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testing approach using a number of mechanistically diverse, 
commercially available antiseizure drugs, as well as several 
probe compounds that are of potential mechanistic interest 
to the clinical management of epilepsy.
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Introduction

For more than 40 years, the National Institute of Neurologi-
cal Disorders and Stroke (NINDS) has invested in identi-
fying and developing novel antiseizure medications for 
the treatment of epilepsy with the Anticonvulsant Screen-
ing Program, known since 2016 as the Epilepsy Therapy 
Screening Program (ETSP). In this effort, numerous thera-
pies have come to market to benefit the person with epi-
lepsy. Although numerous antiseizure drugs (ASDs) are 
FDA approved, a significant proportion of individuals 
with epilepsy remain refractory to therapy. In addition, 
there are currently no FDA-approved drugs to prevent the 
development of epilepsy in individuals at risk following 
a brain insult. Given that there are over 65 million people 
worldwide with epilepsy and 1 in 26 people will develop 
epilepsy at some point in their lifetime, there is a signifi-
cant unmet need for improved treatment options for phar-
macoresistant epilepsy. Basic science continues to make 
incredible strides in understanding the pathophysiology 
of epilepsy. The challenge now is to identify transforma-
tive therapies for those patients who remain refractory to 
available therapies, as well as to identify therapies that 
may have better safety and tolerability profiles to improve 
patient adherence [1] and reduce adverse effects liabilities 

Abstract The successful identification of promising 
investigational therapies for the treatment of epilepsy can 
be credited to the use of numerous animal models of sei-
zure and epilepsy for over 80 years. In this time, the maxi-
mal electroshock test in mice and rats, the subcutaneous 
pentylenetetrazol test in mice and rats, and more recently 
the 6  Hz assay in mice, have been utilized as primary 
models of electrically or chemically-evoked seizures in 
neurologically intact rodents. In addition, rodent kindling 
models, in which chronic network hyperexcitability has 
developed, have been used to identify new agents. It is 
clear that this traditional screening approach has greatly 
expanded the number of marketed drugs available to man-
age the symptomatic seizures associated with epilepsy. 
In spite of the numerous antiseizure drugs (ASDs) on the 
market today, the fact remains that nearly 30% of patients 
are resistant to these currently available medications. To 
address this unmet medical need, the National Institute 
of Neurological Disorders and Stroke (NINDS) Epilepsy 
Therapy Screening Program (ETSP) revised its approach to 
the early evaluation of investigational agents for the treat-
ment of epilepsy in 2015 to include a focus on preclinical 
approaches to model pharmacoresistant seizures. This pre-
sent report highlights the in vivo and in vitro findings asso-
ciated with the initial pharmacological validation of this 
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[2], all of which may contribute to uncontrolled or phar-
macoresistant epilepsy. To address the recommendations 
of the 2015 NINDS Working Group report [3], the ETSP 
revised the testing approach to include a focus on finding 
effective treatments for pharmacoresistant epilepsy (Fig. 1). 
As noted in this flow chart in Fig. 1, testing is divided into 
an initial “Identification” phase followed by a later “Dif-
ferentiation” phase, the latter being comprised of more 
resource-intensive tests. As described below, key elements 
of this new flow chart are (1) overall, a higher threshold for 
advancing compounds through early Identification screen-
ing tests, but also increased flexibility for identifying poten-
tial efficacy of novel compounds; and (2) implementation 
in the Differentiation phase of more resource-intensive, 
lower-throughput disease models chosen to identify agents 
that may have improved efficacy relative to existing drugs 
for treating pharmacoresistant epilepsy.

While the traditional approaches to drug development 
for epilepsy have relied primarily on the evaluation of acute 
anticonvulsant efficacy in models of electrically- or chemi-
cally-evoked seizures in neurologically-intact rodents, addi-
tional models are now available that may allow for the iden-
tification of transformative therapies. This is not to say that 
the traditional models are no longer useful; there remains 
utility from a drug screening perspective to employ high-
throughput, technically-approachable models that can be 
employed for the rapid evaluation of numerous compounds 
of limited quantity [4]. The electrically-evoked seizure 
models presently employed in this revised testing approach 
include the maximal electroshock (MES) test in mice and 
rats, and the 6 Hz model of focal seizures in mice (Fig. 1). 

MES is a model of generalized tonic-clonic seizures and 
provides an indication of a compound’s ability to prevent 
seizure spread. These seizures are highly reproducible and 
are electrophysiologically consistent with human seizures. 
Moreover, the MES test was the first clinically-validated 
animal model of seizure and it was instrumental to Merrit 
and Putnam’s identification of phenytoin in 1937 [5]; one 
year later, this ASD was clinically-available. The 6 Hz test, 
when conducted at a 44 mA stimulus intensity in mice, can 
differentiate the profile of investigational compounds at 
the preclinical level [6], regardless of efficacy in the MES 
test. These seizures are believed to model focal seizures 
observed in humans [6]. Thus, the initial evaluation of can-
didate compounds submitted to the ETSP now occurs in 
two electrically-induced models of seizure in mouse.

In spite of the numerous ASDs that are effective in these 
models, these electrical seizure tests are conducted in neu-
rologically-intact rodents, wherein network remodeling and 
behavioral alterations consistent with temporal lobe epi-
lepsy (TLE) are absent. Therefore, the MES and 6 Hz tests 
do not represent the pathophysiology of epilepsy, and it is 
possible that novel antiseizure agents (e.g. anti-inflamma-
tory agents [7]) that ameliorate imbalances present in the 
epileptic brain might not be detected if these tests were the 
sole gatekeepers for screening. The use of etiologically-
relevant disease models of chronic network hyperexcitabil-
ity and/or spontaneous seizures are thus now incorporated 
in both the early (Identification) and late (Differentiation) 
phases of testing for the evaluation of novel therapies at 
the ETSP. The 60 Hz corneal kindled mouse demonstrates 
a pharmacological profile consistent with the hippocampal 

Fig. 1  Revised testing approach 
for the validation of the screen-
ing of investigational com-
pounds by the ETSP. *Prototype 
compounds were presently 
screened for efficacy only in 
Identification phase assays. The 
most promising compounds 
would be candidates to advance 
to more advanced, labor-
intensive etiologically-relevant 
models of disease, including the 
LTG-resistant amygdala-kindled 
rat or mouse model of mesial 
temporal lobe epilepsy
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kindled rat model [8] but requires far less compound for the 
early evaluation of an investigational compound [9]. The 
corneal kindled mouse exhibits reactive gliosis [10] and 
behavioral alterations [11] associated with TLE. The phar-
macological profile of the corneal kindled mouse is also 
consistent with human partial epilepsy and effectively iden-
tifies the anticonvulsant potential of useful compounds for 
this condition, such as levetiracetam [8, 12]. Thus, novel 
compounds that are not active in the MES or 6 Hz assays 
will nonetheless be tested in the corneal kindled mouse 
for potential activity. One potential limitation of the 60 Hz 
corneal kindled mouse is that it does not exhibit a pharma-
coresistant profile, as has been demonstrated more recently 
in a 6 Hz corneal kindling protocol [13]. The 60 Hz cor-
neal kindled mouse exhibits clear and consistent secondar-
ily generalized seizure endpoints after repeated stimulation 
with an initially-benign current, which is in contrast to the 
6 Hz stimulation protocol [13]. Therefore, the 60 Hz cor-
neal kindled mouse is a useful moderate- to high-through-
put screening platform to identify compounds that may 
only work in a hyperexcitable neuronal network. A final 
option for identifying novel compounds in the Identifica-
tion phase is an in vitro screen using the medial entorhinal 
cortex-hippocampal (mEC-HC) slice obtained from kainic 
acid (KA)-treated rats [14]. The mEC-HC slices collected 
from KA-treated rats exhibit spontaneous, electrographic 
“interictal-like” events that are resistant to traditional ASDs 
[14]. Moreover, the mEC-HC slices obtained from KA-
treated rats are hyperexcitable in normal artificial cerebro-
spinal fluid (ACSF) solution as early as one week following 
KA-induced SE [14]. This mEC-HC slice model exhibits a 
profile consistent with in  vivo models of pharmacoresist-
ant seizures, thus offering an in vitro surrogate to evaluate 
compounds for proof-of-concept antiseizure activity in the 
context that activity is not observed in the above-described 
in  vivo models. The in  vitro slice also provides a means 
of potentially identifying early investigational compounds 
that may exhibit challenges in brain penetrance, despite the 
potential for target-based efficacy in the context of an epi-
leptic substrate.

Identification of an active compound in one or more of 
the Identification phase assays described above, bolstered 
by information on the compound’s pharmacokinetics, etc., 
can qualify it to advance to the Differentiation phase, which 
is presently comprised of three resource-intensive in  vivo 
assays. As an etiologically-relevant model of pharmacore-
sistant TLE, the intrahippocampal kainic acid (KA) mouse 
is characterized by an initial focal neurotoxic event: a 
unilateral intrahippocampal injection of KA into the dor-
sal hippocampus, which induces non-convulsive SE last-
ing several hours, and subsequent spontaneous recurrent 
hippocampal paroxysmal discharges (HPD) that present 
2–3  weeks after a latent phase [15–17]. These HPDs are 

also resistant to several clinical ASDs [18]. Furthermore, 
mechanistically novel compounds demonstrate efficacy in 
the intrahippocampal KA model [19], but whether these 
novel compounds will gain clinical utility remains to be 
determined [20]. In addition, the lamotrigine (LTG)-resist-
ant amygdala kindled rat is useful to identify compounds 
effective against secondarily generalized focal seizures [21, 
22]; it may also differentiate compounds that may be effec-
tive in therapy-resistant patients [23]. The addition of the 
traditional ASDs, carbamazepine or LTG, during the devel-
opment of kindled seizures in this model impairs the effec-
tiveness of LTG against a fully expressed kindled seizure 
[24], whereas valproic acid remains effective in LTG-resist-
ant rats [23]. These findings suggest that the presence of 
LTG during the epileptogenic process leads to a subsequent 
resistance to other sodium channel blockers, highlighting 
the utility of this model for pharmacoresistant seizures. The 
third model, the post-KA SE rat model of chronic epilepsy 
[25], uses chronic video-EEG monitoring to assess the 
effects of administration of the most promising investiga-
tional agents on chronic seizure activity [26]. Thus, models 
of chronic network hyperexcitability, spontaneous electro-
graphic and convulsive seizure activity, and pharmacore-
sistant seizures have gained a prominent role in the early 
overall evaluation of investigational therapies submitted to 
the ETSP.

In an effort to validate the overhaul of the traditional 
drug evaluation approach of the ETSP, a series of mech-
anistically diverse compounds were subjected to this 
screening platform in a blinded fashion over the course of 
August–December 2015. To mimic investigator-initiated 
submission protocols of the ETSP, nine compounds were 
blindly screened through this modified approach: acetami-
nophen, carbamazepine (CBZ), meta-chlorophenylpipera-
zine (m-CPP), clobazam (CLB),  N6-cyclopentyladenosine 
 (N6-CPA), levetiracetam (LEV), retigabine/ezogabine 
(RTG), tiagabine (TGB), and valproic acid (VPA). In an 
effort to model the screening approach, compounds were 
evaluated in the Identification phases of this modified flow 
chart at standardized starting doses that would, theoreti-
cally, capture as many compounds with potential efficacy 
as possible. The results of the evaluation of acetaminophen, 
m-CPP, and  N6-CPA from this validation effort are pre-
sented herein due to their unique pharmacological profiles 
in the models in which they were tested. The evaluation of 
the broadly-acting serotonin agonist, m-CPP, was selected 
for testing due to the hypothesized efficacy of this mecha-
nistic class in seizures and epilepsy [27, 28]. The adenosine 
dysfunction hypothesis has also gained a prominent place 
in the anticonvulsant therapy development pipeline [29, 
30], thus  N6-CPA was evaluated in this protocol to define 
activity of this broadly acting agonist in standard models 
of seizure. Additionally, the in vivo and in vitro activity of 
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acetaminophen is also provided. Where relevant, the activi-
ties of CBZ, CLB, LEV and VPA are included for compari-
son purposes, but the activity of many of these compounds 
have been disclosed previously and validated on numerous 
occasions [4, 8, 14, 23, 31]. The activity and profiles of 
these commercially-available prototypes will also be added 
to the NINDS-sponsored open access database, PANAChE 
(https://panache.ninds.nih.gov), which already includes 
activity information from a number of other ASDs not 
presently evaluated in this drug screening overhaul (e.g. 
phenobarbital).

Methods

Animals and Investigational Compound Testing

Male albino CF-1 mice (18–25 g, approximately 4–6 weeks 
old; Charles River, Kingston, NY) and male albino 
Sprague–Dawley rats (250–300 g or 9–11 weeks old, kin-
dling tests; 100–150  g, approximately 5–6  weeks old 
all other tests; Charles River, Raleigh, NC) were used as 
experimental animals. All animals were allowed free access 
to both food (Prolab RMH 3000) and water except when 
they were removed from their cages for the experimental 
procedure. All rats and mice were housed, fed, and han-
dled in a manner consistent with the recommendations 
in the National Research Council publication, “Guide for 
the Care and Use of Laboratory Animals” and animal was 
approved by the University of Utah Institutional Animal 
Care and Use Committee (IACUC). No insecticides capa-
ble of altering hepatic drug metabolism enzymes were used 
in the animal facilities. Except for kindling studies, animals 
were used once.

The investigational compounds were each adminis-
tered in 0.5% methylcellulose (MC). The test compound 
was administered either by the intraperitoneal (i.p.) or 
oral (p.o.) route in a volume of 0.01 ml/g body weight in 
mice and 0.04 ml/10 g body weight in rats. Testing results 
were recorded and quantified as number of animals (N) 
protected/not protected out of the number of mice tested 
(F). Initial qualitative efficacy screening was conducted 
in groups of n = 4 mice or rats. Prior to determining the 
median effective (ED50) or median toxic (TD50) dose of 
an investigational compound, the time of peak effect (TPE) 
was determined with n = 4 animals/time point based on 
the dose used in the qualitative screen that produced the 
greatest protection at the time points evaluated. Animals 
(mice or rats) were treated with the test compound (i.p. or 
p.o.) and evaluated at the following time points (0.25, 0.5, 
1.0, and 2.0  h), or as determined empirically necessary. 
Mice were also checked 72  h after drug administration, 
to rule out any overt effects of a compound on morbidity 

or mortality. Quantification of the ED50/TD50 was then 
conducted at the TPE. Quantification of the ED50/TD50 
was conducted in groups of n = 8 animals by administer-
ing various doses of the candidate drug until at least two 
points could be clearly established between the limits of 0 
and 100% protection/toxicity. The ED50 and/or TD50, 95% 
confidence interval, slope of the regression line, and stand-
ard error of the mean (S.E.M.) of the slope were calculated 
by Probit analysis [32].

Maximal Electroshock Test (MES) in Mouse and Rats

For all MES tests, 60 Hz of alternating current was deliv-
ered for 0.2  s by corneal electrodes. An electrolyte solu-
tion containing an anesthetic agent was applied to the 
eyes before stimulation (0.5% tetracaine HCl). The current 
intensity was species-specific, i.e., 50  mA for mice and 
150  mA for rats. An animal was considered “protected” 
from MES-induced seizures in the absence of the hindlimb 
tonic extension component of the seizure [33–35].

6 Hz Mouse Test

Investigational compounds were screened for their ability 
to block psychomotor seizures induced by a low-frequency 
(6 Hz), long-duration (3 s) stimulus delivered through cor-
neal electrodes. Mice were challenged with a 44 mA cur-
rent (twofold increase from the convulsive current that 
elicits seizures in 97% of CF-1 mice [6]). The seizure was 
characterized by an initial momentary stun followed imme-
diately by forelimb clonus, twitching of the vibrissae, and 
Straub tail [6]; absence of these behaviors were the criteria 
for a “protected” mouse.

Corneal Kindled Mouse

Male CF-1 mice were kindled electrically with a 3  s, 
3 mA, 60 Hz corneal stimulation to a criterion of 5 con-
secutive Stage 5 seizures (facial clonus and head nodding 
progressing to forelimb clonus, and finally rearing and 
falling accompanied by a generalized clonic seizure [36]). 
Stage 5 was reached after twice daily corneal stimulation 
for 8–10  days. Twice daily stimulations continued until 
each mouse had achieved the criterion of 5 consecutive 
stage 5 seizures, whereby it was considered “fully kin-
dled”. Fully kindled mice were then stimulated every-
other day until all other mice within the group reached the 
criterion of 5 consecutive Stage 5 seizures. Any mouse 
not achieving the fully kindled state was not included in 
any evaluation of investigational compounds. Testing of 
investigational compounds commenced at least 5–7  days 
after the last corneal stimulation necessary for all mice 
to be fully kindled. Mice were stimulated the day before 

https://panache.ninds.nih.gov
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testing to ensure the consistency of Stage 5 seizure. On 
the testing day, mice displaying a seizure score ≤ 3 were 
considered protected. Unlike acute seizure tests, each cor-
neal kindled mouse was allowed at least 3–4 days between 
tests to “washout” any investigational compound after 
testing.

Minimal Motor Impairment

To assess the potential for adverse side effects, animals 
were visually evaluated for overt impairments of neurologi-
cal or muscular function. In mice, the rotorod was used to 
identify minimal motor impairment (MMI [37]). A mouse 
can maintain its equilibrium for long periods of time on a 
rod that rotates at a speed of 6 rpm. The animal was consid-
ered toxic if it fell off this rotating rod three times during a 
1 min period. In rats, MMI was indicated by visual assess-
ment of motor coordination and normal behaviors. All 
animals are observed for motor coordination and behavior 
prior to drug administration. Evidence of ataxia, and/or 
abnormal, uncoordinated gait at the time of peak anticon-
vulsant efficacy of the compound are sufficient to indicate 
toxicity. In addition to MMI, animals may exhibit a circu-
lar or zigzag gait, abnormal body posture and spread of the 
legs, tremors, hyperactivity, lack of exploratory behavior, 
somnolence, stupor, catalepsy, loss of placing response, 
and changes in muscle tone. A rat was considered impaired 
if it displayed two or more of these abnormal behaviors, 
in addition to evidence of ataxia and/or abnormal, uncon-
trolled gait.

Open Field Activity Monitor of Rats

An automated open field activity assessment was performed 
by an experimenter blinded to treatment condition fol-
lowing administration of the investigational agent prior to 
determining the behaviorally-impairing dose (e.g. TD50). 
In this assay, each rat was administered the test compound 
and visually evaluated for MMI (approximately 1–2  min 
of evaluation) at the TPE. Immediately after the subjective 
MMI determination, the rat was placed into an open field 
Plexiglas chamber (40L × 40 W × 30 H cm) equipped with 
infrared sensors to detect animal movement for 10  min. 
During the 10 min period, the total distance travelled (cm), 
vertical activity counts, and horizontal activity counts were 
measured and recorded by the automated computer system 
[11]. A vehicle-treated control cohort of n = 8 rats was run 
within 24 h of the candidate compound-treated rodents at 
the various doses needed to complete a TD50. The effects 
of an investigational agent on open field activity were com-
pared to MMI scores, as well as vehicle-treated controls, to 

provide an automated dose–response evaluation of motor 
performance following administration of an investigational 
agent.

In Vitro Slice Electrophysiology Studies

Male rats (100–150 g) were treated with systemic low-dose 
administration of KA until sustained seizure activity (status 
epilepticus, SE) was achieved [25]. Vehicle (0.9% saline) or 
KA (5 mg/kg, i.p.) was administered once every hour until 
animals began to exhibit behaviors consistent with early 
stage seizures (Stage 1–3). Seizures were scored during the 
experiment based on the Racine scale [38]. Once an animal 
began to seize, dosing was ceased or reduced to 2.5  mg/
kg (i.p.) to maintain a seizure frequency of least one Stage 
4/5 seizure per hour for over 3.5 h. Animals not having at 
least one Stage 4 or 5 seizure per hour were not included. 
After 3.5 h of monitoring, rats were given an i.p. injection 
of lactated Ringer’s solution (1–2 mLs) for hydration and 
returned to their home cages until sacrifice for in vitro test-
ing 2 weeks later.

A combined medial entorhinal cortex (mEC)/hippocam-
pal (HC) slice preparation was then obtained from surviv-
ing rats (150–180  g). On the day of sacrifice, rats were 
anesthetized with pentobarbital (35  mg/kg), decapitated, 
and brains quickly removed. The brains were immediately 
placed, for one minute, in an ice-cold, oxygenated (95% 
 O2/5%  CO2) Ringer’s solution containing, (in mM): sucrose 
(125.0), KCl (3.0),  NaPO4 (1.2),  MgSO4 (2.0),  NaHCO3 
(26.0), glucose (10.0), and  CaCl2 (2.0) [39]. Horizontal 
Sect. (400 µm) containing the mEC and HC were taken and 
placed in a holding chamber for at least 1  h before com-
mencing field potential recording. The oxygenated Ringer’s 
solution in the holding chamber, and for recording, had 
NaCl (126 mM) instead of sucrose, pH 7.4 and osmolarity 
of 300–310 mOsm.

Extracellular field potential recordings were then 
made in Layer II of mEC with borosilicate glass elec-
trodes (3–6 MΩ) filled with normal Ringer’s solution. A 
concentric bipolar or twisted nichrome/formvar stimulat-
ing electrode placed in the angular bundle was used to 
elicit field potential responses. Signals were filtered at 
1  kHz, sampled at 10  kHz, and acquired for computer 
storage using a Digidata 1440  A AD Converter (Axon 
Instruments). Voltage pulses of 1–20  V were adminis-
tered using a stimulus isolator unit. A PC with pClamp 
10 software was used to record all data for analysis. Only 
slices that generated stable I/O responses throughout the 
baseline recording period were accepted. The extracellu-
lar solution was then switched to one containing 6  mM 
KCl and 0.1  mM  Mg2+ in order to elicit spontaneous, 
electrographic burst activity (SB). The rate and duration 
of SB was compared between vehicle- and investigational 
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compound-treated periods of recording. Concentra-
tion–response profiles were quantified for median con-
centration necessary to inhibit bursting activity (IC50) 
for any compound found to significantly attenuate burst 
activity in the initial screen.

Investigational Compounds

Investigational compounds were purchased from com-
mercial suppliers and formulated in 0.5% methylcellulose 
vehicle (Sigma, catalog #M0430). The investigational 
compounds were: acetaminophen (Spectrum Chemi-
cal Company, catalog #A1278); carbamazepine (Sigma, 
catalog #C4024); levetiracetam (Sigma, catalog #L8668); 
retigabine (Sigma, catalog #90221); clobazam (Sigma, 
catalog # C8414); tiagabine (Sigma, catalog #SML0035); 
 N6-cyclopentyladenosine (Sigma, catalog #C8031); meta-
chlorophenylpiperazine (Sigma, catalog #125180); valp-
roic acid (Sigma, catalog #P4543). The compounds were 
formulated as either solutions (valproic acid, levetiracetam) 
or as suspensions (all others). While all investigational 
compounds were tested in a blinded fashion and quanti-
fied in their entirety within the ETSP, only the results with 
carbamazepine, clobazam, levetiracetam, and valproic acid 
will be extensively discussed herein. The results with the 
remaining compounds, e.g. retigabine and tiagabine, have 
been discussed previously [6, 8], or will be presented in 
greater detail elsewhere.

Timeline of Testing

All compounds were evaluated and quantified in their 
entirety within the ETSP Identification phase of testing 
during the period of August–December 2015. The entirety 
of the dataset will be made freely available on the NINDS-
sponsored PANAChE database (https://panache.ninds.nih.
gov).

Statistics

All median effective/toxic doses were quantified by the 
Probit method originally described by Finney and col-
leagues [32]. The frequency and duration of in  vitro 
spontaneous bursts in the presence and absence of each 
investigational compound was measured for analysis by 
Student’s t test, with statistical significance defined as 
p < 0.05. The open field activity assay was quantified by 
one-way ANOVA, with p < 0.05 considered statistically 
significant. With the exception of Probit calculations and 
in vitro bursting activity analysis (pCLAMP), all statisti-
cal analysis was conducted in GraphPad Prism version 5.0 
or later.

Results

Modified Testing Protocol for Pharmacoresistant 
Epilepsy

Based on the recommendation from the 2015 NINDS 
Working Group report to develop novel therapies for drug 
refractory epilepsy, the ETSP testing approach was revised 
to identify therapies effective in models of pharmacoresist-
ant seizures. To achieve this goal, the following models 
were prioritized in the ETSP testing approach (Fig. 1):

•	 Assays in the initial Identification phase (which will 
be the focus of the present manuscript) include MES 
(mouse and rats), 6 Hz 44 mA (mouse), corneal kindled 
mouse, and the spontaneous bursting hippocampal slice 
(rat).

•	 Assays in the Differentiation phase include the LTG-
resistant amygdala-kindled rat, intrahippocampal KA 
mouse model of MTLE, and the chronically-epileptic 
rat with video-EEG monitoring.

•	 Other current efforts in the program, including screen-
ing in Theiler’s virus-treated mice (a model of viral 
encephalitis associated epilepsy) and models for identi-
fying antiepileptogenic agents, are also not included in 
this present manuscript. Prior validation has been previ-
ously conducted and reported [40–42].

The revised testing approach (Fig.  1) focuses on early 
evaluation in mouse models of generalized seizures (MES) 
or pharmacoresistant seizures (6 Hz 44 mA) with additional 
opportunities to identify efficacy of novel compounds in 
more etiologically-relevant rodent models of chronic net-
work hyperexcitability (corneal kindled mouse) and in an 
in  vitro assay (rat spontaneous bursting slice). Successful 
progression of a compound through the Identification phase 
would lead to the evaluation for activity against pharma-
coresistant seizures in epileptic substrates; e.g. LTG-resist-
ant amygdala-kindled rat, the post-intrahippocampal KA 
MTLE mouse [18], and rat model of KA status epilepticus-
induced spontaneous recurrent seizures.

Identification and Quantification of Activity in Mice

The activity of the investigational compounds was evalu-
ated in a blinded fashion (compounds were assigned the 
identifiers of A–J only) and provided to technical staff in 
uniform amber vials. The activity of an investigational 
compound was first assessed in the MES and 6 Hz 44 mA 
assay following i.p. and p.o. administration. Oral activity 
has now also been prioritized to circumvent any potential 
confounding effects of i.p. formulation (e.g. solution vs. 
suspension), as well as to provide more clinically-relevant 
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route of administration information early in the drug dis-
covery process. Activity was determined at 0.5 and 2 h post 
drug administration in these assays using default doses of 
30, 100, and 300 mg/kg (i.p. or p.o.; Table 1). It should be 
noted that NINDS has, at any point, the ability to custom-
ize the dose range based on known pharmacology or phar-
macokinetic parameters of a candidate compound. Com-
pounds found to exhibit activity in any portion of the initial 
identification were determined to be “hits” and were then 
candidates for quantitative evaluation studies in the appro-
priate assay and route of administration (Table 1).

Acetaminophen exhibited no activity in any mouse 
screening assay (MES or 6  Hz) following either route 
of administration (p.o. or i.p.); therefore, this compound 
was advanced to the corneal kindled mouse, to determine 
whether protection could be observed in an epileptic sub-
strate (discussed below). The initial screening doses of 
CLB were reduced to 3, 10 and 30 mg/kg (i.p. and p.o.), 
as would be standard practice for compounds from known 
mechanistic classes, such as the benzodiazepines. CLB 
exhibited activity in the MES and 6  Hz screens follow-
ing administration by both routes; motor impairment was 
only detected following i.p. administration. As would be 
expected, CBZ demonstrated activity, as well as toxicity, in 
all aspects of the initial screen at the default doses tested 
(Table 1). Neither LEV nor VPA demonstrated activity in 
the MES identification screen (i.p. or p.o.), but did demon-
strate activity in the 6 Hz assay (i.p.). In contrast to LEV, 
VPA did not demonstrate activity in the 6 Hz 44 mA assay 
following administration by the oral route.  N6-CPA demon-
strated activity in all initial screens, albeit the starting doses 
were reduced to 3, 10 and 30  mg/kg based on the robust 
activity of this mechanistic class [43]. Lastly, m-CPP dem-
onstrated adverse effects in the screening assay at the doses 
tested (reduced to 3, 10, and 30 mg/kg), albeit one out of 
four mice were protected in the MES test at 10 and 30 mg/
kg. Because of this potential activity and the fact that this 
compound had not yet been evaluated in the ETSP, follow 
up studies with i.p. administration of m-CPP were con-
ducted to define the potential for activity and toxicity in the 
initial mouse identification assays (Table 1). Furthermore, 
m-CPP is an example of a compound of sufficient mecha-
nistic novelty to warrant further evaluation in the revised 
ETSP testing approach. These data demonstrate that the 
mouse identification and quantification approach using the 
MES and 6 Hz 44 mA tests as first-line screens can effec-
tively identify a broad range of mechanistically-rich com-
pounds so as to inform on follow-on evaluations in naïve 
rats, as well as further evaluations in etiologically-relevant 
rodent models of epilepsy (e.g. corneal kindled mouse and 
LTG-resistant rat).

The quantitative assays allow for the determination of 
protective index (PI; ED50/TD50), which may inform on 

the extent of an investigational compound’s safety margin. 
 N6-CPA demonstrated robust potency in the mouse assays. 
In the MES test, the i.p. ED50 for  N6-CPA was determined 
to be 1.01  mg/kg, but the TD50 was 0.94  mg/kg. There-
fore, the i.p. PI of  N6-CPA was less than 1.0 in the MES 
test. However, in the 44 mA 6 Hz test, the i.p. ED50 was 
0.19 mg/kg, giving an i.p. PI of 4.95 in this assay. The oral 
route of administration with  N6-CPA demonstrated similar 
activity: MES ED50 of 4.43 mg/kg and TD50 of 6.94 mg/
kg (PI of 1.56). In the 6 Hz 44 mA test, the oral route ED50 
with  N6-CPA was 1.36 mg/kg (PI of 5.1). The ED50 (i.p.) 
of m-CPP in the MES and 6 Hz 44 mA test was determined 
to exceed the highest dose tested (60  mg/kg and 55  mg/
kg, respectively). The TD50 (i.p.) was determined to be 
52.6 mg/kg, therefore an i.p. PI for this compound in this 
test was less than 1.0.

Any compound found to be safe and effective in this 
6 Hz assay would become a candidate for evaluation in sub-
sequent Differentiation phase assays, including the LTG-
resistant rat. However, in this validation effort, all com-
pounds that demonstrated efficacy in the initial screening 
(MES or 6 Hz) of the Identification phase were subjected to 
evaluation in the corneal kindled mouse. The exception was 
TGB, which was not evaluated in corneal kindled mouse 
in this screening assay, but has previously demonstrated 
activity in this model [8]. Activity with acetaminophen 
was observed 30 min after drug administration in the cor-
neal kindled mouse, albeit an i.p. ED50 was determined 
to exceed the highest dose tested of 450 mg/kg (Table 1). 
Testing was also stopped at 450  mg/kg because 1 out of 
4 corneal kindled mice died from this high, potentially 
hepatotoxic dose [44]. The doses and protection observed 
with acetaminophen adminstration in the corneal kindled 
mouse were as follows: 20 mg/kg (1/8 protected); 80 mg/
kg (0/8 protected); 120 mg/kg (1/8 protected); 150 mg/kg 
(2/8 protected); 175  mg/kg (0/12 protected); 450  mg/kg 
(3/4 protected, 1/4 death 24-hours later). Lastly,  N6-CPA 
was evaluated for activity in this model of chronic net-
work hyperexcitability. However, doses of 0.1 and 2  mg/
kg resulted in average seizure scores of 4.75 ± 0.25 (SEM) 
and 4.88 ± 0.13, respectively. Thus, no further testing 
was conducted to calculate an ED50 with  N6-CPA in this 
model. Based on the absence of any activity in the mouse 
screening assays, m-CPP was a candidate for evaluation in 
the corneal kindled mouse according to the revised ETSP 
testing flowchart (Table 1). Thus, m-CPP was screened for 
activity in the corneal kindled mouse model. Upon admin-
istration of m-CPP 15 min prior to testing of corneal kin-
dled mice (20  mg/kg, i.p.), no mice (0/8) were protected 
and 3/8 exhibited significant MMI on the rotarod assay. 
Administration of 30  mg/kg (n = 2 mice) and 40  mg/kg 
(n = 1 mouse) m-CPP was also associated with lack of 
protection, and there was significant MMI in all animals 
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tested. Corneal kindled mice treated with m-CPP exhibited 
severe adverse side effects, including splaying, tremors, 
and mortality following seizure at the highest doses tested. 
Thus, no further quantitative testing was conducted with 
m-CPP in the corneal kindled mouse nor in any Differentia-
tion phase models. For reference, the prototype ASDs CBZ 
(6.42 mg/kg, PI of 7.1), CLB (2.53 mg/kg, PI of 10.3) and 
VPA (94.0 mg/kg, PI of >94) were indeed found effective 
in this model and ED50s were determined (Table 1). The PI 
was calculated based on the i.p. TD50 for each compound. 
Thus, this screening approach in mice can effectively iden-
tify prototype ASDs of diverse mechanistic classes, inform 
on the potential for adverse effects liability, as well as dif-
ferentiate compounds for subsequent evaluation in models 
of pharmacoresistant seizures in an epileptic substrate (i.e. 
Differentiation phase tests).

Identification and Quantification of Activity in Rats

The investigational compounds were screened for activity 
in the rat MES test following i.p. and p.o. administration 
(Table 2). In the instance that an investigational compound 
presently under evaluation was an actual investigator-
identified compound submitted to the ETSP, inactivity in 
the mouse screening assays alone would not be sufficient 
to stop further testing, given sufficient rationale or scien-
tific justification. As in the mouse assays, acetaminophen 
did not demonstrate activity in any rat assays, thus further 
in vivo quantitative testing with this compound in rats was 
not pursued.  N6-CPA demonstrated activity in the rat MES 
test following both i.p. and p.o. administration. However, 

only an i.p. ED50 could be quantified (6.7 mg/kg), but the 
TD50 was determined to exceed 10 mg/kg (i.p.; PI of 1.5). 
Interestingly, m-CPP did not exhibit activity in the mouse 
MES test with either route of administration, whereas 
it was found to have activity in the rat MES test. An i.p. 
ED50 was calculated for this compound in this model to be 
37.1 mg/kg; albeit this dose exceeded the i.p. TD50, which 
was determined to be less than 10  mg/kg. Interestingly, 
the standard starting doses used to evaluate VPA (30 and 
100 mg/kg) were likely insufficient in the initial screening 
to identify activity of this compound in rats.

Quantification of Adverse Effects in Rats

In addition to the quantitative evaluation of MMI in rats 
for the calculation of a TD50 following i.p. or p.o. admin-
istration of an investigational compound, quantitation 
of locomotor activity in an open field(OF) is now imple-
mented to objectively determine MMI [11]. The doses of 
each compound in this assay were based on those used for 
the MMI evaluation in rats following i.p. administration. 
The activity of m-CPP and CBZ are presented as exam-
ples (Fig. 2). Both compounds at the doses tested induced 
significant reductions in motor activity, thereby providing 
an additional quantitative evaluation of the extent of motor 
impairment following administration of an investigational 
compound. Administration of m-CPP induced a significant, 
dose-dependent reduction in total distance travelled in the 
OF (F = 35.97, p < 0.0001; Fig.  2a), with post-hoc Dun-
nett’s test demonstrating that both 45 and 60  mg/kg sig-
nificantly reduced exploratory behavior (p < 0.0001, each). 

Table 2  Effect of prototype compounds in rat models of seizure and chronic network hyperexcitability. Effective doses are listed where calcu-
lated (mg/kg)

NC ED50/IC50 Could Not Be Calculated
(+) Effect observed at at least one dose and time point tested
(−) No effect observed at any dose and time point tested
NT Not Tested
*Starting Doses Reduced from Default

Generic name Rat I.P. identifi-
cation

Rat P.O. identi-
fication

Rat I.P. quantification Rat P.O. quantification

ASP ID # MES TOX MES TOX MES (ED50) TOX (TD50) MES (ED50) TOX (TD50)

Acetaminophen 490002 − − − − NT NT NT NT
Carbamazepine* 490003 + + + + 6.5 22.9 10.9 >500
Levetiracetam 490004 − − − − NT NT NT NT
Retigabine* 490005 + + + + 4.01 23.4 12.1 64.4
Clobazam* 490006 − − − − 36.3 15.7 - NT
Tiagabine* 490007 − + − − NT NT NT NT
N6-Cyclopentyladenosine* 490008 + + + + 6.7 <10 >10 >10
m-CPP 490009 + − + − 37.1 <10 - NT
Valproic acid 490010 − − − − NT NT NT NT
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There were similar effects on vertical activity (F = 32.77, 
p < 0.0001; Fig. 2b) and horizontal (F = 90.29, p < 0.0001; 
Fig.  2c); post-hoc analysis showed similar effects of dose 
on both measures (p < 0.0001 all). The effect of CBZ at 
30 mg/kg also induced significant reductions in locomotor 
activity (Fig.  2d–f); effects that are consistent with previ-
ously reported observations with CBZ in this assay [11]. 
Total distance travelled (t = 3.48, p = 0.0045; Fig. 2d), ver-
tical activity (t = 4.73, p = 0.0005; Fig.  2e) and horizontal 
activity (t = 3.81, p = 0.0025; Fig. 2e) were all significantly 
reduced in CBZ-treated rats. The effect of other prototype 
ASDs on rat performance in an open field has been previ-
ously presented in greater detail [11]. Thus, the open field 
activity monitor provides a robust and quantitative means 
to evaluate effects of investigational compounds on explor-
atory behavior and motor performance of rats in an unbi-
ased, automated fashion.

Identification and Quantification of Activity Against 
Spontaneous Bursting in the Hippocampal Slic

The in vitro spontaneous bursting slice from post-KA SE 
rats is positioned as a “last-chance” approach to identify 
the activity of an investigational compound against phar-
macoresistant seizure-like activity when all other first-line 
in  vivo screening studies have not demonstrated efficacy. 
Nonetheless, all investigational compounds of this present 
validation effort were screened for potential activity against 
spontaneous bursts (100 µM initial concentration; Table 3). 
Any compound found to be effective was then quanti-
fied for activity on spontaneous burst rate and duration 
(Table 3). Acetaminophen, indeed, demonstrated no effect 
in the initial 100  µM screen, thus it was not a candidate 
for further quantification. Of note, VPA also was ineffec-
tive in the initial 100 µM screen (Table 3). However, based 

Fig. 2  Open field activity of rats was quantified by an automated pro-
gram following administration of doses of m-CPP (a–c) or CBZ (d–f) 
that were visually observed to induced minimal motor impairment in 
the subjective MMI screen. a–c Administration of m-CPP induced 
dose-dependent suppression of all outcome measures of motor activ-

ity. ****Indicates significantly different from control, p < 0.0001. d–f 
Administration of a single dose of CBZ induced a robust reduction of 
motor activity in the open field, consistent with previous reports for 
this compound at a similar (33 mg/kg) dose [11]. **Indicates signifi-
cantly different from control, p < 0.01; ***p < 0.001
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on the in vivo activity (Tables 1, 2), it would have been a 
candidate for further quantification in this assay in the situ-
ation that VPA was an investigational compound submitted 
to the ETSP by an outside party. All other investigational 
compounds were found to be active at the initial screening 
concentration (100 µM), thus quantification was attempted 
to define the median inhibitory concentration (IC50) on 
spontaneous bursts rate and duration (Table 3) if an IC50 
for that compound had not previously been reported by 
our group (e.g. CBZ and RTG [14]). In support of their 
in  vivo efficacy,  N6-CPA and m-CPP exhibited inhibi-
tory effects on measures of SB activity.  N6-CPA robustly 
inhibited SB rate, with an IC50 of 0.005 µM; effects on SB 
duration were also quite potent, with a calculated IC50 of 
0.19  µM. The calculated inhibitory concentrations on SB 
rate and duration for m-CPP were 384 and 405 µM, respec-
tively (Table  3). Thus, the in  vitro spontaneous bursting 
hippocampal slice model exhibits the potential to identify 
agents that may have antiseizure activity and can effectively 
differentiate the activity of such investigational compounds 
to inform on preclinical development efforts.

Discussion

Based on the 2015 NINDS Working Group recommenda-
tions to identify and target novel therapies for pharmacore-
sistant patient populations, a decision was made to revise 
the preclinical testing approach in use at the NINDS ETSP 
(Fig. 1). In an effort to validate the potential suitability of 
the initial Identification phase of this revised approach, a 
number of mechanistically-diverse, FDA-approved ASDs 
were evaluated in a blinded fashion over the course of 
4  months in autumn of 2015 (Tables  1, 2, 3). Additional 
agents were also selected to interrogate specific mecha-
nisms of action that are hypothesized to be of relevance 

to the management of pharmacoresistant epilepsy [28, 45, 
46]. This included the adenosine A1-type receptor selective 
agonist,  N6-cyclopentyladenosine, and the broadly-acting 
serotonin receptor agonist, meta-chlorophenylpiperazine 
(m-CPP). Lastly, acetaminophen was originally selected 
to act as a negative control due to the similar molecular 
weight (151  g/mol) to valproic acid (144  g/mol), and the 
fact that it had no known in vivo anticonvulsant activity in 
established acute models of seizure (i.e. MES) commonly 
in use for the early identification of promising anticonvul-
sant agents.

Some of the models presently in use in the revised ETSP 
testing platform are resistant to sodium channel-blocking 
agents. However, the barrier to entry into the Differentia-
tion phase is high; the 6 Hz 44 mA test is quite resistant 
to most available ASDs [6]. Indeed, this present report has 
confirmed this earlier finding that levetiracetam exhibits 
limited potency in the 44 mA stimulus intensity 6 Hz test 
(Table  1). The additional models are included to provide 
further characterization and comparative differentiation 
data for any compound that is determined to demonstrate 
efficacy in this assay, or the MES, corneal kindled mouse, 
or spontaneous bursting hippocampal slice. With this iden-
tification phase data in mind, effective compounds can then 
be advanced to the Differentiation phase assays, which 
include the LTG-resistant amygdala-kindled rat, intrahip-
pocampal-KA mouse model, and the post KA-SE rat model 
of epilepsy. However, the kainate rat is also not without 
limitations from a drug-discovery and screening perspec-
tive: the size of rodents will require large amounts of drug 
for chronic administration and pharmacological profile is 
the less well-characterized [26, 47]. Therefore, the Iden-
tification and Differentiation phase tests were selected to 
develop a differentiation profile of a promising investiga-
tional antiseizure drug, but this is not to say that selected 
models available within the ETSP are the only models 

Table 3  Effect of prototype 
compounds on spontaneous 
bursting of a mEC-HC slice 
derived from adult rats 
following KA-induced SE. 
Effective concentrations are 
listed where calculated (µM)

NC IC50 not calculated; inactive at 100 uM screen concentration
N/A Activity observed but IC50 not presently reported (see [22])
(+) Effect observed at 100 uM screening concentration
(−) No effect observed at 100 uM screening concentration

Cmpd ID Generic name In vitro Post-KA rat bursting slice

ASP ID # ID SB rate: IC50 
(uM)

SB dura-
tion: IC50 
(uM)

A Acetaminophen 490002 − NC NC
B Carbamazepine 490003 + N/A N/A
D Retigabine 490,005 + N/A N/A
G N6-Cyclopentyladenosine 490,008 + 0.005 0.19
H m-CPP 490,009 + 384 405
J Valproic acid 490,010 − NC NC
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that should be used for drug discovery and development 
purposes.

The results of this evaluation of the Identification phase 
demonstrate a number of opportunities to identify novel 
pharmacotherapies for the treatment of pharmacoresistant 
seizures in patients. First, this testing strategy represents a 
leaner approach to drug screening supported by the ETSP: 
extraneous in vivo tests are removed, total animal numbers 
are reduced, compound requirements are minimized, and 
testing timeframe for investigators is shortened. The Iden-
tification phase now places greater emphasis on the early 
identification of efficacy in the MES test and 6 Hz 44 mA 
test in mice. However, should a compound fail these ini-
tial screens in naïve rodents, “fail safes” in relevant disease 
models are available (e.g. corneal kindled mouse and/or 
spontaneous bursting hippocampal slice from rats). Sec-
ond, this approach may indeed identify mechanistically-
diverse pharmacotherapies. This hypothesis is supported 
by the presently reported results for evaluation of numer-
ous compounds in the Identification phase, which dem-
onstrated differentiation between approved ASDs and 
mechanistically-relevant agents, including acetaminophen, 
 N6-CPA and m-CPP. By including the in vitro spontaneous 
bursting hippocampal slice derived from post-SE rats, com-
pounds that may have metabolic or brain penetration chal-
lenges may still be evaluated for efficacy with the potential 
to demonstrate activity in an etiologically-relevant model 
of pharmacoresistant seizure-like activity [14]. Indeed, 
should a compound with a unique mechanism of action 
require proof of concept demonstration of ability to sup-
press seizure-like activity, the spontaneous bursting slice 
assay can provide such a suitable platform. Third, empha-
sis is placed on the earlier identification of oral activity of 
investigational compounds; this may provide more infor-
mation to the compound’s sponsor to accelerate the drug 
development process. Fourth and finally, this screening 
approach demonstrates greater stringency in compound 
evaluation. Indeed, LEV and VPA may have been missed 
in the early Identification phase screens in mice (e.g. MES 
and 6 Hz assay), but subsequent fail safes such as the cor-
neal kindled mouse and bursting hippocampal slice would 
provide opportunities to reevaluate potentially efficacious 
agents in an epileptic substrate. Placing greater reliance on 
the MES and 6 Hz 44 mA test may miss compounds such 
as LEV and VPA at the screening doses presently in use 
[6], but compounds like brivaracetam may not be missed 
[20, 48]. However, the clinical impact of brivaracetam in 
pharmacoresistant patient populations awaits further evalu-
ation. Ultimately, this screening approach was designed to 
attempt to identify compounds efficacious against pharma-
coresistant seizures, in both acute models and in models of 
chronic network hyperexcitability. While acetaminophen, 
 N6-CPA, and m-CPP exhibited interesting activity profiles 

in the Identification phase of this screening approach, it 
remains to be determined what their activity profiles will be 
in the Differentiation phase of this revised testing approach. 
Given the adverse effects and mortality associated with 
m-CPP administration to corneal kindled mice, however, 
further studies with this compound would be approached 
with strong caution. Moreover, whether other compounds 
that interrogate the adenosine and serotoninergic system 
will exhibit improved activity profiles in either portion of 
this screening approach is undefined. Whether other mech-
anistic classes, e.g. anti-inflammatory or epigenetic modi-
fiers, may also demonstrate activity in the Identification 
phase of this revised approach also awaits further study. 
Nonetheless, the overhaul of the ETSP testing approach 
now places greater emphasis on the utilization of relevant 
models of pharmacoresistant seizures to provide a poten-
tially more appropriate platform for the early identification 
and differentiation of transformative therapies for individu-
als with epilepsy.

The novel findings of this present report include the 
anticonvulsant activity profiles of  N6-CPA, m-CPP, and 
acetaminophen in established in vivo and in vitro models of 
seizures, including pharmacoresistant seizures. We defined 
the ED50s of  N6-CPA in several mouse and rat models of 
seizures, as well as corresponding activity information in 
an in vitro model of pharmacoresistant spontaneous burst-
ing. These results align closely with prior reports for activ-
ity of adenosine A1-type receptor agonists on seizures 
[49, 50], as well as clinical evidence that adenosine itself 
exhibits rapid endogenous anticonvulsant activity [51]. 
On the contrary, m-CPP demonstrated mixed activity in 
the in vivo and in vitro assays presently evaluated. In both 
the mouse and rat assays, motor impairment was detected 
prior to significant reductions in seizure activity, albeit an 
ED50 was successfully quantified in male rats in the MES 
assay. Furthermore, m-CPP was associated with signifi-
cant adverse side effects in  vivo. While m-CPP did dem-
onstrate in vitro efficacy against spontaneous bursts, there 
is no corresponding output of motor impairment in such a 
slice preparation. Thus, m-CPP likely possesses antiseizure 
activity mediated through modulation of the serotonergic 
system, but this compound also induces significant adverse 
motor impairment that would likely make it unsuitable for 
future preclinical studies. Nonetheless, the present in vitro 
and in vivo results with m-CPP support a growing body of 
evidence to indicate that stimulation of 5-HT receptors may 
become a novel means to suppress seizures and seizure-like 
activity [28, 30]. Indeed, fluoxetine, a selective serotonin 
reuptake inhibitor, can potentiate the effects of VPA in the 
MES and subcutaneous pentylenetetrazol tests in mice [52, 
53]. Whether augmenting serotoninergic tone in more eti-
ologically-relevant models of seizure, such as the corneal 
kindled mouse, or Differentiation phase assays, like the 
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LTG-resistant amygdala-kindled rat, will demonstrate an 
ability to further enhance the activity of traditional ASDs 
clearly remains to be defined. Future studies with specific 
serotonin receptor subtype-targeting compounds, whether 
alone or in combination with traditional ASDs, in these and 
other models of seizure may indeed further demonstrate the 
preclinical suitability of this novel mechanistic class for 
anticonvulsant efficacy.

In contrast to the approved ASDs, m-CPP and  N6-CPA, 
acetaminophen was originally selected to serve as a nega-
tive control for activity in these acute seizure models. We 
presently demonstrate that acetaminophen indeed exhib-
ited no acute effects on MES seizures in rats or mice, as 
well as no effects against 44 mA 6 Hz seizures in mice. We 
presently report some acute anticonvulsant activity with 
acetaminophen in the corneal kindled mouse, albeit an 
ED50 was determined to exceed the highest dose protected 
(450 mg/kg; Table 1); a dose which may be associated with 
hepatotoxicity in mice [44]. Interestingly, acetaminophen 
has been reported to inhibit status epilepticus (SE)-like 
activity in  vitro at a concentration of 500  µM [54]. The 
reported mechanism underlying the effects of acetami-
nophen in that study was postulated to proceed through 
inhibition of CB1 receptors [54]. However, we did not 
identify any acute effects of acetaminophen on spontane-
ous bursting in vitro at concentrations up to 1000 µM, how-
ever a concentration of 3000  µM did induce a small, but 
significant increase in the amplitude of spontaneous bursts 
(Fig. 2). The physiological relevance of such an amplitude 
increase at likely hepatotoxic concentrations is ultimately 
questionable. Furthermore, the study from Deshpande and 
DeLorenzo utilized cultured hippocampal neurons derived 
from postnatal day 2 rat brains, whereas the present study 
utilized spontaneous bursting activity from mEC-HC slices 
derived from adult rats lesioned in vivo with KA to induce 
SE prior to slice collection [14]. In light of the in vivo and 
in vitro inefficacy of the present study, these data suggest 
that acetaminophen likely does not directly inhibit pro-
cesses underlying pharmacoresistant seizures at non-toxic 
doses, either in vivo or in vitro.

These present results further support the diverse screen-
ing approach in use by the NINDS ETSP to identify novel 
therapies for pharmacoresistant epilepsy. Altogether, we 
now demonstrate the pharmacological validation of the 
Identification phase of this testing approach using numer-
ous mechanistically-diverse ASDs and compounds of pre-
clinical interest to the treatment of epilepsy. These studies 
suggest that the Identification phase of this testing plat-
form may identify numerous compounds to be advanced 
to further differentiation studies in etiologically-relevant 
models of epilepsy. Importantly, the key modifications that 
have been implemented by NINDS ETSP include the use 
of the corneal kindled mouse and bursting hippocampal 

slice in the Identification phase of testing. As both models 
exhibit “epilepsy-like” characteristics, they may ultimately 
prove useful to identify compounds that would otherwise 
be missed in traditional models of seizure in naïve rodents 
(e.g. MES and 6 Hz tests). Indeed, we now confirm that the 
Identification phase itself provides useful differentiation 
data that would be sufficient to advance the most promising 
compounds to more labor-intensive, etiologically-relevant 
models of pharmacoresistant epilepsy. It is anticipated that 
future screening in this staged approach will likely identify 
and advance compounds through numerous diverse paths, 
all of which will carry the potential to be transformative for 
the patient with pharmacoresistant epilepsy.
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