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Antiepileptic drugs (AEDs) are extensively used worldwide to treat a wide range of
disorders other than epilepsy, such as neuropathic pain, migraine, and bipolar disorder.
Due to this situation more than 20 new third-generation AEDs have been introduced in
the market recently. The future design of new AEDs must also have potential to help in
the non-epileptic disorders. The wide acceptance of second generation AEDs for the
management of various non-epileptic disorders has caused the emergence of generics
in the market. The wide use of approved AEDs outside epilepsy is based on both
economic and scientific reasons. Bipolar disorders, migraine prophylaxis, fibromyalgia,
and neuropathic pain represent the most attractive indication expansion opportunities
for anticonvulsant developers, providing blockbuster revenues. Strong growth in non-
epilepsy conditions will see Pfizer's Lyrica become the market leading brand by 2018.
In this review, we mainly focus on the current status of new AEDs in the treatment of
chronic pain and migraine prophylaxis. AEDs have a strong analgesic potential and this
is demonstrated by the wide use of carbamazepine in trigeminal neuralgia and sodium
valproate in migraine prophylaxis. At present, data on the new AEDs for non-epileptic
conditions are inconclusive. Not all AEDs are effective in the management of neuropathic
pain and migraine. Only those AEDs whose mechanisms of action are match with
pathophysiology of the disease, have potential to show efficacy in non-epileptic disorder.
For this better understanding of the pathophysiology of the disease and mechanisms
of action of new AEDs are essential requirement before initiating pre-clinical and clinical
trials. Many new AEDs show good results in the animal model and open-label studies
but fail to provide strong evidence at randomized, placebo-controlled trials. The final
decision regarding the clinical efficacy of the particular AEDs in a specific non-epileptic
disorder should be withdrawal from randomized placebo trials rather than open-label
studies; otherwise this may lead to off-label uses of drug. The purpose of the present
review is to relate the various mechanisms of action of new AEDs to pathophysiological
mechanisms and clinical efficacy in neuropathic pain and migraine.

Keywords: antiepileptics drugs, neuropathic pain, migraine, mechanism of action, efficacy

INTRODUCTION

Neuropathic pain is chronic pain caused by injury to, or disease of, the central and peripheral
nervous systems, occurring as a result of a cascade of neurobiological processes, which lead to
hyperexcitability in conducting pathways of somatosensory neurons. Hyperexcitability is also
hallmark of epileptic activity, and antiepileptic drugs (AEDs) remain the treatment of choice in
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the clinical management of neuropathic pain (McQuay et al.,
1995). It is now recognized that hyperalgesia (exacerbated
responses to painful stimuli) and allodynia (pain produced
by otherwise non-painful stimuli) develop as a result of the
pathological plasticity of sodium and calcium channels in
several areas in the peripheral and spinal cord afferent pain
pathways (Rogawski and Loscher, 2004a). In addition, other
mechanisms involved in neuropathic pain include increased
activity in glutamate receptors and changes in GABA-mediated
inhibition, as well as alteration of calcium influx into cells
(Rogawski and Loscher, 2004b). Many of the AEDs have
been Food and Drug Administration (FDA)-approved for
neuropathic pain but many others are commonly used in an
oft-label manner. Carbamazepine (CBZ), gabapentin (GBP), and
pregabalin (PGB) are currently the only three AEDs approved
by the US. FDA and European Medicines Agency (EMA)
for the treatment of neuropathic pain. The most commonly
studied neuropathic pain subtypes include diabetic neuropathic
pain (DNP), postherpetic neuralgia (PHN), and HIV-related
neuropathic pain. Collectively, these three conditions were
estimated to affect over six million people across the seven
major pharmaceutical markets (USA, UK, Japan, France,
Germany, Spain, and Italy) in 2010 (Nightingale, 2012)
However, the total affected population is considerably larger
owing to the number of additional off-label uses, such as
neuropathic lower back pain, cancer-related neuropathic pain,
complex regional pain syndrome and postoperative neuropathic
pain.

Fibromyalgia is defined as widespread pain for longer than
3 months with pain on palpation at 11 or more of 18
specified tender points (Wolfe et al., 1990) and is frequently
associated with other symptoms such as poor sleep, fatigue and
depression (Wolfe et al., 2014). More recently, a definition of
fibromyalgia has been proposed based on symptom severity and
the presence of widespread pain which does not require palpation
of tender points for diagnosis (Wolfe et al., 2010). Moreover,
patients with neuropathic pain and those with fibromyalgia
experience similar sensory phenomena (Koroschetz et al., 2011)
and peripheral nerve fiber changes seen in neuropathic pain
also occur in fibromyalgia (Oaklander et al, 2013; Ugeyler,
2013). Fibromyalgia is a common condition, with a global mean
prevalence of 2.7% (Range 0.4-9.3%) and a mean in the Americas
of 3.1%, in Europe of 2.5% and in Asia of 1.7% (Queiroz, 2013).
Fibromyalgia is more common in women, with a female to male
ratio of 3:1.

Migraine is the most disabling of the neurological disorders
worldwide (Murray et al., 2012) with a lifetime prevalence of
15-20% (Stovner et al., 2006). It is characterized by recurrent
attacks of headache accompanied by autonomic symptoms
such as photophobia, phonophobia, nausea and vomiting.
Approximately 90% of migraineurs experience moderate or
severe pain, three-quarters have a reduced ability to function
during the headache attacks and one-third requires bed rest
during their attacks (Lipton et al., 2007). Therefore, migraine
induces severe disability in the majority of sufferers, causing a
considerable burden to migraineurs, their families and society
(Ferrari, 1998; Michel et al., 1997).

Evidence-based guidelines on the drug treatment of migraine
have been developed and published by the European Federation
of Neurological Societies (EFNS). These guidelines suggest
that prophylactic therapy should be considered for patients
with migraine when quality of life, business duties, or school
attendance are restricted; when attack frequency exceeds one per
month; in case of a lack of response to acute drug treatment; and
when frequency, long, or uncomfortable auras occur (Evers et al.,
2009).

LITERATURE SEARCH

The literature search was done on Cochrane, Medline, Ovid,
and PubMed. The review is based on recent publications
on the activity of new generations AEDs in chronic pain
conditions such as neuropathic pain and migraine. The papers
published in the recent years were preferred, with the large
majority of the included articles being published from the year
2000 onward. More than 95% conclusions were derived from
randomized controlled trials (RCTs) and Cochrane Database of
Systematic Reviews. Cochrane reviews are regularly updated as
new evidence emerges and in response to feedback, and the
Cochrane Database of Systematic Reviews should be consulted
for the most recent version of the reviews. Open-label trials,
case-reports, non-English language articles and articles of limited
value, with out-of-date results or with poor methodology, were
excluded.

REVIEW OF LITERATURE IN
NEUROPATHIC PAIN

The first-line treatment options for the treatment of various
neuropathic pain conditions are the AEDs: CBZ, GBP, and PGB
(Goodyear-Smith and Halliwell, 2009). Sodium channel-blocking
CBZ is effective in pain states by virtue of the same selective
blocking properties of high-frequency action potential neuronal
firing that account for its anti-seizure activity (Rogawski and
Loscher, 2004a). The gabapentinoids (GBP and PGB) relieve
neuropathic pain by selectively binding to the Ca?* channels
subunit «28-1 in the dorsal root ganglia (DRG) of the spinal
cord. The 028-1 is the main molecular target, act as extracellular
auxiliary subunit of voltage-gated calcium channels particularly
the N- and L-types. The major function of a28-1 subunits is to
direct trafficking of pore forming a1 subunits of Ca?>* channels
from the endoplasmic reticulum to the plasma membrane
(membrane trafficking). Neuropathic pain, due to injuries to
peripheral/central nervous system, is associated with over-
expression of the 023 subunits of calcium channels (N-types)
in the DRG neurons and the dorsal horn neurons of the spinal
cord (predominantly C-fibers). The binding of gabapentinoids to
over-expressing a23; proteins may be responsible for the down
regulation of N-type calcium channels in the spinal cord and pain
attenuating effects in neuropathic pain (Taylor, 2009; Kukkar
et al., 2013). The 023 is also over-expressed within the area of
the brain associated with nociceptive processing, such as dorsal
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raphe, periaqueductal gray, locus coeruleus (LC) and amygdala
(Taylor and Garrido, 2008).

Gabapentinoids also have the ability to block anterograde
trafficking of «28; from DRG neurons to the pre-
synaptic terminals of the dorsal horns resulting in reduced
neurotransmitter release and spinal sensitization. Reduced Ca?*
entry at the presynaptic afferent terminal is expected to depress
neurotransmission (Taylor, 2009) by decreasing the release of
neurotransmitters such as glutamate, calcitonin gene related
peptide (CGRP) and substance P that are involved in neuropathic
pain progression (Kukkar et al., 2013).

The mechanism of action of gabapentinoids at the cellular
level and after neuropathy has been the subject of much debate.
Not a single molecular mechanism explain all aspects of analgesia,
however, from the molecular and transgenic studies strongly
support 023 is the sole molecular target for the analgesic actions
of gabapentinoids drugs.

Nerve injury induced up-regulation of «28; in sensory
neurons and spinal dorsal horn led to increased frequency, but
not amplitude, of miniature excitatory post synaptic currents
mediated mainly by AMPA/Kainate receptors at physiological
membrane potentials, and also by NMDA receptors upon
depolarization without changing the excitability of wide-
dynamic-range neurons to high intensity stimulation in animal
model. Together, these findings support a mechanism of 023,-
mediated spinal sensitization in which elevated «28; causes
increased pre-synaptic glutamate release that leads to reduced
excitation thresholds of post-synaptic dorsal horn neurons to
innocuous stimuli. This spinal sensitization mechanism may be
contributed to neuropathic pain states partially (Nguyen et al.,
2009; Zhou and Luo, 2014, 2015). The a28; knockout mice model
was showed that a28; expression appears to be a rate-limiting
factor in transmitting abnormal peripheral activity to central
neurons and is key in shaping the initiation of neuropathic pain,
but the absence of a23; fails to prevent chronicity and is not
essential in the maintenance of a neuropathic state (Patel et al.,
2013).

Peripheral nerve injury is also associated with up-regulation
of expression of thrombospondin-4 (TSP4) in spinal cord and
DRG of the spinal cord. At one end, peripheral nerve injury
up-regulates 28, in peripheral sensory neurons and its central
terminals, while at other end its increased the synthesis and
release of TSP4 in spinal cord and DRG of spinal cord. TSP4
activates its receptor 023-1 on sensory afferent terminals in
dorsal spinal cord to promote excitatory synaptogenesis and
central sensitization that contributes to neuropathic pain states
(Eroglu et al., 2009; Park et al., 2016). The TSP4/a28;-dependent
processes are important in mediating central sensitization and
chronic pain states. Although TSP4 is up-regulated within days
after peripheral nerve injury in both DRG and dorsal spinal cord
(Kim et al., 2012; Pan et al., 2015), there is a significant delay in
peak 023; up-regulation in the dorsal horn (weeks; Park et al.,
2016), primarily due to time required for initial translocation
of elevated a23; from DRG to pre-synaptic central terminals of
sensory afferents in the dorsal horn (Bauer et al., 2009). The
subsequent interaction of elevated TSP4 with excess pre-synaptic
a2d; in the dorsal horn then promotes aberrant excitatory

synaptogenesis and dorsal horn neuron sensitization to maintain
chronic pain states. It is now clear that processes responsible
for the initiation of neuropathic pain may differ from those
responsible for its long-term maintenance. Microglia activation
may be primarily associated with pain onset and astrocytes may
contribute to the persistence of pain over periods of months and
years (Grace et al., 2014).

Gabapentinoids may also act supra-spinally to treat
neuropathic pain by stimulating descending inhibition to
produce anti-hypersensitivity in peripheral nerve injury.
Peripheral nerve injury induces differential changes in the
plasticity of GABAergic neurons in the LC (increase in GABA
release) and spinal dorsal horn (decrease in GABA release) and
gabapentinoids are reported to selectively reduce pre-synaptic
GABA release in the LC, not in the spinal dorsal horn. The
gabapentinoids mediated reduction in GABAergic activity in the
LC is associated with an increased noradrenaline release that in
turn suppresses neurotransmission of pain in the spinal cord
via activation of a, adrenoreceptors (LC provides a descending
inhibitory noradrenergic input to the dorsal horn; Tanabe et al,,
2005). This effect would be expected to reduce excitability
and to impede the transfer of nociceptive information. But
this effect of gabapentinoids is seen only in vivo. Recently, a
study has shown that activation of Brain-derived neurotrophic
factor-tropomyosin receptor kinase B (BDNF-trkB) signaling is
essential for gabapentinoids mediated activation of descending
inhibitory pathway involving o, receptors (Kukkar et al., 2013).

Gabapentinoids are transported into the neuronal cytoplasm
via a neutral amino acid transporter (Cheng and Chiou, 2006)
where they bind to a2d; (Field et al., 2006; Bauer et al,
2009). Interruption of the interaction of a23; with pore-forming
a-subunits of Ca?* channels reduces the trafficking and the
appearance of functional channels at the cell surface. The
resulting decrease in channel availability would be expected
depolarization-induced Ca®* influx and this has been suggested
to reduce neurotransmitter release (Cheng and Chiou, 2006;
Field et al, 2006; Bauer et al., 2010). This assumption later
found to be invalid for gabapentinoids mechanism of action
in neuropathic pain. It was found that neurotransmitter release
process is independent of depolarization via Ca?™ influx through
calcium channels expression in plasma membrane of nerve
terminals (Hoppa et al., 2012; Biggs et al., 2014). At the cell
surface GBP does not disrupt the interaction between a28; and
ap subunits (Cassidy et al., 2014). GBP also fails to inhibit the
internalization rate of a28, but may be disrupt rab11-dependent
recycling from endosomal compartments consequently reducing
calcium currents through this mechanism (Tran-Van-Minh and
Dolphin, 2010). It is speculate that at the spinal level, acute
gabapentinoids treatment targets channel cycling pathways. In
the dorsal horn of the spinal cord a23; subunits of voltage
gated calcium channels (VGCCs) mediate forward trafficking of
channels from the endoplasmic reticulum, and this process can be
facilitated by protein kinase C. The descending facilitations from
the brainstem activating presynaptic ionotropic 5-HT3 receptors
in the spinal dorsal horn results in membrane depolarization
and may have consequences for VGCCs activity. Gabapentinoids
inhibits rabl1-dependent recycling of endosomes, while having
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no effect on the interaction between 028; and VGCCs at the
membrane. An inhibition of channel recycling results in reduced
channel expression at the synaptic membrane and a decrease
in transmitter release. Gabapentinoids do not affect single-
channel kinetics of VGCCs and have only modest effects on
neurotransmission (Dooley et al., 2007). This mechanism of
action is independent of mechanism of gabapentinoids through
TSP4. This acute effect would be observed in vivo not in vitro
(Suzuki et al., 2005; Rahman et al., 2009).

The epidermal growth factor (EGF)-like domains of TSP4
directly binds to a23; and mediates its synapse-inducing activity
via this receptor. The a28; act as a neuronal TSP receptor
that is required for CNS synapse formation. This function of
a2d; is likely to be independent of calcium channel function
and numbers. Gabapentinoids are the potent inhibitors of
TSP/astrocyte-induced excitatory synapse formation in both vitro
and vivo. GBP binding to a23, involves a region just upstream of
the von willebrand factor A (VWEF-A) domain in a2. Therefore,
it is unlikely that TSP and GBP compete for the same binding
site. GBP binding to a2d; restricts the confirmation of the
VWEF-A domain and keeps «28; in its inactive confirmation.
This perturbs the TSP-023; interaction and inhibits activation
of the synaptogenic signaling complex (Eroglu et al, 2009).
A critical threshold concentration of GBP in the cerebrospinal
fluid is required to be effective in blocking synapse formation.
TSP4-induced dorsal horn neuron sensitization and behavioral
hypersensitivity is a slow process that requires 4 days to reach the
peak effects, GBP at a clinically relevant concentration can block
these effects within 1 h (Park et al., 2016).

The actions of gabapentinoids on DRG or dorsal horn
neurons take at least 17 h to develop in vitro (Heblich et al.,
2008; Hendrich et al., 2012; Biggs et al., 2014), which do not
correlate with their rapid actions in animal model in vivo, where
antiallodynic effects can be seen within 30 min of intraperitoneal
injection (Patel et al., 2001; Field et al, 2006; Kumar et al,
2013). The rapid and slowly developing effects of gabapentinoids
are well explained in a recent study. According to them, the
a-subunits of VGCCs associate with a28; subunits in the DRG
and both are trafficked to the primary afferent nerve terminals
in the dorsal horn neurons. The «28; subunit is responsible
for trafficking channels to the plasma membrane of nerve
terminals. This result in up-regulation of functional calcium
channels on plasma membrane and enabling their coupling with
the neurotransmitter release machinery. The expressed channels
are then removed from the membrane by endocytosis into
endosomes, where they are targeted for recycling or degradation.
In the control or uninjured nerve, where levels of 023, are
low, cycling of channels to and from the plasma membrane in
nerve terminals are proceeds at a relatively slowly. However, this
process takes place at a much more rapid rate, when «23; is up-
regulated either experimentally or as a result of nerve injury.
Since gabapentinoids do not affect the rate of endocytosis, this
renders surface expression of a23; more liable and susceptible
to inhibition by gabapentinoids. As a result we see the onset of
actions within minutes rather than hours. In uninjured nerve,
where «28; is not up-regulated, gabapentinoids impediment of
trafficking of a28; —induced expression of calcium channels from

cell bodies to nerve terminals. This result in gradual depletion of
the surface expression of channels, as rate of endocytosis exceeds
the rate of replenishment. These processes take about 17 h or
more (Alles and Smith, 2016).

The gabapentinoids produce rapid effects in animal models,
then why is it commonly reported that the drug effects take
many days to appear in the clinic setting (Sharma et al., 2010;
Parsons et al., 2015). One possibility is that in patients presenting
with chronic neuropathic pain, 023; is no longer up-regulated
and other maladaptive process have taken over the maintenance
of central sensitization. From the available literature, we did
not get any information about the persistence of injury-induced
a28; up-regulation in either animal models or in patients. Since
gabapentinoids are not universally effective, as many as 50% of
treated patients do not experience pain relief with GBP (Moore
et al., 2014). One of the reasons may be not all chronic pain
conditions are associated with increased expression of 023;
and/or TSP4. It would be interesting to know whether 28,/TSP4
levels in individual patients would predict drug efficacy. So,
further research in this field is urgently required to understand
the protracted action of gabapentinoids in the clinic.

The starting dose of GBP is 900 mg/day given as three
equally divided doses, increasing gradually up to a maximum of
3600 mg/day. The initial dose of PGB is 150 mg/day given as
2-3 divided doses. Based on patient response and tolerability,
the dose may be gradually increased, to a maximum dose of
600 mg/day. GBP can also be formulated as an aqueous solution
for injection, but this formulation is not licensed for treatment of
any type of neuropathic pain or fibromyalgia. GBP has a half-life
of 5-7 h. It is absorbed through a saturable transport system, so
that absorption is not linear, and the transporter is found only
in the proximal small bowel. This means that the drug needs
to be administered at least three times daily to obtain plasma
trough levels. Two new formulations have been introduced to
improve oral bioavailability. The first is an extended-release
gastro-retentive formulation, designed to provide continuous
delivery at the optimal site of absorption over 8-10 h. The
second formulation is extended-release prodrug (GBP enacarbil)
that is absorbed through a high capacity transport system found
throughout the intestine and then undergoes rapid hydrolysis to
GBP. The human trials showed it to produce extended release
of GBP with almost twice the overall bioavailability, especially
when taken with a fatty meal. Due to the enhanced absorption
of GBP enacarbil compared to GBP, the two drugs are not dose
equivalent. PGB is related in structure to GBP. Compared to
GBP, PGB is more potent, more quickly absorbed, and has greater
bioavailability.

A recent Cochrane Library report (2014) reviewed 37
studies in 38 reports (5633 participants) that examined GBP
(1200 mg/day or more) effect in 12 chronic neuropathic pain
conditions (Moore et al., 2014) (Table 1). In this report more than
84% of participants (13 studies) were in studies of PHN, painful
diabetic neuropathy and mixed neuropathic pain. The other nine
neuropathic pain conditions were studied in 922 participants,
with the largest numbers in cancer-related neuropathic pain
(356 participants), fibromyalgia (150 participants) and nerve
injury pain (120 participants). Twenty-three studies had a
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TABLE 1 | Efficacy outcomes with Gabapentin in PHN and DNP.

Outcome No. of studies Participants Improvement Improvement RR NNT
with GBP (%) with placebo (%)

PHN IMMPACT definition-any substantial pain 7 2045 34 20 1.7 (1.4-2.0) 6.8 (5.4-9.3)
benefit (at least 50% reduction from
baseline)
IMMPACT definition-any at least moderate 7 2045 44 27 1.6 (1.4-1.8) 5.7 (4.6-7.5)
pain benefit (at least 30% reduction from
baseline)

DNP IMMPACT definition-any substantial pain 6 1277 38 21 1.9(1.5-2.3) 5.9(4.6-8.3)
benefit
IMMPACT definition-any at least moderate 7 1439 52 37 1.4(1.3-1.6) 6.6 (4.9-9.9
pain benefit

IMMPACT, initiative on methods, measurements, and pain assessment in clinical trials; PHN, postherpetic neuralgia, DNF, diabetic neuropathy; RR, relative risk; NNT,

numbers-needed to treat.

parallel-group design and 14 had a cross-over design. Four
studies used a gastroretentive, extended release formulations of
GBP, and four others used an extended release prodrug, GBP
enacarbil. Using the Initiative on Methods, Measurements, and
Pain assessment in Clinical Trials (IMMPACT) definition of
substantial benefit and moderate benefit model (Dworkin et al.,
2008); data were analyzed.

Adverse events occurred significantly more often with GBP.
Persons taking GBP were experienced at least one adverse event
(62%), withdraw because of an adverse event (11%), suffer
somnolence (14%), dizziness (19%), peripheral edema (7%), and
gait disturbance (9%). The author concluded that the amount of
evidence for GBP in neuropathic pain conditions except PHN,
DNP and mixed neuropathic pain is very limited, excluding
any confidence that it works or does not work. The level of
efficacy found for GBP is consistent with the efficacy estimates for
other drug therapies in these conditions. There was no obvious
difference between standard GBP formulations and recently
introduced extended release or gastro-retentive formulations, or
between different doses of GBP.

Pregabalin is marketed under different trademarks worldwide.
US FDA approved the use of PGB for fibromyalgia in 2007, but
the European Committee for Medicinal Products for Human
Use (CHME) did not approve the use of PGB for fibromyalgia
in Europe. The mode of action is similar to GBP, but has
higher affinity for calcium channels is therefore used at lower
doses. A recent Cochrane Library report (2008) reviewed 19
studies (7,003 participants) that examined PGB (300, 450,
and 600 mg/day) effect in patients with PHN, DNP, central
neuropathic pain and fibromyalgia (Moore et al., 2009). PGB was
generally ineffective at 150 mg/day. Efficacy was demonstrated
for dichotomous outcomes pooling together extent of pain relief,
alongside with lower rates of lack of efficacy and discontinuations
with higher dose. The best (lowest) number needed to treat
(NNT) for each condition for at least 50% pain relief over
baseline for 600 mg/day PGB (compared with placebo) was 3.9
(95% CI 3.1-5.1) for PHN, 5.0 (95% CI 4.0-9.9) for DNP, 5.6
(95% CI 3.5-14) for central neuropathic pain and 11.7 (95% CI
7.1-21) for fibromyalgia. With 600 mg PGB daily somnolence
typically occurred in 15-25% and dizziness occurred in 25-46%

of patients. Treatment was discontinued due to adverse events
in 18-28%. The authors concluded that PGB provides a proven
efficacy in neuropathic pain conditions and fibromyalgia, but
with no benefit in acute pain scenarios. Due to the variability in
patient’s response to PGB treatment, individualization is needed
to maximize neuropathic pain relief and minimize adverse events.

Lacosamide (LCS) was approved in 2008 by both the USFDA
and EMA as an adjunctive therapy for the treatment of partial-
onset seizures with or without generalization in adults (17 years
or older) patients with epilepsy, but later in 2014 it was additional
approved by USFDA as monotherapy for the treatment of
partial-onset seizures. It is not approved in the European Union
as monotherapy. LCS selectively enhances slow inactivation
of voltage-gated sodium channels (VGSC) without any effect
on fast inactivation; whereas classical VGSC blockers such as
phenytoin and CBZ produce fast inactivation. Slow inactivation
is induced under conditions of sustained depolarization and
repeated firing such as epilepsy or chronic neuropathic pain.
LCS seems to enhance the slow inactivated state by altering
the voltage-dependence of the VGSC subunit arrangement. LCS
also modulates collapsing-response mediator protein-2 which
may mediate neuronal plasticity. Dual mechanism of action
might be an advantage in neuropathic pain. A recent Cochrane
review on LCS efficacy in neuropathic pain and fibromyalgia
included six studies: five (1,863 participants) in DNP and one
(159 participants) in fibromyalgia (Hearn et al., 2012). All studies
were placebo controlled and titrated to a target daily dose of
200, 400, or 600 mg. Study reporting quality was generally good,
although the imputation method of last observation carried
forward used in analyses of the primary outcomes is known to
impart major bias, since adverse event withdrawal rates were high
in the LCS studies. This coupled with small numbers of patients
and events for most outcomes, meant that most results were of
low quality, with moderate quality evidence available for some
efficacy outcomes of LCS (400 mg/day).

In painful diabetic neuropathy, LCS (400 mg/day) provided
statistically increased rates of achievement of “moderate” and
“substantial” benefit (at least 30% and at least 50% reduction
from baseline in patient-reported pain, respectively), and the
patient global impression of change outcome of “much or very
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much improved.” For LCS 600 mg, there was no consistent
benefit over placebo. There was no significant difference between
any LCS dose and placebo for participants experiencing adverse
effects, but adverse effect withdrawals showed a significant dose
response. The number needed to harm (NNH) for adverse effect
withdrawal was 11 at LCS 400 mg/day and 4 for 600 mg/day.
The authors concluded that LCS has limited efficacy in treating
diabetic neuropathy with limited beneficial effect at higher doses,
but higher doses were associated with significantly more adverse
event withdrawals. LCS has commonly off-label use in painful
DPN. It is likely, therefore, that LCS is without any useful benefit
in treating neuropathic pain; any positive interpretation of the
evidence should be made with caution if at all. It is unknown if
there will be further trials for neuropathic or other form of pain.

A recent Cochrane review showed non-convincing data for
lamotrigine (LTG) in neuropathic pain. Twelve studies (1511
participants) were included, all with chronic painful neuropathic
conditions (Wiffen et al., 2013b). None of the study provided
first-tier evidence for an efficacy outcome. There was no
convincing evidence that LTG is effective in treating neuropathic
pain and fibromyalgia at doses of 200-400 mg daily. Almost 10%
of participants of taking LTG reported a skin rash.

A recent Cochrane review investigated the efficacy of
oxcarbazepine (OXC) in neuropathic pain. Four studies
(779 participants) were included; three of them (634 participants)
investigated the efficacy of OXC in painful diabetic neuropathy
and one study (145 participants) in neuropathic pain due to
radiculopathy (Zhou et al., 2013). Results for painful diabetic
neuropathy showed that compared to the baseline the proportion
of participants who reported a 50% reduction of pain scores after
16 weeks of treatment was significantly higher in the OXC group
than the placebo group, with RR 1.91 (95% CI 1.08-3.39) and
number of people needed to treat for an additional beneficial
outcome (NNTB) 6.0 (95% CI 3.3-41.0). However, this positive
outcome came from a single trial; other two negative trials
did not provide data, which could not be included in meta-
analysis. So the evidence from this review is incomplete and
may not be widely acceptable. The authors concluded that
more well designed, large, multicenter, randomized placebo, or
active-controlled trials investigating OXC are needed.

A similar Cochrane review investigated the analgesic efficacy
of topiramate (TPM) in neuropathic pain. Four studies (1684
participants) were included; three of them were in painful
diabetic neuropathy (1643 participants) and one in radiculopathy
(41 participants; Wiffen et al., 2013a). Doses of TPM were titrated
up to 200 or 400 mg/day. None of the study provided evidence of
efficacy in neuropathic pain whereas adverse event withdrawals
were higher in active treatment group than placebo control.

Levetiracetam (LEV) is FDA-approved as add-on therapy in
adult patients with focal seizures and myoclonic seizures. The
drug assumed to act by modulating neurotransmitter release
via binding to the vesicle protein SV2A (Lynch et al., 2004,
2008). However, its molecular mechanisms of action are still
unknown. An analgesic effect of LEV in pain models might be
explained by different pathophysiological mechanisms in various
types of neuropathic pain as shown in different animals as
well as in human neuropathic pain models (Enggaard et al.,

2006; Archer et al, 2007; Ozcan et al, 2008; Sliva et al,
2008; Reda et al., 2016). However, the review of such results
should also consider the increasing need for quality control
and management in experimental research. Only few studies
have tested LEV in chronic pain conditions. Some pilot and
open-labeled case or cohort studies in humans showed LEV
has analgesic effect in various neuropathic pain conditions
(Hawker et al., 2003; Rowbotham et al., 2003; Price, 2004; Hamza
et al.,, 2009). Recently, various studies demonstrated no analgesic
effect of LEV in the randomized placebo-controlled and double-
blind studies on painful polyneuropathy, post-mastectomy pain
syndrome, central post-stroke pain, or spinal cord injury pain
(Vilholm et al., 2008; Finnerup et al., 2009; Holbech et al., 2011;
Jungehulsing et al., 2013). Further large randomized placebo-
controlled trials are required to clarify the analgesic potential of
LEV in neuropathic pain.

Zonisamide (ZNS) has a broad label use in Japan, while
the regulatory bodies in the USA and Europe have approved
it for use only as an adjunctive therapy for partial seizures
in adults. ZNS has multiple mechanisms of action, one of
them cause modulation of dopaminergic and serotonergic
neurotransmission. Recently, animal model study investigated
the role of serotonergic descending inhibitory pain pathways
in antihyperalgesic effectiveness of ZNS in the streptozotocin-
induced rat model for painful diabetic neuropathy (Bektas et al.,
2014). The result of the study supports the role for ZNS in the
management of DNP in all phases. Serotonin 5-HT,4,2c and
5-HT3 receptors are involved in the antihyperalgesic effect of
ZNS by enhancement of thermal threshold. A recent Cochrane
review on ZNS included a single study treating 25 participants
(13 ZNS, 12 placebo) with painful diabetic neuropathy over
12 weeks (Moore et al., 2015). The review found a lack of
evidence suggesting that ZNS provides a pain relief in any
neuropathic pain condition. This single available study was small
and potentially subject to major bias. It cannot be regarded
as reliable. Larger randomized, double blind, placebo-controlled
trials on ZNS are required to find the true potential of this drug
as analgesic.

Eslicarbazepine acetate (ESL) is a novel antiepileptic drug that
is structurally related to CBZ and OXC but possesses a more
favorable metabolic profile. Unlike CBZ, it is not susceptible
to enzyme induction and unlike OXC (which is a prodrug of
both the S- and the R-enantiomers of licarbazepine), ESL is
a prodrug of predominantly the S-enantiomer of licarbazepine
(McCormack and Robinson, 2009). Currently, there are no
published clinical data on the analgesic properties of ESL;
however, preclinical studies aimed at evaluating its efficacy in
the treatment of migraine, postherpetic neuralgia and painful
diabetic neuropathy have begun (Verrotti et al, 2014). A
most recent animal study demonstrated that ESL produces
dose-dependent antinociceptive effects in models of trigeminal,
neuropathic and visceral pain in mice. ESL exhibited similar
efficacy across all models but had a different potency in producing
antinociceptive effects. It was the most potent in the writhing
test and the least potent in the streptozotocin-induced diabetic
neuropathy model. Study also demonstrated that antagonist of
serotonergic receptors (5-HTg/1p) and cannabinoid receptors
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(CB,/CB,) exerted dose-related inhibition of the antinociceptive
effect of ESL, which implicates an involvement of these receptors
in the antinociceptive action of ESL (Tomic et al., 2015).

Retigabine (RTG) or ezogabine is an antiepileptic drug,
approved by the USFDA and EMA for the treatment of partial
seizures in 2011. In 2013, the therapeutic use of RTG has been
restricted by the EMA as an adjunctive treatment of drug-
resistant partial onset seizures with or without generalization in
adults. RTG has a unique mechanism of action that involves
opening of neuronal Kv7.2-7.5 (formerly KCNQ 2-5) voltage
activated K' channels. These channels (primarily Kv 7.2/7.3)
enable generation of the M-current, a sub-threshold K* current
that serves to stabilize the membrane potential and control
neuronal hyperexcitability (Wuttke et al., 2005; Wang and Li,
2016). M-current channels are more negative than the action
potential threshold. It means they are active at potentials
below the threshold for action potential initiation and tend to
increase rapidly in magnitude with depolarization. This creates
a force opposing to depolarization, because the current does
not inactivate but remains active during prolong periods of
depolarization it tends to reduce firing frequency. Opening of
these channels by RTG leads to hyperpolarization of the cell
membrane, and a resultant decrease in cell excitability. A number
of recent studies have reported that RTG can relieve pain-like
behaviors such as hyperalgesia and allodynia in animal models
of neuropathic pain (Takeda et al., 2011; Abd-Elsayed et al., 2015;
Cai et al,, 2015). Although several different types of neuropathic
pain animal models have been developed and extensively studied,
but still we fails to identify the common therapeutic molecular
target among the voltage gated K™ channels (Kv7) in the neurons
located in the nociceptive pathway. More, extensive research has
been required to explore the exact role of Kv channel opener in
the neuropathic pain.

Rufinamide was approved by the USFDA for adjunctive
use in the treatment of seizures associated with Lennox-
Gastaut syndrome in children 4 years or older and in adults.
Exact mechanism of action is still unknown, but in vitro
studies suggest that it act through modulation of VGSC. It
appears to prolong the inactive state of VGSC by slowing
the recovery of these channels from inactivation (Wier et al.,
2011; Kharatmal et al,, 2015). VGSCs are key determinants
regulating action potential generation and propagation; thus,
changes in sodium channel function can have profound effects on
neuronal excitability and pain signaling. Pain sensations typically
originate in sensory neurons of the peripheral nervous system
which relay information to the central nervous system. VGSCs
in sensory neurons play a crucial role in neuropathic pain.
Electrophysiological and pharmacological studies have revealed
that specific sodium channels subtypes particularly Navl.3,
Navl.7, Navl.8, and Navl.9 are predominantly expressed and
involved in the peripheral nociceptive neurons associated with
pain signaling (Cummins et al., 2007; Theile and Cummins, 2011;
Eijkelkamp et al., 2012). These subtypes of sodium channels are
further classified into two main groups based on its sensitivity
to tetrodotoxin (TTX). TTX-sensitive includes (Navl.3, Nav1.7)
and TTX-resistant includes (Nav1.8, Nav1.9; Elliott and Elliott,
1993; Rush et al., 1998). Rufinamide has a great affinity for

TTX-resistant than TTX-sensitive channels (Kharatmal et al.,
2015). Rufinamide attenuates allodynia response in animal
models of inflammatory and diabetes induced neuropathic pain
(Suter et al., 2013; Kharatmal et al., 2015). It has completed phase
IV clinical trial, but results are not posted (ClinicalTrials.gov
Identifier: NCT01212458, 2014). However, most of the sodium
channel blockers that are currently available are often associated
with cardio-toxicity and central nervous system side effects.
Topical application, targeted drug delivery with minimize oft-
target side effects, development of isoforms specific VGSC
blockers or development of sodium channel modulators that
target specific patterns of sodium channel activity associated with
problematic pain are the key approaches in the future research to
tackle this problem.

REVIEW OF LITERATURE IN MIGRAINE

The use of AEDs for the prophylactic treatment of migraine
is theoretically warranted by several known modes of action,
which relate either to the general modulation of pain system
(Wiffen et al., 2010) or more specifically to systems involved in
the pathophysiology of migraine. Migraine and epilepsy both
are episodic disorders that share many clinical features and
underlying pathophysiological mechanisms (Rogawski, 2012).
The prevalence of migraine in populations of individuals with
epilepsy is estimated at 8-24%, so that the risk of migraine is
approximately twice that in the normal population. Similarly,
the prevalence of epilepsy in individuals with migraine has been
reported to be in the range of 1-17%, with a median of 5.9%,
which is higher than the population prevalence of about 0.5-1%
(Rogawski, 2012).

The pathophysiology of migraine involves abnormal neuronal
activity such as hyperexcitability on the cortical surface during
the aura phase and in the trigeminocervical complex (TCC)
during the pain phase (Akerman et al, 2011). A causal
association between migraine aura and headache is supported
by evidence that both are linked to the phenomenon known
as cortical spreading depression (CSD) of Leao (Chiossi et al.,
2014). CSD is an expanding neural depolarization wave of
cortical neurons, is the basis for the aura in migraine and the
trigger for the subsequent headache pain. However, the initial
event proceeding CSD is neuronal hyperexcitability associated
with localized epileptiform discharges. CSD which occur
spontaneously in the human cortex before the onset of headache;
its pathogenesis is exactly not known. The susceptibility of its
occurrence likely depends on genetic factors that render the
cerebral cortex hyperexcitable thro channelopathy or abnormal
excitatory/inhibitory imbalance (Chiossi et al., 2014). Glutamate
is a critical mediator of the hyperexcitability in both focal
seizures and migraine. In focal epilepsy, seizure generation and
spread is mediated by synaptically released glutamate acting on
AMPA receptors, whereas in migraine, triggering of CSD depends
on NMDA receptors and spread does not require synaptic
transmission. (Figure 1) Some AEDs prevent the occurrence of
migraine attacks, while others not. AEDs act through a range
of different mechanisms of action, which ultimately modulate
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FIGURE 1 | Schematic illustration of the putative chain of cellular events in the evolution of an epileptic seizure and migraine attack, highlighting the
similarities and differences. In epilepsy, synaptic glutamate release acting through AMPA receptors is a trigger factor and synaptic activity is required (in most
instances) for propagation. In migaine, synaptic glutamate acting through NMDA receptors is a trigger factor. Once established, synaptic activity may no longer be
necessary and glutamate release from glia is the predominant factor that drives the advancing front of spreading depression. The spreading depression wave
triggers the release of mediators that activate the trigeminovascular system, resulting in headache pain. Voltage-gated Na+ channel dependence
(tetrodotoxin-sensitivity) implies the involvement of synaptic mechanisms. CGRP, calcitonin gene-related peptide (Adapted from Rogawski, 2012).

neural systems involved in the pathophysiology of migraine. meningeal and dural blood vessels. Clinically it correlates with
Therefore, it is not possible to dissect which mechanisms may be  throbbing headache. Such nociceptive information is transmitted
responsible for the therapeutic effect. via C and A8 nerve fibers to first order neurons in the trigeminal
Cortical spreading depression is the key event that causes ganglia (TG). Axons from TG project to SpVC. Second order
activation of the trigeminovascular system (TVS; Noseda and neurons are located in the SpVC. Axons originate from second
Burstein, 2013). The TVS pain pathway has both peripheral and  order neurons finally project to thalamic nuclei (Noseda and
central projections (Goadsby and Raskin, 2015) (Figure 2). Burstein, 2013).
The central projection involves TCC [spinal trigeminal A large number of endogenous inflammatory mediators
nucleus + upper cervical spinal cord (C1-C2)] and VPM believed to be released during migraine are capable of activating
(ventral posteromedial) nucleus of thalamus. Third-order and sensitizing peripheral and central trigeminovascular
neurons lie in the VPM nucleus. Axons from these neurons neurons. Peripheral sensitization mediates the throbbing
project to the trigeminal area of the primary and secondary perception of the headache (Strassman et al., 1996) whereas
somatosensory (S1/S2) cortices, as well as the insula, suggesting central sensitizations of second order neurons in the SpVC
a role in sensory-discriminative components of migraine such  responsible for cephalic allodynia (Burstein et al., 2000, 2010).
as location, intensity, and quality of pain. TCC also send Overall, the data imply that migraine headache depends both on
projections to the posterior, lateral posterior/dorsal thalamic activation of the TVS by pain signals that originate in peripheral
nuclei, which are in turn project to multiple cortical areas such  intracranial nociceptors, and on dysfunction of CNS structures
as motor, parietal association, retrosplenial, somatosensory, involved in the modulation of neuronal excitability and pain.

auditory, visual and olfactory cortices, suggesting a role in motor There is extensive evidence from RCTs that divalproex sodium

clumsiness, difficulty focusing, transient amnesia, allodynia, (valproate) and TPM are effective in preventing migraine attacks

photophobia, phonophobia, and osmophobia. and both drugs are approved by the US FDA for this indication
In the peripheral projection, spinal trigeminal nucleus (SpVC)  (Rogawski, 2008; Linde et al., 2013¢,d).

plays a central role in the TVS of pain pathway. SpVC received The mechanism of action of GBP is to enhance GABA release

input from higher centers. Fibers from SpVC project to superior  through a non-vesicular mechanism. The pharmacological target
salivatory nucleus, which in turn send fibers to sphenopalatine  of GBP is 023 subunit of L-type voltage-gated calcium channel
ganglion (SPG). Fibers originates from SPG innervates the which modulate peripheral and central trigeminovascular dural
meningeal blood vessels. These terminal nerve fibers release the nociceptive neurons, but not those in the thalamus (Hoffmann
chemical mediators such as neurokinin A, substance Pand CGRP et al., 2014). The results from a recent meta-analysis suggest that
which is responsible for inflammation and vasodilatation of the =~ GBP is not effective for the preventive treatment of migraine
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FIGURE 2 | Brainstem pathways that modulate sensory input. The key pathway for pain in migraine is the trigeminovascular input from the meningeal vessels,
which passes through the trigeminal ganglion and synapses on second-order neuron in the trigeminocervical complex (TCC). These neurons in turn project in the
quintothalamic tract and, after decussating in the brainstem, synapse on neuron in the thalamus. Important modulation of the trigeminovascular nociceptive input
comes from the dorsal raphe nucleus, locus coeruleus, and nucleus raphe magnus (Adapted from Goadsby and Raskin, 2015).
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(Linde et al., 2013b). Total six trials were included, enabling
comparison to placebo as well as dose comparisons of GBP or
GBP enacarbil. All six trials had parallel-group designs and a
median duration of the treatment phase of 12 weeks. The doses
of GBP investigated in the trials were 900-2400 mg. No trial
investigated PGB. Only one trial investigated GBP enacarbil. This
drug is not approved by the FDA for the treatment of epilepsy
but rather for the treatment of moderate-to-severe restless legs
syndrome and postherpetic neuralgia in adults. The pooled
results did not demonstrate a significant difference between GBP
and either placebo or different GBP doses on the outcomes
“headache frequency” or “responder rate.” The sole trial of
GBP enacarbil failed to demonstrate a significant difference in
responder rate across all dose ranges.

The main pharmacological actions of LTG are thought to
be by inhibiting glutamate release, believed to be via blocking
voltage-sensitive sodium channels. LTG is not effective for the
preventive treatment of migraine (Linde et al., 2013a). The animal
models studies showed that LTG was able to significantly decrease
the number of repetitive CSDs in rats (Bogdanov et al., 2011).
As we discussed earlier that CSD is clinically correlates with
occurrences of aura symptoms of migraine. This data provide
strong support that LTG is effectively relieve aura symptoms
of migraine without relief in headache phase. However, this
hypothesis was investigated in a small pilot study as well as
an open clinical trial, suggested that LTG had efficacy in the
reduction of migraine aura (Lampl et al., 1999, 2005). Further

clinical trials are needed to confirm the efficacy of LTG for aura
treatment.

A single parallel-group trial examined ZNS vs. TPM (200
and 100 mg, respectively) and found no significant difference
between them in reduction of headache frequency from baseline
during the third month of treatment (Linde et al, 2013a).
This should be investigated further in placebo-controlled trials
because conducted trial had incomplete outcome data. The
absence of a significant difference in effect between ZNS and TPM
is not proof of an actual effect of ZNS.

Levetiracetam has been reported to be effective in two
open-label studies (Brighina et al., 2006; Pakalnis et al., 2007).
The controlled trial reported in chronic daily headache, in
which some patients clearly had chronic migraine, was negative
(Beran and Spira, 2011). In another placebo-controlled study,
showed that LEV at a dose of 1000 mg/day was superior to
placebo in relieving migraine frequency, severity and functional
disability (p < 0.0001; Verma et al., 2013). A recent randomized,
double-blind, parallel-groups, placebo-controlled study explored
the efficacy of LEV (500 mg/day) versus sodium valproate
(500 mg/day) versus placebo in the prevention of migraine. The
results showed that there was no statistically significant difference
between LEV and valproate groups in the mean change of
migraine frequency. However, it was significant when comparing
LEV or valproate to placebo (p = 0.02 for both; Sadeghian
and Motiei-Langroudi, 2015). Both placebo-controlled trials have
methodological issues (small sample size), high risk of reporting
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and attrition bias. A meta-analysis based on the existing data
suggests that LEV is not effective in the preventive treatment of
migraine (Linde et al., 2013a). Large-scale randomized studies
are needed to verify these findings. Large future trials should be
encouraged on line with recommendations of the International
Headache Society with regard to both trial design and reporting
of data.

A randomized, double-blind, placebo-controlled trial was
conducted by UCB which is a multinational biopharmaceutical
company to evaluate the efficacy of LCS (100 and 300 mg/day)
compared to placebo in reducing the frequency of migraine. The
primary efficacy variable was the mean reduction of migraine
rates during the 14-week maintenance period compared to the
average frequency during the 4-week baseline period. The trial
did not meet its primary endpoint. However, a reduction in
headache frequency was consistently observed in all treatment
groups (Clinical Trials.gov Identifier: NCT00440518, 2014).

A recent randomized, double-blind, parallel-group, placebo-
controlled, multicentre trial explored the eflicacy, safety and
tolerability of OXC (1200 mg/day) versus placebo in the
prevention of migraine (Silberstein et al., 2008). There was no
statistically significant difference between the OXC and placebo
groups in the mean change of migraine frequency, indicating that
OXC is not effective in the prevention of migraine.

With regard to other AEDs, no data from controlled trials
are available for ESL, rufinamide, RTG, and perampanel for the
preventive treatment of migraine.

Glutamate is the primary excitatory neurotransmitter
throughout the peripheral and central nervous systems, and
receptors mediating its actions represent candidate targets that
have been explored to varying degrees in preclinical and clinical
studies. Glutamate acts on both G protein-coupled metabotropic
receptors (mGluRs) as well as three families of ligand-gated
ionotropic receptors (iGluRs), the N-methyl-D-aspartate
(NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA), and kainite receptors (KARs). These receptors are
found in areas of the central and peripheral nervous system that
are important for the transmission of pain. During a migraine
attack, levels of glutamate increase and activate these receptors,
facilitating the transmission of pain impulses.

Tezampanel (LY-293558), an AMPA and kainate receptor
antagonist, and was studied in a phase II trial. The trial
was sponsor by Torreypines Therapeutics Company. The trial
design was a double-blind, placebo-controlled, parallel-group
multicenter study to assess the safety, tolerance and efficacy of
a single subcutaneous dose of tezampanel (40, 70, or 100 mg)
in patients with acute migraine. The primary endpoint was
percentage of patients in each treatment group who experience
a decrease in pain from moderate or severe intensity pre-dose
(baseline) to mild or no pain 2 h after study drug administration
and prior to use of rescue medication. There was statistically
significance at the dose of 40 mg versus placebo (p = 0.03). At
other two doses, there was no statistically significance on primary
endpoint (ClinicalTrials.gov Identifier: NCT00567086, 2007).

BGG492 (selurampanel) is an AMPA receptor antagonist.
This molecule was investigated in randomized, double-blind,
proof-of-concept study to assess the efficacy of BGG492 (250 mg)

versus placebo and sumatriptan (100 mg) in patients with acute
migraine pain. However, Proof-of-concept criterion was not met
(> 25% BGG492 subjects with a primary response vs. placebo
at two time points). BGG492 was comparable to sumatriptan in
terms of pain-free response (Gomez-Mancilla et al., 2014).

DISCUSSION

Anticonvulsants drugs represent the most investigated drugs
among all other treatment options for the treatment of chronic
pain. But still it is unclear, under which pharmacological
mechanism of action responsible for their therapeutic effects
in chronic pain. It is an important research agenda why some
AEDs have good analgesic efficacy, while others have analgesic
failure status. For example Valproate, TPM, LTG, ZNS, and
CBZ all are sodium channel antagonists but only valproate
and TPM have analgesic efficacy in the preventive treatment of
migraine. Similarly, among all AEDs, GBP and PGB specifically
target the a2d type 1 subunit of calcium channels and both of
them seem to have analgesic properties, which are confirmed in
several randomized, placebo-controlled trials. On the other hand,
many other AEDs have confirmed analgesic effect, but have no
effect on calcium channels. Therefore, understanding the exact
pathophysiology of disease for which AEDs may work is the most
important step before initiating AEDs. It is also important to
know the reasons, why some patients respond to a particular
drug, while others do not. It suggests that future preclinical
studies should focus on the detailed mechanisms and sites of
action that define the clinical efficacy of AEDs. Certainly, in the
future, dissecting out further how the anticonvulsants that do
not work differ mechanistically from those that do will almost
certainly provide more specific and novel approaches toward the
development of new treatments in this regard.

Many new third generation AEDs have been marketed during
recent years: rufinamide, ESL, RTG, LCS and perampanel. In all
cases, AEDs are initially approved by the US FDA and the EMA
for epilepsy and then subsequently for non-epilepsy disorders.
For example, this happened for CBZ, LTG, and VPA in bipolar
disorder or, more recently, for PGB in fibromyalgia in the USA
and generalized anxiety disorder in Europe.

Anticonvulsants have a long history of off-label use; CBZ
and valproate were widely used, for example, as alternative and
adjunctive treatments to lithium for mood disorders, before they
received regulatory approval. The increased off-label use of AEDs
other than FDA-approved conditions is potentially dangerous.
The data supporting the use of AEDs for such conditions
is entirely based on case reports, small open-label series, or
controlled studies that are limited by sample size and statistical
power or by methods biased toward positive findings. For
example, prescribing TPM for the treatment of major depression
or anxiety is misleading. Data solidly show that TPM helps
patients lose weight, but no data demonstrate a beneficial effect of
drug in affective disorders. We think case reports and open-label
trials are valuable for directing further research, they are generally
not sufficient as the basis of treatment decisions. We give classical
example of GBP (Neurontin) off-label uses: bipolar disorder,
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diabetic neuropathy, restless leg syndrome, trigeminal neuralgia,
migraine, attention deficit disorder, low back pain, aggressive
behavior associated with dementia, hot flushes associated with
tamoxifen therapy and treatment of drug and alcohol addiction.
At present more than 80% of clinical cases, this drug use as off-
label. The drug approved by the US FDA in 1993 as an adjunctive
therapy in the treatment of partial seizures with and without
secondary generalization in patients over 12 years of age with
epilepsy. The FDA subsequently approved it in 2000 as adjunctive
therapy for the treatment of partial seizures in pediatric patients
3-12 years of age, as well as for the management of postherpetic
neuralgia in adults (2004). In Europe, GBP is currently approved
for similar indications. Because of wide spread off-label use
of anticonvulsants, in 2008 US FDA has issued a warning on
anticonvulsants that these drugs may increased the risk of suicide
and suicidal thoughts.
Reasons behind off-label uses:

(1) Deceptive and illegal marketing practices: The
pharmaceutical companies adopt strategies which strongly
influence the prescribers such as funding dinners,
conferences, and medical education seminars where
presentations were made on off-label uses. Other methods
include like company’s sales representatives encouraging
doctors for promoting their products for off-label uses and
paying doctors honoraria for use of their names on ghost
written scientific articles. The classical example of this Dr.
David Franklin, a former employee of Warner-Lambert,
has filed a lawsuit in the district court of Massachusetts
against the Multinational Pharmaceutical Company Pfizer
for unethical promotion of Neurontin (GBP) for off-label
uses for which there was not good evidence. Later the
company pled guilty to the charge of illegally marketing
the drug. Pfizer also admitted that it had used an illegal
marketing strategy to promote Neurontin for off-label uses.
For this illegal practice the company was fined $240 million.

(2) Unawareness among clinical practitioners: Most of the
practitioners who are not in touch with teaching or
scientific research, being unaware of on- and off-label
indications.

(3) Trial design: Evidence from clinical practice and experience
indicates that a few patients can achieve good results with
AEDs, despite the RCT design fails to demonstrate greater
efficacy than placebo for those AEDs. In such circumstance,
practitioner may look for off-label use when there are
limited treatment options available. At this stage, we need
new trial design which can detect low but significant
response rate. Enriched enrolment randomized withdrawal
(EERW) designs carry a significant importance particularly
in CNS drugs. Such designs can detect long-term efficacy
and safety of the drug. They may be helpful whether
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intervention works or not. The classical example of this is
FREEDOM trial of PGB in fibromyalgia. The efficacy of
PGB in fibromyalgia was established through EERW trial.

(4) Off-label use of drug should be reserved for patients who
have failed standard treatment options and drug established
some degree of evidence in the RCTs. For example, GBP use
in diabetic neuropathy and migraine prophylaxis.

CONCLUSION

Different types of pathophysiological processes are involved
in different types of chronic pain conditions, but one of the
common process in all of them is neuronal hyperexcitability.
The main targets for the action of the AEDs include
enhancement of GABAergic inhibition, decreased glutamatergic
excitation, modulation of voltage-gated sodium and calcium
channels and effects on intracellular signaling pathways. All of
these mechanisms are of importance in controlling neuronal
excitability in different ways, such as in neuropathic pain where
voltage-gated ion channels are important, in migraine abnormal
excitatory/inhibitory imbalance and in bipolar disorder where
intracellular signaling pathways are important. Many AEDs show
a wide spectrum of activity and seem to affect these processes
selectively.

None of the mechanisms of AEDs seem to be preferable
to the others, as all of them decrease hyperexcitability, for
example; valproate are effective in migraine and bipolar disorder,
but it is not approved for the treatment of neuropathic pain.
A Dbetter understanding of the mechanism of action of AEDs
in different disorders will be provided by increased knowledge
of the underlying molecular deficits in each disorder, and
clinical investigations that prove efficacy of the AEDs in various
disorders.

Future challenges include evaluating the third generation
AEDs in chronic pain conditions, and designing trials for
children and adolescents with migraine and neuropathic pain.
The activation of the TSP4/a28;-dependent processes is required
for TSP4-induced central sensitization that leads to pain state
development. Blocking this pathway may be a novel strategy
for development of target-specific analgesics for chronic pain
management. The focus of future research should be on
differentiating between the main mechanisms of action of the
different drugs, and in considering the drugs of choice for optimal
treatment of the various pain disorders.

AUTHOR CONTRIBUTIONS

We both contributed equally to the design, literature of search,
and writing of the review.

therapeutic targets for trating orofacial cold hyperalgesia. Mol. Pain 11:45. doi:
10.1186/512990-015-0048-8

Akerman, S., Holland, P., and Goadsby, P. J. (2011). Diencephalic and brainstem
mechanisms in migraine. Nat. Rev. Neurosci. 12, 570-84. doi: 10.1038/nrn3057

Frontiers in Pharmacology | www.frontiersin.org

August 2016 | Volume 7 | Article 276


http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

Sidhu and Sadhotra

Newer Antiepileptics in Chronic Pain

Alles, S. R., and Smith, P. A. (2016). The anti-allodynic gabapentinoids: myths,
paradoxes, and acute effects. Neuroscientist doi: 10.1177/1073858416628793
[Epub ahead of print].

Archer, D. P., Lamberty, Y., Wang, B., Davis, M. J., Samanani, N., and Roth, S. H.
(2007). Levetiracetam reduces anesthetic-induced hyperalgesia in rats. Anesth.
Analg. 104, 180-185. doi: 10.1213/01.ane.0000247788.57318.1f

Bauer, C. S., Nieto-Rostro, M., Rahman, W., Tran-Van-Minh, A., Ferron, L.,
Douglas, L., et al. (2009). The increased trafficking of the calcium channel
subunit_2_1 to presynaptic terminals in neuropathic pain is inhibited
by the alpha2delta ligand pregabalin. J. Neurosci. 29, 4076-4088. doi:
10.1523/JNEUROSCI.0356-09.2009

Bauer, C. S., Rahman, W., Tran-Van-Minh, A., Lujan, R., Dickenson, A. H.,
and Dolphin, A. C. (2010). The anti-allodynic a23 ligand pregabalin inhibits
the trafficking of the calcium channel ¢23-1 subunit to presynaptic terminals
in vivo. Biochem. Soc. Trans. 38, 525-8. doi: 10.1042/BST0380525

Bektas, N., Arslan, R, and Ozturk, Y. (2014). Zonisamide: antihyperalgesic efficacy,
the role of serotonergic receptors on efficacy in a rat model for painful diabetic
neuropathy. Life Sci. 95, 9-13. doi: 10.1016/j.1fs.2013.12.012

Beran, R, G., and Spira, P. J. (2011). Levetiracetam in chronic daily headache: a
double-blind randomised placebo-controlled study. Cephalalgia 31, 530-536.
doi: 10.1177/0333102410384886

Biggs, J, E., Boakye, P, A., Ganesan, N., Stemkowski, P. L., Lantero, A., Ballanyi, K.,
et al. (2014). Analysis of the long-term actions of gabapentin and pregabalin in
dorsal root ganglia and substantia gelatinosa. J. Neurophysiol. 112, 2398-2412.
doi: 10.1152/jn.00168.2014

Bogdanov, V. B., Multon, S., Chauvel, V., Bogdanova, O. V., Prodanov, D.,
Makarchuk, M. Y., et al. (2011). Migraine preventive drugs differentially
affect cortical spreading depression in rat. Neurobiol. Dis. 41, 430-435. doi:
10.1016/j.nbd.2010.10.014

Brighina, F., Palermo, A., Aloisio, A. Francolini, M., Giglia, G., and
Fierro, B. (2006). Levetiracetam in the prophylaxis of migraine with aura:
a 6-month open-label study. Clin. Neuropharmacol. 29, 338-342. doi:
10.1097/01.WNF.0000236766.08409.03

Burstein, R., Cutrer, F, M., and Yarnitsky, D. (2000). The development of cutaneous
allodynia during a migraine attack: clinical evidence for the sequential
recruitment of spinal and supraspinal nociceptive neurons in migraine. Brain
123, 1703-1709. doi: 10.1093/brain/123.8.1703

Burstein, R., Jakubowski, M., Garcia-Nicas, E., Kainz, V., Bajwa, Z., Hargreaves, R.,
et al. (2010). Thalamic sensitization transforms localized pain into widespread
allodynia. Ann. Neurol. 68, 81-91. doi: 10.1002/ana.21994

Cai, J., Fang, D., Liu, X. D,, Li, S., Ren, J., and Xing, G. G. (2015). Suppression
of KCNQ/M (Kv7) potassium channels in the spinal cord contributes to
the sensitization of dorsal horn WDR neurons and pain hypersensitivity
in a rat model of bone cancer pain. Oncol. Rep. 33, 1540-1550. doi:
10.3892/0r.2015.3718

Cassidy, J. S., Ferron, L., Kadurin, L, Pratt, W. S., and Dolphin, A. C. (2014).
Functional exofacially tagged N-type calcium channels elucidate the interaction
with auxiliary a23-1 subunits. Proc. Natl. Acad. Sci. U.S.A. 111, 8979-8984. doi:
10.1073/pnas.1403731111

Cheng, J. K., and Chiou, L. C. (2006). Mechanisms of the antinociceptive action of
gabapentin. J. Pharmacol. Sci. 100, 471-486. doi: 10.1254/jphs.CR0050020

Chiossi, L., Negro, A., Capi, M., Lionetto, L., and Martelletti, P. (2014).
Sodium channel antagonists for the treatment of migraine. Expert opin.
Pharmacotherapy 15, 1697-1706. doi: 10.1517/14656566.2014.929665

ClinicalTrials.gov Identifier: NCT00567086 (2007). Study to Assess the Safety,
Tolerance, and Efficacy of Tezampanel in Patients With Acute Migraine.
A Double-Blind, Placebo-Controlled, Parallel-Group Multicenter Study to Assess
the Safety, Tolerance and Efficacy of a Single Subcutaneous dose of Tezampanel
in Patients with Acute Migraine. Available at: https://clinicaltrials.gov/ct2/show
/NCT00567086 (Accessed April 19, 2016).

ClinicalTrials.gov Identifier: NCT00440518 (2014). A Study Designed to Test the
Effectiveness, and Safety of Treating Patients With Lacosamide for Migraine
Prophylaxis. A Prospective, Randomized, Double-Blind, Placebo-Controlled,
Monocenterstudy. Available at: https://clinicaltrials.gov/ct2/show/record/NC
T00440518?sect=Xa9870156 (Accessed April 19, 2016).

ClinicalTrials.gov Identifier: NCT01212458 (2014). Effect of Oral Rufinamide,
and Oxcarbazepine on Nerve Excitability, Hyperalgesia, Allodynia, and Flare
Reaction Compared to Placebo. A Monocenter, Randomized, Double-Blind,

Cross-Over Study. Available at: https://clinicaltrials.gov/show/NCT01212458
(Accessed March 25, 2016).

Cummins, T. R., Sheets, P. L., and Waxman, S. G. (2007). The roles of sodium
channels in nociception: implications for mechanisms of pain. Pain 131, 243-
257. doi: 10.1016/j.pain.2007.07.026

Dooley, D. J., Taylor, C. P., Donevan, S., and Feltner, D. (2007). Ca?t channel
a23 ligands: novel modulators of neurotransmission. Trends Pharmacol. Sci. 28,
75-82. doi: 10.1016/j.tips.2006.12.006

Dworkin, R. H., Turk, D. C., Wyrwich, K. W., Beaton, D., Cleeland, C. S., Farrar,
J. T., et al. (2008). Interpreting the clinical importance of treatment outcomes
in chronic pain clinical trials: IMMPACT recommendations. J. Pain 9, 105-121.
doi: 10.1016/j.jpain.2007.09.005

Eijkelkamp, N., Linley, J. E., Baker, M. D., Minett, M. S., Cregg, R,
Werdehausen, R., et al. (2012). Neurological prospective on voltage-gated
sodium channels. Brain 135, 2585-2612. doi: 10.1093/brain/aws225

Elliott, A. A., and Elliott, J. R. (1993). Characterization of TTX-sensitive and
TTX-resistant sodium currents in small cell from adult rat dorsal root ganglia.
J. Physiol. 463, 39-56. doi: 10.1113/jphysiol.1993.sp019583

Enggaard, T. P., Klitgaard, N. A., and Sindrup, S. H. (2006). Specific effect of
levetiracetam in experimental human pain models. Eur. J. Pain 10, 193-198.
doi: 10.1016/j.jpain.2005.03.011

Eroglu, C., Allen, N. J., Susman, M. W., O’'Rourke, N. A,, Park, C. Y., Ozkan, E.,
et al. (2009). Gabapentin receptor «28-1 is a neuronal thrombospondin
receptor responsible for excitatory CNS synaptogenesis. Cell 139, 380-392. doi:
10.1016/j.cell.2009.09.025

Evers, S., Afra, J., Frese, A., Goadsby, P. J., Lindem, M., May, A,, et al. (2009).
EENS guideline on the drug treatment of migraine-revised report of an
EENS task force. Eur. J. Neurol. 16, 968-981. doi: 10.1111/j.1468-1331.2009.
02748.x

Ferrari, M. D. (1998). The economic burden of migraine to society.
Pharmacoeconomics 13, 667-676. doi: 10.2165/00019053-199813060-0
0003

Field, M. J., Cox, P. ], Stott, E., Melrose, H., Offord, J., Su, T. Z., et al. (2006).
Identification of the «23-1 subunit of voltage-dependent calcium channels
as a molecular target for pain mediating the analgesic actions of pregabalin.
Proc. Natl. Acad. Sci. US.A 103, 17537-17542. doi: 10.1073/pnas.04090
66103

Finnerup, N. B., Grydehoj, J., Bing, J., Johannesen, I. L., Biering-Sorensen, F.,
Sindrup, S. H., et al. (2009). Levetiracetam in spinal cord injury pain:
a randomized controlled trial. Spinal Cord 47, 861-867. doi: 10.1038/sc.
2009.55

Goadsby, P. J., and Raskin, N. H. (2015). “Migraine and other primary headache
disorders,” in The Harrison’s Principles of Internal Medicine, eds D. L. Longo,
A. S. Fauci, D. L. Kasper, S. L. Hauser, J. Jameson and J. Loscalzo (New York,
NY: McGraw-Hill Education).

Gomez-Mancilla, B, Brand, R., Jiirgens, T. P., Gobel, H., Sommer, C., Straube, A.,
et al. (2014). Randomized, multicenter trial to assess the efficacy, safety and
tolerability of a single dose of a novel AMPA receptor antagonist BGG492
for the treatment of acute migraine attacks. Cephalalgia 34, 103-113. doi:
10.1177/0333102413499648

Goodyear-Smith, F., and Halliwell, J. (2009). Anticonvulsants for
neuropathic pain: gaps in the evidence. Clin. J. Pain 25, 528-536. doi:
10.1097/AJP.0b013e318197d4cc

Grace, P. M., Hutchinson, M. R., Maier, S. F., and Watkins, L. R. (2014).
Pathological pain and the neuroimmune interface. Nat. Rev. Immunol. 14,
217-31. doi: 10.1038/nri3621

Hamza, M. S., Anderson, D. G., Snyder, J. W., Deschner, S., and Cifu,
D. X. (2009). Effectiveness of levetiracetam in the treatment of lumbar
radiculopathy: an open-label prospective cohort study. PM R. 1, 335-339. doi:
10.1016/j.pmrj.2008.12.004

Hawker, K., Frohman, E., and Racke, M. (2003). Levetiracetam for phasic
spasticity in multiple sclerosis. Arch. Neurol. 60, 1772-1774. doi:
10.1001/archneur.60.12.1772

Hearn, L., Derry, S., and Moore, R. A. (2012). Lacosamide for neuropathic pain
and fibromyalgia in adults. Cochrane Database Syst. Rev. 2:CD009318. doi:
10.1002/14651858.CD009318.pub2

Heblich, F., Tran Van Minh, A., Hendrich, J., Watschinger, K., and Dolphin, A. C.
(2008). Time course and specificity of the pharmacological disruption of the

Frontiers in Pharmacology | www.frontiersin.org

August 2016 | Volume 7 | Article 276


https://clinicaltrials.gov/ct2/show/NCT00567086
https://clinicaltrials.gov/ct2/show/NCT00567086
https://clinicaltrials.gov/ct2/show/record/NCT00440518?sect=Xa9870156
https://clinicaltrials.gov/ct2/show/record/NCT00440518?sect=Xa9870156
https://clinicaltrials.gov/show/NCT01212458
http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

Sidhu and Sadhotra

Newer Antiepileptics in Chronic Pain

trafficking of voltage-gated calcium channels by gabapentin. Channels (Austin)
2,4-9. doi: 10.4161/chan.2.1.6045

Hendrich, J., Bauer, C. S., and Dolphin, A. C. (2012). Chronic pregabalin inhibits
synaptic transmission between rat dorsal root ganglion and dorsal horn neurons
in culture. Channels (Austin) 6, 124-132. doi: 10.4161/chan.19805

Hoffmann, J., Akerman, S., and Goadsby, P. J. (2014). Efficacy and mechanism of
anticonvulsant drugs in migraine. Expert Rev. Clin. Pharmacol. 7, 191-201. doi:
10.1586/17512433.2014.885835

Holbech, J. V., Otto, M., Bach, F. W,, Jensen, T. S., and Sindrup, S. H. (2011).
The anticonvulsant levetiracetam for the treatment of pain in polyneuropathy:
arandomized, placebo-controlled, cross-over trial. Eur. J. Pain 15, 608-614. doi:
10.1016/j.¢jpain.2010.11.007

Hoppa, M. B., Lana, B., Margas, W., Dolphin, A. C,, and Ryan, T. A. (2012). 023
expression sets presynaptic calcium channel abundance and release probability.
Nature 486, 122-125. doi: 10.1038/nature11033

Jungehulsing, G. J., Israel, H., Safar, N., Taskin, B., Nolte, C. H., Brunecker, P., et al.
(2013). Levetiracetam in patients with central neuropathic post-stroke pain - a
randomized, double-blind, placebo-controlled trial. Eur. J. Neurol. 20, 331-337.
doi: 10.1111/j.1468-1331.2012.03857.x

Kharatmal, S. B., Singh, J. N., and Sharma, S. S. (2015). Rufinamide improves
functional and behavioral deficits via blockade of tetrodotoxin-resistant sodium
channels in diabetic neuropathy. Curr. Neurovasc. Res. 12, 262-268. doi:
10.2174/1567202612666150603130402

Kim, D. S,, Li, K. W,, Boroujerdi, A., Peter Yu, Y., Zhou, C. Y., Deng, P., et al.
(2012). Thrombospondin-4 contributes to spinal sensitization and neuropathic
pain states. J. Neurosci. 32, 8977-8987. doi: 10.1523/J]NEUROSCI.6494-11.
2012

Koroschetz, J., Rehm, S. E., Gockel, U., Brosz, M., Freynhagen, R., Télle, T. R,,
etal. (2011). Fibromyalgia and neuropathic pain-differences and similarities. A
comparison of 3057 patients with diabetic painful neuropathy and fibromyalgia.
BMC Neurol. 11:55. doi: 10.1186/1471-2377-11-55

Kukkar, A., Bali, A, Singh, N., and Jaggi, A. S. (2013). Implications and mechanism
of action of gabapentin in neuropathic pain. Arch. Pharm. Res. 36, 237-251. doi:
10.1007/s12272-013-0057-y

Kumar, N., Cherkas, P. S., Varathan, V., Miyamoto, M., Chiang, C. Y., Dostrovsky,
J. O., et al. (2013). Systemic pregabalin attenuates facial hypersensitivity and
noxious stimulusevoked release of glutamate in medullary dorsal horn in a
rodent model of trigeminal neuropathic pain. Neurochem. Int. 62, 831-835. doi:
10.1016/j.neuint.2013.02.022

Lampl, C., Buzath, A., Klinger, D., and Neumann, K. (1999). Lamotrigine in the
prophylactic treatment of migraine aura-a pilot study. Cephalalgia 19, 58-63.
doi: 10.1111/§.1468-2982.1999.1901058.x

Lampl, C., Katsarava, Z., Diener, H. C., and Limmroth, V. (2005). Lamotrigine
reduces migraine aura and migraine attacks in patients with migraine with
aura. J. Neurol. Neurosurg. Psychiatry 76, 1730-1732. doi: 10.1136/jnnp.2005.
063750

Linde, M., Mulleners, W. M., Chronicle, E. P., and McCrory, D. C. (2013a).
Antiepileptics other than gabapentin, pregabalin, topiramate, and valproate for
the prophylaxis of episodic migraine in adults. Cochrane Database Syst. Rev.
6:CD010608. doi: 10.1002/14651858.CD010608

Linde, M., Mulleners, W. M., Chronicle, E. P., and McCrory, D. C. (2013b).
Gabapentin or pregabalin for the prophylaxis of episodic migraine in
adults. Cochrane Database Syst. Rev. 6:CD010609. doi: 10.1002/14651858.CD0
10609

Linde, M., Mulleners, W. M., Chronicle, E. P., and McCrory, D. C. (2013c).
Topiramate for the prophylaxis of episodic migraine in adults. Cochrane
Database Syst. Rev. 6:CD010610. doi: 10.1002/14651858.CD010610

Linde, M., Mulleners, W. M., Chronicle, E. P., and McCrory, D. C. (2013d).
Valproate (valproic acid or sodium valproate or a combination of the two) for
the prophylaxis of episodic migraine in adults. Cochrane Database Syst. Rev.
6:CD010611. doi: 10.1002/14651858.CD010611

Lipton, R. B,, Bigal, M. E., Diamond, M., Freitag, F., Reed, M. L., Stewart, W. F,,
et al. (2007). Migraine prevalence, disease burden, and the need for preventive
therapy. Neurology 68, 343-349. doi: 10.1212/01.wnl.0000252808.97649.21

Lynch, B. A., Lambeng, N., Nocka, K., Kensel-Hammes, P., Bajjaliech, S. M.,
Matagne, A., et al. (2004). The synaptic vesicle protein SV2A is the binding
site for the antiepileptic drug levetiracetam. Proc. Natl. Acad. Sci. U.S.A. 101,
9861-9866. doi: 10.1073/pnas.0308208101

Lynch, B, A., Matagne, A., Brinnstrom, A., von Euler, A, Jansson, M.,
Hauzenberger, E., et al. (2008). Visualization of SV2A conformations in situ by
the use of protein tomography. Biochem. Biophys. Res. Commun. 375, 491-495.
doi: 10.1016/j.bbrc.2008.07.145

McCormack, P. L., and Robinson, D. M. (2009). Eslicarbazepine acetate. CNS Drugs
23, 71-79. doi: 10.2165/0023210-200923010-00005

McQuay, H., Carroll, D., Jadad, A. R., Wiffen, P, and Moore, A. (1995).
Anticonvulsant drugs for management of pain: a systematic review. BMJ 311,
1047-1052. doi: 10.1136/bm;j.311.7012.1047

Michel, P., Dartigues, J. F., Lindousli, A., and Henry, P. (1997). Loss of productivity
and quality of life in migraineurs among French workers: results from
the GAZEL cohort. Headache 37, 71-78. doi: 10.1046/j.1526-4610.1997.3702
071.x

Moore, R. A, Straube, S., Wiffen, P. J., Derry, S., and McQuay, H. J. (2009).
Pregabalin for acute and chronic pain in adults. Cochrane Database Syst. Rev.
3:CD007076. doi: 10.1002/14651858.CD007076.pub2

Moore, R. A., Wiffen, P. J,, Derry, S., and Lunn, M. P. T. (2015). Zonisamide
for neuropathic pain in adults. Cochrane Database Syst. Rev. 1:CD011241. doi:
10.1002/14651858.CD011241.pub2

Moore, R. A., Wiffen, P. J., Derry, S., and McQuay, H. J. (2014). Gabapentin for
chronic neuropathic pain and fibromyalgia in adults. Cochrane Database Syst.
Rev. 3:CD007938. doi: 10.1002/14651858.CD007938.pub3

Murray, C. J.,, Vos, T., Lozano, R, Naghavi, M., Flaxman, A. D., Michaud, C,,
et al. (2012). Disability-adjusted life years (DALYs) for 291 diseases and
injuries in 21 regions, 1990-2010: a systematic analysis for the Global Burden
of Disease Study 2010. Lancet 380, 2197-2223. doi: 10.1016/S0140-6736(12)
61689-4

Nguyen, D., Deng, P., Matthews, E. A, Kim, D. S, Feng, G., Dickenson,
A. H,, et al. (2009). Enhanced pre-synaptic glutamate release in deep-dorsal
horn contributes to calcium channel alpha-2-delta-1 protein-mediated spinal
sensitization and behavioral hypersensitivity. Mol. Pain 5:6. doi: 10.1186/1744-
8069-5-6

Nightingale, S. (2012). The neuropathic pain market. Nat. Rev. Drug Discov. 11,
101-102. doi: 10.1038/nrd3624

Noseda, R., and Burstein, R. (2013). Migraine pathophysiology: anatomy of the
trigeminovascular pathway and associated neurological symptoms, cortical
spreading depression, sensitization, and modulation of pain. Pain 154 (Supp. 1),
$44-S53. doi: 10.1016/j.pain.2013.07.021

Oaklander, A. L., Herzog, Z. D., Downs, H. M., and Klein, M. M. (2013). Objective
evidence that small-fiber polyneuropathy underlies some illnesses currently
labeled as fibromyalgia. Pain 154, 2310-2316. doi: 10.1016/j.pain.2013.
06.001

Ozcan, M., Ayar, A, Canpolat, S, and Kutlu, S. (2008). Antinociceptive
efficacy of levetiracetam in a mice model for painful diabetic neuropathy.
Acta  Anaesthesiol. Scand. 52, 926-930. doi: 10.1111/j.1399-6576.2007.
01578.x

Pakalnis, A., Kring, D., and Meier, L. (2007). Levetiracetam prophylaxis in pediatric
migraine - an open-label study. Headache 47, 427-430. doi: 10.1111/j.1526-
4610.2007.00728.x

Pan, B,, Yu, H,, Park, ], Yu, Y. P,, Luo, Z. D., and Hogan, Q. H. (2015). Painful
nerve injury up-regulates thrombospondin-4 expression in dorsal root ganglia.
J. Neurosci. Res. 93, 443-453. doi: 10.1002/jnr.23498

Park, J., Yu, Y. P,, Zhou, C. Y., Li, K. W., Wang, D., Chang, E., et al. (2016). Central
Mechanisms Mediating Thrombospondin-4-induced pain states. . Biol. Chem.
291, 13335-13348. doi: 10.1074/jbc.M116.723478

Parsons, B., Emir, B., and Clair, A. (2015). Temporal analysis of pain
responders and common adverse events: when do these first appear following
treatment with pregabalin. J. Pain Res. 8, 303-309. doi: 10.2147/JPR.
582806

Patel, R, Bauer, C. S., Nieto-Rostro, M., Margas, W., Ferron, L., Chaggar, K.,
et al. (2013). a28-1 gene deletion affects somatosensory neuron function
and delays mechanical hypersensitivity in response to peripheral nerve
damage. J. Neurosci. 33, 16412-16426. doi: 10.1523/]NEUROSCI.1026-13.
2013

Patel, S., Naeem, S., Kesingland, A., Froestl, W., Capogna, M., Urban, L., et al.
(2001). The effects of GABA (B) agonists and gabapentin on mechanical
hyperalgesia in models of neuropathic and inflammatory pain in the rat. Pain
90, 217-226. doi: 10.1016/50304-3959(00)00404-8

Frontiers in Pharmacology | www.frontiersin.org

August 2016 | Volume 7 | Article 276


http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

Sidhu and Sadhotra

Newer Antiepileptics in Chronic Pain

Price, M. J. (2004). Levetiracetam in the treatment of neuropathic pain: three case
studies. Clin. ]. Pain 20, 33-36. doi: 10.1097/00002508-200401000-00007

Queiroz, L. P. (2013). Worldwide epidemiology of fibromyalgia. Curr. Pain
Headache Rep. 17:356. doi: 10.1007/s11916-013-0356-5

Rahman, W., Bauer, C. S., Bannister, K., Vonsy, J. L., Dolphin, A. C., and
Dickenson, A. H. (2009). Descending serotonergic facilitation and the
antinociceptive effects of pregabalin in a rat model of osteoarthritic pain. Mol.
Pain 5:45. doi: 10.1186/1744-8069-5-45

Reda, H. M., Zaitone, S. A., and Moustafa, Y. M. (2016). Effect of levetiracetam
versus gabapentin on peripheral neuropathy and sciatic degeneration in
streptozotocin-diabetic mice: influence on spinal microglia and astrocytes. Eur.
J. Pharmacol. 771, 162-172. doi: 10.1016/j.¢jphar.2015.12.035

Rogawski, M. (2008). “Antiepileptic drugs and migraine,” in The Innovative
Drug Development for Headache Disorders, Vol. 16, eds J. Olesen
and N. Ramadan (Oxford: Oxford University Press), 153-178. doi:
10.1093/med/9780199552764.003.0020

Rogawski, M. A. (2012). Migraine and Epilepsy, Shared Mechanisms within the
Family of Episodic Disorders. Jasper’s Basic Mechanisms of the Epilepsies, 4th Edn.
Available at: http://www.ncbi.nlm.nih.gov/books/NBK98193/ (accessed April 6,
2016).

Rogawski, M. A., and Loscher, W. (2004a). The neurobiology of antiepileptic
drugs for the treatment of nonepileptic conditions. Nat. Med. 10, 685-692. doi:
10.1038/nm1074

Rogawski, M. A., and Loscher, W. (2004b). The neurobiology of antiepileptic drugs.
Nat. Rev. Neurosci. 5, 553-564. doi: 10.1038/nrn1430

Rowbotham, M. C., Manville, N. S., and Ren, J. (2003). Pilot tolerability and
effectiveness study of levetiracetam for postherpetic neuralgia. Neurology 61,
866-867. doi: 10.1212/01.WNL.0000079463.16377.07

Rush, A. M., Brau, M. E,, Elliott, A. A., and Elliott, J. R. (1998). Electrophysiological
properties of sodium current subtypes in small cell from adult rat
dorsal root ganglia. J. Physiol. 511, 771-789. doi: 10.1111/j.1469-7793.1998.
771bg.x

Sadeghian, H., and Motiei-Langroudi, R. (2015). Comparison of Levetiracetam
and sodium Valproate in migraine prophylaxis: a randomized placebo-
controlled study. Ann. Indian Acad. Neurol. 18, 45-48. doi: 10.4103/0972-2327.
144290

Sharma, U., Griesing, T., Emir, B., and Young, J. P. Jr. (2010). Time
to onset of neuropathic pain reduction: a retrospective analysis of data
from nine controlled trials of pregabalin for painful diabetic peripheral
neuropathy and postherpetic neuralgia. Am. J. Ther. 17, 577-85. doi:
10.1097/MJT.0b013e3181d5e4f3

Silberstein, S., Saper, J., Berenson, F., Somogyi, M., McCague, K., and
D’Souza, J. (2008). Oxcarbazepine in migraine headache: a double-
blind, randomized, placebocontrolled study. Neurology 70, 548-555. doi:
10.1212/01.wnl.0000297551.27191.70

Sliva, J., Dolezal, T., Prochazkova, M., Votava, M., and Krsiak, M. (2008).
Preemptive levetiracetam decreases postoperative pain in rats. Neuro.
Endocrinol. Lett. 29, 953-957.

Stovner, L. J., Zwart, J. A., Hagen, K., Terwindt, G. M., and Pascual, J. (2006).
Epidemiology of headache in Europe. Eur. ]J. Neurol. 13(4), 333-45. doi:
10.1111/j.1468-1331.2006.01184.x

Strassman, A. M., Raymond, S. A., and Burstein, R. (1996). Sensitization of
meningeal sensory neurons and the origin of headaches. Nature 384, 560-564.
doi: 10.1038/384560a0

Suter, M. R., Kirschmann, G., Laedermann, C. J., Abriel, H., and Decosterd, I.
(2013). Rufinamide attenuates mechanical allodynia in a model of neuropathic
pain in the mouse and stabilizes voltage-gated sodium channel inactivated state.
Anesthesiology 118, 160-172. doi: 10.1097/ALN.0b013e318278cade

Suzuki, R, Rahman, W., Rygh, L. J, Webber, M. Hunt, S. P., and
Dickenson, A. H. (2005). Spinal-supraspinal serotonergic circuits regulating
neuropathic pain and its treatment with gabapentin. Pain 117, 292-303. doi:
10.1016/j.pain.2005.06.015

Takeda, M., Tsuboi, Y., Kitagawa, J., Nakagawa, K., Iwata, K., and Matsumoto, S.
(2011). Potassium channels as a potential therapeutic target for trigeminal
neuropathic and inflammatory pain. Mol. Pain 7:5. doi: 10.1186/1744-806
9-7-5

Tanabe, M., Takasu, K., Kasuya, N., Shimizu, S., Honda, M., and Ono, H.
(2005). Role of descending noradrenergic system and spinal alpha2-adrenergic

receptors in the effects of gabapentin on thermal and mechanical nociception
after partial nerve injury in the mouse. Br. J. Pharmacol. 144, 703-714. doi:
10.1038/sj.bjp.0706109

Taylor, C. P. (2009). Mechanisms of analgesia by gabapentin and pregabalin-
calcium channel 02-3 ligands. Pain 142, 13-16. doi: 10.1016/j.pain.2008.
11.019

Taylor, C, P., and Garrido, R. (2008). Immunostaining of rat brain, spinal
cord, sensory neurons and skeletal muscle for calcium channel alpha2-
delta (alpha2-delta) type 1 protein. Neuroscience 155, 510-521. doi:
10.1016/j.neuroscience.2008.05.053

Theile, J. W., and Cummins, T. R. (2011). Recent developments regarding
voltage-gated sodium channel blockers for the treatment of inherited
and acquired neuropathic pain syndromes. Front. Pharmacol. 2:54. doi:
10.3389/fphar.2011.00054

Tomic, M. A., Pecikoza, U. B., Micov, A. M., and Stepanovic-Petrovic, R. M.
(2015). The efficacy of eslicarbazepine acetate in models of trigeminal,
neuropathic, and visceral pain: the involvement of 5-HT1B/1D serotonergic
and CB1/CB2 cannabinoid receptors. Anesth. Analg. 121, 1632-1639. doi:
10.1213/ANE.0000000000000953

Tran-Van-Minh, A., and Dolphin, A. C. (2010). The alpha2delta ligand gabapentin
inhibits the Rabll-dependent recycling of the calcium channel subunit
alpha2delta-2. J. Neurosci. 30, 12856-12867. doi: 10.1523/]NEUROSCI.2700-
10.2010

Ugeyler, N., Zeller, D., Kahn, A. K., Kewenig, S. Kittel-Schneider, S.,
Schmid, A., et al. (2013). Small fibre pathology in patients with fibromyalgia
syndrome. Brain 136, 1857-1867. doi: 10.1093/brain/awt053 Epub 2013
Mar 9

Verma, A., Srivastava, D., Kumar, A, and Singh, V. (2013). Levetiracetam
in migraine prophylaxis: a randomized placebo-controlled study in a rural
medical institute in Northern India. Clin. Neuropharmacol. 36, 193-197. doi:
10.1097/WNF.0000000000000005

Verrotti, A., Loiacono, G., Rossi, A., and Zaccara, G. (2014). Eslicarbazepine
acetate: an update on efficacy and safety in epilepsy. Epilepsy Res. 108, 1-10.
doi: 10.1016/j.eplepsyres.2013.10.005

Vilholm, O. J., Cold, S., Rasmussen, L., and Sindrup, S. H. (2008). Effect of
levetiracetam on the postmastectomy pain syndrome. Eur. J. Neurol. 15, 851—
857. doi: 10.1111/.1468-1331.2008.02206.x

Wang, J. J., and Li, Y. (2016). KCNQ potassium channels in sensory system
and neural circuits. Acta Pharmacol. Sin. 37, 25-33. doi: 10.1038/aps.
2015.131

Wier, H. A., Cerna, A, and So, T. Y. (2011). Rufinamide for pediatric patients
with Lennox-Gastaut syndrome: a comprehensive overview. Paediatr. Drugs 13,
97-106. doi: 10.2165/11586920-000000000-00000

Wiffen, P., Collins, S., McQuay, H., Carroll, D., Jadad, A., and Moore, A. (2010).
Anticonvulsant drugs for acute and chronic pain. Cochrane Database Syst. Rev.
doi: 10.1002/14651858.CD001133.pub3

Wiffen, P. J., Derry, S., Lunn, M. P., and Moore, R. A. (2013a). Topiramate for
neuropathic pain and fibromyalgia in adults. Cochrane Database of Syst. Rev.
doi: 10.1002/14651858.CD008314.pub3

Wiffen, P. J., Derry, S., and Moore, R. A. (2013b). Lamotrigine for chronic
neuropathic pain and fibromyalgia in adults. Cochrane Database Syst. Rev. doi:
10.1002/14651858.CD006044.pub4

Wolfe, F., Clauw, D. J., Fitzcharles, M. A., Goldenberg, D. L., Katz, R. S., Mease, P.,
et al. (2010). The American College of Rheumatology preliminary diagnostic
criteria for fibromyalgia and measurement of symptom severity. Arthritis Care
Res. 62, 600-610. doi: 10.1002/acr.20140

Wolfe, F., Smythe, H. A., Yunus, M. B., Bennett, R. M., Bombardier, C.,
Goldenberg, D. L., et al. (1990). The American College Of Rheumatology
1990 criteria for the classification of fibromyalgia. Report of the Multicenter
Criteria Committee. Arthritis Rheum. 33, 160-172. doi: 10.1002/art.17803
30203

Wolfe, F., Walitt, B. T., and Héuser, W. (2014). What is fibromyalgia, how is it
diagnosed and what does it really mean? Arthritis Care Res. 66, 969-971. doi:
10.1002/acr.22207

Wauttke, T. V., Seebohm, G., Bail, S., Maljevic, S., and Lerche, H. (2005). The new
anticonvulsant retigabine favors voltage-dependent opening of Kv 7.2 (KCNQ2)
channel by binding to its activation gate. Mol. Pharmacol. 67, 1009-1017. doi:
10.1124/mol.104.010793

Frontiers in Pharmacology | www.frontiersin.org

August 2016 | Volume 7 | Article 276


http://www.ncbi.nlm.nih.gov/books/NBK98193/
http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

Sidhu and Sadhotra

Newer Antiepileptics in Chronic Pain

Zhou, C,, and Luo, Z. D. (2014). Electrophysiological characterization of spinal
neuron sensitization by elevated calcium channel alpha-2-delta-1 subunit
protein. Eur. J. Pain 18, 649-658. doi: 10.1002/j.1532-2149.2013.00416.x

Zhou, C., and Luo, Z. D. (2015). Nerve injury-induced calcium channel a-2-3-1
protein dysregulation leads to increased presynaptic excitatory input into deep
dorsal horn neurons and neuropathic allodynia. Eur. J. Pain 19, 1267-76. doi:
10.1002/ejp.656

Zhou, M., Chen, N, He, L, Yang, M., Zhu, C, and Wu, F. (2013).
Oxcarbazepine for neuropathic pain. Cochrane Database Syst. Rev. doi:
10.1002/14651858.CD007963.pub2

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Sidhu and Sadhotra. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

15

August 2016 | Volume 7 | Article 276


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

	Current Status of the New Antiepileptic Drugs in Chronic Pain
	Introduction
	Literature Search
	Review Of Literature In Neuropathic Pain
	Review Of Literature In Migraine
	Discussion
	Conclusion
	Author Contributions
	References


