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on Channel Targets and Treatment Efficacy in Neuropathic Pain
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Abstract: Chronic neuropathic pain due to injury or dysfunction of the nervous system remains a
formidable treatment challenge in spite of a growing range of medication choices. We review current
clinical research supporting the use of ion channel modulators for neuropathic pain states. New
modes of local drug delivery, novel Ca2� channel targets, and increased choices for drugs with activity
at Na�channels are transforming this longstanding therapeutic strategy. Clinical decision making is
increasingly informed by a more nuanced understanding of the role of voltage-gated Na�channels
(VGSCs) and Ca2� channels (VGCCs) in the pathophysiology of nerve injury. Although holding great
promise for the future, mechanism-based approaches to treatment will require greater understanding
of the analgesic mechanisms of drug action and of the relationships between pathophysiologic
mechanisms and clinical presentation.
Perspective: Treatment options for neuropathic pain targeting ion channels have grown rapidly in
the past decade. An evolving body of clinical research supports the widespread use of this longstand-
ing therapeutic strategy. Improved efficacy of ion channel modulators hinges upon further elucidation
of the relationship between signs and symptoms of pain and underlying pathophysiology.
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pathy, anticonvulsants, efficacy, sodium channels, calcium channels.
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iverse types of injury to the peripheral and central
nervous system cause neuropathic pain. The neu-
ronal hyperexcitability observed in animal models

ay have as its clinical correlate in humans the sponta-
eous and evoked pains of diseases such as postherpetic
euralgia (PHN) and diabetic polyneuropathy. Recent
cientific advances offer refined descriptions of the
hanges in membrane channels that culminate in neuro-
al hyperexcitability. Because of their activity at poten-
ially critical sites of membrane channels, medications
hat target ion channels are a mainstay of treatment for
hronic neuropathic pain. At present, voltage-gated Na�

VGSCs) and Ca2� channels (VGCCs) are the primary tar-
ets of these medications.
Most of the ion channel modulators in clinical use for
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europathic pain were not developed as analgesic
gents. Classifying these agents as antidepressants, anti-
pileptics, and antiarrhythmic medications can be con-
using and limit their clinical use as analgesic agents act-
ng at a common set of channels in neural tissue.
lthough a growing number of these agents from dif-

erent medication classes have become available for
he treatment of neuropathic conditions, alleviation
f pain associated with nerve injury continues to pose
significant clinical challenge. A common finding has
een that each agent provides effective relief of pain
nly in a minority of the patients treated. Hopefully,
uture advances in our ability to diagnose the under-
ying pathophysiologic abnormality that leads to
hronic pain will allow treatments designed to target
he specific molecular changes in an ion channel sub-
ype that is responsible for the symptoms and signs in
hat individual patient.
Anticonvulsants (carbamazepine and phenytoin) and

ystemic local anesthetics (lidocaine and mexiletine)
omprise the first generation of agents. They share a
rimary site of therapeutic action at the Na� channels
ound in neural tissue. A newer generation of drugs,
ncluding topiramate, lamotrigine, and oxcarbazepine,
ave also demonstrated activity at both Na�and Ca2�
hannel subtypes, with fewer side-effects. Initially ap-
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roved on evidence of this latter generation’s benefit as
ntiepileptic agents, their role in the treatment of neu-
opathic pain has not been uniformly demonstrated. The
nalgesic properties of gabapentin and the related pre-
abalin appear to be related to a strong affinity for a
pecific �2� channel subunit. Another anticonvulsant
ith some evidence for analgesic effects, levetiracetam,

s clearly not active at Na� channels and may be active at
a2� channels.
Other classes of agents include ziconotide, which was
eveloped as an analgesic because it was found to an-
agonize the N-type Ca2� channel. It represents one of
he few successful attempts to develop an analgesic
hrough highly mechanism-selective drug development
fforts. Despite decades of widespread clinical use of
ricyclic antidepressants for neuropathic pain and mul-
iple controlled clinical trials, the recognition that the
nalgesic activity of these drugs may depend in part on
ctions at ion channel targets— especially Na� chan-
els—is a recent phenomenon.

eurobiology of Neuropathic Pain: The
ole of Ion Channels
Neuropathic pain can be defined as pain caused by

esions of the peripheral or central nervous system
anifesting with positive (eg, pain) and negative (eg,

ensory loss) phenomena.4 Common causes include
rauma leading to nerve injury and deafferentation,
oxins (eg, chemotherapy), metabolic injury (eg, dia-
etic neuropathy), and infections (eg, PHN). The exact
echanism by which each process results in a neuro-
athic pain syndrome remains unclear. However, as an
xample, consider axonal and demyelinating injuries,
hich can produce structural changes in the neuronal
embrane. Changes in the membrane-bound proteins

hat form ion channels may alter the electrical proper-
ies of the injured neuron, called remodeling.94 Pre-
linical studies of neuropathic pain suggest that the
et effect of membrane remodeling is to make neu-
ons more excitable. The tendency to action potential
eneration and propagation in injured primary sen-
ory neurons can occur in the context of nerve injury.23

ncreased activity is seen both at the local site of nerve
njury and more remotely in the associated dorsal root
anglia and dorsal horn of the spinal cord. These pat-
erns of abnormal and excessive discharge are thought
o account for the positive symptoms reported by pa-
ients with neuropathic pain. Positive sensory phe-
omena include pain, paresthesia, dysesthesia, hyper-
lgesia, and allodynia. There is an increasing
ppreciation that specific changes in ion channel type,
istribution, and number are associated with the pat-
ern of ectopic discharge and ongoing pain associated
ith nerve injury.22,34,48,54

The pathophysiologic changes that give rise to neuro-
athic pain span the nociceptive system from the primary
fferent in the periphery to the cerebral hemisphere.
here is no single unifying mechanism of neuronal hy-

erexcitability across the myriad neuropathic pain states R
or in any specific location in the sensory pathways
here the pain can be localized.50 In some instances,

ariability in the type of channel expressed as a conse-
uence of nerve injury would appear to account for not
nly the degree and type of hyperexcitability but also
ifferences in ion channel medication efficacy.24,75 For
xample, some clinical investigators have found that
ain from peripheral sites of nerve injury may be more
ensitive to Na� channel modulators than pain arising
rom lesions of the central nervous system.40 Although it
s certain that ion channels play a central role in cellular
xcitability, multiple processes at all levels of the
euraxis are crucial to the cellular underpinnings of neu-
opathic pain.
The afferent barrage from peripheral nociceptors

eads, in turn, to central sensitization. This phenomenon
ncompasses the structural changes in connectivity of
econd- and third-order neurons in the central nervous
ystem induced by tachykinins such as substance P and
eurokinin A. In the spinal cord and at supraspinal sites,
lutamate, acting at excitatory amino acid receptors (eg,
MDA), can amplify sensory input from the periphery.
xpansion of neuronal receptive fields and neuronal re-
rganization in the dorsal horn all have been found to
ccount for some degree of altered sensory process-
ng.105 Regulation of other receptor types and modula-
ion of local or descending inhibitory pathways can af-
ect the dynamic clinical presentations of neuropathic
yndromes. Among the large number of neuroplastic
hanges now associated with neuropathic pain, the most
menable therapeutic target has been the peripheral ion
hannels implicated in ectopic discharge. However, even
his relatively well studied phenomenon has not led to
ubstantial mechanism-based breakthroughs in our ther-
peutic options.

iagnostic Challenges and the Limits of
echanism-Based Approaches

The challenge of a mechanism-based approach to
reating neuropathic pain lies in the fact that the history
nd clinical examination do not disclose a precise neuro-
hysiologic pain mechanism. The diagnosis of neuro-
athic pain rests on the demonstration of a lesion in the
ervous system and the recognition of a related constel-

ation of sensory signs and symptoms. A varied array of
etabolic, ischemic, immune-mediated, and toxic insults

an result in neuropathic pain. Importantly, the mecha-
isms of neuropathic pain in patients with the identical

llness or injury may not be the same. Nor is there a single
echanism that accounts for relatively specific symp-

oms such as spontaneous burning pain or a physical
xam finding such as allodynia. Currently, an evidence-
ased approach increases the likelihood of a positive
reatment outcome because it can be based on a grow-
ng number of published, randomized controlled trials.
owever, we do not yet have the capability to include
atients based on the underlying mechanism of the pain.

ather, each trial can only recruit patients based on the
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S40 Ion Channel Targets and Treatment Efficacy
articular set of neuropathic signs and symptoms in the
ndividual patient.30

As such, the only plausible mechanistic approach, given
ur evolving understanding of pain neurobiology, de-
ends on stratifying patients based on their response
nd the putative mechanisms of medications.4 A major
omplication in this strategy is that, with few exceptions,
he drugs in current use have multiple mechanisms of
ction. In addition, the available evidence for ion chan-
el medications remains largely condition specific. The
reponderance of clinical trials has investigated painful
iabetic neuropathy, PHN, and trigeminal neuralgia.
ew trials have attempted to parse medication efficacy
y neuropathic symptom rather than by condition.
The generally modest level of analgesic efficacy with
onotherapy using the current drug armamentarium

or neuropathic pain is consistent with the need for a
ubstantial improvement in our mechanism-based ap-
roach to treatment. An overview of the clinical trials in
europathic pain suggests that a single agent offers, at
est, clinically important relief in only 40% to 60% of
atients and complete relief in a much smaller number.77

hen monotherapy fails to adequately relieve pain, a
rug mechanism–based approach to the selection of ad-
itional treatment can be useful. This approach focuses
n providing drug combinations that have complemen-
ary mechanisms of action. Unlike the situation in animal
odels, the multiple mechanisms of pain and associated
isability that are likely to be operative in each patient
an be used to further justify combination therapy on
athophysiologic grounds. However, from a practical
erspective, this process of sequential medication trials is
riven by serial assessment of efficacy and medication
olerability within the individual patient.

ethodological Considerations in
valuating Treatments for Neuropathic
ain
The methodological gold standard for assessing treat-
ent efficacy remains the randomized, double-blind,
lacebo-controlled trial. The comparison of differences

n efficacy of the ion channel medications from different
enerations is complicated by the relative lack of rigor in
esearch methods used to validate the efficacy of older
edications. In particular, many of the older agents have
nly been subjected to testing in clinical trials with rather
mall sample sizes. Although larger clinical trials have
ncreased power to determine treatment effects, there
re analytical liabilities to clinical trials with both large
nd small sample sizes. Trials with large numbers of pa-
ients have the statistical power to reveal small, but
ometimes less clinically relevant, improvements in pain.
or example, to achieve statistical significance, large tri-
ls may not require that an appreciable percentage of
atients experience the 30% or greater reduction in pain

ntensity that has been proposed as a clinically important
ifference in recent analytic work on benchmarks of
reatment efficacy.36 Some studies published before

997 were small, single-center trials that may have over- p
stimated drug efficacy in clinical practice. These studies
xamined only the data from patients completing the
rial.77 Intention-to-treat analyses, in which data from all
andomized patients are included for the primary out-
ome analysis, are preferred because trial noncompleters
end to experience less benefit and more adverse events
nd their inclusion better reflects the realities of clinical
ractice.
The lack of prospective head-to-head trials compar-

ng ion channel medications with other medications
ontinues to hamper evidence-based selection of med-
cations even in relatively well-defined patient popu-
ations. This renders the comparison between studies
omewhat suspect. Clearly, changes in group mean val-
es provide few data that are applicable to the indi-
idual patient. Responder analyses, such as the per-
entages of patients achieving greater than 30% (or
0%) reduction in pain, can offer a proxy approach for
he direct comparisons of ion channel agents that have
ot yet been conducted.

a�Channel Blockade
Alterations in the level of expression, cellular localiza-

ion, and distribution of Na� channels are strongly asso-
iated with neuropathic pain.22 Fluctuation in the total
evels of Na�channel expression and the relative expres-
ion of each of the different channel subtypes contribute
o hyperexcitability. The empiric analgesic efficacy of lo-
al anesthetics in clinical practice has supported this line
f investigation. It is generally accepted that an increase

n Na� channel density lowers the nociceptive thresholds
n injured neurons. These neurons have a heightened
endency toward action potential initiation and propa-
ation. Ion channel modulators preferentially inhibit ab-
ormal excessive activity at ectopic foci with increased
a� channel density.3 An example of such activity has
een demonstrated in the decreased spontaneous activ-

ty in experimental neuromas produced by carbamaz-
pine.16 Blockade of the Na� channel preferentially im-
edes the upstroke where action potential initiation is
ost frequent. Spontaneous ectopic discharges are sup-

ressed at much lower drug concentrations, thereby al-
owing normal impulse generation and propagation to
ontinue. As a consequence Na� channel modulators
ossess a relatively large therapeutic window. Because
ctopic firing is especially sensitive to Na� channel block-
de, fatal toxicity due to failure of normal nerve conduc-
ion does not occur at drug concentrations that provide
ain relief.

ocal Anesthetics
The use of local anesthetics for the treatment of pain

onditions dates back to the 1930s with systemic infusion
f procaine for perioperative pain.7,10 Blockade of ec-
opic discharges in animal models of neuropathic pain
uring the 1980s reinvigorated interest in this therapeu-
ic approach. Infusions of lidocaine have been shown to
elieve painful diabetic neuropathy in a portion of the

atient population.51 At least in one study, lidocaine
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ose and plasma concentration have been correlated
ith pain reduction in a dose-dependent fashion.37 In
ultiple randomized, double-blind, cross-over studies,

ntravenous lidocaine has proven superior to placebo in
educing the pain of diabetic neuropathy and PHN.2,3,80

cross multiple trials and neuropathic pain states the
ffective dose is in the range of 1.5-5.0mg/kg.58 There is
ome evidence that systemic lidocaine is more effective
n treating pain associated with peripheral rather than
entral nerve injury.40

Despite this pattern of efficacy, intravenous infusion
as not become widespread because it is not a conve-
ient mode of delivery for patients with chronic neuro-
athic conditions. In addition, lidocaine binds nonspe-
ifically to Na� channels in normal neural,
astrointestinal, and cardiac tissue, which leads to a
umber of unpleasant side effects. Systemic infusion
ith its high bioavailability enhances the liability of
locking conduction at these nonpathologic tissues. At-
empts to find alternatives to lidocaine infusions have
ncluded the use of mexiletine, an orally available lido-
aine congener. Although clinical results have been
ixed, a prospective study in 9 patients with peripheral
europathic pain reported a positive association be-
ween response to a lidocaine test (2 and 5mg/kg over 45
inutes) and outcome with mexiletine.39

exiletine
Mexiletine is a close structural analogue of lidocaine.
s a practical alternative to repeated intravenous infu-

ions of lidocaine, this medication appeared to offer the
enefits of Na�channel blockade in an oral form with
igh bioavailability. Mexiletine has been tested in sev-
ral neuropathic conditions and the results have not
een consistently positive. Analgesic benefit over pla-
ebo has been demonstrated in painful diabetic neurop-
thy and peripheral nerve injury but only at dosages in
xcess of 600 mg/day, and no benefit has been seen in
he neuropathic symptoms associated with spinal cord
njury.14,17,21 Other trials have not demonstrated a ben-
fit over placebo in the treatment of peripheral neurop-
thy but have reported benefit in some subgroup analy-
es that are of questionable clinical importance.68,93

exiletine has not been shown to provide significant
ain relief in patients with HIV-associated neuropa-
hy.52,53 The inconsistency of these outcomes, the com-
on side effect of gastrointestinal distress, and drug-
rug interactions leave this medication among the least
ften used in this class.

opical Lidocaine
The relatively recent demonstration of the efficacy of

opically delivered lidocaine in the form of a patch has
evitalized interest in the strategy of local Na� channel
lockade with anesthetics. The lidocaine patch 5% ap-
ears to target the abnormal evoked and spontaneous
ctivity in damaged peripheral afferents in the epidermis
nd dermis. Three published, double-blind, vehicle-con-

rolled, randomized clinical trials support the efficacy of s
he lidocaine patch 5% in patients with PHN and in pa-
ients with diverse peripheral neuropathic pain syn-
romes, including PHN.41,63,78

The positive outcomes in PHN provided the basis for
ood and Drug Administration (FDA) approval of the
idocaine patch 5% for the treatment of PHN, and con-
ensus guidelines have recommended its use as a first-
ine agent given its excellent tolerability and safety.30

esults of an open-label trial in patients with painful
iabetic neuropathy raise the possibility that the lido-
aine patch may be effective in neuropathic pain states
ven in the absence of allodynia; however, a blinded
ontrolled study of this phenomenon would be necessary
o confirm any benefit beyond the placebo effect.6 In
ddition, the lidocaine patch has not been the subject of
blinded study in head-to-head comparison with orally

ctive treatments so conclusions about its relative effi-
acy can only be based on indirect comparisons, with all
f their potential problems. Unlike many other neuro-
athic treatments, there is no need for titration, and
here are no significant systemic side effects or drug in-
eractions when used at the recommended dose.41,78

henytoin
Phenytoin was one of the oldest neuroactive drugs to
e reported as effective in the treatment of neuropathic
ain on the basis of a study of patients with trigeminal
euralgia.49 Inhibition of presynaptic glutamate release,

n addition to Na� channel blockade, is thought to con-
ribute to its mechanism of action.107 There are several
andomized clinical trials of phenytoin in other condi-
ions.103,108 The results of the 2 trials in peripheral dia-
etic neuropathy (300 mg/day) are contradictory.15,85 A
andomized, placebo-controlled trial in 20 patients re-
eiving intravenous phenytoin proved more effective
han placebo in reducing acute exacerbations of neuro-
athic symptoms.62 Lack of statistical power to detect
ifferences between placebo and phenytoin is one sug-
ested explanation for the differences in results, but fur-
her studies have not been conducted. Use of phenytoin
s limited due to multiple drug-drug interactions and
omplex kinetics.

arbamazepine and Oxcarbazepine
Until the FDA approval of the lidocaine patch 5% for

he management of PHN, carbamazepine was the only
nticonvulsant approved by the FDA for the treatment
f a neuropathic pain condition, specifically, trigeminal
euralgia. Similar to the local anesthetics, carbamaz-
pine suppresses spontaneous activity in experimental
euromas.12 There are clinical trials evaluating the effi-
acy of carbamazepine in neuropathic pain,96 including
ouble-blind, placebo-controlled, cross-over trials with
ositive results compared with placebo in patients with
rigeminal neuralgia.13,28,74,96

Three randomized trials provide evidence of the effec-
iveness of carbamazepine in the treatment of diabetic
europathy using a double-blind, cross-over de-

ign.47,82,104 These trials have limitations, including inad-
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S42 Ion Channel Targets and Treatment Efficacy
quate washout periods, carryover effects, confounding
nterventions, and inadequate attention to the statistical
nalysis. The evidence for carbamazepine in the treat-
ent of other neuropathic pain syndromes is consider-

bly weaker, as exemplified by studies of PHN.43 A re-
ent, small study comparing gabapentin and
arbamazepine in carpal tunnel syndrome demonstrated
omparable efficacy.35 Unfortunately, the apparent effi-
acy demonstrated in the trials of the 1960s13,74,82 has
ot been further investigated in more recent and rigor-
usly designed trials. Clinical use of carbamazepine is
omplicated by its collateral central nervous system side
ffect of sedation, drug interactions, and need for regu-
ar monitoring (hepatic and hematologic).

Oxcarbazepine is a 10-keto analogue of carbamaz-
pine. There have been 3 double-blind, randomized clin-
cal trials comparing oxcarbazepine and carbamazepine
n patients with trigeminal neuralgia.8 One study (n �
8) evaluated patients with newly diagnosed trigeminal
euralgia and two (n � 84) assessed those with refrac-
ory trigeminal neuralgia. In those newly diagnosed, the
edian daily dose was 750 mg/day for oxcarbazepine,
hereas in those with refractory symptoms it was 1100
g/day. There were no significant differences with re-
ard to number of attacks per week, evoked pain, and
lobal assessment of tolerability and efficacy between
xcarbazepine and carbamazepine. Rates of adverse ef-
ects of vertigo, fatigue, and somnolence were lower in
he oxcarbazepine group. A recent, large, randomized,
-month trial in patients with diabetic neuropathy dem-
nstrated early and sustained pain reduction compared
ith placebo, but the results of additional pivotal trials

n this condition have yet to be reported.26 A trial of
xcarbazepine in painful lumbar radiculopathy has also
ecently been completed.29

amotrigine
Lamotrigine, a phenyltriazine derivative, is a newer

ntiepileptic agent initially approved as adjunctive ther-
py for complex partial seizures. Lamotrigine has multi-
le putative mechanisms of analgesic action. Lam-
trigine blocks VGSCs.55 Lamotrigine also decreases
a2�influx through suppression of VGCCs.101 This activ-

ty has been demonstrated in neural tissue involved in
eizure activity (eg, hippocampus) and not in regions in-
egral to pain signaling such as the dorsal horn and dor-
al root ganglion.100 In an animal model of chronic hy-
eralgesia associated with streptozotocin-induced
iabetes, lamotrogine demonstrated analgesic proper-
ies.65

There are multiple randomized trials of small-to-mod-
rate size that show efficacy across a range of neuro-
athic pain states. Lamotrigine, typically at dosages
bove 200 mg daily, has demonstrated efficacy in reduc-
ng the pain associated with diabetic neuropathy, tri-
eminal neuralgia, HIV neuropathy, central neuropathic
ain, and poststroke pain.33,38,88,89,99,109 Patients with

ncomplete spinal cord injury experienced a mean reduc-
ion in overall pain intensity of 25%, with greatest reduc-

ion in brush evoked allodynia in regions of spontaneous o
ain.38 These promising results are offset by high drop-
ut rates due to the slow titration paced to minimize the

ncidence of rash.88 In one double-blind, placebo-con-
rolled study of 100 patients with neuropathic pain at
osages of 200 mg or less, there was no significant relief
ompared with placebo, but the presence of neuropathic
ymptoms rather than a etiologic diagnosis was the basis
or including patients in this trial.61 Most recently, two
arge multicenter trials in patients with diabetic neurop-
thy each failed to demonstrate pain reduction com-
ared with placebo in intention-to-treat analyses of the
rimary endpoint of pain reduction, and a relatively high
ropout rate may have reflected poorer tolerability at
igher dosages (� 300 mg daily).84 Therapeutic liabilities

nclude relatively high incidence of rash and drug-drug
nteractions.

ricyclic Antidepressants
Tricyclic antidepressants (TCAs) were among the first

lass of medications proven effective for chronic neuro-
athic pain using a randomized, double-blind placebo-
ontrolled research design.102 Their efficacy has been re-
eatedly confirmed in multiple consecutive rigorously
onducted randomized trials in patients with diabetic
europathy and PHN.59,90 There is some evidence that
he pain relief and antidepressant effects are indepen-
ent of one another.60 The efficacy of these drugs has
ntil recently been ascribed to noradrenergic and sero-
onergic reuptake inhibition. This activity occurs in su-
raspinal pathways and likely modulates pain through
escending inhibitory pathways. Although amitriptyline
locks TTX-R channels, it is unclear to what extent VGSCs
re involved in the efficacy of TCAs.11,20

The high rate of unpleasant anticholinergic side ef-
ects, most often dry mouth and constipation, limit treat-
ent adherence in many patients. Comparable efficacy
ith agents from other classes is offset by the need to
se TCAs very cautiously in patients with a history of
ardiovascular disease, glaucoma, urinary retention, or
utonomic neuropathy, and with the increased risks of
erious cardiac events at higher dosages.64,71

a2�Channel Blockade
Ca2� channels (VGCCs) modulate nociceptive transmis-

ion at the level of the neuronal synapse in the central
ervous system. The role of the L, N, and P/Q type VGCCs
aries with the nature of neural injury.98 One indication
f the important role played by these channels is the
ense expression of the N-type channels in the superfi-
ial laminae (I, II) of the dorsal horn, the site of synapse
or first-order primary afferent neurons. VGCCs are inac-
ivated by large-amplitude depolarizations. With depo-
arization, there is an influx of Ca2� ions into neurons
nd release of neurotransmitters such as GABA, gluta-
ate, and norepinephrine. Perineural administration of

a2�channel blockers inactivates N-type Ca2�channels.
n animal models, this intervention reduces heat hyper-
lgesia and mechanical allodynia.106 Intrathecal delivery

f antagonists to VGCCs shows that blockade of N, P/Q,
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S43REPORT/Markman and Dworkin
nd L type channels reduces pain, allodynia, and hyper-
lgesia.98 Increased rates of depolarization at N-type
GCC in these neurons and the attendant neurotrans-
itter release would seem to facilitate the hyperexcit-

bility of chronic neuropathic pain states.
A growing body of evidence points to a distinct pattern
f Ca2�channel subunit expression in animal models of
hronic neuropathic pain.18,67 Peripheral nerve injury
odels induce upregulation of the �2� subunit and cor-

elate with allodynic pain behavior.67 Gabapentin re-
erses allodynic behavior in rats with neuropathic pain
nd suppresses peripheral ectopic afferent discharge at
njured nerve sites.69 The �2� subunit expressed in the
orsal root ganglion cell differs from those throughout
he brain and spinal cord.25 Such a variation could ac-
ount for the analgesic properties of gabapentin.

abapentin
The efficacy of gabapentin in reducing neuropathic
ain behavior in animal models and the emerging body
f clinical evidence supporting its use in patients with
europathic pain has intensified research into the role of
a2�channels in the pathophysiology of neuropathic
ain.42,92 The extensive study of gabapentin in multiple,
ouble-blind, placebo-controlled trials supports its use in
he treatment of chronic neuropathic pain.30 Pain states,
ncluding PHN, diabetic polyneuropathy, mixed neuro-
athic syndromes, Guillain-Barre syndrome, and acute
nd chronic spinal cord injury, have all been evaluated.30

wo large multicenter, double-blind, placebo-con-
rolled, randomized clinical trials demonstrated gabap-
ntin at a target dosage of 3600 mg/day reduced pain
rom PHN and diabetic neuropathy.5,79 Together these
rials totaled more than 400 subjects, making their size
ar larger than any previous randomized controlled trials
f drug therapy for neuropathic pain. The most common
ide effects in these trials were related to CNS depression
nd included dizziness, sedation/somnolence, and
taxia. Patients in the trial of gabapentin for diabetic
europathy had a median age considerably lower than

n the PHN trials but with the same overall frequency of
ide effects.5

The efficacy and tolerability of gabapentin was re-
ently reproduced in a trial in PHN with target dosages of
800 and 2400 mg and the reduction in average daily
ain score was equivalent to that seen in earlier trials.72

he lack of drug-drug interactions facilitates the use of
ombination regimens with gabapentin. A recent trial of
atients with diabetic neuropathy and PHN demon-
trated superior relief at lower doses of each drug when
sed in combination as compared with single-agent ther-
py.46 In another recent trial, significant improvements
ere seen for the endpoints of burning pain and hyper-
lgesia at some follow-up visits but not for allodynia.87 In
everal trials, improvements in sleep, mood, and other
uality of life measures were also demonstrated.
Two comparative studies with gabapentin and amitrip-

yline in the treatment of painful diabetic neuropathy
ave been conducted, one an open-label study and one a

andomized cross-over trial.19,61 The randomized trial d
id not demonstrate a significant difference between
mitriptyline and gabapentin at relatively low daily
ean dosages of 59 mg and 1565 mg, respectively.64 The
ost commonly encountered side effects of gabapentin

nclude somnolence and dizziness. Dosage adjustment is
equired in patients with renal failure. Evidence of effi-
acy, ease of monitoring, low incidence of serious ad-
erse events, and few drug interactions have contributed
o the widespread use of gabapentin.

regabalin
Pregabalin, like gabapentin, interacts with the �2�

ubunit of the voltage-gated Ca2� channel. The decrease
n Ca2�influx reduces the presence of glutamate, sub-
tance P, and norepinephrine in the synapse.27,95

The efficacy of pregabalin (dosage range 150-600 mg
aily) in the treatment of PHN and diabetic neuropathy
as been shown in multiple large, multicenter, placebo-
ontrolled trials.31,56,76,83,73 In addition to significant re-
uctions in pain intensity, pregabalin has demonstrated

mprovement in sleep and other aspects of physical and
motional functioning that are commonly disturbed in
atients with chronic pain.56,83 The percentages of pa-
ients obtaining a 50% reduction in pain intensity were
omparable at 150 mg (26%) and 300 mg (28%) in pa-
ients with PHN.83 The most common adverse effects in
hese trials were dizziness and somnolence. As with
abapentin, there appear to be relatively few ion chan-
el effects outside of the central nervous system. The
DA has recently approved pregabalin for the treatment
f PHN and painful diabetic neuropathy, which makes
regabalin the first treatment approved for the treat-
ent of more than one chronic neuropathic pain condi-

ion.

opiramate
Topiramate has multiple putative mechanisms of anal-
esic activity, including: modulation of voltage-gated Na
hannels, potentiation of GABAa inhibition, blockade of
GCCs, and antagonism of the kainate subtype of gluta-
ate receptor, which has been shown to reduce pain

voked by facial movement after oral surgery.44,86 A
mall (n � 27) double-blind placebo-controlled trial
howed 400 mg/day superior to placebo for painful dia-
etic neuropathy, but only 1 of 4 large trials demon-
trated superior pain relief in diabetic neuropathy com-
ared with placebo.32,70,97 In this trial, topiramate was
itrated to 400 mg daily as tolerated and not only re-
uced pain more effectively than placebo but was also
ssociated with significant reductions in body weight
ithout the disruption of glycemic control.70

Although the benefit in diabetic neuropathy is equiv-
cal, results in small trials of patients with trigeminal
euralgia have generally had favorable results.45,110

opiramate tends to have a higher rate of psychomotor
lowing, carbonic anhydrase inhibition, renal stones, and

rug-drug interactions than other anticonvulsant drugs.
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evetiracetam
Levetiracetam, an antiepileptic agent recently ap-
roved for adjunctive epilepsy therapy, selectively inhib-

ts N-type VGCCs.57,66 This mechanism may account for
he reduction in pain behavior in neuropathic animal
odels.1 A small (n � 10), open-label trial of patients
ith PHN refractory to first-line treatments was encour-
ging with regard to tolerability (mean daily dose 2200
g/day) as well as analgesic effects, but placebo-con-

rolled trials are required to evaluate the efficacy of le-
etiracetam in patients with neuropathic pain.81

iconotide
Ziconotide is a selective N-type voltage-sensitive

a2�channel blocking agent that has recently been ap-
roved by the FDA for the management of severe chronic
ain in patients for whom intrathecal therapy is warranted
nd who are intolerant of or refractory to other treat-
ent—eg, systemic analgesics, adjunctive therapies, and

ntrathecal morphine. In animal models, intrathecal admin-
stration optimizes the antinociceptive effects and reduces
ssociated decreases in sympathetic tone.9 A recent trial of

ntrathecal ziconotide in patients with refractory pain asso-
iated with cancer or AIDS showed significant reduction in
ain.91 There was little evidence of declining benefit sug-
estive of drug tolerance in the maintenance phase. Cen-
ral nervous system side effects, which appear to be related
o N-type channel blockade in the granular cell layer of the
erebellum, are reduced with a decreased infusion rate and
emit following infusion. A synthetic, small-molecule
quivalent of �-conopeptide is not yet available in the form
f an oral medication.

onclusions
Advances of the last decade have transformed the
5-year-old therapeutic strategy of ion channel block- t
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de for the treatment of neuropathic pain. Local
odes of drug delivery, novel Ca2�channel interac-

ions among newer agents, and previously unrecog-
ized Na�channel mechanisms of traditional, first-line
edications represent important new developments.

hese strides are driving the drug discovery process in
he direction of ion channel therapeutics. Improved
olerability and reduced drug-drug interactions have
ccelerated the adoption of topical lidocaine and
abapentin among nonspecialist clinicians treating
ain. Still, there is an unmet need for the treatment of
europathic pain states because the relief afforded by
hese medications is partial and response is generally
eported in no more than 40% to 60% of treated pa-
ients. In addition, the prevalence of neuropathic pain
tates continues to rise with an aging population, and
here is a large cohort of patients who are unable to
olerate or do not respond to existing medications.
reatment decisions about combination analgesic reg-

mens will be increasingly informed by a better under-
tanding of specific ion channel activity. As the molec-
lar characterization of the analgesic properties of
edications grows more precise, so will the impor-

ance of mechanism-based approaches to treatment.
eveloping and disseminating the clinical tools to

dentify the neural mechanisms responsible for pain in
n individual patient are essential to advancing be-
ond the traditional disease-based treatment para-
igm.
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