
R

P
n

P
S
D

a

A
R
R
A

K
N
A
S
S
P
P

C

s
f
p
s
t

1
d

Scandinavian Journal of Pain 2 (2011) 178–184

Contents lists available at ScienceDirect

Scandinavian Journal of Pain

journa l homepage: www.Scandinav ianJourna lPa in .com

eview

redictive validity of pharmacologic interventions in animal models of
europathic pain

er Hartvig Honoré ∗, Anna Basnet, Pernille Kristensen, Lene Munkholm Andersen,
igne Neustrup, Pia Møllgaard, Laila Eljaja, Ole J. Bjerrum
epartment of Pharmacology and Pharmacotherapy, Faculty of Pharmaceutical Sciences, University of Copenhagen, Universitetsparken 2, DK-2100 Copenhagen, Denmark

r t i c l e i n f o

rticle history:
eceived 21 December 2010
eceived in revised form 5 June 2011
ccepted 8 June 2011

eywords:
europathic pain
nimal models
pared nerve injury model
pinal nerve ligation model
harmacotherapy
redictive validity

a b s t r a c t

Introduction: The pathophysiologic and neurochemical characteristics of neuropathic pain must be con-
sidered in the search for new treatment targets. Breakthroughs in the understanding of the structural and
biochemical changes in neuropathy have opened up possibilities to explore new treatment paradigms.
However, long term sequels from the damage are still difficult to treat.
Aim of the study: To examine the validity of pharmacological treatments in humans and animals for
neuropathic pain.
Method: An overview from the literature and own experiences of pharmacological treatments employed
to interfere in pain behavior in different animal models was performed.
Results: The treatment principles tested in animal models of neuropathic pain may have predictive validity
for treatment of human neuropathies. Opioids, neurotransmitter blockers, drugs interfering with the
prostaglandin syntheses as well as voltage gated sodium channel blockers and calcium channel blockers
are treatment principles having efficacy and similar potency in humans and in animals. Alternative targets
have been identified and have shown promising results in the validated animal models. Modulators of
the glutamate system with an increased expression of glutamate re-uptake transporters, inhibition of
pain promoters as nitric oxide and prostaglandins need further exploration. Modulation of cytokines
and neurotrophins in neuropathic pain implies new targets for study. Further, a combination of different
analgesic treatments may as well improve management of neuropathic pain, changing the benefit/risk
ratio.

Implications: Not surprisingly most pharmacologic principles that are tested in animal models of neuro-
pathic pain are also found to be active in humans. Whereas many candidate drugs that were promising in
animal models of neuropathic pain turned out not to be effective or too toxic in humans, animal models
for neuropathic pain are still the best tools available to learn more about mechanisms of neuropathic pain.

Better understanding of pathogenesis is the most hopeful approach to improve treatment of neuropathic
pain.

© 2011 Scandinavian Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

ontents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
2. Nerve tract pathophysiology indicates targets for pharmacologic interventions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
2.1. Peripheral changes following nerve damage . . . . . . . . . . . . . . . . . . . . . . .
2.2. Central nervous system responses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3. Treatment options . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

DOI of refers to article: 10.1016/j.sjpain.2011.08.001.
Abbreviations: AMPA, �-amino-3-hydroxi-5-metylisoxazol-4-propanoic acid; ATP, a

triction injury; COX, cyclooxygenase; EAAT-2, excitatory amino acid transporter type 2; G
actor; NGF, nerve growth factor; NMDA, N-methyl-d-aspartic acid; NO, nitric oxide; NR2
75 neurotrophin receptor; SNI, spared nerve injury; SNRI, serotonin and noradrenaline
elective serotonin reuptake inhibitor; TCA, tricyclic antidepressant; TNF-�, tumour nec
yrosine kinase receptor; TRPV1, transient receptor potential vanilloid 1.
∗ Corresponding author. Tel.: +45 35 33 65 75; fax: +45 35 33 60 20.

E-mail address: peh@farma.ku.dk (P.H. Honoré).

877-8860/$ – see front matter © 2011 Scandinavian Association for the Study of Pain. Pu
oi:10.1016/j.sjpain.2011.06.002
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180

denosine triphosphate; BDNF, brain-derived neurotrophic factor; CCI, chronic con-
ABA, �-amino butyric acid; GFAP, glial fibrillary acidic protein; IGF, insulin growth
B, NMDA receptor type 2B; NSAID, non-steroidal anti-inflammatory drug; p75NTR,
reuptake inhibitor; SNL, spinal nerve ligation; SNT, spinal nerve transection; SSRI,
rosis factor �; TREK-1, potassium channel subfamily K member 2 (KCNK 2); Trk,

blished by Elsevier B.V. All rights reserved.

dx.doi.org/10.1016/j.sjpain.2011.06.002
http://www.sciencedirect.com/science/journal/18778860
www.ScandinavianJournalPain.com
dx.doi.org/10.1016/j.sjpain.2011.08.001
mailto:peh@farma.ku.dk
dx.doi.org/10.1016/j.sjpain.2011.06.002


P.H. Honoré et al. / Scandinavian Journal of Pain 2 (2011) 178–184 179

4. Pharmacologic interventions for the management of neuropathic pain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
4.1. Voltage-gated sodium channel blockers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
4.2. Voltage-gated calcium channel blockers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
4.3. Opioids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
4.4. Neurotransmitter modulators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

4.4.1. Serotonin and/or noradrenaline reuptake inhibitors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
4.4.2. Cholinesterase inhibitors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
4.4.3. GABA agonists and benzodiazepines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
4.4.4. NMDA- and AMPA-receptor antagonists and glutamate reuptake stimulators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

4.5. Interference in the prostaglandin cascade . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
4.5.1. Prostaglandin synthesis inhibitors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
4.5.2. Nitric oxide synthase inhibitors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

4.6. Cytokines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
4.7. Neurotrophins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

4.7.1. Nerve growth factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
4.7.2. Brain-derived neurotrophic factor and insulin growth factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

5. Discussion and future perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
6. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

Conflict of interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
. . . . . .

1

a
a
f
v
f
a
g
d
a
s
[
v

w
i
s
(
r

2
p

b
m
a
s
o
s

2

t
t
c
n
s
s
n
a

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. Introduction

Animal disease models allow test of pharmacological substances
nd might be predictive for the outcome in humans. The validity of
n applied model can be divided into three categories: construct,
ace and predictive validity. In animal models of pain, construct
alidity is present when etiology and the underlying mechanism
or pain are similar in humans and the animal. Predictive validity
re shown as pharmacological treatments are acting in an analo-
ous way in humans and animals, e.g. to be sensitive to effective
rugs but fail to respond to ineffective drugs. The animal model
lso need to simulate pain conditions in humans, based on as many
ymptoms and signs for pain as possible, thus ensuring face validity
1]. All three categories need to be considered when evaluating the
alidity of an animal model.

This present text aims to describe pathophysiologic changes as
ell as the development and maintenance of neuropathic pain, giv-

ng targets for therapy as shown in the spared nerve injury (SNI) and
pared nerve ligation (SNL), or the similar spared nerve transection
SNT) models in rats and mice. The pharmacologic treatments are
eviewed and discussed in light of clinic possibility and feasibility.

. Nerve tract pathophysiology indicates targets for
harmacologic interventions

The condition of neuropathic pain cannot always be explained
y a single etiology or specific lesion, but multiple mechanisms
ay contribute, as well as a complex interaction between dam-

ged and non-damaged neurons that might account for the pain
ignal [2,3]. Furthermore, the condition is complicated by the vari-
us distinct cellular changes in the peripheral and central nervous
ystem following a specific injury.

.1. Peripheral changes following nerve damage

Inflammatory and damaged cells in the peripheral nervous sys-
em following a lesion or a disease play an important role in
he development of neuropathic pain. Cells release their intra-
ellular content in consequence of an injury in the peripheral
ervous system, which in turn sensitize nociceptors to further

timulation [4]. In addition, a lesion in the peripheral nervous
ystem triggers changes in the number and location of ion chan-
els, especially sodium channels on the damaged C-fibres as well
s TREK-1 and TRPV1 channels causing heat hypersensitivity [5].
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

These channels will accumulate along the primary afferent fibres
and in the dorsal root ganglion, resulting in a lowered thresh-
old and an increased spontaneous firing, termed ectopic discharges
[3,4,6,7].

Normally, adjacent afferent fibres have no contact and thereby
no impact on the activity of each other. However, after nerve injury,
chemical or electrical connections between injured and uninjured
nerve fibres may form, known as “cross talk” or ephaptic conduction.
Through this connection, the properties of the uninjured afferent
fibres are altered and non-painful stimuli may cause excitation of
normally “silent” nociceptors [3,7].

2.2. Central nervous system responses

Next to the changes in the periphery, continued nociceptor input
into the dorsal horn of the spinal cord increases the responsiveness
to incoming stimuli and contributes to plasticity changes in the
central nervous system. A major process in the central sensitization
is manifested as increased excitability, initiated and maintained
by the sensitized primary afferent fibres. These fibres sensitize the
spinal cord by presynaptic release of tachykinins (substance P and
neurokinin A) and neurotransmitters (glutamate, calcitonin gene-
related peptide and GABA) [3,4].

Glutamate acts on AMPA receptors, while the tachykinins bind
to neurokinin receptors on the postsynaptic membrane. The bind-
ing of substance P to its receptors triggers the release of intracellular
calcium, thereby increasing the neuronal excitability and facilitat-
ing up-regulation of another kind of ionotropic glutamate receptor;
the NMDA receptor [4,8]. Under normal circumstances, glutamate
has no effect on NMDA receptors because the receptor channels are
blocked by magnesium ions at resting membrane potentials. How-
ever, during central sensitization, the increased action potentials
remove the magnesium ions, resulting in further influx of calcium
ions into the cell. The increased intracellular calcium contributes
to maintenance of the central sensitization, due to its action as
secondary messenger. This activates protein kinase C, leading to
phosphorylation of the NMDA receptor that leaves the receptor in
an open state, due to continuous removal of the magnesium ions
[8,9]. The central sensitization may manifest in three ways: the
threshold to noxious stimuli is lowered, the response to stimuli

increased and the area available to receive stimuli enlarged which
is evidenced as disinhibition in the spinal dorsal horn and descend-
ing facilitation from the brainstem and various plastic changes in
the pain processing areas of the brainstem and the cerebral cortex.
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In conclusion, the pain transmission system involves a num-
er of actors both peripherally and in the central nervous system.
hese include besides signal disinhibition in the spinal dorsal horn,
escending facilitation from the brainstem, plastic changes in the
ain processing areas of the brainstem and the cerebral cortex.
he exact role of the various functional mechanisms is still not
ompletely understood and their interactions must be further eluci-
ated. Nevertheless, increased knowledge in this complex interplay
ill be of importance for finding and selection of new targets to
odulate pain signaling and also to interact with the neuronal

lasticity caused in neuropathic pain.
Furthermore, profound changes in microglia and astrocytes may

ccur in the spinal cord microenvironment in neuropathic pain
n form of low grade inflammation in response to signals from
eleased glutamate; brain derived neutrophic factor (BDNF), sub-
tance P, adenosine triphosphate (ATP), chemokines and peptides
10,11,92]. A pronounced activation of glial fibrillary acidic protein
GFAP) immunoreactivity which indicates astrocyte activity and an
xhibited large leakage of albumin are observed [12].

. Treatment options

A lot of information has been collected in recent years on patho-
hysiologic changes following nerve injury in animal models. These
hanges are a result of inflammation, derangement as well as plas-
icity of the nervous system to adapt to the new situation and
ltered signaling. The immediate result of these alterations is that
ormal analgesic treatment paradigms often fail. On the other hand,
he changes will also open up for new targets for treatment aside
rom the use of traditional analgesic drugs as well as support for
eparation principles in deranged nerve tracts.

Pharmacologic treatment are frequently used in the manage-
ent of neuropathic pain and the algorithms are mainly based on

ve drug classes [13,14],

sodium channels blockers attenuating the pain signal,
calcium channel blockers diminishing calcium influx into pain sig-
naling cells mediated through the �2�-subunit site,
opioids strengthening the response of enkephalins/endorphins to
inhibit pain signaling in the spinal dorsal horn,
neurotransmitter modulators enhancing serotonin and/or nora-
drenaline, acetylcholine or GABA availability in the pain
inhibitory descending pathways, or
interference in the prostaglandin cascade.

There are a few new alternative drug classes that recently
ave come into focus, for example drugs with inhibitory action on
ytokines and drugs interfering with the neurotrophins [15]. How-
ver, drugs with other pharmacological targets and interactions in
he nervous tracts have also been tested with ambiguous results in
nimals, such as the importance of sortilin [15,16] and antagonists
or the vanilloid TRPV1-receptor [17]. A careful validation of those
rinciples showing predictive validity would open up for necessary
lternatives in the drug armamentarium in neuropathic pain.

. Pharmacologic interventions for the management of
europathic pain

.1. Voltage-gated sodium channel blockers

Voltage-gated sodium channels are multi-subunit protein com-

lexes composed of a large transmembrane pore-forming and
oltage-sensitive �-subunit and two smaller �-subunits. These
hannels are essential for the generation and propagation of action
otentials and play a central role in primary afferent ectopic
rnal of Pain 2 (2011) 178–184

discharges that originate from the site of injury or the dorsal root
ganglia. Changes in expression of Nav1 subtypes are thought to
contribute to neuropathic pain processes [18].

Blockers of the voltage-gated sodium channels belong to drug
classes used for epilepsy (e.g. phenytoin, carbamazepine and
lamotrigine); arytmia (e.g. mexiletine); local anesthesia (e.g. lido-
cain and bupivacain), but is also operant for tricyclic antidepressive
drugs. The pain relief following oral or intraperitoneal administra-
tion of lamotrigine and mexiletine has been demonstrated in both
the SNL and SNI model [18–20]. Lamotrigin inhibits the release
of excitatory amino acids as well, while carbamazepine works by
blocking sodium channels [21].

4.2. Voltage-gated calcium channel blockers

Calcium channels reflect and control the influx of calcium ions
to the cell and neuronal voltage-gated calcium channels contain
three subunits: (1) the �1 channel-forming subunit, (2) the intra-
cellular �-subunit and (3) the �2�-subunit that consist of two
disulfide-linked polypeptides (�2 and �) [22]. The nervous sys-
tem expresses at least six different calcium channels, referred to
as the L, N, P, Q, R and T types according to the type of �1 sub-
unit. Except for the T-type, all are high-threshold channels [8]. The
voltage-gated N-calcium channels, located at the presynaptic neu-
rons, are considered important in the central sensitization and play
a role in neuropathic pain transduction [23]. Studies in rats have
shown that voltage-gated N-calcium channels are up-regulated
after peripheral nerve injury [22].

The primary afferent fibres play a crucial role in pain processing
and these fibres have been shown to express a mixed population of
voltage-gated calcium channels, consisting of a number of different
subtypes of �1 (N-, L-, P/Q and R-type poreforming subunits) associ-
ated with � and �2�-1 subunits (at least three subunits) [23]. There
is evidence for a strong association between high affinity binding of
the originally antiepileptic drug gabapentin to the �2� subunit of
voltage-gated calcium channels and its anti-hypersensitive prop-
erties in a streptozocin animal model of neuropathic pain [24].
Moreover, recent studies suggest that activation of the descend-
ing noradrenergic pathway is one of the pivotal mechanisms of
gabapentin analgesia. Orally administrated gabapentin has been
shown to induce spinal release of noradrenaline, which in turn
activates spinal cholinergic circuits resulting in increased release
of acetylcholine. This cascade suppresses the activation of spinal
nociceptive neurons [25–28]. Pregabalin is thought to act by the
same mechanisms [29].

Dose–response relationships have been established for
gabapentin for various routes of administration in the SNL as
well as the SNI model [28,30–34]. Obvious signs of sedation with a
decrease in locomotor activity have been observed in doses above
100 mg/kg [33].

4.3. Opioids

The endogenous opioid peptide-containing neurons have a
pronounced importance in pain inhibition and has been found
represented in the regions involved in the nociceptive response,
the thalamus, periaqueductal grey, limbic system, cortex and in the
spinal cord. Similarly, the autonomic nervous system centers have
been shown to be innervated by central and peripheral opioid neu-
rons. It must be anticipated that the opioid peptides play a central
role in the pain transmission and inhibited signaling in neuropathic
pain states.
Numerous studies in various animal models of peripheral or
central nerve injury suggest that opioids are effective in allevi-
ating neuropathic pain behaviors. However, inconsistencies are
apparent. While systemic administration of morphine attenuates
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ypersensitivity in the SNL and the SNI models [35–39], intrathecal
orphine is apparently ineffective [38–42]. The selected doses
ust be considered as variances explaining the negative outcome.
Codeine and methadone have been tested in the SNI model,

ithout showing pain relieving effects for the doses tested (codeine
0 mg/kg and methadone >1 mg/kg administered subcutaneously
o rats) [39].

.4. Neurotransmitter modulators

In the pain inhibitory system interactions by endogenous
ransmitters take place in the interneurons of e.g. the spinal
pioid system. Drugs may increase the availability of serotonin,
oradrenaline, acetylcholine and also GABA, thereby promoting
ain inhibition via different mechanisms. Efforts have also been
evoted to modulate the pain signaling transferred by excitatory
mino acids.

.4.1. Serotonin and/or noradrenaline reuptake inhibitors
Most drugs with antidepressant indication are blocking the

euptake of serotonin and/or noradrenaline, and for some of the
ubstances also dopamine, from the synaptic cleft thereby enhanc-
ng the action on the postsynaptic receptors.

The working action of these drugs is to increase the concen-
ration of neurotransmitters in the synapse in the descending
nhibitory pain pathways in the spinal cord. The TCA drugs have
lso a pronounced inhibitory action on sodium channels, which is
uch larger than for the other types of antidepressants (SSRI and

NRI).
TCA (e.g. nor- and amitriptyline), SSRI (e.g. citalopram and fluox-

tine) and SNRI (e.g. duloxetine and venlafaxine) have been tested
n the SNL and SNI models, respectively [17,32–34,43,44]. Of SNRI
rugs, duloxteine had analgesic effect in both SNL-operated rats
nd mice [17,43].

.4.2. Cholinesterase inhibitors
The cholinesterase inhibitors are thought to act predomi-

antly in the central nervous system. The drugs block the acetyl-
nd/or butyrylcholinesterase activity, leading to increased lev-
ls of acetylcholine to stimulate the muscarinic receptors [45].
tudies have shown that oral administration of the selective
cetylcholinesterase inhibitor donepezil to rats increases the brain
ontent of acetylcholine to a higher extent than in plasma [46,47],
here the inhibition of acetylcholinesterase is weak [48]. A 14-

old higher dose was needed to inhibit the acetylcholinesterase
n plasma compared to that in the brain due to its high perme-
bility into the brain [46,47]. Previous studies have reported that
onepezil treatment does not lead to desensitization of muscarinic
eceptor-coupled G-proteins in the brain or the spinal cord, sug-
esting that donepezil may not cause tolerance with subsequent
eed for dose escalation [49]. Although promising effect in ani-
al models [33,34,49], no cholinesterase inhibitor have so far been

ested for the indication of clinical neuropathic pain.

.4.3. GABA agonists and benzodiazepines
Central disinhibition is a process with selective loss of inhibitory

nterneurons releasing the transmitter GABA, which gives the cen-
ral neurons possibility to fire spontaneously in response to stimuli
rom the periphery [3,7,8]. Some of these changes are located in
he noradrenergic and/or serotonergic descending pathways and
oss of inhibitory GABA-releasing interneurons results in a sup-
ressed descending inhibition of pain [9,50]. Application of the

ABA agonist gaboxadol acting directly on the GABA binding sites
xhibited antinoceptive effect in SNI rats [93]. The sedative effect of
aboxadol observed at higher concentrations makes the therapeu-
ic window very narrow but the pain relieving effect may be used
rnal of Pain 2 (2011) 178–184 181

as an added value for neuropathic pain when using gaboxadol as a
hypnotic drug.

The benzodiazepines are working as agonists on the inhibitory
GABA receptor but the pain inhibition is very minute of these drugs
[93]. In fact, intrathecal administration of the peripheral benzodi-
azepine agonist PK-11195 showed significant effect in SNL mice
[51].

4.4.4. NMDA- and AMPA-receptor antagonists and glutamate
reuptake stimulators

Glutamate is the primary excitatory neurotransmitter in CNS
and participates in the transmission of nociceptive information
together with other transmitters modulating the signal. The action
of glutamate released into the synaptic cleft is terminated by uptake
of glutamate into both neuronal and astroglia tissue by specific glu-
tamate transporters [52]. In neuropathic pain, the expression of
these spinal transporters is down-regulated, resulting in enhanced
concentration of glutamate and increased nociception [53].

NMDA antagonists acting in particular on NR2B-containing
NMDA receptors have found value in different pain states [54].
Preclinical studies have shown that agents that are selective for
receptors that include the NR2B subunit have a substantially better
profile for treating neuropathic pain than current NMDA antago-
nists; some emerging clinical evidence supports this view [55].

In the SNI model, the NMDA receptor antagonist MK-801
showed no effect in the doses tested, whereas the AMPA antag-
onist NS-1209 showed significant effect in dose of 6 mg/kg [31].
The possibility for increasing the glutamate transporter expres-
sion in CNS represents a new option to treat neuropathic pain [56].
Since glutamate is part of the pathogenesis in the development of
neuropathic pain, reduction of its concentration may have a pre-
ventive effect [53]. Several �-lactam antibiotics have been found
to up-regulate the expression of the glutamate transporter EAAT-2,
where ceftriaxone seemed to be most potent [57]. Reduced noci-
ception following administration of ceftriaxone has recently been
demonstrated in SNL rats [58].

4.5. Interference in the prostaglandin cascade

4.5.1. Prostaglandin synthesis inhibitors
The prostaglandins are together with formed NO working as a

pain signaling enhancer of the peripheral nerve signaling to the
spinal cord and the brain. Peripheral injection of nonselective and
selective COX inhibitors attenuate neuropathic pain following par-
tial sciatic nerve transection [59], indicating that pro-inflammatory
prostaglandins are involved in the development of neuropathic
pain.

The NSAIDs ibuprofen, diclofenac and celecoxib have been
tested in the SNL model. Ibuprofen and celecoxib showed signifi-
cant pain relief in SNL-operated mice, while there were no effect of
diclofenac [20]. The difference in effect is not understood although
ibuprofen is a COX-1 and COX-2 inhibitor, whereas celecoxib has a
pronounced inhibitory action on COX-2.

The steroids have a more potent anti-inflammatory action than
the NSAIDs and are frequently used to diminish clinical inflamma-
tion after nerve damage.

4.5.2. Nitric oxide synthase inhibitors
NO has a dual role in relation to nociception; a small increase

of NO reduces nociception while a large increase results in hyper-
algesia. Up-regulation of neuronal NO synthase has been shown
following ligation of spinal nerves in the SNL model, causing

injuries to the cord (distorted neurons, membrane disruption and
myelin vesiculation). These injuries were significantly reduced if
rats were pre-treated with the NO synthase inhibitor l-NAME
and may therefore furnish a new alternative in the treatment of
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europathic pain to minimize and/or prevent neurodegeneration
60]. Also, an antiserum for the opioid dynorphin A attenuated this
euronal up-regulation and induced neuroprotection. This indi-
ates a close relation between opioid active peptide dynorphin A
nd the regulation of NO synthase [61].

.6. Cytokines

Following damage of a nerve, the distal stump of injured axons
ill undergo Wallerian degeneration, i.e. breakdown of myelin

heaths, recruitment of inflammatory cells from the circulation and
ver-production of growth factors and pro-inflammatory cytokines
r mediators. Some pro-inflammatory cytokines and mediators do
ot only promote the regeneration of injured axons, but also acti-
ate and sensitize nociceptors [62]. Thus, there is a role for central
nterleukin-1� and TNF-� in the development and maintenance of
europathic pain through induction of a proinflammatory cytokine
ascade [63]. TNF-� also reduced the up-regulation of neuronal NO
ynthase induced by neuropathy, imparting a regulatory role of NO
n TNF-� expression [64].

.7. Neurotrophins

Neurotrophins are structurally and functionally related proteins
nown as trophic factors or growth factors. The neurothrophins
xert a wide range of effects in the peripheral and central nervous
ystem. They are involved in development, survival and mainte-
ance of vertebra neurons, in addition to inducing apoptosis and
ynaptic modulations. Therefore, this class of endogenous sub-
tances opens up possibilities for use in neuropathies to understand
llicit growth after trauma and also to inhibit neurodegeneration. In

ammals, four types of neurothrophins have been characterized:
GF, BDNF, neurotrophin-3 and neurotrophin-4/5. In some tissues
GF and pro-BDNF induce cleavage, raising the possibility that the
ncleaved forms may show distinct biological activity [65–69].

Two classes of receptors mediate the effects of neurotrophins;
he tyrosine kinase receptors (TrkA, TrkB and TrkC) and the
75NTR. TrkB binds BDNF and neurotrophin-4/5 [65,67,68]. The
nti-apoptosis function of BDNF is mediated through high-affinity
rkB receptors, while p75NTR binds pro-BDNF with high affinity,
nd its ability to induce apoptosis requires interaction with sortilin
s a co-receptor [15,69,70].

.7.1. Nerve growth factor
NGF is discovered as a trophic molecule essential for the sur-

ival and maturation of developing neurons in nervous system
71,72]. More recently, a considerable body of evidence implicates
ndogenous NGF in conditions in which pain is a prominent feature.
GF expression is increased following nerve injury. Production of
GF by fibroblasts, Schwann cells and macrophages, is triggered by
ytokines released from endogenous or exogenous phagocytes [73].
ncreased NGF mRNA and protein in the lumbar dorsal root ganglia
ave been demonstrated after injury of the sciatic nerve in rats
74] and it is up-regulated in Schwann cells surrounding the dorsal
oot ganglia for at least two months after nerve injury [75]. Anti-
GF treatment in sciatic neuropathy resulted in complete block of

hermal hypoalgesia and mechanoallodynia in the CCI model, but
nly limited effect in the SNL [76]. The differences were ascribed
ifferences in adrenergic nerve sprouting after injury.

.7.2. Brain-derived neurotrophic factor and insulin growth
actor
BDNF is the most functionally diverse member of the
eurotrophin family [67]. BDNF plays a central role in neuronal
evelopment, physiology and pathology [15,77]. It is now estab-

ished that BDNF appears essential to molecular mechanisms of
rnal of Pain 2 (2011) 178–184

synaptic plasticity, aside from its importance in neuronal differen-
tiation and apoptosis. Basic activity-related changes in the central
nervous system are thought to depend on BDNF modifications of
synaptic transmission [15]. BDNF is thought to be present in the
mammalian nervous system in a pro-form (pro-BDNF) produced
and released by neurons as well as activated microglia [15,67]. More
recent literature on neurotrophins states that pro-BDNF and BDNF
display opposite effects on neural cell proliferation and apoptosis.

BDNF and IGF reduce edema as well as the up-regulation of
neuronal NO synthase following trauma of the spinal cord. This
indicates that IGF may as well have a role and that both neutrophins
may attenuate cellular stress response [78–80].

5. Discussion and future perspectives

There are interesting new pharmacological alternatives in other
pain relieving mechanism on the scene which probably will show
predictive validity as seen from animal studies. Cholinesterase
inhibitors have shown positive results in animal studies and are
hoped to show a correspondence in neuropathic pain in patients
[33,34,49,81]. Another interesting principle with positive results in
animals is the compounds increasing the EAAT-2 expression of glu-
tamate [57,58,82]. This is a new mechanism of action which may
have a long duration and do not necessitate daily treatment. The
effect on protection and restoration of nerve damage of growth hor-
mones as BDNF also needs further investigation [15]. Immunologic
principles as cytokine release and TNF-� damage are highlighted to
combat the damage insulted by the nerve injury but also reparation
supported by neurotrophins plays a role.

Treatment of neuropathic pain states in the clinic is a challenge.
No method seems to afford analgesia to a majority of the patients
although many treatment principles are used. Analgesia may be,
apart from the pharmacological interventions discussed, accom-
plished by invasive methods such as central nerve blockades, nerve
stimulation techniques and manipulation of signal transduction.
Animal models might be of value in the effort to mimic the clin-
ical conditions. The animal models are used in drug development
for neuropathic pain with a high presumption of being predictive
for use in patients. Possibly the results from animal models might
give an exaggeration of the analgesic response. In the animals,
allodynia or hyperalgesia have usually developed and further the
doses used are not correctly scaled from animal to man and back.
Studies in animals are performed for short time intervals and the
acute and particularly long term side effects developing in man are
poorly highlighted and difficult to abstract in the animals. The mod-
els are also poor regarding observation of pharmacological effects
on spontaneous, ongoing pain [1,83,84]. Either the models do not
express spontaneous pain or there are no measures to observe [85].

The limited success with single pharmacological agents due to
incomplete efficacy and dose-limiting adverse effects has made
combination therapy a common approach to improve treatment
outcome in the clinic [86]. Combination therapy is, however, not
recommended as a first choice in the treatment algorithm, due to
lack of sufficient evidence of optimal drug combinations and doses
[13,14].

The rationale behind drug combinations is that multiple mecha-
nisms generate neuropathic pain and it is unlikely that a single drug
effectively will relieve these various pain mechanisms. Combina-
tions of various drugs acting through different mechanisms may
instead give rise to more satisfactory outcome. Thus the benefits
may include greater efficacy, lower doses and fewer adverse effects

[86]. A clinically useful combination does not necessarily need to
produce synergistic analgesia as an additive effect may also be use-
ful. However, the adverse effects of the combination must be of the
same or lower magnitude than for monotherapy [86–88]. Choice of



n Jou

d
d
a
s

l
i
a
c
n
a

6

q
n
i
a
c
p
a
d
e
r
e
c
a
i
c
a
i
n
m
w
a
e

C

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

P.H. Honoré et al. / Scandinavia

rugs must be based on pain components and origin as well as a
iagnosis of mechanisms of different pain entities in order to select
n optimal drug combination. Doses must be slowly titrated since
ynergistic effects and adverse effects may occur.

Combination therapy is not without limitations because of prob-
ems such as adverse drug reactions, pharmacokinetic interactions,
ncreased risk of medication errors and creating hospitalization,
nd patient noncompliance [86]. Due to the lack of evidence for
ombination therapy, more preclinical and clinical studies are
eeded in order to evaluate the effect, safety and cost-benefit of
ny given drug combination [86,89].

. Conclusions

The neuropathic pain models in the rat and mouse provide ade-
uate specific symptom models for neuropathic pain [90,91]. The
erve damage and the following change in nerve function, signal-

ng alteration and plasticity changes in various transmitter systems
re well highlighted in the models. Not surprisingly most pharma-
ologic principles that are tested in animal models of neuropathic
ain are also found to be active in humans. Candidate drugs have
lso been promising in animal models of neuropathic pain, but
id not turn out to be effective or too toxic in humans. The mod-
ls might not always show predictive validity, but currently they
epresent the best tool available. The validity improves if the mod-
ls are combined with a functional understanding of the involved
hemical pathways. There are still pharmacologic entities tested in
nimal models showing significant effects in the doses used that
n patients have various efficacy. It is advised that complete pre-
linical dosing studies are performed not to rule out any analgesic
ction. High doses in the animal might be effective but prevents
ts use in humans due to severe adverse effects or toxicity. Recent
eurochemistry studies in nerve injured animals advise new treat-
ent alternatives. A new road might be a combination of different
orking principles for neuropathic pain based on different mech-

nisms of action, not similar adverse events, in order to enhance
fficacy but also as an effort to enhance duration of effect.
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