days following
DFP treatment in brain regions corresponding with
areas of neuronal cell loss and neuroinflammation.6
In the present study, most of the combination treat-
ments were associated with a modest increase in
NeuN immunostaining compared withMDZ alone,
but none met the 25% increase criterion and only

the combination of MDZ+ALLOwas significantly
superior to MDZ alone, suggesting that improved
seizure termination does not translate into a robust
improvement in late neurodegeneration.
It has previously been shown that DFP-induced

SE is associated with persistent increases in
GFAP protein expression in multiple rat brain
regions.6,7,55,64 Most of the treatment combinations
restrained DFP-induced GFAP expression more
than MDZ alone. The triple combination MDZ +
ALLO + PPL was superior to the other combina-
tions and the 95% CI of the geometric mean ratio
fell below 0.75, indicating that the magnitude of the
reduction met the arbitrary criterion for substantial
efficacy with statistical significance. Interestingly,
however, ALLO + PPL was no more effective than
MDZ, which is perhaps not surprising given its
inconsistency in suppressing seizures. The lack of
effect on the GFAP marker is not consistent with
the significantly reduced FJC staining with ALLO
+ PPL relative to MDZ alone.

The effect of the combined treatments on
microgliosis was mixed. MDZ + ALLO and ALLO
+ PPL did not reduce microgliosis more than
MDZ alone. By contrast, MDZ + PPL significantly
increasedmicrogliosis, which is in line with its inef-
fectiveness in suppressing seizures. Only the triple
combination of MDZ + ALLO + PPL was signif-
icantly more effective than MDZ alone in decreas-
ing microgliosis. Thus, it was surprising that treat-
ment with MDZ + ALLO + PPL was not more
effective than MDZ alone in mitigating microglial
cell activation, as indicated by expression of CD68,
a biomarker of phagocytosis. The dual combina-
tions of MDZ + ALLO, MDZ + PPL, and ALLO
+ PPL were significantly more effective than MDZ
alone at 3 days but not 28 days following DFP
exposure. Overall, the present results are consis-
tent with previous studies of OP-induced SE, in
which it was concluded that neurodegeneration and
neuroinflammation are mediated by independent
mechanisms,92 and that seizure severity and dura-
tion are not the only variables driving neuronal cell
loss.90

In conclusion, our results confirm that MDZ at
a dose equivalent to that recommended for the
treatment of OP nerve agent seizures does not
terminate DFP-induced SE in a rat model when
administered 40 min after seizure onset. However,
when ALLO or ALLO + PPL are administered
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with the same dose of MDZ, SE is generally ter-
minated and there is reduced neurodegeneration.
We have further shown that adjunctive ALLO +
PPL prevents the late occurrence of SRS that are
present in animals treated with MDZ alone. Over-
all, improved seizure control was, in general, asso-
ciated with neuroprotection and reductions in at
least some aspects of neuroinflammation. The lack
of a direct relationship between seizure control and
these late outcomes raises the possibility that other
factors may be relevant. MDZ and ALLO are both
positive allosteric modulators of GABAA receptors
but MDZ only acts on GABAA receptor isoforms
expressed at synapses, whereas ALLO acts on all
GABAA receptor subunit combinations, including
those expressed extrasynaptically thatmediate tonic
inhibition.93 We and others have reported syner-
gistic interactions between benzodiazepines with
ALLO in in vitro systems as well as in in vivo
seizure models.94–96 We now extend the evidence
of synergism to an OP seizure model. The present
study demonstrates that the addition of PPL further
enhances the activity of the MDZ + ALLO combi-
nation, but the sedation produced by the three-drug
combinationmay limit its utility. Given the proposal
that excessive glutamate-mediated excitation con-
tributes to seizure generation in the later stages of
OP poisoning, there is a strong theoretical reason
to believe that an AMPA receptor antagonist, such
as PPL, could be useful in the treatment of refrac-
toryOP seizures.26 However, our results suggest that
PPL does not have the appropriate pharmacokinetic
properties to be useful as an adjunctive agent by
itself although it could be a useful component of a
combination regimen with ALLO or another agent
that acts through effects on GABA-mediated inhi-
bition.
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