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Abstract

This review deals with physiological and biological mechanisms of neuropathic pain, that is, pain induced by injury or disease of the
nervous system. Animal models of neuropathic pain mostly use injury to a peripheral nerve, therefore, our focus is on results from nerve
injury models. To make sure that the nerve injury models are related to pain, the behavior was assessed of animals following nerve injury,
i.e. partialrtotal nerve transectionrligation or chronic nerve constriction. The following behaviors observed in such animals are

Ž . Ž .considered to indicate pain: a autotomy, i.e. self-attack, assessed by counting the number of wounds implied, b hyperalgesia, i.e.
Ž .strong withdrawal responses to a moderate heat stimulus, c allodynia, i.e. withdrawal in response to non-noxious tactile or cold stimuli.

These behavioral parameters have been exploited to study the pharmacology and modulation of neuropathic pain. Nerve fibers develop
abnormal ectopic excitability at or near the site of nerve injury. The mechanisms include unusual distributions of Naq channels, as well

Ž .as abnormal responses to endogenous pain producing substances and cytokines such as tumor necrosis factor a TNF-a . Persistent
abnormal excitability of sensory nerve endings in a neuroma is considered a mechanism of stump pain after amputation. Any local nerve
injury tends to spread to distant parts of the peripheral and central nervous system. This includes erratic mechano-sensitivity along the

Ž .injured nerve including the cell bodies in the dorsal root ganglion DRG as well as ongoing activity in the dorsal horn. The spread of
Ž .pathophysiology includes upregulation of nitric oxide synthase NOS in axotomized neurons, deafferentation hypersensitivity of spinal
Ž .neurons following afferent cell death, long-term potentiation LTP of spinal synaptic transmission and attenuation of central pain

inhibitory mechanisms. In particular, the efficacy of opioids at the spinal level is much decreased following nerve injury. Repeated or
prolonged noxious stimulation and the persistent abnormal input following nerve injury activate a number of intracellular second

Ž .messenger systems, implying phosphorylation by protein kinases, particularly protein kinase C PKC . Intracellular signal cascades result
Ž .in immediate early gene IEG induction which is considered as the ouverture of a widespread change in protein synthesis, a general basis

for nervous system plasticity. Although these processes of increasing nervous system excitability may be considered as a strategy to
compensate functional deficits following nerve injury, its by-product is widespread nervous system sensitization resulting in pain and
hyperalgesia. An important sequela of nerve injury and other nervous system diseases such as virus attack is apoptosis of neurons in the
peripheral and central nervous system. Apoptosis seems to induce neuronal sensitization and loss of inhibitory systems, and these
irreversible processes might be in common to nervous system damage by brain trauma or ischemia as well as neuropathic pain. The
cellular pathobiology including apoptosis suggests future strategies against neuropathic pain that emphasize preventive aspects. q 2001
Published by Elsevier Science B.V.
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1. Introduction

Ž .Mitchell 1872 was the first to provide a systematic
description of various kinds of posttraumatic neuropathic
pain as seen and treated by him in Philadelphia during the
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US Civil War. Intensive research has resulted in major
progress in the understanding of the basic mechanisms of
neuropathic pain. During the past 25 years, animal models
of various neuropathies have been used, but more recently,
research on patients suffering from neuropathic pain has
contributed as well to the knowledge of the underlying
pathophysiology which, usually, is rather complex.

Neuropathic pain may be due to a primary insult to the
peripheral or central nervous system, and hence, the clini-
cal classifications differentiate between neuralgias of
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Ž .peripheral nerves e.g. trigeminal neuralgia or central
Ž .neuropathic pain e.g. thalamic syndrome . However, the

peripheral or central site of underlying pathophysiology
can no longer be used as a discriminandum, because
neuropathic mechanisms may expand during the disease to
imply both peripheral and central pathophysiology. For
example, following peripheral nerve injury pain signals
originate first from the axonal site of the lesion but over
time, other parts of the afflicted primary sensory dorsal

Ž .root ganglion DRG neuron and even the postsynaptic
dorsal horn and higher order neurons up to the cortical
level will contribute. Eventually, the pain is all coming
from a central generator, as, e.g. in phantom pain, although
the lesion was clearly peripheral. Such spread of pain

Ž .generating mechanisms is due to the slow biochemical
reactions of the nervous system, and therefore, neuropathic
pain should be considered as a progressive nervous system
disease. Similar slow expansions of disease mechanisms
have been identified in chronic pain of non-neuropathic
origin, and the term Apain memoryB is now being used to
indicate such processes. Accordingly, any treatment of
neuropathic pain should include preventive measures
against secondary nervous system pathobiology and this
requires an early multifaceted approach.

A phenomenological classification relates to the type of
damage or related pathophysiology causing a painful neu-
ropathic disorder:

v Mechanical nerve injury, e.g. carpal tunnel syndrome,
vertebral disk herniation;

v metabolic disease, e.g. diabetic polyneuropathy;
v neurotropic viral disease, e.g. herpes zoster, human

Ž .immunodeficient virus HIV disease;
v neurotoxicity, e.g. by chemotherapy of cancer or

tuberculosis;
v inflammatory andror immunologic mechanisms, e.g.

multiple sclerosis;
v nervous system focal ischemia, e.g. thalamic syn-

Ž .drome anesthesia dolorosa ;
v multiple neurotransmitter system dysfunction, e.g.

Ž .complex regional pain syndrome CRPS .

Neurotransmitter system dysfunction is not generally
recognized as a basic etiological mechanism of neuro-
pathic pain, but it is logical to include such diseases where
the pain is clearly related to neurotransmitter failure or
dysregulation.

More specific information on painful neuropathic disor-
ders according to etiology and the differential diagnosis
will be contained in the clinical contribution to this volume
by Dr. Troel Jensen. I will present an overview on the
pathophysiological mechanisms as they appear now from
animal models of neuropathic pain. Most of the basic
science researches have been conducted on mechanical
types of nerve injury; therefore, my review will focus on
the related mechanisms.

2. Pain behavior in animals following nerve injury

Animal models for neuropathic pain intensively studied
so far are those in which a mechanical trauma is produced
on a peripheral nerve, the most straightforward one being
the transection and ligation of the sciatic nerve. This lesion
results in immediate and irreversible interruption of electri-
cal nerve conduction, followed by Wallerian degeneration
of the axons distal to the lesion and sprouting of the
proximal axonal stumps in an attempt to regenerate the
nerve fiber. Apart from these local effects, there are sev-
eral distant reactions which appear after days, such as the
cell body response in the dorsal root ganglion involving

Ž .chromatolysis of the nucleus Cragg, 1970 . Recent re-
search had its focus on these delayed processes as they are
of utmost importance for the emergence of a chronic pain
syndrome and also for its prevention.

A behavioral analysis of rats following transection of
Ž .nerves to the hind leg Wall et al., 1979 is shown in Fig.

1. In this study, self-attack of the denervated leg was
observed. Authors coined the label AautotomyB for this
behavior, a term commonly used in studies where a form
of excessive self-care or self-grooming occurs that results
in bite wounds and eventually in the self-amputation of

Ž .digits. Wall et al. 1979 assessed the extent of self-mutila-
tion by counting the number of wounds on the denervated
extremity and by accounting for the size of wounds. The
autotomy score, defined on these criteria, was used to
show the time course of abnormal behavior as well as the
factors modulating it. For instance, in Fig. 1, the autotomy
score continually increased during the observation time of
70 days and the score was highest when both the sciatic
and the saphenous nerves had been transected. Inciden-
tally, saphenous nerve transection alone did not induce
autotomy behavior in these experiments.

There have been some controversies on whether or not
Žautotomy behavior is a sign of pain Rodin and Kruger,

.1984 . Similar behaviors can be induced in animals by skin
irritations or skin diseases assumed to induce itching. In
addition, it has been argued that the absence of sensory
feedback from the denervated leg may result in the self-at-
tack because the animal does not recognize the anesthetic
limb as part of its body. However, although such factors
may contribute to the behavior under specific circum-
stances, it is widely assumed now that excessive grooming
and autotomy following a nerve lesion reflect chronic

Ž .neuropathic pain Coderre et al., 1986; Kauppila, 1998 .
Four main animal models for nerve injury-associated

Žpain are now in use, each with some variations Bennett,
.1994a,b; Kauppila, 1998 :

v Total nerve transection and ligation, as described
above, simulating the clinical conditions of amputation.

v Partial nerve lesion with a tight ligation around part
Ž . Ž .about 50% of the nerve fascicles Seltzer et al., 1990 ,
simulating the clinical condition of an accidential nerve
bruise or gunshot-induced nerve injury.
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Ž .Fig. 1. Autotomy behavior in rats following sciatic andror saphenous nerve transection. A Neuroma visualised by Golgi staining a few days after nerve
Ž . Ž .transection. B Schematic drawing of rat foreleg with wounds induced by excessive self-grooming of the rat, indicated by hatched areas. C Autotomy

Ž . Ž .score ordinate assessed by counting the number of wounds on hind leg of rats after transection of saphenous or sciatic nerve alone or in combination. A
Ž . Ž .From Ramon y Cajal about 1900; C redrawn from Wall et al. 1979 .

v Ž .Chronic constriction injury CCI by placing several
loose ligatures around the nerve leaving a lumen of less

Žthan the diameter of the original nerve Howe et al., 1977;
.Bennett and Xie, 1988 , simulating the clinical condition

of chronic nerve compression such as the one that occurs
in nerve entrapment neuropathy or spinal root irritation by
a lumbar disk herniation.

v ŽTight ligation of a spinal nerve Kim and Chung,
.1992; Carlton et al., 1994 or transection of one or several

Ždorsal roots Lombard et al., 1979; Albe-Fessard and
.Lombard, 1983; Brinkhus and Zimmermann, 1983 result-

ing in complete deafferentation of one or several spinal
segments, simulating nerve plexus and dorsal root injury.

There are three behavioral indices of neuropathic pain
which are regularly seen in animals with a partial nerve
lesion or a peripheral or spinal nerve constriction injury:

v Autotomy, as described above;
v hyperalgesia, i.e. a stronger or earlier withdrawal

response than in healthy animals to a noxious stimu-
lus, e.g. noxious skin heating;

v allodynia, a withdrawal response to repeatedly touch-
ing with a von Frey hair, which is not painful in tests
on humans and does not evoke withdrawal in animals
without nerve injury. Cold allodynia has also been
described.

Behavioral assessment of autotomy, hyperalgesia and
allodynia following nerve injury has been multiply ex-
ploited in different directions of research, e.g. for the
effects of:

v Analgesic treatment by systemic or intrathecal drugs
Ž .such as morphine Xu and Wiesenfeld-Hallin, 1991 , an-

Ž .tidepressants Abad et al., 1989; Seltzer et al., 1989 ,
alpha2-adrenoceptor agonists clonidine and dexmedetomi-

Ž .dine Puke and Wiesenfeld-Hallin, 1993 , anticonvulsants
Ž .Christensen et al., 2001 , NMDA-receptor antagonists
Ž . Ž .Burton et al., 1999; Suzuki et al., 2001 , R -ketoprofen
Ž . ŽOssipov et al., 2000 , magnesium sulphate Feria et al.,

. Ž .1993 or cannabinoids Fox et al., 2001 . These treatments
attenuated one or several of the behavioral indicators of
neuropathic pain, i.e. autotomy, heat hyperalgesia and
allodynia.

v Topical treatments at the neuroma or nerve level, e.g.
by an implanted delivery system to administer glycerol or

Ž . Žalcohol Seltzer et al., 1985 , a local anesthetic Seltzer et
. Ž . Žal., 1991 or a NO-Synthase NOS inhibitor Thomas et
.al., 1996 , all of which attenuated autotomy.

v Grafting of a piece of adrenal medulla or immortal-
ized chromaffin cells to the spinal cord which attenuated

Žautotomy Ginzburg and Seltzer, 1990; Yu et al., 1998;
.Eaton et al., 2000 .

v Prolonged stress by lowering ambient temperature
Žwhich increased autotomy Wiesenfeld and Hallin, 1980;

.Sato et al., 2000 .
v Social interaction with a cospecies of the opposite sex

Žin the same cage, attenuating the pain behavior Berman
.and Rodin, 1982 .

v Genetic diversity of the degree of autotomy in differ-
Ž .ent strains of rats Shir et al., 2001b , which has led to the

identification of several genes that encode for neural func-
tions related to neuropathic pain and may disclose targets

Žfor the development of new treatments Seltzer et al.,
.2001 . This concept likely explains that preoperative be-

Žhavior predicts neuropathic pain behavior Vatine et al.,
.2000 . These results corroborate the outcome of an earlier

project aimed at producing inbread strains of rats with high
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or low degrees of autotomy following nerve transection
Ž .Inbal et al., 1980 .

v Diet, showing specifically that a soy-bean containing
Ž .diet, suppresses autotomy behavior Shir et al., 2001a .

Local anesthesia of the transected nerve, glycerolral-
cohol superfusion or resection of a neuroma usually attenu-
ate but do not completely terminate autotomy behavior
Ž .Seltzer et al., 1985 . Such persistence of pain behavior
following anesthesia of the neuroma suggests a central
focus of hyperexcitability and ongoing discharges, which
has been localized in the spinal dorsal horn at the segments
of projection of the injured nerve. According to today’s
concept of neuropathic pain, peripherally originating im-
pulses induce stump pain, whereas centrally arising nerve
impulses induce phantom pain. In a clinical setting, stump
pain can be modulated by peripheral intervention, e.g.
local anesthesia of the neuroma or the peripheral nerve,
while phantom pain is not affected by such peripheral
interventions. Thus, there is evidence that peripheral and
central mechanisms contribute to the abnormal behavior,
i.e. autotomy, hyperalgesia and allodynia, as will be de-
scribed in the following sections.

3. Local pathophysiology of nerve injury-induced neu-
ropathic pain

Following nerve transection, a neuroma is developing at
the proximal nerve stump, consisting of regenerative nerve

Ž .sprouts growing into all directions see Fig. 1A . Electron-
microscopy has shown that multiple unmyelinated sprouts
grow out from each transected axon. Electrophysiological
recording shows ongoing activity, abnormal excitability
and discharge characteristics, particularly in C-fibers, and
it is conceivable that these pathophysiological impulses

Žoriginate at the neuroma sprouts Culp and Ochoa, 1982;
.Zimmermann, 1985; Janig, 1988; Chul Han et al., 2000 .¨

A few hours after transection of an axon, nerve impulses
can be elicited by mechanical stimulation from the site of
the lesion, and after a few days, spontaneous impulse
activity originates predominantly in C-fibers. Mechanical

Ž .sensitivity is pronounced for a long time i.e. months
following the injury, irrespective of whether the sprouting
fibers are confined to a neuroma or whether longitudinal
growth occurred. The mechano-sensitivity of the sprouts is
the basis of Tinel’s sign used by neurologists to test the
progress of the longitudinal growth of a transected nerve in
patients. However, sprouts of regenerating nerves also

Žexhibit a remarkable sensitivity to noxious heating Dick-
haus et al., 1976; Zimmermann, 1985; Zimmermann and

.Herdegen, 1996 : many C-fibers are activated to tonic
discharges, graded with temperature, while some Ab-fibers,
which normally are not excitable by temperature increases,
show prolonged erratic responses when heated.

The responses evoked at regenerating nerve sprouts
usually show erratic behavior, i.e. the discharges are irreg-

ular and not well reproducible with repeated stimulation. If
longitudinal growth of regenerating nerve fibers is enabled,
however, coding characteristics of the impulse generator
usually redevelop, i.e. reproducible discharge frequencies
increasing with stimulus intensity, both in heat-responsive

Ž .C-fibers Dickhaus et al., 1976 and mechano-sensitive
Ž . Ž .tactile Ab-fibers Sanders and Zimmermann, 1986 . The
erratic type discharges presumably elicit abnormal dyses-
thetic sensations regularly reported by neuropathic patients
such as tingling, itching or electrifying.

3.1. Ionic channels in injured axons

Accumulation and increased membrane density of Naq

channels have been detected histochemically in injured
DRG axons, at sites proximal to the nerve transsection
Ž .Devor, 1994; England et al., 1996 . These findings fit in
with the increased excitability and spontaneous activity of
DRG neurons following axonal injury, since Naq channels
are the key elements of electrogenesis in the nervous
system. Naq channels which can be blocked by tetro-

Ž .dotoxin TTX subserve impulse conduction along nerve
axons, whereas the TTX-resistant subtypes are related to
graded depolarizations in sensory receptors, i.e. the recep-
tor potentials. The observation that systemic lidocaine
silences ectopic neuroma and DRG discharges without

Ž .blocking nerve conduction Devor et al., 1992 suggests
that TTX-resistant Naq channels can be blocked selec-
tively by a local anesthetic at low concentration. Thus, the
neuropathic pain inducing discharges of peripheral origin
may well respond therapeutically to systemic local anes-
thetics.

At least six novel subtypes of Naq channels have
recently been identified by mRNA analysis in DRG neu-

Ž .rons reviewed by Cummins et al., 2000 . Part of these
q Ž .Na channels is sensory neuron specific SNS and has

not been found in other parts of the nervous system. The
SNS-type Naq channels are mostly TTX-resistant. Sub-
types SNSrPN3 and SNSrNaN, although downregulated
following nerve injury, were found to be accumulated at
sites of nerve injury in neuropathic humans and animals
Ž .Coward et al., 2000 . On the other hand, the expression of
subtype a-III Naq channels is increased following axo-
tomy. This channel, not detectable in normal DRG neu-
rons, shows faster recovery following inactivation and this
can facilitate repetitive firing of injured neurons at low-
threshold, which has been supposed as a mechanism of
ectopic and erratic impulse generation. Knocking down
SNSrPN3 but not NaN channel, gene expression with
antisense oligodeoxynucleotides prevented hyperalgesia

Žand allodynia following nerve injury in rats Porecca et al.,
. q1999 . These Na channel subtypes with their particular

distribution to the peripheral somatosensory system are
now considered targets for the development of novel anal-
gesic drugs for neuropathic pain.
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From growth cone research, it is known that Ca2q entry
into the nerve ending through Ca2q channels regulates
many functions including growth-related proteins. It is
conceivable that Ca2q channels develop also on regenera-
tive nerve sprouts. Our research provides evidence that
release of substance P from rat nerve neuroma depends on

Ž .calcium White and Zimmermann, 1988 , and recently N-
and L-type Ca2q channels have been found to contribute

Ž .to calcitonin gene-related peptide CGRP release from rat
Žskin non-neuropathic nerve endings in vitro Kress et

.al., 2001 . However, no work has been devoted to the
possible functional role of peripheral nerve Ca2q channels
or intra-rextracellular calcium concentration in neuro-
pathic pain. Neither has the possible functional role of Kq

channels at the nerve sprouts been investigated, although
Kq channel opening may result in hyperpolarization or
stabilization of membrane potential, and therefore, coun-
teract the generation of ectopic discharges which induce
neuropathic pain.

3.2. ChemosensitiÕity of nerÕe sprouts

Regenerating axonal sprouts develop chemosensitivity
within days of the nerve injury. In the experiment shown
in Fig. 2, a desheathed neuroma was placed in a chamber
for superfusion with solutions containing various neurome-

Ž .diator substances Zimmermann, 1985 . Superfusion of the
neuroma with bradykinin resulted in long-lasting impulse
discharges in 26% of C-fibers, but not in A-fibers. The
discharge frequency increased with the bradykinin concen-
tration, the threshold being about 1 mMrl. In regenerating
C-fibers, there is an early development of chemosensitivity

to various substances, including bradykinin, histamine,
serotonin, capsaicin and many other chemicals that are
known to excite also normal nociceptors in skin or muscle
ŽLeah et al., 1988; Hartung et al., 1989; Welk et al., 1990;

.Rivera et al., 2000 .
When adrenaline was given to the superfusion fluid, no

change in discharge rate occurred in these studies. How-
ever, the response to subsequently administered bradykinin

Ž .was greatly enhanced Fig. 2 , up to 10 times the response
Ž .without adrenaline Zimmermann and Koschorke, 1987 .

Thus, in the regenerating C-fiber, an enormous sensitiza-
tion of a chemosensory response occurs when adrenaline is
present. This finding suggests that bradykinin receptors
develop at the regenerating nerve terminals with either an
adrenergic modulator site or an interaction with a closely
associated adrenoceptor. Sensitization of the bradykinin
response by adrenaline or sympathetic stimulation is not
seen in normal C-fiber nociceptors, and adrenaline does
not have excitatory effects on normal nociceptors, neither
alone nor in combination with other chemicals.

3.3. Sympathetically maintained pain— concepts, contro-
Õersies and confusions

As the neuroma contains both afferent C-fibers and
efferent post-ganglionic sympathetic C-fibers which re-
lease noradrenaline and adrenaline, it seems that an en-
hanced sensitivity of the regenerating sprout towards the
detection of nociceptive substances can be activated in

Žsituations of increased levels of sympathetic activity Janig,¨
.1988 . Interestingly enough, excitatory interactions of the

Ž .Fig. 2. Chemical excitation and sensitization of C-fiber sprouts in an experimental neuroma of the cat. As is shown in the schematic diagram left , an
experimental neuroma of the sural nerve was desheathed and placed in a perspex chamber for continuous superfusion. The neuroma was induced by
ligation and transection of the nerve 2 weeks before. The nerve was dissected-free at two more proximal sites for electrical stimulation and recording from
small filaments. Single-unit action potentials of A- and C-fibers could be identified in the electrical records from the filaments. The animal was deeply

Ž .anesthesized for the nerve transection and for the superfusion experiment. Four records of a multi-unit discharge from a filament are displayed right . The
integrated discharge of all responding units are shown during superfusion with saline, bradykinin or adrenaline. Numbers given at each record give the total
number of impulses recorded for 2 min up to the broken vertical line. Arrows mark the start of superfusion with the given substance.
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sympathetic nervous system with afferent nociceptive neu-
Žrons occur also in the dorsal root ganglion Janig and¨

.Schmidt, 1992; Bossut and Perl, 1995; Xie et al., 1995 .
This responsiveness to sympathetic transmitters may con-
tribute to causalgia, the chronic pain of burning character
seen in patients with trauma of the main nerve of a limb.

Ž .Mitchell 1872 was the first to recognize the deleterious
excitatory contribution of the sympathetic nervous system
to causalgia.

There are other pathophysiological conditions, however,
with which the sympathetic nervous system produces exci-

Ž .tatory effects on nociceptive afferents Bossut et al., 1996 .
The painful disorders originally subsumed under the terms
Asympathetic reflex dystrophyB or Asympathetically main-
tained painB have now been renamed as Acomplex regional
pain syndrome—CRPS type I, IIB, because the involve-
ment of mechanisms additional to the sympathetic nervous
system has since been recognized, such as the hypophysi-
cal–adrenocortical system, neuro-immune interactions,
neuropeptides, chronic inflammation and psychosomati-
cally mediated mental and emotional influences. Years of
research, controversies and the activities of a Aspecial
interest groupB of the International Association for the

Ž .Study of Pain IASP have ended up with the needs to
reconsider and redefine an area of pain research and
therapy, which has mushroomed much beyond the original

Žcontention of sympathico-afferent interactions Harden,
.2000; Stanton-Hicks, 2000 .

3.4. Cytokines in neuropathic pain

Recent studies focussed on the role of cytokines in the
pathophysiology of neuropathic pain, and the present evi-

Ž .dence suggests that interleukin-1 IL-1 and tumor necrosis
Ž .factor-a TNF-a both may be involved. Epineurial appli-

cation of TNF-a elicited acute mechanical hyperalgesia in
Ž .the awake rat Sorkin and Doom, 2000 , and neutralizing

antibodies to TNF-a-receptor-1, not TNF-a-receptor-2, ad-
ministered at the site of nerve injury reduced pain behavior

Ž .in mice Sommer et al., 1998 . Etanercept, a recombinant
Ž .TNF-a-receptor p75 -Fc fusion protein successfully used

for anti-inflammatory treatment of patients with rheuma-
toid arthritis, also reduced pain behavior in neuropathic
mice, both with systemic and local administration to the

Ž .nerve injury site Sommer et al., 1999 . Combined
epineurial therapy with neutralizing antibodies to TNF-a
and IL-1 receptors had an additive effect in reducing

Ž .neuropathic pain in mice Schafers et al., in press . Nerve¨
biopsies from patients with neuropathies revealed higher

Ž .TNF-a immunoreactivities IR in myelinating Schwann
cells when the neuropathy was painful, and serum soluble
TNF-a-receptor 1 levels were higher in patients with a

Žcentrally mediated mechanical allodynia Empl et al.,
. Ž .2001 . Thus, central mechanisms of brain derived? TNF-a

certainly is involved in the perception of neuropathic pain
Ž .Ignatowski et al., 1999 .

Fig. 3. Schematic diagram of a regenerating axonal sprout with those
pharmacological receptors which are known to be expressed in the
membrane of the axonal sprout. The receptor types are indicated by
arbitrary symbols. Trk: tyrosine kinase receptor; Hist: histamine receptor;

Ž .5-HT : 5-hydroxytryptanine serotonin -receptor, x indicating the recep-x

tor variants; VR 1: vanilloid receptor-1; BK 1,2: bradykinin receptors 1
and 2; a 1,2: adrenoceptors a1, a2; TNF-a R1: tumor necroses factor-a
receptor 1; PgE: prostaglandin receptor; P2X: purinergic 2 X-receptor.
Double arrows indicate bidirectional interactions between receptors and
second messenger systems, which mediate, e.g. phosphorylation of recep-
tor and channel proteins, intracellular calcium release, receptor internal-
ization and other mechanisms modulating receptor activity. The inset
texts explain the system components and eventsrreactions, which de-
velop within days to months following axonal injury.

These data suggest an involvement of TNF-a in neuro-
pathic pain, with mechanisms in the peripheral and central
nervous system. This cytokine plays a major role in many
forms of nervous system damage and its contribution to
pain may be a sequela of such damage, or a direct excita-
tory effect on the nociceptive system.

Fig. 3 summarizes the surface receptors and membrane
channels which have been directly or indirectly identified
at regenerative peripheral nerve sprouts following nerve
injury. Basically, they are the same as those that occur in
normal C-fiber terminals. The abnormal sensations they
mediate and the widespread dysfunction they entail might
depend on their lower density and immaturity. However, it
is likely that intracellular processes such as 2nd messenger
signal cascades, protein kinase-mediated receptor activa-
tion or transformation contribute to modifications of recep-
tors, inducing sensitization and other abnormal functions at
the axonal sprouts. Research is needed into these intra-
cellular processes to understand what is going wrong and
how the spreading out of neuropathic mechanisms can be
prevented at their origin.

4. Distant spread of pathophysiology into peripheral
and central nervous system following nerve injury

Recent research has uncovered cascades of events at the
systemic, cellular and molecular levels following periph-
eral nerve injury which result in a slow but continual
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propagation of a condition of pathophysiology into all
parts of the injured neuron and the associated central
nervous system. This change may reach the cortex where
the somatosensory map related to the injured nerve’s pe-

Žripheral territory may become reorganized Flor et al.,
.1995 . This review will be restricted to changes in the

primary neuron and the spinal cord. I will describe the
sequence of pathobiological changes in short, with refer-
ence to Fig. 4, starting at the right hand side.

As was detailed above, sprouts of C-fibers develop an
abnormal and erratic excitability. In particular, several pain

Ž .mediators e.g. bradykinin, prostaglandins, cytokines and
sympathetic nervous system transmitters are involved in
these ectopic discharges. Normal nerve terminals take up

Ž Ž .signal substances e.g. Nerve Growth Factor NGF and
.other growth factors from their target cells, which are

transmitted by axonal transport to the DRG cell body and
modify gene transcription and protein synthesis. After
nerve transection, sprouts can no longer take up the signal
molecules from the previous target of this nerve cell.
Deprivation of target-derived factors probably is part of
the signal for a profound nerve cell body response that has
been described long ago as a response to a distant axotomy
Ž .Cragg, 1970 . At the level of transcription control in the
DRG nucleus, we observe an induction of the c-jun gene
about 1 day after axotomy. We know now that c-jun is an

Ž .immediate early gene IEG and that its encoded protein,
Ž .c-Jun, is part of the Activated Protein-1 AP-1 promoter

Žof transcription of many downstream genes reviewed by
.Herdegen and Leah, 1998 . Usually, the AP-1 gene induc-

tion is operated by a dimer of c-Fos and c-Jun, the proteins
encoded by c-fos and c-jun genes. However, nerve transec-
tion does not induce c-fos gene expression in axotomized
DRG neurons, which is a remarkable deviation from the
common association of these genes in the nervous system.
C-jun without c-fos is now considered a specific marker
for an axonal lesion, and it is the starting event of a

Fig. 4. Spreading cellular pathobiology involved in cell death, regenera-
tion and pain following peripheral nerve transection. Viewing the se-

Ž .quence of events should start at sprouts of neuroma right side and then
Ž .move to dorsal root DR ganglion neuron to postsynaptic spinal cord

neuron. Important sequelae of the nerve transection are contained in inset
texts. Composite diagram from data by Herdegen, Gillardon and Zimmer-
mann 1989–1998.

Fig. 5. Time course of galanin expression and NADPH-diaphorase en-
zyme reaction, and colocalization with nuclear c-Jun, in dorsal root
ganglion neurons following sciatic nerve transection in rats. Lower curves
Ž .filled symbols show percentage of neurons in L4 and L5 dorsal root
ganglia labelled by galanin-immunoreactivity or NADPH-diaphorase,

Ž .which is associated with nitric oxide synthase NOS content in the
Ž .neuron. Upper curves open symbols show the percentages of Galanin or

NADPH-diaphorase-labelled neurons also displaying nuclear c-Jun im-
Ž . Ž .munoreactivity i.e. colocalization . Data from Fiallos-Estrada et al. 1993

Ž .and Herdegen et al. 1993 .

long-lasting cascade of transcriptional processes resulting
either in axonal regeneration or in cell death.

It is now well established that c-Jun expression in the
DRG neuron after nerve transection is associated with
changes in neuropeptide contents: substance P and CGRP
decrease, whereas galanin and NOS increase dramatically
during the weeks and months following axotomy. NOS
and galanin are highly colocalized with c-Jun in the same

Ž .DRG neurons Fig. 5 and this suggests that c-Jun is a
transcription-controlling protein for the NOS and galanin
genes. As NO is mostly an excitatory neuromediator, its
increased production and release at the intraspinal presy-
naptic terminal may facilitate afferent synaptic transmis-
sion to the dorsal horn neurons, thus contributing to spinal
neuronal sensitization and hyperalgesia. In addition, it is
conceivable that the enhanced NO release into the spinal
cord represents an injury signal by which the pathophysio-
logical processes following nerve injury are carried over
from the peripheral to the central nervous system. Galanin
has inhibitory effects, its functional meaning in the nerve
injury responses will be dealt with by Dr. Wiesenfeld-Hal-
lin in this volume.

Electrophysiological studies provide direct evidence for
enhanced synaptic transmission to dorsal horn neurons

Ž .following nerve injury, with long-term potentiation LTP
Ž .being one of the mechanisms involved see below .

A neuropathic signal pattern, probably consisting of
multiple abnormal electrical and biochemical components,

Ž .induces expression of immediate early genes IEGs c-fos,
c-jun, krox-24 in dorsal horn neurons with subsequent
transcriptional alterations of downstream genes, as well as
other processes of neuroplasticity. Particular functional
sequelae of these cellular operations are neuronal sensitiza-
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tion, apoptosis of dorsal horn neurons, impairment of
spinal inhibitory, all of which contribute to neuropathic
pain and dysesthesia.

5. Spinal plasticity and sensitization following periph-
eral nerve injury

There is ample evidence for sensitization of spinal
dorsal horn cells and facilitation of spinal reflexes initiated
by a repetitive or prolonged noxious afferent input. In
particular, enhanced synaptic transmission is becoming

Ž .evident by wind-up phenomena Davies and Lodge, 1987
Ž . Ž .or long-term potentiation LTP Liu and Sandkuhler, 1995¨

following a short train of afferent stimulation at C-fiber
strength. The latter authors recorded field potentials, i.e.
compound postsynaptic potentials of dorsal horn neurons,
in response to single volleys in sciatic C-fibers. A few
seconds of tetanic electrical stimulation of the sciatic nerve
at C-fiber strength resulted in a considerable increase of
postsynaptic field potentials in responses to single C-fiber
stimuli, reaching typically 200% of the control values
before tetanic stimulation. This LTP persisted throughout
the duration of the experiment under anesthesia for up to 8
h. The authors found that glutamate and tachykinin recep-
tors were involved in the transition to LTP, and LTP could
thus be prevented by administration of, e.g. NMDA andror

Ž .neurokinin 1 NK 1 receptor antagonists.
Apart from electrical C-fiber stimulation, natural

physiological and pathophysiological pain stimuli and pro-
longed pain conditions also resulted in LTP. In particular,
LTP was observed following peripheral nerve lesions
Ž .Sandkuhler and Liu, 1998 . Such LTP mechanisms might¨
be involved in the behavioral hyperalgesia observed in rats
following nerve lesions.

Microelectrode studies have revealed functional details
of spinal dorsal horn neurons of rats with a chronic

Žconstriction injury of the sciatic nerve Laird and Bennett,
.1993 . Recordings were made about 10 days after inducing

the neuropathy. Many neurons showed abnormal character-
istics; these included responses to very gentle mechanical
stimulation of the nerve injury site, absence of peripheral
receptive fields and very high spontaneous activity. In
some cases, the responses to mechanical stimulation at the
nerve injury site lasted very long, e.g. 10 min. The authors
conclude that dorsal horn neuronal sensitization and other
mechanisms make a considerable contribution to the ab-
normal behavior of rats with a peripheral neuropathy.

5.1. Pain and nerÕe injury-induced transcriptional pro-
cesses initiate and maintain long-term plasticity, a cellular
pain memory

From the available body of evidence, it is conceivable
that virtually every long-term change in nervous system
function implies modified gene expression in nerve cells.

At the DNA level, processes of transcription control can be
assessed by studying the expression of immediate early

Ž .genes IEGs , the master switches of the transcription
Ž . Ž .machinery Fig. 6 . Hunt et al. 1987 were the first to

show by immunocytochemistry that expression of c-Fos
protein occurs in the nuclei of dorsal horn neurons after
noxious stimulation. This finding has repeatedly been con-
firmed and much extended since. More recently, it was
shown that nociceptive input to spinal neurons also results
in the expression of other IEGs, such as krox-24, c-jun,
junB, junD, and fosB. The pronounced expression of a
multitude of IEGs after noxious events suggests that in-
duced gene transcription may be a mechanism involved in
the long-term plasticity reported in the preceding and
following sections.

What are the mediators in conditions of pain and neu-
ropathy which have a potential to induce transcriptional
processes? The best known candidate is glutamate, the
universal excitatory transmitter in the central nervous sys-
tem, and NMDA-receptors are the best to investigate to
trigger intracellular signals that induce long-lasting effects
at the transcriptional level. The coincidental activation of

Ž .NMDA and neurokinin 1 NK 1 receptors on dorsal horn
neurons is particularly powerful, and NO also has a high
potential to induce lasting changes in pre- and postsynaptic
excitability. Prostaglandins, which have a newly discov-
ered role in the transmission of nociceptive messages in
the central nervous system, many cytokines released from
inflammatory cells in the nervous system and some growth

Fig. 6. Induced transcription of immediate-early genes c-fos and c-jun in
spinal neurons following nociceptive stimulation or afferent nerve injury.

ŽAn intracellular signal cascade is activated by postsynaptic receptors e.g.
.NMDA and NK 1 that induces phosphorylation of transcription proteins

CREB andror ATF-2. These bind to promoter elements of the c-fos and
c-jun genes. c-Fos and c-Jun proteins dimerize and bind to promoter or

Ž .enhancer elements of other genes Atarget genesB , which may include
genes for various peptides, homones, receptors or enzymes. The transacti-
vation of target genes by the inducible transcription factor proteins c-Fos
and c-Jun involves phosphorylation, e.g. via Jun kinase. From Zimmer-

Ž .mann and Herdegen 1996 .
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factors as well can contribute to the concerto of cellular
activation in the pain pathway.

The intracellular signal cascade that finally reaches the
Ž .nucleus include protein kinases Fig. 6 , in particular,

Ž . Ž .protein kinase C PKC Malmberg, 2000 . Its catalytic
domain interacts with a wide range of membrane proteins,
including neurotransmitter subunits and transcription-con-
trolling proteins such as CREB, conveying these into a
phosphorylated state. Another essential signal molecule is
the calcium ion released from intracellular stores as well as
entering the cell by the NMDA-receptor-coupled ionophore
and some voltage sensitive Ca channels. Constitutional
transcription proteins CREB and ATF-2 become phospho-
rylated and bind to the promoters of the c-fos and c-jun
genes, resulting in the synthesis of their gene products, the

Žnuclear proteins c-Fos and c-Jun the capital letters indicat-
.ing proteins . These proteins dimerize to form the AP-1

complex that activates many downstream genes. Here,
again, phosphorylation processes induced by kinases like

Ž .MAP kinase and jun kinase JNK seem to determine the
general direction of the gene activation. The functional
ambivalence of c-jun activation has been mentioned above,
with alternative potentials to support regeneration of a
primary afferent neuron or to initiate apoptosis and kill the
neuron. As far as we know, the decision between the two
pathways depends to a large extent on whether or not,
where and when phosphorylation by JNK takes place.

The protein products of IEGs induced by noxious affer-
ent stimulation have also been found in the brain. The

Ž .distribution pattern of these immunoreactivities IR in the
CNS was mostly homologous to what is generally consid-

Žered as the central pain system cf. Fig. 2 in Zimmermann
.and Herdegen, 1994 . In contrast, the dorsal column–me-

dial lemniscal system, which represents the neuronal basis
of tactile discrimination and proprioception does not nor-
mally express IEGs. After noxious stimulation, IEGs are
also visible in nuclei of the limbic system, hypothalamic

Ž .areas and hippocampus Aloisi et al., 1997 . It is conspicu-
ous that basal IEG expression can be seen in many areas
that show elevated levels of IEG expression following
noxious peripheral stimulation. Thus, IEG-encoded pro-
teins are not just markers for neuronal activity, they specif-
ically indicate that processes have been activated at the
nuclear level in selected neuronal populations which, ac-
cording to our view, are meaningful in relation to long-term
plasticity in the pain system.

Peripheral nerve injury can deeply change the inducibil-
Ž .ity of c-fos by afferent stimulation Molander et al., 1992 .

These authors used electrical stimulation of the sciatic
nerve before and after a distal transection of this nerve.
When stimulation was confined to the large myelinated
Ž .Aab- fibers in the sciatic nerve, no c-Fos expression was
seen in the dorsal horn and gracile nucleus. In contrast,
sciatic nerve stimulation at C-fiber strength resulted in
c-Fos expression in dorsal horn neurons, as has been
repeatedly shown by other authors. Thus, spinal neuronal

c-Fos expression is a very common and general phe-
nomenon following almost all types of noxious stimula-
tion. Non-noxious stimulation, including electrical nerve
stimulation at a Aarb intensity, does not, however, result
in c-Fos expression. This pattern is changed following a
sciatic nerve lesion: strong c-Fos expression was observed
in the dorsal horn and in the gracile nucleus following
electrical stimulation at Aab intensity, which certainly is

Ž .not noxious or painful normally Molander et al., 1992 .
These results may be related to the observation of

allodynia in neuropathic animal models and in patients.
Allodynia denotes pain sensations elicited by low-threshold
mechanical stimuli, which are not painful in normal skin.
Experimental and clinical evidence suggests that pain sen-
sations in allodynia are due to impulses in large myeli-

Ž .nated fibers Ab-fibers in a cutaneous nerve , which nor-
mally are not perceived as painful.

A straightforward interpretation of these observations is
that Ab-fibers have made new synaptic connections with
neurons having been functionally connected predominantly
with C-fibers before the nerve injury. Appropriate sprout-
ing of Ab-fibers into the superficial dorsal horn layers

Žfollowing peripheral nerve injury has been reported Woolf
.et al., 1992 . However, this explanation does not apply to

the dorsal column neurons as these do not receive an
appreciable C-fiber input. An alternative explanation can
be found in the hypothesis that new discharge patterns
emerge in response to Ab-fiber stimulation in multi-recep-
tive neurons of the spinal cord and at other levels of the
somatosensory system. Such discharge patterns to Ab-fiber
input should thus mimic C-fiber-evoked responses, which
typically consist of prolonged discharges to single electri-
cal afferent stimuli and summation or wind-up phenomena
during repeated low-threshold stimuli. This hypothesis
should be directly tested in electrophysiological experi-
ments on dorsal horn and dorsal column neurons in ani-
mals with a nerve transection. A conspicuously related
clinical phenomenon has been observed long ago in pa-

Žtients with trigeminal neuralgia Lindblom and Kugelberg,
.1959 .

6. Deficits in central inhibitory mechanisms following
nerve injury

There is evidence that part of neuropathic pain and
hyperalgesia is due to inefficiency of endogenous in-
hibitory systems. Here, we show that both the descending
inhibition and the opioid system may become deficient at
the spinal level.

The spinal pain transmission system is under continuous
inhibitory control from brainstem centers, e.g. the peri-
aqueductal gray and the locus coeruleus. The efficacy of
such descending inhibitory controls can be assessed in
animals by a reversible cold block of the descending
pathway in the thoracic spinal cord: spinal dorsal horn
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neuronal discharges go up to a maximum when released
from tonic inhibition, the increase of a standard nocicep-
tice response being a measure for the degree of inhibition.
In this way, we have compared the degree of descending
inhibition in anesthetized animals with and without a

Žneuropathic lesion induced 2 weeks before Zimmermann,
.1991 . We found that the descending inhibition was nearly

50% lower than normal in the neuropathic animals. Thus,
although descending inhibitory controls in neuropathic
conditions are still functioning, the inhibitory effect might
have become weaker.

In other experiments, authors found an increase of tonic
descending facilitation of dorsal horn neuronal transmis-
sion following a peripheral nerve lesion, the facilitatory
descending neurons being located in the ventromedial

Ž .medulla Porreca et al., 2001 .

6.1. The opioid system fails in neuropathic animals

A decreased efficacy of the spinal opioid system has
been shown following peripheral nerve section. Terenius
Ž .1979 has reported that endorphin-like immunoreactivity
in cerebrospinal fluid of pain patients was lower with
neuropathic than with other pain mechanisms. In rats, the
incidence of autotomy after sciatic nerve section was
correlated with a decreased b-endorphin content in brain

Ž .and spinal cord Panerai et al., 1987 . Opioid receptor
binding was reduced in the spinal cord of the rat after a

Ž .dorsal rhizotomy Zajac et al., 1989 . These biochemical
results indicate that the endogenous opioid system shows a
long-lasting decrease in efficacy in responses to peripheral
nerve lesions.

These findings were corroborated by functional studies.
Ž .Lombard and Besson 1989 found that in arthritic rats, the

spontaneous activity of dorsal horn cells was suppressed to
Ž .46% of control by systemic morphine 2 mgrkg i.v. . In

contrast, in rats deafferented by a multiple dorsal rhizo-
tomy, the ongoing discharges of a sample of dorsal horn
neurons were not inhibited by the same dose of morphine
and an additional morphine dose of 4 mgrkg produced a
small inhibitory effect only. These results suggest that the
opioid inhibitory system was less sensitive in the deaffer-
ented animals compared to the arthritic animals. Similarly,
the threshold dose of intrathecal morphine to inhibit a
spinal nociceptive reflex was increased in animals showing

Žautotomy after sciatic nerve section in rats Xu et al.,
.1991 .

A dramatic NMDA-receptor-dependent decrease in effi-
cacy of spinal opioid analgesia was observed following

Ž .nerve injury in rats Mao et al., 1995 . Before and after the
transection of a sciatic nerve, the responsiveness of the
spinal opioid system was assessed by measuring the paw-
withdrawal-latency with respect to a noxious heat-stimulus
Ž .Fig. 6 and the analgesic effect of intrathecal administra-
tion of varying doses of morphine was determined. The
effective dose ranged between 3 and 20 mg of morphine to

obtain antinociception. When a nerve lesion was produced
8 days before the morphine-test, the dose–effect curve of

Žmorphine was shifted to higher doses by a factor of 6 Fig.
.6 , indicating that the opioid receptors or other determi-

nants of the spinal opioid system were greatly attenuated
by the nerve lesion. It is, indeed, most interesting that this
shift of the effective dose range could be prevented by
pretreatment of the animals with MK-801, an NMDA-re-
ceptor antagonist. The authors explain these findings by
uncoupling the m-opioid-receptor from a G-protein andror
changing opioid receptor-gated ion channel activity, both
of which are processes that require phosphorylation at
various intracellular sites including an NMDA-receptor
Ž .Mayer et al., 1995 .

7. Apoptosis of peripheral and spinal neurons in neu-
ropathies

While the induction of c-jun with subsequent transcrip-
tional activities has been associated with the propensity of
axotomized neurons to survive after successful axonal

Ž .regeneration Herdegen and Leah, 1998 , there is now
evidence that c-jun may as well open the scene for pro-
grammed cell death such as apoptosis. From in vitro
studies on sympathetic neurons, the induction of c-jun is
closely associated with neuronal cell death induced by
NGF starvation. Further insight into the mechanisms of
cell death has come from studies on the bcl-2 gene family.
Overexpression of bcl-2 protects neurons from cell death
following axotomy and various other adverse stimuli indi-
cating that Bcl-2 may block a late event in the cell death
cycle, whereas Bax protein promotes cell death.

Therefore, we have studied the association of c-Jun
expression following nerve transection with Bcl-2 and
Bax. We found a decreased ratio of Bcl-2 to Bax proteins
preferentially in small-sized DRG neurons expressing c-Jun
Ž .Gillardon et al., 1996 . This finding indicates that c-Jun
may initiate apoptosis of DRG neurons as well as regener-
ation. We know now that the differential for c-Jun to kill
or regenerate injured neurons is related to the level of

Ž .phosporylation by jun kinase JNK : from work on brain
ischemia, we learned essentially that phosphorylation of
c-Jun will facilitate apoptosis, while non-phosphorylated

Žc-Jun rather may support neuronal regeneration Herdegen
.and Waetzig, 2001 . Thus, part of DRG neurons will die

after axonal injury, and this is of great relevance to the
Ž .deafferentation of postsynaptic spinal neurons see below .

Following peripheral nerve section, apoptosis was also
Ž .discovered in dorsal horn neurons Azkue et al., 1998 . We

used the TUNEL reaction to assess DNA fragmentation, a
Ž .sign of apoptotic cell death Fig. 7 . Seven days after

sciatic nerve transection, many TUNEL-labeled neurons
were found in the L5 spinal segment which is the main
input area of the sciatic nerve. DNA fragmentation in the
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Fig. 7. Attenuation of antinociception by spinal morphine administration
Ž . Ž .in rats before Day 1 or after Day 8 transection of the sciatic nerve.

Antinociception by intrathecal morphine administration at varying dosages
Ž .abscissa was assessed by the morphine’s effect on a heat induced
withdrawal reaction. On the ordinate, 0%sno suppression of heat in-
duced withdrawal, 100%s full suppression. MKsdata from animals
daily injected with the NMDA receptor antagonist MK-801, SALsdaily

Ž .injections with saline. Redrawn from Mao et al. 1995 .

dorsal horn could be prevented by pretreatment of the
animals with MK-801, a competitive NMDA-receptor an-
tagonist. The prevention of cell death was virtually 100%
when an infusion of MK-801 was performed throughout
the time following the nerve lesion. The total number of
TUNEL positive neurons in the L5 spinal segment was
estimated at 6000, which is a considerable loss for a rat’s
spinal cord. We hypothesize that spinal neurons dying
transsynaptically had inhibitory functions, which corrob-
orates with the attenuation of morphine efficacy after

Ž .sciatic nerve transection see Fig. 8; Mao et al., 1995 .

8. Mechanisms of postherpetic neuralgia

Ž .Postherpetic neuralgia PHN is a persistent chronic
burning pain often associated with allodynia andror hy-
poesthesia that may occur as a sequela of reactivation of
latent varicella-zoster virus in dorsal root ganglia. While
the disease is invariably painful in its acute phase during
the skin rush, the incidence of PHN over months or years
after the disease depends on several risk factors, including
the age of the patient, the intensity of shingle eruption as

Ž .well as the area of the affected skin Zaal et al., 2000 . It is
clear now that many of the DRG neurons affected by the
virus degenerate, most probably by the mechanism of
apoptosis, as has been discussed for virtually all virus

Ždiseases involving the nervous system Fazakerley and
.Allsopp, 2001 . Although infection and latency of varicella

Žvirus have been studied in animals Wroblewska et al.,
.1993 , there is no animal model for PHN so far, but some

findings are available from research on patients and ani-
mals which throw some light onto the pathophysiological
mechanisms of this painful disorder.

Biopsy and pathological studies of human skin innerva-
tion following shingles have shown considerable to severe
nerve degenerations and losses of neurons in related dorsal
root ganglia. Some of these ganglia were cystic or con-
tained inflammatory cells one year after the acute herpes,

Žand the spinal dorsal horns were shrunken Smith, 1978;
.Watson et al., 1991 , indicating considerable degeneration

in the spinal cord.
A recent investigation on biopsies from patient skin

after shingles provided quantitative data on epidermal in-

Fig. 8. Apoptosis of spinal dorsal horn neurons in L4 and L5 segments of rats following sciatic nerve transection. A and B sample dorsal horn histology
sections with neurons labelled by the TUNEL reaction which specifically indicates DNA breaks which are characteristic for apoptosis, 7 days following
transection of sciatic nerve. C, cumulative plot locating TUNEL labelled neurons in the dorsal horn ipsilateral to the sciatic nerve transection. Right-hand
diagram shows numbers of TUNEL labelled dorsal horn neurons per 10 histological sections of spinal cord. Animals received either a bolus treatment with

Ž . Žthe NMDA antagonist MK-801 1 mgrkg i.p. 15 min prior to the sciatic nerve transection, or a bolus plus a continuous infusion 0.5 mgrkg h, implanted
. Ž .Alzet miniosmotic pump of MK-801 for 1 week. Control animals received isotonic saline NaCl . Shamsdata of rats with surgery to expose the nerve

Ž .but without nerve transection. From Azkue et al. 1998 .
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Fig. 9. Epidermal nerve density in human patients following herpes zoster
disease. Skin biopses were taken from zoster affected skin and nerve
fibers were counted and plotted per square millimeter skin surface area.
White columns denote results from patients with no postherpetic neural-

Ž .gia PHN , black columns from patients with PHN. From Oaklander
Ž .2001 .

Ž .nervation Oaklander, 2001 . The density of nerve endings
in biopsies from the epidermis ranged between 2 and

2 Ž .nearly 4000 neuritesrmm skin surface Fig. 9 , but there
was a clear segregation between patients with and without
PHN: the majority of subjects without PHN had more than
670 neuritesrmm2 skin surface area, whereas the majority
of patients with PHN had less than 670 neuritesr
mm2. These histological findings are in accordance with
the clinical observation of diminished tactile sensitivity
Ž .hypo-aesthesia in postherpetic skin: a more pronounced
hypo-aesthesia is associated with a higher incidence of

Ž .ongoing postherpetic neuralgia Zaal et al., 2000 .
As most of the nerve terminals in the epidermis are

from non-myelinated nociceptive fibers, the loss of C-neu-
rons is probably included in the nerve degeneration and
this has been considered crucial for the development of
PHN. That the decrease in epidermal innervation density
indicates loss of C-fibers in PHN patients has been indi-
rectly shown by measuring the axon reflex or neurogenic

Žinflammation with laser doppler flowmetry Baron and
.Saguer, 1993 . These authors found an inverse correlation

Žbetween the intensity of PHN rated by the patients on a
.visual analog scale and the degree of neurogenic inflam-

mation elicited by a standard iontophoretic administration
of histamine to induce substance P release from C-fiber
terminals in the skin. Thus, degeneration of afferent C-
fibers in skin as assessed by an absent or decreased
neurogenic vasodilatation is highly predictive of PHN.

In order to explain allodynia, which is a common
feature of PHN, it has been hypothesized that low-threshold
Ab-fibers sprout in the dorsal horn and form new synapses
with neurons in the superficial dorsal horn previously
connected with afferent C-fibers that have died from the

Ž .virus attack Baron, 2000 . While such replacement sprout-
ing has not been directly shown in PHN, other experimen-
tal nerve injury has been reported to trigger sprouting of

Žmyelinated afferents within the dorsal horn Woolf et al.,
.1992 .

Thus, it can be expected that any treatment that protects
afferent neurons form cell death will prevent the occur-
rence of postherpetic neuralgia and allodynia. Clinical
observations have repeatedly shown that aggressive early
antiviral treatment decreases the risk of postherpetic neu-
ralgia. In younger patients, a more efficient immune sys-
tem has a better antiviral potential and, therefore, the risks
of PHN pain are lower than with elderly patients.

9. Conclusions

Research over the past 15 years has resulted in a better
understanding of neuropathic pain mechanisms. Modern
concepts focus on the possibility that central sensitization
is involved in virtually all types of neuropathy. Since much
of the disease is due to delayed secondary pathobiology,
early treatment is aimed at preventing progressive impair-
ment and pain severity. Apoptosis of peripheral and central
neurons following any primary nervous system damage is
a novel mechanism, suggesting the development of neuro-
protective strategies as a therapeutic principle to prevent
chronic neuropathic pain.
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