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Spinal cord pharmacology of pain 

A. H. DICKENSON

The transmission of pain from peripheral tissues 
through the spinal cord to the higher centres of the 
brain is clearly not a passive simple process using 
exclusive pathways. Rather, circuitry within the 
spinal cord has the potential to alter, dramatically, 
the relation between the stimulus and the response to 
pain in an individual. Thus an interplay between 
spinal neuronal systems, both excitatory and in- 
hibitory, will determine the messages delivered to 
higher levels of the central nervous system. The 
incoming messages may be attenuated or enhanced, 
changes which may be determined by the particular 
circumstances. The latter state, termed central 
hypersensitivity [61], whereby low levels of afferent 
activity are amplified by spinal pharmacological 
mechanisms has attracted much attention [13, 15]. 
However, additionally, inhibitory controls are sub- 
ject to alteration so that opioid sensitivity in different 
pain states is not fixed [14]. This plasticity, the 
capacity for transmission in nociceptive systems to 
change, can be induced over very short time courses. 
Recent research on the pharmacology of nociception 
has started to shed some well-needed light on this 
rapid plasticity which could have profound conse- 
quences for the pharmacological treatment of pain 
[8, 13, 15, 23, 24, 35, 36, 41, 62]. 

The pharmacology of the sensory neurones in the 
dorsal horn of the spinal cord is complex, so much so 
that most of the candidate neurotransmitters and 
their receptors found in the CNS are also found here 
[4, 32]. The transmitters are derived from either the 
afferent fibres, intrinsic neurones or descending 
fibres. The majority of the transmitters and receptors 
are concentrated in the substantia gelatinosa, one of 
the densest neuronal areas in the CNS and crucial 
for the reception and modulation of nociceptive 
messages transmitted via the peripheral fibres [4]. 
Nociceptive C-fibres terminate in the outer lamina 1 
and the underlying substantia gelatinosa, whereas 
the large tactile fibres terminate in deeper laminae. 
However, in addition to the lamina 1 cells which 
send long ascending axons to the brain, deep dorsal 
horn cells also give rise to ascending axons and 
respond to C-fibre stimulation. In the case of these 
deep cells the C-fibre input may be relayed via 
 

 

�����������	
��������;���:�����	

��

Key words 

����� ������������ ������ ������ ���������� ������������
 ����������!"���������������������������� �����������������
 

interneurones or arrive on the dendrites of the cells 
which pass vertically into the gelatinosa. Low 
threshold inputs also arrive on these cells. Con- 
siderable convergence and modulation of the res- 
ponses of these deep cells can therefore result from 
activation of different neuronal systems. 

The first study to address central spinal hyper- 
sensitivity showed that brief activation of C-fibres 
could result in an marked and prolonged increase in 
the flexion withdrawal reflex in spinal-decerebrate 
rats [61]. It was also known that repeated constant 
C-fibre stimuli could induce the phenomenon of 
wind-up whereby the responses of the deep dorsal 
horn neurones increased dramatically despite a 
steady input into the spinal cord [12, 13, 16, 18]. 
Wind-up needs a certain frequency of stimulation to 
produce its effects but when produced can augment 
responses of dorsal horn neurones by up to 20-fold in 
amplitude and prolong responses even after the 
cessation of the peripheral input. It is therefore likely 
that wind-up-like events underlie central hyper- 
sensitivity. 

At peripheral levels most of the nociceptive signal- 
ling of thermal and mechanical pain arises from 
the activation of polymodal nociceptors which are 
innervated by C-fibres. The acute application of 
these modalities of stimuli results in a good relation 
between the stimulus and the response since the 
stimulus directly activates nociceptors which in turn 
activate simple spinal systems. However, in the 
presence of tissue damage, these fibres now respond 
to locally generated chemical stimuli and become 
sensitized to chemical, thermal and mechanical 
stimuli. The effects of newly discovered peripheral 
mediators including the cytokines, nerve growth 
factors and catecholamines from the sympathetic 
nervous system, in addition to the longer established 
mediators such as bradykinin, 5-HT and prosta- 
noids, means that the complexity of transmission at 
the peripheral level leading to hyperalgesia is greater 
than ever suspected [22, 23]. 

The existence of peripheral hyperalgesia has a 
bearing on the induction of central hypersensitivity 
in the spinal cord. The induction and the main- 
tenance of these excitatory events will be enhanced 
in inflammatory states where the increased activity 
from the afferents will facilitate spinal excitation. By 
contrast, in neuropathic states the central hyper- 
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algesia is likely also to result from the lifting of or 
loss of inhibitory controls [63]. The pharmacological 
bases for central alterations will be considered in the 
following sections. 

Spinal transmission of pain 
There is considerable evidence for the involvement 
of the excitatory amino acids, glutamate and aspar- 
tate, and a number of peptides in nociceptive 
transmission in the dorsal horn of the spinal cord [2, 
4, 23, 30]. The peptides implicated in nociception 
consist of the tachykinin family of peptides, calci- 
tonin gene-related peptide (CGRP), somatostatin, 
vasoactive intestinal polypeptide, galanin, bombesin 
and neurotensin. All of these have been shown to be 
present in the afferent fibres and to be released after 
noxious stimulation (fig. 1); functional roles have 
been established only for the transmitters where 
antagonists for their receptors have been produced. 
These are discussed below. 

NEUROKININS 

Substance P (SP), one of a family of so-called 
neurokinins, has long been implicated as one of the 
neurotransmitters involved in nociceptive trans- 
mission [32, 43]. Dorsal horn SP has been shown to 
originate from primary afferent fibres and intrinsic 
neurones together with a contribution from 
descending fibres. Currently there are three sub- 
classes of neurokinin or tachykinin receptors: 
neurokinin-1, neurokinin-2, neurokinin-3. SP has 
been shown to be the preferred tachykinin at the 
neurokinin-1 receptor. The neurokinin receptors 
have been shown to be postsynaptic to the afferent 
fibre terminals, located in laminae I, II and X of the 
dorsal horn of the spinal cord [43]. The release of 
SP into the dorsal horn by peripheral noxious stimuli 
has been shown in a number of studies [25]. 
Interestingly, the release of both substance P and the 
related peptide, neurokinin A, is increased after 
peripheral inflammation. Neurokinin A release into 
the cord can be substantial such that most of the 
dorsal horn can be reached by peptide. Antagonists 
at the tachykinin receptors are as yet not fully 

characterized but indications suggest that the NK1 
and 2 receptors may have roles not in acute pain but 
in central states of hypersensitivity [6, 65, 69]. There 
is evidence that these receptors contribute to 
afferent-produced increases in excitability of the 
spinal cord, such as that produced by inflammation 
since the peripheral events will augment the spinal 
release of these peptides [32, 49]. 

CALCITONIN GENE-RELATED PEPTIDE 

This primary afferent peptide is known to be released 
by noxious stimuli and to excite dorsal horn neurones 
but the lack of antagonists for the receptor(s) means 
that its role in pain processing is unknown. However, 
the presence of calcitonin gene-related peptide 
(CGRP) extends the release zone within the spinal 
cord for substance P which will contribute to 
increased excitability [45]. 

SOMATOSTATIN 

Somatostatin is present in small diameter cells in the 
dorsal root ganglion and afferent terminals in the 
substantia gelatinosa of the spinal cord. Noxious 
thermal stimulation has been shown to increase the 
release of somatostatin within the dorsal horn of the 
spinal cord and application of somatostatin results in 
the hyperpolarization of dorsal horn neurones and a 
reduction in spontaneous firing. This suggests 
somatostatin has an inhibitory role in the dorsal 
horn, making the peptide the only potential primary 
afferent inhibitory transmitter. However, since there 
is behavioural evidence that the spinal application of 
the peptide can result in motor dysfunction and 
paralysis at doses just above those that produce 
antinociception, the potential of this peptide as an 
analgesic needs to be assessed with care [38]. 

GALANIN 

Galanin is a putative inhibitory peptide which is co- 
localized with SP and CGRP in a large proportion of 
primary afferents. Studies of thermal nociception 
have indicated galanin has antinociceptive effects, 
but there is also evidence that galanin has pro- 
nociceptive effects [23]. Further studies of the role of 
galanin during nociceptive transmission and the 
development of selective antagonists are necessary 
for the further understanding of the role of this 
peptide during nociceptive transmission. 

EXCITATORY AMINO ACIDS 

There are considerable amounts of glutamate in the 
spinal cord, originating from myelinated and 
unmyelinated primary afferent fibres in addition to 
intrinsic interneurones and projection neurones [2, 
4, 30]. The actions of the excitatory amino acids have 
been extensively shown to be mediated via the N- 
methyl-D-aspartate (NMDA) receptor and non- 
NMDA receptors. The latter group consists of three 
receptors, the alpha-amino-3-hydroxy-5-methyl-4- 
isoxazolepropionic acid (AMPA), the metabotropic 
and the kainate. Antagonists selective for all these 

Figure 1 A schematic diagram illustrating the release of the 
excitatory transmitters from C-fibres and the subsequent effects 
on a dorsal horn nociceptive neurone. The predominant pre- 
synaptic action of opioids (reducing the release of these 
transmitters) and the post-synaptic action (reducing neuronal 
activity) are shown. 
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receptors are shedding light on their functional roles 
in pain processes although at present little is known 
about the latter two receptors. 

The recent finding of considerable numbers of 
peripheral sensory fibres containing glutamate and 
subsequently aspartate and the observation that 90 % 
of substance P containing fibres also contained 
glutamate is of considerable interest [2]. This 
coexistence would make it highly likely that in 
addition to any glutamate released from intrinsic 
neurones a noxious stimulus would induce a release 
of both peptides and excitatory amino acids from the 
afferent fibres. Interest has centred on the involve- 
ment of excitatory amino acids especially their 
actions via the NMDA receptor complex in the post- 
synaptic events in the spinal cord [13, 16, 30]. There 
are large numbers of NMDA receptors in the spinal 
cord of a number of species including humans. 

The NMDA receptor has been implicated in a 
number of long-term events in the CNS such as in 
long-term potentiation in the hippocampus, in 
synaptic plasticity in the visual cortex, epileptic 
activity and in sustained motor activity [9, 10, 30]. In 
vitro studies have shown that both A� and C-fibre 
activation increase aspartate and glutamate outflow 
at the level of the spinal cord [31]. Activity in the 
former low threshold fibres appears to activate 
normally only the AMPA receptor which leads to a 
brief neuronal firing. Acute painful stimuli also 
release glutamate which acts on the AMPA receptor 
to produce short-lasting excitations [15, 21]. The 
conditions needed for NMDA-receptor activation 
are much more complex and only seem to be achieved 
by repeated C-fibre activity [16, 18]. Activation of 
the NMDA receptor requires not just the release of 
glutamate and its binding to the receptor but also the 
presence of glycine and the means to remove the 
physiological levels of Mg2� that normally block the 
channel. This channel block means that even though 
glutamate is binding to the NMDA receptor it 

cannot activate the neurone since no ion flow can 
occur. The block can only be removed by sufficient 
depolarization of the membrane and it is very likely 
that this is produced by the tachykinins co-released 
with glutamate from the C-fibres. By acting on the 
neurokinin receptors, the peptides produce a slow 
summating depolarization which releases the 
NMDA channel block [16, 57]. Once the channel is 
open a massive depolarization of the neurone results 
from the fluxes of calcium into the cell. This causes 
a delayed sudden increase in activity, the wind-up, 
an example of which is shown in figure 2. So if a C- 
fibre stimulus is maintained and/or its frequency or 
intensity is sufficient the NMDA receptor will 
become activated and the resultant amplification and 
prolongation of the response seems to underlie many 
forms of central hyperalgesia [8, 18, 23, 24, 35, 37, 
41, 62]. 

The first direct evidence for the involvement of 
the NMDA receptor and wind-up in the responses 
of cells to prolonged stimuli was the evidence that 
the responses of dorsal horn cells to the peripheral 
injection of formalin which induces a persistent 
inflammation, was reduced but not abolished by 
NMDA-receptor antagonists, glycine-site antag- 
onism and channel blockers [29]. Both the 
behavioural responses and dorsal horn neuronal 
responses to formalin consist of an early acute 
response probably the result of a direct effect of the 
chemical on the peripheral nociceptive endings 
followed by a silent period and then a second phase 
which occurs 15 min later. This second prolonged 
phase is the result of peripheral inflammatory 
mediators such as prostaglandins and bradykinin 
activating C-fibres and subsequently dorsal horn 
nociceptive neurones. Only the second phase is 
sensitive to NMDA block, indicating that prolonged 
inflammatory pain can be distinguished from acute 
pain by sensitivity of the former to NMDA an- 
tagonism [29]. Similar events have subsequently 
been seen in other models of inflammation [46]. The 
hypersensitive withdrawal reflex produced by C- 
fibre stimulation, the original demonstration of 
central hypersensitivity, has now been shown to be 
NMDA mediated [64]. Furthermore both the in- 
duction and the maintenance of the neuronal 
responses are dependent on NMDA processes since 
both pretreatment and application of NMDA 
antagonists during the enhanced responses are 
equally effective. Augmented responses to pinch are 
produced by hindlimb ischaemia [48] and here again 
the potentiated responses but not the baseline 
responses are NMDA-receptor mediated. Bladder 
inflammation enhances nociception, again via 
NMDA-induced events [35]. Many of these sorts of 
experiments have been done in intact animals under 
full general anaesthesia, and it is clear that these 
events are likely to occur during surgical procedures 
in humans, even in the presence of general an- 
aesthetic. It is therefore highly likely that post- 
operative pain, at least in part, results from NMDA 
and other events occurring during the operative 
procedures. 

Recently, the role of the NMDA receptor in 
neuropathic pain models in animals has been investi- 

 

Figure 2 An example of wind-up in a dorsal horn nociceptive 
neurone from a rat under halothane anaesthesia. A number of 
repeated identical C-fibre stimuli are given and the response of 
the neurone is measured. In the control (!) the response starts 
to increase after the first few stimuli and ends up at a much 
higher level. Note how block of the NMDA receptor (") 
prevents the neurone from exhibiting wind-up and so the 
response to the stimulus remains constant. 
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gated. Again, the use of antagonists at the receptor 
has shown that the hyperalgesia to certain modalities 
of stimulation, the spontaneous pain and some forms 
of allodynia are mediated by the receptor. The 
NMDA receptor is responsible for the induction, the 
setting up of the enhanced response and its sub- 
sequent maintenance for prolonged periods of time 
[34, 41, 47, 55]. In many cases, not only is spinal 
NMDA-receptor antagonism, at any stage, effective 
against the central hypersensitivity but peripheral 
local anaesthetic block of the afferent barrage 
interrupts the spinal NMDA-mediated neuronal 
responses to inflammation [20]. A recent clinical 
study of disordered central processing in sympathetic 
dystrophy has also shown that interruption of the 
peripheral drive with local anaesthetic interrupts all 
symptoms [28]. Thus here is a system that requires 
a level of peripheral afferent input arriving in the 
spinal cord which is then amplified and prolonged by 
central processes with the NMDA receptor playing a 
key role. 

Since the NMDA systems seem implicated in 
pathological pain states rather than in acute physio- 
logical pain their use may aid the treatment of 
difficult clinical pain. Ketamine and dextro- 
methorphan are used clinically as an anaesthetic/ 
analgesic and as an antitussive agent, respectively, 
and both have been shown to be effective NMDA 
channel blockers [44]. Ketamine blocks the NMDA 
channel at subanaesthetic doses. These two drugs 
have been used to treat opioid-insensitive neuro- 
pathic and cancer pains in humans and evidence is 
accumulating to support the ideas that have arisen 
from the animal studies. Thus wind-up in human 
psychophysical studies, painful symptoms of post- 
herpetic neuralgia and intractable cancer pain have 
been reported to be reduced or abolished by these 
drugs [26, 42]. NMDA antagonists have the po- 
tential not to abolish pain, but to prevent or block 
central hypersensitive states. Further studies will be 
needed before the potential of manipulation of the 
excitatory peptides is known. 

NMDA activation may be a site through which 
further profound changes in nociceptive processing 
occur. The influx of calcium into neurones through 
the NMDA channel may be one means by which 
genes can be activated [24]. It is well established that 
noxious stimuli can produce gene induction in spinal 
neurones [60]; the physiological consequences are 
still poorly understood but are dealt with in more 
detail by Hunt [60]. 

NITRIC OXIDE AND PROSTANOIDS 

A comparatively new putative nociceptive trans- 
mitter is nitric oxide (NO) and many studies have 
provided much indirect evidence for a spinal role of 
this gas during prolonged nociceptive transmission 
[36]. NO appears to have a role during prolonged 
chronic pain states which are associated with 
NMDA-receptor activation. It has been proposed 
that NMDA-receptor activation and the associated 
Ca2� influx results in the generation of NO by 
activation of the enzyme, nitric oxide synthase 
(NOS). The NOS antagonist, L-NAME abolishes 

facilitated reflexes, inhibits thermal hyperalgesia in 
neuropathic animals and the response of single dorsal 
horn neurones to a peripheral injection of formalin 
[36]. The synthesis of inhibitors of NOS which lack 
hypertensive effects yet are antinociceptive suggests 
possible therapeutic uses of NOS inhibitors [39]. 
One proposed action of NO is as a retrograde 
transmitter feeding back from spinal neurones onto 
pre-synaptic sites to further increase transmitter 
release [50]. 

This positive feedback may be also due to the 
spinal generation of prostanoids, following both 
NMDA and substance P-induced activation of 
neurones. It is now recognized that in addition to the 
well-documented production of prostaglanins in 
peripheral tissues there can be central neuronal 
synthesis. Correspondingly, the spinal application of 
non-steroidal anti-inflammatory drugs (NSAID) can 
be shown to reduce hyperalgesia. It is not yet known 
how important this central action is to the analgesic 
effects of systemic NSAID [33]. 

There will probably be marked increases in 
incoming nociceptive messages in the inflammatory 
models owing to effects of the peripheral mediators, 
growth factors, etc., acting to sensitize and activate 
afferents and upregulate the production of the 
peptides transmitters. This increased afferent bar- 
rage will elicit a greater than normal level and spread 
of release of peptides and excitatory amino acids in 
the spinal cord which will render the NMDA 
receptor more easily activated. However, in neuro- 
pathic states despite ectopic activity within the nerve 
[11] and sympathetic influences there is likely to be 
less afferent activity than in inflammation although 
NMDA-mediated hyperalgesia is apparent in both 
pain states. There may be reduced spinal inhibitions 
and rearrangement of connections resulting from the 
peripheral nerve damage; these alterations may 
facilitate NMDA-receptor activation [63]. 

Inhibitory controls 
The role of spinal inhibitory systems in the control 
of central hypersensitivity is important and allodynia 
can be produced by pathological or pharmacological 
interference with spinal GABA or glycine. The 
resultant touch-evoked responses are NMDA-de- 
pendent showing that lifting of inhibitions con- 
trolling this receptor in otherwise normal animals 
causes allodynia [67]. This suggests that some of the 
consequences of neuropathic pain may be due to 
failure of spinal inhibitions. The converse is seen in 
inflammation where there is an upregulation of 
spinal GABA as a consequence of the peripheral 
inflammation. Whether GABA is a viable target 
remains to be determined but there have been several 
advances in the pharmacology of the major spinal 
inhibitory system, namely the opioids. 

OPIOID SYSTEMS 

Opioid receptors in the spinal cord are a key site in 
the production of analgesia, as demonstrated by 
opioid inhibition of nociceptive neurones in spinal 
animals, direct analgesia following epidural and 
intrathecal opioids in animals and then subsequently 
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in humans [17]. There have been considerable efforts 
devoted to the study of opioid receptor subtypes in 
the spinal cord, using both electrophysiological and 
behavioural approaches. The recent studies on the 
spinal opioid systems have started to reveal plasticity 
in opioid spinal function, with indications that opioid 
activity and function are not immutable but can be 
enhanced or reduced depending on the circum- 
stances. 

Morphine acts on the mu receptor [40], one of the 
three opioid receptors—mu, delta and kappa. The 
highest concentrations of opioid receptors in the 
spinal cord are around the C-fibre terminal zones in 
lamina 1 and the substantia gelatinosa with lower 
concentrations found in deeper layers. Estimates 
suggest that the mu receptor forms 70 %, the delta 
receptor 24 % and the kappa receptor 6 % of the total 
opioid sites in the rat spinal cord [3]. It has been 
suggested that there are more kappa receptors in the 
mouse and guineapig spinal cord but these studies, 
in species other than the rat, have not been carried 
out with the most selective ligands for the receptors 
and so may not represent the true relative distri- 
bution of the receptors. We still lack systematic 
quantitative studies in a number of species on the 
relative distribution of the receptors at a variety of 
CNS sites. The recent cloning of the opioid receptors 
will provide unequivocal probes for the receptors 
and facilitate this task. Importantly, molecular 
biology has shown there are very close similarities 
between the opioid receptors in humans and 
laboratory animals [56]. 

Cutting the dorsal roots will lead to degeneration 
of the primary afferents and consequently a loss of 
opioid receptors located on the C-fibres. By this 
means, the relative numbers of pre- and post- 
synaptic receptors can be calculated. The pro- 
portions of presynaptic sites in the spinal cord varies 
for the three opioid receptors, but over 70 % of the 
total mu-receptor sites are on the afferent terminals, 
showing that the pre-synaptic sites on the peripheral 
nociceptive fibres predominate [3]. Presynaptic 
actions of mu and delta agonists, causing a reduced 
release of the primary afferent transmitters present 
in C-fibres, is produced by the receptors hyper- 
polarizing the terminals via the opening of potassium 
channels. Evidence for this pre-synaptic action of 
opioids comes from studies of opioid inhibition of C- 
fibre-evoked release of transmitters (substance P and 
glutamate) and from in vitro and in vivo electro- 
physiological studies [4, 17, 31]. The location of the 
pre-synaptic opioid receptors on C but not large A- 
fibre terminals allows for the observed selective 
effects of spinal opioids on noxious evoked activity 
[13]. The consequences of activation of the post- 
synaptic opioid receptors is more difficult to interpret 
since any direct hyperpolarization of a neurone could 
inhibit all responses of the cell, including that due to 
the innocuous inputs onto deep spinal cells. It is 
believed that many of the post-synaptic opioid 
receptors are located on nociceptive circuitry such as 
interneurones or on the dendrites of the deep cells 
penetrating into the C-fibre terminal zone; inhibi- 
tory effects here would also be selective. Whatever 
the case these different mechanisms will have overall 

similar final effects in reducing activity in nociceptive 
pathways [17]. The pre- and post-synaptic target 
sites for opioids are shown in figure 1. 

Nerve section will lead to a loss of all the pre- 
synaptic opioid receptors and it is also possible that 
receptor dysfunction accompanies less severe nerve 
damage. Thus, in neuropathic pains there is a strong 
likelihood that the functional pool of opioid receptors 
will be reduced at the spinal level. Electro- 
physiological evidence indicates that the post-syn- 
aptic actions require higher doses of morphine than 
the pre-synaptic effects based on comparative studies 
in animals with and without the pre-synaptic sites 
[3]. Consequently, if the loss of the pre-synaptic 
receptors contributes to any reduced opioid sen- 
sitivity of post-amputation pain, dose escalation 
could overcome this. In addition, the supraspinal 
sites of action of opioids will not be perturbed by 
primary afferent damage or dysfunction. There are 
additional reasons for reduced morphine analgesia 
which are described later. Interestingly, in inflam- 
mation, the presynaptic opioid receptors, produced 
in the cell bodies of C-fibres in the dorsal root 
ganglion, and transported both centrally and peri- 
pherally, become functional in the periphery. There 
are now a number of clinical studies which have 
demonstrated this action. 

Functional studies with antagonists and probes 
directed at the opioid receptors have demonstrated 
the independence of mu, delta and kappa receptors at 
the spinal level and elsewhere in the brain [17]. The 
analgesic effects following activation of non-mu 
receptors indicate that there is potential for opioid 
analgesics which are delta or kappa agonists [54]. 
Experience with kappa opioids, with dynorphin 
being the endogenous opioid, has been relatively 
disappointing but delta opioid receptor agonists may 
have good potential as analgesics with reduced side 
effect profiles when compared with morphine [5]. In 
general, no matter the modality of test of nociception 
in animals, mu opioids such as morphine have been 
shown to be effective. The exception is in models of 
neuropathic pain states, whether the pathology is 
central or peripheral, where reduced effects of mu 
opioids are observed in animals and humans [17]. By 
contrast, the same mu opioids have enhanced 
effectiveness in models of inflammation [15, 53]. The 
spinal pharmacological substrates for plasticity in 
opioid actions will now be discussed. These are 
factors which can be concurrent with the influence of 
receptor loss in nerve damage and the peripheral 
opioid actions seen in inflammation discussed pre- 
viously. 

Plasticity in opioid controls 
First, the ability of a given dose of opioid to inhibit 
pain will depend on the intensity of the stimulus and 
the level of activity in the excitatory systems. The 
level of neuronal activity produced by NMDA 
receptor activation is relevant to this point. Wind-up 
is less opioid sensitive than steady responses of cells 
which do not exhibit wind-up [13]. This can also be 
observed with the NMDA-mediated formalin re- 
sponse and in some measures of hyperalgesia in 
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neuropathic models [16, 17]. There is a marked 
difference between the effects of opioids and NMDA 
antagonists on wind-up. Since opioids reduce the 
release of primary afferent transmitters via inhibitory 
pre-synaptic opioid receptors on C-fibre terminals 
morphine will reduce or block the C-fibre inputs 
onto the dorsal horn nociceptive neurones. However, 
unless the dose is sufficient to completely block all 
transmitter release wind-up breaks through the 
inhibitions so that opioids delay the onset of wind-up 
[13]. By contrast, NMDA antagonists have no effect 
on the inputs onto the cells but abolish wind-up so 
converting the potentiated response to a steady 
response [12]. As a consequence of these different 
actions of the two agents, the combination of 
threshold doses of morphine combined with NMDA 
antagonists elicits marked inhibitions of nociceptive 
responses and can restore morphine effectiveness in 
some neuropathic models [7, 70]. Furthermore, 
spinal local anaesthetics will also synergize with 
morphine, partly as a result of the ability of local 
anaesthetics to reduce excitability and therefore, 
indirectly, NMDA-mediated activity [27]. 

There is another transmitter, cholecystokinin 
(CCK) which is a major factor in the control of the 
level of opioid effectiveness, not only spinally but at 
supraspinal sites as well [1, 52]. This peptide which 
is found in intrinsic spinal neurones in normal 
animals is upregulated in the afferent fibres after 
nerve damage [66]. The application of CCK can 
selectively reduce the analgesic actions of morphine 
and antagonists of the CCK-B receptor enhance 
morphine analgesia. It is likely that activation of 
CCK-B receptors, located on the afferents, opposes 
the opioid reduction in nociceptive transmitter 
release. These studies demonstrate that the peptide 
acts as an endogenous control on the level of mu 
opioid analgesia. The upregulation of CCK in 
neuropathic models is responsible for the reduced 
opioid actions whereas in inflammation, decreased 
concentration of the peptide is a major factor in the 
enhanced opioid actions seen at the spinal level [53, 
58]. There is further evidence that CCK also acts 
supraspinally to reduce mu analgesia and it has also 
been implicated in events underlying tolerance. 
Antagonists of the CCK-B receptor may be useful in 
restoring morphine analgesia in neuropathic states 
and enhancing the actions of the opioid while 
reducing tolerance in other conditions [52, 71]. At 
present we lack clinically useful agents. 
Interestingly, the role of cholecystokinin in the 
control of the level of morphine analgesia may extend 
to the impact of environmental factors on opioid 
sensitivity [59]. 

The descending noradrenergic controls from the 
brainstem and midbrain is another pharmacological 
system which can act both to control nociception and 
be manipulated to change opioid analgesia. The 
spinal receptor target for the pathways is the alpha2 
adrenoceptor [19, 51]. Agonists at this receptor, such 
as clonidine, produce mild antinociception and 
potentiate the actions of morphine. More potent and 
selective agents such as dexmedetomidine are far 
more effective but have not been fully tested in 
humans. Increases in descending noradrenergic 

controls accompany inflammation and are likely to 
attenuate spinal nociception although CCK is far 
more important than noradrenaline in the accom- 
panying increases in morphine analgesia seen in 
these models. The problems of sedation and hy- 
potension seen with alpha2 adrenoceptor agonists 
may be avoided by the production of drugs selective 
for the subtypes of the alpha2 adrenoceptor. Very 
little is known regarding the roles of descending 5- 
HT pathways but the remarkable number of 
receptors for this transmitter may allow selective 
effects on nociception to be produced [4]. 

A summary of the factors that can influence opioid 
analgesia is given in figure 3. 

Conclusions 
The past few years have seen remarkable increases in 
knowledge of the pharmacological systems operating 
in the spinal cord in different pain states. The 
concepts of central hypersensitivity and plasticity 
have had major implications. We now have a much 
better understanding of the events underlying neuro- 
pathic and inflammatory pain; in addition to ex- 
citatory processes leading to pain transmission, the 
induction of compensatory inhibitions in the latter 
case contrasts with the likely failure of spinal controls 
in neurogenic pains. Knowledge of pharmacological 
plasticity has produced leads for the pharmaceutical 
industry in the development of novel analgesics with 
actions as antagonists of the neurokinin and NMDA 
receptors, inhibitors of nitric oxide synthase, and the 
possibility of new delta opioids, alpha2 adrenoceptor 
agonists and CCK receptor antagonists. In addition, 
the view of the pharmacology of spinal pain trans- 
mission and modulation not as a fixed system but as 
a plastic network has implications for the current 
clinical strategies for pain relief. This recent knowl- 
edge allows for the rational use of NMDA 
antagonists such as ketamine in particular pain states. 
The plasticity in opioid controls illustrates the 
advantages of the combination of opioids with local 
anaesthetics, alpha2 agonists and NMDA antagonists 
where reducing excitability or enhancing inhibitions 
improves opioid efficacy [19, 68]. 

 

Figure 3 An overview of the influences on the level of 
morphine analgesia, showing how increases and decreases in 
analgesic effectiveness can be produced by pathology, 
transmitter systems, or both. 
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