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Key Points

* A pain state can be generated by high-intensity
stimuli, injury and inflammation, and injury to the
peripheral nerve.

e Acute stimuli activate small primary afferents
through terminal transducer protein that lead to a fre-
quency dependent activation of the second-order dor-
sal horn neurons which project contralaterally in the
ventrolateral tract to (i) the somatosensory thalamus
that project to the somatosensory cortex and (ii) into
the medial thalamus to project into limbic forebrain.

» With tissue injury, there is the local release of active
products that sensitize the peripheral terminal and
initiate an ongoing discharge which by its persis-
tency leads to a spinal sensitization that yields an
enhanced response to any given stimulus.

e Nerve injury leads to initiation of an ongoing (ecto-
pic) activity which arises from trophic changes gen-
erated by the nerve injury at the terminal (neuroma)
and in the dorsal root ganglion of the injured axon.

e In addition to the afferent traffic, nerve injury leads
to changes in dorsal horn sensory processing such
that large afferent input can initiate a strong activa-
tion in spinal nociceptive neurons as a result of a
loss of local dorsal horn inhibitory control.
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Background

High-intensity afferent input, tissue injury and inflammation,
and injury to the peripheral nerve will initiate pain states with
characteristic psychophysical properties. As will be consid-
ered below, this information processing can be modified to
change the content of the message generated by a given stim-
ulus to enhance the pain state (e.g., produce hyperalgesia),
normalize a hyperalgesic state, or produce a decrease in pain
sensitivity (e.g., produce analgesia). Management of that
pain state is addressed by the use of agents or interventions
which though specific targets at the level of the sensory affer-
ent, the spinal dorsal horn or at higher-order levels (supraspi-
nal) modify the contents of the sensory message generated
by that physical stimulus. The important advances in the
development of pain therapeutics have reflected upon the
role played by specific underlying mechanisms which regu-
late these events. The aim of this overview chapter is to pro-
vide a context for the more detailed discussion of analgesics
and their actions, which occur in accompanying chapters.

Overview of the Psychophysics of Nociception
Acute Stimulation

Transient thermal or mechanical stimulus of an intensity as
to potentially yield injury evokes an escape response and an
autonomic reaction (increased blood pressure and heart rate).
The functional phenotype typically has four characteristics.
(i) The response magnitude or pain report covaries with stim-
ulus intensity. (ii) Removal of the stimulus immediately ter-
minates the sensation and/or attendant behaviors. (iii) The
sensation/ behavior is referred specifically to the site of stim-
ulation, for example, it is somatotopically delimited, typi-
cally to the dermatome to which the stimulus is applied and
the response, for example, the stimulated paw is the paw that
is withdrawn. (iv) Often with an acute stimulus (such as a
thermal probe), there are two perceived components to the
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Pain psychophysics

Acute high intensity stimulus

e Coincident with stimulus

e Localized pain referral

e Limited to area of stimulation

* Proportional to stimulus intensity
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Fig. 1.1 Schematic displays the defining psychophysical properties
that characterize the pain report after an acute high-intensity stimulus
(left) and that after a local tissue injury (right). As indicated, in the inset
plotting pain score vs. stimulus intensity, with the acute stimulus, the
pain report for a given displays a threshold above which there is a
monotonic increase in the magnitude of the reported pain state. After a

aversive sensation: an immediate sharp stinging sensation
followed shortly by a dull throbbing sensation (Fig. 1.1).

Tissue Injury

The psychophysics of pain associated with a tissue injury
and inflammation has several distinct psychophysical ele-
ments that distinguish it from the events initiated by an acute
high-intensity stimulus (Fig. 1.1):

(1) With local tissue injury (such as burn, abrasion, or inci-
sion or the generation of a focal inflammatory state as in
the joint), an acute sensation is generated by the injuring
stimulus which is followed by an ongoing dull throb-
bing aching sensation which typically referred to the
injury site—skin, soft tissue, or joint—and which
evolves as the local inflammatory state progresses.

Tissue injuring stimulus

o Persists after removal of stimulus

¢ Referred to area of injury (1°) and to
area adjacent to injury (2°)

e Initiated by moderately aversive
(hyperalgesia) or otherwise innocuous
Istimuli (allodynia)

2° Allodynia

1° Hyperalgesia
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tissue injury, there is an ongoing pain, and a stimulus applied to the
injury site reveals that there is a greater pain report for a given stimulus
(e.g., a primary hyperalgesia). In addition, it is appreciated that an
innocuous mechanical stimuli applied to an adjacent uninjured area
yields an enhanced response referred to secondary tactile allodynia

(i) Application of a thermal or mechanical stimulus to the
injury sited will initiate a pain state wherein the pain
sensation is reported to be more intense than would be
expected when that stimulus was applied to a non-
injured site. That is to say, as shown in Fig. 1.1, the
stimulus response curve is shifted up (e.g., an ongoing
pain) and to the left. This lowered threshold of stimu-
lus intensity required to elicit an aversive response to
a stimuli applied to the injury site is referred to as pri-
mary hyperalgesia. Thus, modest flexion of an inflamed
joint or moderate distention of the gastrointestinal
(GI) track will lead to behavioral reports of pain.

(iii) Local injury and a low-intensity stimuli applied to
regions adjacent to the injury may also produce a pain
condition, and this is referred to as 2° hyperalgesia or
allodynia. Thus, light touch may be reported as being
aversive and is referred to as tactile allodynia.
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These examples of “sensitization” secondary to local
injury and inflammation are observed in all organ systems.
Common examples would be sunburn (skin inflammation)
leads to extreme sensitivity to warm water, inflammation of
the pleura leads to pain secondary to respiration, and eyelid
closure is painful secondary to corneal abrasion [1, 2].

In the case of inflammation of the viscera, the ongoing
pain sensations are typically referred to specific somatic der-
matomes. Thus, cardiac ischemia is referred to the left arm
and shoulder, while inflammation of the bowel is associated
with ongoing pain and hypersensitivity to light touch applied
to the various quadrants of the abdomen. Such “referred”
pain states reflect the convergence of somatic and visceral
pain systems [3].

Nerve Injury

As described by Silas Weir Mitchell in 1864, frank trauma
leads to two identifying elements: ongoing dysesthetic pain
typically referred to the dermatome innervated by the injured
nerve and prominent increase in the sensitivity to light touch
applied to these regions. Injury to the nerve may be initiated
by a wide variety of physical (extruded intervertebral disc
compression section), toxic (chemotherapy), viral (posther-
petic neuralgia: HIV), and metabolic (diabetes). In most of
these syndromes, these two elements are expressed to vary-
ing degrees [4].

Encoding of Acute Nociception

As outlined in Fig. 1.2, the systems underlying these effects
of acute high-intensity stimulation may be considered in
terms of the afferents, the dorsal horn, and projection com-
ponents. Under normal conditions, activity in sensory affer-
ents is largely absent. However, peripheral mechanical and
thermal stimuli will evoke intensity-dependent increases in
firing rates of lightly myelinated (Ad) or unmyelinated (C)
afferents. Based on differential blockade, these two fiber
types, differing markedly in conduction velocity, are thought
to underlie the acute sharp pain and subsequent dull throb-
bing sensation, respectively.

Transduction Channels and Afferent Terminal
Activation

The transduction of the physical stimulus is mediated by
specific channels which increase their conductance when
certain stimulus properties are present. Channels vary in the
range of temperatures which activate them, ranging from hot
(such as the TRPV1) to cool to cold (TRPM1). The acute

response properties of the afferent are thus defined by the
collection of transducer channels that are expressed on its
terminals. Activation of these channels increases inward
sodium and calcium currents and progressive depolarization
of the terminal (Fig. 1.2a) [5, 6].

Chemical Sensitivity of Temperature Channels

An important element regarding these channels is that while
they are to varying degrees temperature sensitive, they also
show sensitivity to specific chemicals. Thus, the TRPV1
responds to capsaicin, while the TRPM1 responds to men-
thol. Accordingly, when these agents are applied to the
tongue, the sensation associated with their application cor-
responds with the sensation produced by the fibers which
normally activate these fibers, hot and cool, respectively [7].

Action Potential Generation

Peripheral terminal depolarization leads to activation of the
voltage-gated sodium channels which then leads to action
potentials in the respective afferent. Subtypes of sodium
channels (designated as NaV 1.1 through NaV 1.9 channels)
have been identified.

These channels differ in terms of their activation proper-
ties as well as their pharmacology (e.g., tetrodotoxin sensi-
tive or insensitive) and their distribution. Thus, some channels
may be found principally on unmyelinated afferents (Nav
1.7) or distributed widely on all types of excitable mem-
branes ranging from myocytes to brain neurons to a variety
of afferents. Importantly, the frequency of afferent discharge
is proportional to terminal depolarization which is propor-
tional to stimulus intensity (Fig. 1.2b) [8, 9].

Encoding Properties of Primary Afferents

There are three important properties that define the encod-
ing properties of any given class of primary afferents
(Fig. 1.2b) [10]:

(i) Under resting conditions, the primary afferent, whether
A or C, shows little or no spontaneous activity.

(ii) Primary afferents typically begin to respond to their
respective stimulus modality (e.g., AP-tactile or
C-thermal/mechanical/chemical) at some minimal inten-
sity (e.g., threshold).

(iii) Above threshold, the frequency of firing evoked in the
afferent axon will be proportional to stimulus intensity
over a range of intensities. “Low-threshold” afferents
will typically discharge at intensities that are considered
to be nonnoxious. “High-threshold” or nociceptive
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Fig. 1.2 This schematic provides an overview of the organization of
events that initiate pain state after an acute high-intensity stimulus
applied to the skin. (a) A physical stimulus activates channels such as
the TRP channels on the terminal of small diameter afferents (light
line). (b) There are two classes of afferents: large low-threshold affer-
ents (AB: dark line) and small high-threshold afferents (AJ/C: light
line). As the stimulus intensity increases, there is a monotonic increase
in the discharge rate of each class of afferents with the low-threshold
afferents showing an increase at low intensities, whereas the high-
intensity afferents show an increase at higher intensities. The low and
high threshold afferents project respectively into the deep and super-
ficial dorsal horn. (¢) The afferent input leads to depolarization of these

afferents will discharge at intensities that are considered
to be aversive in character.

Afferent Synaptic Transmission

Afferent action potentials invade the spinal terminal and
depolarize these terminals. Such activation opens voltage-
sensitive calcium channels which activate a variety of synap-
tic proteins which mediate the mobilization of synaptic
vesicles and thereby initiate transmitter release.

Low —>»  High

spinal afferent terminals (d) which release excitatory transmitters yield-
ing an (e) intensity-dependent depolarization of the second-order neu-
ron. (Shown here is an example of the response of a neuron receiving
convergent input from high and low threshold afferents.) Populations of
these neurons project into the contralateral ventrolateral pathways to
project to higher centers. (f) Broadly speaking, there are two classes of
outflow. There are those which project into the somatosensory
(ventrobasal) thalamus which then sends projection to the somatosen-
sory cortex. A second type of projections goes to more medial thalamic
regions and sends projection into areas of the old limbic forebrain
(e.g., anterior cingulate/inferior insula)

Calcium Channels and Afferent Transmitter
Release

There are a variety of voltage-sensitive calcium channels that
regulate terminal transmitter release (referred to as CaV
channels). These channels are distinguished on the basis of
their voltage sensitivity, their location, and the agents which
block them. The best known of these channels are the N-type
calcium channel blocked by the therapeutic agent ziconotide.
Block of this channel will block the release of many afferent
terminal transmitters [11].
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Table 1.1 Overview of classes of primary afferents characterized by common transmitter and cell markers

Spinal Cell marker Channel/receptor Transmitter
Fiber termination NF200 1B4 TRPV1 channel =~ Mu opioid receptor ~ Glutamate Peptide (sP)
AB MI-VI X X
A0 I, III-V1 X X
C I-1I X X X X X
C II X

IB4 Isolectin B4, NF200 Neurofilament 200

Spinal Afferent Terminal Transmitters

Sensory afferent uniformly releases excitatory transmitters.

In terms of transmitters (Table 1.1), virtually all afferents

contain and release the excitatory amino acid glutamate.

Small afferent releases not only glutamate but also one or

more of several peptides, such as substance P or calcitonin

gene-related peptide (CGRP) (Fig. 1.2c). These transmitters
in turn act postsynaptically upon eponymous receptors pres-
ent on several of populations of dorsal horn neurons

(Fig. 1.2d) [12]:

(1) Glutamate exerts the primary depolarizing effect through
the activation of the AMPA receptor which leads to a
short lasting increase in sodium conductance yielding a
potent and short lasting depolarization of the
membrane.

(ii) Substance P acts upon a G protein-coupled receptor that
leads to a long slow depolarization of the membrane.
Importantly, such receptors lead not only to a depolar-
ization of the membrane, but to an increase in intracel-
lularcalcium, theglutamatebyactivatingvoltage-sensitive
calcium channel and the NK1 by mobilizing intracellu-
lar calcium stores.

Laminar Organization of Spinal Dorsal Horn

The spinal dorsal horn is organized transversely in laminae
(Rexed laminae), ranging from the most superficial dorsal
horn marginal layer (lamina I), the substantia gelatinosa
(lamina II), and the deeper nucleus proprius (laminae
II-VI) [13].

Primary Afferent Projections

There are several important principles reflecting the pattern
of termination of afferent terminals in the dorsal horn
(Fig. 1.3) [14]:

C Fiber

Transverse
Horizontal

Fig. 1.3 Schematic presenting the spinal cord in transverse section
(top) and horizontal (bottom) and showing: (i) (left) the ramification of
C fibers in the superficial dorsal horn (laminae I and II) and collateral-
ization into the tract of Lissauer and (ii) (right) the ramification of A
fibers in the dorsal horn (terminating in the deep dorsal horn) and col-
lateralization rostrocaudally into the dorsal columns and at each seg-
ment into the dorsal horn. The densest terminations are within the
segment of entry. There are less dense collateralizations into the dorsal
horns at the more distal spinal segments. This density of collateraliza-
tion corresponds to the potency of the excitatory drive into these distal
segments. Thus, distal segments may receive input from a given seg-
ment, but the input is not sufficiently robust to initiate activation of the
neurons in the distal segment under normal circumstances

(1) Small afferents (Ad/C) terminate superficially in the
lamina I (marginal layer) and lamina II. In contrast, the
large afferents (AP) project deep into the dorsal horn
and curve upwards to terminate just deep to lamina III.
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Fig. 1.4 Schematic displays (leff) two principal classes of second-
order neurons. As indicated, small afferents tend to terminate
superficially (laminae I and II), while large afferents tend to project
deep into the dorsal horn and terminate below lamina II. Accordingly,
cells lying in lamina I (marginal layer) receive largely high-threshold
input. Cells lying deeper (lamina V) received input from large afferents
on their proximal dendrites and can receive excitatory input directly or
through excitatory interneurons on their distal dendrites. (right) Single-

(ii) Observing the spinal cord from the dorsal surface, it is
noted that the central processes of the afferents collater-
alize, sending processes rostrally and caudally up to sev-
eral segments into the dorsal columns (large afferents)
or in the tract of Lissauer (small C-fiber afferents).
Periodically, these collaterals send sprays into the dorsal
horn at distal segments. Thus, neurons up to several seg-
ments distal to a given root entry zone of any given seg-
ment will receive afferent input from a given root (e.g.,
the L5 root will make synaptic contact with dorsal horn
cells as far rostral as spinal segment L.1). Importantly,
the primary excitation occurs at the level of entry where
the synaptic connections are strongest. At more distal
segments, the degree of excitation from the proximal
root is progressively reduced.

Dorsal Horn Neurons

Based on the organization of afferent termination, one can
appreciate that superficial lamina I marginal neurons are pri-
marily activated by small, high-threshold afferent input;
hence they are “nociceptive specific.” In contrast, the deeper
lying cells have their cell bodies in lamina V and are hence

50 High threshold
(lam I-marginal)

50 Wide dynamic range
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unit recording from spinal dorsal horn, showing firing pattern
(impulses/s) of a (top) high-threshold (nociceptive-specific marginal)
neuron and (boftom) a horn wide-dynamic-range neuron, (WDR)
located primarily in lamina V in response to graded intensities of
mechanical stimulation (brush, pressure, pinch, squeeze) applied to the
receptive fields of each cell. Both cells project supraspinally. Note the
relationship between firing patterns and the response properties of the
afferents with which each cell makes contact

called lamina V neurons but send their dendrites up into the
superficial laminae. Interestingly, they receive input from A
(low-threshold) input on their ascending dendrites and C-fiber
(high-threshold) input on their distal terminals (Fig. 1.4).
Accordingly, these cells with their convergent input show
activation at low intensities (mediated by the Af} input) and
increasing activation as the intensity rise (mediated by the
C-fiber input). Accordingly, as shown in Fig. 1.2e, the cell
shows increasing discharge rates over the range from very
low to very high-threshold stimuli. Accordingly, these cells
are referred to as wide-dynamic-range (WDR) neurons [15].

Dorsal Horn Projections

These lamina I and lamina V neurons then project via the
ventrolateral tracts to higher centers and thence to cortical
levels. Projections may occur ipsilaterally or contralaterally
in the ventrolateral tracts. Ipsilaterally projecting axons typi-
cally project to terminate in the medial brainstem reticular
nuclei. Cells receiving these projections then project to the
thalamus. Contralateral axons project into several thalamic
nuclei [13, 16].
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Supraspinal Organization

The supraspinal projections can be broadly classified in two

motifs (Fig. 1.2e) [13]:

(i) Dorsal horn, ventrobasal thalamic complex-somatosen-
sory cortex. This is the classic somatosensory pathway.
In these cases, the nervous system undertakes to main-
tain a specific intensity-, spatial-, and modality-linked
encoding of the somatic stimulus, as summarized in
Fig. 1.2. This pathway possesses the characteristics that
relate to the psychophysical report of pain sensation in
humans and the vigor of the escape response in animals.
In the absence of tissue injury, removal of the stimulus
leads to a rapid abatement of the afferent input and dis-
appearance of the pain sensation. At all levels, the inten-
sity of the message is reflected by the specific populations
of axons which are activated and by the frequency of
depolarization: the more intense the stimulation, the
more frequent is the firing of the afferent; the greater is
the dorsal horn transmitter release, the greater is the
evoked discharge and the higher is the frequency of
firing in the ascending pathway.

(i) Dorsal horn-medial thalamus-limbic cortex. Here, there
appears to be little precise anatomical mapping. Cells in
this region project to regions such as the anterior cingu-
late cortex or inferior insula. The anterior cingulate is
part of the older limbic cortex and is believed to be asso-
ciated with emotional content.

The above subdivision reflects the orthogonal component
of the pain experience, notably the “sensory-discriminative”
components (“I hurt here on a scale of 1-10, 6”) and the
“affective-motivational” component of the pain pathway (“I
have cancer, I am mortal”) as proposed by Ronald Melzack
and Kenneth Casey.

Encoding of Nociception After Tissue Injury

As reviewed above, with tissue injury, a distinct pattern of
aversive sensations is observed. The psychophysical profile
noted with injury or inflammation is composed of (i) an
ongoing sensory experience that is described as dull throb-
bing aching ongoing pain, (ii) enhanced responsiveness to
subsequent stimulation (e.g., hyperalgesia/tactile allodynia),
and (iii) secondary pain referral (e.g., sensations which are
aversive when applied to adjacent uninjured areas).

Peripheral Changes in Afferent Transmission
Resulting from Tissue

As described in Fig. 1.1, in the event that a stimulus leads to
a local injury, as in a tissue crush (trauma) or an incision,
such stimuli may lead to the subsequent local elaboration of

active products that directly activate the local terminals of
afferents (that are otherwise silent) innervating the injury
region and facilitating their discharge in response to other-
wise submaximal stimuli. This then leads to an ongoing
afferent barrage and enhanced response to any given stimu-
lus (e.g., peripheral sensitization) (Fig. 1.5).

Origin of Ongoing Activity and Enhanced
Terminal Responsiveness After Tissue Injury

The source of these active factors may be considered in terms

of their source including the following (Fig. 1.5):

(i) Damaged cells which yield increased extracellular con-
tents (potassium).

(ii) Products of plasma extravasation (clotting factors, cel-
lular products such as platelets and erythrocytes which
release products including amines (SHT), peptides (bra-
dykinin), and various lipidic acids (prostaglandins)).

(iii) Innate immune cascade wherein given the chemoattrac-
tants present in the injury site, there will be a migration
of inflammatory cells including neutrophils and mac-
rophages. These contribute products such as myeloper-
oxidases, cytokines (TNF/IL1p), nerve growth factors
(NGF), and serine proteases (trypsin).

(iv) Terminal of primary afferent C fibers activated by the
local milieu will lead to a local release of sP and CGRP
which respectively cause vasodilation (erythema) and
capillary leakiness (e.g., tissue swelling).

Importantly, these products have several effects on termi-
nal function that are dependent upon the presence of the
eponymous receptors on those terminals (e.g., trypsin acti-
vates proteinase-activated receptors: PARs; TNF) and the
concentrations of the ligand (Fig. 1.6) [17].

(1) Activate the sensory terminal, increase intracellular cal-
cium, and initiate a conducted action potential.

(ii) Activate terminal kinases which serve to phosphorylate
many membrane channels (e.g., sodium channels) and
receptors (TRPV receptors) to increase their excitabil-
ity. These actions are generally considered to result in
spontaneous “afferent discharges” and to an enhanced
responsiveness of the terminal to subsequent stimuli
manifested by a left shift in the stimulus response curve
for the sensory afferent. Overall, these properties are
consistent with an ongoing pain stimulus and the ability
of a given stimulus applied to that afferent in innervating
the injured tissue to show a greater response (Fig. 1.2a).

It should be noted that these events are ubiquitous. This
scenario has been demonstrated in numerous body systems,
for example, cornea of the eye (sensitivity to light touch after
abrasion), joint (pain of modest movement after inflammation
of the knee), tooth pulp (sensory experience of cardiac-induced
pressure changes in the tooth after inflammation of the pulp),
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Fig. 1.5 This schematic provides an overview of the organization of
events that initiate pain state after a tissue injuring stimulus of the skin.
(a) Local tissue injury leads to the initiation of an innate immune response
that yields the release of a variety of active factors. The factors acting
through eponymous receptors on the terminals of C fibers lead to an activa-
tion of the C fiber and a state of sensitization. Accordingly, such products
initiate an ongoing activity and an enhanced response to an otherwise
innocuous stimulus. (b) The injury thus leads to an ongoing activity in
small afferent. (¢) The ongoing activity activates dorsal horn neurons and
initiates a state of facilitation (windup). (d) The ongoing afferent traffic

and migraine (activation of the meningeal afferents which, like
those in the tooth pulp, are not activated by normal mechanical
movement or vascular pulsation). Indeed, think of any disease
pathology described by the suffix “-itis” (Fig. 1.6).

Spinal Changes in Afferent Transmission
Resulting from Tissue Injury

As reviewed above, acute activation of small afferents by
extreme stimuli results in a spinal activation of dorsal

and injury products lead to a change in the tropic functions of the dorsal
root ganglion leading to changes in protein synthesis and the expression of
various receptors and channels which serve to enhance afferent respon-
siveness. (e) In the dorsal horn, the ongoing afferent drive initiates addi-
tional changes related to the activation of microglia and astrocytes as well
as the invasion of typically nonneuronal cells including neutrophils and
lymphocytes in the extreme. The net effect is to enhance the outflow initi-
ated by any given stimulus, for example, hyperalgesia and allodynia. (f)
With facilitation, the wide dynamic range neurons (WDR) are activated in
response to stimuli that would normally not activate these neurons.[AW 1]

horn neurons, the magnitude of which is proportional to
the frequency (and identity) of the afferent input
(Fig. 1.2e). Factors increasing that input-output relation-
ship will cause a given stimulus to appear more intense
(e.g., hyperalgesia). Conversely, factors reducing that
function will cause a more intense stimulus to be encoded
as less intense (e.g., analgesia). In the preceding section,
it was appreciated that inflammation causes an enhanced
response at the peripheral level. It is appreciated that
there is also an enhanced response mediated in the spinal
dorsal horn.
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Fig. 1.6 This schematic provides an overview of the organization of
events that initiate pain state after an injury to soft tissue. In the face of
tissue injury, a variety of active products are released from local tissues,
inflammatory cells, and the blood. These products exert a direct effect
upon the small afferent terminal, free nerve endings, through specific
receptors on the terminal. These receptors are coupled through a variety
of second messengers which can lead to a local depolarization because
of increased sodium and calcium influx. This leads to the activation of

Central (Spinal) Facilitation

Animal research has demonstrated that repetitive affer-

ent activation causes dorsal horn wide-dynamic-range

(WDR) neurons to show evident signs of facilitation,

labeled “windup” by Lorne Mendell and Patrick Wall

(Fig. 1.4). This facilitation is characterized by following

properties [18]:

(1) High-frequency repetitive stimulation of C (but not A)
fibers results in a progressively facilitated discharge of
the WDR neurons.

(ii) The receptive field of the WDR neuron showing windup
was significantly expanded acutely following the condi-
tioning afferent stimulation, for example, stimulation of
an adjacent dermatome which hitherto did not activate
that cell, would now lead to activity in that neuron
(Fig. 1.7).

C fiber — free nerve ending

Phosphorvlates voltage
sensitive and ligand
gated channels

;

Enhanced response to
terminal depolarization

voltage-sensitive sodium channels (NaV) that initiate the regenerative
action potential. In addition, the kinases and the increased intracellular
calcium can initiate phosphorylation (PK) of channels and receptors,
leading to an enhanced responsiveness of these channels and receptors.
The net effect is to initiate an ongoing activity after the injuring stimu-
lus has been removed and an increase in the discharge arising from any
given stimulus

Enhanced Response of WDR Neuron

The enhanced responsiveness of the cell was shown by intra-
cellular recording to reflect a progressive and sustained (after
termination of the stimulation) excitability of the neuron of
the cell, rendering the membrane increasingly susceptible to
even weak afferent inputs.

The enlarged receptive field can be explained by the abil-
ity of subliminal input coming from afferent input arising
from an adjacent non-injured receptive field which was oth-
erwise insufficient to activate a normally excitable cell.

Pharmacology of Central Facilitation

The enhanced excitability of dorsal horn neurons secondary
to repetitive small afferent input reflects a series of complex
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Local
interneurons

Fig. 1.7 This schematic provides an overview of the organization of
the events transpiring at the level of the first-order synapse. (i) As indi-
cated, the presynaptic effects of depolarization lead to opening of volt-
age-sensitive calcium and sodium channels with increases in intracellular
sodium and calcium and mobilization and release of transmitters (sP
and glutamate). (ii) These act upon eponymous receptors (see text),
leading to depolarization and increase in intracellular calcium. (iii)
Activation of kinases which phosphorylate a variety of channels and
receptors activates intracellular enzyme cascades such as for PLA2 and

mechanistic motifs that have a diverse pharmacology which
will be briefly reviewed below. These can be broadly consid-
ered in terms of those systems which are (i) postsynaptic to
the primary afferent and (ii) mediated by local neuronal net-
works, extraspinal networks, and nonneuronal networks.
Examples will be reviewed below (Fig. 1.8).

Primary Afferents

Small afferents release peptides (e.g., sP#CGRP) and excit-
atory amino acids (glutamate) which evoke excitation in
second-order neurons through their eponymous receptors
(Table 1.2; Fig. 1.7) [19-22].

C afferent
terminal

Protein kinases

PKA PKV
v N ¥
PLA2 P-NaV
‘ P-CaV
Cfx ‘ p-NMDA
PGE2

Gene X-transcription

increasing gene transcription. (iv) Release of products such as pros-
tanoids (PGE2) which can act upon the local membrane through their
eponymous receptors (EP-r) where presynaptically they enhance the
opening of voltage-sensitive calcium channels and postsynaptically
reduce the activity of glycine receptors. (v). As indicated in addition,
the first-order synapse is regulated by inhibitor interneurons such as
those release GABA and glycine. These interneurons can be activated
by afferent collaterals and by descending pathways to downregulate the
excitability of this synapse

(i) AMPA. Activation of the AMPA receptor leads to a short
lasting but prominent increase in sodium conductance,
yielding a robust, transient depolarization. Direct mono-
synaptic afferent-evoked excitation is largely mediated
by the AMPA receptors, for example, AMPA receptor
antagonists will block most acute excitatory input and
produce an acute analgesia. A subtype of AMPA receptor
is Ca permeable. For example, activation of these recep-
tors leads to large increases in intracellular calcium.

(ii) NMDA. NMDA is a glutamate-activated ionophore that
passes sodium and calcium. At normal resting mem-
brane potential, the NMDA receptor is blocked by a
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Fig. 1.8 Schematic presents the spinal cord in horizontal section (see
Fig. 1.3). Receptive field of dorsal horn neuron depends upon the origin
of its segmental input and the input from other segments, which can
activate it. Thus, neuron 1 receives strong input from RF1 and very
weak (ineffective) input from RF2. After injury in receptive field (RF)
1, neuron 1 becomes “sensitized.” Collateral input from RF2 normally

Table 1.2 Summary of classes of spinal receptors postsynaptic to
primary afferents

Transmitter Receptor Receptor type Ton permeability
Glutamate AMPA Ionophore Na
AMPA-Ca Ionophore Na, Ca
permeable
NMDA Ionophore Na, Ca
sP NK1 G protein cAMP None (Ca)
dependent
CGRP CGRP1 G protein cAMP None (Ca)
dependent
BDNF TRK B Tyrosine kinase -

sP substance P, NMDA N-methyl-D-aspartate, BDNF brain-derived
neurotrophic factor, NKI neurokinin 1, TRK B tyrosine-related kinase
B, AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

magnesium ion. In this condition, occupancy by gluta-
mate will not activate the ionophore. If there is a modest
depolarization of the membrane (as produced during
repetitive stimulation secondary to the activation of
AMPA (glutamate) and neurokinin 1 (NK1) (substance P)

.

RF for neuron 1=
RF (1+2)

N

is unable to initiate sufficient excitatory activity to activate neuron 1,
but after sensitization, RF2 input is sufficient. Now, the RF of neuron 1
is effectively RF1 + RF2. Thus, local injury can by a spinal mechanism
leads acutely to increased receptive fields such that stimuli applied to a
non-injured RF can contribute to the post-tissue injury sensation

receptors), the Mg block is removed, permitting
glutamate to now activate the NMDA receptor. When
this happens, the NMDA channel permits the passage of
Ca. Accordingly, block of the NMDA receptor has no
effect upon acute activation but will prevent windup.

(iii) NK1 and CGRP. For sP and CGRP, excitation is through
G protein-coupled receptors, neurokinin 1 (NK1) and
CGRP, the effects of which are cAMP dependent and
couple through the activation of phospholipase C.
Activation of these receptors leads to slow, relatively
long-lasting membrane depolarization accompanied by
an increase in intracellular calcium. Agents which block
the NK1 or CGRP receptor will produce minor effects
upon the behavior evoked by acute excitation but will
reduce the onset of the facilitated state and behaviorally
defined hyperalgesia.

(iv) Growth factors. In addition to classic transmitters,
growth factors such as brain-derived nerve growth factor
(BDNF) is synthesized by small DRGs and released from
spinal terminals, packaged in dense-cored vesicles, and
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transported within axons into terminals in the dorsal horn
of the spinal cord. BDNF has potent sensitizing effect on
spinal neurons mediated through TRK receptors.

As noted, with ongoing afferent drive, a progressive
increase in excitation is noted. Aside from activation of the
NMDA receptors, other components to this facilitatory pro-
cess can be noted. These can be broadly considered in terms
of those systems which are local to the neuronal networks in
the dorsal horn, extraspinal networks, and nonneuronal net-
works. Several examples of each will be reviewed below.

Postsynaptic to the Primary Afferents

Repetitive activation of the primary afferent yields membrane
depolarization and a significant increase in intracellular calcium.
The increased intracellular calcium activates a series of intracel-
lular cascades. Several examples are given below (Fig. 1.6):

(1) Activation of kinases. Persistent afferent input leads to a
marked increase in intracellular Ca** which leads to activa-
tion of a wide variety of phosphorylating enzymes, includ-
ing protein kinase A and C, calcium calmodulin-dependent
protein kinases, as well as mitogen-activated kinases
(MAPKS) including p38 MAP kinase and ERK. Each of
these kinases leads to a variety of downstream events which
serve to increase the excitability of the neuron [23, 24].

(i1) Channel phosphorylation. The excitability of many
channels is controlled by phosphorylation. Several
examples may be cited. (1) PKA- and PKC-mediated
phosphorylation of the NMDA ionophore leads to a
facilitated removal of the Mg** block and an increase in
calcium current. (2) P38 leads MAPK activation to acti-
vation of phospholipase A2 (PLA2) which initiates the
release of arachidonic acid and provides the substrate
for cyclooxygenase (COX) to synthesize prostaglandins.
In addition, this MAPK activates transcription factors
such as NFKf, which in turn activates synthesis of a
variety of proteins, such as the inducible cyclooxyge-
nase, COX2. Spinal P38 MAPK inhibitors thus reduce
acutely initiated hyperalgesia and reduce the upregula-
tion of COX2 otherwise produced by injury [23, 24].

(iii) Lipid cascades. A variety of phospholipases, cyclooxyge-
nases, and lipoxygenases are constitutively expressed in
the dorsal horn in both neuronal and nonneuronal cells.
Lipid products including prostaglandins and other eico-
sanoids are synthesized and released after small afferent
input. They serve to enhance the opening of voltage-sen-
sitive calcium channels, augmenting afferent transmitter
release. In addition, prostaglandins act postsynaptically to
reduce glycine-mediated inhibition on second-order dor-
sal horn neurons. Such reduction in glycine or GABA
interneuron activity leads to an increase in dorsal horn
excitability (to be discussed further below). Spinal deliv-
ery of PGE will increase, while PLA2 or COX inhibitors
will reduce, injury-induced hyperalgesia [25, 26].

(iv)Nitric oxide synthase (NOS). The neuronal and inducible
forms of NOS are found in the spinal cord, and NO plays
a facilitatory role, acting presynaptically through cGMP
to enhance transmitter release. Spinal NOS inhibitors
reduce post-tissue injury hyperalgesia [27].

Local Interneuronal Networks

The spinal dorsal horn has many local interneuronal circuits

which are activated by primary afferent input:

(i) These interneurons may contain and release glutamate
to act upon AMPA and NMDA receptors and are intrin-
sically excitatory. This polyneuronal chain can enhance
the excitatory drive from a given afferent.

(ii) In addition, there are a wide variety of local interneurons
which contain and release inhibitory amino acids such
as GABA and glycine which act respectively on GABA
A receptors and glycine receptors which are chloride
ionophores that serve typically to downregulate the
excitability of the membrane. These interneurons may
project onto primary afferent terminals (presynaptic)
and onto higher-order neurons (postsynaptic inhibition).
The net excitatory outflow from the dorsal horn depends
upon this local inhibitory regulation. Anything that
increases that activity will diminish outflow, while
events that inhibit the functionality of these inhibitory
circuits will increase excitatory outflow.

As noted above, second-order deep dorsal horn neurons
can receive excitatory input from large (AP) afferents. In
spite of this afferent input onto dorsal horn neurons which
are believed to play a role in nociceptive processing, this A3
input will not typically evoke a pain state. However, after
tissue injury such low-threshold mechanical stimuli may ini-
tiate a pain state (tactile allodynia). An element of this transi-
tion is believed to reflect a loss of local GABA or glycine
inhibition. Thus, block of spinal GABA A and glycine recep-
tors yields a markedly enhanced response of these WDR
neurons to AP input and a behaviorally defined tactile allo-
dynia. As noted above, repetitive small afferent input leads to
a dorsal horn release of PGE2 which in turn reduces glycine-
mediated opening of the glycine receptor and leads to a
reduction in this local inhibition. The net effect is a corre-
sponding increase in excitation evoked by low-threshold
afferents.

Bulbospinal Systems

Serotonergic pathways (arising from the midline raphe
nuclei of the medulla) project into the spinal dorsal horn.
The effects of this bulbospinal projection are mediated by
the presence of a variety of dorsal horn SHT receptors. Some
are inhibitory (SHT1a,b), and some are directly excitatory
(SHT 2,3,7). The net effect is complexly defined by the
nature of the neurons upon which the receptor is located.
Inhibitory receptors on an excitatory neuron will lead to an
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Medulla

Fig. 1.9 Schematic shows bulbospinal SHT arising from caudal raphe
projects to the dorsal horn to synapse on SHT3 cells and enhance excit-
ability. This pathway may be activated by projections from lamina I
neurons projecting to the raphe resulting in a spino-bulbo-spinal posi-
tive feedback loop

inhibition of excitation. Conversely, inhibition of an inhibi-
tion will lead to an excitation.

The most prominent effect however appears to be a net
increase in excitability mediated by SHT3 bearing dorsal
horn neurons. A particularly interesting circuit involves the
observation that lamina I (marginal) neurons project into the
medullary brainstem to activate these bulbospinal serotonin
neurons to activate deep dorsal horn neurons through the
SHT3 receptor. This spino-bulbo-spinal feedback pathway is
believed to play an important role in afferent-driven spinal
facilitation (Fig. 1.9) [28].

Nonneuronal Cells

Within the spinal parenchyma, there are a variety of nonneu-
ronal cells. These include (i) astrocytes which arise from a
multipotent neural stem cells, (ii) monocyte-derived cells
(e.g., macrophages) which enter the nervous systems around
parturition to become resident microglia, and (iii) circulating
cells which enter the nervous systems during the course of
peripheral injury and inflammation (neutrophils, lympho-
cytes, and macrophages). Classically, astrocytes were believed

to play a role in trophic systems function. The microglia were

considered to be activated by CNS injury, and the circulating

cells were part of the response to catastrophic injury and
infection.

Current thinking now emphasizes the enormous constitu-
tive contributions of these cells to the excitability of local
neuronal circuits. While there are no direct synaptic link-
ages, neuraxial astrocytes and microglia can be activated by
several linkages [29-32]:

(i) High-intensity afferent input leading to synaptic overflow
of products such as glutamate, substance P, and BDNF.

(i1) Networks of astrocytes which may communicate over a
distance by the spread of excitation through local non-
synaptic contacts (“gap” junctions) and by ATP acting
on purine receptors on the glia.

(iii) Release of products from neurons. Microglia can be acti-
vated by release of chemokines (fractalkine) from the
neuronal membrane. In addition to afferent input after
tissue injury and inflammation, circulating cytokines
(such as IL1B/TNF) can activate perivascular astrocytes/
microglia.

(iv) Circulating products such as cytokines and lipids can
activate these perivascular nonneuronal cells.

(v) Activation of spinal innate immune systems. It is appre-
ciated that glial cells express a variety of toll-like recep-
tors (TLRs). These TLRs are primitive recognition sites
(first discovered in fruit flies) that can lead to glial acti-
vation. While these recognition sites have classically
been considered relevant to recognizing membrane or
molecular components of nonself entities such as viruses
and bacteria, it is now appreciated that in the course of
inflammation there are products that are released that
can also activate these TLRs and their intracellular cas-
cades. Activation of these receptors can initiate hyperal-
gesic states, while their blockade or knockout can
minimize post-inflammatory hyperalgesia [33].

When activated, these glial cells can regulate synaptic
excitability by (i) releasing excitatory products including
ATP, free radicals, nitric oxide, lipid mediators, and cytok-
ines and (ii) regulating extracellular parenchymal glutamate
(by transporter-mediated uptake and release).

Preclinical work with spinal inhibitors of microglial acti-
vation such as minocycline (a second-generation tetracy-
cline) and pentoxyfiline that have been reported to block
indices of an acute or chronic glial activation and diminish
hyperalgesic states has supported the role of nonneuronal
cells in inflammation and injury-induced pain. These agents,
while not clinically useful, suggest important directions in
drug therapy development [34].

These events outlined above involving the nonneuronal
cells are referred to broadly as “neuroinflammation.” The
work emphasizes that astrocytes and microglia are constitu-
tively active and contributing to acute changes in spinal
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network excitability and can contribute to the enhanced
response of the dorsal horn after peripheral tissue injury and
inflammation.

Evolution of a Chronic Pain State After Acute Injury

In the preceding sections, we have focused on the events
which occur after tissue injury and inflammation. After such
tissue injury and inflammation, for example, as after trauma
and surgery, pain typically resolves with a time course that
istypically consistent with the resolution of the inflammation,
a consequence which parallels the healing process. In a
variable but significant fraction of patients, a failure to
resolve the pain state in spite of healing may be noted. The
persistency may be the result of an occult inflammation
(e.g., failure to heal) or perhaps injury to the nerve which
leads to events that are evidently unable to heal (see below).
Alternatively, there is increasing evidence that in the face of
persistent inflammation (as say in arthritis) that there may
be fundamental changes in the functionality of the afferent/
DRG to yield a state of persistent sensitization. For exam-
ple, in the face of a persistent (weeks) inflammation in ani-
mal models, an allodynic state is noted that continues after
the resolution of the inflammation. Importantly, the knock-
out of the TLR4 receptors has no effects upon the
inflammation but prevents the evolution of the persistent
tactile allodynia. This is an important area of ongoing
research [35, 36].

Summary

Tissue injury and inflammation initiate a behavioral pheno-
type characterized by ongoing pain and the appearance of
states where mildly aversive or innocuous stimuli lead to an
enhanced pain state at the site of injury (primary) and adja-
cent to the site of injury (secondary). The mechanisms under-
lying these behavioral states reflect release of “active factors”
at the injury site initiating afferent traffic and sensitizing the
afferent terminal, yielding an enhanced response to a given
stimulus. The ongoing afferent activity leads to a complex
series of events in the dorsal horn representing local changes
in membrane excitability, activation of local facilitatory cir-
cuits, blocking local inhibitory circuits, activation of spino-
bulbo-spinallinks,andengagingacomplex ‘“neuroinflammatory”
process involving spinal nonneuronal cells.

Encoding of Nociception After Nerve Injury
The mechanisms underlying the spontaneous pain and the

miscoding of low-threshold tactile input are not completely
understood. However, the organizing concept is that these

events reflect (i) an increase in spontaneous activity the
injured afferent and (ii) an exaggerated response of spinal
neurons to low-threshold afferent input (Fig. 1.10).

Events Initiated by Nerve Injury

Injury leads to prominent changes at the site of nerve injury
and in the DRG of the injured axon [8, 9, 37, 38]:

(1) Injury site: After acute injury of the peripheral afferent
axon, there is an initial dying back (retrograde chroma-
tolysis) until the axon begins to sprout, sending growth
cones forward. Such axonal growth cone often fails to
contact with the original target, and these sprouts show
proliferation. Collections of these proliferated sprouts
form neuromas.

DRG: Although the original injury is restricted to the
peripheral nerve site, the distal injury has an enormous
impact upon the dorsal root ganglion. Several events
should be emphasized. (i) Markers of neuronal injury
(such as ATF-3, an injury-evoked transcription factor)
show a large-scale increase in expression in the DRG of
the injured axons. (ii) There is an increased activation of
the glial satellite cells (expressing GFAP) present. The
DRG neurons are markedly enhanced. (iii) The DRG
neurons show prominent increases in the expression of a
variety of proteins such as those for sodium channels,
calcium channels, and auxiliary calcium channel pro-
teins (such as the alpha 2 delta subunit) and (iv) con-
versely decreases in the expression of other proteins
such as those for certain potassium channels.

(i)

Origins of Spontaneous Pain State

As reviewed in the preceding sections, under normal condi-
tions, the normal primary afferent axons show little of any
spontaneous activity. After acute injury, the afferent axons
display (i) an initial burst of afferent firing secondary to the
injury, (ii) silence for intervals of hours to days, and (iii)
development over time of spontaneous afferent traffic in both
myelinated and unmyelinated axons.

Ongoing afferent input origin of ongoing pain. The
ongoing afferent input is believed to provide the source of
the afferent activity that leads to spontaneous ongoing sen-
sation (Fig. 1.4). Evidence for this assertion that the ecto-
pic afferent activity is in part responsible for the associated
pain behavior is based on the observations that (i) parallel
onset of pain and ectopic activity in neuroma and DRG, (ii)
pain behavior blocked by application of TTX/local anes-
thetics to neuroma/DRGs, (iii) dorsal rhizotomy transiently
reverse the pain behavior, and (iv) irritants applied to DRG
initiate activity and importantly, evoke pain behavior [39].
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Fig. 1.10 This schematic provides an overview of the organization of
events that initiate pain state after a peripheral nerve injury. (a) Nerve
injury leads to retrograde chromatolysis and then sprouting to form
local neuromas. (b) In addition to the changes in the terminals, there are
trophic changes in the DRG leading to significant changes in the expres-
sion of a variety of channel and receptor proteins. (¢) Over time, there
is the appearance of ectopic activity in the injured axon. This activity

Site of Origin of Spontaneous Afferent Traffic
Recording from the afferent axon has indicated that origin
of the spontaneous activity in the injured afferent arises
both from the neuroma and from the DRG of the injured
axon (Fig. 1.4).

Mechanisms of Ongoing Activity

The generation of ongoing activity in the neuroma/DRG of
the injured axon results from upregulation of excitable chan-
nels/receptors and appearance of excitatory substances in the
DRG/neuroma.

Increased Sodium Channel Expression

Cloning shows that there are multiple populations of sodium
channels, differing in their current activation properties and
structure contributing to the action potential [8, 9].

Multiple sodium channels have been identified based on
structure (NaV 1.1-NaV 1.9), whether they are tetrodotoxin
sensitive (TTX), and their activation kinetics. Based on these
designations, some subtypes are spatially limited in their dis-
tribution. Thus, NaV 1.8 and 1.9 are present in small primary
afferents.

Importance of sodium channel subtypes in humans has
been shown inidentified loss- and gain-of-function mutations.

arises from both the neuroma as well as the dorsal root ganglion. (d, e)
In the dorsal horn, there are a series of reactive changes which lead to a
reorganization of nociceptive processing. These changes include
changes in the excitability of the second-order neurons, changes in the
inhibitory control which normally regulates dorsal horn excitability,
and then the activation of nonneuronal cells which contribute to the pro-
excitatory nature of the nerve injury

The SCN9A gene encodes the voltage-gated sodium channel

NaV 1.7, a protein highly expressed in pain-sensing dorsal

root ganglion neurons and sympathetic ganglion

neurons. Mutations in SCN9A cause three human pain
disorders:

(1) Loss of function: Loss-of-function mutations results in
insensitivity to pain, no pain perception, and anosmia,
but patients are otherwise normal.

(i) Gain of function: Activating mutations cause severe epi-
sodic pain in paroxysmal extreme pain disorders with
episodic burning pain in mandibular, ocular, and rectal
areas as well as flushing, and primary erythermalgia, a
peripheral pain disorder in which blood vessels are epi-
sodically blocked then become hyperemic with associ-
ated with severe burning pain.

Peripheral nerve injury increases the expression of many
sodium channels in the DRG, and these channels are trans-
ported to the distal terminals. Increased channel increases
ionic conductance and appears to increase spontaneous activ-
ity in the sprouting axon terminal. Note that systemic (IV/IP)
lidocaine at concentrations which do not block conducted
action potentials will block the “ectopic” discharges origi-
nating in DRG and neuroma. These concentrations are nota-
ble in that they will correspondingly block hyperpathia in the
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nerve jury pain state otherwise observed in humans and in
animal models.

Decreased K Channel Expression

Many classes of types of gated K+channels have been
described. Opening of K +channels yields membrane hyperpo-
larization and a reduced excitability. In the face of nerve injury,
areduced expression of such channels has been described, and
it is hypothesized that this may contribute to the increased
ectopic afferent activity observed after nerve injury [40].

Inflammatory Products

The sprouted terminals of the injured afferent axon display
transduction properties that were not possessed by the origi-
nal axon, including mechanical (e.g., compression) and
chemical sensitivity. Thus, neuromas display sensitivity
humoral factors, such as prostanoids, catecholamines, and
cytokines (TNF). DRGs also respond to these products.

These products are released from local sources such as
satellite cells in the DRG and Schwann cells in the periphery.
The DRG is of particular interest as it lies outside the blood-
brain barrier, for example, it can be influenced by circulating
factors. This evolving sensitivity is of particular importance
given that following local nerve injury, there is the release of
a variety of cytokines, particularly TNF, which can thus
directly activate the nerve and neuroma.

Following nerve injury, there is an important sprouting of
postganglionic sympathetic efferents that can lead to the local
release of catecholamines. This scenario is consistent with the
observation that following nerve injury, the postganglionic
axons can initiate excitation in the injured axon (see below).
These events are believed to contribute to the development of
spontaneous afferent traffic after peripheral nerve injury.

Origins of Evoke Hyperpathia

The observation that low-threshold tactile stimulation yields
a pain states has been the subject of considerable interest.
The psychophysical properties of this state emphasize that
the pain results from activation of low-threshold mechanore-
ceptors (AP afferents). This ability of light touch evoking this
anomalous pain state is de facto evidence that the peripheral
nerve injury has led to a reorganization of central processing,
that is, it is not a simple case of a peripheral sensitization of
otherwise high-threshold afferents. In addition to these
behavioral changes, the neuropathic pain condition may dis-
play other contrasting anomalies, including on occasion an
ameliorating effect of sympathectomy of the afflicted limb
and an attenuated responsiveness to spinal analgesics such as
opiates. Several underlying mechanisms have been proposed
to account for this seemingly anomalous linkage.

Dorsal Root Ganglion Cell Cross Talk

Following nerve injury, evidence suggests that “cross talk”
develops between afferents in the DRG and in the neuroma.
Here, action potentials in one axon generate depolarizing
currents in an adjacent quiescent axon. Thus, activity arising
in one axon (a large afferent) would drive activity on a sec-
ond axon (small C fiber) [41].

Afferent Sprouting

Under normal circumstances, large myelinated (Af) afferents
project into the spinal Rexed lamina III and deeper (see
above). Small afferents (C fibers) tend to project into spinal
laminae II and I, a region consisting mostly of nocisponsive
neurons. Following peripheral nerve injury, it has been argued
that the central terminals of these myelinated afferents (A
fibers) sprout into lamina II of the spinal cord. With this syn-
aptic reorganization, stimulation of low-threshold mechano-
receptors (AP fibers) could produce excitation of these neurons
and be perceived as painful. The degree to which this sprout-
ing occurs is a point of current discussion, and while it appears
to occur, it is less prominent than originally reported.

Loss of Intrinsic GABAergic/Glycinergic Inhibitory
Control

As reviewed above, GABA/glycinergic interneurons display
a potent regulation of large afferent-evoked WDR excitation.
The relevance of this intrinsic inhibition to pain processing is
evidenced by the observation that spinal delivery of GABA
A receptor or glycine receptor antagonists yields a powerful
behaviorally defined tactile allodynia [42, 43].

In general, while there are changes in dorsal horn after
nerve injury, the predominant evidence does not support a
loss of dorsal horn inhibitory amino acids circuitry. Recent
observations now suggest an important alternative. After
nerve injury, spinal neurons regress to a neonatal phenotype
in which GABA A activation becomes excitatory. As noted,
the GABA A and glycine channels are chloride ionophores,
wherein their activation (increasing Cl permeability) nor-
mally leads to a mild hyperpolarization of the postsynaptic
membrane as Cl moves inside the cell. After injury, there is a
loss of the CI exporter (so-called KCC2), and there is an
accumulation of Cl inside the cell. Now, increasing conduc-
tance leads to an extracellular movement of the CI. This loss
of negative charge causes the cell to mildly hypopolarize.
This accordingly would turn an inhibitory regulation circuit
for larger afferent to a facilitatory circuit for large afferent
drive of the WDR neuron [44, 45].

Nonneuronal Cells and Nerve Injury

Nerve section or compression leads to activation of spinal
microglia and astrocytes in spinal segments receiving input
from injured nerves with a time course that parallels the
changes in pain states. While the origin of this activation is
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not clear, it will lead to an increased spinal expression of
COX/NOS/glutamate transporters/proteinases. The effects
of such changes in spinal cord afferent processing have been
previously reviewed above [46].

Sympathetic Dependency

Following peripheral nerve injury, an increased innervation

by postganglionic sympathetic terminals of the neuroma and

of the DRG of the injured axons is reliably noted. In the

DRG, these postganglionic fibers form baskets of terminals

around the ganglion cells. Several properties of this hyperin-

nervation are noteworthy [47, 48]:

(i) They invest ganglion cells of all sizes, but particularly
large ganglion cells (so-called type A).

(i1) Postganglionic innervation occurs largely in the ipsilat-
eral DRG but also occurs to a lesser degree in the con-
tralateral DRG.

(iii) Activation of the preganglionic efferents (traveling in
the ventral roots) will activate the sensory axon by an
interaction at the site of injury or at the level of the
DRG.

(iv) Activation is blocked by intravenous phentolamine,
emphasizing an adrenergic effect.

Generalization to Many Nerve Injury Pain States

After nerve injury, there evolves an increase in ongoing dys-
esthesia and an enhanced response to low-threshold mechan-
ical stimuli (allodynia). These effects are believed to reflect
an increase in ectopic activity that arises from the neuromas
well as the injured axon. The origin of the ectopic activity is
believed to reflect an increased expression of sodium chan-
nel, decreased expression of K channels in the neuroma,
and DRG leading to enhanced excitability. The allodynia is

considered to reflect an alteration in the activation produced
by large low-threshold afferents (AP). This alteration may
result from cross talk between axons and/or a loss of inhibi-
tory regulation.

It should be noted that the above review generically con-
siders the “injured” axon. These changes reviewed above
have been observed in animal models following chemother-
apy, varicella zoster, extruded intervertebral disks (compress-
ing the nerve root), and osteosarcoma. Accordingly, these
changes described in preclinical models are believed to have
a great likelihood of being relevant to the human condition.

Conclusions
In the preceding sections, we have provided an overview
of the various systems that underlie the three heuristic
subdivisions of acute, post-tissue injury and post-nerve
injury pain states. An important concept is that in many
clinical conditions, it is virtually certain that the clinical
state is not one or the other, but rather a combination.
Table 1.3 presents a superficial analysis of the types of
mechanisms which may be involved in, for example, can-
cer pain. It is compelling to consider that such a patient
may experience a pain state that reflects all three condi-
tions between the events that arise from the tumor itself,
the chemotherapy and the surgery (Tables 1.3 and 1.4).
The likelihood of multiple mechanisms mediating a
particular pain state has an important ramification when it
comes to the appropriateness of any particular analgesic
therapy. Table 1.3 presents a summary of the basic mech-
anisms of actions of several classes of analgesic agents.
Though not specifically discussed in this chapter (see
elsewhere in this text), it is appreciated that they act to

Table 1.3 Summary of primary classes of analgesic therapeutics, mechanisms of action, and pain sites targeted by the agent as defined preclinical

models [49-53]

Pain classification

Drug class Mechanisms

Opiate (morphine) Opiate receptors on high-thresh- X
old C fibers

NMDA antagonist Blocks spinal glutamate-evoked O

(ketamine) facilitation

NSAID Inhibits cyclooxygenase at injury O

(ibuprofen) site and in cord

Local anesthetic (IV Sodium channel blocker (0]

lidocaine)

Anticonvulsant Reduces spontaneously active (0]

(gabapentin) neuronal activity

Tricyclic antidepressant Increase catecholamine levels O

N-type calcium channel Blocks spinal N-type calcium O

blocker (ziconotide) channel

Acute

Tissue injury Nerve injury

X X
X X
X (0}
X X
X X
X X
X X

Representative preclinical pain models include: Acute nociception: thermal-hot plate/tail flick; Tissue injury: intraplantar carrageenan-hyperalgesia,
intraplantar formalin; Nerve injury: nerve ligation, nerve compression yielding tactile allodynia

X significant action, x minimal action, O no activity
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Table 1.4 Summary of multiple mechanisms involved in the pain state
of a cancer patient

Acute Tissue injury Nerve injury
Ectopic activity

Spinal Sensitization Spinal
neurons (peripheral, inhibition

Cancer AolC central) Sprouting

Tumor erosion X

(bone/tissue)

Tumor release of X X

factors

Immune X

response

(paraneoplastic)

Movement X X

(incident pain)

Tumor X

compression

Radiation X

Chemotherapy X

Surgery X X

AQ lightly myelinated, C unmyelinated

alter nociceptive transmission in a variety of ways. Opiates
have a potent effect upon spinal transmission initiated by
small primary afferents, whereas an NSAID largely has
an effect when there is a facilitated state initiated by local
inflammation. As reviewed above, there is in addition a
central role for NSAIDs because of the constitutive
expression of COX in the spinal dorsal horn and the role
of prostaglandins in enhancing presynaptic transmitter
release and diminish the inhibitory efficacy of the glycine
receptor. In the face of multiple pain mechanisms, it can
be appreciated that to minimize any pain state may well
require addressing multiple therapeutic targets. Hence, it
is not surprising that the profile of analgesic management
of complex states, such as cancer, often shows 3—4 anal-
gesic agents being employed.
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