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EW sensations are as disturbing to the indi-
vidual as that of pain. It stands alone among
man’s sensations, because it is accompanied
by strong psychological and emotional com-

ponents. This is recognized by the International
Association for the Study of Pain (IASP), which
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defines pain as “an unpleasant sensory and emotional
experience associated with actual or potential tissue
damage or described in terms of such damage”.

At the beginning of the last century, Crile was
among the first to introduce the concept of treating
pain prior to its onset: preemptive analgesia.1,2 He
observed that if pain transmission was blocked prior to
the initial surgical incision, postoperative mortality
was decreased. This analgesic technique was proposed
initially as a means for preventing postoperative shock;
however, proponents of this technique, later termed
preemptive analgesia, also noted a marked decrease in
the intensity (and duration) of postoperative pain.

The last 20 years have seen significant scientific
advancement in our understanding of the physiology,
pathophysiology and pharmacology of pain. In con-
junction with this knowledge, there has been a resur-
gence of the concept of preemptive analgesia and
numerous studies have addressed the purported bene-
fits of this technique in the surgical patient. This
review summarizes current knowledge of the pain
pathways, mechanisms and neurotransmitters, and
describes new aggressive approaches to acute pain
management in the context of preemptive analgesia.

PPhhyyssiioollooggiicc  ppaatthhwwaayyss
Specialized receptors provide information to the central
nervous system (CNS) about the state of the environ-
ment in the vicinity of the organism. Each receptor is
specialized to detect a particular type of stimulus (e.g.,
touch, temperature, pain, etc.) Those receptors in the
skin and other tissues that sense pain are free nerve end-
ings, while those for temperature detection can be free
nerve endings, bulbs of Krouse or Ruffini’s corpuscles.
Receptors are distributed with varying densities in dif-
ferent tissues. Pain receptors may be stimulated by
mechanical damage, extremes of temperature, or by irri-
tating chemical substances. While certain pain receptors
are responsive to only one of the above stimuli, most
can be stimulated by two or more. When the pain
receptors in peripheral tissues (such as skin) are stimu-
lated, the nociceptive (pain) impulses are transmitted to
the CNS by two distinct types of neurons - the A-delta
and C nerve fibres. The A-delta fibres are large-diame-
ter, fast conducting myelinated fibres, which transmit
“first” pain - sharp, prickling, and injurious. The C
fibres are small-diameter, slower conducting unmyeli-
nated fibres that are responsible for “second” pain -
dull, aching and visceral type. The primary afferent sen-
sory neurons from the periphery then enter the spinal
cord and synapse with neurons in the dorsal horn. The
second-order neurons, arising from the dorsal horn,
have long axons that decussate in the anterior commis-

sure and travel cephalad in the contralateral anterolater-
al pathway (also known as spinothalamic tract). Some of
the long axons that synapsed with type C neurons do
not decussate, but pass cranially in the ipsilateral antero-
lateral spinal pathway. The anterolateral spinal pathway
fibres terminate in the thalamus, from which neuronal
relays are sent to other CNS centres and the sensory
cortex. These higher centres are responsible for the per-
ception of pain and the emotional components that
accompany it.

There are four distinct processes in the sensory
pathway: transduction, transmission, modulation and
perception (Figure 1). Each of these processes pre-
sents a potential target for analgesic therapy; therefore
their physiology is described in some detail below.

Transduction
Nociceptors, the pain receptors, respond selectively to
noxious stimuli and convert chemical, mechanical, or
thermal energy at the site of the stimulus into neural
impulses, a process known as transduction (Figure 2).
The primary afferent nociceptors are the terminal
branches of the A-delta and C fibres, whose cell bodies
are located in the dorsal root ganglia. Mendell3
described a functional classification of nociceptive nerve
fibres. Wide-dynamic range (WDR) neurons are those
that receive input from both noxious and non-noxious

FIGURE 1 Diagrammatic representation of the four processes
involved in the sensory pathway: transduction, transmission, per-
ception, and modulation. Primary afferent neurons transmit infor-
mation from the periphery to the dorsal horn of the spinal cord.
Afferent information is then transmitted via the spinothalamic
tracts by second-order neurons to the thalamus and to the sensory
cortex. The descending inhibitory fibres (interrupted lines) modu-
late the afferent input at the dorsal horn. Also represented are the
agents that can modify the sensory input of each of the four
processes.



stimuli and that exhibit a graded response (i.e., they can
increase their firing rate in response to increasing levels
of stimulation); the high-threshold (HT) neurons are
those that are activated only by noxious (HT) stimula-
tion; and low-threshold (LT) neurons are those activat-
ed only by non-noxious (LT) stimulation.

When the A-delta and C fibres are activated by brief
intense stimuli, with little accompanying tissue damage,
the resulting transient pain serves as a physiological
warning. However, when nociceptors are activated by
the noxious stimuli that accompany tissue damage or

infection, a regional injury response occurs in the
periphery. Chemical substances and enzymes are
released from the damaged tissues, increasing the trans-
duction of painful stimuli. Prostanoids (prostaglandins,
leukotrienes and hydroxyacids) are products of the
arachidonic acid pathway and are major mediators of
the hyperalgesia that accompanies inflammation.
Prostaglandins (PGs) and leukotrienes cause sensitiza-
tion of the peripheral receptors, reducing their activa-
tion threshold and increasing their responsiveness to
other stimuli.4–6 Kinins, such as bradykinin and kallidin
have numerous pro-inflammatory functions including:
release of PGs, cytokines and free radicals from a variety
of cells; degranulation of mast cells and release of hista-
mine; and stimulation of sympathetic neurons to alter
blood vessel caliber.7 Kinins also contribute to plasma
extravasation by producing contraction of vascular
endothelial cells.8 Bradykinin and PGs, particularly
PGE2, stimulate neurons directly, initiating the trans-
mission of pain impulses along the nociceptive pathway.
Peripheral vascular dilation and increased vascular per-
meability are induced by the release of substance P
caused by the axon reflex of the injured nerve.9 This
increased vascular permeability, accompanied by release
of vasoactive mediators from mast cells, results in an
inflammatory response (neurogenic edema).10 The
increased vascular permeability also results in extravasa-
tion of additional algogenic (pain producing) sub-
stances, such as histamine and serotonin. Histamine can
also be released from mast cells during degranulation, a
process promoted by substance P, kinins, interleukin-1
and nerve growth factor. Histamine acts on sensory
neurons to produce pain and itching.11 Histamine stim-
ulation of sensory neurons may evoke release of neu-
ropeptides and PGs, leading to further inflammatory
effects and hyperalgesia.12 Serotonin (5-HT) is a major
inflammatory mediator, especially in the initial phases of
the inflammatory response.13,14 Released from mast
cells and platelets during injury or inflammation, 5-HT
causes direct activation of sensory neurons via 5-HT
type 3 (5-HT3) receptor activation. Nociceptive impuls-
es activating the sympathetic nervous system promote
norepinephrine release, which in turn accelerates sensi-
tization of the nociceptors, creating another vicious
cycle.8 Reactive oxygen species, such as hydrogen per-
oxide, superoxide, and hydroxyl species, are produced
by tissues during inflammation. These substances have
been shown to enhance the effects of bradykinin, PGE2
and other inflammatory mediators,15 similar to the syn-
ergism between other algogenic substances, such as
PGs, bradykinin, and 5-HT.8

In summary, the activity and sensitivity of sensory
neurons is profoundly altered by the mediators
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FIGURE 2 Representation of the transduction process and the
mediators of inflammatory processes that lead to peripheral sensiti-
zation of nociceptors.

FIGURE 3 Representation of the transmission process by prima-
ry afferent (A-delta and C) fibres from periphery to the dorsal
horn of the spinal cord. The balance between excitatory and
inhibitory transmitter release determines the intensity of afferent
information and the state of sensitization that occurs following
peripheral injury.



released as a result of tissue injury and inflammation
(Figure 2). These inflammatory mediators produce an
increase in nociceptor sensitivity, neurogenic edema
and hyperalgesia of tissues in the vicinity of the injury.
These complex changes in peripheral signal processing
result in increased pain sensation, alteration in the
quality and duration of pain, and may lead to altered
central pain processing and the development of chron-
ic pain states.

Transmission in the dorsal horn
When signal transduction has occurred, impulses are
transmitted via A-delta and C fibres to the dorsal horn
of the spinal cord (Figure 3). The nerve fibres synapse
in the superficial layers of Rexed laminae: the A-delta
neurons synapse in laminae I, II and V, and the C
fibres in laminae I and II. The borders between these
laminae are not distinct. In addition, there is consid-
erable overlap of neuronal cell types between the lam-
inae, with each lamina containing more than one type
of neuron.16 A variety of neurotransmitters are
released by the incoming first order nociceptive neu-
rons. One of these is substance P, a neurokinin, which
is released from HT fibres. The calcitonin gene-relat-
ed peptide (CGRP) is released along with substance
P,17,18 and extends the spinal cord zone from which
substance P is released, thereby contributing to
increased excitability.19 In turn, substance P induces
the release of excitatory amino acids (EAAs) such as
aspartate and glutamate, which act on the AMPA (2-
amino-3-hydroxy-5-methyl-4-isoxazole-propionic
acid) and NMDA (N-methyl-D-aspartate) receptors.20

Enhanced synaptic transmission due to release of
EAAs follows substance P release21 and the latter can
induce a prolonged enhancement of responses by dor-
sal horn neurons to glutamate or NMDA.22,23 This
enhanced depolarization causes calcium influx into
postsynaptic neurons, which induces persistent
changes in the excitability of the cell.8 The term
”wind-up” has been used to describe the enhanced
excitability and sensitization of dorsal horn cells
induced by the above mechanisms (Figure 3).

In addition to causing ”wind up”, repeated noxious
stimulation of the dorsal horn may result in an increase in
the number of neurons in laminae I and II whose nuclei
express C-fos protein, a protein thought to be involved in
the memory of pain.24,25 Pretreatment with morphine has
been shown to decrease the number of cells expressing C-
fos protein. This suggests that preventing access of the
trigger signal to the CNS may attenuate the increased
sensitivity to painful stimuli, and reduce the hyperalgesia
and production of pain by non-painful stimuli (i.e., allo-
dynia), which accompany tissue injury.24,25

Perception
The second order nociceptive afferent fibres have their
cell bodies in the dorsal horn of the spinal cord, from
which they project axons to the higher CNS centres
responsible for processing of nociceptive information.
As mentioned previously, most of the ascending fibres
decussate before travelling cranially in the spinothala-
mic tract. The majority of the neurons comprising the
spinothalamic tract are WDR or HT neurons;26 they
course through the pons, medulla and mid-brain to
terminate in specific portions of the thalamus. From
the thalamus, afferent information is carried to the
somatosensory cortex. The spinothalamic tract also
sends collateral branches to the reticular formation.
The impulses transmitted via these tracts are responsi-
ble for the sensory discrimination of pain and the
emotional responses it evokes. The reticular formation
is probably responsible for the increased arousal and
aspects of the emotional-affective components of pain,
as well as somatic and autonomic motor reflexes.27–29

The activation of supraspinal structures is mediated by
EAAs,30 but the neurotransmitters involved in central
processing of nociceptive information have not yet
been elucidated.

Analgesic therapy has traditionally targeted the pain
perception component of the analgesic pathway.
Certain areas, such as the nucleus reticularis giganto-
cellularis, one of the nuclei in which nociceptive sec-
ond-order neurons terminate, are profoundly depressed
by both general anesthetics and opioid analgesics.31–34

Despite this fact, traditional analgesic therapy using opi-
oids has met with varying success due, in part, to the
lack of binding specificity of parenteral and oral opioids.
With the increasing understanding of the pain pathways
and the processes involved therein, it is now recognized
that pain is best controlled by using several analgesic
agents, each of which acts on a specific site along the
pain pathway. Such an approach also lessens the reliance
on one particular agent or mechanism, and the result-
ing synergism may avoid the side effects associated with
high doses of individual agents.

Efferent pathways and pain modulation
In the early twentieth century, Sherrington35 empha-
sized the importance of the interaction between excita-
tory and inhibitory neuronal systems in the processing
of incoming sensory information by the brain. It is now
known that efferent pathways help to modify afferent
nociceptive information. The efferent neuronal path-
ways involved in pain modulation include: the corti-
cospinal tracts, which commence in the motor cortex
and synapse in Rexed laminae III–IV; hypothalamic
efferents, which arise in the hypothalamus and synapse
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in the mid-brain, pons, medulla and Rexed lamina I;
and extensive efferent fibres from the periaqueductal
gray matter in the mid-brain and the nucleus raphe
magnus in the medulla, to the dorsal horn. Stimulation
of these efferent (descending) pathways can modulate
nociceptive transmission in the periphery, in the spinal
cord by altering neurotransmitter release, or
supraspinally by activation of inhibitory pathways
(Figure 1). It is well established that norepinephrine,
serotonin and opiate-like substances (endorphins) are
involved in the brainstem inhibitory pathways that
modulate pain in the spinal cord.36–38

Gamma-amino butyric acid (GABA) and glycine
are two important inhibitory neurotransmitters that
act at the dorsal horn. Blockade of spinal GABA or
glycine can result in allodynia, by removing inhibitors
that control NMDA receptors.39 Failure of spinal inhi-
bition may thus play a role in the etiology of neuro-
pathic pain. Alternatively, when there is peripheral
inflammation, the opposite effect can be seen: up-reg-
ulation of spinal GABA receptors promotes inhibition
of afferent nociceptive impulses40 and decreased pain
sensation. Therefore, the sensitivity of spinal GABA
receptors can vary under different circumstances,
resulting in modulation of nociceptive information.

Another neurotransmitter, somatostatin, is found in
cells of the dorsal root ganglion and in afferent terminals
of the dorsal horn of the spinal cord. It appears to be
released in response to noxious stimuli, resulting in
hyperpolarization and a reduced firing rate in dorsal horn
neurons.41 However, although it appears to have benefi-
cial analgesic properties, intrathecal administration of
somatostatin can also result in motor dysfunction and
paralysis at doses just above those which produce analge-
sia. Thus, further studies are required to fully evaluate
the role of this peptide in antinociception.41

Galanin is found in a large percentage of primary
afferent nociceptive fibres, and is thought to be an
inhibitory peptide. It is frequently co-localized with
substance P and CGRP. Until development of an
antagonist, however, the exact role of galanin in noci-
ceptive transmission is unlikely to be elucidated.40

Mechanisms of hypersensitivity
The transmission of pain from peripheral tissues via
the spinal cord to the brain is not a simple process,
with its own exclusive pathways; rather, it is dependent
on the balance between excitatory and inhibitory neu-
ronal systems.

Peripheral tissue injury can modify the responsiveness
of the nervous system to stimuli at two sites: peripheral
sensitization, which entails a reduction in the threshold
of nociceptive afferent peripheral terminals; and central

sensitization, an activity-dependent increase in the
excitability of spinal neurons.42 These two processes con-
tribute to the postinjury state of hypersensitivity seen
postoperatively. This state manifests as an increase in the
response to noxious stimuli and a decrease in the pain
threshold. It is now apparent that the receptive field of
dorsal horn cells is not fixed, and can undergo a number
of changes. These changes include alterations in the size
and location of the peripheral receptive field (spatial
component); changes in the sensitivity to different stim-
uli (threshold component); changes in the selectivity of
the receptor to mechanical, thermal or chemical stimuli
(modality sensitivity component); or a change in activity
of the receptor in relation to the timing of the stimulus
(temporal component).43 Primary hyperalgesia refers to
receptor field changes within the area of injury, while sec-
ondary hyperalgesia refers to changes in the undamaged
tissue surrounding the area of injury. In addition, these
changes are responsible for the misperception of pain in
response to non-noxious stimuli - termed allodynia.42

Primary hyperalgesia is explained by sensitization of
peripheral nociceptors,44–46 while secondary hyperalgesia
may be caused by altered CNS processing of mechanore-
ceptor impulses from peripheral tissues.45,47–50

Clinical pain may be divided into two entities:
inflammatory pain, which is the consequence of trau-
ma to peripheral tissues (i.e., surgical incision, dissec-
tion, burns, etc); and neuropathic pain, which is the
result of direct injury to nervous tissue (i.e., nerve
transection). Both types of injury result in long-term
changes in the sensitivity of the nervous system, such
that the intensity of subsequent stimuli necessary to
induce pain is reduced.

PPhhaarrmmaaccoollooggiiccaall  mmooddaalliittiieess
Preemptive analgesia is an antinociceptive therapy
whose aim is to prevent both peripheral and central
sensitization, thereby attenuating (or, ideally, prevent-
ing) the postoperative amplification of pain sensation.
Treatment can be aimed at the periphery, at inputs
along sensory axons, or at CNS sites using single or
combinations of analgesics applied either continuous-
ly or intermittently.

Regional anesthesia
Afferent blockade of all impulses, and in particular noci-
ceptive impulses, prior to incision is central to the con-
cept of preemptive analgesia. This can be achieved with
local infiltration for superficial procedures, peripheral
nerve or plexus anesthesia, or central neuraxial block-
ade. Of importance is the fact that effective analgesia
should not only be well established prior to the surgical
incision but should be continued well into the postop-
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erative period. The timing to stop delivery of the local
anesthetic agent should be judged against the healing of
the wound and degree of anticipated tenderness.
Discontinuation of regional blockade when significant
afferent input is still likely to be present would merely
delay the onset of surgical pain until after the pharma-
cologic effects of the local anesthetic subside. In
patients with preexisting central sensitization, the
regional blockade should be continued for a longer
duration in order to achieve a lower level of nociceptive
input. Often, regional anesthesia is combined with
adjuvant therapy in the postoperative period. 

Non-steroidal anti-inflammatory drugs (NSAIDs)
Peripheral sensitization, in which there is an increase
in the sensitivity of HT peripheral sensory neurons,
results from exposure of sensory nerve terminals to
algogenic substances and mediators released locally at
the site of injury. The aim of treatment should be to
prevent the release (or to inactivate) the various neu-
rotransmitters and inflammatory mediators, which
sensitize the peripheral nociceptors. By reducing PG
synthesis, cyclo-oxygenase inhibitors block the noci-
ceptive response to endogenous mediators of inflam-
mation, with the effect being greatest in tissues that
have been subjected to injury and trauma.51 NSAIDs
represent diverse chemical entities, but their common
mechanism of action is inhibition of this PG-mediated
sensitization of nociceptors to chemical and mechani-
cal irritants.52 Moreover, membrane stabilization by
NSAIDs may account for the decrease in PG release
seen at concentrations insufficient for effective inhibi-
tion of cyclo-oxygenase.51 Glucocorticoids, tricyclic
antidepressants, anti-arrhythmics and local anesthetics
may work by a similar mechanism, as all are considered
to possess membrane-stabilizing effects. 

Central neuronal tissues also synthesize PGs, and
spinally administered NSAIDs have been shown to
reduce hyperalgesia. To what extent the central action
of NSAIDs contributes to the analgesic effect of sys-
temically administered NSAIDs is unknown.53 It is
apparent that in addition to their effects on PG syn-
thesis, certain NSAIDs also affect the synthesis and
activity of other neuroactive substances, such as 5-HT,
kynurenic acid and polyamines, thought to play
important roles in the processing of nociceptive
impulses in the dorsal horn.54

Opioids
At the spinal cord, modulation of afferent input can be
accomplished by decreasing neurotransmitter release,
by blocking the postsynaptic receptors (thereby block-
ing the effects of the neurotransmitters), or by activat-

ing inhibitory pathways. Opioid receptors are a key
site of analgesia production and recent studies indicate
that spinal opioid systems can be enhanced or reduced
under different circumstances.40 The lamina I and the
substantia gelatinosa in the dorsal horn, the zones in
which C-fibres terminate, have the highest concentra-
tions of opioid receptors in the spinal cord.
Approximately 70% of the total opioid receptors in the
rat spinal cord are of the mu-subtype, approximately
24% are delta, and approximately 6% are kappa recep-
tors.55 Whether this situation mirrors that in humans
is under investigation, but molecular biology has
demonstrated close similarities between opioid recep-
tors in humans and those in laboratory animals.56 The
majority of the mu-receptors in the spinal cord are
found presynaptically on the afferent nociceptive ter-
minals.55 Opioids that are mu and/or delta agonists
cause a reduced release from C-fibres of primary affer-
ent neurotransmitters (substance P and gluta-
mate).36,57,58 Opioids also inhibit the release of
CGRP.59 The predominance of presynaptic opioid
receptors on C fibres, as opposed to A-fibre terminals,
accounts for the selective effect of spinal opioids on
noxious evoked activity.60 The deeper layers of the
spinal cord contain relatively fewer opioid receptors;
those present are believed to be situated on nocicep-
tive circuitry such that they have selective inhibitory
effects. When stimulated, these postsynaptic opioid
receptors hyperpolarize the membrane of dorsal horn
neurons, thereby reducing activity in nociceptive path-
ways.57,61 Studies with agonists of the delta opioid
receptors have highlighted their potential as analgesics
possessing fewer of the side effects usually associated
with morphine. However, experience with kappa
receptor agonists, to date, has been disappointing.62

Supraspinal injections of mu and delta agonists will
produce naloxone-sensitive analgesia,63 although the
exact mechanism by which mu receptor activation
produces supraspinal analgesia is still unknown. The
exact role of the kappa receptors in the production of
supraspinal analgesia is the subject of debate, with
varying opinions ventured in the literature.61,64,65

Opioids also act peripherally as analgesic agents.
Mu receptor agonists prevent the nociceptor sensitiza-
tion induced by inflammatory mediators, such as
prostaglandin E2 (PGE2).

66 Delta and kappa receptors
are thought to be located on the sympathetic nerves
and to mediate analgesia peripherally by blocking
bradykinin-induced release of nociceptor sensitizing
agents from nerve endings.67 Thus, opioids act
supraspinally, spinally and peripherally to produce
analgesia, thereby reducing sensitization both central-
ly and peripherally.
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NMDA receptor antagonists
There are large numbers of NMDA receptors in the
human spinal cord;40 the conditions necessary for their
stimulation are complex and appear to only be
achieved with repetitive C-fibre activity.68,69 When the
C-fibre stimulus is maintained and its frequency or
intensity is sufficient, the NMDA receptor becomes
activated and the resultant amplification or prolonga-
tion of the response seems to underlie many forms of
central hyperalgesia.24,69–73 Prolonged inflammatory
pain, unlike its acute pain counterpart, is sensitive to
NMDA antagonism.74 Since the NMDA receptors
have been implicated in pathological pain states,
NMDA antagonists, such as ketamine or dex-
tromethorphan, have been used to treat opioid insen-
sitive neuropathic and cancer pains. NMDA
antagonists have no effect on the afferent input onto
dorsal horn, but they abolish the wind-up phenome-
non, thereby converting the potentiated nociceptive
response to a normal response.75 Opioids, by contrast,
reduce the release of neurotransmitters by presynaptic
C-fibres through binding to inhibitory receptors on
the C-fibres. While opioids will delay the onset of
wind-up by this mechanism, unless the dose is suffi-
cient to stop all neurotransmitter release, wind-up
may still occur.60 Opioids and NMDA antagonists may
be used synergistically, and the combination has
shown marked inhibition of nociceptive responses.
Ketamine is an NMDA receptor antagonist at sub-
anesthetic doses and therefore has the capability to
block central hypersensitivity states at doses that are
not directly analgesic. Spinally administered local
anesthetics also work synergistically with morphine in
modulating nociception by blocking afferent fibres
and reducing neuronal excitability, thereby reducing
NMDA-mediated activity.76

Alpha2 receptor antagonists
Analgesia may also be produced by stimulation of
alpha2 adrenergic receptors in both the spinal cord and
higher centres.77 These receptors may be activated by
descending noradrenergic pathways or by exogenous
compounds, such as epinephrine, clonidine or
dexmedetomidine. Studies indicate that alpha2 ago-
nists exert a potent analgesic response,78,79 and that
their potency is increased by concomitant opioid ther-
apy.80–82 While alpha2 agonists and opioids mediate
their analgesic action through independent receptors,
cross-tolerance may nonetheless develop between the
two agents.83,84 Alpha2-agonists also have been shown
to reduce the undesirable physiological and psycho-
logical effects of opioid withdrawal.85 The exact mech-
anism by which alpha2 agonists produce analgesia

remains unknown, though it is postulated that release
of acetylcholine may play a role.86,87

Miscellaneous agents
Numerous other agents have been shown to have
analgesic properties and may have a role in producing
preemptive analgesia, either singularly or in combina-
tion therapy.

Cholecystokinin (CCK) can selectively reduce the
analgesic action of morphine at both spinal and
supraspinal sites. It appears that CCK acts as an
endogenous control on the level of mu analgesia.
Upregulation of its receptors results in decreased anal-
gesia in some neuropathic models; decreased CCK
concentrations, in inflammatory models, results in
enhancement of mu receptor effects.88 Alternatively,
antagonists of the CCK receptor may enhance the
analgesic action of opioids.89,90

It has been shown that NMDA receptor activation
results in formation of nitric oxide (NO). Inhibitors of
NO synthetase, the enzyme responsible for synthesis
of NO, are antinociceptive, suggesting a possible
future role in pain medicine.91 While it has been
shown that GABA agonists also have antinociceptive
actions,92 it remains to be determined whether the
GABA receptor represents a viable target for future
analgesic therapy.

Administration of antagonists to bradykinin, hista-
mine and serotonin may be used to prevent or diminish
the formation of neurogenic edema and sensitization of
receptors.93 However, the complexity of the peripheral
neural mechanisms leading to hyperalgesia is not yet
fully understood.70,94 The role of newly discovered and
longer established peripheral mediators such as the
nerve growth factors, cytokines and catecholamines
from sympathetic nerve endings, as well as bradykinin,
serotonin and prostanoids, awaits elucidation.70,94

Accordingly, attention has focused on the CNS in the
search for alternative processes that can be modified
pharmacologically, in combination with peripherally
acting measures, to improve analgesia. Monoamine
reuptake inhibitors can enhance the antinociception
produced by systemic opioids.95,96 Intrathecally admin-
istered anticholinesterases, such as neostigmine, can
produce potent analgesia97 and can synergistically
enhance the antinociception of both morphine and
clonidine.98,99 Acetylcholinesterases appear to exert
their analgesic action through a muscarinic, as opposed
to a nicotinic, action (muscarinic agonists, but not nico-
tinic agonists, are analgesic when injected intrathecal-
ly).100,101 Amitryptiline, a tricyclic antidepressant, can
enhance the antinociceptive effects of systemic opioids96

and of intrathecal neostigmine.98 Potassium channel
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openers, such as diazoxide and minoxidil, have also
been shown to produce antinociception when adminis-
tered intrathecally.102 Intrathecal administration of
adenosine analogues produces antinociception; this
effect can be blocked by the administration of adeno-
sine receptor antagonists, such as methylxan-
thines.103,104 What role, if any, these agents will play in
the treatment of pain requires further clinical investiga-
tion and will probably form a large portion of future
research in this area.
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