Mechanisms of Chronic Pain
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Chronic pain differs from acute pain in that it
serves no useful function, causes suffering,
limits activities of daily living, and increases
costs of healthcare payments, disability, and
litigation fees. Pain pérception begins with
activation of peripheral nociceptors and
conduction through myelinated A5 and
unmyelinated C fibers to the dorsal root
ganglion. From here, signals travel via the
spinothalamic tract to the thalamus and the
somatosensory cortex. Modulation of sensory
input (i.e., pain) occurs at many levels.
Nociceptors are also neuroeffectors, and
transmission can be modulated by their cell
bodies, which secrete inflammatory mediators,
neuropeptides, or other pain-producing
substances. Descending pathways from the
hypothalamus, which has opioid-sensitive
receptors and is stimulated by arousal and
emotional stress, can transmit signals to the
dorsal horn that modulate ascending nociceptive
transmissions. Modulation to alter the perception
of pain also can occur at higher centers (e.g.,
frontal cortex, midbrain, medulla) by opioids,
anti-inflammatory agents, as well as antagonists
and agonists of neurotransmitters. This article
will review our current knowledge of the
mechanisms involved in (1) the transduction of
tissue injury or disease signals (nociception and
nociceptive receptors); (2) the transmission of
signals rostrally to the thalamus and higher
nervous system centers (involving perception of
the quality, location, and intensity of noxious
signals); and (3) the modulation of ascending
sensory messages at all levels {periphery, spinal
cord, and higher centers). Am J Med. 1996;101
(suppl 1A):65-18S.
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cute pain is biologically useful because it signals

injury or disease and subsides as healing pro-
gresses. In contrast, chronic pain does not sponta-
neously resolve and serves no useful biologic func-
tion. For purposes of classification, four types of
chronic pain are recognized (Table I). Chronic pain
limits normal function, including recreation, employ-
ment, and daily activities. One in three U.S. citizens
experiences some form of chronic pain that requires
medical attention during their lifetime. More than 50
million people are either partially or totally disabled
by chronic pain, which results in a loss of >700 mil-
lion work days and costs $80-90 billion in health-
care payments and litigation fees annually.? Treat-
ment of chronic pain should be directed at
rehabilitation and control, because a cure is not al-
ways possible.

The perception of chronic pain is influenced by the
interaction of physiologic, psychologic, and social
processes. Neurophysiologic responses to nocicep-
tion (i.e., pain) trigger psychologic responses; con-
versely, the psychologic state of the patient can mod-
ulate and dampen or heighten perceptions of
noxious incoming signals through pathways involv-
ing the hypothalamus and the dorsal descending
bundle. Furthermore, social {or environmental ) fac-
tors can influence the patient's emotional state and
determine the balance between pain and stoicism.

A brief review of neuroanatomy, neurophysiology,
and neuropharmacology is necessary to understand
the mechanism involved in the generation and per-
ception of pain (nociceptive or neuropathic mecha-
nisms). Nociception means the activation of periph-
eral nerve fibers in normal peripheral and central
nervous systems by chemical, thermal, and/or me-
chanical stimuli. Neuropathic mechanisms occur
secondary to pathologic functioning of peripheral or
central nervous system tissue. This article will re-
view our current knowledge of the mechanisms in-
volved in (1) the transduction of tissue injury or dis-
ease signals (nociception and nociceptive
receptors); (2) the transmission of signals rostrally
to the thalamus and higher nervous system centers
(involving perception of the quality, location, and in-
tensity of noxious signals); and (3) the modulation
of ascending sensory messages at all levels (periph-
ery, spinal cord, and higher centers).

TRANSDUCTION OF SIGNALS

Afferent nerve fibers are labeled A, B, or C fibers.
A fibers are large, myelinated fibers and respond to

0002-9343/96/$15.00
Pll S0002-9343(96)00133-7



SYMPOSIUM ON MANAGEMENT OF CHRONIC PAIN/MARKENSON

light touch, as well as mechanical and thermal no-
ciception. The A fibers are further divided into «, g,
v, and 6 fibers. The A$ fibers are thinly myelinated
and carry very strong noxious stimuli that are poten-
tially or actually damaging to tissues. Other A and B
fibers do not carry nociceptive impulses. The B fibers
are myelinated preganglionic autonomic nerves. C
fibers are nonmyelinated, slow-conducting fibers of
which >50% carry afferent noxious stimuli. Their
cell bodies are in the dorsal horn of the spinal cord.
These afferent fibers exhibit polymodal responsive-
ness to tissue-damaging stimuli (e.g., mechanical,
thermal, chemical).

Sensory input involves nociception, mechanore-
ception, thermal reception, and proprioception. Per-
ception of pain results from stimulation of nocicep-
tors located in skin and organs of the body.
Nociceptors are located in muscle, fascia, blood ves-
sel walls, tendons, joint capsules, ligaments, fat pads,
and periosteum.® Nociceptors in visceral tissue re-
spond to stretch and distortion of visceral organs.*
Stimulation of nociceptors results in afferent im-
pulses conducted through myelinated A§® and un-
myelinated C fibers® passing through the dorsal root
ganglion. The speed of afferent neural transmission
is related to the size and myelination of the activated
nerve fibers (Table II).

The peripheral nerve has three different types of
axons (Figure 1), which include primary sensory
afferents, motor efferent, and sympathetic postgan-
glionic. The cell bodies of the primary afferent neu-
rons are located in the dorsal root ganglion. They
bifurcate, sending one process to the spinal cord and
one to innervate body tissues. Sympathetic postgan-
glionic afferents (unmyelinated) emerge from the
paraspinal sympathetic ganglion and enter the pe-
ripheral nerve via the grey ramus communicans. No-
ciceptive afferents enter the spinal cord through the
dorsal root ganglion and terminate at second-order
dorsal horn neurons. The neuropeptides that trans-

TABLE 1|
Four Types of Chronic Pain

 Pain persisting beyond the normal healing time for a
disease or injury

« Pain related to chronic degenerative disease or a
persistent neurologic condition

« Pain that emerges or persists (even recurring for
months to years) without an identifiable cause

» Cancer pain

From The Management of Pain.!

TABLE I
Peripheral Nerve Fibers that Conduct Nociception
Fiber Velocity
Type (m/s})  Stimuli Myelination
AB 40-80  Light touch, hair movement ++
As, 2.5-36  Mechanical force +
As; 2.5-36  Thermal, mechanical +
C 0.5-1.7 Polymodal -

Modified with permission from Assessing Chronic Pain.”

mit the nociceptive signal from the periphery to spi-
nal cord neurons are substance P and calcitonin
gene-related peptide (CGRP).>°

Nociceptors

Nociceptive receptors are free nerve endings
found throughout the body in skin, viscera, blood
vessels, muscle, fascia, and joint singular capsules.
When activated by noxious stimuli, they generate im-
pulses along afferent nerves to the central nervous
system. Types of receptors include high-threshold,
injury-sensitive, sensory organs with relatively small
receptor fields that conduct impuises through small
Aé (myelinated-rapid) and C fibers (unmyelinated-
slow). Polymodal nociceptors respond to chemical
heat and pressure (C-fiber afferent),® or heat and
mechanical stimuli (Aé, afferent).!* Modality-spe-

Figure 1. Schematic of a peripheral
nerve. (Modified with permission from
McGraw Hill .8}
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cific® mechanoreceptor units (Ad, afferent) are no-
ciceptors that are slow adapting, respond to strong
pressure, and have little or no dynamic firing during
stimulus onset. Ad fibers produce well-localized first
pain sensations associated with immediate injury. In
contrast, C fibers carry diffuse burning second pain
sensations that can be dull, poorly localized, and per-
sistent.'?

Hyperalgesia or sensitization occurs when intense
and repeated stimuli from tissue damage or inflam-
mation is present. This results in a lowered threshold
for activation of primary afferent nociceptors
(PANs), which leads to innocuous stimuli causing
severe pain. For example, slapping someone who
has a bad sunburn on the back can be very painful.
In patients with pharyngitis, swallowing can be ex-
tremely painful, as can micturition in the presence
of a urinary tract infection.'®

Neuroeffector Functions

In addition to transmission of afferent signals, no-
ciceptors also have neuroeffector functions. When
activated by noxious stimuli, they release neuropep-
tides from their cell bodies in the dorsal horn (e.g.,
substance P, CGRP) that act on peripheral cells,
Most of these neuropeptides modulate (i.e., amplify
or downgrade) the afferent response. In joint tis-
sues, activation of PANs stimulates postganglionic
sympathetic neurons and releases norepinephrine,
adenosine triphosphate (ATP), adenosine, prosta-
cyclin (PGI,), interleukin 1 (IL-1), and neuropeptide
Y.* This occurs either by local stimulation or by a
spinal reflex.

PANSs can be activated either primarily or second-
arily by inflammatory mediators, neuropeptides, or
other pain-producing substances (Figure 2). The
sensitivity or threshold of PANs also can be altered
positively or negatively by these same substances
(Table III; e.g., inflammation or injury release
mediators to facilitate the inflammatory process
further) ®

Bradykinin. Bradykinin is released following tis-
sue injury and is present in inflammatory exudates.
It can act directly on PANs to cause pain'® and sen-
sitize them to other stimuli, such as heat and touch.!”
Furthermore, bradykinin acts synergistically with
prostaglandins and 5-hydroxytryptamine (serotonin;
5-HT"). Bradykinin acts on the postganglionic syr-
pathetic neurons causing release of arachidonic acid
from membrane phospholipid and conversion to
prostaglandin E, (PGE;). Subsequently, PGE, di-
rectly stimulates PANs or sensitizes them to noxious
stimuli. Norepinephrine (also produced by sympa-
thetic neurons) converts membrane phosphatidyl
inositol to PGI, (utilizing phospholipase C), which

1A-8S
L4

A. Primary Activation

“«A

B. Secondary Activation

Platelet

Figure 2. Primary (A) and secondary (B) activation of primary afferent
nociceptors. {Reprinted with permission from McGraw Hill.8)
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Figure 3. Direct and indirect stimulation of primary afferent neurons.
{(Modified with permission from Churchill Livingstone.!8)
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TABLE i

Substances that Directly Stimulate and/or Sensitize
Primary Afferent Nociceptive (PAN) Fibers

Direct Indirect
Stimulators Sensitizers Sensitizers
Bradykinin PGE, Bradykinin
Proton 8R,15SdHETE Interleukin-6
Serotonin PGF3, LTB,
Histamine PGE, Noradrenaline
Potassium PG, Interleukin-1
PGE, Adenosine Interleukin-8*
PGl, Serotonin TNF«

Bradykinin NGF-OP*

Proton Nitric oxide

LTBs = leukotriene B4; NGF-OP = the amino-terminal octapeptide of nerve
growth factor; PGE,, PGE;, PGF,, = prostaglandin E;, E,, F.,; PGl; =
prostaglandin |, (prostacyclin); 8R,15SdiHETE = the 8R,15S sterecisomer
of dihydroxyeicosatetraenoic acid; TNF« = tumor necrosis factor a.

* Has been suggested to act via the postganglionic sympathetic nerve fi-
bers. Bradykinin, however, has also been suggested to act without involve-
ment of the sympathetic nervous system.

Modified with permission from Arthritis Rheum.!®

TABLE IV
Role of Cytokines in Pain
Cytokine Cell Origin Mechanism of Pain

IL-1 Macrophage; Induces PGE; in nonneuronal
epithelial cells cells, which activates
PAN3!

L8 Macrophages Causes hyperalgesia by
stimulation of postganglion
sympathetic neurons¥

IL-6 T cells; macrophages Induces release of PGE from

mononuclear cells, which

activate PAN33
TNF Macrophage; natural  Induces release of IL-1, IL-6,
killer celis and IL-8%
NGF Fibroblasts; Schwann Regulates synthesis and
cells transport of substance P

and CGRP3*-¥; increases
release of histamine3®
CGRP = calcitonin gene related peptide; IL = interleukin; NGF = nerve

growth factor; PAN = primary afferent nociceptors; PGE, = prostaglandin
E,; TNF = tumor necrosis factor.

can sensitize or stimulate primary afferent neurons
(Figure 3).

Bradykinin-induced hyperalgesia occurs in normal
tissue, whereas norepinephrine-mediated hyperal-
gesia only occurs in areas of tissue injury.'® The
mechanism of bradykinin action is further compli-
cated by the fact that in the acute pain situation, ac-
tivation occurs via B; receptors®® on PAN fibers and
sympathetic neurons, whereas in prolonged inflam-
mation and injury, B, receptors are upregulated and
activated.!”®! Depending on the situation (acute or
chronic), antagonists of either B, or B, receptors are
effective analgesic and anti-inflammatory agents.

Protons. Inflammation or tissue injury causes a
decrease in the pH of the extracellular space sec-
ondary to local hypoxia, resulting in activation, ex-
citation, and sensitization of PANs.? Protons, which
lower pH, selectively activate nociceptors and sen-
sitize them to noxious stimuli.

Serotonin. Following tissue damage, mast cells
degranulate and release platelet-activating factor,
which stimulates the release of 5-HT. PAN activation
occurs via different mechanisms, depending on
which receptor is affected. Direct activation occurs
by stimulation of the 5-HT; receptor. 5-HT may po-
tentiate the pain induced by other mediators that oc-
curs through action of a second messenger ( G-pro-
tein) at the 5-HT, receptor.?* Moreover, 5-HT can
produce hyperalgesia by direct action on the PAN at
the 5-HT,, receptor.®

Histamine. The role of histamine in pain sensa-
tion is not clear but appears to mediate the effect of
other mediators. When stimulated by substance P,
mast cells degranulate and release histamine, which
evokes sensations of pain and itch.?® Interleukin-1

July 31, 1996 The American Journal of Medicine® Volume 101 (suppl 1A)

also causes mast cells to release histamine and can
potentiate the stimulatory effects of histamine to re-
lease prostaglandins and other eicosanoids from en-
dothelial cells.?”

Prostaglandins. The major action of prostaglan-
din is sensitization of PANs to noxious stimuli (e.g.,
chemical, heat, mechanical),?? probably via acti-
vation of cyclic adenosine monophosphate
(cAMP).% Prostaglandins are not known to activate
cutaneous afferents directly?®. However, they may
activate nociceptors directly during inflammatory
conditions.?® Leukotrienes also play a role in hyper-
algesia® through activation of a second messenger,
such as cAMP. Inhibition of both or either the cy-
clooxygenase or lipoxygenase pathways by nonster-
oidal anti-inflammatory drugs (NSAIDs) can resuit
in analgesia by blocking formation of prostaglandins
or possibly leukotrienes.

Cytokines. Cytokines, such as interleukins, tu-
mor necrosis factor, and nerve growth factor, are
small, secreted, or membrane-bound proteins that
mediate cell-to-cell interactions through specific cell
surface receptors (Table IV ).

Adenosine. Adenosine is produced following in-
flammation and tissue damage from hypoxia and
ischemia and can stimulate unmyelinated afferents.*
Adenosine acts directly on PANs, and the effect is
mediated by the adenosine A, receptor.*

Substance P. Located in the dorsal root ganglion
neurons, substance P is transported to the periphery
and released after PAN activation.*"*? Substance P
intensifies pain by mechanisms involving inflamma-
tion, including prostaglandin release, cytokine stim-
ulation, lysosomal enzyme release, and lymphocyte
activation (Table V ).®*-% Substance P and CGRP

1A-9S
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TABLE V
Actions of Substance P

» Vasodilation

¢ Vascular permeability

» Production and release of lysosomal enzymes
« Release of PGE, from synoviocytes

¢ Release of IL-1 and IL-6 from neutrophils

« Attraction and activation of leukocytes

o T-cell accumulation

IL = interleukin; PGE, = prostaglandin E,.

From refere(lces 43-45.

LTB,
L fMLP
Csa
Neutrophil

F 8R,15S-diHETE
L1

Sensitization

Primary Afferent Nociceptor

Figure 4. Sensitization of primary afferent nociceptor by the neutro-
phil. C5a = a fragment of the fifth component of the complement
cascade; LTB, = leukotriene Bs; fMLP = formyl methionylleucylphen-
ylalanine; 8R,15SdiHETE = the 8R,15S stereoisomer of dihydroxy-
eicosatetraenoic acid. (Reprinted with permission from Churchill Liv-
ingstone.8)

also modulate pain perception both in the periphery
and in the dorsal horn (see Modulation of Chronic
Pain).

Nitric Oxide. The actual role of nitric oxide in
nociception is unclear. Substance P and bradykinin
cause release of nitric oxide from vascular endothe-
lial cells. Dorsal root ganglion neurons can synthe-
size nitric oxide and inhibitors of nitric oxide syn-
thase, which are antinociceptive.®®*” Nitric oxide,
formed from L-arginine utilizing nitric oxide syn-
thase, functions in cell-to-cell communication in the
periphery. It activates guanylate cyclase to produce
guanosine monophosphate (GMP) and alter cell
functions. Nitric oxide may be relevant for the ac-
tions of substance P and bradykinin in peripheral
hyperalgesia. There is little evidence that nitric oxide
directly activates sensory neurons; rather, it may in-
directly alter their excitability. In addition, inhibitors
of nitric oxide are thought to act centrally by block-
ing nitric oxide—-induced activation of N-methyl-D-
aspartate (NMDA) receptors, producing antinoci-

1A-108

ception for neuropathic and chemically induced
pain.

Neutrophils. The neutrophil is the primary effec-
tor cell in sites of inflammation. Neutrophils accu-
mulate in large numbers, degranulate, and release
mediators, which also cause pain. Leukotrienes B,
Csa, and formyl methionylleucylphenylalanine
(fMLP), a bacterial cell wall fragment, attract and
activate neutrophils to release 8R,155-diHETE,
which directly sensitizes PANs (Figure 4).%-%

Second Messenger

Several different mediators have been described
that directly or indirectly stimulate the PAN to pro-
duce hyperalgesia. This diverse group of hyperal-
gesic agents produces similar effects on PANs often
through activation of different PAN receptors. In an
effort to determine whether all of these agents work
through a common pathway, the search for a puta-
tive common second messenger was conducted. Sev-
eral agents have been shown to elevate intracellular
cAMP® and were found to be hyperalgesic®®* by
blocking the phosphorylation of cAMP-dependent
protein kinase.** Receptors on the PAN utilize a
guanosine stimulatory (G;) protein to couple and ac-
tivate intracellular cAMP.*® Agents that can activate
the guanosine inhibitory (G;) protein (e.g., opioids)
can produce analgesia.*® Stimulation of the G, pro-
tein by such mediators as PGE and 5-HT causes hy-
peralgesia. These results are supportive of the role
of cAMP as a putative second messenger in activat-
ing PAN fibers.

TRANSMISSION OF SIGNAL

The dorsal hom of the spinal cord is divided into
layers based on cell morphology and stamina. The
output neurons that transmit and project to the thal-
amus and brainstem are found in layers I and V and
form the spinothalamic tract, which is conceptually
two tracts. The direct spinothalamic tract (Figure
5) crosses to the contralateral anterolateral white
matter of the spinal cord and ascends through the
lateral edge of the medulla, lateral pons, and mid-
brain to the ventrobasal region of the thalamus.
From here, thalamic neurons project to the soma-
tosensory cortex. This pathway transmits aspects of
acute pain (e.g., location, intensity, quality) and
alerts the individual to biologically threatening
events. The spinothalamic tract contains four differ-
ent types of neurons with cell bodies in the dorsal
horn (Table VI).

The spinoreticular system mediates autonomic
and. affective reaction to pain. These ascending fi-
bers terminate in the brainstem reticular formation,
pontine, medullary areas, and the medial thalamic

July 31, 1996 The American Journal of Medicine® Volume 101 (suppl 1A)
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Somatosensory Cortex

)

Thalamus

Mesencephalon Medial lemniscus

Nucleus cuneatus

Nugcleus gracilus

internal arcuate fibers

Medulla Oblongata Reticular formation

Inferior olivary complex

AB
Lumbar Spinal Cord ASc

Ventral and
lateral spinal
thalamic tracts

Figure 5. Ventral and lateral spinal thalamic tracts. (Reprinted with
permission from Springer-Verlag.”)

nuclei. This tract contributes to affective processing
of nociception by connecting ascending information
from the brain stem to limbic structures via the nor-
adrenergic bundles.? Nociceptive impulses ascend to
the locus coeruleus (a pontine nucleus near the
fourth ventricle) and then ascend via the dorsal ad-
renergic bundle to the cortex. These pathways are
responsible for the overall alertness, vigilance, and
fear surrounding any noxious stimulus.’® Norepi-
nephrine is the major neuropeptide in the dorsal ad-
renergic bundle, where it accounts for >70% of this
substance present in the nervous system.”’

MODULATION OF CHRONIC PAIN

Pain produced by similar noxious stimuli is per-
ceived differently by individuals under certain con-
ditions. For example, athletes can endure pain that
would incapacitate others. There are many stories of
soldiers who endured extensive wounds without
screaming in pain.’® Moreover, there is the phenom-
enon of placebo relief of chronic pain. Implicit in
these observations is the realization that the central
nervous system can modulate incoming nociceptive
signals.

July 31, 1996 The American Journal of Medicine® Volume 101 (suppl 1A)

Melzack and Wall®® drew attention to this modu-
lation when postulating their “gate theory” in 1967.
They demonstrated that cells in lamina V of the dor-
sal horn were more responsive in the decorticate cat
(spinal cord blocked)®, indicating that structures in
the brainstem can inhibit or modulate nociceptive
input at the level of the spinal cord. In addition, the
gate theory postulated that dorsal horn cells could
modulate input from the periphery.*

Supraspinal descending signals also modulate no-
ciceptive input. Stimulation of the periaqueductal
grey (PAG) matter causes negative modulation of
pain. This interaction was demonstrated experimen-
tally by Reynolds®' who showed that painless sur-
gery could be performed on experimental animals if
the PAG matter was activated.®® Additional work by
Mayer and Price® demonstrated that higher centers
in the nervous system clearly modulated nociceptive
input from tissue injury. Descending inhibitory mes-
sages can originate from several areas in the central
nervous system, including (1) corticodiencephalic
and diencephalic system; (2) mesencephalic, peri-
aqueductal, and periventricular grey area; (3) med-
ullary centers, including the nucleus raphe magnus;
(4) spinal and medullary dorsal horns; and (5) de-
scending pathways from the locus coeruleus via the
noradrenergic pathway,%-%

The activation mechanism of these pathways has
been a subject of great interest. Initially, the pres-
ence of endogenous morphine-like compounds was
suspected because narcotic analgesics were known
to act in the central nervous system (CNS) and bind-
ing sites were found in brain membranes.® Since
then, other opiopeptide analgesics have been de-
scribed.® The significance of these endogenous opi-
opeptides in pain modulation is demonstrated by the
observation that the narcotic antagonists, such as
naloxone and naltrexone, can reverse stimulation-
produced analgesia in animals and humans, some
forms of stress-induced analgesia in animals, and
placebo analgesia in humans with postoperative
pain.m‘n

Opioid receptors are found on neuronal cell mem-
branes and are the site of action for opioids, which
themselves resemble the endogenous biologically
active neuropeptides. Opioids bind throughout the
brain and act at central sites, brain stem, and spinal
cord to alter pain perception.

Opioids and Opioid Receptors

Three distinct endogenous opioid polypeptide
families exist. They have different anatomic distri-
butions and are cleaved from different precursors
(Table VII).

Receptors serve two functions: (1) chemical rec-
ognition and (2) biologic action. Each function oc-

1A-118
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TABLE VI
Types of Neurons in the Spinothalamic Tract
Neuron Type Comment
Nociceptive Responsive to high-intensity noxious
stimuli
Wide, dynamic Responsive to repetitive incoming
range stimuli of increasing intensity
Narrow, dynamic Responsive to thermal and tactile
range stimuli
Laminae IV, V Responsive to proprioception
From J. Invest Derm.s ’

curs at a different site on the receptor complex.
Opioids bind to receptors with different affinities,
which correlates with their analgesic potency.”
Most endogenous, synthetic, or naturally occurring
opioids (endogenous prototype S-endorphin and ex-
ogenous prototype morphine) bind to p-opioid re-
ceptors. Two subtypes of u-opioid receptors exist™:
the u, receptor is responsible for analgesia and the
u» receptor mediates respiratory depression, brady-
cardia, and inhibition of gastrointestinal motility. All
available synthetic opioid agonists activate both u
receptors. Activation of 4 and « receptors produces
spinal analgesia. Enkephalin analogs are more po-
tent than morphine when administered into the sub-
arachnoid space.™

Activation of « receptors causes sedation as well
as analgesia without respiratory depression. The an-
algesic properties of opioid agonists are principally
mediated by activation of the « receptor. Other re-
ceptors such as the ¢ receptor are not well charac-
terized and are thought to be activated by S-endor-
phin—-mediated hormonal effects. The 6-opioid
receptor is thought to mediate psychotomimetic ef-
fects, such as dysphoria and hallucinations, as well
as tachycardia, tachypnea, and mydriasis.”*"

Beta-endorphins act as neurotransmitters, which
contribute to descending control of nociception, and
as hormones, which are released by the pituitary
gland into the systemic circulation. Whether the cir-
culating hormone plays any analgesic role is uncer-

tain."” The mechanisms of endogenous opioids and
other neurotransmitters (both serotonergic and nor-
adrenergic) in modulating pain are not fully under-
stood. For example, in the rostral ventral medulla
there are two types of cells (off and on cells) with
opposing effects on nociceptive transmission®: off-
cells inhibit pain transmission and on-cells facilitate
pain transmission. Morphine increases off-cell activ-
ity; naloxone decreases off-cell activity and in-
creases on-cell activity.” This implies that morphine
also acts at the level of the brainstem to modulate
or block incoming signals of tissue injury at the spi-
nal level.

Receptor action occurs through binding of an ag-
onist, which activates biologic activity, or an antag-
onist, which prevents binding of the agonist to the
receptor. Opioids may exert a full biologic effect or
produce a submaximal response (i.e., partial ago-
nists). Agonist—antagonist combinations can reduce
the maximum response of the agonist. In addition,
agonists and antagonists may have different actions
depending on the receptor activated (Table VII).

All ¢ agonists cause a dose-dependent depression
of the respiratory center to carbon dioxide tension
(Pco,) and pontine and medullary centers involved
in regulating respiratory rhythm.” Opioids alter
mood, possibly via the limbic system, and may in-
duce sleep at high doses, although arousal can be
produced by noxious stimulation.™" The effects of
opioids on bowel motility appear to be locally and
centrally mediated.* Injection of morphine into the
cerebral ventricles inhibits bowel motility; the effect
is reversed by intraventricular administration of nal-
oxone. Opioids also affect cholinergic, serotonergic,
and enkephalinergic receptors in the myenteric
plexus of the intestine. The u-agonists increase bili-
ary pressure, and opioids produce chronotropic, ino-
tropic, and peripheral vascular changes. Opioids can
produce a dose-dependent bradycardia, which is
caused by central stimulation of the vagal nucleus in
the medulla.** All opioids produce some myocardial
depression. However, it is not generally significant

TABLE Vil
Endogenous Opioid Peptides
Endogenous
Precursor Opioid Receptor Location
Proenkephalin A Enkephalin o Gl tract sympathetic, adrenal medulla, PAG, rostral
ventral medulla, and rexed laminae |, Il, V, X
Proopiomelanocortin B-endorphin wy and pp Released with ACTH from the pituitary, hypothalamus.
Located in PAG, nucleus raphe magnus, medial
thalamus, spinal cord, and locus coeruleus
Prodynorphin (Proenkephalin-B) Dynorphin Similar to that of enkephalins
ACTH = adrenocorticotropic harmone; Gl = gastrointestinal; PAG = periaqueductal grey.
From Information in the Brain.”

1A-12S

July 31, 1996 The American Journal of Medicine® Volume 101 (suppl 1A)



SYMPOSIUM ON MANAGEMENT OF CHRONIC PAIN/MARKENSON

even at high analgesic doses.*® Morphine, meperi-
dine, and codeine may cause arteriolar dilation and
venodilation indirectly by stimulating histamine re-
lease. Morphine also has a similar direct action on
vessels, %384

Descending Modulating Pathways

Such factors as arousal, attention, and emotional
stress can alter the response to pain by involving
CNS mechanisms. A network linking the hypothala-
mus with the brain stem has been described, which
is sensitive to opioids, influences dorsal horn neu-
rons, and triggers their ascending nociceptive trans-
missions. Hagbarth and Kerr,® Carpenter et al,* and
Wall® have described descending control of ascend-
ing sensory input. This description was strengthened
by the experimental observation of stimulation-pro-
duced analgesia (SPA) in animals®*" and in humans
with chronic pain,®* during which stimulation of
specific brain areas inhibits incoming noxious noci-
ceptive afferents and results in analgesia. Inhibition
of dorsal horn cells involved in afferent transmission
of nociception to higher centers is accomplished by
stimulation of analgesic areas in the brainstem.”
This inhibition can be blocked by discrete lesions in
the spinal cord dorsolateral funiculus.”- %192

Periaqueductal gray matter. Inputs from the
frontal cortex,™ amygdala,” and hypothalamus™ ac-
tivate cells in the midbrain (i.e., PAG). Neurons de-
scending from the midbrain synapse in the medulla
at the midline nuclei (nucleus raphe magnus) before
descending to the dorsal horn. Pathways ascending
from the PAG to the medial thalamus and orbital cor-
tex also may control nociception in an ascending
fashion.”® Inputs to the PAG also are received from
the nucleus cuniformis, the locus coeruleus (origin
of the descending adrenergic bundle), and other
brainstem catecholaminergic nuclei.”” The PAG con-
tains large quantities of all the endogenous opioid
peptides (i.e., enkephalin, S-endorphin, dynorphin).
The rostral ventromedial medulla (RVM) includes
the midline nucleus raphe magnus, the adjacent re-
ticular formation, and the nucleus reticularis gigan-
tocellularis. Input is received from the PAG and nu-
cleus cuneiformis. Stimulation of opioid receptor in
the PAG may influence nociception by altering the
descending modulating pathway.

The RVM contains opioid receptors as well as re-
ceives neurons from the raphe nucleus that utilize 5-
HT as a neurotransmitter.” Opioid inhibition of pain
at the level of the brainstem and PAG can be re-
versed by coadministering 5-HT and norepinephrine
antagonists at the level of the spinal cord.”® 5-HT and
norepinephrine neurons are the major descending
modulators to the dorsal horn and function to inhibit
and modulate nociception. Norepinephrine works
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through the as-adrenergic receptor'® and 5-HT via
the 5-HT, receptor at the spinal cord level.!®! The
mechanism of action for 5-HT is complex and not
fully understood.

Noradrenergic cells from their descending adre-
nergic bundle (area of the rostral medulla and dor-
solateral pons) send input to the RVM.!® Axons from
the RVM descend to the spinal cord via the dorsal
lateral funiculus (DLF), which terminates primarily
in the superficial region of the dorsal horn as well as
in lamina V. Input to these regions is mainly PAN C
fibers carrying nociceptive impulses.*® RVM stimu-
lation inhibits dorsal horn ascending nociceptive
transmission; this effect can be blocked by lesions
in the DLF. Lesions or local anesthetic injections into
the RVM abolish the analgesia produced by stimu-
lation of the PAG®; opioids injected into the PAG
produce analgesia and activate pain-inhibiting neu-
rons in RVM.!®® This finding provided evidence that
descending modulation from PAG is relayed through
the RVM.

The dorsolateral pontomesencephalic tegmentum
(DLPT) contains the nucleus cunieformis and lies
adjacent to the PAG. It receives input from lamina I
and projects to the RVM. The noradrenergic bundle
passes through and sends a connection to the RVM
as it descends to the dorsal horn.!”*'** Stimulation of
this area inhibits ascending dorsal horn afferents '
and relieves chronic pain.’”” Descending modulating
networks start in the frontal cortex and hypothala-
mus and descend to the PAG and RVM before de-
scending to the dorsal horn where they can inhibit
ascending nociceptive impulses. Nerves in the DLPT,
in addition to projecting directly to the dorsal horn,
can input to the RVM. '

Modulation at the Dorsal Horn

Brain stem nuclei that send neurons to the dorsal
horn have terminals densely located in laminae I, I,
V, VI, and X. PANs in small C fibers also terminate
and synapse primarily in laminae I and II. Projections
to deeper laminae come from larger, myelinated
PANs. Lamina II also has neuronal dendrites in the
deeper layers and, as such, may control nociception
in these deeper layers. Lamina [ is the largest source
of spinothalamic tract neurons. After peripheral in-
jury or inflammation, the spinal cord is bombarded
with impulses from Ad and C fibers. Substance P and
glutamate are stimulated and released from their ter-
minals, causing activation on the postsynaptic neu-
ron terminal of slow NMDA or fast a-amino-3-hy-
droxy-5-methyl-4-isoxalone (AMPA)!%!® receptors
on dorsal horn neurons. This action causes the phe-
nomenon of windup, a two-dimensional amplifica-
tion of transmitted signals. AMPA-receptor neurons
are responsible for signal formation related to the
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location, intensity, and duration of pain both tem-
porally and spatially.'*

Neuropeptides and proteins in the nervous system
are coded by specific genes in the nucleus of the
neuron. Genes transcribe messenger RNA (mRNA),
which reaches the cytoplasm and translates to pro-
tein precursors of active neuropeptides. C- fos and
C-jun are proto-oncogenes (cellular homologues of
viral oncogenes).!!! Fos and Jun proteins are tran-
scriptional factors that regulate the expression of a
host of other genes. Fos protein may serve as a “third
messenger’ by signaling short-term neurologic
events into long-term potentiation (e.g., acute to
chronic pain). In the experimental animal, the num-
ber of fos protein neurons correlates with the pain
behavior elicited by a noxious stimulus.!!? Stimula-
tion of analgesic areas in the medullary raphe nu-
cleus significantly reduces noxious-stimulus—
evoked fos-protein expression.'”® Central sensitiza-
tion, which represents modulation of pain percep-
tion (either inhibitory or excitatory), has three ma-
jor components: (1) decrease in pain threshold; (2)
expansion of receptive fields; and (3) windup. The
cell bodies in lamina I receive C-type PANs and pro-
ject pain impulses to the thalamus via the lateral spi-
nothalamic tract (sharp pain). Cells of laminae V,
VII, and VIII contain wide dynamic range (WDR)
neurons that project to the reticular formation via
the spinoreticular tract (slow, dull, aching pain) and
the medial spinothalamic tract. By monitoring fos-
protein expression in dorsal horn neurons, the mech-
anism of central sensitization, which occurs through
activation of the NMDA receptor (located on dorsal
horn neurons), can be studied.

NMDA-receptor antagonists'"" can block windup
and c-fos expression,'’” which possibly are two
areas of nociception modulation at the spinal cord
level. NMDA-receptor antagonists may have poten-
tial use as analgesics. They have no effect in the ab-
sence of tissue or nerve injury in contrast to opioids,
which reduce responsiveness to noxious stimuli with
or without persistent tissue or nerve injury. Further-
more, combinations of opioids and NMDA-receptor
antagonists may be useful."’®!!'" In conditions of in-
Jjury, the combination may act in an additive fashion
to block perception of pain. NSAIDs also have been
shown to affect the spinal cord directly, possibly
blocking activation of the NMDA receptor stimulated
by excitatory amino acids (EAA; e.g., L-glutamine)
and substance P. This action is distinct from their
anti-inflammatory activity in the periphery.''®

Intense stimulation from nerve and tissue damage
activates fibers that project to interneurons in the
spinal cord. These interneurons are responsible for
increasing transmission to higher centers, as well as
to lateral and ventral horn cells in the spinal cord.
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The latter areas activate the sympathetic and so-
matic motor systems, increasing vasoconstriction
and muscle spasm and supporting “the vicious cycle
theory.” 119,120

Chronic compression of dorsal roots or periph-
eral nerves (as seen in carpal tunnel syndrome and
herniated intervertebral discs) causes pain by a
marked increase in their mechanosensitivity. Find-
ings from animal models led to the conclusion that
chronic compression of nerve roots can increase
repetitive firing of that root, which is caused by
low threshold mechanical pressure.'*"!?2 Phantom-
limb pain, causalgia, and selected peripheral nerve
injuries are thought to be caused by loss of inhib-
itory controls. The brain stem reticular formation
is thought to exert tonic inhibitory influences on
transmission at all synaptic levels of the somato-
sensory system. This tonic ability depends on nor-
mal sensory input. Loss of normal sensory input
after amputation, peripheral nerve lesions, emo-
tional stress, and use of certain drugs impairs the
efficacy of this mechanism and leads to increased
pain. Chronic stimulation by adding normal sen-
sory input back to the injured area through elec-
trical stimulation (i.e., TENS), acupuncture, or
nerve blocks inhibits activity of self-sustaining in-
terneuron pools and may reverse this phenomenon
and decrease pain.'*>!%

Contribution of physiologic factors, psychologic
behavior (e.g., personality, mood, attitude), and
sociologic issues (e.g., family interactions, work,
economic status, culture) contribute to the per-
ception of chronic pain. None of these factors in-
fluences pain perception in a straightforward fash-
ion. For example, in comparing cancer patients
with and without chronic pain, a higher level of
hypochondria, neuroticism, and other signs of
emotional disturbances were found in all groups
with pain'® and the level of higher emotionality
felt with treatment of pain.'?® Similar results were
observed in patients with musculoskeletal and
neurologic disorders.'?” Characteristics reported
in patients with chronic pain include sleep distur-
bances, appetite changes, increased irritability, de-
creased libido and sexual activities, psychomotor
retardation, and reduced pain tolerance.'?¢-!?
These characteristics may involve depletion of 5-
HT and endorphins. Terenius'® has detected
lower levels of endorphins and serotonin in pa-
tients with neuropathic and other types of “‘organic
pain,” as opposed to patients with psychogenic
pain. Data suggest that the longer the duration of
chronic pain, the greater the psychologic, emo-
tional, and behavioral changes. Studies also have
shown that as self-esteem and personal control de-
crease, symptoms increase.'®
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SYMPATHETICALLY MAINTAINED PAIN

CONCLUSION

The involvement of the sympathetic nervous sys-
tem in recognition of pain started with observations
in a syndrome called reflex sympathetic dystrophy
(RSD) or causalgia. Some patients with peripheral
nerve injuries (e.g., causalgia), fractures, soft-tissue
trauma, myocardial infarction, or stroke developed
severe burning pain in the region of injury accom-
panied by swelling of the extremity and osteopo-
rosis. Blocking the sympathetic nervous system of-
ten relieved the pain.'*! Sympathetic nervous system
reflexes also contribute to pain. Nociception in-
creases sympathetic tone, which produces periph-
eral vasoconstriction presumably by repeated in-
coming afferent C fiber nociceptive impulses causing
hypersensitivity in the dorsal horn of the WDR neu-
rons. The WDR neurons connect with the lateral
horn cells of the sympathetic system sending effer-
ent motor impulses to cause vasoconstriction and
peripheral ischemia, another stimulus to hyperalge-
sia.’® It has been postulated that following trauma,
norepinephrine is released from peripheral sympa-
thetic terminals to activate nociceptors.'®3 Injury
causes a change in the sensory nerves left intact so
that nerves previously unresponsive to sympathetic
stimulation can be excited by sympathetic stimula-
tion'® or intra-arterial injections of norepinephrine.
Sympathetic-induced excitation is thought to be me-
diated by an a, receptor on the PAN because it can
be blocked by yohimbine, a selective as-adrenergic
inhibitor. Binding studies show that there is an up-
regulation of adrenergic receptors in some sensory
neurons after injury.'®® It is still unclear whether
sympathetic—adrenergic interactions are mediated
via the «, or a, adrenoceptor. However, it is clear
that therapeutic measures aimed at blocking either
receptor can relieve pain under the correct circum-
stances. An anesthetic block of the sympathetic gan-
glion is effective because it eliminates the efferent
drive.'®® Topical application of clonidine activates
the @, receptor, depleting norepinephrine from the
sympathetic terminals.’* Phentolamine, ¥ phenox-
ybenzamine, ' and prazosin'® are o antagonists
that block nociceptor activation. Intravenous gua-
nethidine eliminates norepinephrine stores in the
sympathetic terminals.

In summary, noxious stimulation from visceral or-
gans releases substance P and can stimulate affer-
ents or neurons and depolarize sympathetic ganglion
cells.'*® In somatic afferent fibers, only after periph-
eral nerve damage or inflammation can it be dem-
onstrated that sympathetic nerves interact with
PANSs to cause transmission of pain.'*® During inflam-
mation, sympathetic fibers are stimulated and re-
lease prostaglandins, which stimulate afferent fi-
bers.'¥!
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Chronic pain is one of the most important health
problems in industrialized nations. Regardless of its
cause, chronic pain results in severe physical, be-
havioral, psychologic, and psychosocial problems
for the patient and family, as well as a large financial
burden to society. Effective therapy should not only
be directed at reducing or removing the cause of pain
but also at rehabilitating the patient physically, so-
cially, and psychologically. A basic understanding of
the mechanism of chronic pain is essential for the
physician to understand the pharmacologic manage-
ment of pain effectively. Classification into periph-
eral, central, and physiologic—psychophysiologic
mechanisms is helpful. Peripheral mechanisms in-
clude stimulation of nociceptors through injury or
inflammation with liberation of serotonin, histamine,
bradykinin, and prostaglandins. Receptor agonists
and antagonists of these substances can alter the
perception of pain. In addition, liberation of neuro-
transmitters, such as substance P and CGRP, also
may act to mediate pain.

Sympathetic pain occurs after traumatic injury to
a peripheral nerve, and therapy can be directed at
sympathetic nerve blocks or chemical block of ad-
renergic receptors. Central mechanisms include neu-
rotransmitters at the dorsal horn, spinothalamic
tract, medulla, midbrain, thalamus, and somatosen-
sory cortex. In addition, descending modulating
pathways exist with other neurotransmitters, such
as 5-HT and norepinephrine, as well as opioid recep-
tors. Specific agonists and antagonists of these trans-
mitters and receptors function to modulate or alter
the perception of pain. Psychophysiologic mecha-
nisms include the contribution of stress, which can
produce muscle spasm, local vasoconstriction, vis-
ceral dysfunction, and liberation of endogenous
pain-producing substances. Consequently, more
stress may develop, adding to the vicious cycle.
Agents that either relieve stress, decrease muscle
spasm, or inhibit pain-producing substances (e.g.,
bradykinin, prostaglandins) may be efficacious as
primary or adjunctive therapy.
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