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Somatic pain—pathogenesis and prevention

C. J. WooLF

Although we use the term pain to define all sensations
that hurt or are unpleasant, actually two quite
distinct kinds of pain exist. The first is the pain that
is only elicited when intense, that is noxious stimuli
threaten to damage normal tissue. This pain can be
termed nociceptive, because of its direct link with
noxious stimuli, or physiological because it is a key
component of the body’s normal defence mech-
anisms, protecting the body from a potentially hostile
external environment by initiating behavioural and
reflex avoidance strategies. This protective mech-
anism operates as a result of the presence of a specific
set of primary sensory neurones which encode the
intensity, duration and quality of any noxious
stimulus and, by virtue of their topographically
organized projections to the spinal cord, its location
[108]. Absence of these nociceptors, as in patients
with congenital analgesia or peripheral neuropathies,
is associated with tissue damage and poor healing as
a consequence of the absence of the normal protective
reflexes and behavioural responses elicited by the
nociceptors. This “ouch” pain is, therefore, an
important and adaptive element of the normal
nervous system which, clinically, only needs to be
temporarily suppressed or disabled during surgical
procedures where damage is deliberately produced.
The nociceptors terminate in a highly ordered way
in the dorsal horn of the spinal cord with the thinly
myelinated A ending in laminae I and V and the
unmyelinated C-fibres in lamina II. These high
threshold sensory fibres activate a large number of
second order interneurones and projection neurones
in the spinal cord, some of which are activated
exclusively by noxious stimuli (nociceptive specific)
and others which are activated by low and high
intensity stimuli (multireceptive or wide dynamic
range neurones). The activity generated by nociceptor
input is transferred, after complex active processing
in the dorsal horn, directly, or via brainstem relay
nuclei, to the thalamus and then onto the cortex,
where the sensation of pain is generated [108].
Parallel outputs from the dorsal horn go to the
ventral horn and activate flexor motor neurones
generating the withdrawal flexion reflex, so that both
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the sensation of physiological pain and the flexion
withdrawal reflex occur together [107].

Clinical pain

Clinical pain is present when ongoing discomfort
and abnormal sensitivity are a feature of a patient’s
symptomatology. There are usually three general
features of clinical pain, spontaneous pain which
may be dull, burning, or stabbing, exaggerated pain
in response to noxious stimuli (hyperalgesia) and
pain produced by stimuli which would never nor-
mally do so (allodynia). It is useful to analyse clinical
pain both from the perspective of the injured tissue;
inflammatory pain which is associated with tissue
damage, inflammation, or both and neuropathic pain
which is that pain that results from a lesion to the
peripheral or central nervous systems; and from a
temporal perspective; acute and chronic pain.

ACUTE PAIN

Acute pain typically results from soft tissue injury or
inflammation and, although sharing many of the
sensory characteristics of chronic pain, can be
considered to have an adaptive or biologically useful
function. This function is protective, not in the same
way as nociceptive pain, because tissue damage has
already occurred and therefore cannot be prevented,
but by enabling healing and repair to occur un-
disturbed. In other words it has a reparative
function. This is achieved by making the injured/
inflamed area and surrounding tissue hypersensitive
to all stimuli so that contact with any external
stimulus is avoided. This manifests as a tenderness
of the injured part. Clinically, acute pain manifests
in response to trauma and inflammation and is
typically seen, for example, postoperatively. Since
the pain is reparative it is important to address the
issue of whether it is appropriate clinically to
completely eliminate such pain or whether it is
sufficient to reduce it to a level where it is no longer
distressing but can still fulfil a protective function.
In patients who have undergone abdominal surgery,
for example, the advantage of early mobilization and
easier breathing must be tempered against risks of
wound dehiscence as a result of excessive movement
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[113]. Similarly consumption of non-steroidal anti-
inflammatory agents before excessive exercise may
prevent or reduce the development of muscle / joint
pain, but does it increase the risk of damage to these
tissues?

CHRONIC PAIN

Chronic pain can be a sustained sensory abnormality
occurring as a result of an ongoing peripheral
pathology, such as chronic inflammation, or it can be
autonomous, independent of the trigger that initiated
it [82]. In the latter case it is the changes in the
nervous system that have become the pathology and
the pain is maladaptive offering no survival ad-
vantage [114]. Chronic pain may be either spon-
taneous or provoked. Spontaneous pain occurs in
most chronic pain conditions but is a particular
feature of denervation syndromes, where the sensory
channel from the periphery to the CNS is disrupted
(e.g. anaesthesia dolorosa, phantom limb pain,
brachial plexus avulsion injuries). Provoked pain is
elicited by a peripheral stimulus but the response is
typically exaggerated in amplitude or duration. The
pain may be generated by stimuli quite unlike those
which would normally be required to elicit pain.
Patients with causalgia, post-herpetic or trigeminal
neuralgia, for example, experience excruciating pain
in response to the lightest of touches to the skin.

A distinctive feature of clinical pain then is sensory
hypersensitivity, comprising both an exaggerated or
increased response to suprathreshold stimuli and the
production of pain by low intensity or formerly
subthreshold stimuli. In both cases the respon-
siveness of the “pain” system is dramatically altered,
an increase in gain in the former case and a reduction
in threshold in the latter. How does this occur?

Peripheral sensitization

One explanation for post-injury pain hypersen-
sitivity states is that the transduction sensitivity of
the high threshold nociceptors changes. This view
was vigorously proposed by Thomas Lewis in the
1930s, who suggested in addition, that the axon
reflex was responsible for the spread of sensitivity
from the zone of tissue damage (zone of primary
hyperalgesia) into neighbouring areas where sen-
sitivity is present but no tissue damage (the zone of
secondary hyperalgesia) [53]. In the mid 1960s
Bessou and Perl [4] demonstrated directly in studies
on single polymodal nociceptors, that an intense
noxious heat stimulus altered the sensitivity of a
proportion of the sensory fibres to subsequent heat
stimuli. This work has been extensively replicated
and there is now no doubt that tissue damage, and
the inflammatory response it provokes, initiates a
local change in the sensitivity of sensory fibres, the
phenomenon of peripheral sensitization [35, 101].
These changes have been most clearly demonstrated
for thermal stimuli, although local mechanical hyper-
sensitivity has also been described [18].

A great deal of work has been devoted to
elucidating what triggers the peripheral sensitivity
changes since this would provide a potential avenue
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for the production of analgesic drugs. The results
have turned out to be rather complex in
chemicals which might be expected to be responsible
for peripheral sensitization because they are released
during painful inflammatory conditions, such as
potassium and hydrogen ions, 5-HT, histamine,
bradykinin, purines, cytokines, substance P, calci-
tonin gene-related peptide (CGRP) and the eicos-
anoids tend to act synergistically together rather
than individually, so that the optimal way of
producing peripheral sensitization is to use a “soup”
or “cocktail” of these different mediators [35,101].
This implies that a single antagonist, for example a
bradykinin-receptor antagonist, may not be sufficient
to prevent peripheral sensitization if other mediators
are present, even though it can block any hyper-
algesic action of bradykinin.

The non-steroidal anti-inflammatory agents are
assumed largely to produce their analgesia in the
periphery as a result of the inhibition of prosta-
glandin production by the enzyme cyclo-oxygenase
(COX). There is, however, a mismatch between the
anti-inflammatory potency of these drugs and their
analgesic activity and many turn out to be relatively
more selective for the constitutive form of COX
(COX1) than the form of the enzyme that is induced
during inflammation (COX2) [104]. These drugs
may act in part on the central nervous system [60].

PAIN HYPERSENSITIVITY AND PERIPHERAL
SENSITIZATION

What has become clear in recent years is that while
peripheral changes in sensitivity do occur, they
cannot account for all the hypersensitivity changes
associated with acute tissue injury. Two aspects of
post-injury pain hypersensitivity in particular cannot
be accounted for by a simple change in the
transduction sensitivity of high threshold primary
sensory nociceptors. The first is the spatial extent of
the hypersensitivity and the second the capacity of
low threshold mechanoreceptors to produce pain.

As indicated earlier, two zones of hyperalgesia
occur after tissue damage, that of primary and
secondary hyperalgesia. Although peripheral sensi-
tization has been well documented in the zone of
primary hyperalgesia [5, 12, 18], where the damaged
or inflamed tissue is located, no change in trans-
duction sensitivity of nociceptors has ever been
found in the zone of secondary hyperalgesia [5, 48,
76]. Peripheral changes in transduction sensitivity
have a role in the thermal hypersensitivity associated
with burn injuries [126] and contribute to the
mechanical hypersensitivity present in inflamed
joints [84], a primary role for peripheral sensiti-
zation in clinical pain appears to be limited to
rare conditions where C-afferent fibres become
spontaneously sensitized producing a burning sen-
sation [12].

Mechanical hypersensitivity is a very prominent
feature of inflammatory pain manifesting, for
example, as pain in response to normal ranges of
movement of joints in patients with arthritis or
exquisite tenderness to touch at the site of a
cutaneous inflammatory lesion. Such tenderness to
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movement or contact is often the most distressing
feature of clinical pain states for patients, preventing
normal functioning. While a reduction in the
mechanical sensitivity of nociceptors occurs, and has
been particularly well described for joint afferents
[84], these changes cannot completely account for
the mechanical sensitivity seen clinically. One reason
is that the mechanical sensitivity is actually mediated
by large low threshold mechanoreceptive A -pri-
mary sensory neurones. A -primary sensory fibres,
which innervate specialized end organs in the
periphery, normally only elicit innocuous sensations
such as touch, vibration, pressure or movement of
hairs [100]. However, when the excitability of the
spinal cord is increased as part of the syndrome of
central sensitization [109, 110], activation of these
low threshold sensory fibres begins to produce pain.
This has been demonstrated using conduction block
of the large myelinated afferents where, in parallel
with a disappearance of action potential conduction
of the A fibres, mechanical sensitivity disappears,
even though conduction in the A and C-nociceptors
remains intact. The specific involvement of A -
fibres in mechanical hypersensitivity has been shown
following the application of chemical irritants
[46, 47, 48]. A more direct demonstration has come
from a study where single A -afferents were rec-
orded and stimulated in volunteers, using micro-
neurographic techniques [99]. After the afferents’
receptive field has been defined, usually as a small
area on the skin, the electrode was changed to a
stimulating mode and using very low currents the
same afferent could be activated electrically which
elicited, as expected, a simple innocuous sensation
which was interpreted by the subject as arising from
the receptive field. The investigators then injected
capsaicin, the pungent ingredient of red peppers,
into the skin adjacent to the receptive field. The
capsaicin produced a period of intense pain followed
by the appearance of a zone of secondary hyper-
algesia where light touch began to produce pain.
Provided the single afferent’s peripheral receptive
field fell within this zone of secondary hyperalgesia,
then stimulating it again began to produce pain. As
the, mechanical hypersensitivity disappeared, the
electrically evoked sensation returned to an in-
nocuous one.

Mechanical pain sensitivity is largely, therefore,
the consequence of a misinterpretation of normal
inputs which are not part of the nociceptive or
physiological pain system and which never normally
generate pain, and this is the consequence of the
generation of central sensitization [109, 110].

Central sensitization

In the early 1980s, a study on central plasticity in the
somatosensory system led to the discovery that tissue
injury triggered an increase in the excitability of
neurones in the spinal cord [109], a phenomenon
that has become known as central sensitization [26,
101, 111] It was then found that central sensitization
was generated by C-afferent fibres [105, 124] and
that the changes are expressed as alterations in the
spatial extent, responsiveness and threshold of the
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receptive fields of dorsal horn neurones [16] as a
consequence of the recruitment) of subthreshold
synaptic potentials [115, 116]. The pharmacology of
central sensitization has been explored, leading to
the discovery that NMDA (N-methyl-pD-aspartate)
[56, 122] and tachykinin [57] receptors are involved,
and that morphine pretreatment prevents its estab-
lishment [125].

Central sensitization has been documented in a
large number of laboratories in a wide variety of
species [14, 16, 25, 33, 34, 36, 38, 67, 72, 77, 83, 89,
109], including humans [46, 49, 99] and is now
accepted as a major contributor to post-injury pain
hypersensitivity. One direct implication of this work
is that interventions that prevent the establishment
of central sensitization in patients may have a
therapeutic role; the concept of pre-emptive anal-
gesia [113]. We have recently demonstrated, for
example, that preoperative administration of mor-
phine reduces postoperative analgesic requirement
and local wound hypersensitivity, compared with
the same dose at the end of the operation [81]. This,
together with related work by others [27, 28, 41, 44,
66, 79, 87, 102], indicates that pre-emptive analgesia
and NMDA-receptor antagonists may have a con-
tribution to make in reducing acute pain [15].

MECHANISMS OF CENTRAL SENSITIZATION

Small diameter primary afferents produce slow
synaptic potentials which summate temporally on
low repetition rates leading to a non-linearly in-
creasing cumulative depolarization [90, 96, 97]. This
is mediated by NMDA and tachykinin receptors [64,
65, 97] and is accompanied by calcium entry via
NMDA channels [62] which activates protein kinase
C [13] and, by a phosphorylation of the NMDA
channel [9], relieves the Mg?" block of the ion
channels [62], increasing glutamate sensitivity. This
cumulative depolarization is responsible for the
windup of action potential discharge in spinal
neurones [97] but more importantly, is likely to be
the trigger for prolonged alterations in membrane
excitability, which manifest at a cellular level as
heterosynaptic facilitation [98] and at a system level
as central sensitization [112].

Central sensitization provides an explanation of
how low threshold A -mechanoreceptors, which
normally generate only innocuous: sensations [69,
103], begin to produce pain after acute C-fibre
inputs in humans [46, 49, 99] and in animals [16,
121]; by the recruitment of previously subthreshold
inputs to nociceptive dorsal horn neurones as a result
of an increase in membrane excitability.

CENTRAL SENSITIZATION AND INFLAMMATORY PAIN

Two simultaneous processes may be occurring to
produce and maintain a central component of
inflammatory hypersensitivity. The first is an on-
going generation of central sensitization by noci-
ceptors activated and sensitized by the inflammation.
The second is a change in the phenotype of sensory
neurones innervating the inflamed area as a result of
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an upregulation of target-related neuroactive factors,
leading to altered or augmented central actions of
afferents. An increasing number of growth factors
and neuropoietic cytokines including the neuro-
trophin nerve growth factor (NGF) and the neuro-
kine leukaemia inhibitory factor/cholinergic differen-
tiation factor (LIF/CDF) have been shown to
interact directly with primary sensory neurones via
specific high affinity receptors [23, 42, 52, 54, 73, 78,
86, 95, 106] and produce changes either locally or
after retrograde transport [17, 22] by modification of
transcription in the dorsal root ganglion (DRG)
soma [22]. Inflammatory cytokines such as inter-
leukin (IL)-1, tumour necrosis factor (INF) and
, or transforming growth factor (TGF) also act on
DRG neurones but usually via intermediary inflam-
matory target or Schwann cells [42, 50,55, 61],
stimulating the release of sensitizing inflammatory
mediators [29] or neuroactive growth factors/
neurokines [71]. The presence of these neuroactive
cytokine/growth factors in peripheral targets may
contribute to the maintenance of the normal pheno-
type of the cells, but a relative decrease or an increase
after axotomy or during inflammation [30, 31, 37,
43, 106, 118] induce changes in phenotype. Changes
in phenotype may contribute to pain hypersensitivity
by modifying levels of neuromodulators such as the
tachykinins or CGRP, upregulating novel peptides
with particular central actions, for example galanin
or cholecystokinin (CCK) [37], modifying pre-
synaptic receptors (opiate and GABA), peripheral
transducing elements and receptors (e.g. adrenergic
or capsaicin receptors), altering ion channels and
growth status.

To examine this we have recently investigated
whether inflammation changes the levels of growth
factors known to act directly or indirectly on
neurones. We have first confirmed that inflammation
elevates NGF concentration in the periphery [23,
118] and extended this by showing that neutralizing
anti-NGF antibodies prevent both inflammatory
hypersensitivity and the upregulation of neuro-
peptides in primary sensory neurones produced by
inflammation ¢ vivo [118]. This finding is in keeping
with previous studies that NGF influences the
sensitivity of primary sensory neurones [52] and has
major implications for the understanding of the
pathophysiology of inflammatory pain. It raises the
possibility, moreover, that anti-NGF compounds
could be candidates as novel analgesics for inflam-
matory pain, provided they do not disrupt essential
NGF-mediated functions.

Neuropathic pain

Neuropathic pain, the pain produced by damage to
the nervous system, is also characterized by central
changes in sensitivity including A -mediated pain
[6, 32, 70]. This may be the consequence of three
different kinds of pathological change produced by
nerve lesions [114]. First, a maintained state of
central sensitization in response to ongoing ectopic
C-fibre input either from the site of the injury [3, 19,
32] or the DRG [20] (the generator model). Second,
decreased inhibition due to impaired inhibitory
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transmission [19, 123], as a result of either a decrease
in GABA levels [8] or an excitotoxic loss of inhibitory
neurones [3] (the disinhibition model). We have
recently shown that disinhibition results in a central
hypersensitivity phenomenon [91]. Finally, A-
mediated pain might be the consequence of a
reorganization of synaptic connections in the spinal
cord (the structural model). The latter possibility
has emerged from work in my laboratory showing
that axotomized A -fibres sprout from their normal
site of termination in the deeper laminae of the dorsal
horn into laminae I and II [98, 119], which are
normally occupied only by A - and C-fibres [108].
This work has recently been confirmed in the cat
[45]. We have also shown that the sprouted central
terminals make novel synaptic connections in the
superficial laminae [120]. The sprouted terminals
may drive cells which normally receive C-nociceptor
input [63] and in this way, contribute to touch-
evoked allodynia.

After nerve injury, sympathetic fibres sprout
around large dorsal root ganglion cells [58], and
consequently sympathetic activity.after nerve injury
may begin to activate A fibres, providing a unifying
explanation for sympathetic and A fibre-mediated
neuropathic pain.

It is likely that neuropathic pain in humans
involves various combinations of these and other
maladaptive changes that occur in response to nerve
damage [2, 32], some of which may resemble inflam-
matory changes and others which will be quite
different. What will be critical now, is to establish
what initates which change and when, and to
determine if the changes are reversible. It is
particularly encouraging that neuropathic pain in
laboratory animal models can be prevented by some
manipulations such as preventing an injury discharge
with local anaesthetic blocks [24, 85], NMDA re-
ceptor antagonists [59] or morphine [75] and that
this is also true for patients with intercostal neuralgia
[80] and phantom limb pain [39].

Conclusions

Although inflammatory and neuropathic pain are
generally different in their presentation and natural
history, related general pathophysiological mech-
anisms may be involved. These include alterations in
chemical expression or phenotype [23, 37,54, 68,
93] and growth status of primary sensory neurones
[51,92, 117] and increases in excitability or dis-
inhibition of dorsal horn neurones [3, 21, 91, 123].
There are important differences though; nerve injury
but not peripheral inflammation is associated with
the development of ectopic activity [11, 20, 40],
adrenergic sensitivity [10, 73, 82], dorsal root gang-
lion cell death [1, 78], transganglionic atrophy [1, 7]
and possible transynaptic degeneration after nerve
damage [94], whereas inflammation involves altera-
tions in structurally intact neurones, including
changes in the afferent and efferent functions of the
peripheral terminal. Painful conditions such as
vertebral disc prolapse, cancer and soft tissue trauma
are likely to involve combinations of inflammatory
and neuropathic pain, while others like arthritis or
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diabetic neuropathy will be predominantly inflam-
matory or neuropathic. Fibromyalgia, where there is
no apparent peripheral pathology, may be a clinical
manifestation of altered central processing.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Aldskogius H, Arvidsson J, Grant G. The reactions of
primary sensory neurons to peripheral nerve injury. Brain
Research 1985; 373: 15-21.

. Baron R, Saguer M. Postherpetic neuralgia: are C-noci-

ceptors involved in signalling and maintenance of tactile
allodynia. Brain 1993; 116: 1477-1496.

. Bennett GJ. Evidence from animal models on the patho-

genesis of painful peripheral neuropathy: relevance for
pharmacotherapy. In: Basbaum AI, Besson J]J-M, eds.
Towards a New Pharmacotherapy of Pain. Chichester: John
Wiley & Sons, 1991; 365-379.

. Bessou P, Perl ER. Response of cutaneous sensory units with

unmyelinated fibers to noxious stimuli. Fournal of Neuro-
physiology 1969; 32: 1025-1043.

. Campbell JN, Khan AA, Meyer RA, Raja SN. Responses to

heat of C-fiber nociceptors in monkey are altered by injury in
the receptive field but not by adjacent Injury. Pain 1988; 32:
327-332.

. Campbell JN, Raja SN, Meyer RA, McKinnon SE. Myeli-

nated afferents signal the hyperalgesia associated with nerve
injury. Pain 1988; 32: 89-94.

. Gastro-Lopes JM, Coimbra A, Grant G, Arvidsson J.

Ultrastructural changes of the central scalloped (C1) primary
afferent endings of synaptic glomeruli in the substantia
gelatinosa Rolandi of the rat after peripheral neurotomy.
Fournal of Neurocytology 1990; 19: 329-337.

. Castro-Lopes JM, Tavares I, Coimbra A. GABA decreases in

the spinal cord dorsal horn after peripheral neurectomy.
Brain Research 1993; 620: 287-294.

. Chen L, Huang L-YM. Protein kinase C reduces Mg?" block

of NMDA-receptor channels as a mechanism of modulation.
Nature 1992; 356: 521-523.

Chung K, Kim HJ, Na HS, Park M]J], Chung JM. Ab-
normalities of sympathetic innervation in the area of an
injured peripheral nerve in a rat model of neuropathic pain.
Neuroscience Letters 1993; 162: 85-88.

Chung JM, Leem JW, Kim SH. Somatic afferent fibers
which continuously discharge after being isolated from their
receptors. Brain Research 1992; 599: 29-33.

Cline MA, Ochoa ], Torebjork HE. Chronic hyperalgesia and
skin warming caused by sensitized C nociceptors. Brain 1989;
112: 621-647.

Coderre TJ. Contribution of protein kinase C to persistent
nociception following tissue injury in rats. Neuroscience
Lerters 1992; 140: 181-184.

Coderre TJ, Melzack R. The contribution of excitatory
amino acids to central sensitization and persistent nociception
after formalin-induced tissue injury. Fournal of Neuroscience
19925 12: 3665-3670.

College of Anaesthetists. Report of the working party on pain
after surgery. Commission on the provision of surgical
services, 1990.

Cook AJ, Woolf CJ, Wall PD, McMahon SB. Dynamic
receptive field plasticity in rat spinal cord dorsal horn
following C primary afferent input. Nature 1987; 325:
151-153.

Curtis R, Scherer SS, Somogys R, Adryank M, Ip NY, Zhu
Y, Lindsay RM, DiStefano PS. Retrograde axonal transport
of LIF is increased by peripheral nerve injury: correlation
with increased LIF expression in distal nerve. Neuron 1994;
12: 191-204,

Davis KD, Meyer RA, Campbell JN. Chemosensitivity and
sensitization of nociceptive afferents that innervate the hairy
skin of monkey. Fournal of Neurophysiology 1993; 69:
1071-1081.

Devor M. Neuropathic pain and injured nerve: peripheral
mechanisms. British Medical Bulletin 1991; 47: 619—-630.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

173

Devor M, Govrin-Lippman R, Angelides K. Na* channel
immunolocalization in peripheral mammalian axons and
changes following nerve injury and neuroma formation.
FJournal of Neuroscience 1993; 13: 1976-1992.

Devor M, Janig W, Michaelis M. Modulation of activity in
dorsal root ganglion neurons by sympathetic activation in
nerve-injured rats. Journal of Neurophysiology 1994; 71:
38-47.

DiStefano PS, Friedman B, Radziejewesk C, Alexander C,
Boland P, Schieck CM, Lindsay RM, Wiegand SJ. The
neurotrophins BDNF, NT-3 and NGF display distinct
patterns of retrograde axonal transport in peripheral and
central neurons. Neuron 1992; 8: 983-993.

Donnerer J, Schuligoi R, Stein C. Increased content and
transport of substance P and calcitonin gene-related peptide
in sensory nerves innervating inflamed tissue: evidence for a
regulatory function of nerve growth factor in wvivo. Neuro-
science 19925 49: 693-698.

Dougherty PM, Garrison CJ, Carlton SM. Differential
influence of local anesthetic upon two models of experi-
mentally induced peripheral mononeuropathy in the rat.
Brain Research 1992; 570: 109-115.

Dougherty PM, Willis WD. Enhanced responses of spino-
thalamic tract neurons to excitatory amino acids accompany
capsaicin-induced sensitization in the monkey. Fournal of
Neuroscience 1992; 12: 833-894.

Dubner R, Ruda MA. Activity-dependent neuronal plasticity
following tissue injury and inflammation. Trends in Neuro-
sciences 1992; 15: 96-103.

Eide PK, Jorum E, Stubhaug A, Bremmes J, Breivik H.
Relief of post-herpetic neuralgia with the N-methyl-D-
aspartic acid receptor antagonist ketamine: a double-blind,
cross-over comparison with morphine and placebo. Pain
1994; 58: 347-354.

Ejlersen E, Bryde Andersen H, Eliasen K, Mogensen T. A
comparison between preincisional and postincisional lido-
caine infiltration and postoperative pain. Anesthesia and
Analgesia 1992; 74: 495-498.

Ferreira SH. The role of interleukins and nitric oxide in the
mediation of inflammatory pain and its control by peripheral
analgesics. Drugs 1993; 46: 1-9.

Follenfant RL, Nakamura-Craig M, Henderson B, Higgs
GA. Inhibition by neuropeptides of interleukin-1 B-induced,
prostaglandin-independent hyperalgesia. British Fournal of
Pharmacology 1989; 98: 41-43.

Gold BG, Mobley WC, Matheson SF. Regulation of axonal
caliber, neurofilament content and nuclear localization in
mature sensory neurons by nerve growth factor. Fournal of
Neuroscience 1991; 11: 943-955.

Gracely RH, Lynch SA, Bennett GJ. Painful neuropathy:
altered central processing maintained dynamically by peri-
pheral input. Pain 1992; 51: 175-194.

Grubb BD, Stiller RU, Schaible H-G. Dynamic changes in
the receptive field properties of spinal cord neurons with
ankle input in rats with chronic unilateral inflammation in the
ankle region. Experimental Brain Research 1993; 92: 441-452.
Haley JE, Sullivan AF, Dickenson AH. Evidence for spinal
N-methyl-D-aspartate receptor involvement in prolonged
chemical nociception in the rat. Brain Research 1990; 518:
218-226.

Handwerker HO, Reeh PW. Pain and inflammation. In Bond
MR, Charlton JE, Wolf CE, eds. Proceedings of the VIth
World Congress on Pain. Amsterdam: Elsevier, 1991; 59-70.
Hoheisel U, Mense S. Long-term changes in discharge
behaviour of cat dorsal horn neurones following noxious
stimulation of deep tissues. Pain 1989; 36: 239-247.

Hokfelt T, Zhang X, Wiesenfeld-Hallin Z. Messenger
plasticity in primary sensory neurons following axotomy and
its functional implications. Trends in Neurosciences 1994; 17:
22-30.

Hylden JLK, Nahin RL, Traub R], Dubner R. Expansion of
receptive fields of spinal lamina I projection neurons in rats
with unilateral adjuvant-induced inflammation: the con-
tribution of dorsal horn mechanisms. Pain 1989; 37: 239-243.
Jahangiri M, Bradley JWP, Jayatunga AP, Dark CH.
Prevention of phantom pain after major lower limb am-
putation by epidural infusion of diamorphine, clonidine and
bupivacaine. Annals of the Royal College of Surgeons, England
1994; 76: 324-326.



174

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

Kajander KC, Bennett GJ. Onset of a painful peripheral
neuropathy in rat: a partial and differential deafferentation
and spontaneous discharge in A and A primary afferent
neurons. Journal of Neurophysiology 1992; 68: 734—744.

Katz J, Kavanagh BP, Sandler AN, Nierenberg H, Boylan
JF, Friedlander M, Shaw BF. Preemptive analgesia. Clinical
evidence of neuroplasticity contributing to postoperative
pain. Anesthesiology 1992; 77: 439-446.

Kessler JA, Freidin MM, Kalberg C, Chadross KJ. Cytokines
regulate substance P expression in sympathetic neurons.
Regulatory Peptides 1993; 46: 70-75.

Kim SH, Chung JM. An experimental model for peripheral
neuropathy produced by segmental spinal nerve ligation in
the rat. Pain 1992; 50: 355-363.

Kiss IE, Kilian M. Does opiate premedication influence
postoperative analgesia ? A prospective study. Pain 1992; 48:
157-158.

Koerber HR, Mirnics K, Brown PB, Mendell LM. Central
sprouting and functional plasticity of regenerated primary
afferents. Journal of Neuroscience 1994; 14: 3655-3671.
Koltzenburg M, Lundberg LER, Torebjork HE. Dynamic
and static components of mechanical hyperalgesia in human
hairy skin. Pain 1992; 51: 207-220.

Koltzenburg M, Torebjork HE, Wahren LK. Nociceptor
modulated central sensitization causes mechanical hyper-
algesia in acute chemogenic and chronic neuropathic pain.
Brain 1994; 117: 579-591.

LaMotte RH, Lundberg LER, Torebjork HE. Pain, hyper-
algesia and activity in nociceptive C units in humans after
intradermal injection of capsaicin. Journal of Physiology
(London) 1992; 448: 749-764.

LaMotte RH, Shain CN, Simone DA, Tsai E-F. Neuro-
genic hyperalgesia: psychophysical studies of underlying
mechanisms. Fournal of Neurophysiology 1991; 66: 190-211.
Leon A, Buriani A, Dal Toso R, Fabris M, Romanello S,
Aloe L, Levi-Montalcini R. Mast cells synthetize, store, and
release nerve growth factor. Proceedings of the National
Academy of Sciences USA 1994; 91: 3739-3743.

Leslie TA, Emson PC, Dowd PM, Woolf CJ. Nerve growth
factor contributes to the upregulation of GAP-43 and
preprotachykinin A on RNA in primary sensory neurons
following peripheral inflammation. Neuroscience 1995 (in
press).

Lewin GR, Ritter AM, Mendell LM. Nerve growth factor-
induced hyperalgesia in the neonatal and adult rat. Journal of
Neuroscience 1993; 13: 2136-2148.

Lewis T. Pain, New York: Macmillan, 1942.

Lindsay RM, Harmar AJ. Nerve growth factor regulates
expression of neuropeptide genes in adult sensory neurons.
Nature 1989; 337: 362-364.

Lorenzo JA, Jaskzebski SL, Kalinowski JH, Downie E, Korn
JH. Tumour necrosis factor alpha stimulates production of
leukemia inhibitory factor in human dermal fibroblast
cultures. Clinical Immunology and Immunopathology 1994; 70:
260-265.

Ma Q-P, Woolf CJ. Touch-evoked hypersensitivity of the
flexion withdrawal reflex induced by noxious stimuli is
mediated by N-methyl-D-aspartate receptors—implications
for the treatment of mechanical allodynia. Pain 1995; (in
press).

Ma Q-P, Woolf CJ. Involvement of neurokinin receptor
subtypes in the induction but not the maintenance of
mechanical allodynia in the rat. Journal of Physiology (London)
1995; (in press).

McLachlan EM, Janig W, Devor M, Michaelis M. Peripheral
nerve injury triggers noradrenergic sprouting within dorsal
root ganglia. Nature 1993; 363: 543-545.

Mao ], Price DD, Hayes RL, Lu J, Mayer D], Frenk H.
Intrathecal treatment with dextrorphan or ketamine potently
reduces pain-related behaviors in rat model of peripheral
mononeuropathy. Brain Research 1993; 605: 164—168.
Malmberg AB, Yaksh TL. Hyperalgesia mediated by spinal
glutamate or substance P receptor blocked by spinal cyclo-
oxygenase inhibition. Science 1992; 257: 1276-1279.
Matsuoka I, Meyer M, Thoenen H. Cell type specify
regulation of nerve growth factor (NGF) synthesis in
nonneuronal cells—comparison of Schwann cells with other
cell types. Fournal of Neuroscience 1991; 11: 3165-3177.

62.

63.

64.

65.

66.

67.

68

69.

70.

71.

72.

73.

74.

75.

76.

717.

78.

79.

80.

81.

82.

British Journal of Anaesthesia

Mayer ML, Miller RJ, Excitatory amino acid receptors,
second messengers and regulation of intracellular Ca?' in
mammalian neurons. Trends in Pharmacological Sciences
1990; 11: 254-260.
Molander C, Hongpaisan J, Grant G. Changing pattern of C-
fos expression in spinal cord neurons after electrical Stimu-
lation of the chronically injured sciatic nerve in the rat.
Neuroscience 19925 50: 223-236.
Nagy I, Maggi CA, Dray A, Woolf CJ, Urban L. The role of
neurokinin and N-methyl-D-aspartate receptors in synaptic
transmission from capsaicin sensitive primary afferents in the
rat spinal cord in vitro. Neuroscience 1993; 52: 1029—-1037.
Nagy I, Miller BA, Woolf CJ. NK1 and NK2 receptors
contribute to C-fibre evoked slow potentials in the rat spinal
cord. Neuroreport 1994; 5: 2105-2108.
Negre I, Gueneron JP, Jamali S]J, Monin S, Ecoffey C.
Preoperative analgesia with epidural morphine. Anesthesia
and Analgesia 1994; 79: 298-302.
Neugebauer V, Schaible H-G. Evidence for a central
component in the sensitization of spinal neurons with joint
input during development of acute arthritis in cat’s knee.
FJournal of Neurophysiology 1990; 64: 299-311.
Noguchi K, Morita Y, Kiyama H, Ono K, Tokyama M. A
noxious stimulus induces the preprotachykinin-A gene ex-
pression in the rat dorsal root ganglion: a quantitative study
using in situ hybridization histochemistry. Molecular Brain
Research 1988; 4: 31-35.
Ochoa J, Torebjork HE. Sensations evoked by intraneural
microstimulation of single mechanoreceptor units innervating
the human hand. Journal of Physiology (London) 1983; 342:
633-654.
Ochs G, Schenk M, Struppler A. Painful dysaesthesias
following peripheral nerve injury: a clinical and electro-
physiological study. Brain Research 1989; 496: 228-240.
Otten U. Nerve growth factor: A signalling protein between
the nervous and the immune system. In: Basbaum Al, Besson
J-M, eds. Towards a New Pharmacotherapy of Pain.
Chichester: John Wiley & Sons, 1991; 353-363.
Owens CM, Zhang D, Willis WD. Changes in the response
states of primates pinothalamic tract cells caused by mech-
anical damage of the skin or activation of descending controls.
FJournal of Neurophysiology 1992; 67: 1509-1527.
Patterson PH. Leukemia inhibitory factor, a cytokine at the
interface between neurobiology and immunology. Proceedings
of the National Academy of Sciences USA 1994; 91:
7833-7835.
Perrot S, Attal N, Ardid D, Guilbaud G. Are mechanical and
cold allodynia in mononeuropathic and arthritic rats relieved
by systemic treatment with calcitonin or guanethidine. Pain
1993; 52: 41-47.
Puke MJC, Wiesenfeld-Hallin Z. The differential effects of
morphine and the ,-adrenoceptor agonists clonidine and
dexmedetomidine on the prevention and treatment of
experimental neuropathic pain. Anesthesia and Analgesia
1993; 77: 104-109.
Raja SN, Campbell JN, Meyer RA. Evidence for different
mechanisms of primary and secondary hyperalgesia following
heat injury to the glabrous skin. Brain 1984; 107: 1179-1188.
Ren K, Hylden JLK, Williams GM, Ruda MA, Dubner R.
The effects of a non-competitive NMDA receptor antagonist,
MK-801, on behavioural hyperalgesia and dorsal horn
neuronal activity in rats with unilateral inflammation. Pain
1992; 50: 331-344.
Rich KM, Luszczynski JR, Osbourne PA, Johnson EM, Jr.
Nerve growth factor protects adult sensory neurons from cell
death and atrophy caused by nerve injury. Fowrnal of
Neurocytology 1987; 16: 261-268.
Richardson ], Sabanathan S, Mearns AJ, Evans CS,
Bembridge ], Fairbrass M. Efficacy of pre-emptive analgesia
and continuous extrapleural intercostal nerve block on post-
thoracotomy pain and pulmonary mechanics. Fournal of
Cardiovascular Surgery 1994; 35: 219-228.
Richardson J, Sabanathan S, Mearns AJ, Sides C, Goulden
CP. Post-thoracotomy neuralgia. The Pain Clinic 1994; 7:
87-97.
Richmond CE, Bromley LM, Woolf CJ. Preoperative
morphine pre-empts postoperative pain. Lancet 1993; 342:
73-75.
Sato J, Perl ER. Adrenergic excitation of cutaneous pain



Somatic pain—pathogenesis and prevention

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100

101

102

receptors induced by peripheral nerve injury. Science 1991;

251: 1608-1610.

Schaible H-G, Grubb BD, Neugebauer V, Dubner R. The

effects of NMDA antagonists on neuronal activity in cat

spinal cord evoked by acute inflammation in the knee joint.

European Fournal of Neuroscience 1991; 3: 981-991.

Schaible H-G, Schmidt RF. Effects of an experimental

arthritis on the sensory properties of fine articular afferent

units. Fournal of Neurophysiology 1985; 54: 1109-1122.

Seltzer Z, Beilin BZ, Ginzburg R, Paran Y, Shimko T. The

role of injury discharge in the induction of neuropathic pain

behaviour in rats. Pain 1991; 46: 327-336.

Shadiack AM Hart RP, Carlson CD, Jonakait GM.

Interleukin-1 induces substance P in sympathetic ganglia

through the induction of leukemia inhibitory factor (LIF).

Journal of Neuroscience 1993; 13: 2601-2609.

Shir Y, Raja SN, Frank M. The effect of epidural versus

general anesthesia on postoperative pain and analgesic

requirements in patients undergoing radial prostatectomy.

Anesthesiology 1994; 80: 49-56.

Shortland P, Woolf CJ. Chronic peripheral nerve section

results in a rearrangement of the central axonal arborizations

of axotomized A beta primary afferent neurons in the rat

spinal cord. Fournal of Comparative Neurology 1993; 330:

65-82.

Simone DA, Sorkin LS, Oh U, Chung JM, Owens CM,

LaMotte RH, Willlis WD. Neurogenic hyperalgesia: central

neural correlates in responses of spinaothalamic tract

neurons. Journal of Neurophysiology 1991; 66: 228—246.

Sivilotti LG, Thompson SWN, Woolf CJ. The rate of rise

of the cumulative depolarization evoked by repetitive

stimulation of small-calibre afferents is a predictor of action
potential windup in rat spinal neurones in vitro. Journal of

Neurophysiology 1993; 69: 1621-1631.

Sivilotti LG, Woolf CJ. The contribution of GABA, and

glycine receptors to central sensitization: disinhibition and

touch-evoked allodynia in the spinal cord. Journal of

Neurophysiology 1994; 72: 169-179.

Skene JHP. Axonal growth associated proteins. Annual

Review of Neuroscience 1989; 12: 127-156.

Smith GD, Harmar AJ, McQueen DS, Seckl JR. Increase in

substance P and CGRP, but no somatostatin content of

innervating dorsal root ganglia in adjuvant monoarthritis in

the rat. Neuroscience Letters 1992; 137: 257-260.

Sugimoto T, Bennett GJ, Kajander KC. Transsynaptic

degeneration in the superficial dorsal horn after sciatic nerve

injury: effects of a chronic constriction injury, transection

and strychnine. Pain 1990; 42: 205-213.

Sun Y, Rao MS, Zigmond RE, Landis SC. Regulation of

vasoactive intestinal polypeptide expression in sympathetic

neurons in culture and after axotomy: The role of cholinergic
differentiation factor/leukemia inhibitory factor. Fournal of

Neurobiology 1994; 25: 415-430.

Thompson SWN; Gerber G, Sivilotti LG, Woolf CJ. Long

duration ventral root potentials in the neonatal rat spinal

cord in vitro; the effects of ionotropic and metabotropic
excitatory amino acid receptor antagonists. Brain Research

1992; 595: 87-97.

Thompson SWN, King AE, Woolf CJ. Activity-dependent

changes in rat ventral horn neurones in vitro: summation of

prolonged afferent evoked postsynaptic depolarizations
produce a D-APV sensitive windup. European Fournal of

Neuroscience 1990; 2: 638-649.

Thompson SWN, Woolf CJ, Sivilotti LG. Small caliber

afferents produce a heterosynaptic facilitation of the synaptic

responses evoked by primary afferent A fibres in the neonatal

rat spinal cord in vitro. Journal of Neurophysiology 1993; 69:

2116-2128.

Torebjork HE, Lundberg LER, LaMotte RH. Central

changes in processing of mechanoreceptor input in capsaicin-

induced sensory hyperalgesia in humans. Journal of Physi-

ology (London) 1992; 448: 765-780.

. Torebjork HE, Vallbo B, Ochoa ]. Intraneural micro-
stimulation in man. Its relation to specificity of tactile
sensations. Brain 1987; 110: 1509-1529.

. Treede R-D, Meyer RA, Raja SN, Campbell JN. Peripheral
and central mechanisms of cutaneous hyperalgesia. Progress
in Neurobiology 1992; 38: 397-421.

. Tverskoy M, Oz Y, Isakson A, Finger J, Bradley EL, Kissin

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

175

I. Preemptive effect of fentanyl and ketamine on post-
operative pain and wound hyperalgesia. Anesthesia and
Analgesia 1994; 78: 205-209.

Vallbo B, Olsson K, Westberg K-G, Clark FJ. Micro-
stimulation of single tactile afferents from the human hand:
sensory attributes related to unit type and properties of
receptive fields. Brain 1984; 107: 727-749.

Vane JR, Mitchell JA, Appleton I, Tomlinson A, Bishop-
Bailey D, Croxtall J, Willoughby DA. Inducible isoforms of
cyclooxygenase and nitric-oxide synthase in inflammation.
Proceedings of the National Academy of Sciences USA 1994;
91: 2046-2050.

Wall PD, Woolf C]J. Muscle but not cutaneous C-afferent
input produces prolonged increases in the excitability of the
flexion reflex in the rat. Journal of Physiology (London) 1984;
356: 443-458.

Weskamp G, Otten U. An enzyme-linked immunoassay for
nerve growth factor (NGF): a tool for studying regulatory
mechanisms involved in NGF production in brain and in
peripheral tissues. Journal of Neurochemistry 1987; 48:
1779-1786.

Willer JC. Comparative study of perceived pain and
nociceptive flexion reflex in man. Pain 1979; 3: 69-80.
Willis WD, Coggeshall RE. Sensory Mechanisms of the
Spinal Cord. New York: Plenum Press, 1991.

Woolf CJ. Evidence for a central component of post-injury
pain hypersensitivity. Nature 1983; 306: 686—688.

Woolf CJ. Recent advances in the pathophysiology of acute
pain. British Journal of Anaesthesiology 1989; 63: 139-146.
Woolf CJ. Generation of acute pain: central mechanisms.
British Medical Bulletin 1991; 47: 523-533.

Woolf CJ. A new strategy for the treatment of inflammatory
pain: prevention or elimination of central sensitization.
Drugs 1994; 47: 1-9.

Woolf CJ, Chong M-S. Preemptive analgesia—treating
postoperative pain by preventing the establishment of central
sensitization. Anesthesia and Analgesia. 1993; 77: 1-18.
Woolf CJ, Doubell TP. The pathophysiology of chronic
pain—increased sensitivity to low threshold A -fibre inputs.
Current Opinion in Neurobiology 1994; 4: 525-534.

Woolf CJ, King AE. Subthreshold components of the
cutaneous mechanoreceptive fields of dorsal horn neurons in
the rat lumbar spinal cord. Fournal of Neurophysiology 1989;
62: 907-916.

Woolf CJ, King AE. Dynamic alterations in the cutaneous
mechanoreceptive fields of dorsal horn neurons in the rat
spinal cord. Journal of Neuroscience 1990; 10: 2717-2726.
Woolf CJ, Reynolds ML, Molander C, O’Brien C, Lindsay
RM, Benowitz LI. GAP-43 a growth associated protein,
appears in dorsal root ganglion cells and in the dorsal horn
of the rat spinal cord following peripheral nerve injury.
Neuroscience 1990; 34: 465-478.

Woolf CJ, Safieh-Garabedian B, Ma Q-P, Crilly P, Winter
J. Nerve growth factor contributes to the generation of
inflammatory sensory hypersensitivity. Neuroscience 1994;
62: 327-331.

Woolf CJ, Shortland P, Coggeshall RE. Peripheral nerve
injury triggers central sprouting of muyelinated afferents.
Nature 1992; 355: 75-77.

Woolf CJ, Shortland P, Reynolds ML, Ridings J. Central
regenerative sprouting: the reorganization of the central
terminals of myelinated primary afferents in the rat dorsal
horn following peripheral nerve section of crush. Journal of
Comparative Neurology 1995; (in press).

Woolf CJ, Shortland P, Sivilotti LG. Sensitization of high
mechanothreshold superficial dorsal horn and flexor motor
neurons following chemosensitive primary afferent acti-
vation. Pain 1994; 58: 141-155.

Woolf CJ, Thompson SWN. The induction and main-
tenance of central sensitization is dependent on N-methyl-
D-aspartic acid receptor activation; implications for the
treatment of post-injury pain hypersensitivity states. Pain
1991; 44: 293-299.

Woolf CJ, Wall PD. Chronic peripheral nerve section
diminishes the primary afferent A-fibre mediated inhibition
of rat dorsal horn neurones. Brain Research 1982; 242:
77-85.

Woolf CJ, Wall PD. The relative effectiveness of C primary
afferent fibres of different origins in evoking a prolonged



176 British Journal of Anaesthesia

facilitation of the flexor reflex in the rat. Fournal of
Neuroscience 19865 6: 1433—-1443.

125. Woolf CJ, Wall PD. Morphine-sensitive and morphine-
insensitive actions of C-fibre input on the rat spinal cord.
Neuroscience Letters 1986; 64: 221-225.

126. Xu X-J, Puke MJC, Verge VMK, Wiesenfeld-Hallin Z,
Hughes J, Hokfelt T. Up-regulation of cholecystokinin in
primary sensory neurons is associated with morphine
insensitivity in experimental neuropathic pain in the rat.
Neuroscience Letters 1993; 152: 129-132.



