178 Drug Discoveries & Therapeutics. 2012; 6(4):178-193.

Review

An overview on antiepileptic drugs

DOI: 10.5582/ddt.2012.v6.4.178

Nirupam Das, Meenakshi Dhanawat, Sushant K. Shrivastava™

Department of Pharmaceutics, Indian Institute of Technology, Banaras Hindu University, Varanasi, India.

ABSTRACT: Epilepsy is the most common chronic
neurological disorder of the brain. For several decades
different kinds of medications have been used to treat
epilepsy. Even though many surgical advances has
been made and implemented, medications remain the
basis of treatment. The search for noble antiepileptic
drugs (AEDs) with more selective activity and
lower toxicity continues to be an area of intensive
investigation in medicinal chemistry. Additionally,
drug resistance is an important clinical problem
in epilepsy and is associated with an increased risk
of morbidity and mortality. This review intends
to present a comprehensive overview on AED in
particular along with discussion on some aspects of
associated drug resistance and combination therapy.
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1. Introduction

Epilepsy is a chronic neurological disorder in which
clusters of nerve cells, or neurons, in the brain sometimes
signal abnormally that may remain localized (focal
epilepsy) or become widespread (generalized epilepsy).
The term epilepsy is derived from the Greek word
epilepsia, which means "falling sickness" and can be
called "seizure", "ictus", or "convulsion" (/). Both the
electrical and the behavioral aspect of seizures can be
quite variable and complex, even in a single patient.
Seizures can be caused by a variety of pathologic
conditions, including acquired injuries and genetic
abnormalities. In addition, many physiologic disturbances
of brain function can produce seizures and the prevalence
of epilepsy varies from adults to children (2). Three to
five percent of the population has a seizure sometime in
their life and half to one per cent of the population have
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'active epilepsy'. The heterogenicity of epilepsy makes it
difficult to establish precise epidemiological statistics (3).

Etiology of epilepsy. Approximately 60% of all
epilepsies are idiopathic. Almost any type of brain
pathology can cause seizures/epilepsy. The underlying
etiology is numerous and the abnormalities may range
from symptomatic seizures due to tumor, infection, and
trauma to cryptogenic forms. Cerebrovascular disease is
the most commonly identified cause among adults, while
prenatal insults seem to be most common among children
(4). An imbalance between glutamate and y-aminobutyric
acid (GABA) neurotransmitter systems can lead to
hyperexcitability. Catecholaminergic neurotransmitter
systems and opioid peptides are also shown to play a
role in epileptogenesis (5). Enhancement of excitatory
transmission and simultaneous failure of inhibitory
mechanisms together with changes in intrinsic neuronal
properties results in repetitive neuronal discharges (6).
Additionally, innate immunity/inflammation, adaptive
immune responses, and inflammation markers including
autoantibodies also play a role in the pathophysiology of
several types of epilepsy (7).

Classification. Classification of epilepsy is the
foundation for treatment. Several neuropsychiatrists with
a special interest in epilepsy put forward the idea that the
existing systems of classification of psychiatric disorders
and personality disorders are inadequate as far as epilepsy
is concerned. Classification of seizure type is dependent
on the accuracy of history, availability and sophistication
of diagnostic tests used, and age at which the patient's
seizure type was classified. International Classification
of Epileptic Seizures System (ICES) was introduced
in 1970 and revised in 1981. Generally seizures can be
classified as partial, generalized, and unclassified ones.
The Commission on classification and terminology
of the International League Against Epilepsy (ILAE)
recently recommended new terminology and concepts
on focal and generalized epilepsy. According to etiologic
classification, viz., the idiopathic, symptomatic, and
cryptogenic forms of epilepsy have been conceptualized
as genetic, structural/metabolic, and unknown forms of
epilepsy (8). A general classification of epilepsy is shown
in Figure 1.

Global burden. The WHO global burden of disease
(GBD) 2004 update estimates that about 40 million
individuals globally have epilepsy. Inclusion of epilepsy
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Figure 1. The classification of epilepsy.

caused by other disease or injury may increase the
total number of persons affected in the world to about
50 million (9). The incidence of epilepsy in developed
countries is between 40-70/100,000/year and the ratio
is much higher (120/100,000/year) in resource poor
countries (10).

Medication. An appropriate diagnosis together with
proper selection and utilization of currently available
antiepileptic drugs (AEDs) is necessary for therapeutic
success in the management of epilepsy. With the
range of drugs currently available, there are immense
opportunities for patient-tailored drug therapy. However
the management of epilepsy is primarily based on
optimum use of AEDs with the choice of drugs varying
considerably among physicians and across countries. The
choice is primarily based on evidence of efficacy and
effectiveness for the individual's seizure type, but other
patient-specific factors, including age, sex, childbearing
potential, adverse-effect profile, comorbidities, and
concomitant medications are also needed to be considered
(11). Further, better understanding of pharmacoresistance
would help to replace the current empiricism with a more
patient-centric approach towards the management of

epilepsy.
2. Antiepileptic drugs (structures see Figure 2)

Bromides were the first medication introduced by Sir
Charles Locock in 1857 to provide control for seizures.
Bromides were rendered obsolete due to their side
effects and are being replaced by newer therapeutics.
However, it has now been re-established as an add-
on therapy in some selected cases of intractable
generalized tonic clonic seizure (/2). Phenobarbital
(PB) (1912) (1), a member of the barbiturate class
serendipitously discovered by Alfred Hauptmann was as
effective as bromides with a less toxic profile, is easier
to administer and subsequently replaced the bromides.
Primidone (2) is another member of the same family
whose mechanism of antiepileptic action is not known.
Primidone per se has anticonvulsant activity as do its
two metabolites viz., PB and phenylethylmalonamide
(PEMA) (3). In the 1930s, the introduction of
sulfanilamide was a major medical advance, but in
1937 a sulfanilamide preparation containing diethylene
glycol was one of the most consequential mass
poisonings of the 20th century known as the elixir
sulfanilamide disaster. This led to new regulations for

the preparation, safety, testing, labeling, distribution,
and marketing of drugs. Hydantoin (glycolylurea)
was first isolated in 1861. The precise mechanisms
by which hydantoins work are unknown, but they are
thought to exert their therapeutic effect by depressing
abnormal neuronal discharges in the central nervous
system (CNS). The hydantoins include phenytoin
(Dilantin®) (4) and mephenytoin (Mesantoin®).
Phenytoin (5,5-diphenylhydantoin, dilantin; 1938)
known as the 'miracle' drug of its day was discovered
by H. Houston Merritt and Tracy Putnam. This drug
was used as a first choice, or when phenobarbital failed.
It was one of the most widely used drugs, effective
in tonic-clonic and partial seizures. An unknown
substance positive to ninhydrin was found in 1949 by
Roberts and Frankel in chromatographed fresh human
brain tissue, which was later identified as GABA,
the inhibitory neurotransmitter (/3). The discovery
of valproate's effectiveness as an AED created a new
therapeutic paradigm. This drug was thought to be
effective in enhancing GABA in the nervous system,
and became one of the first drugs in which a mode
of action was proposed. This drug has been licensed
in the UK for clinical use since 1973 and in the USA
since 1978. Its own metabolism may be enhanced by
other anti-epileptic agents. In the 1970s and 1980s, the
AEDs most frequently used to prevent seizures were
phenobarbital, phenytoin, and carbamazepine. Later
on they were found to cause major malformations,
microcephaly, growth retardation, and distinctive
minor abnormalities of the face and fingers in infants
exposed to them during pregnancy. Gabapentin (5)
(Neurontin®), marketed in the U.S. in 1993, was the first
approved AED not metabolized in the liver, making
drug interactions a lesser problem. The mode of action
of gabapentin is largely unknown (/4). Parker et al.
(2004) (15) demonstrated that gabapentin selectively
activates presynaptic GABA; heteroreceptors. Recent
studies suggest that it interacts with an auxiliary a2f3
subunit of voltage-sensitive calcium channels and
inhibits the calcium currents leading in turn to reduced
neurotransmitter release and attenuation of postsynaptic
excitability (/6). Carbamazepine (Tegretol®) (6) is
considered as a drug of choice for tonic clonic seizures,
partial seizures, and trigeminal neuralgia. It works by
decreasing nerve impulses that cause seizures and pain.
Succinimides such as ethosuximide (Zarontin®) (7) and
methsuccimide (Celontin®) are also widely used for
absence (petitmal epilepsy) seizures. Another class of
compounds that are widely used in the management
of epilepsy is benzodiazepines (BDZs). Clinical
advantages of these drugs include rapid onset of action,
high efficacy rates and minimal toxicity. Among
the approximately 35 BZDs available, clorazepate
(Tranxene®) (8) has a distinctive and favorable profile
that includes a long half-life of its active metabolite and
slow onset of tolerance (/7). Standard AEDs usually

www.ddtjournal.com



180 Drug Discoveries & Therapeutics. 2012; 6(4):178-193.

H
N O o o H
r o} - O N0
HN H,N o O HzN/Ej\COOH \’IC §
o O/}—NH O//LNH2 H;C o
[51

[6] [7]

Lipophilic Anchor
pop
SAI|phat|c Chain
OH A N|peco ic ACId

ﬂICOOH Cl1 ; T \N .i :.

[11 [2] [3] [4]
H O
e 8
clN ’ OWCHz HsC
NH,
O [8] 9] * oy [11] [12]

NN NHz 0 NH,
\?/ 0 CH,0S0,NH, &
' (0] (0]
O NH, g, c? CH N
HzN 0 o NH2 HZN (o) (o) NH2 ©/\/ N1 3 \{\ (f 0"/ 3 0

I
CH; CH, M
H NH,

[13] [14] [15] [16] [17]

= 2
“ O, O d A F
CH,SO,NH, N N
N N -,
@0 No TTN O @: .

CH,SO,NH, OCH

~_NH,
”8]\/\[0r m [20] [21] 2] 3 1N

9 T
o CHO-C-CyHj;s (|?=0
I =
C—O0-CH CH (0]
Q < cH, o
CH0-P-OCH,N*(CH;); | \
o _CH, HyC
H;C H
[24] [25] [26] [27] [28] [29]

HsC O H NH CH;0 N C N
Ny O N2 NH¢ O N
N H, oo A=Y “ CH,0H
B~NH, HO O/\g NIY, s ?
(0]
F

(30] [31] [32] [34] 1351

Substituted aryloxyphenyl 2‘535‘““‘3‘1 amino amide

Ny N
.\/\/\ . ! NHy__ 5 F\©/\O©/\H (¢}

Milacemide as a-amino amide scaffold Safinamide (PNU 151774E)

[33]

. QO
SNOYN o)
~Ao Ny V2 HZN/b/\COOH
CN H o YCHs
CH,

[39] [40] [41]

Figure 2. Chemical structures of antiepileptic drugs.
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produce side effects in 50% or more of patients treated.
Rare but serious idiosyncratic reactions were reported
which include agranulocytosis, Stevens-Johnson
syndrome, aplastic anaemia, hepatic failure, allergic
dermatitis, serum sickness, and pancreatitis (/8). Once
the seizure type and epilepsy syndrome have been
determined, an AED can be appropriately selected.
During the past decade, a number of new AEDs have
been developed with diverse mechanism of action (Table
1). Most of the AEDs are efficacious for partial-onset
seizures and were originally approved based on their
efficacy as add-on therapy in patients with refractory
partial-onset seizures. For patients with generalized-
onset seizures the choice of therapy is narrower and
includes valproate as well as the newer agents such
as lamotrigine and topiramate. From the last 30 years
many newer drugs were introduced with better safety
profiles. The aim of epilepsy therapy is to keep the
patient free of seizures without interfering with normal
brain function. The currently available armamentarium
of AEDs is discussed below.

Vigabatrin (y-vinyl GABA, Sabril®) (9). Vigabatrin
(VGB), a structural analogue of GABA possesses
a vinyl appendage. It irreversibly inhibits GABA-
transaminase (GABA-T), the enzyme responsible
for the catabolism of GABA, thereby increasing the
whole-brain levels of GABA making it more available
to its receptor site (/9). Thus VGB acts as an indirect
GABA agonist. It has emerged as a first choice AED in
the treatment of refractory epilepsies such as infantile
spasms (also called WEST syndrome), particularly
those accompanied by tuberous sclerosis (20). Long
term vigabatrin treatment is associated with persistent

Table 1. Antiepileptic drugs and their mechanism of action

visual field problems that have led to a reduction in the
use of the drug (27). In order to minimize the chance
of visual field defects, the treatment of infantile spasm
may be started for brief periods at very early onset with
low doses of VGB (22).

Tiagabine (10). Tiagabine (TGB) [(R)-(—)-I-
[4,4-bis(3-methyl-2-thienyl)-3-butenyl]3-piperidine
carboxylic acid hydrochloride] is a nipecotic acid
analogue, into which a lipophilic anchor has been
incorporated to facilitate crossing of the blood-brain
barrier after oral administration. It is a highly selective
and potent inhibitor of GABA transporter 1 (GAT-1)
in presynaptic neurons and glial cells. TGB selectively
increases the amount of the inhibitory neurotransmitter
GABA at the GABAergic synapse and is the first of
its kind to be introduced into clinical practice (23).
Isobolographic analysis of the interactions of TGB
with three conventional AEDs: valproate (VPA),
carbamazepine (CBZ), and phenobarbital (PB) in
amygdala-kindled rats showed synergistic interaction
(fixed-ratio combinations of 1:3, 1:1, and 3:1,
respectively). The study suggested that TGB appears to
be a valuable drug for an add-on therapy of refractory
complex partial seizures in humans (24). However,
a recent study revealed that the efficacy of tiagabine
in newly diagnosed epilepsy is relatively low when
prescribed along with other AEDs. A critical side effect
such as induction of non-convulsive status epilepticus
limits its use (25).

Lamotrigine (Lamictal®) (11). Lamotrigine (LTG), a
triazine derivative that inhibits the release of glutamate
(an excitatory amino acid) has been approved for use as
an adjunct drug in treatment of refractory partial seizure

Drugs Mechanism of action
Vigabatrin Irreversibly inhibits GABA-T
Tiagabine Inhibitor of GAT-1

~Lamotrigine

Carbamazepine, oxcarbazepine, eslicarbazepine
“Felbamate, fluorofelbamate

Carisbamate, rufinamide, losigamone, soretolide, valrocemide
~Topiramate

Levetiracetam, seletracetam, brivaracetam
Zonisamide

"Lacosamide
Ganaxolone
Remacemide
Retigabine

“Safinamide

Stiripentol

Talampanel, perampanel
Pregabalin

Inhibits the release of excitatory neurotransmitter glutamate. It also inhibits
the voltage-sensitive Na' channels (VDSC); Blockade of a4p2-nAChR
Stabilize the inactivated state of VDSC

Inhibits NMDA receptor. Also potentiates GABA-mediated inhibition and
blocks VDSC

Yet to be ascertained

Selectively blocks excitatory synaptic transmission mediated by GluR5
kainate receptors; also acts at VDSC

Interacts with the synaptic vesicle protein 2A

Block sodium channels and reduce voltage dependent T-type Ca’" currents;
also modulates dopaminergic, GABA ergic, and serotonergic systems
Enhances slow inactivation of VDSC and modulates CRMP-2

Positive allosteric modulation of the GABA, receptor

Potent Na™ channel blocker and non-competitive NMDA channel antagonist.
It is a KCNQ K channel opener that involves opening of neuronal Kv7.2
(KCNQ2) voltage activated K channels

Antagonize the Ca®* and Na” channels; also reversibly inhibit MAO-B

It is positive allosteric modulator of GABA , receptor

Non-competitively blocks AMPA receptor

It binds potently to the 02-y subunit, an auxiliary protein associated with
voltage-gated Ca”* channels

A Indicates multiple mechanisms.
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with or without generalized tonic/clonic seizures. It
also inhibits the voltage-sensitive sodium channels
thereby stabilizing the neuronal membrane (26). Recent
studies further suggested that the neuronal a4B2-nAChR
(neuronal nicotinic acetylcholine receptor) is likely an
important target. The blockade of a4p2-nAChR might
represent the mechanism through which LTG effectively
controls some types of epilepsy such as autosomal
dominant nocturnal frontal lobe epilepsy or juvenile
myoclonic epilepsy (27). Among the adverse effects,
idiosyncratic drug reactions, especially skin rashes are
considered fatal and may require discontinuation of the
drug. The parent drug rather than a reactive metabolite
causes LTG-induced skin rashes. Rash is relatively more
common in children than in adults and it is safe when
used in general practice to treat epilepsy inadequately
controlled by other medications. Serious adverse events
were rarely reported and included Stevens-Johnson
syndrome (28). Long term treatment with LTG may
cause hepatic inflammation and it has been found that
dextran conjugate prodrug has the potential to reduce
the hepatotoxicity (29). LTG monotherapy was found
to be an effective treatment for children with newly
diagnosed childhood absence seizures and an extended-
release formulation (LTG-XR) may be given once daily
for increasing compliance (30). Further a randomized,
double-blind, placebo-controlled study reported that
adjunctive therapy with LTG-XR administered once
daily to a target of 200 to 500 mg/day significantly
reduced weekly frequency of primary generalized tonic-
clonic (PGTC) seizures and increased the percentage
of patients with a > 50% reduction in PGTC seizure
frequency (37). A retrospective population-based
study by Knoester ef al. (2005) suggests that LTG
was effective in 40% of the patients with refractory
epilepsy measured by reduction in seizure frequency
and retention time as observed in 165 patients. The drug
is known to have a more favorable side-effect profile
than conventional AEDs (32). An unblinded randomized
controlled trial carried out by the Standard and New
Antiepileptic Drugs (SANAD) study group found
lamotrigine to be clinically better than CBZ, the standard
drug treatment, for time to treatment failure outcomes
and is considered as a cost-effective alternative for
patients diagnosed with partial onset seizures (33).

Oxcarbazepine (TRILEPTAL®) (12). Oxcarbazepine
(OBZ), 10,11-dihydro-10-oxo0-5H-dibenz[b,f]azepine-
5-carboxamide is a prodrug which is activated to
eslicarbazepine in the liver. OBZ is primarily used in
the treatment of epilepsy. It is also used to treat anxiety
and mood disorders and benign motor ticks. OBZ is a
structural derivative of CBZ, with a ketone in place of
the carbon-carbon double bond on the dibenzazepine
ring. This difference helps reduce the impact on the
liver of metabolizing the drug, and also prevents the
serious forms of anemia or agranulocytosis occasionally
associated with CBZ (34).

Felbamate (Felbatol®) (13). Felbamate (FBM)
is structurally related to meprobamate. Its activity
in epilepsy probably involves effects on the NMDA
receptor. It also potentiates GABA-mediated inhibition
and blocks voltage-dependent sodium channels. FBM
is an effective and safe AED for either monotherapy
or add-on treatment in adults with refractory partial
seizures. It is also effective and safe for the treatment of
refractory Lennox-Gastaut syndrome in both children
and adults (395).

Fluorofelbamate (14). Fluorofelbamate (FFBM,
2-phenyl-2-fluoro-1,3-propanediol dicarbamate)
is new chemical entity different from FBM in that
fluorine is substituted for hydrogen in the two position
of the propane. Mazarati et al. (2002) (36) studied
the effectiveness of FFBM using a rat model of self-
sustaining status epilepticus (SSSE). They found
that FFBM exhibited a much better activity profile
including no recurrent seizure activity in aborting SSSE
when injected at both its early and advanced stages
where diazepam and phenytoin failed to abort SSSE
when administered after 40 or 70 min after the onset of
stimulation. The drug candidate is designed to retain
the activity of felbamate but with a different metabolic
pathway that restricts the formation atropaldehyde/
acid-glutathione adduct (ATPAL-GSH and ATPA-GSH)
the reactive aldehyde and acid metabolite of FBM.
Thus fluorofelbamate is devoid of serious idiosyncratic
toxicity associated with FBM (37). The presence of the
fluoro atom protects the amide groups by its inductive
effect and does not undergo the formation of ATPAL-
GSH and ATPA-GSH (38).

Carisbamate (15). Carisbamate (CBM), or RWJ-
333369 ((S)-2-O-carbamoyl-1-o-chlorophenyl-
ethanol), is a novel neuromodulator under investigation
for the adjunctive treatment of epilepsy. This AED
is structurally similar to felbamate. CBM was found
to possess a broad spectrum of activity in rodent
seizure and epilepsy models. Molecular action that
contributes to its broad-spectrum antiepileptic activity
is yet to be ascertained (39). A study was initiated to
investigate mechanisms underlying the antiepileptic
effects of carisbamate using the hippocampal neuronal
culture models of status epilepticus and spontaneous
epileptiform discharges (40). CBM has demonstrated
antiepileptic activity in a variety of in vivo seizure
models including hippocampal, corneal kindling, and
the Genetic Absence Epilepsy Rats of Strasbourg
(GAERS) model of absence epilepsy (47). It was also
found to be effective in protecting against spontaneous
recurrent seizures in kainate-treated animals (42) and
in genetic models of epilepsy. It delays or prevents the
Li-pilocarpine model of status epilepticus (43). It is
rapidly and almost completely absorbed from the gut
with a bioavailability of approximately 95% and with
a peak plasma concentration achieved within 1-3 h
(44).
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Topiramate (Topamax") (16). Topiramate (TPM)
(2,3:4,5-bis-O-(1-methylidene)-f-D-fructopyranose
sulphamate) is a sulphamate substituted monosaccharide.
The specific mechanism of action of TPM is not well
understood. Preliminary reports suggested that it has a
multiple mode of action. It acts at voltage-dependent
sodium channels blocking the spread of seizures, it
enhances GABA, evoked chloride currents at a non-
benzodiazepine receptor site and it also antagonizes
the 2-amino-3-(3-hydroxy-5-methyl-4-isoxazolyl)
propionic acid (AMPA) subtype of glutamate
receptors (45). Gryder and Rogawski (2003) (46)
established that it selectively blocks excitatory synaptic
transmission mediated by GluRS kainate receptors. It
is rapidly absorbed with linear pharmacokinetics and
in the absence of enzyme inducers viz., phenytoin or
carbamazepine has a plasma elimination half-life of 20-
30 h. It has relatively low potential for interaction with
other AEDs. However during TPM adjunctive therapy
with phenytoin, CBZ, and VPA, the minimum plasma
concentration level of TPM was reduced to 50%, 40%,
and 14%, respectively. In addition, administration
of TPM in patients already taking phenytoin twice
a day, a 25% rise in the concentrations of phenytoin
were found and may require a downward adjustment
of phenytoin dosage (47). Besides in patients with
pharmacoresistant epilepsy, Luna-Tortos et al. (2009)
(48) provided evidence that brain levels of topiramate
may be affected by overexpression of P-glycoprotein.
Enhanced elimination of TPM was also observed during
pregnancy. In particular the plasma concentration of
TPM was found to decline approximately by 40% in
the 2nd and 3rd trimester (49). To evaluate the efficacy
of TPM in infants, Grosso et al. (2005) (50) found that
TPM is effective across a broad range of seizure types in
infants aged less than 2 years. The study also provides
evidence regarding the usefulness of TPM in cryptogenic
infantile spasms but it showed poor efficacy in
symptomatic infantile spasms and in Dravet's syndrome.
A randomized double-blind clinical trial demonstrated
that TPM may be an alternative for phenytoin in patients
for whom urgent treatment is required. TPM was found
to be well tolerated as observed from the lower rate of
incidence of adverse effects in the TPM treatment group
).

Levetiracetam (Keppra®) (17). Levetiracetam
(LEV), a water soluble pyrrolidone derivative, is the
S-enantiomer of a-ethyl-2-oxo-pyrrolidine acetamide.
Although LEV shares some targets (such as delayed
rectifier channels and N- and P/Q-type calcium
channels) with other AEDs, it is a novel AED with a
unique mechanism of action related to an interaction
with synaptic vesicle protein 2A (SV2A) (52). This
anticonvulsant drug is structurally related to the
nootropic drug piracetam. In contrast to the activity of
the (S)-isomer, the (R)-form of LEV was at least 150-
fold less potent in the audiogenic seizure susceptible

mouse and largely inactive in other models (53). It has
been approved by the USFDA for adjunctive therapy
in the treatment of partial-onset seizures in patients 16
years of age and older with epilepsy (54).

LEV analog. Seleteracetam and brivaracetam
exemplifiethe analog of prototype anticonvulsant LEV
that exerts site selectivity and illustrates the possibility
of widening the target specificity respectively.

Seletracetam (18). Seletracetam (STM) (UCB
44212; (25)-2-[(495)-4-(2,2-difluorovinyl)-2-
oxopyrrolidin-1-yl] butanamide, is a structural analog
of the AED levetiracetam which binds selectively
and stereospecifically to SV2A (a novel binding site,
synaptic vesicle protein 2A) with a 10-fold greater
affinity than LEV. SV2A is thought to be involved with
synaptic vesicle exocytosis and neurotransmitter release
(55). SV2A represents a novel molecular target that
seems to have an important role in the pharmacological
activity of STM. The SV2A protein is thought to assist
with the coordination of synaptic vesicle exocytosis
and neurotransmitter release (56). Proteins involved in
exocytosis, and SV2 in particular, could be considered
as promising novel targets for the development of new
CNS drug therapies. Discovering the mechanism of drug
action through this receptor triggered a drug discovery
program which led to the identification of brivaracetam
(currently in phase III clinical trials for epilepsy), and
seletracetam. Studies show that STM binds selectively
to SV2A, without direct modulation of Na“ channels
(57,58). A study was performed by Klitguard and
coworkers on an in vitro high K’ low Ca’’ concentration
fluid (HKLCF) model of epilepsy (mice and rat) and
they have concluded that STM induces a more potent
and complete suppression of neuronal synchronization
than LEV. Furthermore, STM showed no psychomimetic
effects and a very high tolerability index in both kindled
and GAERS rats, which is markedly superior to that
of LEV and other AEDs (59). Apart from various
similarities seletracetam differs from levetiracetam
by a very potent and selective effect against Zn>*
inhibition of glycine-gated currents as well as a
more potent inhibition of high-voltage-operated Ca™
currents and epileptiform elevation of intracellular Ca**
concentrations involving multiple high-voltage-operated
Ca’* channels. In pharmacokinetic studies seletracetam
was found to reach C,,, within 1 h. The linear, time-
independent pharmacokinetics of the drug combined
with a rapid and almost complete absorption indicates
that STM has a major uncomplicated pharmacokinetic
profile (60).

Brivaracetam (UCB 34714) (19). has had a drug
discovery program carried out by Kenda ez al. (2004)
(61) for ligands with significant affinity to LBS
(levetiracetam binding site) as a novel molecular
target. Brivaracetam (BVT) ((25)-2-[(4R)-2-0x0-
4-propylpyrrolidinyl] butanamide), the 4-n-propyl
structural analog of LEV, emerged as the single most
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potent drug candidate among a series of compounds
having a 4-substituted lactam ring by small-sized
hydrophobic groups. It is approximately 10 times more
potent than LEV as an antiseizure agent in audiogenic
seizure-prone mice. Further Tai and Truong (2007) (62)
demonstrated that BVT possesses more potent anti-
seizure and anti-myoclonic activity than LEV in an
established rat model of cardiac arrest induced post-
hypoxic myoclonus. It possesses a binding affinity for
the synaptic vesicle protein 2A (SV2A) and also shows
an ability to inhibit Na" channels. BVT has a half-life
of 8 h and its metabolites are not pharmacologically
active. In various experimental models of epilepsy,
brivaracetam exhibited properties superior to LEV as an
AED and has an excellent tolerability profile in humans
(63). A phase 1II clinical trial established that it produced
a dose-dependent reduction in the frequency of seizures
in adults with refractory partial seizures. The drug is
currently under phase III clinical trials (64).

Zonisamide (Zonegran®) (20). Zonisamide (ZNS)
is a benzisoxazole with a sulfonamide side chain (1,
2-benzisoxazole-3-methanesulfonamide). The main
actions of ZNS are blockade of sodium channels and
reduction of voltage dependent T-type Ca”" currents
(65). 1t also enhances neuronal inhibition via modulation
of neurotransmitter systems, including dopaminergic,
GABAergic and serotonergic systems. It may enhance
GABA function through interaction at allosteric or other
binding sites and/or by influencing GABA transport.
ZNS is also reported to be a weak inhibitor of carbonic
anhydrase (66). It has a favorable pharmacokinetic profile
as it is rapidly and completely absorbed and has a long
half-life (63-69 h in healthy volunteers) which allows
twice-daily, or even once-daily dosing. ZNS undergoes
acetylation to form N-acetyl ZNS, and reduction to form
the open ring metabolite, 2-sulfamoylacetyl phenol
(21) that undergoes urinary excretion via glucuronide
conjugation (67). It has been shown to be effective in
patients whose seizures are resistant to other AEDs.
Patients most often received ZNS as monotherapy. When
ZNS was added to therapy with other AEDs, the dosage
of the other AEDs was reduced. ZNZ or CBZ are favored
over phenytoin, clobazam, valproate, or phenobarbital
for simple partial and complex partial seizures (68).
The drug has been approved in the US and Europe as
an adjunctive therapy for refractory partial seizures in
adults. It has several CNS dose-dependent side effects
and by slow titration of dose the incidence could be
minimized (69). A recent observational study was carried
out by Kelemen et al. for accessing the efficacy and
tolerability of ZNS in different resistant generalized
epileptic syndromes. At a mean dose of 367 mg/day
(100-600 mg/day), it was observed that ZNS showed
excellent efficacy against progressive myoclonic epilepsy
type 1. They suggested that the free radical scavenging
and possible neuroprotective effects of zonisamide may
be beneficial in acquired symptomatic epilepsies (70).

Lacosamide (Vimpat®) (22). Lacosamide (LCM)
(formally known as harkoseride) is a new AED
discovered by high throughput animal screening.
Systematic evaluation of more than 100 N-benzyl-2-
acetamidopropionamide derivatives of this compound
in animal models led to the identification of LCM (71).
It is the first drug to come from a class of compounds
known as functionalized amino acids and it is an optical
antipode of the naturally occurring amino acid L-serine
(72). 1t has dual mode of action as LCM enhances slow
inactivation of voltage-gated sodium channels and
modulates the collapsin response mediator protein-2
(CRMP-2), a protein, which is part of neuronal signal
transduction pathways and which is attributed to
neuroprotection (73). In contrast to AEDs such as
phenytoin, CBZ, and LTG that block sodium channels
when activated, LCM facilitates slow inactivation of
sodium channels both in terms of kinetics and voltage
dependency (74). Clinically, LCM is at present in a
late stage of development as an adjunctive treatment
for patients with uncontrolled partial-onset seizures. It
provides high oral bioavailability unaffected by food,
good tolerability with twice daily dosing, and minimal
drug-drug interactions (75).

Rufinamide (Banzel®; Inovelon®) (23). Rufinamide
(RFM) (1-[(2,6-difluorophenyl) methyl]-1H-1,2,
3-triazole-4-carboxamide) is a triazole derivative
structurally unrelated to any currently marketed AEDs.
Comparative studies of rufinamide with established
AEDs (phenytoin, phenobarbital, ethosuximide,
valproate) in several rodent seizure models showed
the superiority of rufinamide to other AEDs tested
in terms of protective indices in the electrically and
chemically induced seizure tests, and the MES safety
ratio (76). The drug is effective orally and is relatively
well absorbed in the lower dose range. The main route
of metabolism involves hydrolysis of the carboxamide
group by carboxylesterases to an inactive derivative
that is eliminated mainly by renal excretion via
glucuronide conjugation (77). The precise mechanisms
of action of RFM are unknown, however in vitro
studies suggest that modulation of sodium channels
activity, particularly prolongation of the inactive
state may be the main mechanism of its antiepileptic
activity. It possesses several favourable properties
which might pave its way as the orphan drug for the
treatment of partial seizures and drop attacks associated
with Lennox-Gastaut syndrome (78). Coppola et al.
(2011) (79) showed that it is also effective and well
tolerated as an adjunctive drug for the treatment of
refractory childhood-onset epileptic encephalopathies.
Vendrame et al. (2010) (80) in single-centric studies
observed that it is also has potential for treatment of a
wide range of other seizure types including both partial
and generalized epilepsy syndromes in the pediatric
population. Further it showed no effect on cognitive
function in patients with refractory partial seizures (81).
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DP-valproic acid (DP-VPA) (24). DP-VPA (SPD
421, DP 16, TVA, RAP-valproate), a novel prodrug
of VPA (25) in which the VPA moiety is covalently
bound to the phospholipid lecithin based on a new drug
delivery technology known as Regulated Activation
of Prodrug (D-RAPTM). The EDy, value is 50-fold
lower than VPA with a longer half-life. It showed a
high absorption rate and bioavailability with negligible
hepatic metabolism. Side effects are restricted to dose-
dependent gastrointestinal problems (82). It is currently
under development for the treatment of partial and
generalized seizures (83). The absorption pattern of
DP-VPA follows a unique pattern whereby the complex
permeates through the gut wall and enters intact to the
enterocyte. Then it associates itself with chylomicrons
and reaches the systemic blood circulation via the
lymphatic route (84).

Eslicarbazepine acetate (BIA 2-093) (26). Eslicarb-
azepine acetate (ESL) [(S)-(—)-10-acetoxy-10,11-
dihydro-5H-dibenz[b,f]lazepine-5-carboxamide],
formerly known as BIA 2-093 is a novel central nervous
system (CNS)-active agent. It belongs to the members
of first-line AEDs represented by carbamazepine (first-
generation) and oxcarbazepine (second-generation)
having the dibenz/b,f/azepine nucleus bearing the
5-carboxamide substitute but is structurally different
at the 10,11-position (85). This molecular variation
results in differences in metabolism, preventing
the formation of toxic epoxide metabolites such as
carbamazepine-10,11 epoxide. It is the prodrug of
ESL (S-licarbazepine (27)), the entity responsible
for pharmacological activity. It is currently under
clinical development for the treatment of epilepsy
and bipolar disorder and acts by inhibiting voltage-
gated sodium channels. Among the other dibenz[b,f]
azepine-5-carboxamide derivatives ESL has the highest
protective index (86). A recent phase III study of ESL
demonstrated that ESL in a once-daily dosage of 800
and 1,200 mg was effective in reducing standardized
seizure frequency. It was well tolerated as adjunctive
therapy for partial-onset seizures in patients who were
refractory to treatment with standard AED therapy. Mild
to moderate dizziness, headache, diplopia, somnolence,
and vertigo were the most commonly reported dose
related adverse effects (87).

Ganaxolone (28). Ganaxolone (GNX) (3a-hydroxy-
3B-methyl-5a-pregnan-20-one), a neuroactive steroid
currently in clinical trials represents a potential
AED. It is a beta methylated synthetic analogue of
allopregnanolone (3a-hydroxy-21xi, 22-oxido-21-
homo-5a-pregnan-20-one) and thought to act through
positive allosteric modulation of the GABA, receptor
(88). In healthy human volunteers, GNX, administered
in doses ranging from 50 to 1,500 mg, either as
drug alone or formulated with pharmaceutical grade
excipients, is rapidly absorbed from the gastrointestinal
tract after oral administration. The 3B-methyl

substituent minimizes metabolism at the 3p-hydroxyl
group so GNX is orally active, is not converted to
the hormonally active 3-keto form, and hence lacks
hormonal side effects (89). GNX has been shown to be
well tolerated in adults and children and the commonly
observed adverse events in children were agitation
and somnolence. It is currently undergoing further
development against newly diagnosed infantile spasms
(90), in adults with refractory partial-onset seizures (97)
and in women with catamenial epilepsy (92).

Losigamone (29). Losigamone (LSG), a racemic
mixture of 5-a-5 (2-chlorphenylhydroxmethyl)-4-
methoxy-2(5H)-furanone is related to B-methoxy-
butenolides and is very similar to fadyenolides and
piperolides isolated from Piper fadyenii and Piper
sanctum, respectively. It is the first drug that has been
identified using medicinal plant-based drug discovery
(93). The mechanism of action for LSG is not clearly
known, although several have been proposed (94).
Initially it was thought that the anticonvulsant effect
of losigamone may be due to NMDA (N-methyl-D-
aspartic acid) antagonism and inhibition of excitatory
amino acid release (95). In vitro and in vivo experiments
carried out on genetically epilepsy prone DBA/2 mice
by Jones and Davies suggested that the clinically
effective anticonvulsant activity of LSG is attributed
to its S (+)-enantiomer rather than R (—)-enantiomer or
its racemic mixture (96). Present data suggests that the
drug decreases neuronal excitability via a decrease in
the persistent Na" current in rat hippocampal neurons
(97). In a multi-center, double-blind, randomized
clinical trial LSG was found to be an effective and safe
add-on drug for refractory partial epilepsy in adults.
The median reduction in seizure frequency as well
as responder rate was significantly greater for a dose
of 1,500 mg/day than for 1,200 mg/day, indicating a
dose-response relationship (98).

Remacemide hydrochloride (30). Remacemide
hydrochloride (RMD) [(£)-2-amino-N-(1-methyl-1,2-
diphenylethyl)-acetamide monohydrate] is a racemic
mixture and the (-) isomer is more potent than the (+)
isomer in a maximal electroshock seizure (MES) test
in mice. The major route of metabolism of remacemide
involves desglycination and the principal metabolite
is desglycinyl-remacemide (DGR). The drug may be
considered as a prodrug because the anticonvulsant
effects of the drug may be primarily mediated by DGR
(99). 1t is a two-fold more potent Na" channel blocker
and a 100-fold more potent non-competitive NMDA
channel antagonist. Further, it also exhibits a greater
efficacy than RMD itself in a variety of animal seizure
models (/00). Regardless of the activity of DGR, RMD
exhibits inconsistent clinical efficacy as add-on therapy
because DGR appears to be more susceptible to hepatic
enzyme induction than the parent compound (/01).
Studies also showed that remacemide was significantly
less effective than carbamazepine in preventing seizure
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recurrence. Although significant pharmacodynamic
interactions were observed between remacemide
and other AEDs (valproate, CBZ, phenytoin, and
phenobarbital) (/02), unfavorable pharmacokinetic
interactions make RMD an unsuitable candidate for
adjunctive treatment of epilepsy (/03).

Retigabine (31). Retigabine (RTG), N-(2-amino-
4-(4-fluorobenzylamino) phenyl) carbamic acid ethyl
ester effective against partial-onset seizures is the
first novel KCNQ opener in the late stages of clinical
development with an excellent safety profile (104).
Rundfeldt (1997) (105) demonstrated that RTG initiates
a membrane conductance which is selective for K' ions
and it contributes to the anticonvulsant activity. Further
studies established that it acts as a KCNQ potassium
channel opener that involves opening of neuronal Kv7.2
(KCNQ2) voltage activated K channels (106). Besides
opening of peripheral KCNQ channels it hyperpolarizes
the axotomized terminals that may constitute a novel
and selective mechanism for attenuation of neuropathic
pain symptoms (/07). RTG as an adjunctive drug
displayed promising improvement in patients with
partial drug-resistant epilepsy. The most prominent
adverse effects due to retigabine add-on therapy were
dizziness, somnolence, and fatigue. It is metabolized
primarily by glucuronidation to N-glucuronide
metabolites and by acetylation (/08).

Safinamide (32). By retaining the acetamide
portion and replacement of the pentylamino moiety of
milacemide (with residues present in the structures of
substrates and inhibitors of the MAO (Mono Amine
Oxidase), Pevarello et al. (1998) (109) derived the
lead 2-[[4-(3-chlorobenzoxy)benzyl]amino]acetamide.
As an outcome of this study, safinamide (SAF), ((S)-
2-[[4-(3-fluorobenzoxy)benzyl]amino]|propanamide
methanesulfonate) (33), a 2-substituted amino amide
emerged as a potent, orally active AED with a good
safety margin. It has been shown to antagonize the
calcium and sodium channels; as well as inhibit
monoamine oxidase type-B (MAO-B) and the inhibition
is reversible. Selectivity of SAF for the B isoform of
the enzyme versus A is 5,000 and 1,000 times higher in
rat and human brains, respectively (/10).

Soretolide (D-2916) (34). Soretolide (SRT), (2,6-
dimethylbenzamide N-(5-methyl-3-isoxazolyl))
is a new potent anticonvulsant exhibiting similar
pharmacological properties to those of carbamazepine.
Maurizis et al. hypothesized that SRT follows two
metabolic degradation pathways. The active metabolite
D3187 (35) has a better ability to cross the blood-brain
barrier than the unchanged drug in female rats which
may be attributed to the longer anticonvulsant activity
of SRT (111). 1t is effective in the MES test in rodents
but STR and its active metabolite are ineffective in
protecting against PTZ-induced clonic seizures and
in blocking generalized seizures in the hippocampal
kindling rat model (/12).

Stiripentol (36). Stiripentol (STP) is an efficient
drug for add-on therapy in severe myoclonic epilepsy
in infancy. When combined with CBZ and clobazam,
it prevents the formation of the inactive metabolite
of CBZ, epoxy-carbamazepine, and hydroxylation
of the active metabolite of clobazam into hydroxy-
norclobazam respectively (/13). In vitro and in vivo
studies suggest that STP can be considered as a
"booster" of clobazam as the inhibitory effect of STP
on CYP2C19 (Ki = 0.14 uM) was found to potentiate
the antiepileptic effect of clobazam (/7/4). It is positive
allosteric modulator acting directly upon the GABA ,
receptor. Although it does not solely depend on the
subunit composition of the receptor, STP elicits higher
activity at the a3- or d-subunit containing receptors.
This drug with target selectivity is of particular
importance if the said receptor subunits are responsible
for any kind of neuronal dysfunction associated with
neuronal hyperexcitability (/15).

AMPA receptor antagonist talampanel (37). 2-Amino
-3-(3-hydroxy-5-methyl-4-isoxazolyl) propionic
acid receptors (AMPARs) play important roles in
neurotransmission in the CNS and in the synaptic
plasticity that underlies learning processes and memory
(116). However, under certain pathological conditions the
AMPARs over-activation determines neuronal cell death
related to various neurological diseases such as stroke,
Huntington's chorea, epilepsy, efc. Therefore, AMPAR
antagonists have been considered useful as therapeutic
agents for these disorders, particularly in epileptic
seizures and are emerging as a promising new target for
epilepsy therapy (/7). The majority of the researches on
AMPAR receptor antagonists are on the non-competitive
(allosteric) AMPAR antagonists interacting with an
allosteric AMPA binding site (Figure 3). The non-
competitive antagonists have the advantage of remaining
effective independently of the level of glutamate or the
polarization state of the synaptic membrane during a
neurological disease (118).

Moreover, they do not influence the normal
glutamatergic activity after prolonged use. Thus, in
recent years some important classes of these ligands
have been developed. The first lead to be identified as
a selective, non-competitive AMPA receptor antagonist
is 1-(4-aminophenyl)-4-methyl-7,8-methylenedioxy-
5H-2,3-benzodiazepine (GYKI 52466) (38) (119).
Based on this template, various 2,3-benzodiazepine
compounds were synthesized and evaluated. Among
all the compounds, the dioxolo-benzodiazepine
talampanel also named LY300164 emerged as a highly
active molecule. Its phase II clinical trials in the U.S.
in patients with severe epilepsy not responsive to
other drugs have yielded positive results. Phase 111
trials in epilepsy are underway to confirm and expand
these results (/20). Talampanel (TLP) (GYKI-53773,
LY300164), a non-competitive AMPA receptor blocker
has undergone initial assessment in patients with
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Figure 3. Schematic model of an AMPA receptor subunit. The model illustrates the agonist binding core (such as glutamate
and AMPA) and competitive antagonist binding site. The putative sites of action of allosteric non-competitive antagonist
talampanel are also shown. The agonist binding core consists of two domains (S1 and S2) attached by linkers to the cation
channel domain consisting of three membrane-spanning segments (M1-M3) and a pore loop (P). The C-terminal domain is
intracellular and the N-terminal domain is extracellular. (Figure reproduced with permission, Bialer et al., 2007)

epilepsy. In an early adjunctive-therapy crossover trial
in 49 patients with refractory partial seizures, median
seizure frequency was 21% lower on talampanel than
on the placebo, a statistically significant effect (/217).
A recent review that deals with talampanel extensively
summarizes that the antiepileptic is generally well
tolerated in adults with refractory complex partial
seizures. The most commonly reported adverse event
is dizziness and at higher doses sedation and ataxia
may occur (/22). A new potent noncompetitive
AMPA receptor antagonist perampanel (39) that has
demonstrated efficacy and good tolerability in the
treatment of refractory partial onset seizures is in late
stage clinical development (/23). Whether the drug will
prove adequately effective to reduce the morbidity and
mortality of epilepsy is yet to be ensured.

Valrocemide/ TV1901 (40). Valrocemide (VGD) is
a combination of VPA and glycinamide (N-valproyl
glycinamide), a chemical derived from glycine, an
amino acid that can have an antiepileptic effect if
its concentration in the brain is increased (/24).
Isoherranen et al. (2001) (/25) investigated the
anticonvulsant activity of VGD in various animal
(rodent) models of human epilepsy to determine its
anticonvulsant profile and safety margin. The results
obtained in this study suggest that VGD has a broad
spectrum of anticonvulsant activity and promising
potential as a new AED. VGD is currently under
development by Teva and Acorda therapeutics as a
potential therapeutic for the treatment of epilepsy. In

the year 2003, a phase II trial using valrocemide as
an adjunct therapy in refractory epilepsy patients had
been completed and phase III trials were being planned.
VGD was also being investigated for potential utility in
the treatment of bipolar disorder and neuropathic pain
(126).

Pregabalin (Lyrica®) (41). Pregabalin (PGB) is
the alkylated analogue of the neurotransmitter GABA.
Its binds potently to the a2y subunit, an auxiliary
protein associated with voltage-gated calcium channels
(VGCC) in the CNS and reduces calcium influx at
nerve terminals thereby (/27) modulating the release of
excitatory neurotransmitters in "hyper-excited" neurons,
restoring them to normal physiological state (/28). It is
indicated as an adjunctive therapy in adults with partial
seizures with or without secondary generalization,
peripheral neuropathic pain and in patients with
generalized anxiety disorder or social anxiety disorder
(129). A recent study by Briggs et al. suggested that
PGB at a higher dose is effective in reducing the
absolute frequency of secondarily generalized tonic-
clonic seizures in patients with clinically refractory
partial epilepsy, but not secondary generalization (/30).

The majority of the newer AEDs used clinically
are derived from structural modification of the existing
drugs. These include vigabatrin, oxcarbazepine,
fluorofelbamate, brivaracetam, DP-valproic acid,
eslicarbazepine, valrocemide, and pregabalin. The
drugs are developed with an objective to augment
the efficacy and safety margin and few of them are
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effective in combination. Although it may provide a
solution to contained epilepsy an absolute seizure-free
state is still not attainable and often "evergreening" may
be one of the criteria for such structural modifications.
This phenomenon of existing drug modification also
does not encourage sustained research for exploring
new targets. Nevertheless, few drugs acting on newer
molecular targets viz., SV2A protein, AMPA receptor
etc. with promising clinical trial results might shape
a better therapeutic outcome. Few currently available
investigational agents act at diverse targets that
are involved in the pathogenesis of this complex
neurological disorder and therefore, it is impossible to
anticipate all the agents that provide an equivalent level
of potency and efficacy. Additionally, the complexity
increases when taking into consideration the nature of
epileptogenesis in an individual patient. Application of
plant-based drug discovery is still in its infancy as far
as epilepsy is concerned and demands more screening
of this novel source for generation of leads or prototype
drugs as exemplified by losigamone.

3. Pharmacoresistance

Pharmacoresistance to medication is an important
clinical problem in epilepsy. The phenomenon is
observed in approximately one third of patients, and
is associated with an increased risk of death and other
ill consequences. Pharmacoresistance in epilepsy may
be defined as seizures that continue to occur despite
treatment trials with at least three appropriate AEDs at
maximum tolerated doses (/37). When a patient fails
to respond to two or three appropriate AEDs then the
chance of significant benefit from other drugs is 10% or
less (132).

There are a number of factors associated with
drug resistance and varies from one patient to another
including early age of seizure onset combined with
high seizure frequency, type of epileptic syndrome and
seizure, structural brain lesions (e.g. cortical dysplasia)
or electroencephalographic abnormalities and history
of status epilepticus (/33). At present two hypotheses
have been asserted to explain the development
of pharmacoresistance to AEDs viz., the target
hypothesis and the transporter hypothesis. The target
hypothesis denotes that epilepsy related changes in
the molecular properties of the drug targets contribute
to pharmacoresistance. For example, Remy et al.
(2003) (134) studied cellular mechanisms underlying
drug resistance in resected hippocampal tissues from
patients. They suggested that a loss of Na~ channel
drug sensitivity may constitute the development of
resistance. The transporter hypothesis accentuates that
resistance develops due to overexpression or increase
in functioning of multidrug transporters in the brain,
leading to poor penetration of AEDs into brain targets
and thereby contributing to multidrug resistance (MDR)

in epilepsy. To substantiate the hypothesis, Volk and
Loscher using a rat model of temporal lobe epilepsy
demonstrated that there is an increase in expression of
multidrug transporter proteins such as the ATP-binding
cassette sub-family B member 1 (ABCBI, also known
as MDRI1 and P-glycoprotein 170) in the brain of the
rat with drug-resistant spontaneous seizures (/35).
Siddiqui et al. (2003) (136) recognized a genetic factor
associated with resistance to AEDs. They hypothesized
that polymorphisms in the drug transporter gene (CC
genotype at the ABCBI C3435T) is associated with
increased expression of the ABCB1 protein which
inturn influences the response to AED treatment.
Although no genetic stratification is underpinned, a
recent study found a significant association between
ABCBI polymorphisms and drug resistance when
patients were stratified by the same type of epilepsy
and/or in those treated with the same AEDs (/37).
Researchers' efforts might target development of AEDs
that are not recognized by MDR proteins or that can
evade ABCBI. Alternatively, agents that inhibit these
proteins (/38) can be concomitantly administered with
the currently available AEDs thereby decreasing the
incidence of pharmacoresistance.

4. Combination therapy

Monotherapy is generally recommended for patients
with newly diagnosed epilepsy. Combination therapy
(CT) should only be initiated upon unresponsiveness
to monotherapy. As the mechanism of action does not
generally provide much guidance while combining
AED:s, it is important to know the efficacy of each drug
in different seizure types. CT has been found to be
successful in about 30% of patients. A non-randomized
trial suggested the efficacy of combination therapy
in achieving seizure-freedom in epilepsies refractory
to single drug treatment (/39). Drug interaction is a
common phenomenon observed during CT. This may
be avoided by choosing non-interacting drugs. If such
alternatives are not available, interacting drugs may
be administered together by monitoring the plasma
drug concentration followed by adjustment of dosage
(140). For attaining a viable therapeutic outcome,
CT requires rational combination to be tailored on an
individual basis. In general, if the efficacy of two AEDs
combined is shown to be additive or supra-additive
and the burden of side effects is less than additive, the
combination is considered to be advantageous. On the
contrary if there is no observed efficacy or it is less
than additive while the side effect burden is equal to
additive, the combination is regarded as unfavorable
(141). With reservation to evidence-based findings,
Karceski et al. (2009) (/42) summarized the choice
of specific medications as possible add-on agents that
were identified as showing efficacy based on Class I
and Class II evidence in the 2004 American Academy
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Table 2. Combination/add-on therapy

Appropriate add-ons

Existing agent

Symptomatic localization related epilepsy

Idiopathic generalized epilepsy

Felbamate -

Lamotrigine Levetiracetam, topiramate, oxcarbazepine
Levetiracetam Lamotrigine, carbamazepine, oxcarbazepine
Topiramate Lamotrigine, levetiracetam, carbamazepine
Valproate Levetiracetam, oxcarbazepine, lamotrigine
Vagus nerve stimulation -

Zonisamide Levetiracetam, lamotrigine

Tiagabine Lamotrigine, levetiracetam, topiramate
Phenytoin Levetiracetam, lamotrigine

Phenobarbital Lamotrigine, levetiracetam, oxcarbazepine
Oxcarbazepine Levetiracetam, lamotrigine, topiramate
Gabapentin Lamotrigine, levetiracetam, oxcarbazepine

Carbamazepine Levetiracetam, lamotrigine

Valproate, lamotrigine

Valproate, topiramate, levetiracetam, zonisamide
Valproate, lamotrigine, topiramate

Lamotrigine, valproate, levetiracetam
Lamotrigine, topiramate, levetiracetam, zonisamide
Valproate, lamotrigine, topiramate

Lamotrigine, valproate, levetiracetam

Bold italic indicates treatment of choice.

of Neurology (AAN)/American Epilepsy Society
(AES) guidelines (Table 2). Among the various possible
combinations, the information from the table implied
that LEV may be considered as the universal add-
on drug. Furthermore, recent evidence revealed that
a combination of LEV with other AEDs, particularly
those enhancing GABAergic inhibition, lead to additive/
synergistic effects on seizure protection with minimal
side effects and pharmacokinetic interactions (/43).

5. Conclusion

Despite the discovery of a number of AEDs, the
management of epilepsy still remains an intricate task.
Due to the prevalence of resistance to monotherapy,
combination therapy proves workable. The utilization
of available drugs to combat resistance requires rational
adaptation of data arising out of clinical trials. Most
of the currently available AEDs possess multiple
mechanisms of action. With a few exceptions, the precise
primary mode of action of some newer AEDs remains
to be discovered. A multidiciplinary approach to identify
potential receptor site, mechanism of action, and reason
for resistance would pave the way for better therapeutic
interventions towards the management of epilepsy.

References

1. Riviello JJ. Classification of seizures and epilepsy. Curr
Neurol Neurosci Rep. 2003; 3:325-331.

2. Kwan P, Brodie MJ. Neuropsychological effects of epilepsy
and antiepileptic drugs. Lancet. 2001; 357:216-222.

3. Eriksson KJ, Koivikko MJ. Prevalence, classification, and
severity of epilepsy and epileptic syndromes in children.
Epilepsia. 1997; 38:1275-1282.

4. Robinson S. Systemic prenatal insults disrupt telencephalon
development: Implications for potential interventions.
Epilepsy Behav. 2005; 7:345-363.

5. Engelborghs S, D'Hooge R, De Deyn PP. Pathophysiology
of epilepsy. Acta Neurol Belg. 2000; 100:201-213.

11.

12.

14.

15.

17.

18.

19.

20.

21.

22.

Duncan JS, Sander JW, Sisodiya SM, Walker MC. Adult
epilepsy. Lancet. 2006; 367:1087-1100.

Granata T, Cross H, Theodore W, Avanzini G. Immune-
mediated epilepsies. Epilepsia. 2011; 52:5-11.

Berg AT, Scheffer IE. New concepts in classification of
the epilepsies: entering the 21st century. Epilepsia. 2011;
52:1058-1062.

World Health Organization. Epilepsy. http.//www.who.int/
mediacentre/factsheets/fs999/en/ (accessed July 29, 2012).
de Boer HM, Mula M, Sander JW. The global burden and
stigma of epilepsy. Epilepsy Behav. 2008; 12:540-546.
Perucca E, Tomson T. The pharmacological treatment of
epilepsy in adults. Lancet Neurol. 2011; 10:446-456.
Pearce JMS. Bromide. The first effective antiepileptic
agent. J Neurol Neurosurg Psychiatry. 2002; 72:412.
Cereghino JJ. The major advances in epilepsy in the 20th
century and what we can expect (hope for) in the future.
Epilepsia. 2009; 50:351-357.

Jensen AA, Mosbacher J, Elg S, Lingenhoehl K, Lohmann
T, Johansen TN, Abrahamsen B, Mattsson JP, Lehmann
A, Bettler B, Brauner-Osborne H. The anticonvulsant
gabapentin (neurontin) does not act through gamma-
aminobutyric acid-B receptors. Mol Pharmacol. 2002;
61:1377-1384.

Parker DA, Ong J, Marino V, Kerr DI. Gabapentin
activates presynaptic GABA B heteroreceptors in rat
cortical slices. Eur J Pharmacol. 2004; 495:137-143.

Sills GJ. The mechanisms of action of gabapentin and
pregabalin. Curr Opin Pharmacol. 2006; 6:108-113.

Riss J, Cloyd J, Gates J, Collins S. Benzodiazepines in
epilepsy: Pharmacology and pharmacokinetics. Acta
Neurol Scand. 2008; 118:69-86.

Shorvon S, Stefan H. Overview of the safety of newer
antiepileptic drugs. Epilepsia. 1997; 38:S45-S51.

Willmore LJ, Abelson MB, Ben-Menachem E, Pellock JM,
Shields WD. Vigabatrin: 2008 update. Epilepsia. 2009;
50:163-173.

Hwang H, Kim KJ. New antiepileptic drugs in pediatric
epilepsy. Brain Dev. 2008; 30:549-555.

McDonagh J, Stephen LJ, Dolan FM et al. Peripheral
retinal dysfunction in patients taking vigabatrin. Neurology.
2003; 61:1690-1694.

Parisi P, Bombardieri R, Curatolo P. Current role of
vigabatrin in infantile spasms. Eur J Paediatr Neurol. 2007;

www.ddtjournal.com



190

Drug Discoveries & Therapeutics. 2012; 6(4):178-193.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

11:331-336.

Landmark CJ. Targets for antiepileptic drugs in the
synapse. Med Sci Monit. 2007; 13:RA1-RA7.

Borowicz KK, Zadrozniak M, Luszczki JJ, Czuczwar
SJ. Interactions between tiagabine and conventional
antiepileptic drugs in the rat model of complex partial
seizures. J Neural Transm. 2008; 115:661-667.

Bauer J, Cooper-Mahkorn D. Tiagabine: Efficacy and
safety in partial seizures-current status. Neuropsychiatr Dis
Treat. 2008; 4:731-736.

Messenheimer JA. Lamotrigine. Epilepsia. 1995; 36:
S87-S95.

Zheng C, Yang K, Liu Q, Wang MY, Shen J, Valles AS,
Lukas RJ, Barrantes FJ, Wu J. The anticonvulsive drug
lamotrigine blocks neuronal a4f32 nicotinic acetylcholine
receptors. Pharmacol Exp Ther. 2010; 335:401-408.
Mackay FJ, Wilton LV, Peace GL, Freemantle SN, Mann
RD. Safety of long-term lamotrigine in epilepsy. Epilepsia.
1997; 38:881-886.

Pugazhendhy S, Shrivastava PK, Sinha SK, Shrivastava
SK. Lamotrigine-dextran conjugates-synthesis,
characterization, and biological evaluation. Med Chem
Res. 2001; 20:595-600.

Blaszezyk B, Czuczwar SJ. Efficacy, safety, and potential
of extended-release lamotrigine in the treatment of epileptic
patients. Neuropsychiatr Dis Treat. 2010; 6:145-150.

Biton V, Di Memmo J, Shukla R, Lee Y'Y, Poverennova I,
Demchenko V, Saiers J, Adams B, Hammer A, Vuong A,
Messenheimer J. Adjunctive lamotrigine XR for primary
generalized tonic-clonic seizures in a randomized,
placebo-controlled study. Epilepsy Behav. 2010;
19:352-358.

Knoester PD, Keyser A, Renier WO, Egberts ACG,
Hekster YA, Deckers CLP. Effectiveness of lamotrigine
in clinical practice: Results of a retrospective population-
based study. Epilepsy Res. 2005; 65:93-100.

Marson AG, Al-Kharusi AM, Alwaidh M, et al. The
SANAD study of effectiveness of carbamazepine,
gabapentin, lamotrigine, oxcarbazepine, or topiramate for
treatment of partial epilepsy: An unblinded randomised
controlled trial. Lancet. 2007; 369:1000-1015.

Shorvon S. Oxcarbazepine: A review. Seizure. 2000;
9:75-79.

Schmidt D. Felbamate: Successful development of a new
compound for the treatment of epilepsy. Epilepsia. 1993;
34:S30-S33.

Mazarati AM, Sofia RD, Wasterlain CG. Anticonvulsant
and antiepileptogenic effects of fluorofelbamate in
experimental status epilepticus. Seizure. 2002; 11:423-430.
Roecklein BA, Sacks HJ, Mortko H, Stables J.
Fluorofelbamate. Neurotherapeutics. 2007; 4:97-101.
Landmark CJ, Johannessen SI. Modifications of
antiepileptic drugs for improved tolerability and efficacy.
Perspect Medicin Chem. 2008; 2:21-39.

Novak GP, Kelley M, Zannikos P, Klein B. Carisbamate
(RW1J-333369). Neurotherapeutics. 2007; 4:106-109.
Deshpande LS, Nagarkatti N, Sombati S, DeLorenzo RJ.
The novel antiepileptic drug carisbamate (RWJ 333369)
is effective in inhibiting spontaneous recurrent seizure
discharges and blocking sustained repetitive firing in
cultured hippocampal neurons. Epilepsy Res. 2008;
79:158-165.

Nehlig A, Rigoulot MA, Boehrer A. A new drug,
RWJ-333369, displays potent antiepileptic properties
in genetic models of absence and audiogenic epilepsy.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

Epilepsia. 2005; 46:215.

Grabenstatter HL, Dudek FE. The use of chronic models
in antiepileptic drug discovery: The effect of RWJ-333369
on spontaneous motor seizures in rats with kainate-induced
epilepsy. Epilepsia. 2004; 45:197.

Francois J, Ferrandon A, Koning E, Nehlig A. A new
drug RWJ 333369 protects limbic areas in the lithium-
pilocarpine model (lipilo) of epilepsy and delays or
prevents the occurrence of spontaneous seizures (abstract).
Epilepsia. 2005; 46:269.

Yao C, Doose DR, Novak G, Bialer M. Pharmacokinetics
of the new antiepileptic and CNS drug RWJ-333369
following single and multiple dosing to humans. Epilepsia.
2006; 47:1822-1829.

Walker MC, Sander JW. Topiramate: A new antiepileptic
drug for refractory epilepsy. Seizure. 1996; 5:199-203.
Gryder DS, Rogawski MA. Selective antagonism of GluR5
kainate-receptor-mediated synaptic currents by topiramate
in rat basolateral amygdala neurons. J Neurosci. 2003;
23:7069-7074.

Rosenfeld WE. Topiramate: A review of preclinical,
pharmacokinetic, and clinical data. Clin Ther. 1997;
19:1294-1308.

Luna-Tortos C, Rambeck B, Jurgens UH, Loscher W.
The antiepileptic drug topiramate is a substrate for human
P-glycoprotein but not multidrug resistance proteins.
Pharm Res. 2009; 26:2464-2470.

Ohman I, Sabers A, de Flon P, Luef G, Tomson T.
Pharmacokinetics of topiramate during pregnancy.
Epilepsy Res. 2009; 87:124-129.

Grosso S, Galimberti D, Farnetani MA, Cioni M,
Mostardini R, Vivarelli R, Di Bartolo RM, Bernardoni E,
Berardi R, Morgese G, Balestri P. Efficacy and safety of
topiramate in infants according to epilepsy syndromes.
Seizure. 2005; 14:183-189.

Ramsay E, Faught E, Krumholz A, Naritoku D, Privitera M,
Schwarzman L, Mao L, Wiegand F, Hulihan J. Efficacy,
tolerability, and safety of rapid initiation of topiramate
versus phenytoin in patients with new-onset epilepsy: A
randomized double-blind clinical trial. Epilepsia. 2010;
51:1970-1977.

Hamann M, Sander SE, Richter A. Brivaracetam and
seletracetam, two new SV2A ligands, improve paroxysmal
dystonia in the dt sz mutant hamster. Eur J Pharmacol.
2008; 601:99-102.

Noyer M, Gillard M, Matagne A, Henichart JP, Wulfert
E. The novel antiepileptic drug levetiracetam (ucb
L059) appears to act via a specific binding site in CNS
membranes. Eur J Pharmacol. 1995; 286:137-146.

Ulloa CM, Towfigh A, Safdieh J. Review of levetiracetam,
with a focus on the extended release formulation, as
adjuvant therapy in controlling partial-onset seizures.
Neuropsychiatr Dis Treat. 2009 5:467-476.

Lynch BA, Lambeng N, Nocka K, Kensel-Hammes P,
Bajjalieh SM, Matagne A, Fuks B. The synaptic vesicle
protein SV2A is the binding site for the antiepileptic
drug levetiracetam. Proc Natl Acad Sci U S A. 2004;
101:9861-9866.

Crowder KM, Gunther JM, Jones TA, Hale BD, Zhang
HZ, Peterson MR, Scheller RH, Chavkin C, Bajjalich SM.
Abnormal neurotransmission in mice lacking synaptic
vesicle protein 2A (SV2A). Proc Nat Acad Sci U S A.
1999; 96:15268-15273.

Zona C, Niespodziany I, Pieri M, Klitgaard H, Margineanu
DG. Seletracetam (ucb 44212), a new pyrrolidone

www.ddtjournal.com



Drug Discoveries & Therapeutics. 2012; 6(4):178-193.

191

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

derivative, lacks effect on Na" currents in rat brain neurons
in vitro. Epilepsia. 2005; 46:116.

Rigo JM, Nguyen L, Hans G, Belachew S, Moonen G,
Matagne A, Klitgaard H. Seletracetam (ucb 44212): Effect
on inhibitory and excitatory neurotransmission. Epilepsia.
2005; 46:110-111.

Matagne A, Margineanu DG, Potschka H, Loscher W,
Michel P, Kenda B, Klitgaard H. Profile of the new
pyrrolidone derivative seletracetam (ucb 44212) in animal
models of epilepsy. Eur J Pharmacol. 2009; 614:30-37.
Bennett B, Matagne A, Michel P, Leonard M, Cornet M,
Meeus MA, Toublanc N. Seletracetam (UCB 44212).
Neurotherapeutics. 2007; 4:117-122.

Kenda BM, Matagne AC, Talaga PE, Pasau PM, Differding
E, Lallemand BI, Frycia AM, Moureau FG, Klitgaard HV,
Gillard MR, Fuks B, Michel P. Discovery of 4-substituted
pyrrolidone butanamides as new agents with significant
antiepileptic activity. ] Med Chem. 2004; 47:530-549.

Tai KK, Truong DD. Brivaracetam is superior to
levetiracetam in a rat model of post-hypoxic myoclonus. J
Neural Transm. 2007; 114:1547-1551.

Matagne A, Margineanu DG, Kenda B, Michel P,
Klitgaard H. Anti-convulsive and anti-epileptic properties
of brivaracetam (ucb 34714), a high-affinity ligand for the
synaptic vesicle protein, SV2A. Br J Pharmacol. 2008;
154:1662-1671.

Rogawski M. Brivaracetam: A rational drug discovery
success story. Br J Pharmacol. 2008; 154:1555-1557.
Stefan H, Feuerstein TJ. Novel anticonvulsant drugs.
Pharmacol Ther. 2007; 113:165-183.

Baulac M. Introduction to zonisamide. Epilepsy Res. 2006;
68:S3-S9.

Leppik IE. Zonisamide: Chemistry, mechanism of action,
and pharmacokinetics. Seizure. 2004; 13:S5-S9.

Ohtahara S. Zonisamide in the management of epilepsy-
Japanese experience. Epilepsy Res. 2006; 68:S25-S33.
Zaccara G, Tramacere L, Cincotta M. Drug safety
evaluation of zonisamide for the treatment of epilepsy.
Expert Opin Drug Saf. 2011; 10:623-631.

Kelemen A, Rasonyl G, Neuwirth M, Barcs G, Szucs A,
Jakus R, Fabo D, Juhos V, Palfy B, Halasz P. Our clinical
experience with zonisamide in resistant generalized
epilepsy syndromes. Ideggyogy Sz. 2011; 64:187-192.
Perucca E, Yasothan U, Clincke G, Kirkpatrick P.
Lacosamide. Nat Rev Drug Discov. 2008; 7:973-974.
Luszczki JJ. Third-generation antiepileptic drugs:
Mechanisms of action, pharmacokinetics and interactions.
Pharmacol Rep. 2009; 61:197-216.

Saussele T. Lacosamide. A new antiepileptic drug as
adjunctive therapy in patients with partial-onset seizures.
Med Monatsschr Pharm. 2008; 31:374-377.

Curia G, Biagini G, Perucca E, Avoli M. Lacosamide: A
new approach to target voltage-gated sodium currents in
epileptic disorders. CNS Drugs. 2009; 23:555-568.

Doty P, Rudd GD, Stoehr T, Thomas D. Lacosamide.
Neurotherapeutics. 2007; 4:145-148.

White HS, Franklin MR, Kupferberg HJ, Schmutz
M, Stables JP, Wolf HH. The anticonvulsant profile
of rufinamide (CGP 33101) in rodent seizure models.
Epilepsia. 2008; 49:1213-1220.

Perucca E, Cloyd J, Critchley D, Fuseau E. Rufinamide:
Clinical pharmacokinetics and concentration-response
relationships in patients with epilepsy. Epilepsia. 2008;
49:1123-1141.

Herman ST. Adopting an Orphan Drug: Rufinamide for

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

Lennox-Gastaut Syndrome. Epilepsy Curr. 2009; 9:72-74.
Coppola G, Grosso S, Franzoni E, Veggiotti P, Zamponi
N, Parisi P, Spalice A, Habetswallner F, Fels A, Verrotti
A, D'Aniello A, Mangano S, Balestri A, Curatolo P,
Pascotto A. Rufinamide in refractory childhood epileptic
encephalopathies other than Lennox-Gastaut syndrome.
Eur J Neurol. 2011; 18:246-251.

Vendrame M, Loddenkemper T, Gooty VD, Takeoka M,
Rotenberg A, Bergin AM, Eksioglu YZ, Poduri A, Duffy
FH, Libenson M, Bourgeois BF, Kothare SV. Experience
with rufinamide in a pediatric population: a single center's
experience. Pediatr Neuro. 2010; 43:155-158.
Wisniewski CS. Rufinamide: A new antiepileptic
medication for the treatment of seizures associated with
lennox-gastaut syndrome. Ann Pharmacother. 2010;
44:658-667.

Labiner DM. DP-VPA D-Pharm. Curr Opin Investig
Drugs. 2002; 3:921-923.

Trojnar MK, Wierzchowska-Cioch E, Krzyzanowski M,
Jargiello M, Czuczwar SJ. New generation of valproic
acid. Pol J Pharmacol. 2004; 56:283-288.

Dahan A, Duvdevani R, Shapiro I, Elmann A, Finkelstein E,
Hoffman A. The oral absorption of phospholipid prodrugs:
In vivo and in vitro mechanistic investigation of trafficking
of a lecithin-valproic acid conjugate following oral
administration. J Control Release. 2008; 126:1-9.

Bialer M, Johannessen SI, Levy RH, Perucca E, Tomson
T, White HS. Progress report on new antiepileptic drugs:
A summary of the Ninth Eilat Conference (EILAT IX).
Epilepsy Res. 2009; 83:1-43.

Ambrosio AF, Soares-Da-Silva P, Carvalho CM, Carvalho
AP. Mechanisms of action of carbamazepine and its
derivatives, oxcarbazepine, BIA 2-093, and BIA 2-024.
Neurochem Res. 2002; 27:121-130.

Elger C, Halasz P, Maia J, Almeida L, Soares-da-Silva P.
Efficacy and safety of eslicarbazepine acetate as adjunctive
treatment in adults with refractory partial-onset seizures:
A randomized, double-blind, placebo-controlled, parallel-
group phase III study. Epilepsia. 2009; 50:454-463.
Ungard JT, Beekman M, Gasior M, Carter RB, Dijkstra D,
Witkin JM. Modification of behavioral effects of drugs in
mice by neuroactive steroids. Psychopharmacology. 2000;
148:336-343.

Monaghan EP, McAculey JW, Data JL. Ganaxolone: A
novel positive allosteric modulator of the GABA, receptor
complex for the treatment of epilepsy. Exp Opin Invest
Drugs. 1999; 8:1663-1671.

Malphrus AD, Wilfong AA. Use of the newer antiepileptic
drugs in pediatric epilepsies. Curr Treat Options Neurol.
2007; 9:256-267.

Pieribone VA, Tsai J, Soufflet C, Rey E, Shaw K, Giller
E, Dulac O. Clinical evaluation of ganaxolone in pediatric
and adolescent patients with refractory epilepsy. Epilepsia.
2007; 48:1870-1874.

Reddy DS, Rogawski MA. Neurosteroid replacement
therapy for catamenial epilepsy. Neurotherapeutics. 2009;
6:392-401.

Chatterjee SS, Noldner M. Losigamone: From plant extract
to antiepileptic drug. CNS Drug Rev. 1997; 3:225-244.
Dimpfel W, Chatterjee SS, Noldner M, Ticku MK. Effects
of the anticonvulsant losigamone and its isomers on the
GABA, receptor system. Epilepsia. 1995; 36:983-989.
Srinivasan J, Richens A, Davies JA. The effect of
losigamone (AO-33) on electrical activity and excitatory
amino acid release in mouse cortical slices. Br J Pharmacol.

www.ddtjournal.com



192 Drug Discoveries & Therapeutics

. 2012; 6(4):178-193.

1997; 122:1490-1494.

96. Jones FA, Davies JA. The anticonvulsant effects of
the enantiomers of losigamone. Br J Pharmacol. 1999; 114.
128:1223-1228.

97. Gebhardt C, Breustedt JM, Noldner M, Chatterjee SS,
Heinemann U. The antiepileptic drug losigamone decreases
the persistent Na" current in rat hippocampal neurons. 115.
Brain Res. 2001; 920:27-31.

98. Baulac M, Klement S. Efficacy and safety of losigamone
in partial seizures: A randomized double-blind study. 116.
Epilepsy Res. 2003; 55:177-189.

99. Santangeli S, Sills GJ, Stone TW, Brodie MJ. Differential
effects of remacemide and desglycinyl-remacemide on 117.
epileptiform burst firing in the rat hippocampal slice.

Neurosci Lett. 2002; 321:33-36.

100. Matek R, Borowicz KK, Kimber-Trojnar Z, Sobieszek G,
Piskorska B, Czuczwar SJ. Remacemide-a novel potential 118.
antiepileptic drug. Pol J Pharmacol. 2003; 55:691-698.

101. Sills GJ, Santangeli S, Forrest G, Brodie MJ. Influence 119.
of cytochrome P450 induction on the pharmacokinetics
and pharmacodynamics of remacemide hydrochloride.

Epilepsy Res. 2002; 49:247-254.

102. Wesnes KA, Edgar C, Dean AD, Wroe SJ. The 120.

cognitive and psychomotor effects of remacemide and
carbamazepine in newly diagnosed epilepsy. Epilepsy
Behav. 2009; 14:522-528.

103. Borowicz KK, Malek R, Luszczki JJ, Ratnaraj N, Patsalos 121.

PN, Czuczwar SJ. Isobolographic analysis of interactions
between remacemide and conventional antiepileptic drugs

in the mouse model of maximal electroshock. Epilepsy 122.

Behav. 2007; 11:6-12.

104. Porter RJ, Nohria V, Rundfeldt C. Retigabine. 123.

Neurotherapeutics. 2007; 4:149-154.

105. Rundfeldt C. The new anticonvulsant retigabine (D-23129) 124.

acts as an opener of K' channels in neuronal cells. Eur J
Pharmacol. 1997; 336:243-249.

106. Wuttke TV, Seebohm G, Bail S, Maljevic S, Lerche H. The 125.

new anticonvulsant retigabine favors voltage-dependent
opening of the Kv7.2 (KCNQ2) channel by binding to its

activation gate. Mol Pharmacol. 2005; 67:1009-1017. 126.

107. Roza C, Lopez-Garcia JA. Retigabine, the specific KCNQ

channel opener, blocks ectopic discharges in axotomized 127.

sensory fibres. Pain. 2008; 138:537-545.

108. Czuczwar P, Wojtak A, Cioczek-Czuczwar A, Parada- 128.

Turska J, Maciejewski R, Czuczwar SJ. Retigabine: The

newer potential antiepileptic drug. Pharmacol Rep. 2010; 129.

62:211-219.

109. Pevarello P, Bonsignori A, Dostert P, Heidempergher F, 130.

Pinciroli V, Colombo M, McArthur RA, Salvati P, Post
C, Fariello RG, Varasi M. Synthesis and anticonvulsant

activity of a new class of 2-[(arylalkyl)amino]alkanamide 131.

derivatives. ] Med Chem. 1998; 41:579-590.

110. Fariello RG. Safinamide. Neurotherapeutics. 2007; 132.

4:110-116.
111. Maurizis JC, Madelmont JC, Rapp M, Marijnen C, Cerf

MC, Gillardin JM, Lepage F, Veyre A. Disposition and 133.

metabolism of 2,6-dimethylbenzamide N-(5-methyl-3-
isoxazolyl) (D2916) in male and female rats. Drug Metab

Dispos. 1997, 25:33-39. 134.

112. Perucca E, Kupferberg HJ. Drugs in early clinical
development. In: Antiepileptic drugs (Levy RH, Mattson
RH, Meldrum BS, Perucca E, eds.). Lippincott Williams &

Wilkins, Philadelphia, USA, 2002; pp. 913-992. 135.

113. Chiron C, Marchand MC, Tran A, Rey E, d'Athis P, Vincent
J, Dulac O, Pons G. Stiripentol in severe myoclonic

www.ddtjournal

epilepsy in infancy: A randomised placebo-controlled
syndrome-dedicated trial. Lancet. 2000; 356:1638-1642.
Giraud C, Treluyer JM, Rey E, Chiron C, Vincent J, Pons G,
Tran A. In vitro and in vivo inhibitory effect of stiripentol
on clobazam metabolism. Drug Metab Dispos. 2006;
34:608-611.

Fisher JL. The anti-convulsant stiripentol acts directly on
the GABA (A) receptor as a positive allosteric modulator.
Neuropharmacology. 2009; 56:190-197.

Lees GJ. Pharmacology of AMPA/Kainate receptor
ligands and their therapeutic potential in neurological and
psychiatric disorders. Drugs. 2000; 59:33-78.

De Sarro G, Gitto R, Russo E, Ibbadu GF, Barreca ML,
De Luca L, Chimirri A. AMPA receptor antagonists as
potential anticonvulsant drugs. Curr Top Med Chem. 2005;
5:31-42.

Chimirri A, Gitto R, Zappala M. AMPA receptor
antagonists. Exp Opin Ther Patents. 1999; 9:557-570.
Donevan SD, Rogawski MA. GYKI 52466, a
2,3-benzodiazepine, is a highly selective, noncompetitive
antagonist of AMPA/kainate receptor responses. Neuron.
1993; 10:51-59.

Gitto R, Barreca ML, De Luca L, De Sarro G, Ferreri G,
Quartarone S, Russo E, Constanti A, Chimirri A. Discovery
of a novel and highly potent noncompetitive AMPA
receptor antagonist. ] Med Chem. 2003; 46:197-200.
Perucca E, French J, Bialer M. Development of new
antiepileptic drugs: Challenges, incentives, and recent
advances. Lancet Neurol. 2007; 6:793-804.

Howes JF, Bell C. Talampanel. Neurotherapeutics. 2007;
4:126-129.

Rogawski MA. Revisiting AMPA receptors as an
antiepileptic drug target. Epilepsy Curr. 2011; 11:56-63.
Valrocemide licensed for worldwide development,
production and marketing. http.//www.epilepsy.org.uk/
node/1133 (accessed July 29, 2012).

Isoherranen N, Woodhead JH, White HS, Bialer M.
Anticonvulsant profile of valrocemide (TV1901): A new
antiepileptic drug. Epilepsia. 2001; 42:831-836.

Hovinga CA. Valrocemide (Teva/Acorda). Curr Opin
Investig Drugs. 2004; 5:101-106.

Hamandi K, Sander JW. Pregabalin: A new antiepileptic
drug for refractory epilepsy. Seizure. 2006; 15:73-78.
Kavoussi R. Pregabalin: From molecule to medicine. Eur
Neuropsychopharmacol. 2006; 2:S128-S133.

Dworkin RH, Kirkpatrick P. Fresh from the pipeline:
Pregabalin. Nat Rev Drug Discov. 2005; 4:455-456.

Briggs DE, Lee CM, Spiegel K, French JA. Reduction of
secondarily generalized tonic-clonic (SGTC) seizures with
pregabalin. Epilepsy Res. 2008; 82:86-92.

Sisodiya SM. Genetics of drug resistance in epilepsy. Curr
Neurol Neurosci Rep. 2005; 5:307-311.

Pati S, Alexopoulos AV. Pharmacoresistant epilepsy: From
pathogenesis to current and emerging therapies. Cleve Clin
J Med. 2010; 77:457-467.

Regesta G, Tanganelli P. Clinical aspects and biological
bases of drug-resistant epilepsies. Epilepsy Res. 1999;
34:109-122.

Remy S, Gabriel S, Urban BW, Dietrich D, Lehmann TN,
Elger CE, Heinemann U, Beck H. A novel mechanism
underlying drug resistance in chronic epilepsy. Ann Neurol.
2003; 53:469-479.

Volk HA, Loscher W. Multidrug resistance in epilepsy:
Rats with drug-resistant seizures exhibit enhanced brain
expression of P-glycoprotein compared with rats with

.com



Drug Discoveries & Therapeutics. 2012; 6(4):178-193.

193

136.

137.

138.

drug-responsive seizures. Brain. 2005; 128:1358-1368.
Siddiqui A, Kerb R, Weale ME, Brinkmann U, Smith A,
Goldstein DB, Wood NW, Sisodiya SM. Association of
multidrug resistance in epilepsy with a polymorphism in
the drug-transporter gene ABCBI. N Engl J Med. 2003;
348:1442-1448.

Sanchez MB, Herranz JL, Leno C, Arteaga R, Oterino A,
Valdizan EM, Nicolas JM, Adin J, Armijo JA. Genetic
factors associated with drug-resistance of epilepsy:
Relevance of stratification by patient age and aetiology of
epilepsy. Seizure. 2010; 19:93-101.

Friedenberg WR, Rue M, Blood EA, Dalton WS, Shustik
C, Larson RA, Sonneveld P, Greipp PR. Phase III study
of PSC-833 (valspodar) in combination with vincristine,
doxorubicin, and dexamethasone (valspodar/VAD) versus
VAD alone in patients with recurring or refractory multiple
myeloma (E1A95): A trial of the Eastern Cooperative
Oncology Group. Cancer. 2006; 106:830-838.

139.

140.

141.

142.

143.

Peltola J, Peltola M, Raitanen J, Keranen T, Kharazmi E,
Auvinen A. Seizure-freedom with combination therapy in
localization-related epilepsy. Seizure. 2008; 17:276-280.
Patsalos PN, Froscher W, Pisani F, van Rijn CM. The
importance of drug interactions in epilepsy therapy.
Epilepsia. 2002; 43:365-385.

French JA, Faught E. Rational polytherapy. Epilepsia.
2009; 50:63-68.

Karceski S, Morrell MJ, Carpenter D. Treatment of
epilepsy in adults: Expert opinion. Epilep Behav. 2005; 7:
S1-S64.

Kaminski RM, Matagne A, Patsalos PN, Klitgaard H.
Benefit of combination therapy in epilepsy: A review of the
preclinical evidence with levetiracetam. Epilepsia. 2009;
50:387-397.

(Received January 20, 2012; Revised August 7, 2012;
Accepted August 11, 2012)

www.ddtjournal.com



