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A number of mechanisms have been elucidated that maintain neuropathic pain due to spinal cord injury (SCI). While target-
based therapeutics are being developed based on elucidation of these mechanisms, treatment for neuropathic SCI pain has not
been entirely satisfactory due in part to the significant convergence of neurological and inflammatory processes that maintain the
neuropathic pain state. Thus, a combination drug treatment strategy, wherein several pain-related mechanism are simultaneously
engaged, could be more efficacious than treatment against individual mechanisms alone. Also, by engaging several targets at once,
it may be possible to reduce the doses of the individual drugs, thereby minimizing the potential for adverse side effects. Positive
preclinical and clinical studies have demonstrated improved efficacy of combination drug treatment over single drug treatment
in neuropathic pain of peripheral origin, and perhaps such combinations could be utilized for neuropathic SCI pain. At the same
time, there are mechanisms that distinguish SCI from peripheral neuropathic pain, so novel combination therapies will be needed.

1. Introduction

Tissue injury or disease may lead to a persistent pain state.
Chronic pain is maintained through a combination of neural
and nonneural mechanisms operating simultaneously at
peripheral and central nervous systems [1, 2]. At the site
of peripheral tissue damage, a number of inflammatory
mediators are released that activate and recruit immune cells,
initiating the process of tissue repair. Also, many of these
mediators released from recruited immune cells, including
excitatory amino acids, neuropeptides, and cytokines, sensi-
tize primary afferent nociceptors [3–5]. The persistent pain
state could be maintained, in part, by the overproduction
of these mediators and by the overexpression by genes of
cell membrane-bound proteins, such as receptors and ion
channels, and intracellular signaling complexes in peripheral
nerves [6–8]. Furthermore, the physiological responses of
spinal dorsal horn neurons and primary afferent neurons are
permanently altered, such that their responses to peripheral,
cutaneous stimulation are exaggerated and persist long after
the application of stimulation. These physiological changes

are believed to be maintained by long-lasting changes in
genes and, akin to the process observed in peripheral noci-
ceptors, overexpression of membrane-bound proteins and
overactivation of intracellular signaling [9, 10].

Spontaneous activity has been demonstrated from
injured peripheral sensory neurons and from CNS neurons,
proximally and distally to the site of injury [11–13]. The
abnormal neurophysiological responses to peripheral injury,
sensitization, and spontaneous activity are believed to be
the neural basis of tissue injury-induced chronic pain,
which is characterized by cutaneous hypersensitivity and
spontaneous pain.

In spinal cord injury (SCI), spontaneously active CNS
neurons, found spinally and supraspinally, have been doc-
umented in both clinical and experimental settings [14–20].
Experimental evidence suggests that reducing the activity of
these neurons leads to a decrease in chronic pain symptoms.
Drugs that have demonstrated to decrease CNS neural
activity, including opioids, γ-aminobutyric acid (GABA)
receptor agonists, and sodium channel blocking drugs, are
antinociceptive in animal pain models and these drugs are
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also analgesic in clinical pain states [21]. The data suggest
that robust pain relief can be obtained though suppressing
abnormal neural activity. Obtaining direct evidence, such as
electrophysiological and neurochemical, of drug effects from
patients as performed in animals, is a tremendous technical
hurdle. However, noninvasive imaging may be an alternate
method to quantify drug effects on brain neurochemistry
and activity and these data could correlate with pain relief
[22, 23]. Furthermore, such data could be used to guide drug
discovery.

The existence of multiple, often overlapping mechanisms
that have been identified so far not only underscores the
biological complexity of chronic pain, but the difficultly
in providing significant pain relief with currently available
analgesic pharmacotherapies. The vast array of pain-related
mechanisms, however, invites development of a nearly
endless list of potential treatments, especially treatments that
target more than one mechanism.

2. Combination Therapy: Synergism

One could take advantage of the parallel activities of
molecular targets by engaging several of these targets at once,
wherein the goal is a combination treatment that is superior
to that of individual target-specific treatments [24, 25]. The
concept of synergism has been demonstrated in the clinical
setting for a variety of indications such as the treatment
of cancer and infections [26]. Combining drugs may lead
to either additive or non-additive effects. If the effect of a
combination of two or more drugs does not significantly
deviate from the theoretical or expected effect based on
their individual dose-response curves, then the effect of the
combination is said to be additive. There are two types of
nonadditive effects that may result with combination treat-
ment. First, if the effect of the combination is greater than
expected, then the combination is said to be superadditive, or
synergistic. The total dose of the synergistic combination can
be lower than what would be expected from the individual
dose-response curves, which may also diminish the risk of
adverse side effects associated with either drug. Secondly, the
total dose needed to induce a certain effect may be higher
than what is expected. In this case, the combination is said
to be subadditive or antagonistic.

The key is that the experimentally derived result be
statistically significant from the expected result. One method
to determine this is by isobolographic analysis, wherein the
doses of the constituents that give, for example, a 50%
antinociceptive effect, are plotted on the x-axis and y-axis
[26, 27]. The line connecting these points is said to be the
“line of additivity,” a locus of dose pairs of the constituents
expected to demonstrate equal antinociception (“zero inter-
action”). The amount of each constituent in the combination
can be based on the relative potency of the constituents. Fol-
lowing construction of a dose-response curve of the combi-
nation, the 50% antinociceptive dose is determined and sta-
tistical analysis is used to determine whether or not the effect
of the combination significantly deviates from zero interac-
tion, whether the effect of the combination is either synergis-
tic, antagonistic, or merely additive. While one ratio of the

constituents may be merely additive, other ratios may lead to
either synergistic or antagonistic effects [28]. Thus, the lack
of synergy for a given combination should not automatically
exclude that combination from further consideration—
perhaps other combination ratios could lead to synergy.

There are cases of synergism in which one of the drugs in
a two-drug combination demonstrates no efficacy [29]. To
demonstrate synergism, a statistically significant increase in
the potency of the active drug of the combination compared
to the active drug alone is required. Thus, drugs that do not
demonstrate efficacy on their own may still be useful when
given with drugs that do demonstrate efficacy [30–32]. The
advantage of this type of combination is similar to that of a
combination in which both drugs demonstrate efficacy—the
dose of the efficacious drug in the combination is decreased
thereby reducing the potential for adverse side effects.

3. Neuropathic Spinal Cord Injury Pain

In the U.S., there are an estimated 256,000 SCI patients and
there are approximately 12,000 new cases of SCI each year,
most commonly due to motor vehicle accidents and falls
[33]. As medical breakthroughs increase life expectancy in
general, there will be a growing population of elderly, and
life expectance of current SCI patients could increase as well.
In addition, with increasing numbers of older persons, it is
anticipated that they may develop SCI, due to, for example,
accidents [34, 35]. Older SCI, as well as non-SCI, patients
are more likely than younger people to report chronic pain
[36]. Thus, with the significant expansion of the elderly
population in the U.S. and other industrialized countries
projected by midcentury and the potential for an increased
number of elderly SCI patients, there is an urgent need to
develop effective pain therapeutics [37, 38].

In addition to significant losses in motor and visceral
functionalities, intractable pain may also result following
SCI, a majority of SCI patients reporting the severity of
pain as either moderate or severe, such that there is greatly
diminished mood and motivation to participate in rehabili-
tation programs and social interaction [39–41]. Pain may be
localized in dermatomes either above, at, or below the level
of injury [42–44]. Interestingly, below-level pain has been
described as “burning” or “shooting” and accompanied by
cutaneous hypersensitivity, symptoms that are characteristic
of peripheral neuropathic pain [44, 45]. There is also the
possibility of “autonomic dysreflexia,” a condition in which
noxious somatic or visceral stimulation below the level of SCI
could lead to an acute, uncontrolled sympathetic nervous
system response, including a life-threatening increase in
blood pressure and tachycardia [46]. Thus, treatments that
are tolerated in other pain populations may not be suitable
for SCI patients. For example, visceral distention by opioids
and antidepressants such as amitriptyline could lead to
autonomic dysreflexia.

Furthermore, treatments that are efficacious in periph-
eral neuropathic pain do not appear to demonstrate the same
level of efficacy in neuropathic SCI pain. Amitriptyline, for
example, in addition to adverse side effects in SCI patients
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such as urinary retention, does not appear to be as effective
in neuropathic SCI pain as it is in peripheral neuropathic
pain [47]. Mexiletine, an orally active analogue of the sodium
channel blocking drug lidocaine, also does not show the level
of efficacy in SCI patients that has been demonstrated in
peripheral neuropathic pain patients [48, 49]. Perhaps the
lack of efficacy across patient populations could be due in
part to varied testing protocols and outcome measurements
in the clinical trials, but some of the differential efficacy could
also be due to underlying differences in pain mechanism.
If standard pharmacotherapies, when given alone, do not
demonstrate efficacy, then combination drug therapy could
be a viable option for SCI pain patients.

4. Preclinical Combination Drug
Therapy in the SCI Rat

To facilitate the evaluation of novel pharmacotherapies for
potential clinical use, a rat model of chronic neuropathic
SCI pain was recently developed [50, 51]. Four weeks
following a brief midthoracic spinal compression, a massive
infiltration of monocytes and a robust gliotic response
were observed at the injury site. In addition, syrinxes were
observed extending for several segments from the injury
site. The histopathological findings are reminiscent of that
reported following an acute spinal contusion, a widely used
method of inducing SCI in rats, and in clinical SCI [52,
53]. Despite significant bilateral motor dysfunction below
the level of the injury, similar in degree and extent to
that following a contusion injury, rats were responsive to
cutaneous stimulation. The methods of quantifying below-
level cutaneous hypersensitivity used were the same as those
commonly used in rat models of peripheral nerve injury [54,
55]. A long-lasting below-level hypersensitivity to cutaneous
stimuli, as observed in clinical SCI pain, was obtained
beginning one week following spinal compression, which
lasted for at least 12 weeks after-injury [56].

A variety of clinically used analgesic drug were assessed
in these rats. The anxiolytic drug diazepam did not demon-
strate antinociceptive efficacy, indicating that sedative or
muscle relaxant property is not sufficient to ameliorate pain-
related behaviors [57, 58]. While mexiletine and the anti-
convulsant drug carbamazepine were found to be efficacious
in other chronic pain models, these did not demonstrate
significant effects in SCI rats [59, 60]. The anti-inflammatory
cyclooxygenase-2 selective inhibitor rofecoxib and the non-
selective cyclooxygenase inhibitor naproxen also did not
affect below-level cutaneous hypersensitivity, suggesting that
prostaglandins are not a critical factor in maintaining the
neuropathic state in these rats [61]. The doses of rofecoxib
and naproxen tested in SCI rats were efficacious, however,
in rat models of inflammation-induced pain. The lack of
efficacy of several analgesics in SCI rats compared to other
rat pain models suggests fundamental differences in mecha-
nisms among the chronic pain states.

At the same time, several drugs that demonstrated
antinociception in peripheral neuropathic pain models also
demonstrated efficacy in the current SCI model, suggesting

that both peripheral and SCI pain share a few common
mechanisms. Clinical drugs that are generally characterized
as selective for a particular target, including opiates, the
GABAB receptor agonist baclofen, the voltage-gated calcium
channel (VGCC) blocker gabapentin, and noncompetitive
N-methyl-D-aspartate (NMDA) receptor antagonists such as
ketamine, showed efficacy in both models of SCI and periph-
eral nerve injury pain [60, 62–66]. The analgesic tramadol
also demonstrated efficacy in both SCI and peripheral neu-
ropathic pain models [66–69]. Interestingly, the efficacy of
tramadol is likely to be mediated by a combination of several
mechanisms: its metabolite is a μ-opioid receptor agonist
and the drug itself increases synaptic levels of analgesic
neurotransmitters serotonin and norepinephrine by blocking
the reuptake of these neurotransmitters [69]. Both separate
and simultaneous activation of rat spinal cord dorsal horn μ-
opioid and serotonergic receptors and α-adrenoceptors leads
to marked antinociception in acute pain tests [70, 71]. Since
drugs are usually dosed systemically, antinociceptive effects
could be the result of engaging pain-related targets in several
sites within the CNS and those targets may also be found in
peripheral nerves [72–74]. Given the presence of a number
of pain-related mechanisms involved in modulating pain
perception, there are potentially numerous combinations
that may lead to synergistic analgesia [75].

Some of the common side effects observed with analgesic
drugs with systemic bioavailability include somnolence,
sedation, dizziness, and nausea [41]. Adverse side effects
are inevitable since most currently available analgesics freely
distribute throughout the CNS. With combination drug
therapy, it may be possible to significantly reduce the inci-
dence of side effects by reducing the doses of the constituents.
Alternatively, there are drug delivery methods which may
further minimize the incidence of side effects. One method
is to deliver drugs into the intrathecal (i.t.) space of the
spinal cord [76]. Some analgesics that demonstrated efficacy
when given systemically also demonstrated robust efficacy
following i.t. injection in SCI rats, indicating that the spinal
dorsal horn is a key site of action of these drugs [77–79].
In rats with a spinal hemisection, blockade of spinal NMDA
receptors at the site of spinal injury with i.t. injection of the
competitive NMDA receptor antagonist AP-5 ameliorated
below-level hypersensitivity to innocuous mechanical stim-
ulation (but not injury-induced heat hypersensitivity) [80].
The effects of clinically used NMDA receptor antagonists,
such as ketamine or memantine, were not evaluated in
these rats. While block of dorsal horn NMDA receptors in
general leads to an antinociceptive effect in chronic pain
models, it appears that the degree of efficacy depends on
whether the antagonist used is a competitive or noncom-
petitive antagonist [81, 82]. In-house data indicates that i.t.
ketamine, at doses that do not induce hind limb dysfunction,
does not ameliorate below-level cutaneous hypersensitivity
in rats with a spinal compression injury. In contrast, systemic
NMDA receptor antagonist treatment is effective, suggesting
that supraspinal NMDA receptors have a prominent role in
maintaining below-level cutaneous hypersensitivity in spinal
compression-injured rats [50]. The main disadvantage of
systemic NMDA receptor antagonists, however, is the overlap
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in doses that lead to significant supraspinally mediated psy-
chomimetic effects and those that lead to antinociception
[83]. Even though i.t. ketamine alone was not efficacious, as
noted earlier, it could be effective if combined with other i.t.
delivered analgesic drugs.

A number of combination therapies have been evaluated
for efficacy in preclinical models of neuropathic pain but few
have been tested specifically in a preclinical model of neu-
ropathic SCI pain and so their potential clinical usefulness is
unknown [24]. Because of possible differences in mechanism
between peripheral and SCI pain states, combinations that
maybe useful in one state might not show efficacy in the
other state. Therefore, it will be crucial to test potential com-
bination drug therapies in models of SCI pain.

Recently, a number of drug combination therapies have
been evaluated for antinociceptive efficacy in rats with spinal
compression injury. While baclofen is approved for use in
spasticity, it has been used off label for the treatment of
neuropathic pain, including neuropathic SCI pain [84, 85].
Because systemic dosing can lead to side effects such as
sedation and muscle weakness, i.t. baclofen has been utilized
as a means of long-term pain treatment. However, pharmac-
ological tolerance to the beneficial effect of i.t. baclofen
has been reported, and potentially dangerous withdrawal
symptoms may occur if i.t. infusion is suddenly interrupted
[86–88]. One method of reducing the dose of baclofen and
reducing the possibility of tolerance and the severity of with-
drawal is to combine it with other drugs. Preliminary data
from SCI rats indicates that i.t. injection of a combination
of ketamine and a 50% efficacious dose of baclofen leads
to a significant enhancement of baclofen antinociception
(unpublished data). The combination also underscores a
mechanistic hypothesis, that chronic SCI pain is maintained
by a simultaneous decrease in GABAergic inhibition and
increase in NMDA receptor-mediated excitation [80, 89, 90].
Therefore, considerable pain relief could be obtained by
blocking the NMDA receptor and activating GABA receptors.
While ketamine was synergistic with baclofen, combina-
tion i.t. treatment of GABAA receptor agonist muscimol
and ketamine did not lead to synergism. That there was
synergism with GABAB, but not with GABAA, receptors is
puzzling. The lack of synergism could be explained via a
paradoxical in vitro finding that activation of the GABAA

receptor leads to the activation of NMDA receptors [91].
Thus, there is the need for further elaboration of possible
interactions between pain-related targets in order to find
useful combinations for clinical efficacy. Given all of the
potential interactions within the pain transmission system,
it appears that synergism is a novel occurrence at best [29].

Ziconotide, a synthetic analogue of a peptide derived
from the marine snail Conus magnus, is prescribed for use as
an i.t. monotherapeutic for severe chronic pain [92]. Preclin-
ical and limited clinical studies indicate that ziconotide may
be useful in below-level SCI pain [93, 94]. Ziconotide acts via
blockade of the N-type VGCC, which are expressed on cen-
tral terminals of primary afferent nociceptors, which synapse
with dorsal horn spinal neurons [95]. Blocking spinal N-
type VGCCs prevents an influx of calcium ions and the
subsequent increase in intracellular calcium concentration,

thereby preventing the calcium-mediated release of neu-
rotransmitter from central terminals and transmission of
nociceptive signaling across the synapse. N-type VGCC
found on spinal neurons are also blocked by ziconotide,
thereby reducing nociceptive signaling within the CNS.
Furthermore, N-type VGCCs in the “neuropathic state”
appears to be more sensitive to ziconotide block compared
to N-type channels from uninjured animals, since treatment
with ziconotide does not affect nociception in uninjured
animals [96, 97]. There are reports of psychiatric effects
with i.t. ziconotide treatment, which are ameliorated when
the dose is lowered, indicating that the side effects are
target mediated [98]. Another naturally derived peptide,
conantokin-G, blocks NMDA receptors, with an antinoci-
ceptive effect similar to that of small molecule NMDA
receptor antagonists [99]. Interestingly, i.t. treatment with
conantokin-G in rats does not lead to the characteristic
side effects typically observed with small molecule NMDA
receptor antagonists, so this peptide could find potential use
as a monotherapeutic. Nonetheless, the i.t. combination of
ziconotide and conantokin-G leads to a synergistic antinoci-
ception in SCI rat, whereas the combination of the two
leads to additive antinociception in other rat pain models
[93]. Why synergism of this combination is observed in SCI
compared to other injury states is not entirely clear at this
point. There are a number of naturally derived substances,
other than peptides, that block ion channels and receptors
which may confer significant clinical analgesia alone and
which may also significantly enhance the analgesic efficacy
of currently available drugs [100, 101].

Cannabinoids have been used for hundreds, if not thou-
sands, of years as a therapeutic for a variety of conditions,
including pain [102]. Cannabinoid (CB) receptor agonists
have demonstrated robust antinociceptive effects in a variety
of preclinical models of chronic pain [103, 104]. Activation
of CB receptors alone and in combination with other recep-
tors involved in nociceptive processing leads to synergistic
antinociception in rodent pain models [105–107]. There
are varying degrees of efficacy of CB receptor ligands in a
number of clinical pain states, although they are not as robust
as reported in preclinical studies [108]. The mixed levels of
clinical efficacy could be due in part to pharmacokinetics.
Efficacy has been reported with inhaled CB receptor ligands
but not for orally ingested CB receptor ligands in central
pain states [49, 109, 110]. A problem that arises from
systemic delivery of CB receptor agonists is activation of
both spinal and supraspinal receptors, which not only leads
to antinociception but also significant psychomotor effects
[111]. Given the strong psychomotor side effects observed
with therapeutic doses of CB1 receptor agonist, and the
sociopolitical controversy surrounding the use of this class of
drug for medical use in general, alternative means by which
to engage CB receptors for pain relief are needed.

One method to indirectly engage CB receptors would be
to increase synaptic concentrations of endogenous cannabi-
noid receptor ligands (or “endocannabinoids”), such as
anandamide (N-arachidonoylethanolamide), by inhibiting
the enzyme which degrades it, fatty acid amide hydrolase
(FAAH). Other enzymes involved in metabolizing other
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endocannabionods could also be utilized as pain targets
[112]. Antinociceptive effects have been demonstrated by
increasing CNS anandamide with FAAH inhibitors in pre-
clinical models of neuropathic and inflammatory pain,
and the effects were CB receptor dependent [113–115].
Furthermore, the antinociceptive effects were not accompa-
nied by the adverse side effects commonly observed with
efficacious doses of small molecule CB receptor agonists.
Development of selective and potent FAAH inhibitors for
clinical use is currently on-going. However, a metabolite
of the over-the-counter drug acetaminophen (acetyl-para-
aminophenol), AM404, has been shown to increase synaptic
levels of anandamide by blocking the neuronal reuptake of
anandamide [116]. Acetaminophen itself acts through var-
ious mechanisms and these mechanisms in total, including
its effect on synaptic endocannabinoid levels, could explain
its analgesic effects [117]. Acetaminophen is safe when taken
as directed, and has a long clinical history, either alone
or as a combination therapeutic [118, 119]. Until recently,
acetaminophen-based combination drug therapy has not
been evaluated in SCI pain models [120]. Acetaminophen
alone did not alter below-level cutaneous hypersensitivity,
even at doses that demonstrated efficacy in other pain
models. However, combining acetaminophen with a 50%
efficacious dose of gabapentin significantly increased the
efficacy of gabapentin. In addition, the antinociception was
attenuated with treatment of the CB1 receptor antagonist
rimonabant but not the CB2 receptor antagonist AM630,
indicating that the combination antinociceptive effect is
mediated through endocannabinoids activating CB1 recep-
tors (the antinociceptive effect of gabapentin alone was not
blocked with pretreatment of rimonabant). The combination
of acetaminophen with morphine was also synergistic and
partially mediated by CB1 receptors. Not all acetaminophen
combinations demonstrated synergism, however, as combi-
nation with either memantine or tramadol were merely addi-
tive. These results suggest that acetaminophen combinations
could be useful in clinical SCI pain by combining indirect
CB receptor activation with modulation of other pain-related
targets. In addition, increasing endocannabinoids could be a
method to circumvent the use of potent CB receptor agonists
which lead to supraspinally mediated side effects. In practice,
there may be a period of trail and error in determining an
optimal combination that will lead to synergism in humans.

Potentially useful combinations are not always available
in convenient oral formulation and this may hamper patient
compliance. The possibilities of adverse drug interactions
and, for i.t. administration, tissue toxicity need to be carefully
considered. As a potential alternative to pharmacotherapeu-
tics, transplantation of cells that release a mixture of analgesic
substances could be a long-term means to reduce neuro-
pathic SCI pain. A number of studies have demonstrated
that adrenal medullary chromaffin cells, which release cat-
echolamines, opioid peptides, other neuropeptides includ-
ing the NMDA receptor antagonist histogranin, and neu-
rotrophic factors, implanted in the spinal subarachnoid
lumbar space, lead to significant antinociception in various
animal models of pain [121, 122]. Because of the difficulty
of obtaining cadaver adrenal medullary tissue for human

implantation, cell lines have been engineered to secrete anal-
gesic neurotransmitters, such as GABA and serotonin [123].
The genes for neuroactive peptides, such as ziconotide and
histogranin, could be inserted into the genome of these
cells [124, 125]. Thus, a mixture of substances would be
continuously released into the CSF to ameliorate pain on
a long-term basis, without the need for maintenance or
refilling the reservoir of an i.t. drug infusion pump. An added
advantage is that these mixtures could be designed to reduce
the potential for analgesic tolerance. The addition of NMDA
receptor antagonists, for example, appears to delay or inhibit
the onset of tolerance to the antinociceptive effects of opioids
that emerges over time when they are given alone in animals
[126].

5. Clinical Use of Combination Drug
Therapy in SCI Pain

The preclinical data suggests that clinically used drugs in
combination could be useful in ameliorating SCI pain. Even
drugs that do not demonstrate efficacy alone could still be
useful if combined with a drug that is known to offer pain
relief. While the preclinical data are indeed promising, few
clinical studies have been performed and fewer still have
demonstrated analgesic synergism on the order of magnitude
observed in preclinical studies. Ideally, the demonstration
of synergism should be carried out with methodological
rigor similar to that performed in preclinical studies, such as
generation of dose-effect curves of the constituents alone and
a dose-effect curve of the combination, the proportion of the
constituents of the combination determined by the individ-
ual curves. Also, each drug alone and in combination would
be compared with a placebo treatment group [25, 127]. The
presence of genuine synergism is further complicated by the
fact that few, if any, studies suspend analgesic usage prior to
the commencement of the study, such that the supra-additive
effect of the drugs under investigation could be due to
nonstudy medications. Given the limited number of suitable
clinical subjects and ethical reasons, analgesic synergism
studies are few and far between. Nonetheless, a few carefully
designed studies have demonstrated synergism in the clinical
setting. One study demonstrated a synergistic interaction
between i.t. morphine and clonidine, an α2-adrenoceptor
agonist, in SCI patients [128]. Doses of i.t. morphine and
clonidine were titrated in each patient until either efficacy
or side effects was obtained. A 50% efficacious dose of
each drug was calculated, then given as a mixture, which
yielded analgesia greater than either drug alone and equally
analgesic in SCI patients with either at-level or below-level
neuropathic pain.

Other studies evaluated the effect of a second therapeutic
as an “add-on,” wherein the second drug is added to an
already existing drug treatment. For example, i.t. morphine
was evaluated as an add-on in SCI patients who were under-
going treatment with a stabilized dose of i.t. baclofen for
pain and spasticity [129]. Although most of the patients who
received add-on i.t. morphine tolerated the combination, the
average reduction in pain was modest, about 35%. A case
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report noted improved pain and spasm relief in a SCI
patient with clonidine added to i.t. baclofen [130]. Prior
to the addition of clonidine, the patient found it necessary
to escalate the dose of baclofen needed for pain relief over
time. Two years following the initiation of the combination
therapy, no further increase in the dose of baclofen was
necessary. Ziconotide has also been used as an add-on to
i.t. baclofen (and, alternatively, baclofen as an add-on to i.t.
ziconotide) and in combination with i.t. hydromorphone, an
opioid [94, 131].

One novel combination evaluated in neuropathic SCI
pain patients was i.v. ketamine (given once a day for seven
days) as an add-on to oral gabapentin, compared to i.v. saline
treatment and oral gabapentin (300 mg TID) [132]. During
the week of i.v. treatment, the ketamine add-on group
showed markedly lower average pain scores compared to the
saline-treated group. Furthermore, the group that received
i.v. ketamine continued to show reductions in pain scores for
at least two weeks after the last infusion of ketamine. After
this period, the pain scores of the ketamine-treated group
were similar to that of the saline-treated group. This study
also demonstrated two interesting effects of oral gabapentin
treatment in SCI patients. First, in both groups, pain scores at
the end of the study (five weeks in duration) were reduced to
about half that of baseline, pretreatment pain scores. Thus,
the study confirmed the persistent analgesia obtained with
regular gabapentin treatment in SCI patients [41]. Second,
in the i.v. saline-treated group, a significant analgesic effect
with oral gabapentin treatment can be discerned on the first
day of treatment, and analgesia improved over the course
of gabapentin treatment. An acute analgesic effect of oral
gabapentin has also been reported in clinical peripheral
neuropathic pain, reducing both spontaneous pain and cuta-
neous hypersensitivity within hours of treatment [133]. The
mechanism of the two-week analgesic enhancement follow-
ing ketamine treatment is unknown. It is possible that other
combinations with gabapentin may lead to an enhanced and
persistent analgesia.

Dose-dependent effects of the add-on drug or the on-
going therapeutic were not established in these studies. Per-
haps the effect of the combinations was derived mainly from
the add-on drug rather than the combination per se. Clearly,
further studies are needed to determine if these combinations
fulfill the definition of synergism and what the optimal
drug ratio would be, but concurrent activation of spinal
GABAB receptors with either N-type VGCC block, μ-opioid
receptor, or α2-adrenoceptor activation could be a potentially
therapeutic combination. Currently, the only drugs that are
approved by the U.S. Food and Drug Administration for
i.t. in humans are ziconotide, morphine, and baclofen, and
no recommendation has been issued regarding the mixture
of these drugs for intrathecal use [134]. Furthermore, the
safety of other unapproved drugs for i.t. use has not been
extensively determined.

While it may be relatively straightforward for some SCI
patients to take medications orally, other patients may have
difficulty swallowing. In the case where i.t. drug delivery
may not also be an option, topical drug application may be
warranted. At-level neuropathic SCI pain is hypothesized to

result from the sensitization of primary afferent nociceptors
due to the trauma that led to SCI [42]. Alternatively,
centrally mediated processes resulting from SCI feedback
onto central terminals of nociceptors, which in turn leads to
nociceptor sensitization [135]. Activation of nociceptors in
some SCI patients with topical capsaicin leads to increased
hypersensitivity to cutaneous stimulation and a burning
painful sensation [136]. This indicates that not only are at-
level nociceptors intact, but normal functionality has been
significantly altered. Application of lidocaine patches in the
painful dermatome reduces spontaneous and evoked pain.
Other topical treatments have been tested in peripheral
neuropathic pain and perhaps these could be used, either
alone or in combination, for at-level neuropathic SCI pain
[137–139]. It is not known if topical treatment would be
effective on below-level SCI pain. A significant peripheral
contribution to SCI pain suggests that targeting nociceptors
could be an effective treatment and that the drug (or com-
bination of drugs) does not have to enter the CNS, thereby
circumventing the problem of CNS-mediated adverse side
effects [74, 140, 141].

The contribution of peripheral nociceptors in neuro-
pathic SCI pain, however, could vary between patients.
A clinical report was unable to demonstrate a change of
peripheral nociceptor responsiveness to capsaicin treatment,
either at, below, or above the lesion, in SCI patients [142].
This result suggests that in some patients, central processes,
rather than functional changes in peripheral nociceptors,
maintain neuropathic SCI pain. Thus, treatments that focus
on attenuating the abnormal neural activity at spinal and
supraspinal levels would benefit these patients. Perhaps a
topical capsaicin test could be used to assess peripheral
nociceptor functionality and based on the result, tailor
treatment for that patient. A pressing challenge for health
care providers will be to identify the relevant mechanism
in each SCI patient such that therapeutic intervention will
address those particular mechanism and yield pain relief.

6. Other Possible Combination Treatments

One other instance of synergy demonstrated in animals,
which may not have immediate clinical applicability, is
injection of a drug at different sites of the neuraxis [143, 144].
Such “autosynergy” suggests an interaction of two or more
neural sites are required for the analgesic effect of a given
drug and that loss or dysfunction of one site will result in
decreased efficacy of that drug. This concept could be applied
to the use of electrical stimulators implanted in CNS regions
involved in nociceptive processing [145]. Neither deep brain
stimulation nor spinal cord (dorsal column) stimulation
in SCI patients have demonstrated efficacy on pain, but
perhaps the combination of the two, spinal and supraspinal
or into distinct but complementary brain nuclei, could lead
to robust analgesia [146, 147]. Furthermore, drugs, either
systemic or i.t., could also be combined with stimulators, to
enhance the effect of the stimulator or vice versa [148, 149].
Thus, the application of synergism may not be limited to
pharmacotherapeutics.
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7. Conclusion

Combination drug therapy could fulfill current needs in at
least two areas. It is foreseen that noteworthy new treatments
will emerge in the near future with the increased elucidation
of the mechanism that underlies neuropathic SCI pain.
However, the discovery process involving novel therapeutic
targets is both expensive and highly time consuming, and
that the safety of treatments based on those targets will not
be clear until the completion of extensive human trials [150].
Until the day when novel treatments are ready for widespread
use, patients could be treated with currently available
pharmacotherapies with known biological and safety profiles
in novel combinations. Soon-to-be-initiated clinical studies
will evaluate the suitability of cellular transplants to repair
SCI and to promote functional recovery. However, there is
the possibility that transplantation will induce sprouting of
afferent central terminals, such that SCI patients who have
not experienced pain may begin to experience it or that on-
going pain in other patients will worsen [151–154]. Again,
combination drug therapy could be used as these patients
undergo transplantation treatment.

There are challenges that will need to be addressed with
combination drug therapy for SCI pain, similar to the chal-
lenges noted for other patient populations, including timing
of drug dosing and dose ratio [25]. Currently, the emergence
and submergence of particular pain-related mechanisms
over time are not well delineated, and it is assumed that
many of the processes occur all at once. Aging may alter
the temporal aspect of pain mechanisms which could in
turn alter responsiveness to therapeutics [155–158]. Perhaps
greater efficacy and safety could be obtained if drugs are
combined at defined times during the course of treatment.
With greater understanding of the temporal aspects of pain
mechanisms, irrelevant drugs can be excluded depending on
the duration of the pain symptoms. As mentioned earlier,
the ratio of constituents in a combination could also change,
depending on the prevalence or robustness of a particular
mechanism [65, 68]. Thus, greater understanding of post-
injury mechanism timing will be needed.

Finally, although animal models have been useful in
elaborating the in vivo neurological and biochemical mech-
anisms of pain, one limitation is the difficulty of obtaining
spontaneous or unevoked measures of pain. As pain involves
an affective as well as sensory component, the effect of novel
analgesics on this component is currently unknown, and may
be as therapeutically important as reducing the somatosen-
sory component of pain. It is clear that below-level cutaneous
stimulation in rats leads to pain-related behaviors such as
vocalization and licking and biting of the stimulated area,
indicating a supraspinally mediated component [159, 160].
In fact, such an overlap, between cutaneous hypersensitivity
and below-level pain in SCI patients is clinically observed
[56]. Given the significant contribution of supraspinal
structures, including cortical structures, in pain, models of
integrated, “purposeful” behaviors in animal pain models
have been proposed [161–163]. There are neuroanatomical
and cognitive issues that will need to be addressed in tying
complex behavior in nonhuman species to human behavior,

which should be made clear when drawing conclusions from
such behavioral models [164–166]. As with other preclinical
models, the responses to pharmacological manipulation, to
both analgesics and nonanalgesics (as “active placebos”),
will need to be elaborated. Testing in alternate species and
evaluating spontaneous behavior could also prove highly
useful in closing the gap between laboratory proof-of-
concept and utilizing discoveries in the clinic [167].

8. Summary

The benefits of combination drug therapy for the treatment
of neuropathic SCI pain include potential analgesic syner-
gism, wherein the efficacy of the combination is significantly
greater than that of the constituents alone and deceased
potential for adverse side effects. Recent advances in the neu-
rosciences have uncovered numerous pain-related molecular
targets. However, neuropathic SCI pain remains difficult to
treat with available pharmacotherapeutics since they do not
specifically address neuropathic SCI pain. Engaging more
than one relevant target via combination drug therapy may
significantly improve pain management in SCI patients.
Further clinical studies will be needed to address key issues
such as identifying which target combinations could yield the
most robust efficacy and the optimal dose ratio of a given
combination drug therapy.

Acknowledgments

This paper is supported in part by Craig H. Neilsen Foun-
dation (56583). The authors declare no competing interest.
The authors would like to dedicate this paper to their former
colleague, Dr. Daniel Castellanos (1961–2010).

References

[1] M. J. Millan, “The induction of pain: an integrative review,”
Progress in Neurobiology, vol. 57, no. 1, pp. 1–164, 1999.

[2] C. E. Hulsebosch, B. C. Hains, E. D. Crown, and S. M.
Carlton, “Mechanisms of chronic central neuropathic pain
after spinal cord injury,” Brain Research Reviews, vol. 60, no.
1, pp. 202–213, 2009.

[3] R. R. Myers, W. M. Campana, and V. I. Shubayev, “The role
of neuroinflammation in neuropathic pain: mechanisms and
therapeutic targets,” Drug Discovery Today, vol. 11, no. 1-2,
pp. 8–20, 2006.

[4] P. Cesare and P. McNaughton, “Peripheral pain mechanisms,”
Current Opinion in Neurobiology, vol. 7, no. 4, pp. 493–499,
1997.

[5] C. Sommer and M. Kress, “Recent findings on how proin-
flammatory cytokines cause pain: peripheral mechanisms in
inflammatory and neuropathic hyperalgesia,” Neuroscience
Letters, vol. 361, no. 1–3, pp. 184–187, 2004.

[6] L. R. Watkins, M. R. Hutchinson, E. D. Milligan, and S. F.
Maier, ““Listening” and “talking” to neurons: implications of
immune activation for pain control and increasing the effi-
cacy of opioids,” Brain Research Reviews, vol. 56, no. 1, pp.
148–169, 2007.



8 Pain Research and Treatment

[7] R. D. Gosselin, M. R. Suter, R. R. Ji, and I. Decosterd, “Glial
cells and chronic pain,” Neuroscientist, vol. 16, no. 5, pp. 519–
531, 2010.

[8] T. J. Price, F. Cervero, M. S. Gold, D. L. Hammond, and S.
A. Prescott, “Chloride regulation in the pain pathway,” Brain
Research Reviews, vol. 60, no. 1, pp. 149–170, 2009.

[9] A. S. Jaggi and N. Singh, “Therapeutic targets for the man-
agement of peripheral nerve injury-induced neuropathic
pain,” CNS and Neurological Disorders, vol. 10, no. 5, pp. 589–
609, 2011.

[10] R. R. Ji, R. W. T. Gereau, M. Malcangio, and G. R. Strichartz,
“MAP kinase and pain,” Brain Research Reviews, vol. 60, no.
1, pp. 135–148, 2009.

[11] T. Hirayama, J. O. Dostrovsky, J. Gorecki, R. R. Tasker, and
F. A. Lenz, “Recordings of abnormal activity in patients with
deafferentiation and central pain,” Stereotactic and Functional
Neurosurgery, vol. 52, no. 2–4, pp. 120–126, 1989.

[12] M. L. Sotgiu, G. Biella, A. Castagna, M. Lacerenza, and P.
Marchettini, “Different time-courses of i.v. lidocaine effect
on ganglionic and spinal units in neuropathic rats,” NeuroRe-
port, vol. 5, no. 8, pp. 873–876, 1994.

[13] R. H. Gracely, S. A. Lynch, and G. J. Bennett, “Painful neu-
ropathy: altered central processing maintained dynamically
by peripheral input,” Pain, vol. 51, no. 2, pp. 175–194, 1992.

[14] Y. S. Gwak and C. E. Hulsebosch, “Neuronal hyperexcitabil-
ity: a substrate for central neuropathic pain after spinal cord
injury,” Current Pain and Headache Reports, vol. 15, no. 3, pp.
215–222, 2011.

[15] B. C. Hains, C. Y. Saab, and S. G. Waxman, “Changes in
electrophysiological properties and sodium channel Na v1.3
expression in thalamic neurons after spinal cord injury,”
Brain, vol. 128, no. 10, pp. 2359–2371, 2005.

[16] W. S. Anderson, S. O’Hara, H. C. Lawson, R. D. Treede, and
F. A. Lenz, “Plasticity of pain-related neuronal activity in the
human thalamus,” Progress in Brain Research, vol. 157, pp.
353–364, 2006.

[17] T. Endo, C. Spenger, J. Hao et al., “Functional MRI of the
brain detects neuropathic pain in experimental spinal cord
injury,” Pain, vol. 138, no. 2, pp. 292–300, 2008.

[18] P. J. Wrigley, S. R. Press, S. M. Gustin et al., “Neuropathic pain
and primary somatosensory cortex reorganization following
spinal cord injury,” Pain, vol. 141, no. 1-2, pp. 52–59, 2009.

[19] J. Wang, M. Kawamata, and A. Namiki, “Changes in prop-
erties of spinal dorsal horn neurons and their sensitivity to
morphine after spinal cord injury in the rat,” Anesthesiology,
vol. 102, no. 1, pp. 152–164, 2005.

[20] S. Falci, L. Best, R. Bayles, D. Lammertse, and C. Starnes,
“Dorsal root entry zone microcoagulation for spinal cord
injury-related central pain: operative intramedullary electro-
physiological guidance and clinical outcome,” Journal of Neu-
rosurgery, vol. 97, no. 2, pp. 193–200, 2002.

[21] T. L. Yaksh, X. Y. Hua, I. Kalcheva, N. Nozaki-Taguchi, and
M. Marsala, “The spinal biology in humans and animals
of pain states generated by persistent small afferent input,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 96, no. 14, pp. 7680–7686, 1999.

[22] D. Borsook, L. Becerra, and R. Hargreaves, “Biomarkers for
chronic pain and analgesia. Part 1: the need, reality, chal-
lenges, and solutions,” Discovery medicine, vol. 11, no. 58, pp.
197–207, 2011.

[23] P. M. Pattany, R. P. Yezierski, E. G. Widerström-Noga et al.,
“Proton magnetic resonance spectroscopy of the thalamus
in patients with chronic neuropathic pain after spinal cord

injury,” American Journal of Neuroradiology, vol. 23, no. 6, pp.
901–905, 2002.

[24] I. Gilron and M. B. Max, “Combination pharmacotherapy for
neuropathic pain: current evidence and future directions,”
Expert Review of Neurotherapeutics, vol. 5, no. 6, pp. 823–830,
2005.

[25] J. Mao, M. S. Gold, and M. M. Backonja, “Combination drug
therapy for chronic pain: a call for more clinical studies,”
Journal of Pain, vol. 12, no. 2, pp. 157–166, 2011.

[26] M. C. Berenbaum, “What is synergy?” Pharmacological Re-
views, vol. 41, no. 2, pp. 93–141, 1989.

[27] R. J. Tallarida, “Interactions between drugs and occupied
receptors,” Pharmacology and Therapeutics, vol. 113, no. 1,
pp. 197–209, 2007.

[28] R. J. Tallarida and R. B. Raffa, “Testing for synergism over a
range of fixed ratio drug combinations: replacing the isobo-
logram,” Life Sciences, vol. 58, no. 2, pp. PL23–PL28, 1995.

[29] R. B. Raffa, R. Clark-Vetri, R. J. Tallarida, and A. I. Wert-
heimer, “Combination strategies for pain management,” Ex-
pert Opinion on Pharmacotherapy, vol. 4, no. 10, pp. 1697–
1708, 2003.

[30] J. M. Lashbrook, M. H. Ossipov, J. C. Hunter, R. B. Raffa, R.
J. Tallarida, and F. Porreca, “Synergistic antiallodynic effects
of spinal morphine with ketorolac and selective COX1-and
COX2-inhibitors in nerve-injured rats,” Pain, vol. 82, no. 1,
pp. 65–72, 1999.

[31] A. T. Hama, G. K. Lloyd, and F. Menzaghi, “The antinocicep-
tive effect of intrathecal administration of epibatidine with
clonidine or neostigmine in the formalin test in rats,” Pain,
vol. 91, no. 1-2, pp. 131–138, 2001.

[32] A. A. Larson, J. L. Vaught, and A. E. Takemori, “The poten-
tiation of spinal analgesia by leucine enkephalin,” European
Journal of Pharmacology, vol. 61, no. 4, pp. 381–383, 1980.

[33] The National Spinal Cord Injury Statistical Center, 2011,
https://www.nscisc.uab.edu/public content/pdf/Facts
%202011%20Feb%20Final.pdf.

[34] G. P. Samsa, C. H. Patrick, and J. R. Feussner, “Long-
term survival of veterans with traumatic spinal cord injury,”
Archives of Neurology, vol. 50, no. 9, pp. 909–914, 1993.

[35] M. J. Devivo and Y. Chen, “Trends in new injuries, prevalent
cases, and aging with spinal cord injury,” Archives of Physical
Medicine and Rehabilitation, vol. 92, no. 3, pp. 332–338, 2011.

[36] S. L. Hitzig, K. A. Campbell, C. F. McGillivray, K. A. Boschen,
and B. C. Craven, “Understanding age effects associated with
changes in secondary health conditions in a Canadian spinal
cord injury cohort,” Spinal Cord, vol. 48, no. 4, pp. 330–335,
2010.

[37] P. J. Christo, S. Li, S. J. Gibson, P. Fine, and H. Hameed, “Ef-
fective treatments for pain in the older patient,” Current Pain
and Headache Reports, vol. 15, no. 1, pp. 22–34, 2011.

[38] A. D. Kaye, A. Baluch, and J. T. Scott, “Pain management in
the elderly population: a review,” Ochsner Journal, vol. 10, no.
3, pp. 179–187, 2010.

[39] P. K. Eide, “Pathophysiological mechanisms of central neuro-
pathic pain after spinal cord injury,” Spinal Cord, vol. 36, no.
9, pp. 601–612, 1998.

[40] B. D. Nicholson, “Evaluation and treatment of central pain
syndromes,” Neurology, vol. 62, no. 5, supplement 2, pp. S30–
S36, 2004.

[41] C. Baastrup and N. B. Finnerup, “Pharmacological manage-
ment of neuropathic pain following spinal cord injury,” CNS
Drugs, vol. 22, no. 6, pp. 455–475, 2008.



Pain Research and Treatment 9

[42] N. B. Finnerup and T. S. Jensen, “Spinal cord injury pain—
mechanisms and treatment,” European Journal of Neurology,
vol. 11, no. 2, pp. 73–82, 2004.

[43] N. B. Finnerup, C. Gyldensted, E. Nielsen, A. D. Kristensen, F.
W. Bach, and T. S. Jensen, “MRI in chronic spinal cord injury
patients with and without central pain,” Neurology, vol. 61,
no. 11, pp. 1569–1575, 2003.

[44] N. B. Finnerup, L. Sorensen, F. Biering-Sorensen, I. L.
Johannesen, and T. S. Jensen, “Segmental hypersensitivity
and spinothalamic function in spinal cord injury pain,”
Experimental Neurology, vol. 207, no. 1, pp. 139–149, 2007.

[45] P. K. Eide, E. Jorum, and A. E. Stenehjem, “Somatosensory
findings in patients with spinal cord injury and central dys-
aesthesia pain,” Journal of Neurology Neurosurgery and Psy-
chiatry, vol. 60, no. 4, pp. 411–415, 1996.

[46] A. G. Rabchevsky, “Segmental organization of spinal reflexes
mediating autonomic dysreflexia after spinal cord injury,”
Progress in Brain Research, vol. 152, pp. 265–274, 2005.

[47] D. D. Cardenas, C. A. Warms, J. A. Turner, H. Marshall, M.
M. Brooke, and J. D. Loeser, “Efficacy of amitriptyline for
relief of pain in spinal cord injury: results of a randomized
controlled trial,” Pain, vol. 96, no. 3, pp. 365–373, 2002.

[48] I. W. Tremont-Lukats, V. Challapalli, E. D. McNicol, J. Lau,
and D. B. Carr, “Systemic administration of local anesthetics
to relieve neuropathic pain: a systematic review and meta-
analysis,” Anesthesia and Analgesia, vol. 101, no. 6, pp. 1738–
1749, 2005.

[49] R. W. Teasell, S. Mehta, J. A. Aubut et al., “A systematic review
of pharmacologic treatments of pain after spinal cord injury,”
Archives of Physical Medicine and Rehabilitation, vol. 91, no.
5, pp. 816–831, 2010.

[50] A. Hama and J. Sagen, “Behavioral characterization and
effect of clinical drugs in a rat model of pain following spinal
cord compression,” Brain Research, vol. 1185, no. 1, pp. 117–
128, 2007.

[51] A. Hama, S. Gajavelli, and J. Sagen, “Chronic pain: the basic
science,” in Rothman Simeone The Spine, H. N. Herkowitz, S.
R. Garfin, F. J. Eismont, G. R. Bell, and R. A. Balderston, Eds.,
pp. 900–917, Elsevier, Philadelphia, Pa, USA, 6th edition,
2011.

[52] D. M. Basso, M. S. Beattie, and J. C. Bresnahan, “Graded his-
tological and locomotor outcomes after spinal cord contu-
sion using the NYU weight-drop device versus transection,”
Experimental Neurology, vol. 139, no. 2, pp. 244–256, 1996.

[53] R. P. Bunge, W. R. Puckett, J. L. Becerra, A. Marcillo, and R.
M. Quencer, “Observations on the pathology of human
spinal cord injury. A review and classification of 22 new cases
with details from a case of chronic cord compression with
extensive focal demyelination,” Advances in Neurology, vol.
59, pp. 75–89, 1993.

[54] S. R. Chaplan, F. W. Bach, J. W. Pogrel, J. M. Chung, and T.
L. Yaksh, “Quantitative assessment of tactile allodynia in the
rat paw,” Journal of Neuroscience Methods, vol. 53, no. 1, pp.
55–63, 1994.

[55] K. Hargreaves, R. Dubner, F. Brown, C. Flores, and J. Joris, “A
new and sensitive method for measuring thermal nociception
in cutaneous hyperalgesia,” Pain, vol. 32, no. 1, pp. 77–88,
1988.

[56] N. B. Finnerup, I. L. Johannesen, A. Fuglsang-Frederiksen, F.
W. Bach, and T. S. Jensen, “Sensory function in spinal cord
injury patients with and without central pain,” Brain, vol.
126, no. 1, pp. 57–70, 2003.

[57] D. A. Henze and M. O. Urban, “Large animal models for pain
therapeutic development,” in Translational Pain Research:

From Mouse to Man, L. Kruger and A. R. Light, Eds., pp. 371–
390, CRC Press, Boca Raton, Fla, USA, 2010.

[58] J. L. Plummer, P. L. Cmielewski, G. K. Gourlay, H. Owen, and
M. J. Cousins, “Assessment of antinociceptive drug effects
in the presence of impaired motor performance,” Journal of
Pharmacological Methods, vol. 26, no. 1, pp. 79–87, 1991.

[59] X. J. Xu, J. X. Hao, H. Aldskogius, A. Seiger, and Z.
Wiesenfeld-Hallin, “Chronic pain-related syndrome in rats
after ischemic spinal cord lesion: a possible animal model for
pain in patients with spinal cord injury,” Pain, vol. 48, no. 2,
pp. 279–290, 1992.

[60] J. De Vry, E. Kuhl, P. Franken-Kunkel, and G. Eckel, “Phar-
macological characterization of the chronic constriction
injury model of neuropathic pain,” European Journal of Phar-
macology, vol. 491, no. 2-3, pp. 137–148, 2004.

[61] E. G. Widerström-Noga and D. C. Turk, “Types and effec-
tiveness of treatments used by people with chronic pain
associated with spinal cord injuries: influence of pain and
psychosocial characteristics,” Spinal Cord, vol. 41, no. 11, pp.
600–609, 2003.

[62] J. X. Hao and X. J. Xu, “Treatment of a chronic allodynia-
like response in spinally injured rats: effects of systemically
administered excitatory amino acid receptor antagonists,”
Pain, vol. 66, no. 2-3, pp. 279–285, 1996.

[63] J. X. Hao, X. J. Xu, Y. X. Yu, A. Seiger, and Z. Wiesenfeld-
Hallin, “Baclofen reverses the hypersensitivity of dorsal horn
wide dynamic range neurons to mechanical stimulation
after transient spinal cord ischemia; Implications for a tonic
GABAergic inhibitory control of myelinated fiber input,”
Journal of Neurophysiology, vol. 68, no. 2, pp. 392–396, 1992.

[64] J. X. Hao, X. J. Xu, L. Urban, and Z. Wiesenfeld-Hallin,
“Repeated administration of systemic gabapentin alleviates
allodynia-like behaviors in spinally injured rats,” Neuro-
science Letters, vol. 280, no. 3, pp. 211–214, 2000.

[65] A. T. Hama and D. Borsook, “The effect of antinociceptive
drugs tested at different times after nerve injury in rats,”
Anesthesia and Analgesia, vol. 101, no. 1, pp. 175–179, 2005.

[66] S. Apaydin, M. Uyar, N. U. Karabay, E. Erhan, I. Yegul, and I.
Tuglular, “The antinociceptive effect of tramadol on a model
of neuropathic pain in rats,” Life Sciences, vol. 66, no. 17, pp.
1627–1637, 2000.

[67] Y. C. Tsai, Y. H. Sung, P. J. Chang, F. C. Kang, and K. S. Chu,
“Tramadol relieves thermal hyperalgesia in rats with chronic
constriction injury of the sciatic nerve,” Fundamental and
Clinical Pharmacology, vol. 14, no. 4, pp. 335–340, 2000.

[68] A. Hama and J. Sagen, “Altered antinociceptive efficacy of tra-
madol over time in rats with painful peripheral neuropathy,”
European Journal of Pharmacology, vol. 559, no. 1, pp. 32–37,
2007.

[69] R. B. Raffa, E. Friderichs, W. Reimann, R. P. Shank, E. E.
Codd, and J. L. Vaught, “Opioid and nonopioid components
independently contribute to the mechanism of action of
tramadol, an ’atypical’ opioid analgesic,” Journal of Pharma-
cology and Experimental Therapeutics, vol. 260, no. 1, pp.
275–285, 1992.

[70] M. S. Monasky, A. R. Zinsmeister, C. W. Stevens, and T.
L. Yaksh, “Interaction of intrathecal morphine and ST-
91 on antinociception in the rat: dose-response analysis,
antagonism and clearance,” Journal of Pharmacology and Ex-
perimental Therapeutics, vol. 254, no. 2, pp. 383–392, 1990.

[71] Y. O. Taiwo, A. Fabian, C. J. Pazoles, and H. L. Fields, “Poten-
tiation of morphine antinociception by monoamine reuptake
inhibitors in the rat spinal cord,” Pain, vol. 21, no. 4, pp. 329–
337, 1985.



10 Pain Research and Treatment

[72] K. Kishimoto, S. Koyama, and N. Akaike, “Synergistic μ-
opioid and 5-HT1A presynaptic inhibition of GABA release
in rat periaqueductal gray neurons,” Neuropharmacology, vol.
41, no. 5, pp. 529–538, 2001.

[73] C. R. Calcutt and P. S. Spencer, “Activities of narcotic and
narcotic-antagonist analgesics following the intraventricular
injection of various substances,” British Journal of Pharma-
cology, vol. 41, no. 2, pp. 401P–402P, 1971.

[74] S. M. Carlton, “Peripheral NMDA receptors revisited—hope
floats,” Pain, vol. 146, no. 1-2, pp. 1–2, 2009.

[75] K. Omote and A. Namiki, “Interaction between opiates
and neurotransmitters/neuromodulators in spinal analgesia,”
Masui, vol. 41, no. 5, pp. 712–720, 1992.

[76] G. Bennett, M. Serafini, K. Burchiel et al., “Evidence-based
review of the literature on intrathecal delivery of pain med-
ication,” Journal of Pain and Symptom Management, vol. 20,
no. 2, supplement, pp. S12–S36, 2000.

[77] M. von Heijne, J. X. Hao, A. Sollevi, and X. J. Xu, “Effects of
intrathecal morphine, baclofen, clonidine and R-PIA on the
acute allodynia-like behaviours after spinal cord ischaemia in
rats,” European Journal of Pain, vol. 5, no. 1, pp. 1–10, 2001.

[78] A. Boroujerdi, J. Zeng, K. Sharp, D. Kim, O. Steward, and
Z. D. Luo, “Calcium channel alpha-2-delta-1 protein upreg-
ulation in dorsal spinal cord mediates spinal cord injury-
induced neuropathic pain states,” Pain, vol. 152, no. 3, pp.
649–655, 2011.

[79] Y. S. Gwak, H. Y. Tan, T. S. Nam, K. S. Paik, C. E. Hulsebosch,
and J. W. Leem, “Activation of spinal GABA receptors
attenuates chronic central neuropathic pain after spinal cord
injury,” Journal of Neurotrauma, vol. 23, no. 7, pp. 1111–1124,
2006.

[80] A. D. Bennett, A. W. Everhart, and C. E. Hulsebosch,
“Intrathecal administration of an NMDA or a non-NMDA
receptor antagonist reduces mechanical but not thermal
allodynia in a rodent model of chronic central pain after
spinal cord injury,” Brain Research, vol. 859, no. 1, pp. 72–82,
2000.

[81] A. Hama, J. W. Lee, and J. Sagen, “Differential efficacy of
intrathecal NMDA receptor antagonists on inflammatory
mechanical and thermal hyperalgesia in rats,” European Jour-
nal of Pharmacology, vol. 459, no. 1, pp. 49–58, 2003.

[82] S. R. Chaplan, A. B. Malmberg, and T. L. Yaksh, “Efficacy of
spinal NMDA receptor antagonism in formalin hyperalgesia
and nerve injury evoked allodynia in the rat,” Journal of
Pharmacology and Experimental Therapeutics, vol. 280, no. 2,
pp. 829–838, 1997.

[83] I. O. Medvedev, A. A. Malyshkin, I. V. Belozertseva et al.,
“Effects of low-affinity NMDA receptor channel blockers in
two rat models of chronic pain,” Neuropharmacology, vol. 47,
no. 2, pp. 175–183, 2004.

[84] R. M. Herman, S. C. D’Luzansky, and R. Ippolito, “Intrathe-
cal baclofen suppresses central pain in patients with spinal
lesions. A pilot study,” Clinical Journal of Pain, vol. 8, no. 4,
pp. 338–345, 1992.

[85] T. Taira, H. Kawamura, T. Tanikawa, H. Iseki, H. Kawabatake,
and K. Takakura, “A new approach to control central deaf-
ferentation pain: spinal intrathecal baclofen,” Stereotactic and
Functional Neurosurgery, vol. 65, no. 1–4, pp. 101–105, 1995.

[86] Y. Ando, M. Hojo, M. Kanaide et al., “S(+)-ketamine
suppresses desensitization of γ-aminobutyric acid type B
receptor-mediated signaling by inhibition of the interaction
of γ-aminobutyric acid type B receptors with G protein-
coupled receptor kinase 4 or 5,” Anesthesiology, vol. 114, no.
2, pp. 401–411, 2011.

[87] H. W. Heetla, M. J. Staal, C. Kliphuis, and T. van Laar,
“The incidence and management of tolerance in intrathecal
baclofen therapy,” Spinal Cord, vol. 47, no. 10, pp. 751–756,
2009.

[88] A. Bellinger, R. Siriwetchadarak, R. Rosenquist, and J. D.
W. Greenlee, “Prevention of intrathecal baclofen withdrawal
syndrome successful use of a temporary intrathecal catheter,”
Regional Anesthesia and Pain Medicine, vol. 34, no. 6, pp. 600–
602, 2009.

[89] A. L. Zhang, J. X. Hao, A. Seiger et al., “Decreased GABA
immunoreactivity in spinal cord dorsal horn neurons after
transient spinal cord ischemia in the rat,” Brain Research, vol.
656, no. 1, pp. 187–190, 1994.

[90] G. M. Drew, P. J. Siddall, and A. W. Duggan, “Mechanical
allodynia following contusion injury of the rat spinal cord
is associated with loss of GABAergic inhibition in the dorsal
horn,” Pain, vol. 109, no. 3, pp. 379–388, 2004.

[91] I. Chaudieu, J. A. St-Pierre, R. Quirion, and P. Boksa,
“GABAA receptor-mediated inhibition of N-methyl-D-as-
partate-evoked [3H]dopamine release from mesencephalic
cell cultures,” European Journal of Pharmacology, vol. 264, no.
3, pp. 361–369, 1994.

[92] R. L. Rauck, M. S. Wallace, A. W. Burton, L. Kapural, and
J. M. North, “Intrathecal ziconotide for neuropathic pain: a
review,” Pain Practice, vol. 9, no. 5, pp. 327–337, 2009.

[93] A. Hama and J. Sagen, “Antinociceptive effects of the marine
snail peptides conantokin-G and conotoxin MVIIA alone
and in combination in rat models of pain,” Neuropharma-
cology, vol. 56, pp. 556–563, 2009.

[94] M. Saulino, “Successful reduction of neuropathic pain associ-
ated with spinal cord injury via of a combination of intrathe-
cal hydromorphone and ziconotide: a case report,” Spinal
Cord, vol. 45, no. 11, pp. 749–752, 2007.

[95] H. Vanegas and H. Schaible, “Effects of antagonists to high-
threshold calcium channels upon spinal mechanisms of pain,
hyperalgesia and allodynia,” Pain, vol. 85, no. 1-2, pp. 9–18,
2000.

[96] S. R. Chaplan, J. W. Pogrel, and T. L. Yaksh, “Role of voltage-
dependent calcium channel subtypes in experimental tactile
allodynia,” Journal of Pharmacology and Experimental Thera-
peutics, vol. 269, no. 3, pp. 1117–1123, 1994.

[97] D. A. Scott, C. E. Wright, and J. A. Angus, “Actions of intra-
thecal ω-conotoxins CVID, GVIA, MVIIA, and morphine in
acute and neuropathic pain in the rat,” European Journal of
Pharmacology, vol. 451, no. 3, pp. 279–286, 2002.

[98] R. D. Penn and J. A. Paice, “Adverse effects associated with
the intrathecal administration of ziconotide,” Pain, vol. 85,
no. 1-2, pp. 291–296, 2000.

[99] A. B. Malmberg, H. Gilbert, R. T. McCabe, and A. I.
Basbaum, “Powerful antinociceptive effects of the cone snail
venom-derived subtype-selective NMDA receptor antago-
nists conantokins G and T,” Pain, vol. 101, no. 1-2, pp. 109–
116, 2003.

[100] R. W. Teichert and B. M. Olivera, “Natural products and ion
channel pharmacology,” Future Medicinal Chemistry, vol. 2,
no. 5, pp. 731–744, 2010.

[101] A. S. Heimann, I. Gomes, C. S. Dale et al., “Hemopressin is an
inverse agonist of CB1 cannabinoid receptors,” Proceedings of
the National Academy of Sciences of the United States of Amer-
ica, vol. 104, no. 51, pp. 20588–20593, 2007.

[102] R. Mechoulam, “The pharmacohistory of Cannabis sativa,”
in Cannabinoids as Therapeutic Agents, R. Mechoulam, Ed.,
pp. 1–19, CRC Press, Boca Raton, Fla, USA, 1986.



Pain Research and Treatment 11

[103] E. J. Rahn and A. G. Hohmann, “Cannabinoids as phar-
macotherapies for neuropathic pain: from the bench to the
bedside,” Neurotherapeutics, vol. 6, no. 4, pp. 713–737, 2009.

[104] R. G. Pertwee, “Pharmacological actions of cannabinoids,”
Handbook of Experimental Pharmacology, no. 168, pp. 1–51,
2005.

[105] S. P. Welch and D. L. Stevens, “Antinociceptive activity of
intrathecally administered cannabinoids alone, and in com-
bination with morphine, in mice,” Journal of Pharmacology
and Experimental Therapeutics, vol. 262, no. 1, pp. 10–18,
1992.

[106] S. M. Tham, J. A. Angus, E. M. Tudor, and C. E. Wright, “Syn-
ergistic and additive interactions of the cannabinoid agonist
CP55,940 with μ opioid receptor and α2-adrenoceptor
agonists in acute pain models in mice,” British Journal of
Pharmacology, vol. 144, no. 6, pp. 875–884, 2005.

[107] S. Kang, C. H. Kim, H. Lee et al., “Antinociceptive synergy
between the cannabinoid receptor agonist WIN 55,212-2
and bupivacaine in the rat formalin test,” Anesthesia and
Analgesia, vol. 104, no. 3, pp. 719–725, 2007.

[108] F. A. Campbell, M. R. Tramèr, D. Carroll, D. J. Reynolds, R.
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