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ABSTRACT

Mounting evidence suggests the synaptic vesicle glycoprotein 2A (SV2A) targeted by
levetiracetam may contribute to epileptogenesis. Levetiracetam has shown anti-inflammatory,
antioxidant, neuroprotective and possible antiepileptogenic effects in brain injury and
seizure/epilepsy models, and a phase 2 study has signaled a possible clinical antiepileptogenic
effect. Brivaracetam shows greater affinity and specificity for SV2A than levetiracetam and
broader preclinical anti-seizure effects. Thus, we assessed the antiepileptogenic/disease-
modifying potential of brivaracetam in an etiologically realistic rat posttraumatic epilepsy model
optimized for efficient drug testing. Brivaracetam delivery protocols were designed to maintain
clinical moderate-to-high plasma levels in young (5-week-old) male Sprague-Dawley rats for
four weeks. Treatment protocols were rapidly screened in 4-week experiments using small
groups of animals to ensure against rigorous testing of futile treatment protocols. The
antiepileptogenic effects of brivaracetam treatment initiated 30min, 4hr and 8hr after rostral
parasagittal fluid percussion injury (rpFPI) were then compared to vehicle-treated controls in a
fully powered blind and randomized 16-week validation. Seizures were evaluated by video-
electrocorticography using a 5-electrode epidural montage. Endpoint measures included
incidence, frequency, duration and spread of seizures. Group sizes and recording durations
were supported by published power analyses. Three months after treatment ended, rats treated
with brivaracetam starting at 4 hr post-FPI (the best-performing protocol) experienced a 38%
decrease in overall incidence of seizures, 59% decrease in seizure frequency, 67% decrease in
time spent seizing, and a 45% decrease in the proportion of spreading seizures that was
independent of duration-based seizure definition. Thus, brivaracetam shows both

antiepileptogenic and disease-modifying properties after rpFPI.

Significance Statement: The rpFPI model, which likely incorporates epileptogenic mechanisms

operating after human head injury, can be used to efficiently screen investigational treatment
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protocols and assess antiepileptogenic/disease-modifying effects. Our studies 1) support a role
for SV2A in epileptogenesis, 2) suggest that brivaracetam and other drugs targeting SV2A
should be considered for human clinical trials of prevention of post-traumatic epilepsy after head

injury and 3) provide data to inform the design of treatment protocols for clinical trials.
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INTRODUCTION

Epilepsy is a disabling disorder affecting over 50 million people, world-wide (de Boer et
al., 2008). Drug treatment is palliative and requires chronic treatment with anti-seizure
medications (ASDs) with varied side effects (Gilliam et al., 2004; Loscher et al., 2013; Schmidt
et al., 2014). One-third of epilepsy patients continue to suffer seizures despite the availability of
about two dozen ASDs. Up to 40% of people with epilepsy have a history suggesting acquired
causes (e.g. head injury, stroke; Schmidt and Sillanpaa, 2016). Such epilepsies are often
difficult to treat, but are regarded to be preventable (Semah et al., 1998; French 2007).
However, clinical trials have failed to identify any treatment to prevent epilepsy or modify its
course after any brain insult (Klein and Tyrlikova, 2020). Thus, treatments to prevent or
attenuate the development of acquired epilepsies remain an urgent unmet medical need (Garga

and Lowenstein, 2006; Loscher, 2019; Klein and Tyrlikova, 2020).

Past antiepileptogenesis trials focused mainly on older ASDs administered after head
injury. These trials were conducted in the absence of proof-of-principle demonstrations that the
investigational treatments could prevent the development of seizures in animal models, and
without benefit of suitable preclinical data to guide the specification of critical features of
treatment protocols such as dose, duration and timing of treatment (Temkin, 2009; Mani et al.,
2011; Schmidt et al., 2014). Thus, while the uniformly negative results of these trials do not
support the antiepileptogenic efficacy of ASDs, factors unrelated to drug efficacy could have
contributed to trial failures, and subsequent reviews have urged assessment of the
antiepileptogenic potential of newer ASDs (Temkin, 2009; Schmidt, 2012). Racetam ASDs that
target synaptic vesicle glycoprotein 2A (SV2A) are of particular interest (Loscher et al.,2016).
SV2A gene knockout is associated with a severe epileptic phenotype and SV2A is reduced in

both resected human epileptic brain tissue and in rodent epilepsy models (Crowder et al., 1999;
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Feng et al., 2009; van Vliet et al., 2009; Toering et al., 2009; Hanaya et al, 2012). The prototype
antiseizure racetam, levetiracetam, has been reported to 1) inhibit inflammatory and oxidative
processes thought to contribute to epilepsy and epileptogenesis (Oliviera et al., 2007, Kim et al.,
2010, Itoh et al., 2016), 2) show neuroprotective effects in spontaneously epileptic rats (Yan et
al., 2005; Sugata et al., 2011) and in rodent head injury and stroke models (Hanon and
Klitgaard, 2001; Wang et al., 2006; Zou et al., 2013; Itoh et al., 2015), and 3) exhibit activity
thought to be predictive of antiepileptogenesis in rodent kindling models (Loscher et al., 1998;
Vinogradova and van Rijn, 2008; Russo et al., 2017). While levetiracetam has generally failed to
prevent epilepsy in status epilepticus-based models, Sugaya et al (2010) reported that the mean
duration of chronic seizures developing after intracerebral kainate administration was

significantly reduced 2 months after cessation of levetiracetam treatment.

We have assessed the antiepileptogenic/disease-modifying potential of the recently
approved racetam ASD, brivaracetam (BRYV) in rats using the rostral parasagittal fluid
percussion injury (rpFPI) model - an etiologically relevant posttraumatic epilepsy (PTE) model.
BRV was rationally developed based on the discovery of SV2A as the principal target of
levetiracetam (Rogawski, 2008; Kaminsky et al., 2012, Klitgaard et al., 2016). Compared to
levetiracetam, BRV has an order of magnitude higher affinity for SV2A, a distinct mode of
interaction with SV2A, greater potency in common seizure models, and efficacy in a wider range
of models (Klitgaard et al., 2016; Klein et al., 2017; Wood and Gillard, 2017; Wood et al., 2018;
Steinhoff and Staack, 2019). The rpFPI-PTE model is based on a widely accepted clinically
relevant traumatic brain injury model (Thompson et al., 2005; Lyeth, 2016) and likely
incorporates epileptogenic mechanisms that operate after human head injury. The model has
been optimized for development of antiseizure and antiepileptogenic therapies, and permits
adequately powered assessments of anti-epileptogenic treatments with manageable

experimental group sizes (D’Ambrosio et al., 2013; Eastman et al., 2011; 2015; Curia et al.,
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2011; 2016). As in clinical trials, the detection of antiepileptogenic or disease-modifying effects
requires that a sufficient dose of an effective agent be administered at an appropriate time for
long enough to exert a therapeutic effect. BRV was assessed at plasma levels that would be in
moderate-to-high therapeutic range in man, and at a duration of treatment that supported
seizure prevention by focal cooling in the rpFPI model. Our study design incorporated
pharmacokinetic experiments to establish a dosing protocol to maintain plasma levels in the
target range for the duration of treatment, and screening experiments to guide choice of

latencies to treatment.

Materials and Methods

This study was carried out in strict accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of the National Institutes of Health. All experiments
were approved by the University of Washington Institutional Animal Care and Use Committee
(Animal Welfare Assurance #A3464-01). All surgery was performed under anesthesia, and all

efforts were made to minimize suffering.

Animals: Outbred male Sprague-Dawley rats (Charles River, Hollister, CA) were 32-36 days of
age at the start of experimentation (either rpFPI or the start of drug treatment). Animals were
housed 2-3 per cage until use, and individually after start of experimentation. Animals were kept
in a specific-pathogen-free facility with controlled light (14hr:10 hr light-dark cycle), temperature

and humidity, and ad libitum access to food and water.

Surgical Procedures: rpFPI, epidural electrode implantation and subcutaneous osmotic pump
implantation were performed as detailed previously (D’Ambrosio et al., 2013; Eastman et al.,

2010; Curia et al., 2016). Animals were anesthetized (4% halothane), intubated and
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mechanically ventilated (1-1.5% halothane, 30% O, and air). Rectal temperature was monitored
and maintained at 37°C with a heat pad. Osmotic pumps, when used, were implanted
immediately prior to the rpFPI. For rpFPI, a 3 mm burr hole was drilled centered at 2 mm
posterior to bregma and 3 mm from the midline over the right convexity. Animals were
disconnected from the ventilator and a pressure pulse (8 ms, 3.5atm) was delivered with the
rpFPI device (Scientific Instruments, University of Washington) and measured by a transducer
(Entran EPN-D33-100P-IX, Measurement Specialties, Hampton, VA). Mechanical ventilation
was resumed ten seconds after injury to standardize posttraumatic apnea and hypoxia, and

terminated when spontaneous breathing resumed. Acute mortality rate due to rpFPI was ~3%.

Epidural electrodes were implanted 14-15 days after injury. Briefly, 1 mm diameter
stainless-steel screw electrodes were implanted through 0.75 mm diameter guiding
craniotomies. The full electrocorticography (ECoG) montage consisted of five epidural
electrodes: a reference electrode placed midline in the frontal bone and two electrodes per
parietal bone, placed at coordinates bregma 0 mm and -6.5 mm, 4.5-5 mm from the midline.
Three anchoring screws (one frontal and two occipital) were implanted to help secure the
headset. All electrodes were connected through insulated wire to gold-plated pins in a plastic
pedestal (PlasticsOne inc., Roanoke, VA). Parts of the craniotomy not covered with thick
connective tissue were covered with biocompatible silicone (Kwik-Cast., WPI, Sarasota, FL).
The entire assembly was then cemented onto the skull with measured amount of dental acrylic
(Jet, Lang Dental Manufacturing Co., Wheeling, IL) and further secured with VetBond (World
Precision Instruments, Sarasota, FL) adhesive. Because unintended damage to the neocortex
induces focal astroglial reactivity and is often associated with focally abnormal ECoG
(D’Ambrosio et al., 2009), our surgical procedures incorporate routine precautions to minimize
thermal and mechanical damage. During drilling, the skull and drill bit are cooled with room-

temperature sterile saline to minimize frictional heating, and particular care is taken to avoid
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deforming or tearing the dura. In addition, the depth of anchoring screws and screw electrodes
is carefully controlled under stereoscopic observation to avoid brain compression. During the
exothermic phase of the curing process, the acrylic headset is cooled with compressed air to

prevent excessive heating of underlying brain tissue.

BRYV preparation and dosing: Brivaracetam (UCB, Brussels, Belgium) was administered
intraperitoneally, orally, via subcutaneous osmotic pump or in drinking water (alone or in
combination) according to the requirements of each experiment. BRV dissolves readily and is

freely miscible in water. For bolus oral or intraperitoneal administration, BRV was dissolved in

saline or water (target dose/cc) such that the target dose (mg/kg) could be delivered in a volume

(ml) equal to the rat’'s weight in kg. Osmotic pumps (2ML1 or 2ML4, Durect Corp., Cupertino,
CA) were loaded with up to 0.5 g/ml BRV in sterile ultrafiltered water, primed and implanted in a
subcutaneous pocket immediately before rpFPI. While more dilute BRV solutions have been
delivered via osmotic pumps without any reported problems (Nygaard et al., 2015), 10% of the
BRV-filled pumps implanted for this study failed to deliver the expected quantity of BRV by the
time of sacrifice. Pumps from which more than 1 g of fluid was recovered (thus < 83% of
intended dose delivered) were deemed to have failed. Affected subjects were eliminated from
the study. In order to delay treatment for 30 min 4 hr or 8 hr after rpFPI, pumps were equipped
with calibrated lengths of empty tubing. For continuous oral administration in drinking water, a
BRYV solution was available ad libitum as the sole source of drinking water. Because the
aversive flavor of BRV reduced fluid intake, BRV-containing drinking water was sweetened with
up to 0.1% saccharine. Sweetened BRV solutions were formulated to deliver a designated dose
given the mean weight and expected fluid intake of a cohort of rats. The designated dose was
either the target dose or, when BRV was administered by more than one route, the balance of
the target dose. BRV solutions were freshly prepared every 1-3 days to account for changes in

the mean weights and fluid intakes of different cohorts of rats. Rats were weighed and fluid
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intakes determined prior to preparing fresh sweetened BRYV solutions. We found that mean daily
water consumption in animals administered BRV in sweetened drinking water was comparable

to rats with ad lib access to unadulterated water (25-35 ml) throughout the experiment.

Video/ECoG Monitoring and seizure identification: ECoG was acquired continuously in 48 hr
epochs. Animals were tethered to the amplifier headstage. Brain electrical activity was amplified
(x 5000) and filtered (0.3 Hz high-pass, 300 Hz low-pass) using a Neurodata 12 or a M15
amplifier (Grass Instruments, Quincy, MA), acquired at 600 Hz per channel on computers
equipped with SciWorks 4.1 or Experimenter V3 software (Datawave Technologies Inc.,
Longmont, CO), and DT3010 acquisition boards (DataTranslation Inc., Marlboro, MA). Videos
were recorded in either VHS or in digital format using digital cameras. Each camera monitored a
maximum of two cages (1 animal per cage). The seizures in this model have been extensively
characterized (see D’Ambrosio et al., 2004,; Curia et al., 2011; and, especially D’Ambrosio et

al., 2005; 2009).

Primary analyses of ECoG data were conducted blind to subject, treatment and any
other treatment parameters. ECoG was visualized in Matlab (MathWorks inc., Natick, MA) and
manually scrolled offline. This approach is laborious and requires expert raters, but it permits
reliable analysis of all seizure activity -and its spread- generated by the epileptic focus and it is
the approach used to evaluate human ECoG data. Seizure onset was characterized by 1) focal
trains of spikes, each spike lasting about 150 ms, clearly distinct from baseline, 2) a sudden
increase in spectral power in the theta band over the baseline (Butler et al., 2013; D’Ambrosio et
al., 2004, Ikeda et al., 2009), and 3) simultaneous stereotyped ictal behavioral changes
according to a behavioral scale previously described (D’Ambrosio et al., 2009) and according to
the clinical practice of seeking evidence of abnormal neuronal activity paired to behavioral signs

(D’Ambrosio et al., 2009; D’Ambrosio and Miller, 2010; Fisher et al., 2005). Identified seizures
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ranged from 1 s to over 5 minutes. Events occurring within 3s of each other were defined as a

single seizure.

The following data were extracted for each seizure: 1) onset time, 2) duration, and 3)
ECoG channel(s) at which the event started and spread to. The effects of BRV treatments were
assessed on the basis of comparison of seizure frequency (events/hour), seizure incidence
(proportion of rats that exhibited seizures), time spent seizing (seconds/hour), and proportion of

spreading seizures, between treated groups and untreated controls.

Measurement of plasma BRV: Plasma BRV was determined in blood samples drawn from the
tail vein. Blood (=200 pl) was collected in Li-heparin coated Microtainer tubes (Beckton,
Dickinson and Co., Franklin Lakes, NJ). Collection tubes were stored on crushed ice and
centrifuged (10 min at 1500 x g) in a chilled rotor within 1 h of collection. Plasma samples (100
ul) were transferred to 0.5 ml microfuge tubes and stored at -20°C prior to analysis. At the end
of each pilot study, plasma samples were packed in dry ice and shipped to PRA Health
Sciences (Assen, NL) for determination of plasma BRYV levels by liquid chromatography tandem

mass spectrometry (LC-MS/MS).

Study design: Success in detecting an antiepileptogenic effect of a drug requires it to be
delivered and maintained at therapeutic levels for an adequate amount of time within a temporal
window in which the disease process can be modified (Loscher, 2019). Because the
mechanisms of posttraumatic epileptogenesis remain poorly understood, and few treatments
have been reported to prevent epilepsy in any model (and none clinical trials), there is little data
to guide the design of a treatment protocol and the wide range of reasonable treatment options

cannot practically be rigorously investigated. BRV is well studied clinically and approved to treat
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epileptic seizures, and we elected to examine its antiepileptogenic potential in rats at plasma
levels (3-5 mg/ml) that would be in a moderate to high therapeutic range for seizure control in
humans and consistent with well tolerated acute iv administration in humans (Sargentini-Maier
et al., 2007; Klein, 2016; Reimers et al., 2018). Based on our previous demonstration of potent
and persistent prevention of rpFPI-induced epileptic seizures after four weeks of mild focal
cooling of the perilesional neocortex (D’Ambrosio et al., 2013), we chose a four week duration of
treatment. We investigated 3 delays to treatment (30 min, 4 hr and 8 hr) based on a hypothesis
that early treatment would be most effective and the fact that very early treatment may not be
clinically feasible. Our study protocol was designed to minimize the time and number of animals

required to design an adequate treatment protocol.

A dosing protocol to maintain plasma BRYV in the desired range was adaptively
constructed based on a series of experiments of increasing duration (1, 2 and 3 weeks). Dosing
parameters were adjusted after each experiment to more closely approximate the target
exposure. In order to minimize the risk of prolonged rigorous testing of futile treatment protocols,
delays to treatment were screened for potential antiepileptogenic activity on the last day of
treatment (i.e. 4 weeks after injury). We reasoned that any antiepileptogenic or disease-
modifying effect(s), which can only be confirmed upon prolonged follow-up after cessation of
treatment, would be evident on the last day of treatment, even in the shorter 4-week protocols.
Screening studies were conducted using small groups of animals (N = 6 — 8) and we selected
p<0.15 in one-tailed Mann-Whitney or Fisher exact tests of pairwise comparisons of treatment
groups with controls as a criterion for success (Fig. 1A). This criterion permitted screening with
small groups of animals with comparable statistical power to detect treatment effects as more
rigorous test conducted using groups of twenty animals, albeit with increased risk of false

positive findings. This protocol was designed to provide objective screening of latencies to

12
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treatment in about 1 month, using small groups of animals (N=6-8), to inform the design of a

more rigorous assessment of anti-epileptogenic or disease-modifying activity.

Three treatment protocols were rigorously validated in a fully powered study with 12
weeks follow-up after the four-week treatment to investigate the persistence of the
antiepileptogenic effect (Fig 1B). Note that replication is built into the study design.
Bootstrapped Monte-Carlo -based statistical power analyses for between groups assessments
comparisons of seizure activity following rpFPI have been published previously (Eastman et al.,

2015).

Screening and validation studies were conducted in a blind and randomized fashion.
Injured animals were randomized to treatment groups using Matlab prior to start of treatment.
Decisions to exclude animals from analysis (e.g. for poor health or pump failure) were made
prior to examination of seizure data. Individual ECoG files were coded with numerical labels by
an investigator (C.E.) who was not otherwise involved in the primary analysis of video/ECoG
data, and the coded files were analyzed by personnel (J.F. and R.D.) who were kept blind to the
identity and group assignment of the data records. Decisions to discard noisy ECoG files were
made blind to file identity. Data files were decoded only when the primary analysis was deemed

complete.

Statistics: Experimental data were analyzed with the aid of R (v. 3.1.3). Conventional statistical
tests were performed using the using the base statistics (Fisher exact tests) and COIN (Mann-
Whitney tests) packages. Bootstrapped confidence intervals were calculated using the boot
package and are based on 10° replicates. Data from the more rigorous validation study were

analyzed using randomization tests to assess the probability of observing differences as large

13
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as those obtained experimentally under the null hypothesis that all samples were drawn from
the same population. which is detailed in Supplemental Methods. Briefly the experimental data
were bootstrapped (10° replicates, unless indicated otherwise) to empirically estimate the
distribution of the various outcome measures (the differences in the incidence or mean seizure
frequency of seizures between the BRV treatment groups and the common control group, etc.)
under the null hypothesis. For this purpose, control data and that from the three treatment
groups were pooled, and sampled randomly with replacement to form four groups matched in
size to the experimental data. Statistics (e.g. differences in mean frequency between the control
group and the three other groups) were computed. This process was repeated 10° or 10° times
as indicated. P-values for the experimentally observed outcome measures were then obtained
by direct comparison with their estimated distributions under the null hypothesis. P-values were
computed to account for the multiple comparisons to a common control (see Supplemental

Methods for details).

For display of seizure frequency and time seizing data on a logarithmic scale,
observations of zero seizures or zero s/hr spent seizing were conservatively assigned values of
1/30 seizures/hr or s/hr. These are just below the minimum frequencies or times seizing that can

be detected in a 24 hr observation period.

14
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Results

Pharmacokinetic Pilot Studies: Because there were no pharmacokinetic data on chronic or
subchronic administration of BRV to rats, a series of pilot studies were performed to develop
dosing protocols capable of maintaining plasma levels that would be considered to be in the
moderate to high therapeutic range (3-5 pg/ml) in humans for four weeks. In each pilot study 35
day old male Sprague Dawley rats were administered either a single dose or repeated doses of

BRV and blood was drawn at specified intervals for determination of plasma BRV.

We first examined BRYV levels in plasma from rats treated with BRV at doses in a range
that had previously been shown to reduce stage 4-5 seizures and afterdischarge threshold and
duration in hippocampal kindled rats and spike and wave discharges in GAERS rats (Matagne
et al., 2008; Dupuis et al., 2015) Two groups of six rats each were administered 25 and 50
mg/kg BRV i.p., respectively, twice daily at 9 AM and 6 PM for 1 week. Blood samples were
collected between 7 AM and 9AM (just prior to the next scheduled injection) after 1, 3, 5 and 7
days of treatment for determination of trough plasma BRYV levels. Mean plasma levels were
identically low (5-8 ng/ml) in both dosage groups for 3 days (Fig. 2A). Plasma BRV remained at
this level in the 25 mg/kg group for the remainder of the treatment, while those in the 50 mg/kg
group rose to 15-20 ng/ml on treatment days 5 and 7. Trough plasma BRYV levels obtained with
these dosing protocols were, at best, 2 orders of magnitude below target levels indicating that
impractically frequent injections would be required to stably maintain plasma levels in the target

ranges.

In a second pilot study, we examined both acute and subacute exposures. In the acute
exposure (Fig. 2B), plasma levels were assessed at 1 hr (peak), 5 hr and 9 hr after
administration of 5 mg/kg BRV by oral gavage. Consistent with a previous report (Igbal et al.,

2017) BRV was rapidly cleared after an oral dose with a plasma half-life of about 2.4 hours. In
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the subacute exposure (Fig. 2C,D), plasma BRV was assessed after 1, 3, 5, 7, 9, 11 and 13
days of continuous exposure to BRV in sweetened drinking water at concentrations expected to
deliver 120 mg/kg/day (5 mg/kg/hr) with normal ad lib water consumption. Blood was collected
for plasma BRV determination between 7AM and 9AM. Plasma BRYV levels in animals self-
administering 120 mg/kg/day were stable at about 0.6 pg/ml for 5 days, and then rose to an
apparent plateau at about 1.8 pg/ml by 9 days of treatment. The increase in plasma BRYV levels,
which was observed to some degree in all individuals (Fig. 2C) as well as in aggregate (Fig.
2D), cannot be explained by an increase in dose: the inset in figure 2D clearly shows that daily
dosage remained stable near the target dose throughout the study. These data suggest a time
or exposure (time x dose) dependent decrease in clearance. This could be related to a
nephropathy that is induced specifically in male rats (and not female rats or humans) by
exposure to a variety of chemicals (Read, 1991; Swenberg et al., 1989) including BRV
(European Medicines Agency, 2015). Based on this evidence, we hypothesized that plasma
levels in the male rat could be stabilized with a dosing protocol in which BRV doses were

stepped down after a week to compensate for the time-dependent decrease in clearance.

We then targeted plasma levels of 3 pg/ml using a protocol in which animals self-
administered (drinking water) 650 mg/kg/day for the first week, and 180 mg/kg/day for the
following two weeks (Fig. 2E). Plasma BRV levels (4.2 + ug/ml) were near target after 5 days of
exposure, but increased steeply to a mean of 8 ug/ml by day 7, before the dosage step down to
180 mg/kg/day. This suggests that the exposure-induced decrease in BRV clearance was more
intense or occurred earlier in animals receiving 650 mg/kg/day compared to those treated with

the lower dose.

Based on these data, a protocol was developed to maintain about 4 pg/ml BRV in
plasma for 4 weeks in a screening study designed to evaluate different latencies to the start of

treatment after rpFPI. In outline, BRV would be administered at a high dose for the first 5 days
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after injury, ramped downward on days 6, 7 and 8 to compensate for the time dependent
decrease in clearance, and administered at a lower dose expected to support 4 pg/ml plasma

levels after the decrease in clearance through the last day of treatment.

Screening: Using the dosing protocol developed in the pharmacokinetic studies, we examined
rpFPI-induced PTE in untreated rats and in rats treated with BRV for 4 weeks beginning 30 min,
4 hr and 8 hr after injury. Animals were prepared and treated in two batches (1 and 2), which
were treated with similar, but not identical, dosing protocols (Fig. 3A). ECoG recordings (48 hr)

were acquired from each rat during the last two days of BRV treatment.

Batch 1 rats were randomized to 4 groups after rpFPI: Untreated rpFPI (control; n=10),
and 4-week BRV treatments starting at 30 min (n=7), 4 hr (n=7) and 8 hr (n=7) after injury. All
rats survived injury, but one rat lost its headset prior to ECoG acquisition. BRV dosing was
identical in the BRV-treated groups except for the delay to treatment. Based on the pilot studies,
rats were administered 650 mg/kg/day on days 1-5, 500, 350 and 200 mg/kg/day on days 6, 7
and 8, and 200 mg/kg/day, thereafter. BRV was available in the drinking water throughout the
treatment period. Because drinking is markedly suppressed for 1-3 days after injury, BRV was
also orally administered (100 mg/kg, 3X daily at 8:00, 16:00 and 23:00) until rats consumed
>50% of their target dose in drinking water. Each rat received an intraperitoneal loading dose of
BRYV at its designated treatment start time. Loading doses of 100 mg/kg/8hr were adjusted to
account for the time remaining (TR) until the next scheduled oral dose: TR was rounded up to
the nearest hour and the dose administered was TR/8 * 100 mg/kg. Thus, loading doses ranged
from 12.5 mg/kg (administered less than 1 hr before scheduled oral dosing) to 100 mg/kg
(administered more than 7 hrs before oral dosing). The resulting exposure is shown in figure 3A
(left panel). At the end of 4 weeks of treatment all untreated rats had developed seizures, while
seizure incidence was 43%, 57%, and 67% in the 30 min, 4 hr and 8hr BRV-treated groups,
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respectively. Thus, incidence increased toward control levels with increasing delay to treatment
(Fig. 3B, left panel), but reductions met our criterion for success in each treatment group. The
median frequency of seizure was nominally lower than control in all treatment groups but met
our criterion only in the 30 min and 8 hr groups (Fig. 3C, left panel). The differences in medians
reflected a clustering of subsets of data points at zero and near-zero frequencies, rather than a
uniform lowering of the frequency of seizure. In all experimental groups, there were some rats
with very frequent seizures. Times spent seizing were distributed very similarly to seizure
frequencies. Median times seizing were lower in all BRV-treated groups than controls, but met

criterion only in the 30 min and 8hr groups (Fig. 3D, left panel)

In batch 2, we aimed to increase BRV exposure and ensure more stable plasma levels —
especially in the first several days after injury when BRV was administered orally at intervals in
excess of 2 plasma half-lives. Thus, target doses, loading doses and the oral doses
administered in the first days after injury were increased relative to batch 1, and osmotic pumps
were used to continuously supply a portion of the target dose that diminished from 200-250
mg/kg/day at the beginning of treatment to as little as 75 mg/kg/day as the animals gained
weight. All BRV treatments started with a loading dose of 200 mg/kg i.p. injection of BRV at the
designated time after rpFPI: 0.5, 4 or 8 hrs. Until animals started drinking at least half the
expected volume, they were administered 150 mg/kg BRYV thrice daily (8 AM, 4PM and 11 PM).
The remainder of the target dose was administered in the drinking water. BRV-treated rats
received a total of 750 mg/kg/day on days 1-5, 600, 400 and 300 mg/kg/day on days 6, 7 and 8,
and 300 mg/kg/day, thereafter. The resulting exposure is shown in figure 3A (right panel).
Thirty-four rats were randomized to treatment groups. One was lost to a technical failure, one
was eliminated from the study after failing, for a week, to drink adequate quantities of the
sweetened BRYV solution and one was euthanized for health reasons. Thus, there were 10

untreated controls and 7 rats in each of the BRV-treated groups. Seizures were detected in 80%
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of control rats at the end of treatment, and in 86%, 43% and 71%, respectively, of rats treated
with BRYV starting 30 min, 4 hr and 8 hr after injury (Fig. 3B, right panel). Median frequencies of
seizure were all lower than in control, but also reached criterion only in the 4 hr group (Fig. 3C,
right panel). As in batch one, the effect of drug treatment was most evident in a clustering of
data points at zero or near-zero frequencies in the BRV-treated groups. While median times
spent seizing were nominally lower in all BRV-treated groups than controls, none of the

differences reached the screening criterion.

The screening data consistently indicated that BRV treatment started 4 hr after injury
was efficacious and that treatment was less effective when delayed by 8 hr. Treatment
beginning just 30 min after injury was either comparably effective as treatment at 4hr after injury
or ineffective, depending upon the dosing protocol. Because dosing protocol 1 produced
nominally better outcomes, we chose its dosing targets for the validation study, but introduced
the support of osmotic mini-pumps to achieve more stable and uniform dosing of BRV in the
critical first days of the study. While our intent was to test just one protocol in the validation
study, the diminished efficacy of treatments delayed 8 hr after injury, and the possibility that
efficacy of treatment might follow an inverted U-shaped function of delay to treatment dictated

that all three delays to treatment be reexamined in the fully-powered validation study.

Validation: The validation study employed larger experimental groups, vehicle-treated controls
and twelve weeks of follow-up after cessation of BRV treatment for a fully powered assessment
of antiepileptogenic potential (Fig 1). Animals (n=104) were randomized to 4 treatment groups:
vehicle controls, and BRYV treatments started at 30 min, 4 hr or 8 hr after injury. One animal died
acutely after FPI, 12 were lost to technical failure (including 10 failed pumps), 5 were euthanized
for health reasons (e.g. malocclusion, dehydration due to failure to consume BRYV solution) and
8 animals lost their headsets during the course of the study. Final group sizes at week 16 of the
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study were: control (n=20), 30 min (n=18), 4 hr (n=18) and 8 hr (n=22) Immediately prior to
rpFPI, rats were implanted with primed osmotic pumps. Vehicle control group pumps were filled
with saline. Treatment group pumps were loaded with BRV at a concentration calculated to
deliver 650 mg/kg/day to a group of rats at its projected mean weight during the 5 days after
injury. Pumps were equipped with tubing calibrated to delay dosing by 0.5, 4 or 8 hours. A
loading dose of 100 mg/kg was administered i.p. to each BRV treated rat at 0.5, 4 or 8 hours
post-FPI, as required. Vehicle controls received a comparable volume of saline at 0.5, 4 or 8 hr
after injury. Pumps were removed on day 5, and BRYV treated rats were supplied with drinking
water formulated to provide 500 mg/kg, 350 mg/kg and 200 mg/kg on days 6, 7 and 8,
respectively. From day 8 to 28 postinjury, these rats were given drinking water formulated to
provide 200 mg/kg/day BRV. Mean fluid intake and the resulting mean daily dose were
comparable in all three BRV-treated groups (Fig. 4 B,C). This prolonged BRYV treatment had no
effect on weight gain. Growth during the treatment period was virtually identical in all treatment

groups (Fig. 4A).

On the last day of treatment (week 4) and two weeks after cessation of treatment (week
6), the incidence of seizures was reduced in all BRV-treated groups compared to vehicle-treated
controls (Fig 5A). By 12 weeks after cessation of treatment (week16), the decrease in the
incidence of seizure had diminished in the 30 min and 8 hr groups, but not in the 4 hr group.
While there was a trend toward diminished mean seizure frequency in all groups at all time
points, the decrease was most reliable in 4 hr group (Fig. 5B). The time spent seizing was
decreased, at all time points, only in the 4 hr group (Fig 5C). A more detailed view of these data
(Fig. 6) shows that the predominant effect of BRV treatment, especially in the 4 hr treatment
group, was to decrease the proportion of rats with no detected seizures. At all time points, the
treatment groups all had a surfeit, compared to controls, of rats with no detected seizures (figure

6, top panels) and zero time spent seizing (Fig 6, bottom panels). At 4 and 6 weeks, this brought
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the median seizure frequency and time seizing to or near zero, and median frequencies and
times seizing remained more than an order of magnitude below the control level at week 16.
However, the seizure frequencies and times seizing in BRV-treated animals with detected
seizures were distributed similarly to controls (Fig. 6) in most cases including frequencies and
times seizing comparable to the highest observed in controls. Representative seizures recorded
from BRV-treated non-responders at 16 weeks post-FPI are shown in figure 7. Among animals
with detected seizures (Fig 8), there was a week trend toward reduced seizure frequency and
time seizing in the 4 hr group, but no suggestion of an effect of BRV treatment, otherwise. Thus,
the decreases in seizure frequency and time seizing were largely, if not wholly, attributable to

prevention of the precipitation of seizures at a frequency sufficient to permit detection.

To further characterize the long-term effects of BRV treatment, we specifically examined
seizures that spread beyond the perilesional focus (Fig. 9) at 16 weeks post-injury. The overall
incidence of spreading seizures in BRV treated groups ranged from 39% (standard deviation
[SD]=10%) in the 4 hr group to 50% (SD=11%) in the 8hr group versus 80% (SD=9%) in
vehicle-treated controls. Among rats with detected seizures at 16 weeks post-injury, the
incidences of spreading seizures were from 67% (SD=14%) in the 30 min group, 78%
(SD=14%) in the 4hr group and 79% (SD=11%) in the 8 hr group versus 100% (SD=0%) in
controls. Confidence intervals for the difference in incidence between BRV treatment groups
and controls indicate a trend toward lower incidence of spreading seizures compared to
controls. (Fig 9A). Except for the animals with no detected seizures, which were found only in
the BRV-treated groups, frequencies (Fig.9B) and times spent in spreading seizures (Fig. 9C) in
the 30 min and 8 hr groups were distributed similarly to controls, and there was no indication of
an independent reduction of either measure among animals with spreading seizures Fig 9D,E).
Among the 8 rats with spreading seizures the 4hr group, there appeared to be a weak trend

toward reduced frequency of spreading seizures (Fig. 9D), but larger numbers will have to be
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examined to confirm that trend. Thus, while the main long-term effect of BRV treatment was to
reduce the proportion of animals with detected seizures, our exploratory analyses suggests that
it also decreased the incidence of spreading seizures and, in the 4hr group, may have

independently reduced frequency of seizures.

We have previously demonstrated that, all other things being equal, counting all seizures
sensitively detected by an electrode montage that includes an electrode placed near an epileptic
focus, increases statistical power to detect changes in the frequency and incidence of seizures,
and in time spent seizing (Eastman et al., 2015). Accordingly, we routinely count all identifiable
seizures down to as little as 1 s in duration. In order to rule out the possibility that the BRV-
induced reduction in the proportion of animals with detected seizures observed in this study
might be due to a selective effect on the more numerous brief seizures that are seldom
monitored in other laboratories, we re-analyzed this data set using common duration-based
seizure definitions ranging from 1-15 s minimum duration (Fig. 10). Regardless of seizure
definition, the incidence of seizures (Fig. 10, top panels) was lower in BRV treated groups than
controls. The apparent incidence of seizures tended to decrease with the stringency of seizure
definition in all experimental groups, but this decrease was most pronounced in the vehicle
group at 4 and 6 weeks post-FPI. The ratios of seizure incidences in the BRV-treated groups to
that in controls did not increase appreciably with the stringency of seizure definition, as would
be expected if BRV treatment selectively affected short seizures. In fact, this ratio tended to
decrease in the 4 hr group that showed the best response to BRV-treatment. P-values for
comparisons of BRV-treated groups and vehicle controls (Fig. 10, bottom panels) were stable
across seizure definitions on week 4, varied non-monotonically on week 6. On week 16, when
longer seizures accounted for a larger proportion of the seizure burden, p-values declined as

shorter seizures were increasingly defined away. These results are incompatible with a selective
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effect of treatment on short seizures, and suggest that longer seizures may be preferentially

affected by BRV treatment initiated 4 hr after head injury.
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DISCUSSION

We assessed the antiepileptogenic/disease-modifying potential of BRV using an
optimized, etiologically realistic PTE model (Eastman et al., 2015; Curia et al., 2016) based on a
well-accepted, clinically relevant experimental head injury (Thompson et al., 2005; Lyeth, 2016).
BRV was tested using a complex dosing protocol designed to maintain plasma BRYV in the
human moderate-to-high therapeutic range for 4 weeks based on a series of pharmacokinetic
experiments. The four-week duration was chosen based on the antiepileptogenic efficacy of
mild focal cooling when applied for four weeks in the rpFPI model (D’Ambrosio et al., 2013). We
examined injury-treatment latencies of 30 min, 4 hr and 8 hr after FPI . to optimize translatability
of the findings to human studies. Animals were formally randomized to treatment groups, and
ECoG data were analyzed blind to the identity of the data files. The principal finding of these
studies is that BRV, dosed to maintain plasma levels in the human moderate-to-high therapeutic
range for 4 weeks after experimental TBI persistently prevents the emergence of posttraumatic
epileptic seizures in a subset of rats and may reduce incidence of spreading seizures in rats that
develop seizures. The results constitute the most direct evidence to date that SV2A can be

targeted to prevent or modify epilepsy after brain injury.

While this study was not powered to distinguish variably effective treatment protocols,
the data indicate that there may be a relatively narrow post-injury time window in which
treatment must be started to attain maximal effect. Treatment started 4 hrs after rpFPI had
comparable or larger effects on all outcome measures than treatments started 30 minutes or 8
hours after injury (Figs. 3, 5, 6). More work will be required to verify this therapeutic “sweet
spot”, and determine its physiological substrate(s). The most striking effect of BRV treatment
was to prevent the development of seizures in a subset of responsive rats. A surfeit of animals
with no detected seizures in BRV treated groups compared to controls is evident both in the

screening data (Fig. 3) and at all time points in the validation study (Fig. 6), and evidence for a
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treatment-induced reduction of seizure frequency or time seizing is weak, at best — even in the 4

hr group, which displayed the best response to treatment (Fig 8).

The data support the existence of distinct populations of responders and non-responders,
although BRYV treatment may provide some long-term benefit to “non-responders”, as well. In
each BRV-treated group, non-responders — animals with detected seizures - included animals
with times spent seizing and seizure frequencies comparable to the highest observed in the
control group, and seizure frequencies and times seizing appear comparably distributed among
animals with detected seizures in all experimental groups (Fig. 6 ) — particularly at the four and
six week time points. This could either reflect genetic variability among subjects or individual
differences in the kinetics of whatever processes underlie the apparent transience of BRV’s
therapeutic window. By 16 weeks post-FPI, however, there was a trend toward lower seizure
frequencies and times seizing in the BRV-treated groups compared to controls (Fig. 6), which
was principally due to progression in frequency and time seizing in the control group. While the
median seizure frequencies and times seizing in BRV-treated groups were nominally higher at
16 weeks post-FPI than at 4 and six weeks, the distributions of both appeared comparable.
Thus, BRYV treatment appears to have diminished or retarded the well-documented progression
of seizure frequency and time seizing after rpFPI (D’Ambrosio et al., 2005; 2013; Eastman et al.,
2011; Curia et al., 2011). The effect of BRV on spreading seizures further supports the
hypothesis of diminished PTE progression after BRV treatment. Spreading seizures, which are
typically rare in the early weeks after FPI, progressively increase to become the predominant
seizure type by 3-4 months post-injury (D’Ambrosio et al., 2005, Curia et al., 2011). At 16 weeks
post-injury, all rats with detected seizures in the vehicle group exhibited spreading seizures,
which accounted for 87% (95% CIl=72%-98%) of their seizure burden (i.e. time spent seizing).
The incidence of spreading seizures in BRV treated rats with detected seizures ranged from

67% in the 30 min group to 79% in the 8 hr group.
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Strategy for discovery of anti-epileptogenic and disease-modifying treatments: Antiepilepto-
genesis is regarded as the holy grail of epilepsy research (Loscher, 2020) and the quest faces
daunting challenges. Since no treatment has ever been shown to prevent acquired epilepsy in
man, epileptogenesis models cannot yet be rigorously validated for therapy development. The
mechanisms of posttraumatic and other acquired epilepsies are poorly understood, placing
reliable mechanism-based high-throughput screening assays beyond our reach. In addition,
clinical trials for prevention of acquired epilepsies are necessarily large, lengthy, logistically
challenging and very expensive (Herman, 2006, Mani et al., 2011; Schmidt and Sillanpaa,
2016). Within any at-risk patient population, only a fraction of patients will be diagnosed with
epilepsy within any set time period, and the latency to first detected epileptic seizure may vary
from weeks to decades after the precipitating insult. The sample size required to detect a
specified effect depends upon the magnitude of the effect to be detected and the proportion of
untreated patients expected to develop epilepsy in the study period. Estimates of group sizes
required for 80% power to detect ~50% effect on epileptic outcome, given the 10%-20% risk of
epilepsy (10%-20%) in feasible patient populations, range from 200 to 1000 (Herman, 2006; van
Tuijl et al., 2011; Klein and Tyrlikova, 2017). For head injury patients, a follow-up of at least two
years is recommended (Mani et al., 2011). The expense of clinical anti-epileptogenesis trials
and hurdles to their success demand that investigational treatments should be selected based
on the most reliable preclinical proof-of-principle studies and on preclinical data addressing
therapeutic windows (duration and latency to treatment) and plasma levels required for

therapeutic effect.

Until we attain a detailed mechanistic understanding of epileptogenesis, epilepsy models
that feature the development of spontaneous seizures will be required to assess the

antiepileptogenic potential of experimental treatments, and the use of etiologically relevant
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models has been advocated based on the likelihood that different etiologies may recruit different
epileptogenic mechanisms (Curia et al., 2016; Loscher, 2016; 2017). A variety of etiologically
relevant syndrome-specific acquired epilepsy models have been developed over the past two
decades (Kelly et al., 2001; D’Ambrosio et al., 2004; 2005; Dube et al., 2006; Stewart et al.
2010; Rakhade et al., 2011; Reid et al., 2016; Ping and Jin, 2016). The rpFPI model is based on
a well-accepted clinically relevant TBI model (Thompson et al., 2005; Lyeth, 2016). Its brief,
temporally discrete epileptogenic stimulus guarantees that injury modification cannot be
mistaken for disease modification (Sloviter, 2011). The rpFPI model has been optimized for drug
discovery (Curia et al., 2011; Curia et al., 2015; Eastman et al., 2015) and has demonstrated
both negative and positive prediction. Studies using the rpFPI model stood alone in predicting
the weak efficacy of carisbamate against drug resistant partial seizures in clinical trials
(Eastman et al., 2011; Halford et al., 2011). The subsequent discovery that four weeks of mild
focal cooling of an incipient epileptic focus persistently and potently prevented posttraumatic
epileptic seizures after FPI (D’Ambrosio et al., 2013) was recently validated by reports that brain
cooling reduces the risk of epilepsy after neonatal encephalopathy (Liu et al., 2017; Lugli et al.,

2018).

Detecting the effect of an effective antiepileptogenic agent requires that it be delivered at an
adequate dose for sufficient duration at an appropriate time, and exhaustive exploration of these
variables is expensive. We screened a range of latencies to treatment using a streamlined
procedure that allowed rapid (1 month versus 4 months) assessment of antiepileptogenic
potential using small numbers of animals (n=7-8) for each drug treatment group. For novel, or
less well characterized compounds, this strategy could be extended to survey doses and
durations of treatment, as well. Maintenance of clinically relevant doses is problematic when
drugs are administered chronically or subchronically to rodents (Loscher, 2007). Many drugs

(e.g. BRV) are rapidly metabolized and cleared by rodents and/or may autoinduce their own
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metabolism, complicating efforts to maintain plasma levels in a therapeutic range. In this study,

an empirically designed dosing regimen was likely instrumental in detecting the effects of BRV.

Limitations: This study has some limitations that are important to note. First, and most obvious,
is the absence of female subjects, which may limit the scope of the findings. The rpFPI-PTE
model was developed using young male rats, which are arguably representative of the most
frequent victims of TBI, and the model has been optimized and characterized using young male
rats. Since the development of epileptic seizures after rpFPI has not yet been documented in
female rats, their inclusion in these studies could potentially diminish the power to detect
antiepileptogenic effects. Second, based on a previously published power analysis (Eastman et
al., 2011), this study was powered to reliably detect a 60% decrease in seizure incidence or a
much larger “pure” decrease in seizure frequency. Thus, it was barely powered to detect the
decrease in incidence in the 4hr group, and inadequately powered to confirm smaller changes

such as decreased incidence of spreading seizures.

Conclusions: Time-limited treatment with BRV after head injury reduced the incidence of
detected seizures in a subset of responsive rats, may have diminished or retarded the
progression of PTE in “non-responders”. These results were obtained in a blind and randomized
study using a clinically relevant exposure in an etiologically relevant PTE model. They suggest
that brivaracetam has antiepileptogenic potential after TBI that should be evaluated in human
studies. More broadly, it is possible that this potential may extend to other drugs targeting

SV2A.

28

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 30, 2021 as DOI: 10.1124/jpet.121.000585
This article has not been copyedited and formatted. The final version may differ from this version.

Acknowledgments:

The authors acknowledge Rebecca Burns, PhD, PharmD (UCB Pharma, Smyrna, GA, USA) for

managing the development of this manuscript.

29

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 30, 2021 as DOI: 10.1124/jpet.121.000585
This article has not been copyedited and formatted. The final version may differ from this version.

Authorship Contributions.

Participated in research design: D’Ambrosio, Eastman, Fender and Klein.

Conducted experiments: Eastman and Fender.

Performed or contributed to data analysis and interpretation: D’Ambrosio, Eastman and Klein

Wrote or contributed to the writing of the manuscript: D’Ambrosio and Eastman.

30

202 ‘6T |1MdV uo speuinor 134SY e Bio'seulnofiedse ed[ wol) papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 30, 2021 as DOI: 10.1124/jpet.121.000585
This article has not been copyedited and formatted. The final version may differ from this version.

REFERENCES

Butler T, Ichise M, Teich AF, Gerard E, Osborne J, French J, Devinsky O, Kuzniecky R, Gilliam
F, Pervez F, Provenzano F, Goldsmith S, Vallabhajosula S, Stern E, Silbersweig D (2013)
Imaging inflammation in a patient with epilepsy due to focal cortical dysplasia. J. Neuroimaging

23(1):129-131. doi: 10.1111/}.1552-6569.2010.00572.x.

Crowder KM, Gunther JM, Jones TA, Hale BD, Zhang HZ, Peterson MR, Scheller RH, Chavkin
C, Bajjalieh SM (1999) Abnormal neurotransmission in mice lacking synaptic vesicle protein 2A

(SV2A). Proc Natl Acad Sci U S A 96(26):15268-15273. doi: 10.1073/pnas.96.26.15268.

Curia G, Levitt M, Fender JS, Miller JW, Ojemann J, D'Ambrosio R (2011) Impact of injury
location and severity on posttraumatic epilepsy in the rat: role of frontal neocortex. Cereb Cortex

21(7):1574-1592. doi: 10.1093/cercor/bhg218.

Curia G, Eastman CL, Miller JW, D’Ambrosio R (2016) Modeling Post-Traumatic Epilepsy for
Therapy Development, in Translational Research in Traumatic Brain Injury (Laskowitz D, Grant

G, eds) pp 219-238, CRC Press/Taylor and Francis Group, Boca Raton, FL.

D'Ambrosio R, Fairbanks JP, Fender JS, Born DE, Doyle DL, Miller JW (2004) Post-traumatic
epilepsy following fluid percussion injury in the rat. Brain 127(Pt 2):304-314. doi:

10.1093/brain/awh038.

D'Ambrosio R, Fender JS, Fairbanks JP, Simon EA, Born DE, Doyle DL, Miller JW (2005)
Progression from frontal-parietal to mesial-temporal epilepsy after fluid percussion injury in the

rat. Brain 128(Pt 1):174-188. doi: 10.1093/brain/awh337.

D'Ambrosio R, Hakimian S, Stewart T, Verley DR, Fender JS, Eastman CL, Sheerin AH, Gupta

P, Diaz-Arrastia R, Ojemann J, Miller JW (2009) Functional definition of seizure provides new

31

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 30, 2021 as DOI: 10.1124/jpet.121.000585
This article has not been copyedited and formatted. The final version may differ from this version.

insight into post-traumatic epileptogenesis. Brain 132(Pt 10):2805-2821. doi:

10.1093/brain/awp217.

D'Ambrosio R, Eastman CL, Darvas F, Fender JS, Verley DR, Farin FM, Wilkerson HW, Temkin
NR, Miller JW, Ojemann J, Rothman SM, Smyth MD (2013) Mild passive focal cooling prevents

epileptic seizures after head injury in rats. Ann Neurol 73(2):199-209. doi: 10.1002/ana.23764

D'Ambrosio R, Miller JW (2010) What is an epileptic seizure? Unifying definitions in clinical
practice and animal research to develop novel treatments. Epilepsy Curr. 10(3):61-66. doi:

10.1111/;.1535-7511.2010.01358.x.

Dalgard CL, Cole JT, Kean WS, Lucky JJ, Sukumar G, McMullen DC, Pollard HB, Watson WD
(2012) The cytokine temporal profile in rat cortex after controlled cortical impact. Front Mol

Neurosci 5:6. doi: 10.3389/fnmol.2012.00006.

de Boer HM, Mula M, Sander JW (2008) The global burden and stigma of epilepsy. Epilepsy

Behav 12(4):540-546. doi: 10.1016/j.yebeh.2007.12.019.

Dubé C, Richichi C, Bender RA, Chung G, Litt B, Baram TZ (2006) Temporal lobe epilepsy after
experimental prolonged febrile seizures: prospective analysis. Brain 129(Pt 4):911-922. doi:

10.1093/brain/awl018.

Dupuis N, Matagne A, Staelens L, Dournaud P, Desnous B, Gressens P, Auvin S (2015) Anti-
ictogenic and antiepileptogenic properties of brivaracetam in mature and immature rats.

Epilepsia 56(5):800-805. doi: 10.1111/epi.12973.

European Medicines Agency, Assessment Report Briviact,

www.ema.europa.eu/en/documents/assessment-report/briviact-epar-public-assessment-

report_en.pdf.

32

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://www.ema.europa.eu/en/documents/assessment-report/briviact-epar-public-assessment-report_en.pdf
http://www.ema.europa.eu/en/documents/assessment-report/briviact-epar-public-assessment-report_en.pdf
http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 30, 2021 as DOI: 10.1124/jpet.121.000585
This article has not been copyedited and formatted. The final version may differ from this version.

Eastman CL, Fender JS, Temkin NR, D'’Ambrosio R (2015) Optimized methods for epilepsy
therapy development using an etiologically realistic model of focal epilepsy in the rat. Exp

Neurol 264:150-162. doi: 10.1016/j.expneurol.2014.12.010.

Eastman CL, Verley DR, Fender JS, Temkin NR, D'Ambrosio R (2010) ECoG studies of
valproate, carbamazepine and halothane in frontal-lobe epilepsy induced by head injury in the

rat. Exp Neurol 224(2):369-388. doi: 10.1016/j.expneurol.2010.04.013.

Eastman CL, Verley DR, Fender JS, Stewart TH, Nov E, Curia G, D'Ambrosio R (2011)
Antiepileptic and antiepileptogenic performance of carisbamate after head injury in the rat: blind

and randomized studies. J Pharmacol Exp Ther 336(3):779-790. doi: 10.1124/jpet.110.175133.

Fan L, Young PR, Barone FC, Feuerstein GZ, Smith DH, Mcintosh TK (1996). Experimental
brain injury induces differential expression of tumor necrosis factor-alpha mRNA in the CNS.

Brain Res Mol Brain Res 36(2):287-291. doi: 10.1016/0169-328X(95)00274-V.

Feng G, Xiao F, Lu Y, Huang Z, Yuan J, Xiao Z, Xi Z, Wang X (2009) Down-regulation synaptic
vesicle protein 2A in the anterior temporal neocortex of patients with intractable epilepsy. J Mol

Neurosci 39(3):354-359. doi: 10.1007/s12031-009-9288-2.

Fisher RS, van Emde Boas W, Blume W, Elger C, Genton P, Lee P, Engel J Jr (2005) Epileptic
seizures and epilepsy: definitions proposed by the International League Against Epilepsy (ILAE)
and the International Bureau for Epilepsy (IBE). Epilepsia 46(4):470-2. doi: 10.1111/j.0013-

9580.2005.66104.x.

French JA (2007) Refractory epilepsy: clinical overview. Epilepsia 48 Suppl 1:3-7. doi:

10.1111/.1528-1167.2007.00992.x.

33

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 30, 2021 as DOI: 10.1124/jpet.121.000585
This article has not been copyedited and formatted. The final version may differ from this version.

Garga N, Lowenstein DH (2006) Posttraumatic epilepsy: a major problem in desperate need of

major advances. Epilepsy Curr 6(1):1-5. doi: 10.1111/j.1535-7511.2005.00083.x.

Gilliam F, Carter J, Vahle V (2004) Tolerability of antiseizure medications: implications for health

outcomes. Neurology 63(10 Suppl 4): S9-S12. doi: 10.1212/wnl.63.10_suppl_4.s9.

Guo D, Zeng L, Brody DL, Wong M (2013) Rapamycin attenuates the development of
posttraumatic epilepsy in a mouse model of traumatic brain injury. PLoS One 8(5):e64078. doi:

10.1371/journal.pone.0064078.

Halford JJ, Ben-Menachem E, Kwan P, Ness S, Schmitt J, Eerdekens M, Novak G (2011) A
randomized, double-blind, placebo-controlled study of the efficacy, safety, and tolerability of
adjunctive carisbamate treatment in patients with partial-onset seizures. Epilepsia 52(4):816 —

825. doi: 10.1111/1.1528-1167.2010.02960.x.

Hanaya R, Hosoyama H, Sugata S, Tokudome M, Hirano H, Tokimura H, Kurisu K, Serikawa T,
Sasa M, Arita K (2012) Low distribution of synaptic vesicle protein 2A and synaptotagimin-1 in
the cerebral cortex and hippocampus of spontaneously epileptic rats exhibiting both tonic
convulsion and absence seizure. Neuroscience 221:12-20. doi:

10.1016/j.neuroscience.2012.06.058.

Hanon E, Klitgaard H (2001) Neuroprotective properties of the novel antiepileptic drug
levetiracetam in the rat middle cerebral artery occlusion model of focal cerebral ischemia.

Seizure 10(4):287-93. doi: 10.1053/seiz.2000.0511.

Herman ST (2006) Clinical trials for prevention of epileptogenesis. Epilepsy Res 68(1):35-38.

doi: 10.1016/j.eplepsyres.2005.09.015.

34

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 30, 2021 as DOI: 10.1124/jpet.121.000585
This article has not been copyedited and formatted. The final version may differ from this version.

Ikeda A, Hirasawa K, Kinoshita M, Hitomi T, Matsumoto R, Mitsueda T, Taki JY, Inouch M,
Mikuni N, Hori T, Fukuyama H, Hashimoto N, Shibasaki H, Takahashi R (2009) Negative motor
seizure arising from the negative motor area: is it ictal apraxia? Epilepsia 50(9):2072-2084. doi:

10.1111/.1528-1167.2009.02097 .x.

Igbal M, Ezzeldin E, Al-Rashood KA (2017) UPLC-MS/MS assay for identification and
guantification of brivaracetam in plasma sample: Application to pharmacokinetic study in rats. J

Chromatogr B Analyt Technol Biomed Life Sci 1060:63-70. doi: 10.1016/j.jchromb.2017.05.039.

Itoh K, Inamine M, Oshima W, Kotani M, Chiba Y, Ueno M, Ishihara Y (2015) Prevention of
status epilepticus-induced brain edema and neuronal cell loss by repeated treatment with high-

dose levetiracetam. Brain Res 1608:225-234. doi: 10.1016/j.brainres.2015.03.005.

Itoh K, Ishihara Y, Komori R, Nochi H, Taniguchi R, Chiba Y, Ueno M, Takata-Tsuji F, Dohgu S,
Kataoka Y (2016) Levetiracetam treatment influences blood-brain barrier failure associated with
angiogenesis and inflammatory responses in the acute phase of epileptogenesis in post-status

epilepticus mice. Brain Res 1652:1-13. doi: 10.1016/j.brainres.2016.09.038.

Kaminski RM, Gillard M, Klitgaard H (2012) Targeting SV2A for Discovery of Antiepileptic
Drugs, in Jasper's Basic Mechanisms of the Epilepsies 4" edition [Internet] (Noebels JL, Avoli
M, Rogawski MA, Olsen RW, Delgado-Escueta AV, eds.) National Center for Biotechnology

Information (US) Bethesda, MD.

Kelly KM, Kharlamov A, Hentosz TM, Kharlamova EA, Williamson JM, Bertram EH 3rd, Kapur J
Armstrong DM (2001) Photothrombotic brain infarction results in seizure activity in aging Fischer
344 and Sprague Dawley rats. Epilepsy Res 47(3):189-203. doi: 10.1016/s0920-

1211(01)00294-7.

35

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 30, 2021 as DOI: 10.1124/jpet.121.000585
This article has not been copyedited and formatted. The final version may differ from this version.

Kim JE, Choi HC, Song HK, Jo SM, Kim DS, Choi SY, Kim YI, Kang TC (2010) Levetiracetam
inhibits interleukin-1 beta inflammatory responses in the hippocampus and piriform cortex of

epileptic rats. Neurosci Lett 471(2):94-99. doi: 10.1016/j.neulet.2010.01.018.

Klein P, Biton V, Dilley D, Barnes M, Schiemann J, Lu S (2016) Safety and tolerability of
adjunctive brivaracetam as intravenous infusion or bolus in patients with epilepsy. Epilepsia

17(2):283-95. doi: 10.1517/14656566.2016.1135129.

Klein P, Johnson ME, Schiemann J, Whitesides J (2017) Time to onset of sustained 250%
responder status in patients with focal (partial-onset) seizures in three phase lll studies of

adjunctive brivaracetam treatment. Epilepsia 58(2): e21-e25. doi: 10.1111/epi.13631.

Klein P, Tyrlikova | (2017) Prevention of epilepsy: Should we be avoiding clinical trials? Epilepsy

Behav 72:188-194. doi: 10.1016/j.yebeh.2017.05.024.

Klein P, Tyrlikova | (2020) No prevention or cure of epilepsy as yet. Neuropharmacology

168:107762. doi: 10.1016/j.neuropharm.2019.107762.

Klitgaard H, Matagne A, Nicolas JM, Gillard M, Lamberty Y, De Ryck M, Kaminski RM, Leclercq
K, Niespodziany I, Wolff C, Wood M, Hannestad J, Kervyn S, Kenda B (2016) Brivaracetam:
Rationale for discovery and preclinical profile of a selective SV2A ligand for epilepsy treatment.

Epilepsia 57(4):538-548. doi: 10.1111/epi.13340.

Liu X, Ja, Cowan F, Thoresen M (2017) Reduced infancy and childhood epilepsy following
hypothermia-treated neonatal encephalopathy. Epilepsia 58(11):1902-1911. doi:

10.1111/epi.13914.

36

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 30, 2021 as DOI: 10.1124/jpet.121.000585
This article has not been copyedited and formatted. The final version may differ from this version.

Loscher W (2007) The pharmacokinetics of antiepileptic drugs in rats: consequences for
maintaining effective drug levels during prolonged drug administration in rat models of epilepsy.

Epilepsia 48(7):1245-1258. doi: 10.1111/j.1528-1167.2007.01093.x.

Ldscher W (2016) Fit for purpose application of currently existing animal models in the
discovery of novel epilepsy therapies. Epilepsy Res 126:157-184. doi:

10.1016/j.eplepsyres.2016.05.016.

Loscher W (2017). Animal Models of Seizures and Epilepsy: Past, Present, and Future Role for
the Discovery of Antiseizure Drugs. Neurochem Res 42(7): 1873-1888. doi: 10.1007/s11064-

017-2222-z.

Léscher W (2020) The holy grail of epilepsy prevention: Preclinical approaches to
antiepileptogenic treatments. Neuropharmacology 167:107605. doi:

10.1016/j.neuropharm.2019.04.011.

Loscher W, Honack D, Rundfeldt C (1998) Antiepileptogenic effects of the novel anticonvulsant
levetiracetam (ucb L059) in the kindling model of temporal lobe epilepsy. J Pharmacol Exp Ther

284(2):474-9.

Loscher W, Klitgaard H, Twyman RE, Schmidt D (2013) New avenues for anti-epileptic drug

discovery and development. Nat Rev Drug Discov 12(10):757-76. doi: 10.1038/nrd4126.

Lugli L, Balestri E, Berardi A, Guidotti |, Cavalleri F, Todeschini A, Pugliese M, Muttini Della

Casa E, Lucaccioni L, Ferrari F (2018) Brain cooling reduces the risk of post-neonatal epilepsy

in newborns affected by moderate to severe hypoxic-ischemic encephalopathy. Minerva Pediatr.

2018 Jul 2. doi: 10.23736/S0026-4946.18.05224-6.

37

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 30, 2021 as DOI: 10.1124/jpet.121.000585
This article has not been copyedited and formatted. The final version may differ from this version.

Mani R, Pollard J, Dichter MA (2011). Human clinical trials in antiepileptogenesis. Neurosci Lett

497(3): 251-6. doi: 10.1016/j.neulet.2011.03.010.

Matagne A, Margineanu DG, Kenda B, Michel P, Klitgaard H (2008) Anti-convulsive and anti-
epileptic properties of brivaracetam (ucb 34714), a high-affinity ligand for the synaptic vesicle

protein, SV2A. Br J Pharmacol 154(8):1662-71. doi: 10.1038/bjp.2008.198.

Nygaard HB, Kaufman AC, Sekine-Konno T, Huh LL, Going H, Feldman SJ, Kostylev MA,
Strittmatter SM (2015) Brivaracetam, but not ethosuximide, reverses memory impairments in an
Alzheimer's disease mouse model. Alzheimers Res Ther 7(1): 25. doi: 10.1186/s13195-015-

0110-9.

Oliveira AA, Almeida JP, Freitas RM, Nascimento VS, Aguiar LM, Janior HV, Fonseca FN,
Viana GS, Sousa FC, Fonteles MM (2007) Effects of levetiracetam in lipid peroxidation level,
nitrite-nitrate formation and antioxidant enzymatic activity in mice brain after pilocarpine-induced

seizures. Cell Mol Neurobiol 27(3):395-406. doi: 10.1007/s10571-006-9132-y.

Oshima T, Lee S, Sato A, Oda S, Hirasawa H, Yamashita T (2009) TNF-alpha contributes to
axonal sprouting and functional recovery following traumatic brain injury. Brain Res 1290:102-

10. doi: 10.1016/j.brainres.2009.07.022.

Ping X, Jin X (2016) Chronic Posttraumatic Epilepsy following Neocortical Undercut Lesion in

Mice. PLoS One 11(6): e0158231. doi: 10.1371/journal.pone.0158231.

Rakhade SN, Klein PM, Huynh T, Hilario-Gomez C, Kosaras B, Rotenberg A, Jensen FE (2011)
Development of later life spontaneous seizures in a rodent model of hypoxia-induced neonatal

seizures. Epilepsia 52(4):753-65. doi: 10.1111/j.1528-1167.2011.02992.x

38

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 30, 2021 as DOI: 10.1124/jpet.121.000585
This article has not been copyedited and formatted. The final version may differ from this version.

Read, NG (1991) The role of lysosomes in hyaline droplet nephropathy induced by a variety of

pharmacological agents in the male rat. Histochem J 23: 436. doi: 10.1007/BF01041373.

Reid AY, Bragin A, Giza CC, Staba RJ, Engel J Jr (2016). The progression of electrophysiologic
abnormalities during epileptogenesis after experimental traumatic brain injury. Epilepsia

57(10):1558-1567. doi: 10.1111/epi.13486.

Reimers A, Berg JA, Burns ML, Brodtkorb E, Johannessen Sl, Johannessen Landmark C
(2018) Reference ranges for antiepileptic drugs revisited: a practical approach to establish

national guidelines. Drug Des Devel Ther 12:271-280. doi: 10.2147/DDDT.S154388.

Rogawski MA (2008) Brivaracetam: a rational drug discovery success story. Br J Pharmacol

154(8):1555-7. doi: 10.1038/bjp.2008.221.

Russo E, Citraro R, Mula M (2017) The preclinical discovery and development of brivaracetam
for the treatment of focal epilepsy. Expert Opin Drug Discov 2017 12(11):1169-1178. doi:

10.1080/17460441.2017.1366985.

Sargentini-Maier ML, Rolan P, Connell J, Tytgat D, Jacobs T, Pigeolet E, Riethuisen JM,
Stockis A (2007) The pharmacokinetics, CNS pharmacodynamics and adverse event profile of
brivaracetam after single increasing oral doses in healthy males. Br J Clin Pharmacol 63(6):680-

8. doi: 10.1111/j.1365-2125.2006.02829.x.

Scherbel U, Raghupathi R, Nakamura M, Saatman KE, Trojanowski JQ, Neugebauer E, Marino
W, AND Mcintosh TK (1999) Differential acute and chronic responses of tumor necrosis factor-
deficient mice to experimental brain injury. Proc Natl Acad Sci USA 96: 8721-8726. doi:

10.1073/pnas.96.15.8721.

39

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 30, 2021 as DOI: 10.1124/jpet.121.000585
This article has not been copyedited and formatted. The final version may differ from this version.

Schmidt D (2012) Is antiepileptogenesis a realistic goal in clinical trials? Concerns and new

horizons. Epileptic Disord 14(2):105-13. doi: 10.1684/epd.2012.0512.

Schmidt D, Friedman D, Dichter MA (2014) Anti-epileptogenic clinical trial designs in epilepsy:

issues and options. Neurotherapeutics 11(2):401-411. doi: 10.1007/s13311-013-0252-z.

Schmidt D, Sillanp&& M (2016) Prevention of Epilepsy: Issues and Innovations. Curr Neurol

Neurosci Rep 16(11):95. doi: 10.1007/s11910-016-0695-9.

Semah F, Picot MC, Adam C, Broglin D, Arzimanoglou A, Bazin B, Cavalcanti D, Baulac M
(1998) Is the underlying cause of epilepsy a major prognostic factor for recurrence? Neurology

51(5):1256-1262. doi: 10.1212/wnl.51.5.1256.

Sloviter RS (2011) Progress on the issue of excitotoxic injury modification vs. real
neuroprotection; implications for post-traumatic epilepsy. Neuropharmacology 61(5-6):1048-50.

doi: 10.1016/j.neuropharm.2011.07.038.

Stahel PF, Shohami E, Younis FM, Kariya K, Otto VI, Lenzlinger PM, Grosjean MB, Eugster HP,
Trentz O, Kossmann T, and Morganti-Kossmann MC (2000) Experimental Closed Head Injury:
Analysis of Neurological Outcome, Blood-Brain Barrier Dysfunction, Intracranial Neutrophil
Infiltration, and Neuronal Cell Death in Mice Deficient in Genes for Pro-Inflammatory Cytokines.

J Cereb Blood Flow Metab 20:369-380. doi: 10.1097/00004647-200002000-00019.

Steinhoff BJ, Staack AM (2019) Levetiracetam and brivaracetam: a review of evidence from
clinical trials and clinical experience. Ther Adv Neurol Disord 12:1756286419873518. doi:

10.1177/1756286419873518.

Stewart KA, Wilcox KS, Fujinami RS, White HS (2010) Theiler's virus infection chronically alters

seizure susceptibility. Epilepsia 51(8):1418-28. doi: 10.1111/j.1528-1167.2009.02405.x.

40

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 30, 2021 as DOI: 10.1124/jpet.121.000585
This article has not been copyedited and formatted. The final version may differ from this version.

Sugata S, Hanaya R, Kumafuji K, Tokudome M, Serikawa T, Kurisu K, Arita K, Sasa M (2011)
Neuroprotective effect of levetiracetam on hippocampal sclerosis-like change in spontaneously

epileptic rats. Brain Res Bull 86(1-2):36-41. doi: 10.1016/j.brainresbull.2011.05.017.

Sugaya Y, Maru E, Kudo K, Shibasaki T, Kato N (2010) Levetiracetam suppresses development
of spontaneous EEG seizures and aberrant neurogenesis following kainate-induced status

epilepticus. Brain Res 1352:187-99. doi: 10.1016/j.brainres.2010.06.061.

Swenberg JA, Short B, Borghoff S, Strasser J, Charbonneau M (1989) The comparative

pathobiology of alpha 2u-globulin nephropathy. Toxicol Appl Pharmacol 97(1):35-46.

Tehranian, R., Andell-Jonsson, S., Beni, S. M., Yatsiv, ., Shohami, E., Bartfai, T., Lundkvist, J.,
Iverfeldt, K (2002) Improved recovery and delayed cytokine induction after closed head injury in
mice with central overexpression of the secreted isoform of the interleukin-1 receptor

antagonist. J. Neurotrauma 19, 939-951. doi: 10.1089/089771502320317096.

Temkin NR (2009) Preventing and treating posttraumatic seizures: the human experience.

Epilepsia; 50 Suppl 2:10-3. doi: 10.1111/j.1528-1167.2008.02005.x.

Thompson HJ, Lifshitz J, Marklund N, Grady MS, Graham DI, Hovda DA, Mcintosh TK (2005)
Lateral fluid percussion brain injury: a 15-year review and evaluation. J Neurotrauma 22(1):42-

75. doi: 10.1089/neu.2005.22.42.

Toering ST, Boer K, de Groot M, Troost D, Heimans JJ, Spliet WG, van Rijen PC, Jansen FE,
Gorter JA, Reijneveld JC, Aronica E (2009) Expression patterns of synaptic vesicle protein 2A in
focal cortical dysplasia and TSC-cortical tubers. Epilepsia 50(6):1409-18. doi: 10.1111/}.1528-

1167.2008.01955.x.

41

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 30, 2021 as DOI: 10.1124/jpet.121.000585
This article has not been copyedited and formatted. The final version may differ from this version.

van Tuijl JH, van Raak EP, de Krom MC, Lodder J, Aldenkamp AP (2011) Early treatment after
stroke for the prevention of late epileptic seizures: a report on the problems performing a
randomised placebo-controlled double-blind trial aimed at anti-epileptogenesis. Seizure

20(4):285-91. doi: 10.1016/j.seizure.2010.12.012.

van Vliet EA, Aronica E, Redeker S, Boer K, Gorter JA (2009) Decreased expression of synaptic
vesicle protein 2A, the binding site for levetiracetam, during epileptogenesis and chronic

epilepsy. Epilepsia 50(3):422-33. doi: 10.1111/j.1528-1167.2008.01727 .x.

Vinogradova LV, van Rijn CM (2008) Anticonvulsive and antiepileptogenic effects of
levetiracetam in the audiogenic kindling model. Epilepsia 49(7):1160-8. doi: 10.1111/j.1528-

1167.2008.01594.x.

Wang H, Gao J, Lassiter TF, McDonagh DL, Sheng H, Warner DS, Lynch JR, Laskowitz DT
(2006) Levetiracetam is neuroprotective in murine models of closed head injury and

subarachnoid hemorrhage. Neurocrit Care 5(1):71-8. doi: 10.1385/NCC:5:1:71.

Wood MD, Gillard M (2017) Evidence for a differential interaction of brivaracetam and
levetiracetam with the synaptic vesicle 2A protein. Epilepsia 58(2):255-262. doi:

10.1111/epi.13638.

Wood MD, Sands ZA, Vandenplas C, Gillard M (2018) Further evidence for a differential
interaction of brivaracetam and levetiracetam with the synaptic vesicle 2A protein. Epilepsia

59(9): e147-e151. doi: 10.1111/epi.14532.

Yan HD, Ji-qun C, Ishihara K, Nagayama T, Serikawa T, Sasa M (2005) Separation of
antiepileptogenic and antiseizure effects of levetiracetam in the spontaneously epileptic rat

(SER). Epilepsia 46(8):1170-7. doi: 10.1111/j.1528-1167.2005.35204.x.

42

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 30, 2021 as DOI: 10.1124/jpet.121.000585
This article has not been copyedited and formatted. The final version may differ from this version.

Zou H, Brayer SW, Hurwitz M, Niyonkuru C, Fowler LE, Wagner AK (2013) Neuroprotective,
neuroplastic, and neurobehavioral effects of daily treatment with levetiracetam in experimental
traumatic brain injury. Neurorehabil Neural Repair 27(9):878-88. doi:

10.1177/1545968313491007.

43

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 30, 2021 as DOI: 10.1124/jpet.121.000585
This article has not been copyedited and formatted. The final version may differ from this version.

Footnotes:

a) Funding for this study was provided by UCB Pharma, which consulted in the design of
the study and reporting of the findings, but did not contribute to the study execution, data
analysis, or interpretation.

b) Financial Disclosure: PK has received consulting and speaker honoraria from UCB
Pharma who makes brivaracetam.

c) Reprint requests should be e-mailed to Clifford L. Eastman: cliff@uw.edu
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Figure Legends

Figure 1. Experimental Design. A) Treatment protocols were screened in four-week
experiments using experimental groups of 6-8 rats each and a relaxed statistical criterion
(p<0.15) for success. ECoG data were acquired in two 24 hr epochs on the last days of
treatment. B) Screened treatment protocols were validated in a longer experiment using
experimental groups of 18-22 rats each and a conventional statistical criterion (p<0.05). ECoG
was acquired on the last days of treatment (week 4), two weeks after cessation of treatment

(week 6) and 12 weeks after cessation of treatment.

Figure 2. Development of a dosing protocol to maintain plasma BRYV levels in rat plasma in a
moderate to high (human) therapeutic range for four weeks. A) Mean trough plasma BRYV levels
during twice daily oral gavage administration of 25 and 50 mg/kg BRV. Mean BRYV levels are
more than 2 orders of magnitude below target, throughout. Plasma BRV rose abruptly after 3
days of dosing in rats administered 50, but not 25, mg/kg. B) Mean plasma BRYV levels 1, 5 and
9 hours after oral administration of 5 mg/kg BRV. Data indicate plasma half-life of about 2.4
hours. C-D) Plasma BRYV levels during administration of 120 mg/kg/day BRV for two weeks in
drinking water. Individual and aggregate data are shown in C and D, respectively. Note that
mean [BRV],asma rose from a 5-day plateau at about 600 ng/ml to about 2000 ng/ml by the end
of the second week of exposure, despite a mean daily dose of BRV that closely approximated
the 120 mg/kg/day target (D, inset above), throughout. E) Mean plasma BRYV levels measured
during a stepped dosing protocol (inset, above) designed to compensate for the rise in plasma
BRV during the second week of exposure. This resulted in plasma BRYV levels that mostly
ranged from 3-5 pug/ml, as desired, for the three weeks of exposure. Error bars in A, D and E

indicate standard deviation.
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Figure 3. Screening Latencies to Treatment. Row A) Doses delivered in two independent
screening tests. Doses under protocol 1 (left) overshot target for the first 5 days, but adhered
closely to target thereafter. Protocol 2 targeted higher doses. The smaller variance during the
first 5 days of exposure was due to use of osmotic pumps. Row B) Incidence of seizures in
independent tests of dosing protocols shown in A. Under protocol 1 (left) seizure incidence
increased with delay to treatment. Under protocol 2 (right), treatment started 4 hr after FPI
appeared uniquely effective. P-values were computed with a one-tailed Fisher exact test
comparing BRV-treated groups with controls. Rows C-D) Plots show binned (width=0.04) raw
frequency and time seizing data overlaid on boxplots. Note that zero-valued frequencies and
times seizing were assigned a value of 1/30 for presentation on a logarithmic scale and the
lowest points in each plot correspond to rats with no detected seizures. Displayed p-values
serve only as objective decision boundaries. Row C) Median (bold horizontal line) seizure
frequencies are zero or near zero in the 30 min and 4 hr groups under both protocols, and
median seizure frequencies in all BRV treated groups are below those of corresponding
controls. Row D) Under protocol 1 (left) the median times spent seizing increase and the
number of rats without seizures decrease with delay to treatment. Under protocol 2 (right) the

median times spent seizing in BRV-treated groups are below those of controls.

Figure 4. Growth, fluid consumption and BRV dosing in validation study. BRV was
administered via subcutaneous osmotic pumps for 5 days after injury and self-administered via

sweetened BRV-containing drinking water thereafter. [BRV] in drinking water was adjusted,

based on rats’ mean body weight and anticipated fluid intake, to deliver target doses. A) Mean +

SD body weight during treatment. Weight gain was nearly identical in all experimental groups,
and there was no difference between BRV- and saline-treated groups. A small inflection at day
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6 reflects surgical removal of osmotic pumps. B) Mean + SD consumption of BRV-containing
drinking water. Fluid intake was measured in BRV-treated animals after removal of osmotic
pumps. The low intake recorded on day 6 and the inflection at day 15 reflect post-surgical
suppression of drinking after pump removal and headset implantation, respectively. C) Mean +

SD dose delivered to BRV-treated rats. Exposure was comparable in all treatment groups.

Figure 5. Confidence Intervals for Effect of BRV Treatment on Primary Endpoints. A)
Bootstrapped 95% confidence intervals for the differences in incidences between BRV-treated
groups and vehicle controls. Seizure incidence is clearly reduced in all treatment groups at 4
and 6 weeks postinjury and remains decreased in the 4 hr group at 16 weeks. B) Bootstrapped
95% confidence intervals for the differences in mean frequency of seizures between BRV-
treated groups and vehicle controls. The mean frequency of seizure is reduced in the 4 hr group
at all time points. C) Bootstrapped 95% confidence intervals for the differences in mean time
seizing between BRV-treated groups and vehicle controls. The mean time spent seizuring is

reduced in the 4 hr group at all time points

Figure 6. Seizure Incidence, frequency and time spent seizing in validation study. Top)
Incidence of seizures 4, 6, 14 and 16 weeks post-FPI. The incidence of seizure was lower in the
BRV-treated groups than in controls at all time points. Note that seizure incidence in the 4 hr
group remained within the 40% to 50% range for 12 weeks after cessation of treatment. Middle
and bottom) Plots show binned (width=0.04) seizure frequency (middle) and time seizing
(bottom) data overlaid on boxplots. The lowest data points in all plots represent rats with no
detected seizures. At the end of treatment (week 4) and two weeks after cessation of treatment

(week 6), the median frequency of seizure and time spent seizing is zero or near-zero in all

47

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 30, 2021 as DOI: 10.1124/jpet.121.000585
This article has not been copyedited and formatted. The final version may differ from this version.

three BRV-treated groups. Twelve weeks after the end of treatment (week 16), median seizure
frequencies and times spent seizing in the BRV-treated groups remain more than an order of
magnitude lower in than controls. Note that the BRV-treated groups include individuals with
frequencies and times seizing comparable to the highest in vehicle controls, and that the lower
median values in the BRV-treated groups are mainly attributable to a surfeit of rats with no

detected seizures.

Figure 7. Representative seizures from BRV-treated non-responders at 16 weeks post-
FPI. Multi-channel EEG was recorded using the montage shown in the left inset. Numbered
black dots indicate electrode locations. The perilesional electrode (e4) is located just rostral to
the FPI craniotomy, which is indicated by a circle. The top traces show a focal non-spreading
seizure that is detected exclusively by the perilesional electrode. The top inset shows the
indicated segment of the signal from the perilesional electrode on an expanded time scale to
show the details of the waveform. The bottom traces show a spreading seizure that is first
detected by the perilesional electrode and then spreads to the contralateral cortex. The seizures
recorded in BRV-treated non-responders were indistinguishable from those recorded in vehicle-

treated controls.

Figure 8. Seizure frequency and time spent seizing of rats with seizures. Plots show 95%
confidence intervals for vehicle - treatment group differences and p-values for each comparison.
A) Seizure frequency. Eight out of nine confidence intervals overlap zero difference, and no
apparent trend toward reduced frequency was improbable under the null hypothesis. The data
do not support an effect of BRV on seizure frequency independent of a decrease in seizure
incidence. B) Time spent seizing. Eight out of nine confidence intervals overlap zero difference,
and no apparent trend toward reduced time seizing was improbable under the null hypothesis.

While there may be a weak trend toward lower seizure frequency and time seizing in the 4 hr
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group, the data do not support an effect of BRV on time seizing independent of a decrease in

seizure incidence.

Figure 9. Effect of BRV treatments on spreading seizures at 16 weeks post-FPI. A)
Incidence of spreading seizures in animals with detected seizures (N= 16, 12, 9 and 14 in the
vehicle, 30 min, 4 hr and 8 hr groups, respectively). Bootstrapped 95% confidence intervals for

the difference (treatment-vehicle) indicate that the incidence of spreading seizures was

diminished in BRV-treated groups. B-C) Plots show spreading seizure frequency and time spent

in spreading seizures in rats with detected seizures. The lowest data points in all plots represent

rats with no spreading seizures. Epileptic animals with exclusively focal seizures were observed
only in BRV-treated groups, and fully accounted for the trend toward lower frequencies of

spreading seizures (B) and times spent in spreading seizures (C) in the 30 min and 8 hr groups.

D-E) Frequency (D) and time spent in spreading seizures (E) in animals with spreading seizures

(N=16, 8, 7 and 11 in the vehicle, 30 min, 4 hr and 8 hr groups, respectively). Bootstrapped 95%

confidence intervals do not indicate an independent effect of BRV treatment on the frequency or

time spent in spreading seizures.

Figure 10. Effects of BRV treatment are independent of seizure definition. Top Row)
Seizure incidence in the 4 experimental groups as a function of duration-based seizure
definition. Apparent incidence decreases with the stringency of the seizure definition. This is
most dramatic in the vehicle controls, which have a higher incidence of seizure, overall. Middle
Row) The ratio of incidences in the BRV treatment groups to incidence in vehicle controls is
plotted as a function of duration-based seizure definition. This ratio is relatively stable across

seizure definitions, but appears to decline in the 4 hr group that displays the best response to
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BRV. Bottom Row) p-values obtained for comparisons of the incidence of seizures in the 3 BRV
treatment groups with vehicle controls are plotted as a function of seizure definition. P-values do
not increase with the stringency of the seizure definition. The decline in both the
treatment/vehicle ratio and pvalues at the most stringent definitions suggests that longer

seizures could be more sensitive to BRV than briefer seizures.
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