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The modern era of understanding and manag-
ing chronic pain began with the publication of

Melzack and Wall’s landmark 1965 articulation of
the gate control theory of pain [1]. Since that time,
remarkable strides have been made in our

knowledge of the mechanisms of both acute and
chronic pain. This has led to the introduction of
a host of neuroaugmentative therapies as well as
to the demise of many destructive procedures.

Newer concepts of chronic pain have allowed
practitioners to target pain more precisely.

Nociceptive pain reflects ongoing tissue dam-

age, inflammation, and noxious stimulation in
intact tissues. Neuropathic pain is pathologic in
that it often emanates from an anatomic region

not subject to noxious stimulation. Instead, this
type of pain reflects damage to and improper
functioning of neural tissue. Deafferentation pain

and central pain are two subtypes that fall under
this rubric.

Although much has been accomplished in the
past several decades, treatment of chronic pain

remains imperfect. This article presents the
anatomy and physiology of the pain system along
with the neurobiologic changes that occur in the

establishment and maintenance of chronic pain
states.

Anatomy of nociception

Nociception involves the perception of certain
afferent signals from sensory receptors as noxious.

This begins with impulses generated by peripheral
receptors. An inward transmembrane ion current
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(usually sodium) is produced by a receptor in
response to a sensory stimulus. The cell bodies of

these receptors reside in the spinal dorsal root
ganglia (DRG). Mechanical stimuli result in the
physical deformation of receptor transmembrane

channels, thus opening them. Chemical stimuli
bind directly to receptor sites. Although only
a few of these have been identified (eg, that for
capsaicin), it is surmised that numerous varieties

exist. Although the exact mechanism for the
transduction of thermal stimuli is not known,
extreme thermal stimuli result in tissue damage,

thus initiating current flow.
Most tissues are innervated by several different

types of sensory nerve fibers. Ab fibers are

typically myelinated, larger (6–12 lm in diam-
eter), and conduct at higher speed (30–70 m/s).
They serve to transmit impulses from encapsul-

ated sensory endings for touch, pressure, and
vibration. Ad fibers are also myelinated but
smaller (1–6 lm in diameter). They conduct at
slower speeds (5–30 m/s) and are believed to be

responsible for the pricking pain that some refer
to as ‘‘first pain.’’ C-fibers are the smallest fibers
(<1.5 lm in diameter) and conduct at the slowest

speed (0.5–2 m/s). These unmyelinated fibers do
not have encapsulated sensory endings. Along
with the Ad fibers, the C fibers terminate as free

nerve endings in tissue. C fibers are believed to be
responsible for ‘‘second pain,’’ the slow-onset and
poorly localized pain with a burning quality that
begins in a slightly delayed fashion after injury [2].

When membrane depolarization caused by the
summation of these excitatory currents exceeds
the threshold for action potential generation, an

action potential is transmitted toward the DRG
and the dorsal horn of the spinal cord. The task
of integrating and encoding sensory stimuli for
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central transmission is accomplished at a region of
the sensory axon near the receptor, which is
densely populated with sodium channels. Encod-

ing is highly specific to each sensory ending and
may be altered by compounds like anticonvul-
sants and local anesthetics that alter sodium
channel function as well as sodium channel

density. This is in contrast to sensory trans-
duction, which is not sensitive to these com-
pounds. Lowering this threshold leads to

sensitization of the receptor. Increasing it results
in desensitization.

Encoded sensory impulses are transmitted

centrally toward the cell body, which lies in the
DRG. No synapses are made in the DRG, and the
signals are then transmitted to the dorsal horn of
the spinal cord. More than half of the DRG

cells use the excitatory amino acid glutamate as
a neurotransmitter. A substantial portion of these
cells colocalize substance P, a neuropeptide with

a significant facilitatory role in pain transmission
as well [3–6]. Postsynaptic glutamate receptors are
often colocalized with presynaptic neurons con-

taining substance P [7]. Studies of the dorsal root
itself reveal that the smaller myelinated and
unmyelinated fibers cluster in the lateral aspect

of the root as it approaches the dorsal horn. The
larger myelinated fibers (usually those for pro-
prioception and light touch) cluster in the medial
aspect of the root and closer to the dorsal

columns. The axons in the lateral root enter
Lissauer’s tract.

Rexed [8,9] first described the laminar organi-

zation of the spinal gray matter in the 1950s.
Afferent fibers enter the dorsal horn via the
dorsolateral fasciculus of Lissauer. Afferent spi-

nothalamic axons may travel vertically several
spinal segments in this superficial layer before
eventually synapsing with neurons in lamina I, the
posteromarginal nucleus. Cells here are nocicep-

tive specific neurons and respond exclusively to
noxious stimuli [10–12]. They contain multiple
neuropeptides, such as substance P, calcitonin

gene-related peptide (CGRP), enkephalin, and
serotonin. Substance P and CGRP, in particular,
play an important role in dorsal horn nociception

[13–16]. Lamina I cells send axons contralaterally
to form the lateral spinothalamic tract (STT). In
addition to nociceptive-specific cells, lamina I

contains a class of cells that respond to a large
variety of both noxious and nonnoxious stimuli.
These are known as wide dynamic range (WDR)
cells, and they alter their discharge frequency

substantially to reflect the input stimulus. Nox-
ious stimuli evoke higher frequency discharges. As
described below, these cells play an important role
in the development of chronic pain.

Lamina II, the substantia gelatinosa, acts to
modulate input from sensory receptors. Nocicep-
tive and thermoreceptive input is concentrated in
the superficial layer of this lamina (IIo), whereas

mechanoreceptor input is targeted to the deeper
aspect (IIi) [11,12]. Projections from substantia
gelatinosa neurons terminate in lamina I and in

lamina II at other spinal levels. Opiate receptors
are plentiful in laminae I and II. Importantly,
each sublayer of lamina II seems to contain

distinct subpopulations of C fibers. Those termi-
nating in lamina IIo are similar to those that
terminate in lamina I. They express substance P
and CGRP and contain the trkA receptor for

nerve growth factor (NGF). In contrast, the C
fibers terminating in lamina IIi do not express
CGRP substance P. They express the binding site

for lectin IB4, an indicator of sensitivity to glial-
derived neurotrophic factor (GDNF). This lamina
also contains numerous local circuit neurons

whose dendritic arbors may extend into both
deeper and more superficial laminae.

The Ab fibers terminate primarily in lamina

III, as do some of the Ad mechanoreceptive fibers.
Lamina IV also serves as a target zone for Ab
fibers. Some of the cells in this layer project back
to layer I, aiding in integration of sensory in-

formation. Lamina V contains a large number of
STT projection cells that receive input from Ad
and C fibers. A substantial proportion of the cells

here are WDR neurons. These have large re-
ceptive fields whose center is responsive to both
noxious and nonnoxious stimuli and a surround-

ing area responsive primarily to noxious stimuli
only. Stimulation of the region surrounding this
field causes inhibition of the WDR neuron [12].

Lamina X encompasses the gray matter

surrounding the central canal of the spinal cord.
The exact function of the cells here is not clear,
but they are thought to play a role in visceral

sensation as well as in the holospinal integration
of nociceptive information. Some Ad fibers di-
rectly terminate here, possibly carrying both

visceral and cutaneous input.
The trigeminal system has an analogous

anatomic arrangement. Cell bodies for facial

nociceptors are located in the gasserian ganglion.
The peripheral processes project via the three
divisions of the trigeminal nerve, and the central
processes enter the brain stem via the trigeminal

sensory root. Trigeminal sensory input is then
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segregated depending on the type of information.
Unlike other sensory cells, those subserving pro-
prioception have their cell bodies in the trigeminal
mesencephalic nucleus. The main sensory nucleus

is located in the pons and receives large myelin-
ated Ab afferents. Caudal to this nucleus is the
spinal nucleus, which extends caudally through

pons and medulla and is essentially the extension
of lamina I into the brain stem. This structure is
further subdivided into several subnuclei. The

subnucleus oralis is located most rostrally, fol-
lowed by the subnucleus interpolaris, and the
large subnucleus caudalis. The subnuclei oralis

and interpolaris share common tactile and pres-
sure input with the main sensory nucleus.
Nociceptive input is directed toward the subnu-
cleus caudalis and the junction between interpo-

laris and caudalis.
The subnucleus caudalis has several levels of

somatotopic organization. The classic model de-

scribed by Déjérine [17] is the onion peel analogy.
Fibers from the central portions of the face
terminate in the more rostral portions of the

subnucleus caudalis, whereas those in progres-
sively more peripheral rings terminate at more
caudal levels. Nociceptive fibers from other

cranial nerves (VII, IX, and X) synapse in the
more medial aspects of the subnucleus. Kunc [18]
was able to demonstrate that a cut along the
medial aspect of the spinal trigeminal nucleus

could achieve analgesia in the distribution of these
nerves, sparing most of the trigeminal system.
His incision also interrupted nociceptive fibers

from the mandibular branch of the trigeminal
nerve, however. This helped to demonstrate
another layer or organization. Trigeminal fibers

enter the subnucleus caudalis from its dorsal and
lateral aspects. Mandibular division fibers are
positioned dorsally, with maxillary and ophthal-
mic division axons clustered dorsolaterally and

laterally, respectively. Cells in the subnucleus
caudalis then form the trigeminothalamic tract
(TTT).

The STT and the TTT project primarily to the
contralateral sensory thalamus. This is the ven-
trocaudal nucleus (Vc) of Hassler’s nomenclature

or the ventroposterior nucleus (VP) of the Anglo-
American system. Once again, a definite somato-
topic organization is present. Fibers from the legs

and lower body project to the more lateral
thalamus (VPL), whereas the trigeminal system
sends axons to synapse in the more medial regions
of the nucleus (VPM). Distal parts of the limbs

are represented more ventrally within the nuclei,
whereas inputs from the trunk and other central
regions terminate more dorsally [19]. The thala-
mus then sends wide projections to the cerebral
cortex.

Most of the STT projection cells originate in
laminae I and V of the dorsal horn. Smaller
contributions come from laminae VII and IX.

Their axons then cross ventral to the central canal
on their way to the contralateral ventrolateral
region [20]. The decussation may occur either

at the corresponding spinal level or one or two
segments higher. This helps to account for the
discrepancy between sensory level and injury level

observed in spinal cord injury patients. Somato-
topy is maintained within the spinothalamic tract.
The first fibers to form the tract, those from the
lumbosacral region, lie dorsolaterally. Fibers from

successively more cranial levels then lie progres-
sively more ventral and medial [11].

Some of the axons from lamina I as well

as those from laminae VII and IX project to
sites outside the ventrocaudal thalamus [19,21].
Known as the paleospinothalamic tract, these

axons synapse in the brain stem reticular forma-
tion, hypothalamus, or other thalamic nuclei.
Many of the axons originating outside lamina

I come from WDR cells, which tend to have
a higher conduction velocity than the axons from
lamina I nociceptive cells. These cells not only
respond to a wide range of stimuli but have larger

receptive fields than nociceptive cells. It is believed
that the smaller fields of the nociceptive cells aid
in pain localization and discrimination. The WDR

cells may play the integrative role of the ‘‘T’’ cells
in Melzack and Wall’s original description of the
gate control theory [1]. In their model, the T, or

transmission, cells are the convergence point of
signals from multiple peripheral afferents. These
cells were depicted as being able to handle
numerous types of sensory input. The signal

transmitted depended on the status of the pain
gate. The broader characteristics of the WDR
cells are believed to be involved in the affective

component of pain; hence, their projection to the
reticular formation, periaqueductal gray (PAG),
and medial thalamic nuclei, sites that have been

implicated in modulating this [22].
Other thalamic nuclei are involved in pain

processing. The intralaminar nuclei, such as the

nuclei parafascicularis (Pf), centrum medianum
(CM), centralis medialis, and centralis lateralis, as
well as the nucleus medius dorsalis (MD) all
receive higher order nociceptive inputs either

directly from the STT or (more commonly) by
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way of other thalamic nuclei or the brain stem
nuclei [21,23–26]. These sites have served as
targets for neurosurgeons treating intractable pain

[27]. Antinociception may be evoked by stimula-
tion [27] or infusion of opioids [24,28,29] into
these areas.

There are many other targets for nociceptive

projection axons [21]. These include the midbrain
reticular formation, colliculi, hypothalamus, basal
ganglia, amygdala, and limbic system. Functional

imaging has disclosed activation of an extensive
list of supraspinal structures in response to pain,
including the medullary reticular formation; locus

ceruleus; lateral parabrachial region; anterior
pretectal nucleus; medial, lateral, and posterior
thalamic regions; basal ganglia; and parietal,
cingulate, frontal, insular. and orbital cortices

[30].
The thalamus projects to the somatosensory

cortex. The primary somatosensory cortex (SI,

Brodmann’s areas 3a/b, 2, and 1) corresponds to
the postcentral gyrus and the neighboring sulci
[31]. The secondary somatosensory cortex (SII) is

located just posterior to SI on the medial hemi-
sphere. Resection of the SI cortex has been
attempted for control of pain without long-term

success [21]. Most nociceptive afferents terminate
in cortical layers III and IV [32]. The ventrobasal
thalamus projects cutaneous sensation primarily
to areas 3b and 1. It has been demonstrated

that anticipation of painful stimuli can lead to
activation of the sensory cortex [33]. Both SI and
SII cortices receive nociceptive input from the

thalamus. The SI cortex is basically arranged in
Penfield’s classic homuncular pattern, although
variations in fine organization exist. The lower

extremities are represented on the medial aspect of
the gyrus and even into the interhemispheric
fissure. Regions like the hand and face (especially
the lips) have an especially generous cortical

representation. The SII cortex also is arranged
somatotopically and receives some amount of
bilateral input. The homunculus is reversed,

however, with the face areas for SI and SII
aligned [31]. Pain seems to be processed sequen-
tially by the SI and SII cortices [34].

The insula has also been found to play a role in
the higher order processing of pain. Painful
stimulation can activate the insula, as seen on

functional MRI (fMRI) [35]. Moreover, this effect
may be noted bilaterally [36,37]. Interestingly,
these pathways seem to require that a certain level
of consciousness be present for them to be used.

Laureys et al [38] reported that areas like the
insula, SII, and cingulate cortices showed no
activity when patients in a vegetative state were
given a painful stimulus. The strength of insular

activation is related to the magnitude of the
stimulus [39]. Although some have localized in-
sular activation to the posterior insula [40], it is
clear that the anterior insula plays an important

role as well [37,41,42]. In fact, Maihofner et al [43]
demonstrated that the sensation of cold pain may
completely bypass the SI cortex and be primarily

processed in the posterior insula.
The cingulate cortex is also activated by

painful sensations [41,44,45]. This region receives

input from the intralaminar and medial thalamus.
It is most likely responsible for the affective and
motivational aspects of pain. This is partly
indicated by studies [46] showing that second pain

leads to anterior cingulate activation, whereas first
pain only activates the SI cortex. Moreover,
distracting a subject during the application of

a painful stimulus attenuates the anterior cingu-
late activation [47]. Hofbauer et al [48] used
hypnosis in an attempt to dissociate the affective

and nociceptive components of pain while in-
vestigating the cortical representation of each.
Although their effort was only partially successful,

they did demonstrate decreases in anterior cingu-
late activity when the affective component was
modulated. Hsieh et al [37] noted that the right
anterior cingulate seemed to be dominant in that

it was activated by both ipsilateral and contralat-
eral stimulation.

Physiology of pain

A variety of peripheral nociceptors have been
described [10,11,49]. These include mechanical
nociceptors, heat nociceptors, mechanoheat noci-
ceptors, and cold nociceptors. The majority of Ad
fibers are associated with mechanical or heat
nociceptors. Although many sensory receptors are
specific to one type of stimulus, a group of

polymodal receptors exists that respond to a vari-
ety of stimuli, including neurotransmitters, neuro-
peptides, ions, steroids, amines, amino acids, and

growth factors. Many polymodal receptors are C
fibers that serve to maintain tissue homeostasis by
monitoring the overall tissue environment.

For any stimulus to be converted into an
action potential for transmission centrally, it must
exceed a certain threshold. Many sensory recep-
tors produce graded receptor potentials in re-

sponse to stimuli of progressively increasing
strength. Until that receptor potential results in
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depolarization sufficient to cross the threshold
level, however, no action potential is generated. In
addition to the action potential threshold, some
receptors have another threshold for generating

repetitive action potentials.

Peripheral sensitization

Sensitization is the process by which the action
potential threshold is shifted toward less intense
stimuli. Peripheral sensitization may be the result
of a variety of factors. Chemical mediators

released during the inflammatory response, such
as serotonin, histamine, bradykinins, capsaicin,
glutamate, prostaglandins, and other cytokines

(eg, tumor necrosis factors), may play an impor-
tant role in establishing and maintaining a sensi-
tized state. Macrophages, polymorphonuclear

(PMN) leukocytes, fibroblasts, and other neurons
all play a role in modulating receptor activity. A
substantial proportion of nociceptors are only
activated when sensitized during inflammatory

states. These are not active during other states,
even in the presence of strong stimuli.

Alteration in the conduction velocity and

action potential duration of C and Ad fibers
may occur with prolonged tissue inflammation. Of
importance to the genesis of neuropathic pain, Ab
fibers may also be sensitized by inflammatory
mediators. Moreover, repetitive stimulation from
ongoing injury may also result in sensitization.

Peripheral sensitization is manifested clinically as
hyperalgesia, an increased response to a supra-
threshold noxious stimulus.

Compounds released during inflammation only

alter the stimulus threshold for receptor firing.
Nevertheless, injury to tissue, and thus nocicep-
tors or free nerve endings, may evoke aberrant

electric activity in nerve fibers that is perceived as
pain. This is ‘‘atypical’’ pain, which may be re-
ferred to as neuropathic or nerve damage pain. It

does not respond well to narcotic medications and
is often described by patients as ‘‘burning’’ or
‘‘searing.’’ Injured nerves not only develop ab-

normal hyperexcitability at their terminals but at
previously inactive sites along the axon.

Nerve injury results in the sprouting of new
terminals as part of the process of peripheral

nerve regeneration. These new extensions may be
hyperexcitable and exhibit ectopic electric dis-
charges, however. Neuromas are one clinical

manifestation of this process. When a neuroma
has arisen at the site of a previous peripheral nerve
injury, it is frequently possible to evoke paresthe-
sias (Tinel’s sign) by tapping the skin over the
neuroma. When only paresthesias result, it is
likely that only large Ab fibers are involved.
Stinging, shooting, burning, and aching sensa-

tions may signal the involvement of Ad and C
fibers as well, however.

England et al [50] reported that neuromas may

have as many as 50% more sodium channels than
normal peripheral nerve. Importantly, sodium
channels were clustered at nodes of Ranvier in

normal nerve, whereas injured nerves were shown
to have frequently lost their myelin sheath and to
have multiple dense patches of sodium channel

accumulation along the axon. Accumulation was
especially noted at the regenerating neurite tips.
Matzner and Devor [51] selectively blocked
sodium, potassium, and calcium channels in

a neuroma model. Only blockade of voltage-gated
sodium channels with lidocaine and tetrodotoxin
(TTX) reduced neuroma firing. Moreover, im-

pulse initiation was reduced significantly more
than impulse propagation. The beneficial effects
on neuropathic pain of sodium channel–blocking

anticonvulsants, such as phenytoin and carbama-
zepine, provide further evidence of the importance
of these channels in the pathophysiology of

chronic pain.
Even with an excess of voltage-gated sodium

channels, an adequate stimulus must be present to
depolarize the cell membrane enough to open

the gate and initiate an inward ion flux. The
significantly reduced thresholds of injured and
regenerating fibers to mechanical, thermal, and

chemical irritants are likely a result of the ac-
cumulation of various other types of transmem-
brane channels and receptors at the fiber terminal,

site of injury, or demyelinated region. The trans-
membrane channels present in the receptor
terminal of any normal sensory fiber are synthe-
sized in the cell soma in the DRG and then

transported down the axon to the terminal
receptor. Injury to the nerve (excluding the cell
soma) does not necessarily slow this process. As

a result, these products accumulate at the site of
axotomy or demyelination. Studies show that
neuromas and other damaged sensory fibers

respond to the same stimuli as the undamaged
nerve but at altered thresholds [52,53].

Neurotrophic growth factors have also been

implicated in peripheral pain transmission and
sensitization [54]. NGF, primarily produced by
local fibroblasts, is a powerful neural survival
factor early in development for a large group of

neural subtypes, only a portion of which retain
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this dependence at maturity (eg, sympathetic
neurons). Specifically, sensory neurons deprived
of NGF during development do not survive. This

includes those neurons containing substance P,
a neuromodulatory peptide important in pain
transmission.

Lewin’s group [54–56] was instrumental in

demonstrating the differential effects of NGF on
pain behavior and nociceptor physiology in the
neonatal, juvenile, and adult rat. They found

dissociation between NGF-induced behavioral
hyperalgesia and mechanical hyperalgesia as a
result of peripheral sensitization of Ad fibers.

Systemic administration of NGF resulted in both
behavioral and mechanical hyperalgesia in neo-
natal animals but only in behavioral effects in
juvenile animals. Interestingly, although adult

animals also developed both behavioral and
mechanical phenomena, there was no mechanical
hypersensitivity. This led the investigators to

postulate a central mechanism for the actions of
NGF in adults. Others [16] have reported that
anti-NGF serum can block the increases in

substance P and CGRP in the DRG usually
evoked by tissue inflammation. Studies of various
cells types involved in peripheral injury revealed

that primary afferents and mast cells seem to
mediate the effects of NGF in the periphery [57].

Attention has also been recently focused on the
role of nitric oxide (NO). Originally labeled

endothelial-derived relaxing factor (EDRF), this
diffusible gas has been found to play multiple
physiologic roles through its interaction with the

guanyl cyclase second-messenger pathway. One
report [58] demonstrated that endogenously as
well as exogenously administered NO results

in hyperalgesia, albeit via different pathways. In
these experiments, endogenous NO seemed to
contribute to hyperalgesia induced by prostaglan-
din (PG) E2 via a cyclic adenosine monophos-

phate (cAMP)-dependent mechanism that was
independent of guanyl cyclase. This pathway was
used to the same effect by exogenously adminis-

tered NO. NO synthase (NOS) has been found to
be upregulated in DRG after injury, and blockade
of NOS inhibits neuroma-induced hyperalgesia

[59]. Further evidence for the peripheral effects of
NO comes from successful trials of topical NO
donors as adjuvants for analgesia [60,61]. It is

most likely true that release of NO by fibroblasts
or vascular endothelium after tissue injury also
facilitates local blood flow and healing. Thus, the
hyperalgesic actions of NO may serve a protective

function.
Injury also induces peripheral nociceptive
fibers to increase the number of a-adrenergic
receptors present. Chen et al [62] noted that a2-
adrenergic receptors were responsible for sympa-
thetically mediated excitation in 65% of fibers
that ended in neuromas. Moreover, sympathetic
terminals may release substances (noradrenaline,

PGE2, and PGI2) in the presence of inflammation
that aid in establishing and maintaining periph-
eral sensitization [63]. Devor et al [64] found that

sympathetic innervation of the DRG augmented
abnormal activity in a majority of axotomized
sciatic nerve fibers. Others [57] have produced

evidence that sympathetic effects are not mediated
by NGF.

Central sensitization

Pain-related changes in the peripheral nervous
system can have profound central effects. Ongoing
tissue damage or inflammation as well as nerve

injury results in both short- and long-term
changes in the central nervous system (CNS).
Some of the pathways modulating these physio-
logic alterations have only recently been eluci-

dated and remain the subject of much study.
Clinical observations provided much of the
impetus for looking to the CNS for explanations

of chronic pain states. The existence of both
primary and secondary hyperalgesia has long been
known. Primary hyperalgesia refers to the de-

creased pain threshold in the area of injury.
Although this appeared logical, secondary hyper-
algesia, which occurs outside the original area of
injury and outside the inflammatory flare region,

defied definitive explanation. In addition, chronic
pain states are often characterized by the de-
velopment of allodynia, the misinterpretation of

a nonpainful stimulus as painful. Central mecha-
nisms can account for both of these phenomena.

Using a double thermal injury model, Raja

et al [65] found that the areas of primary and
secondary hyperalgesia had different response
characteristics. Although the area of primary

hyperalgesia displayed sensitivity to both heat
and mechanical stimuli, only secondary hyper-
algesia to mechanical stimuli was present. More-
over, thermal hypalgesia existed in the region

between the two burns. A later report by the same
group [66] found that selective blockade of C and
Ad fibers did not abolish hyperalgesia in patients

with neuropathic pain. Selectively blocking Ab
fibers did serve to relieve the pain, however. This
was evidence that signals from nonnociceptive
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afferents could mediate chronic pain states, most
likely via a central mechanism. Other investigators
have published work that supports this [2,67].

Woolf [68] and others [69] found that nocicep-

tor cutaneous receptive fields expanded in re-
sponse to thermal injury in a decerebrate animal.
Moreover, some of the peripheral receptors be-

came responsive to bilateral stimulation, evidence
that spinal mechanisms were involved. Other
animal models have demonstrated that continued

C-fiber activity can lead to a state of central
excitability [70–72]. Further anatomic studies
[73–75] showed that axotomy leads to substantial

alterations in dorsal horn connectivity. A-fiber
efferents expanded their terminal arborizations
from lamina III up into lamina II, the location of
most C-nociceptor terminals. Measurement of

conduction velocity verified that the sprouting
efferents were Ab fibers rather than Ad fibers.

Devor and Wall [76,77] had already demon-

strated that peripheral nerve sectioning causes
reorganization in the dorsal horn, with dorsal
horn cells responding to new receptive fields after

loss of the natural field. Further in vitro [78,79]
and in vivo [78–80] studies revealed that depo-
larization of DRG afferents leads to the cross-

excitation of neighboring neurons without obvious
electric connection between the cells. Moreover,
cross-depolarization resulted in a lowering of the
firing threshold. A concurrent increase in mem-

brane conductance was noted, presumably as the
result of a diffusible chemical mediator. It was
believed that this observation could help to

explain not only the expansion of cutaneous
receptive fields but allodynia, in part. This
mechanism may also play a role in the ‘‘lightening

pains’’ of trigeminal neuralgia [49].
Stimulation of the Ab fibers in the dorsal

columns is at the heart of the gate control theory
and forms the basis of transcutaneous electrical

nerve stimulation (TENS) and epidural spinal
cord stimulation as therapies for pain. These
modalities produce pain relief that is not re-

versible by the administration of naloxone at
certain settings [12]. According to Melzack and
Wall [1], activation of large myelinated afferents

‘‘closes the pain gate’’ in the substantia gelatinosa
by enhancing the inhibitory actions of local circuit
neurons in the dorsal horn on central transmission

cells. They postulate that pain states are main-
tained by the continuous firing of unmyelinated
and small myelinated efferents. A proportionately
greater increase in the activation of large myelin-

ated afferents serves to close the gate via pre-
synaptic inhibition. This theory has held up for
several decades with only empiric evidence to
support it and a lack of competing theories with
the experimental weight to refute it.

Molecular techniques have allowed further
explanation of initiation and maintenance of
chronic pain. Much of the work focuses on the

central role of glutamate [81]. Glutamate is the
primary excitatory neurotransmitter in the dorsal
horn. Several ionotropic glutamate receptors have

been cloned and named for their selective ligands,
including kainate, a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate (AMPA), and N-methyl-D-

aspartate (NMDA). The kainate and AMPA
subtypes are stereotypic ligand-gated ion chan-
nels. Binding of a ligand (glutamate) to the
extracellular binding site produces a conforma-

tional change in the receptor, allowing ions
(primarily sodium) to flow down their concentra-
tion gradient into the postsynaptic terminal,

thereby depolarizing the postsynaptic cell and
possibly leading to action potential generation if
the depolarization exceeds threshold. Metabo-

tropic glutamate receptors have also been identi-
fied in the dorsal horn [82]. These are coupled to
G-protein systems that, in turn, affect the level of

phosphorylation of cytosolic proteins via protein
kinases.

Although AMPA receptors have been localized
to several laminae in the dorsal horn [83], it is the

NMDA receptor that has garnered the most
attention because of its interesting characteristics.
At the cell membrane’s resting potential, the ion

channel of the NMDA receptor is blocked by
a magnesium ion, preventing ion entry into the
cell, even in the presence of a receptor agonist

[84]. Membrane depolarization can remove the
block, however, and allow ions to enter the cell.
In addition, the NMDA receptor has another
binding site for glycine, which acts as a coagonist.

This is of interest, because glycine is traditionally
thought of as an inhibitory neurotransmitter. Also
of importance is the dual conductance of the

NMDA receptor channel. Whereas sodium cur-
rents predominate through the other ionotropic
glutamate channels, the opening of the NMDA

receptor channel also leads to a significant influx
of calcium into the cell [85]. It is calcium’s
significant second-messenger effects that have

fueled further detailed investigation of NMDA
receptors.

Calcium entry into the cytosol leads to a host
of other effects and seems to be the point of

intersection for the mechanisms of numerous



452 J.M. Rosenow, J.M. Henderson /Neurosurg Clin N Am 14 (2003) 445–462
substances related to nociception [81]. Phospholi-
pase C (PLC) may be activated either by sub-
stance P binding to NK-1 receptors or glutamate

binding to metabotropic glutamate receptors.
Substance P and glutamate may also act syner-
gistically [86–89]. Activated PLC subsequently
catalyzes the hydrolysis of phosphatidylinositol

bisphosphate (PIP2) into diacylglycerol (DAG)
and inositol triphosphate (IP3). DAG then acti-
vates protein kinase C (PKC), leading to phos-

phorylation of other cellular proteins and
wide-ranging effects on gene expression and other
processes, including the enhancement of calcium

currents [90]. In addition, IP3 causes the release of
calcium from intracellular stores, such as the
endoplasmic reticulum. These effects can entrain
a positive feedback loop whereby more calcium

enters the cell and the calcium-dependent pro-
cesses are further activated [91,92]. This may be
important in the development of ‘‘wind-up,’’ the

progressive increase in response that comes with
repetitive C-nociceptor stimulation in neuropa-
thic pain states. Wind-up may be prevented by

NMDA receptor antagonists [93–97]. Moreover,
once central sensitization has been induced by
repetitive stimulation, NMDA receptor blockade

may be able to return the spinal cord to its
original state [95,98]. These agents also may block
the expansion of nociceptor receptive fields in-
duced by inflammation [99]. In addition, calcium

entry may induce NOS. As previously stated, NO
may be associated with hyperalgesia [100]. Exces-
sive calcium entry into cells leads to excitotoxic

cell damage.
Increased cellular calcium levels brought about

by the combined actions of excitatory amino

acids, substance P, and CGRP lead to activation
of transcription factors and an increase in
expression of certain genes. One in particular,
the proto-oncogene c-fos, is significantly upregu-

lated in dorsal horn cells in response to substance
P and glutamate. The NMDA receptor-related
increase in c-fos expression is not limited to the

spinal cord [101,102]. The product of c-fos, Fos,
then acts as a transcription factor to induce the
expression of endogenous opioid peptides, such as

preprodynorphin and preproenkephalin [103].
NMDA antagonists have been shown to decrease
Fos expression [104,105]. Although there is

a resulting increase in dynorphin levels, there is
no subsequent increase in enkephalin levels. The
expression of Fos with either preprodynorphin or
preproenkephalin is highly related [99]. Dynor-

phin has been associated with the production of
expanded receptive fields and facilitation of
responses in a percentage of dorsal horn cells at
low doses [106]. An ongoing nociceptive barrage

would be expected to sustain and propagate this
process, with the corelease of excitatory amino
acids and peptides having rapid effects via AMPA
receptors and delayed sustained effects through

NMDA and metabotropic receptors leading to
chronic pain states.

Although these alterations in gene expression

at the central level would seem to be able to
maintain central sensitization independent of
peripheral input, there remains some debate as

to whether continued peripheral input is required
to perpetuate these central changes. Gracely et al
[107] have argued that continued nociceptive
input is necessary. They point to the disappear-

ance of allodynia after applying a local anesthetic
block to a separate discrete painful focus. Once
the short-term local block wore off, the allodynia

returned. This effect was not observed with in-
travenous anesthetic infusions or local blocks of
other regions in the painful area. Other studies

[70,95] have also shown that although allodynia
may persist after the nociceptive component has
been blocked, the central hypersensitivity does

return to normal over time.
Large amounts of attention have been focused

on testing this theory by using pre-emptive
analgesia, anesthetizing an area before the appli-

cation of a painful stimulus. It is hoped that by
preventing the afferent barrage from reaching the
dorsal horn, the myriad of changes described

previously can be prevented. Excellent reviews of
the numerous studies are available [108,109].
Patients who received preoperative analgesia,

whether by means of local infiltration or epidural
or intravenous administration, generally had a
lower opioid requirement in the postoperative
period. Some of the most interesting results have

come from studies of phantom limb pain. Several
studies of patients undergoing amputation have
found that preoperative analgesic blockade of the

painful limb can significantly reduce the post-
operative development of phantom limb sensation
and pain [110–112]. In addition, some investiga-

tors [113] have reported that those patients with
preamputation pain have a higher likelihood of
developing phantom limb pain.

Antinociception

The nervous system also maintains a complex
system for damping nociceptive inputs. This
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involves local systems in the spinal cord as well as
descending supraspinal inputs. The neurotransmit-
ters involved in this process include the endogenous
opioids, gamma-aminobutyric acid (GABA), and

other neuropeptides, such as neuropeptide FF,
galanin, and neuropeptide Y [12].

The primary inhibitory neurotransmitter in the

CNS is GABA. It exerts a potent inhibitory effect
throughout the CNS via two major receptors,
GABAa and GABAb. The GABAa receptor is

a ligand-gated chloride channel. Activation of the
receptor initiates a flow of negatively charged
chloride ions into the cell down their concentra-

tion gradient. This hyperpolarizes the postsynap-
tic cell and reduces the probability of it firing an
action potential. This receptor plays several
important roles in that it has binding sites not

just for GABA but for benzodiazepines and
barbiturates. It is believed that ethanol exerts
part of its effects on the CNS via this receptor

[114]. The GABAb receptor is a metabotropic
receptor coupled to intracellular G-protein sys-
tems. Activation of this receptor by ligands like

baclofen leads to inhibition of excitatory calcium
and activation of inhibitory potassium currents.
In fact, GABA receptor agonists have been shown

to reduce allodynia in experimental models
[115,116].

An interesting phenomenon is that of primary
afferent depolarization (PAD) [12]. Some primary

afferents maintain high intracellular chloride
concentrations via active transport into the cell.
Ligand binding to GABAa receptors then results

in an outward flow of chloride, thus depolarizing
the cell. Activation of this type has been hy-
pothesized to play a role in presynaptic inhibition

of neurotransmitters like substance P.
The endogenous opioid system and opioid

receptors play an important role in antinocicep-
tion as well. Three main types of opioid receptors

have been identified, each with its own subtypes.
The primary type, l, makes up 70% of spinal
opioid receptors [12]. This receptor has the highest

affinity for morphine and is responsible for
mediating not only the analgesic effects of
morphine (via l1 receptors) but its respiratory

depressant effects (via l2) [117,118]. The j-re-
ceptor is the target of dynorphin and makes up
about 6% of spinal opioid receptors. The d-
receptors bind the enkephalins with high affinity
and represent about 24% of the spinal opioid
receptor population.

Opioid receptors are another family of metab-

otropic G-protein–coupled receptors. Like the
GABA receptors, they may alter the membrane
conductances for inhibitory and excitatory ion
currents. They may also affect the activity of
PKA, leading to changes in the phosphorylation

state of intracellular proteins. A host of other
protein kinases have also been implicated in
mediating opioid effects, including PKC, MAP

kinase, and calmodulin-dependent kinase (CamK)
[12]. Hori et al [119] showed that the inhibitory
effects of l-opioid agonists were likely mediated

by reducing presynaptic calcium entry and neu-
rotransmitter release from the presynaptic termi-
nal. Postsynaptic mechanisms have also been

identified, however [120]. An interesting interac-
tion between NMDA and opioid receptors has
been elucidated. Ligand binding to NMDA
receptors leads to activation of PKC. This enzyme

phosphorylates opioid receptors, thus inactivating
them and leading to the development of opioid
insensitivity or tolerance [121]. This may aid in

explaining why the effects of central sensitization,
such as allodynia, are so poorly responsive to
opioid medications. The ability of NMDA re-

ceptor antagonists to block opioid tolerance has
been demonstrated in multiple studies [122–125].
NMDA receptor antagonists may thus play a dual

role in preventing opioid tolerance as well as
excitotoxic damage and central sensitization.

As previously mentioned, the endogenous
opioid dynorphin plays a key role in the

centralization of pain. Dynorphin is cleaved from
proenkephalin-B and is plentiful in the dorsal
horn, primarily in laminae I and V, the origina-

tion sites for thalamic projection neurons [12].
Pain modulation sites in the brain stem, such as
the PAG and the midbrain reticular formation,

are also plentiful in dynorphin [126,127]. In-
flammation can cause a large increase in dynor-
phin synthesis [128,129] that is not accompanied
by a downregulation in the number of opioid

receptors [130].
Neuropeptide FF is an eight–amino acid

peptide found in laminae I and II of the dorsal

horn [131]. The mechanism of action for this
peptide’s effects is not known, but it has a complex
interaction with the opioid system [132]. Direct

infusion may antagonize opioid analgesia in-
directly, because neuropeptide FF has no signif-
icant affinity for opioid receptors [133–135].

Intrathecal administration can actually lead to
antinociceptive effects, however [132,133].

Neuropeptide Y acts primarily in the superfi-
cial dorsal horn via a G-protein–coupled system.

It also has both pro- and antinociceptive effects
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[136,137] and may be colocalized with GABA in
dorsal horn neurons [138]. Neurotensin is another
small (13–amino acid) peptide found in neurons in

laminae I and II of the dorsal horn. It is believed
to exert antinociceptive effects by activating
inhibitory interneurons [12].

In addition to NGF, brain-derived neuro-

trophic factor (BDNF) has been studied for its
role in central sensitization. BDNF has been
extensively investigated as a factor for inducing

neural stem cells to proceed toward a neuronal
rather than glial fate [139–142]. BDNF expression
in the dorsal horn is increased after nerve injury

[143,144], and inducing a state of BDNF over-
expression can attenuate hyperalgesia and allody-
nia [145]. Although infusion of BDNF into the
PAG and nucleus raphe magnus (NRM) leads to

local increases only in b-endorphin, dorsal horn
levels of neuropeptide Y, substance P, and b-
endorphin are all dramatically elevated [146].

Despite the local increase in substance P, there
was the induction of a naloxone-sensitive state of
analgesia. In opposition to this, others [147] have

demonstrated that intrathecal BDNF can inhibit
dorsal horn release of substance P and increase
local GABA release. Other recent evidence [148]

that anti-BDNF serum can inhibit dorsal horn
fiber sprouting in neuropathic pain and that
antibodies to BDNF can block the development
of thermal hyperalgesia [149] shows that BDNF’s

effects are most likely complex.

Supraspinal and descending systems

The existence of powerful endogenous de-

scending antinociceptive systems was dramatically
demonstrated in 1969 by Reynolds [150], who was
able to perform animal surgery with analgesia

provided only by stimulation of the periaqueduc-
tal region of the midbrain. Since then, this system
has been extensively studied and remains a thera-

peutic target for deep brain stimulation for
intractable pain. The two major supraspinal sites
mediating antinociception are the midbrain PAG

and the NRM of the rostral ventral medulla
(RVM).

The PAG has been shown to have a complex
set of interactions with other systems besides

nociception. Stimulation of the PAG evokes both
behavioral and autonomic effects in addition to
antinociception. Bandler et al. [151,152] delin-

eated two distinct cell divisions within the PAG in
rats. Stimulation of the lateral column leads to
behavioral responses associated with antinocicep-
tion, such as tachycardia and defense behaviors.
Stimulation in the ventrolateral column leads to
depressor effects such as inactivity, bradycardia,

and hypotension. The PAG receives input from
multiple limbic structures, including the hypo-
thalamus, insula, and amygdala [12]. Its principal
descending target is the NRM, leading to specu-

lation that the NRM is the actual mediator for the
antinociceptive effects of PAG stimulation [151].
Its direct connection to the dorsal horn is

considered to be of lesser importance [151].
Opioids may act directly on the PAG to cause

descending inhibition of dorsal horn cells. Budai

and his colleagues [153,154] reported that direct
stimulation of PAG l-opioid receptors reduced
dorsal horn cell firing in response to noxious
stimuli by almost two thirds. In addition, this

effect may be mediated in the dorsal horn via both
presynaptic and postsynaptic a2-adrenergic recep-
tors. In these studies, the PAG was activated using

bicuculline, a GABAa antagonist, giving rise to
the concept that activation of the PAG may
represent blocking of inhibition. Other studies

have shown similar effects [155]. The PAG is
known to have cells containing endogenous
opioids, and these compounds are believed to

exert their influence by causing antinociceptive
neurons to be released from tonic inhibition
[12,155,156]. This inhibition of transmitter release
is mediated by opioid-induced changes in pre-

synaptic potassium conductance [157]. Interest-
ingly, these opioid mechanisms are potentiated
by cyclooxygenase inhibitors, helping to explain

some of the beneficial effects of combination
analgesic preparations.

In contrast to the PAG, the NRM has diffuse

projections to the dorsal horn laminae, including
laminae I, IIo, IV, and V. When injected into the
NRM, opioids can cause antinociceptive effects
[158,159]. These actions are modulated by sero-

tonergic and noradrenergic systems [160] and are
not always sensitive to naloxone. Electric or
chemical manipulation of the NRM causes in-

creased release of noradrenaline and serotonin in
the spinal cord [161]. Evidence for the presence of
both inhibitory and facilitatory systems mediating

antinociception is provided by studies of the
NRM, which demonstrate several distinct pop-
ulations of cells [162]. ‘‘Off cells’’ usually fire

spontaneously but exhibit a characteristic pause in
firing just at the onset of the antinociceptive
reflexes [12,151,163]. At the initiation of the
reflexes, a second class of cells, ‘‘on cells,’’ shows

increased activity. Opioids inhibit the pain-related
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inhibition of off-cells [164]. Interestingly, there is
a growing body of evidence demonstrating that
this effect is mediated by excitatory amino acids
and the NMDA receptor [165,166].

Studies of spinal serotonergic influences from
the NRM have demonstrated an extensive net-
work of serotonin-reactive processes in contact

with neurons in the dorsal horn, especially in
laminae I and IV [12,167]. Serotonin antagonists
can reverse stimulation-induced analgesia in

animals [160] that is not sensitive to naloxone,
suggesting that serotonin’s effects are not medi-
ated by endogenous opioids. In addition, mice

lacking serotonin reuptake transporters do not
develop thermal hyperalgesia after nerve injury,
even though allodynia is present [168]. Fluoxetine,
an inhibitor of serotonin reuptake, also poten-

tiates the antinociceptive effect of serotonin [169].
Serotonin infusion may accelerate the develop-
ment of tolerance to opioids, an effect that may be

attenuated by spinal serotonin depletion [170].
Intrathecal serotonin has been demonstrated to be
effective only in certain models of local pain,

however, and not in models of generalized pain
[171]. Of the numerous subtypes of serotonin
receptors identified, the 5-HT3 receptors are the

most likely mediators of these effects [172].
The PAG and NRM have projections to the

noradrenergic system, including the nucleus sub-
ceruleus (cell group A7) [151,173–175]. These sites

in the lateral pons then send diffuse projections to
the ipsilateral dorsal horn [176,177]. It has been
previously stated that norepinephrine is released

from the spinal cord after NRM stimulation [161].
Blocking the adrenergic system leads to a reduc-
tion in opioid analgesia or the production of

hyperalgesia [160,178]. Lesions of the NRM have
been shown to decrease nociceptive thresholds
without an effect on norepinephrine systems,
demonstrating some independence between the

monoaminergic projections [179]. This is not
complete, however, because the administration
of adrenergic blockers into the NRM has the

ability to increase both serotonin and norepineph-
rine release in the spinal cord [180]. The spinal
effects appear to be mediated by a2-adrenergic
receptors [178]. Substance P may serve as an
excitatory neuromodulator for the NRM-A7
interactions [177,181].

Supraspinal plasticity

Given all the aforementioned physiologic
changes at the peripheral and spinal levels accom-
panying chronic pain, it is logical to look at the
changes in higher order structures. Kiss et al [182]
and Gorecki et al [183] have demonstrated an
increase in the thalamic representation of somatic

regions adjacent to the denervated area in patients
with deafferentation. Several animal studies have
noted that cortical reorganization takes place after

amputation, with the adjacent digits gaining
cortical representation [184,185]. Moreover, this
process can continue for extended periods of time

[186] and involve shifts of greater than 10 mm in
animals and greater than 30 mm in human beings
[113] for various cortical representations. In fact, in

some deafferented animals, the cortical representa-
tion for the deafferented area is eventually totally
eliminated [186]. The shift seems to be greater in
those patients with pain after deafferentation [113].

Amputees often incorrectly localize painful sen-
sations to the phantom limb, including stimuli
contralateral to the phantom limb [187,188]. It may

be true that nociceptive input drives cortical
reorganization in that the degree of rearrangement
is directly correlated with the frequency with which

a patient mislocalizes painful stimuli [188] and that
pain relief can attenuate reorganization [189,190].
Itmay occur rapidly enough that even intense acute

pain evokes some reorganization, even if only
temporarily [191].
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