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Modulation of the sensory input can occur within the dorsal horn of the spinal
cord where the primary afferent fibers synapse with neurons that transmit to the higher
centers. The transmission of the sensory information begins with activation of the peripheral
receptors of primary afferent neurons whose cell bodies lie within the dorsal root ganglia and
whose central terminals project to secondary neurons in the dorsal horn of the spinal cord.
Several neurotransmitters and a large variety of receptors have been found in the superficial
laminae of the dorsal horn. The present work reviews the major classes of transmitters and
receptors that have been implicated in the transmission and modulation of spinal afferent and
pain processing. The role of excitatory and inhibitory amino acids, tachykinin and opioid
peptides, calcitonin gene-related peptide (CGRP), nociceptin and nocistatin, biogenic amines,
acetylcholine, ATP, nitric oxide as well as capsaicin and vanilloid receptors will be discussed
along with the most recent developments in the field. It seems probable that transmission of
the somatosensory information from the primary afferent fibers to the secondary dorsal horn
neurons depends on the balance between the excitatory effects of excitatory amino acids and
the inhibitory actions of several other transmitter systems.
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The transmission of somatosensory information begins with
activation of the peripheral receptors of primary afferent
neurons whose cell bodies lie within the dorsal root ganglia
(DRG) and whose central terminals project to secondary
neurons in the dorsal horn of the spinal cord. In cutaneous
and visceral nerves of the rat, the fastest-conducting large
myelinated sensory fibers belong to the Aβ class; the slowerconducting, thinly myelinated fibers belong to the Aδ group;
the slowest-conducting unmyelinated small fibers are designated as C-fibers. A weak electrical stimulus can selectively
activate large myelinated axons. Stronger, and probably
painful, electrical stimuli are required to excite unmyelinated
C-fibers in addition to myelinated axons. While several
compounds have been proposed as endogenous neurotransmitters released from afferent neurons following a nociceptive (painful) stimulus, current evidence implicate the
excitatory amino acids (EAAs), aspartate and glutamate, and
the peptide substance P (SP). For instance, in many of the
convergent nociceptive spinal dorsal horn neurons, repetitive
stimulation of the cutaneous receptive field at a constant
strength great enough to excite C-fibers, causes a progressive
increase in the number of spikes evoked by the successive
arrival of volleys along C-fibers over the first 10-16 stimuli
(Mendell and Wall 1965; Mendell 1966). This frequencyAccepted April 13, 2000
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dependent potentiation is called wind-up and is associated
with the activation of the N-methyl-D-aspartate (NMDA)
receptor complex (Davies and Lodge 1987; Dickenson and
Sullivan 1987; Dickenson 1990; Budai 1994). Release of SP
in response to noxious stimulation may increase primary
afferent C-fiber activity and an accumulation of SP Nterminal metabolites appears to potentiate wind-up via
positive modulation of EAA activity (Budai and Larson
1996).
The efficiency of synapses in the CNS is not constant, but
can be modified by changing the activity in the presynaptic
pathways. Long-term potentiation (LTP) in the hippocampus,
which may comprise the synaptic basis of learning and
memory, has become the dominant model of activity-dependent synaptic plasticity in the mammalian brain. In the spinal
cord, modifications of the synaptic transmission that outlast
the stimulus or the event triggering them can also occur after
various stimulation procedures or injury. Compelling evidence has accumulated over the last several years, indicating
that central hyperactive states resulting from neuronal plastic
changes within the spinal cord play a critical role in hyperalgesia associated with nerve injury and inflammation
(Mayer et al. 1999). Synaptic modifications that occur in the
spinal cord as a result of repeated stimulation are habituation,
sensitization and post-tetanic potentiation (Mendell 1984).
The repetitive, low-frequency stimulation of unmyelinated
axons in a peripheral cutaneous nerve can cause a wind-up
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of dorsal horn neuron activity, with a progressive potentiation
of responses to each subsequent stimulus. Modifications of
the synaptic transmission in the spinal cord that last for
prolonged periods can occur after relatively brief injury
discharges or afferent conditioning by various stimulation
procedures. Many sensory abnormalities in pathologic
conditions, including pain, hyperalgesia and allodynia, are
presumably due to the plasticity of the dorsal horn circuits.
Primary hyperalgesia can be explained by the sensitization
of primary afferent fibers whereas secondary hyperalgesia
and allodynia are generally thought to depend on a sensitization of neurons in the dorsal horn. An increased pain
sensation (hyperalgesia), decreased pain threshold (allodynia) and persistent nociception following peripheral tissue
injury depend both on an increase in the sensitivity of
primary afferent nociceptors at the site of the injury (peripheral sensitization), and on an increase in the efficiency of the
synapses between primary afferent fibers and the dorsal horn
neurons (central sensitization) (Yaksh et al. 1999). One of the
most important questions relates to the mechanisms by which
a peripheral stimulation can produce long-lasting modifications of spinal synapses that are related to acute or chronic
pain. The increase in the postsynaptic response generated at
potentiated synapses could be due to any combinations of
these: (a) presynaptic modifications which result in an
increase in the amount of EAAs and other transmitters
released per impulse, (b) postsynaptic modifications such as
changes in the characteristics of receptor functions, (c) an
extrasynaptic change, such as a reduction in uptake or
metabolism of the released substances, or (d) morphological
modifications.
The aim of this paper is to give an overview of the
neurotransmitters and their receptors that play a major role
in mediation of the somatosensory information in the dorsal
horn of the spinal cord. Given the vastness and clinical
relevance of the field, this paper by no means pretends
completeness. We also refer to reviews that have previously
been published on related subjects such as the induction of
pain (Millan 1999), the localization of transmitters and
receptors in the mammalian dorsal horn and primary afferent
neurons (Todd and Spike 1993; Coggeshall and Carlton
1997), the pharmacology of spinal afferent and pain processing (Wilcox 1991; Coderre 1993; Zieglgansberger and Tolle
1993; Wilcox and Seybold 1997; Fürst 1999), and the
descending or central modulation of spinal pain mechanisms
(Fields et al. 1991; Rudomin et al. 1993; Stamford 1995;
Lima 1996; Sandkühler 1996; Millan 1997; Mason 1999).

to secondary spinal dorsal horn neurons. Glu-like immunoreactivity has been localized in small DRG neurons and
in terminals in the superficial dorsal horn. Glu is released
after electrical stimulation in a Ca2+-dependent manner.
Further, iontophoretically applied EAA agonists activate
nociceptive projection neurons, and this activation is inhibited
by EAA antagonists such as MK-801, 7-chlorokynurenate
(7-Cl-KYNA) or GYKI 53466 (Budai and Larson 1994). In
behavioral studies, EAA agonists elicit thermal hyperalgesia,
and EAA antagonists block the vocalization elicited by
noxious stimulation. These data implicate a contribution of
EAAs to neurotransmission between primary afferent fibers
and secondary dorsal horn neurons (for reviews see Wilcox
1991; Coderre 1993; Todd and Spike 1993; Urban et al. 1994;
Salt and Eaton 1966; Bennett 2000). EAAs produce their
effects through two broad categories of receptors; ionotropic
and metabotropic Glu receptors. The ionotropic Glu receptors
have been traditionally classified into three subtypes upon
the basis of pharmacological and electrophysiological data:
N-methyl-D-aspartate (NMDA) receptors, (R,S)-α-amino-3hydroxy-5-methylisoxazole-4-propionate (AMPA) receptors
and kainic acid (KA) receptors. Ionotropic Glu receptors
directly regulate the opening of ion channels to Na+ and K+,
while NMDA receptors do so to Ca2+ as well. A family of Gprotein-coupled Glu receptors, called metabotropic Glu
receptors, has recently been identified. Their activation causes
an increase in the turnover of polyphosphoinositides and in
the release of Ca2+ from intracellular stores.
The application of molecular cloning technology to study
of the Glu receptor system has led to an explosion of knowledge about the structure, expression and function of ionotropic and metabotropic Glu receptors. When sequence
homologies as well as pharmacological properties are taken
into account, the 28 Glu receptor genes that have so far been
characterized on a molecular basis can be grouped into 13
subfamilies, 10 for the ionotropic receptor class and 3 for the
metabotropic receptor class. Interestingly, on the basis of
phylogenetic tree of ionotropic and metabotropic Glu receptors, it appears unprobable that the two families of
receptors share a common ancestor gene. Any sequence
similarity may reflect evolutionary convergence rather than
evolutionary relatedness. Glu receptor subfamilies can also
be grouped according to their pharmacological properties as
follows (for reviews see Hollmann and Heinemann 1994;
Bettler and Mulle 1995; Pin and Duvoisin 1995; Roberts
1995):
AMPA receptors: GluR1-GluR4

Excitatory amino acids (EAAs)
L-Glutamate (Glu) and L-aspartate (Asp) are the major
excitatory neurotransmitters in the central nervous system
(CNS). Glu fulfills several of the criteria for a transmitter
involved in neurotransmission from primary afferent fibers
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These subunits each form homomeric ion channels when
expressed in oocytes or in transfected cells. Agonist potencies
follow the sequence quisqualate>domoate~AMPA>Glu>KA.
Although AMPA is the most potent specific agonist, KA
elicits the largest responses because it does not desensitize
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the receptors. The co-expression of two or more subunits
does not alter the order of agonist potency, although potencies are generally lower in heteromeric receptors. Both
homomeric and heteromeric channels show cooperativity,
which suggests a multimeric structure of the native channel.
The potent antagonists of native non-NMDA receptors,
CNQX and NBQX, exhibit no or only low selectivity for
different subunits. In situ hybridization studies have revealed
a widespread, but differential distribution of the GluR1GluR4 mRNAs.
Low-affinity KA receptors: GluR5-GluR7

When expressed in transfected cells, GluR5 can be activated
(in sequence of agonist potencies) by domoate>KA>Glu>
AMPA with rapid desensitization. The sequence of potency
for GluR6 is domoate>KA>quisqualate>Glu. The absence of
responses of GluR6 to AMPA demonstrates that AMPA is an
agonist at only a subset of ionotropic non-NMDA subunits.
In contrast with GluR1-GluR4, both GLU and KA desensitize GluR5 and GluR6 receptors. The expression patterns
of GluR6 and GluR7 transcripts are clearly different from the
distribution pattern of [3H]AMPA in the brain, but they
overlap very well with most of the [3H]KA binding sites.
GluR6 responses can be increased by 50% by phosphorylation with protein kinase A (PKA). This modulatory effect
of PKA does not alter the affinity for Glu or the desensitization properties. It has been shown that both AMPA and
kainate GluR5 receptors play an enhanced role in spinal
nociceptive processing following the development of peripheral inflammation, as antagonists at both receptors are more
effective against nociceptive responses, including wind-up,
under these inflammatory conditions (Stanfa and Dickenson
1999).
High-affinity KA receptors: KA1 and KA2

The affinities of KA1 and KA2 for KA (binding which is
inhibited by CNQX) are significantly higher than those of
GluR5-GluR7, suggesting that KA1 and KA2 may represent
the high-affinity [3H]KA receptor seen in ligand-binding
studies of synaptic membranes and in autoradiographic
studies of brain sections. The sequence of agonist potencies,
KA>quisqualate>domoate>Glu>>AMPA, also demonstrates
that KA1 and KA2 are pharmacologically distinct from
GluR5-GluR7 and are high-affinity KA receptors. When the
KA2 subunit is co-expressed with GluR6, the AMPA response is nondesensitizing, which is quite different from the
AMPA currents of GluR1-GluR4. KA1 and KA2 RNAs are
distributed differently in the brain. Whereas KA1 RNA is
generally expressed at low levels and is abundant in only two
cell types, the CA3 pyramidal cells and the dentate granule
cells of the hippocampus, KA2 RNA is widely expressed in
most parts of the brain.

NMDA receptors: NMDAR1 and NMDAR2

When expressed in oocytes, homomeric NMDAR1 receptors
respond in the presence of glycine (Gly) to Glu, NMDA,
quisqualate, ibotenate, Asp, and L-homocysteic acid,but they
do not respond to KA, AMPA or trans-ACPD, or to Gly itself.
The competitive NMDA receptor antagonists D-APV, CPP,
CGS 19755 and 7-Cl-KYNA all inhibit NMDAR1 responses.
The channel blocker MK-801, Zn2+ and phencyclidine also
inhibit the receptor (Kovács and Larson 1994, 1997). These
data show that the functional properties that reported for the
NMDA receptors from studies on other systems can all be
found in NMDAR1. NMDAR1 RNA is expressed in almost
all neuronal cells, with particularly high levels in the cerebellum, hippocampus, cerebral cortex, and olfactory bulb.
Activators of protein kinase C (PKC) such as PMA produce
a 3- to 20-fold stimulation of the receptor response. PKA
activators such as 8-bromo-cAMP or forskolin, on the other
hand, do not alter the NMDAR1 receptor responses to
agonists. In contrast with NMDAR1, none of the NMDAR2
subunits assembles into functional ion channels when expressed as homomeric receptors. However, when co-expressed with NMDAR1, each of the four NMDAR2 subunits
co-assemble with NMDAR1 into functional heteromeric
receptor that have properties different from those of the
homomeric NMDAR1 receptor. The properties of the different heteromeric channels are not equivalent. PKC activators
potentiate the responses of the NMDAR1/NMDAR2A and
NMDAR1/NMDAR2B, but not those of NMDAR1/
NMDAR2C receptors. PKC potentiation is sensitive to the
PKC inhibitor staurosporine.
Group I metabotropic Glu receptors: mGluR1
and mGluR5

When expressed in oocytes, both mGluR1 and mGluR5 respond (in sequence of potency) to quisqualate>ibotenate~
Glu>trans-ACPD, producing large, long-lasting oscillating
currents. These currents are typical for receptors coupled to
phospholipase C (PLC), which releases Ca2+ from internal
stores via inositol phosphates (IP). EGTA injection selectively inhibits mGluR1 responses, thereby demonstrating that
mere membrane depolarization is not sufficient to trigger
mGluR signal transduction pathways. Activation of mGluR1
or mGluR5 does not inhibit forskolin-induced cAMP formation, and is therefore not coupled to the inhibitory cAMP
cascade. Both mGluR1 and mGluR5 are widely expressed in
the brain, overlapping in most regions but also showing some
clear differences. The high level of mGluR1 mRNA expression in the hippocampal CA3 pyramidal neurons and cerebellar Purkinje cells suggests that mGluR1 may be involved in
LTP at the mossy fiber-CA3 synapse and in long term depression (LTD) at the parallel fiber-Purkinje cells synapses, both
of which are pertussis toxin (PTX)-sensitive phenomena.
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Group II metabotropic Glu receptors: mGluR2mGluR4 and mGluR6

Upon expression in transfected cell lines, mGluR2 has been
shown to affect IP formation only slightly, but to inhibit
forskolin-induced cAMP formation markedly, an effect that
is inhibited by PTX in a dose-dependent manner. Thus,
mGluR2 appears to be coupled to the inhibitory cAMP
cascade via a PTX-sensitive G-protein. The rank order of
agonist potency for mGluR2 and mGluR3 is GLU~tACPD>
IBO>QA, whereas the rank order for mGluR4 is quite
different, AP4>GLU~IBO>tACPD. mGluR2 RNA is prominently expressed e.g. in the Golgi cells of the cerebellum,
cortical neurons and intrinsic neurons of the olfactory bulb.
Increasing evidence also suggests an involvement of
mGluRs in nociception and pain behavior, although the
contribution of individual mGluR subtypes is not yet clear
(Budai and Larson 1998). It has been suggested that the
mGluR1 subtype is activated endogenously during brief
high-intensity cutaneous stimuli and is critically involved in
capsaicin-induced central sensitization (Neugebauer et al.
1999). Also, group I mGluRs (mGluR1 and mGluR5) may
act to enhance ionotropic Glu responses but the two types of
mGluRs may have different intracellular mechanisms of
action (Ugolini et al. 1999). Group I mGluR antagonists have
a significant antinociceptive efficacy in a mouse visceral pain
model (Chen et al. 2000). In addition to NMDA receptor,
metabotropic Glu receptor activation appears to be involved
in the generation of the segmental spinal reflex evoked by
high-intensity stimulation in the neonatal rat spinal cord in
vitro (Boxall et al. 1996).

Inhibitory Amino Acids (IAAs)
γ-Aminobutyric acid (GABA) and glycine
GABA and Gly along with their synthesizing enzymes, are
distributed broadly in the spinal cord. Both are candidate
inhibitory neurotransmitters in the dorsal horn as they
increase Cl- conductance through neuronal cell membranes
and hence produce inhibitory postsynaptic potentials.
GABAergic neurons are found throughout the gray matter
of the spinal cord, with a higher frequency in the superficial
laminae (laminae I-III) (Magoul et al. 1987; Todd and
Sullivan 1990; Powell and Todd 1992; Spike and Todd 1992;
Todd et al. 1992). Three GABA receptor subtypes have been
identified: the GABAA receptor subtype, which mediates
rapid ionotropic transmission; the GABAB receptor subtype,
which mediates a variety of metabotropic responses; and the
GABAC subtype, which has not yet been found in the dorsal
horn. There is significantly more GABA B than GABAA
receptor ligand binding in the dorsal horn. Both receptor
subtypes can be found in great numbers on the primary
afferent terminals. There is a heavy concentration of GABA
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receptors exists in lamina II, and much thoughts has therefore
been given to the presynaptic modulation of the fine-caliber,
presumably nociceptive, primary afferent input. GABA B
receptors are found in abundance in laminae I, III and IV, and
accordingly are thought to be involved in the presynaptic
control of Aδ and Aβ primary afferent fibers. Almost all cell
bodies in the DRG are positively stained with an antibody to
the subunits of the GABAA receptors. Moreover, intrinsic
dorsal horn neurons contribute significantly to the GABAA
receptor population in the dorsal horn. Baclofen, a chlorophenyl derivative of GABA and selective ligand for GABAB
receptors, depresses both monosynaptic and polysynaptic
transmission in the dorsal horn possibly through a decrease
in transmitter release rather than by any antagonism at
postsynaptic receptors. It has been reported that GABAB
sites, unlike GABAA sites, are present in high concentrations
in laminae I, II, III and IV of the dorsal horn and that after
the neonatal administration of capsaicin this binding is
reduced by 40-50% (Price et al. 1984).
Glycine immunoreactivity within the dorsal horn of the
rat spinal cord is relatively sparse in laminae I and II, but is
present in higher concentrations in lamina III and deeper
parts (Todd and Sullivan 1990). Gly-containing axons in
laminae I-III may be derived from various sources, such as
local interneurons, distant spinal cells or supraspinal neurons.
Glycinergic neurons in the dorsal horn may receive a significant synaptic input from myelinated low-threshold mechanoreceptors (Todd 1991; Todd et al. 1991). Two types of Gly
receptors exist in the CNS, strychnine-sensitive and -insensitive ones. In general, the strychnine-sensitive receptors
predominate in the dorsal horn. Gly receptors and GABAA
receptors are often colocalized and the former are regarded
as being postsynaptic to primary afferent fibers. The strychnine-insensitive Gly modulatory binding site of the NMDA
receptor/channel complex may play a major role in the
regulation of NMDA receptor-mediated synaptic events
(Thomson 1990; Huettner 1991). Electrophysiological
studies on isolated systems have shown that Gly increases the
current evoked by NMDA, and it is absolutely required as a
co-agonist for NMDA receptor/channel activation (Johnson
and Ascher 1987; Kleckner and Dingledine 1988; Kushner
et al. 1988). Intrathecal application of 7-chlorokynurenate,
an antagonist at the allosteric Gly site associated with the
NMDA receptor, decreases the frequency-dependent potentiation (wind-up) elicited by peripheral stimulation (Dickenson
and Aydar 1991). In behavioral experiments, the blockade of
strychnine-sensitive Gly receptors in the spinal cord unmasks
a facilitatory effect of Gly on NMDA-induced convulsions
(Larson and Beitz 1988). In intact animals, low doses of
iontophoretically administered Gly increase whereas high
doses of Gly inhibit the firing of single nociceptive neurons
in the dorsal horn of the spinal cord evoked by iontophoretically applied NMDA. When inhibitory effects of Gly
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dominate, iontophoretic application of strychnine reveals a
facilitation of the NMDA responses by Gly (Budai et al.
1992a). In behavioral studies, NMDA, strychnine and bicuculline (a GABA A-receptor antagonist) produce similar
touch-evoked allodynia. It has been hypothesized that
GABAA sites regulate presynaptic Glu release, while Gly
regulates the excitability of neurons postsynaptic to the
glutamatergic terminals (Ishikawa et al. 2000).

Peptides
Tachykinins: Substance P (SP) and Neurokinin A
(NKA)

The preprotachykinin A gene that encodes SP produces three
different messenger RNAs. They encode both SP and NKA
as they are synthesized from some of the same precursor
proteins (Helke et al. 1990). The mRNA for preprotachykinin
A gene occurs in small and medium-sized DRG nerve cells
(Boehmer et al. 1989). It is probable that the two tachykinins
coexist in many DRG neurons.
The interactions of EAAs and tachykinins, such as SP, in
spinal afferent and nociceptive processing are suggested by
several findings. SP and EAAs are found to be co-localized
in the central terminals of primary afferent neurons. SP
produces a long-lasting enhancement of the responses of
dorsal horn neurons to iontophoretically applied EAA
agonists. Combined treatment with SP and NMDA produces
a profound enhancement of the responses of the dorsal horn
neurons to nonnoxious and noxious mechanical stimulation,
as well as the behavioral responses. These effects probably
depend on both presynaptic and postsynaptic actions of SP
on EAA neurotransmission, since SP has been found to
enhance the release of Glu and Asp from the spinal dorsal
horn, whereas SP produces a potentiation of Glu and NMDAinduced currents in spinal dorsal horn neurons in vitro. SP
is neither necessary nor sufficient to elicit pain at the spinal
level. On the basis of a detailed analysis of behavioral and
electrophysiological studies, a modulatory role of SP in
EAA-related nociceptive transmission has been postulated.
SP has also been proposed as the agent, which mediates the
slow temporal summation (wind-up) of C-afferent, evoked
responses in dorsal horn nociceptive neurons (Budai and
Larson 1996). It has been shown that SP enhances while the
SP antagonist DPDT-SP attenuates the prolonged discharge
of dorsal horn neurons evoked by repetitive stimulation of Cafferents. Neither compound affects the A-fiber-evoked firing
or spontaneous cell activity, indicating that the effects of SP
are highly selective to C-fiber-mediated nociceptive transmission (Kellstein et al. 1990). NKA is released from the
primary afferent terminals in response to the same mechanical, thermal and chemical stimuli that release SP (Diez
Guerra et al. 1988; Duggan et al. 1990).

Neurokinin (NK) receptors consist of three categories:
NK-1, NK-2 and NK-3. The most widely studied of these is
the NK-1 receptor, often referred to as the SP receptor
(Polgár et al. 1999). SP exerts its effects on spinal cord
neurons primarily via NK-1 receptors and secondarily via
NK-2 receptors. These receptors have been cloned, sequenced and expressed in oocytes. The mechanism of action
of SP at these receptors involves the production of IP3 and
diacylglycerol (DAG) by activation of the enzyme phospholipase C via PTX-insensitive G-proteins. This results in an
elevated intracellular Ca2+ level by promoting the release of
Ca2+ from intracellular stores. The activation of NK and/or
EAA receptors, may therefore lead to the activation of
various intracellular second messengers. These include
activation of (a) NO synthase and consequently NO synthesis, which in turn activates soluble guanylate cyclase and
increases cGMP, (b) phospholipase A2, which triggers the
production of arachidonic acid, and (c) PKC via generation
of DAG. By immunohistochemistry, the heaviest immunoreactivity for NK-1 receptors is observed in the middle part and
lateral fourth of lamina I where the great majority of immunoreactive perikarya represents fusiform and multipolar cells.
In lamina II, the middle and medial part shows moderate
immunoreactivity, most of the cells resembles stalked cells.
In lamina III, the labeled perikarya are evenly distributed,
while those in lamina IV accumulates mainly in the lateral
part (Polgár et al. 1999). The activation of NK-1 receptors
is dependent on the C-terminal domain of SP and may be
responsible for most of the SP effects. The C-terminal
sequence of SP is also responsible for a series of immunological events. By contrast, the N-terminal domain of SP
is involved in the modulation of catecholamine release from
adrenal chromaffin cells and in promoting histamine release
from peritoneal mast cells. Effects of SP that are independent
of NK receptors have also been reported. In rat peritoneal
mast cells, G-proteins may be activated through their direct
interaction with the cationic cluster of SP, which is located
at its N-terminus. These effects of SP are sensitive to PTX.
The N-terminal metabolic fragments of SP are reportedly
also active in spinal neurotransmission. A decreased behavioral responsivity to repeated intrathecal (i.t.) injections of SP
appears to be brought about, at least in part, by the rapid
accumulation of N-terminal metabolites of SP (Larson 1988).
The major metabolite of SP appears to be the N-terminal
heptapeptide SP1-7. Exogenously administered SP1-7 inhibits
the excitatory behavioral effects of SP in the spinal cord
(Igwe et al. 1990a, 1990b, 1990c), and there is a strong
correlation between the accumulation of N-terminal fragments of SP and the development of desensitization to the
behavioral effects of SP. Two binding sites for [ 3H]SP1-7
recently characterized in the mouse spinal cord may account
for the activity of SP N-terminal fragments. N-terminal
fragments of SP have also proven capable of altering high-

25

Budai
affinity, ß-FNA-insensitive, µ-type opioid binding (Krumins
et al. 1989; Krumins et al. 1990). Iontophoretic application
of SP causes an increase in the response of the cells to
mechanical stimulation of the cutaneous receptive field,
which is generally accompanied by increases in the responses
to the EAAs. However, reciprocal changes caused by SP or
its N-terminal fragment SP1-7 in EAA responses have also
been reported (Budai et al. 1992b; Dougherty et al. 1993).
This type of change is characterized by decreases in the
responses to one class of EAA agonist (NMDA versus nonNMDA), despite increases in the responses to the other type
of EAA (non-NMDA) agonist. Overall inhibitory effects of
SP on EAA responses are observed on occasion (Dougherty
et al. 1993). The reciprocal changes in EAA responses
following SP or SP1-7 application may represent a switching
of the dominant input to a particular cell from one type of
EAA receptor to another. It has been proposed that the
increases caused in the EAA responses by SP are due to the
activation of appropriately inter-linked receptor-mediated
events in particular dorsal horn neurons and that the second
messenger systems activated by the combination of NMDA
and SP are different from those activated by the combination
of non-NMDA EAAs and SP (Dougherty et al. 1993). An
alternative second messenger system could provide a mechanism for the reciprocal changes observed following coapplication of SP or SP1-7 and non-NMDA agonist, since
interregulatory effects between the EAA receptor subtypes
involve Ca2+ release.
The hypothesis that a SP antagonist may possess analgesic activity in man remains to be proven. Antagonists that
are based on modifications of one or more of the 11 amino
acids that comprise SP possess poor pharmacokinetic properties and limited in vivo activities. However, during the past
decade, several nonpeptide, metabolically stable antagonists
have become available (Watling 1992). Behavioral studies
have shown that CP 96,345, a potent nonpeptide NK-1
antagonist, blocks the slow EPSP induced by noxious cutaneous stimulation and repetitive C-fiber stimulation, and
reduces noxious heat neuronal responses without effect on
innocuous inputs (Nagahisa et al. 1993). Unfortunately, CP
96,345 has been demonstrated to have nonspecific activity in
the formalin and carrageenan-induced models of nociception,
which is probably due to its affinity for the L-type Ca2+
channels. More recently, a new piperidine derivative, CP99,994, has been introduced and reported to have significantly reduced affinity for the L-type Ca2+ channel. Another
potent, nonpeptide NK-1 receptor antagonist, RP 67580,
inhibits the first and second phases of the formalin response
in a dose-related manner. RP 67580 attenuates the facilitation, but not the baseline, of a spinal flexor reflex by noxious
conditioning stimuli in the rat (Parsons et al. 1996). These
results support the hypothesis that NK-1 receptors play a role
in prolonged nociceptive transmission in the spinal cord.
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Calcitonin gene-related peptide (CGRP)

CGRP occurs in highest concentration in the small DRG
nerve cells. Its two forms are encoded in two variants of
messenger RNA that are spliced from the same gene that
encodes calcitonin. Primary afferent neurons seem to be the
only source of CGRP in the dorsal horn (Tuchscherer and
Seybold 1989). The majority of primary afferent neurons
associated with pain transmission contains CGRP (Nasu
1999; Pezet et al. 1999). Immunoreactive CGRP is released
from the central processes of primary afferent neurons
following peripheral application of noxious thermal, mechanical and chemical stimuli (Morton and Hutchison 1989;
Garry and Hargreaves 1992). The discharge frequency of
wide dynamic range neurons in the dorsal horn decreases
significantly upon activation of CGRP receptors which may
play an important role in the transmission of the presumed
nociceptive information (Yu et al. 1999). Pronase-induced
deafferentation significantly increases CGRP binding in the
superficial (I-II) and deeper (II-IV) laminae of the dorsal horn
(Helgren et al. 1999). In mutant mice that lack α CGRP
mRNA, CGRP immunoreactivity is almost completely
absent from the spinal cord and is not observed at all in the
spinal ganglia. The antinociceptive behavior tested by the
tail-flick and hot-plate tests does not differ significantly in
mutant and wild-type mice, except when challenged by
morphine (Salmon et al. 1999).
Opioid peptides: enkephalins and dynorphins

Two classes of opioid peptides are present within the spinal
dorsal horn: the enkephalins: Met- and Leu-enkephalin and
Enk-8 (Met-enkephalin-Arg-Gly-Leu); and the dynorphins:
dynorphin A and dynorphin B. Enkephalin molecules are
derived from the precursor protein preproenkephalin (PPE),
whereas dynorphins are derived from a different precursor,
preprodynorphin (PPD) (Todd and Spike 1992, 1993). The
enkaphalins are the putative endogenous ligands for delta (δ)
opioid receptors. Dynorphin A is the endogenous ligand for
the kappa (κ) opioid receptors.
The importance of opioid receptors in the control of pain
and somatosensory processes is widely accepted and is of
significant clinical relevance. Their three major subtypes,
called mu (µ), delta (δ) and kappa (κ), are transmembrane Gprotein-coupled receptors. In the spinal dorsal horn, the most
prevalent type seems to be the µ (70% or more), with considerably fewer δ (23% or less) and κ (7% or less) opioid
receptors (Gulya et al. 1986; Besse et al. 1990a, 1990b;
Stevens et al. 1991; Dado et al. 1993; Coggeshall and Carlton
1997). In ligand-binding experiments, each type is preferentially located in the superficial laminae, laminae I-III. The
majority of the opioid receptors are located on fine primary
afferent fibers and terminals since dorsal rhizotomy causes
a significant loss in opioid receptor binding in the superficial
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dorsal horn (Stevens and Seybold 1995). The receptor loss
parallels the disappearance of the fine primary afferent fibers
after axotomy. However, much opioid ligand binding still
remains after dorsal rhizotomy and this residual binding is
regarded as being postsynaptic to the fine primary afferent
input (Gouarderes et al. 1985, 1986; Faull and Villiger 1987).
Two isoforms of the µ opioid receptor (MOR1 and MOR1B)
have recently been cloned (Schulz et al. 1998).
The dorsal horn regions that receive descending inputs
from the rostral ventromedial medulla (RVM) contain µ, δ
and κ opioid receptors, as well as enkephalinergic interneurons and terminal fields (Besse et al. 1991; Fields et al. 1991;
Arvidsson et al. 1995a, 1995b; Mansour et al. 1995; Chieng
et al. 1996). RVM axon terminals contact enkephalinergic
dorsal horn neurons (Glazer and Basbaum 1984; Cho and
Basbaum 1989). Release of enkephalin at spinal levels has
been demonstrated (Bourgoin et al. 1988; Tang et al. 1989;
Yaksh and Chipkin 1989; Collin et al. 1992; Dado et al.
1993). Opioids directly inhibit primary afferent nociceptors
(Werz et al. 1987; Moises et al. 1994; Taddese et al. 1995)
and nociceptive dorsal horn neurons (Omote et al. 1990;
Glaum et al. 1994; Grudt and Williams 1994; Randic et al.
1995). Endogenous opioids acting via spinal µ opioid receptors contribute to brainstem control of nociceptive spinal
dorsal horn neurons. The inhibition appears to result in part
from presynaptic inhibition of afferents to dorsal horn
neurons (Budai and Fields 1998).
Recently, two endogenous peptides, endomorphin-1 and
endomorphin-2 (Zadina et al. 1997), specific for µ-opioid
receptors have been identified. Endomorphin-2-like immunoreactivity was found to be colocalized in a subset of SPand µ opioid receptor-containing fibers in the superficial
laminae of the spinal cord and spinal trigeminal nuclei.
Disruption of primary sensory afferents by mechanical
(deafferentation by dorsal rhizotomy) or chemical (exposure
to the primary afferent neurotoxin, capsaicin) methods
virtually abolishes endomorphin-2-like immunoreactivity in
the dorsal horn. These results indicate that endomorphin-2 is
present in primary afferent fibers where it can serve as the
endogenous ligand for pre- and postsynaptic µ receptors and
as a major modulator of pain perception (Martin-Schild et al.
1998; Martin-Schild et al. 1999). Intrathecal application of
endomorphin-1 and endomorphin-2 increases the tail-flick
latency and, to the lesser extent, the paw pressure latency
(Przewlocka et al. 1999). The formalin-induced behavior is
attenuated by endomorphins, and endomorphins antagonize
allodynia in a dose-dependent manner (Przewlocki et al.
1999).
Nociceptin (orphanin FQ) and nocistatin

Nociceptin (orphanin FQ), the natural agonist of orphan
opioid receptor-like receptor (ORL-1), is a heptadecapeptide
that is endowed with supraspinal pronociceptive activity in

vivo. Via ORL-1 receptors, nociceptin FQ triggers the same
G-protein-mediated signaling pathways, as do opioids,
however, to produce pharmacological effects that sometimes
differ from, and even oppose those of opioids (for reviews see
Darland et al. 1998; Yamamoto et al. 1999). Nociceptin
stimulates an outward K+ current and/or inhibits voltagegated Ca2+ channels, thereby reduces synaptic efficacy, i.e.
neuronal activity. Nociceptin is derived from a larger precursor, prepronociceptin (PPNOC). The entire coding sequence
of the precursor protein has been cloned for nociceptin. The
deduced nociceptin precursor shows sequence similarity to
the opioid peptide precursors and shares characteristic
structural features particularly with preprodynorphin. In situ
hybridization analysis of nociceptin precursor mRNA in the
mouse central nervous system reveals that it is highly
expressed in discrete neuronal sites with the pattern distinct
from those of opioid peptides (Houtani et al. 1996). Nociceptin and its precursor mRNA are present in a number of
brain regions, less abundant in the spinal cord, and negligible
in the cerebellum. In situ hybridization analysis reveals that
hybridization-positive neurons are distributed in the superficial layer (lamina I) of the dorsal horn and are also
interspersed between the tract of Lissauer in the spinal cord
(Okuda-Ashitaka et al. 1996). Combined in situ hybridization
and immunohistochemistry have shown a correlation between nociceptin immunoreactivity and PPNOC mRNA. In
the spinal cord, nociceptin is observed throughout the dorsal
and ventral horns (Neal et al. 1999). By using double label
immunohistochemistry and confocal microscopy, the colocalization of µ opioid receptors and ORL-1 receptors is not
observed in either perikarya or neuropil in the DRG, the
Lissauer’s tract or in the superficial laminae of the spinal
cord. Likewise, there is no evidence for co-localization of
these receptors within the periaqueductal gray, the nucleus
raphe magnus, the gigantocellular reticular nucleus, and the
nucleus of the solitary tract. These observations indicate that
µ opioid and ORL-1 receptors are expressed predominantly
on different fiber systems in these regions (Monteillet-Agius
et al. 1998).
Antinociceptive effects for nociceptin have been reported
in spinal applications. Nociceptin dose-relatedly inhibits the
C-fiber evoked wind-up and post-discharge of dorsal horn
neurons, but not the baseline C-fiber-evoked responses. The
antinociceptive role of nociceptin in the spinal cord differs
from that of classical opioids (Stanfa et al. 1996). Intrathecal
nociceptin produces dose-dependent depression of a spinal
nociceptive flexor reflex and behavioral antinociception in
the tail flick test with no signs of sedation or motor impairment (Xu et al. 1996). Intrathecally administered nociceptin
depresses both the phase 1 and phase 2 flinching behavior in
the formalin test and depresses the level of thermal hyperalgesia in a dose-dependent manner (Yamamoto et al. 1997).
It is of interest to note that intracerebroventricular application
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of nociceptin, in contrast with intrathecal administrations,
enhances the formalin-induced pain behavior (Wang et al.
1999). Nociceptin elicits a rapidly appearing, naltrexonereversible, dose-dependent analgesia in the tailflick assay
without any indication of hyperalgesia. Blockade of sigma
receptors with haloperidol enhances the analgesic potency of
spinal nociceptin, but not as dramatically as supraspinal
nociceptin (King et al. 1997). Intrathecal nociceptin dosedependently alleviates mechanical and cold allodynia-like
behavior in two models of neuropathic pain (Hao et al. 1998).
Whole-cell recordings from substantia gelatinosa neurons in
transverse lumbar spinal cord slices show that exogenous
nociceptin, at low concentrations, depresses excitatory
postsynaptic potentials evoked by stimulation of dorsal
rootlets or, at high concentrations, it hyperpolarizes substantia gelatinosa neurons and suppresses spike discharges. The
latter actions are not reversed by the known opioid receptor
antagonist, naloxone. It is concluded that nociceptin-like
peptide is concentrated in nerve fibers of the rat dorsal horn
and that it may serve as an inhibitory transmitter within the
substantia gelatinosa (Lai et al. 1997). It has also been shown
that nociceptin inhibits excitatory synaptic transmission in
the superficial layers of the rat dorsal horn by acting on
presynaptic, presumably ORL-1 receptors (Liebel et al.
1997). Nociceptin primarily inhibits EAA (Glu, KA and
quisqualate)-induced currents in isolated rat spinal dorsal
horn neurons via non-opioid mechanisms (Shu et al. 1998).
Recently, the introduction of two selective and competitive
nociceptin receptor antagonists has been reported: one
peptide analog (Calo et al. 2000) and one nonpeptidyl in
nature (Ozaki et al. 2000). However, the peptide ORL-1
receptor antagonist [Phe1 psi(CH2-NH)Gly2]nociceptin-(113)-NH2, may act as a nociceptin agonist in the rat spinal cord
(Carpenter and Dickenson 1998).
The nociceptin precursor protein contains another biologically active peptide, which is termed nocistatin and is isolated from bovine brain. Nocistatin blocks nociceptin-induced
allodynia and hyperalgesia, and attenuates pain evoked by
prostaglandin E2. Intrathecal pretreatment with antinocistatin
antibody decreases the threshold for nociceptin-induced
allodynia. Although nocistatin does not bind to the nociceptin
receptor, it binds to the membrane of mouse brain and of
spinal cord with high affinity. Nociceptin and nocistatin peptides may play opposite roles in pain transmission (OkudaAshitaka et al. 1998). It is suggested that nociceptin may be
involved in the second phase of the mouse formalin test and,
under such pathophysiological conditions, nocistatin can
exhibit antagonism against nociceptin at the spinal level
(Nakano et al. 2000). Nocistatin induces a moderate facilitation of the flexor reflex without producing reflex depression.
It interacts with nociceptin in a complex fashion, increasing
excitation and reducing inhibition (Xu et al. 1999).
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Biogenic amines
Serotonin (5-HT)

5-HT is present in the axons and terminals of raphe-spinal
neurons in the dorsal horn, especially in the superficial
laminae, laminae I-III. The origin of serotonergic projection
to the dorsal horn is mainly the nucleus raphe magnus
(Dahlström and Fuxe 1965; Basbaum et al. 1978; Miletic et
al. 1984). 5-HT and several peptides, including SP, CGRP,
enkephalins and somatostatin, may be co-localized in the
same raphe neurons and in their terminals. 5-HT may also be
co-localized with GABA (Millhorn et al. 1987a, 1987b).
Molecular cloning has identified seven distinct families of 5HT receptors (5-HT1-7). The 5-HT3 family consists of ligandgated ion channel receptors. The other 6 families interact
with G-proteins and are coupled to second messengers. Three
5-HT receptor subtypes influence the dorsal horn somatosensory processing: 5-HT1, 5-HT2, and 5-HT3. There are
three major sources of 5-HT receptors to the spinal cord
dorsal horn: the DRG cells, the intrinsic spinal neurons and
the descending systems. Neonatal capsaicin treatment or
dorsal rhizotomy decrease 5-HT1A and 5-HT3 receptor binding in laminae I and II, but some still remains, indicating both
pre- and postsynaptic localizations. A large majority of the
5-HT receptors in the dorsal horn do not participate in classic
synapses, but are found in extrasynaptic sites along the
dendrites and somas.
The activation of 5-HT receptors can produce multiple
physiological events, since 5-HT receptor families can either
promote or inhibit different second messenger systems.
Intrathecally administered 5-HT can either inhibit (Hylden
and Wilcox 1983) or stimulate (Hylden and Wilcox 1983;
Clatworthy et al. 1988) nociceptive reflexes. Iontophoretic
application in the vicinity of dorsal horn neurons generally
causes inhibition (Griersmith and Duggan 1980), although
excitatory effects have also been reported (Todd and Millar
1983). It has been suggested that the 5-HT1B and 5-HT1D
receptor subtypes mediate selective inhibition of nociceptive
neurons, whereas 5-HT1A agonists facilitate nociceptive
responses (El-Yassir et al. 1988; Alhaider and Wilcox 1993).
Spinal 5-HT3-mediated analgesia involves GABA receptors,
probably through the excitation of GABAergic interneurons
(Alhaider et al. 1991).
Norepinephrine (NE)

The activation of α2-adrenergic receptors in the dorsal horn
of the spinal cord produces powerful analgesia in humans and
animal models. There is a dense concentration of both
noradrenaline (Dahlström and Fuxe 1965) and α2-adrenergic
receptors in the dorsal horn (Young and Kuhar 1980; Jones
et al. 1982; Unnerstal et al. 1984; Nicholas et al. 1993;
Roudet et al. 1993). Although there are no noradrenergic
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neurons in the rostral-ventromedial medulla (RVM) or
periaqueductal gray (PAG), there is evidence that brainstem
noradrenergic neurons contribute to the PAG-RVM inhibition
of spinal nociceptive transmission. The adrenergic innervation of the spinal cord dorsal horn arises from the A5, the
locus coeruleus and the A7 noradrenergic cell groups in the
pons (Westlund et al. 1982; Schroder and Skagerberg 1985;
Proudfit 1988; Clark and Proudfit 1993). There is a projection from the rostral PAG to A5 (Kwiat and Basbaum 1990),
A7 and to locus coeruleus (Cameron et al. 1995), and a dense
projection from the RVM to the A7 noradrenergic cell group
(Clark and Proudfit 1993; Holden and Proudfit 1998). There
is behavioral and electrophysiological evidence that brainstem NE neurons contribute to the pain-modulating action of
the PAG-RVM-dorsal horn pathway. Direct spinal application
of adrenergic agonists produces behavioral analgesia (Reddy
et al. 1980; Barbaro et al. 1985) and inhibition of dorsal horn
neurons through α2-adrenergic receptors. Dorsal horn microiontophoresis of selective α2-adrenoceptor antagonists, but
not the selective α1 antagonists, significantly reverses the
descending inhibition originating from the PAG. At low
ejection currents, clonidine, an α 2 adrenoceptor agonist
markedly reduces noxious heat-evoked responses but has no
consistent action on the responses to iontophoresed EAAs
(NMDA or KA). At ejection currents higher than those
required to block descending inhibition, idazoxan potentiates
responses to both heat and EAA iontophoresis. At higher
ejection currents, EAA responses are inhibited by clonidine.
This indicates that both presynaptic and postsynaptic α2
receptors are involved in the inhibition of the recorded
neurons (Budai et al. 1998).
Neurons in DRG which give rise to primary afferent
fibers contain all three α2-adrenergic receptor subtypes (α2a,
α2b and α2c) mRNAs (Nicholas et al. 1993; Nicholas et al.
1996; Gold et al. 1997). The superficial layers of the spinal
dorsal horn, where nociceptive primary afferent fibers
terminate most densely, contain dense α 2-adrenoceptor
binding, whereas only a small number of dorsal horn cells
contain α2-adrenoceptor mRNA. Noradrenaline or clonidine
significantly reduces the evoked release of Glu from spinal
cord synaptosomes (Kamisaki et al. 1993) and the release of
SP-like material and CGRP from spinal cord slices (Bourgoin
et al. 1993). It has been demonstrated that the α2a adrenoceptor subtype is the primary mediator of α2 adrenergic spinal
analgesia and is necessary for analgesic synergy with opioids
(Stone et al. 1997; Stone et al. 1998). Immunoreactivity (IR)
for both receptor subtypes has been observed in the superficial layers of the dorsal horn of the spinal cord. The primary
localization of the α2a adrenoceptor in the rat spinal cord is
on the terminals of capsaicin-sensitive, SP-containing
primary afferent fibers. α2c Adrenoceptor-IR does not appear
to colocalize with the NK-1 receptor, nor is it localized on
astrocytes, as evidenced by a lack of co-staining with the glial

marker GFAP. However, some co-localization is observed
between α2c adrenoceptor-IR and enkephalin-IR, suggesting
that the α2c adrenoceptor may be expressed by a subset of
spinal interneurons. Interestingly, neither subtype is detected
on descending noradrenergic terminals (Stone et al. 1998).
Dopamine (DA)

There is more noradrenaline than dopamine in the spinal cord
(Fleetwood-Walker and Coote 1981). Both arise from supraspinal neurons. The dopaminergic projections to the
dorsal horn originate from the A11 cell group in the diencephalon (Skagerberg and Lindvall 1985). Dopamine D2
receptor ligand binding is concentrated in the superficial
dorsal horn, chiefly in laminae II and III (Bouthenet et al.
1987; Yokoyama et al. 1994). Focal electrical stimulation in
the region of the A11 dopamine cell group selectively
suppresses the nociceptive responses of spinal, multireceptive neurons in the rat. Iontophoretically applied dopamine D2 receptor agonists cause selective inhibition of the
responses to noxious stimuli of the dorsal horn neurons,
whilst the spontaneous activity is unaffected (FleetwoodWalker et al. 1988).
Acetylcholine (ACh)

Choline acetyltransferase, the marker enzyme for cholinergic
neurons which synthesizes ACh, is abundant in the spinal
dorsal horn, especially in the superficial laminae (Kása and
Morris 1972; Kimura et al. 1981; Barber et al. 1984; Kása
1986; Phelps et al. 1988; Houser 1990; Ribeiro-da-Silva and
Cuello 1990; Todd 1991). Choline acetyltransferase has not
been found in DRG cells or in their axons (Barber et al. 1984;
Borges and Iversen 1986). Acetylcholinesterase, the enzyme
which removes ACh by hydrolysis, has also been localized
in the dorsal horn, with highest concentrations in laminae IIII (Kása 1986). Radioactive nicotinic ACh receptor ligands
preferentially bind to the substantia gelatinosa, laminae IIIII or IV, with the emphasis on laminae III and IV (Wamsley
et al. 1981a; Gillberg and Aquilonius 1985; Gillberg and
Wiksten 1986). It is not clear whether nicotinic ACh receptors are restricted to any particular cell type or sensory
modality. Muscarinic ACh receptors are concentrated in the
superficial layers of the dorsal horn, especially in laminae II
and I, and may be associated with fine-caliber afferent inputs.
Both nicotinic and muscarinic ligands bind to DRG cells and
dorsal rhizotomy significantly reduces their binding sites in
the dorsal horn (Wamsley et al. 1981a, 1981b; Seybold and
Elde 1984; Seybold 1985). Accordingly, a significant number
of dorsal horn ACh receptors are thought to be situated on
the primary afferent terminals.
In early studies, iontophoretically applied ACh was found
to depress the responses of dorsal horn interneurons to EAAs
(Curtis et al. 1966) or to evoke either excitation or depression
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(Weight and Salmoiraghi 1966; Curtis 1967). Later, it was
shown that cholinergic compounds can depolarize one set of
dorsal horn neurons and hyperpolarize others in slice preparations (Urban et al. 1989). These effects are mediated by
both nicotinic and muscarinic receptors. Muscarinic antagonists interfere with the descending inhibition of dorsal horn
neurons produced by stimulation of the medial medulla
(Zhuo and Gebhart 1990a, 1990b). The analgesic effect of
intrathecally administered clonidine on neuropathic pain is
mediated, in part, by an increased ACh release which activates spinal muscarinic and nicotinic receptors. Spinally
released ACh, therefore plays a role in the antiallodynic effect
of intrathecally administered clonidine in neuropathic pain
(Pan et al. 1999).
Nicotine exerts antinociceptive effects by interacting with
one or more of the subtypes of nicotinic ACh receptors. Mice
lacking the α4 subunit of the neuronal nicotinic ACh receptors no longer express high-affinity [3H]nicotine and
[3H]epibatidine binding. These mutant mice display a reduced antinociceptive effect of nicotine in the hot-plate test,
and diminished sensitivity to nicotine in the tail-flick test
(Marubio et al. 1999). Epibatidine, a potent agonist for
neuronal nicotinic ACh receptors sharing similar structural
and functional characteristics with ACh and nicotine, was
used in this study. Analgesia through the activation of
muscarinic ACh receptors may occur in animal models of
acute noxious stimulation and of chronic hypersensitivity
pain (Eisenach 1999). It has been shown that presynaptic M3
muscarinic receptors in the spinal cord are involved in the
second phase of nociception induced by formalin injection
into the paw (Honda et al. 2000).
ATP and adenosine receptors

The role of ATP as a putative neurotransmitter in the mediation of nociceptive has been intensely investigated. ATP has
been found to excite some dorsal horn neurons and to
potentiate their responses to NMDA (Jahr and Jessell 1983).
This action of ATP is likely to take place through activation
of the ionotropic P2X receptor family which may be located
both on intrinsic dorsal horn neurons and on the central
terminals of fine primary afferent fibers. In fact, the activation
of presynaptic P2X receptors in the dorsal horn has been
shown to evoke the release of Glu from cultured DRG cells
(Gu and MacDermott 1997). Further, P2Y receptors, a family
of metabotropic receptors (acting through PLC) activated by
the endogenous ligand ATP, have been demonstrated to
increase the EAA-mediated transmission in the dorsal horn
(Li and Perl 1995). The superficial layers of the spinal cord
dorsal horn express P2X2, P2X4, and P2X6 subunits entering
into the formation of ionotropic (P2X) receptors for ATP.
ATP reversibly increases the amplitude of electrically evoked
GABAergic IPSCs and reduces paired-pulse inhibition or
facilitation without affecting the IPSC kinetics. This effect
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is preferentially, but not exclusively, observed in neurons coreleasing ATP and GABA (Hugel and Schlichter 2000).
Spinal endogenous ATP may play a role in formalin- and
capsaicin-induced neurogenic pain via the P2X receptors
(Tsuda et al. 1999).
ATP is rapidly metabolized to adenosine which in turn
may activate a variety of adenosine (mainly A1 and A2)
receptors in the dorsal horn. Adenosine and ATP exert
multiple influences on pain transmission at peripheral and
spinal sites (Sawynok 1998). At peripheral nerve terminals
in rodents, adenosine A1 receptor activation produces
antinociception by decreasing, while adenosine A1 receptor
activation produces pronociceptive or pain-enhancing properties by increasing, cAMP levels in the sensory nerve
terminal. Adenosine A3 receptor activation produces pain
behaviors due to the release of histamine and 5-HT from mast
cells and subsequent actions on the sensory nerve terminal
(Gu and MacDermott 1997). It is most probable that adenosine is most effective as an inhibitor of dorsal horn neuronal
activation mediated via non-NMDA EAA or SP receptors
(Keil and Delander 1995).
Nitric oxide (NO)

Nitric oxide (NO) has been characterized as a neuronal
messenger involved in a variety of neurotransmitter functions
(Bredt and Snyder 1992; Snyder 1992; Meller and Gebhart
1993; Zorumski and Izumi 1993). The production of NO
from the amino acid L-arginine (Arg) is catalyzed by a Ca2+
and calmodulin-dependent enzyme, NO synthase, which can
be selectively inhibited by structural analogs of Arg, e.g., NΩnitro-L-arginine methyl ester (L-NAME). The enzyme NO
synthase has been localized within the spinal cord (Valtschanoff et al. 1992a, 1992b; Lee et al. 1993; Saito et al.
1994). NO is a small, reactive, lipophilic molecule with a
half-life of milliseconds to several seconds. It may act in the
neuron where it is produced, or diffuse through cell membranes to act on adjacent cells as an intercellular messenger
(Garthwaite et al. 1988; Schuman and Madison 1994). The
properties of NO may allow it to act as a “retrograde transmitter”, i.e. when produced in a postsynaptic neuron, NO
might diffuse to presynaptic sites, thereby altering the
presynaptic function (Baringa 1991). This concept is particularly favored in studies of LTP, where it may account for the
use-dependent changes in the efficacy of synaptic transmission. The increase in intracellular level of Ca2+ triggers
a cascade of events that include stimulation of phospholipases to produce DAG and ecoisanoids, stimulation of the
production of IP3, activation of PKC and activation of the
constitutive form of NO synthase. Allowing Ca2+ to enter the
neuron, NMDA receptor activation results in an increase in
production of NO, which diffuses to its site of action. Here,
it activates soluble guanylate cyclase, which in turn increases
the intracellular content of cGMP (Garthwaite et al. 1988).
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It has been shown that the amount of intracellular Ca2+
produced by NMDA receptor activation is sufficient to
prevent the activation of soluble guanylate cyclase by NO in
the neuron where it is synthesized (Knowles et al. 1990;
Vincent and Hope 1992). It has therefore been proposed that
NO must diffuse to adjacent, cells where soluble guanylate
cyclase is activated to increase the intracellular content of
cGMP. Evidence that hemoglobin, which binds extracellular
NO, prevents LTP supports this hypothesis (O’Dell et al.
1991; Schuman and Madison 1991).
Considerable evidence suggests that NO plays a role in
spinal somatosensory processing. The NMDA receptor
subtype, activated by endogenous agonists such as L-glutamate, L-aspartate or L-homocysteate, appears to be involved
in multisynaptic nociceptive transmission and plasticity in
the spinal cord (for reviews see Wilcox 1991; Meller and
Gebhart 1993; Wilcox 1993; Wilcox and Seybold 1997).
Intrathecal administration of NMDA elicits a transient
hyperalgesia, which is inhibited by prior treatment with
L-NAME, methylene blue or hemoglobin (Kitto et al. 1992).
Intrathecal injection of NO-donating compounds such as
L-arginine, sodium nitroprusside or hydroxylamine also
results in hyperalgesia (Kitto et al. 1992; Meller et al. 1992a,
1992b; Meller and Gebhart 1993). In the formalin pain
model, inhibition of NO synthase by L-NAME produces
long-lasting antinociception (Moore et al. 1991). Topical
application of L-NAME onto the spinal cord attenuates both
the first and second peaks of the neuronal responses to
formalin (Haley et al. 1992). L-Arginine, which surprisingly
is antinociceptive itself, reverses the antinociceptive effects
of L-NAME in the formalin-induced paw licking test (Moore
et al. 1991), but not the decrease in neuronal firing rate
caused by L-NAME (Haley et al. 1992). L-Arginine, a
constituent amino acid of kyotorphin (L-tyrosyl-L-arginine),
an endogenous Met-enkephalin releaser in the brain and
spinal cord, is considered to be an effective kyotorphin
precursor. It has been proposed that L-arginine plays a dual
role in nociceptive processing, being antinociceptive via the
kyotorphin-Met-enkephalin pathway and nociceptive via the
L-arginine-NO pathway (Kawabata et al. 1993).
In in vivo electrophysiological studies, inhibition of NO
synthase by L-NAME has been reported to reduce the
responses of single dorsal horn neurons to the electrical or
chemical nociceptive stimulation of peripheral nerves (Haley
et al. 1992) and it selectively inhibits the responses of these
cells to iontophoretically applied NMDA (Radhakrishnan
and Henry 1993). Iontophoretically applied L-NAME causes
reciprocal changes in EAA responses: the NMDA-evoked
responses are significantly decreased, whereas the responses
to the iontophoretically applied non-NMDA agonists (AMPA
and KA) are increased (Budai et al. 1995). Intravenous
application of L-NAME suppresses ongoing activity recorded from dorsal rootlets that are responsive to electrical

stimulation of the axotomized sciatic nerve. This effect of LNAME is reversed by L-arginine (Wiesenfeld-Hallin et al.
1993). In vivo electrochemical studies have shown that NO
is released from substantia gelatinosa cells upon electrical
stimulation. NO release in the dorsal horn is significantly
decreased in animals treated with capsaicin for C-fiber
denervation (Kimura et al. 1999). Activation of Glu (NMDA)
receptors may account for the release of NO (Rivot et al.
1999). Neuronal NO synthase mRNA is upregulated in rat
sensory neurons after spinal nerve ligation (Luo et al. 1999).
Experimental data also suggest that NO contributes to the
development and maintenance of central sensitization of
spinothalamic tract cells and to the resultant mechanical
hyperalgesia and allodynia after peripheral tissue damage or
inflammation (Lin et al. 1999). Involvement of NO in the development of central sensitization may affect nociceptive
processing by increasing Fos expression. Since many other
substances which are related to pain mechanisms can be induced by Fos, it is suggested that nitric oxide may regulate
production of these substances through activation of Fos (Wu
et al. 2000).
Capsaicin and vanilloid receptors

Capsaicin (8-methyl-N-vanillyl-6-noneamide), the main
pungent ingredient in “hot” peppers, evokes a sensation of
burning pain by selectively activating C-polymodal nociceptors (but not mechanoreceptors or cold receptors) that
convey information about noxious stimuli to the central
nervous system (Jancsó et al. 1977; Bevan and Szolcsányi
1990). At low concentrations, capsaicin selectively desensitizes nerve fibers to subsequent stimuli in adult neurons.
Experimentally, spinal dorsal horn cells show two types of
excitatory responses to intradermal injection of capsaicin.
The first excitatory response shown by the majority of wide
dynamic range and nociceptive specific cells is consistent
with their sensitization by capsaicin. The cells produce an
acute and prolonged increase in ongoing activity with
capsaicin injection. Responses to mechanical stimuli are
substantially increased after capsaicin and an expansion of
receptive field is often observed. The responses of the same
cells to EAA agonists applied locally by iontophoresis are
also increased (Dougherty et al. 1999). At high concentrations in newborn animals, capsaicin selectively degenerates
primary afferent C-fibers and a subset of small primary sensory neurons within the DRG. The neurotoxic effect may
result from the rise in the concentrations of intracellular Ca2+
(Jancsó et al. 1977, 1984) as a consequence of the activation
of nonspecific cation channels by capsaicin. Systemic application of capsaicin as an analgesic is unattractive because of
its extensive activation of C-polymodal nociceptors, yet there
may be therapeutic value in desensitization of nociceptors by
local application of capsaicin-related compounds (the ultrapotent resiniferatoxin; Szállási and Blumberg 1996).
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[3H]Resiniferatoxin autoradiography reveals high densities of capsaicin binding sites in rat DRG as well as in the
superficial dorsal horn of the spinal cord, known to contain
the cell bodies and central terminals, respectively, of capsaicin-sensitive, sensory neurons (Szállási et al. 1994a, 1994b).
Capsaicin binds to a specific binding site that opens a
nonselective cation channel that is voltage-independent and
structurally related to members of the TRP family of ion
channels. The cloned capsaicin receptor, also termed as the
vanilloid receptor subtype 1 (VR1) (Szállási and Blumberg
1999), is also activated by increases in temperature in the
noxious range and by protons, suggesting that it functions as
a transducer of painful thermal or chemical stimuli in vivo
(Caterina et al. 1997). As revealed by mRNA distribution
studies, the VR1 vanilloid receptor subtype is expressed not
only in primary sensory neurons but also in several brain
nuclei (Mezey et al. 2000). There are indications that cannabinoids may be the endogenous ligands for the VR1 capsaicin
receptor (Szolcsányi 2000).

place on an even longer time scale such as seconds, minutes
and hours. Activation of metabotropic receptors that act via
intracellular second messenger systems, e.g. neurokinin or
metabotropic Glu receptors, has been implicated in longer
term changes in the responsiveness of dorsal horn neurons.
It is hypothesized that an appropriate combination of several
afferent excitatory actions with an appropriate temporal
distribution could explain progressive development of
abnormalities in various pain states (reviewed by Wilcox
1991). It is noteworthy that the number of inhibitory neurotransmitters and receptors greatly outnumbers the excitatory ones in the dorsal horn. It seems probable that transmission of the somatosensory information from the primary
afferent fibers to the secondary dorsal horn neurons depends
on the complex interaction between the excitation by EAAs
and the inhibitory actions of several other transmitter systems.

References
Conclusions
Somatosensory processing in the dorsal horn of the spinal
cord implicates the role of the same transmitters and receptors sub-serving neurotransmission in other areas of the
central and peripheral nervous systems. Transmitters released
from primary afferent fibers interact with receptors located
on secondary neurons in the dorsal horn of the spinal cord
and/or with receptors located on terminals of descending
axons and primary afferent fibers including the ones from
which they were released (autoreceptors). Many observations
support the concept that the afferent terminal may release
more than one transmitters when depolarized. A number of
transmitters involved (some 18 reviewed here) including
simple molecules such as EAAs whose rapid actions are in
the millisecond time range as well as complex molecules
such as peptides, which have effects lasting for seconds to
minutes or longer. The spinal dorsal horn is a primary
receiving area for somatosensory input and contains high
concentration of various receptors. These receptors show a
great deal of variety and mediate a number of cellular actions
and, thus, determine the neural response to the synaptic input.
The complex combination of neurotransmitters involved and
the modes of interactions among them make the dorsal horn
an obvious choice to produce analgesia.
Many neurons within the dorsal horn respond to noxious
stimuli. EAAs, especially AMPA and KA receptors, are
associated with the fast excitatory neurotransmission between nociceptors and spinal neurons. The AMPA component of the Glu action requires less than a millisecond. This
is probably followed by the activation of NMDA receptors
whose activation is contingent on prior depolarization and
whose actions last for several tens of milliseconds. The
perception of pain requires consideration of events taking
32

Alhaider AA, Lei SZ, Wilcox GL (1991) Spinal 5-HT3 receptor-mediated
antinociception: possible release of GABA. J Neurosci 11:1881-1888.
Alhaider AA, Wilcox GL (1993) Differential roles of 5-hydroxytryptamine1A and 5-hydroxytryptamine1B receptor subtypes in modulating
spinal nociceptive transmission in mice. J Pharm Exp Ther 265:378385.
Arvidsson U, Dado RJ, Riedl M, Lee JH, Law PY, Loh HH, Elde R,
Wessendorf MW (1995a) Delta-opioid receptor immunoreactivity:
distribution in brainstem and spinal cord, and relationship to biogenic
amines and enkephalin. J Neurosci 15:1215-1235.
Arvidsson U, Riedl M, Chakrabarti S, Lee JH, Nakano AH, Dado RJ, Loh
HH, Law PY, Wessendorf MW, Elde R (1995b) Distribution and
targeting of a mu-opioid receptor (MOR1) in brain and spinal cord. J
Neurosci 15:3328-3341.
Barbaro NM, Hammond DL, Fields HL (1985) Effects of intrathecally
administered methysergide and yohimbine on microstimulationproduced antinociception in the rat. Brain Res 343:223-229.
Barber RP, Phelps PE, Houser CR, Crawford GD, Salvaterra PM, Vaughn
JE (1984) The morphology and distribution of neurons containing
choline acetyltransferase in the adult rat spinal cord: an immunocytochemical study. J Comp Neurol 229:329-346.
Baringa M (1991) Is nitric oxide the ‘retrograde messenger’? Science
254:1296-1297.
Basbaum AI, Clanton CH, Fields HL (1978) Three bulbospinal pathways
from the rostral medulla of the cat: an autoradiographic study of pain
modulating systems. J Comp Neurol 178:209-224.
Bennett GJ (2000) Update on the neurophysiology of pain transmission and
modulation: focus on the NMDA-receptor. J Pain Symptom Manage
19:S2-6.
Besse D, Lombard MC, Zajac JM, Roques BP, Besson JM (1990a) Pre- and
postsynaptic distribution of mu, delta and kappa opioid receptors in the
superficial layers of the cervical dorsal horn of the rat spinal cord. Brain
Res 521:15-22.
Besse D, Lombard MC, Zajac JM, Roques BP, Besson JM (1990b) Pre- and
postsynaptic location of mu, delta and kappa opioid receptors in the
superficial layers of the dorsal horn of the rat spinal cord. Prog Clin
Biol Res 328:183-186.
Besse D, Lombard MC, Besson JM (1991) Autoradiographic distribution
of mu, delta and kappa opioid binding sites in the superficial dorsal
horn, over the rostrocaudal axis of the rat spinal cord. Brain Res
548:287-291.

Neurotransmission in spinal dorsal horn
Bettler B, Mulle C (1995) Review: neurotransmitter receptors. II. AMPA
and kainate receptors. Neuropharmacol 34:123-139.
Bevan S, Szolcsányi J (1990) Sensory neuron-specific actions of capsaicin:
mechanisms and applications. Trends Pharmacol Sci 11:330-333.
Bliss TVP, Collingridge GL (1993) A synaptic model of memory: longterm potentiation in the hippocampus. Nature 361:31-39.
Boehmer CG, Norman J, Catton M, Fine LG, Mantyh PW (1989) High
levels of mRNA coding for substance P, somatostatin and alpha- tubulin
are expressed by rat and rabbit dorsal root ganglia neurons. Peptides
10:1179-1194.
Borges LF, Iversen SD (1986) Topography of choline acetyltransferase
immunoreactive neurons and fibers in the rat spinal cord. Brain Res
362:140-148.
Bourgoin S, Le Bars D, Clot AM, Hamon M, Cesselin F (1988) Spontaneous
and evoked release of Met-enkephalin-like material from the spinal
cord of arthritic rats in-vivo. Pain 32:107-114.
Bourgoin S, Pohl M, Mauborgne A, Benoliel JJ, Collin E, Hamon M,
Cesselin F (1993) Monoaminergic control of the release of calcitonin
gene-related peptide and substance P-like materials from rat spinal
cord slices. Neuropharmacol 32:633-640.
Bouthenet ML, Martres MP, Sales N, Schwartz JC (1987) A detailed
mapping of dopamine D-2 receptors in rat central nervous system by
autoradiography with [125I]iodosulpride. Neuroscience 20:117-155.
Boxall SJ, Thompson SW, Dray A, Dickenson AH, Urban L (1996)
Metabotropic glutamate receptor activation contributes to nociceptive
reflex activity in the rat spinal cord in vitro. Neuroscience 74:13-20.
Bredt DS, Snyder SH (1992) Nitric oxide, a novel neuronal messenger.
Neuron 8:3-11.
Budai D (1994) A computer-controlled system for post-stimulus time
histogram and wind-up studies. J Neurosci Methods 51:205-211.
Budai D, Fields HL (1998) Endogenous opioid peptides acting at µ-opioid
receptors in the dorsal horn contribute to midbrain modulation of spinal
nociceptive neurons. J Neurophysiol 79:677-687.
Budai D, Harasawa I, Fields HL (1998) Midbrain periaqueductal gray (PAG)
inhibits nociceptive inputs to sacral dorsal horn nociceptive neurons
through α2-adrenergic receptors. J Neurophysiol 80:2244-2254.
Budai D, Larson AA (1994) GYKI 52466 inhibits AMPA/kainate and
peripheral mechanical sensory activity. Neuroreport 5:881-884.
Budai D, Larson AA (1996) Role of substance P in the modulation of Cfiber-evoked responses of spinal dorsal horn neurons. Brain Res
710:197-203.
Budai D, Larson AA (1998) The involvement of metabotropic glutamate
receptors in sensory transmission in dorsal horn of the rat spinal cord.
Neurosci 83:571-80.
Budai D, Wilcox GL, Larson AA (1992a) Enhancement of NMDA-evoked
neuronal activity by glycine in the rat spinal cord in vivo. Neurosci
Lett 135:265-268.
Budai D, Wilcox GL, Larson AA (1992b) Modulation of N-methyl-Daspartate and (R,S)-alpha-amino-3-hydroxy-5-methylisoxazole-4propionate (AMPA) responses of spinal nociceptive neurons by a Nterminal fragment of substance P. Eur J Pharmacol 216:441-444.
Budai D, Wilcox GL, Larson AA (1995) Effects of nitric oxide availability
on responses of spinal wide dynamic range neurons to excitatory amino
acids. Eur J Pharmacol 278:39-47.
Calo G, Guerrini R, Bigoni R, Rizzi A, Marzola G, Okawa H, Bianchi C,
Lambert DG, Salvadori S, Regoli D (2000) Characterization of
[Nphe(1)]nociceptin(1-13)NH(2), a new selective nociceptin receptor
antagonist. Br J Pharmacol 129:1183-1193.
Cameron AA, Khan IA, Westlund KN, Willis WD (1995) The efferent
projections of the periaqueductal gray in the rat: A Phaseolus vulgarisleucoagglutinin study. II. Descending projections. J Comp Neurol
351:585-601.
Carpenter KJ, Dickenson AH (1998) Evidence that [Phe1 psi(CH2NH)Gly2]nociceptin-(1-13)-NH2, a peripheral ORL-1 receptor
antagonist, acts as an agonist in the rat spinal cord. Br J Pharmacol
125:949-951.
Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, Julius

D (1997) The capsaicin receptor: a heat-activated ion channel in the
pain pathway. Nature 389:816-824.
Chen Y, Bacon G, Sher E, Clark BP, Kallman MJ, Wright RA, Johnson
BG, Schoepp DD, Kingston AE (2000) Evaluation of the activity of a
novel metabotropic glutamate receptor antagonist (+/-)-2-amino-2-(3cis and trans-carboxycyclobutyl-3-(9-thioxanthyl)propionic acid) in
the in vitro neonatal spinal cord and in an in vivo pain model. Neurosci
95:787-793.
Chieng B, Connor M, Christie MJ (1996) The µ-opioid receptor antagonist
D-Phe-Cys-Tyr-D-Try-Orn-Thr-Pen-Thr-NH2 (CTOP) [but not D-PheCys-Tyr-D-Try-Arg-Thr-Pen-Thr-NH2 (CTAP)] produces a nonopioid
receptor-mediated increase in potassium conductance of rat locus
ceruleus neurons. J Pharm Exp Ther 50:650-655.
Cho HJ, Basbaum AI (1989) Ultrastructural analysis of dynorphin Bimmunoreactive cells and terminals in the superficial dorsal horn of
the deafferented spinal cord of the rat. J Comp Neurol 281:193-205.
Clark FM, Proudfit HK (1993) The projections of noradrenergic neurons
in the A5 catecholamine cell group to the spinal cord in the rat
anatomical evidence that A5 neurons modulate nociception. Brain Res
616:200-210.
Clatworthy A, Williams JH, Barasi S (1988) Intrathecal 5-hydroxytryptamine and electrical stimulation of the nucleus raphe magnus in rats
both reduce the antinociceptive potency of intrathecally administered
noradrenaline. Brain Res 455:300-306.
Coderre TJ (1993) The role of excitatory amino acid receptors and
intracellular messengers in persistent nociception after tissue injury
in rats. Mol Neurobiol 7:229-246.
Coggeshall RE, Carlton SM (1997) Receptor localization in the mammalian
dorsal horn and primary afferent neurons. Brain Res Rev 24:28-66.
Collin E, Bourgoin S, Ferhat L, Hamon M, Cesselin F (1992) κ-Opioid
receptor stimulation abolishes µ- but not δ-mediated inhibitory control
of spinal Met-enkephalin release. Neurosci Lett 134:238-242.
Curtis DR (1967) Acetylcholine, strychnine and spinal inhibition. Nature
215:1503.
Curtis DR, Ryall RW, Watkins JC (1966) The action of cholinomimetics
on spinal interneurones. Exp Brain Res 2:97-106.
Dado RJ, Law PY, Loh HH, Elde R (1993) Immunofluorescent identification
of a delta-opioid receptor on primary afferent nerve terminals.
Neuroreport 5:341-344.
Dahlström A, Fuxe K (1965) Evidence for the existence of an outflow of
noradrenaline nerve fibres in the ventral roots of the rat spinal cord.
Experientia 21:409-410.
Darland T, Heinricher MM, Grandy DK (1998) Orphanin FQ/nociceptin:
a role in pain and analgesia, but so much more. Trends Neurosci 21:215221.
Davies SN, Lodge D (1987) Evidence for involvement of N-methylaspartate
receptors in ‘wind-up’ of class 2 neurones in the dorsal horn of the rat.
Brain Res 424:402-406.
Dickenson AH (1990) A cure for wind up: NMDA receptor antagonists as
potential analgesics. Trends Pharmacol Sci 11:307-309.
Dickenson AH, Aydar E (1991) Antagonism at the glycine site on the NMDA
receptor reduces spinal nociception in the rat. Neurosci Lett 121:263266.
Dickenson AH, Sullivan AF (1987) Evidence for a role of the NMDA
receptor in the frequency dependent potentiation of deep rat dorsal
horn nociceptive neurones following C fibre stimulation. Neuropharmacol 26:1235-1238.
Diez Guerra FJ, Zaidi M, Bevis P, MacIntyre I, Emson PC (1988) Evidence
for release of calcitonin gene-related peptide and neurokinin A from
sensory nerve endings in vivo. Neurosci 25:839-846.
Dougherty PM, Palacek J, Zorn S, Willis JD (1993) Combined application
of excitatory amino acids and substance P produces long-lasting
changes in responses of primate spinothalamic tract neurons. Brain
Res Rev 18:227-246.
Dougherty PM, Schwartz A, Lenz FA (1999) Responses of primate
spinomesencephalic tract cells to intradermal capsaicin. Neurosci
90:1377-1392.

33

Budai
Duggan AW, Hope PJ, Jarrott B, Schaible HG, Fleetwood-Walker SM
(1990) Release, spread and persistence of immunoreactive neurokinin
A in the dorsal horn of the cat following noxious cutaneous stimulation.
Studies with antibody microprobes. Neurosci 35:195-202.
Eisenach JC (1999) Muscarinic-mediated analgesia. Life Sci 64:549-554.
El-Yassir N, Fleetwood-Walker SM, Mitchell R (1988) Heterogeneous
effects of serotonin in the dorsal horn of rat: the involvement of 5-HT1
receptor subtypes. Brain Res 456:147-158.
Faull RL, Villiger JW (1987) Opiate receptors in the human spinal cord: a
detailed anatomical study comparing the autoradiographic localization
of [3H]diprenorphine binding sites with the laminar pattern of substance
P, myelin and Nissl staining. Neurosci 20:395-407.
Fields HL, Heinricher MM, Mason P (1991) Neurotransmitters in
nociceptive modulatory circuits. Annu Rev Neurosci 14:219-245.
Fleetwood-Walker SM, Coote JH (1981) Contribution of noradrenaline-,
dopamine- and adrenaline-containing axons to the innervation of
different regions of the spinal cord of the cat. Brain Res 206:95-106.
Fleetwood-Walker SM, Hope PJ, Mitchell R (1988) Antinociceptive actions
of descending dopaminergic tracts on cat and rat dorsal horn
somatosensory neurones. J Physiol (Lond) 399:335-348.
Fürst S (1999) Transmitters involved in antinociception in the spinal cord.
Brain Res Bull 48:129-141.
Garry MG, Hargreaves KM (1992) Enhanced release of immunoreactive
CGRP and substance P from spinal dorsal horn slices occurs during
carrageenan inflammation. Brain Res 582:139-142.
Garthwaite J, Charles SL, Chess-Williams R (1988) Endothelium-derived
relaxing factor release on activation of NMDA receptors suggests role
as intercellular messenger in the brain. Nature 336:385-388.
Gillberg PG, Aquilonius SM (1985) Cholinergic, opioid and glycine
receptor binding sites localized in human spinal cord by in vitro
autoradiography. Changes in amyotrophic lateral sclerosis. Acta Neurol
Scand 72:299-306.
Gillberg PG, Wiksten B (1986) Effects of spinal cord lesions and
rhizotomies on cholinergic and opiate receptor binding sites in rat spinal
cord. Acta Physiol Scand 126:575-582.
Glaum SR, Miller RJ, Hammond DL (1994) Inhibitory actions of delta
1-, delta 2-, and mu-opioid receptor agonists on excitatory transmission
in lamina II neurons of adult rat spinal cord. J Neurosci 14:4965-4971.
Glazer EJ, Basbaum AI (1984) Immunohistochemical localization of
leucine-enkephalin in the spinal cord of the cat: Enkephalin-containing
marginal neurons and pain modulation. J Comp Neurol 196:377-389.
Gold MS, Dastmalchi S, Levine JD (1997) α2-Adrenergic receptor subtypes
in rat dorsal root and superior cervical ganglion neurons. Pain 69:179190.
Gouarderes C, Cros J, Quirion R (1985) Autoradiographic localization of
mu, delta and kappa opioid receptor binding sites in rat and guinea pig
spinal cord. Neuropeptides 6:331-42.
Gouarderes C, Kopp N, Cros J, Quirion R (1986) Kappa opioid receptors
in human lumbo-sacral spinal cord. Brain Res Bull 16:355-361.
Griersmith BT, Duggan AW (1980) Prolonged depression of spinal
transmission of nociceptive information by 5-HT administered in the
substantia gelatinosa: antagonism by methysergide. Brain Res 187:231236.
Grudt TJ, Williams JT (1994) µ-Opioid agonists inhibit spinal trigeminal
substantia gelatinosa neurons in guinea pig and rat. J Neurosci 14:16461654.
Gu JG, MacDermott AB (1997) Activation of ATP P2X receptors elicits
glutamate release from sensory neuron synapses. Nature 389:749-753.
Gulya K, Gehlert DR, Wamsley JK, Mosberg H, Hruby VJ, Yamamura HI
(1986) Light microscopic autoradiographic localization of delta opioid
receptors in the rat brain using a highly selective bis-penicillamine
cyclic enkephalin analog. J Pharm Exp Ther 238:720-726.
Haley JE, Dickenson AH, Schachter M (1992) Electrophysiological
evidence for a role of nitric oxide in prolonged chemical nociception
in the rat. Neuropharmacol 31:251-258.
Hao JX, Xu IS, Wiesenfeld-Hallin Z, Xu XJ (1998) Anti-hyperalgesic and
anti-allodynic effects of intrathecal nociceptin/orphanin FQ in rats after

34

spinal cord injury, peripheral nerve injury and inflammation. Pain
76:385-393.
Helgren ME, Wolfe M, Arsenault K, Kapadia SE, LaMotte CC (1999)
Changes in substance P and calcitonin gene-related peptide binding in
the dorsal horn of rat spinal cord following pronase-induced deafferentation. Somatosens Mot Res 16:31-38.
Helke CJ, Krause JE, Mantyh PW, Couture R, Bannon MJ (1990) Diversity
in mammalian tachykinin peptidergic neurons: multiple peptides,
receptors, and regulatory mechanisms. FASEB J 4:1606-1615.
Holden JE, Proudfit HK (1998) Enkephalin neurons that project to the A7
cathecolamine cell group are located in nuclei that modulate
nociception: ventromedial medulla. Neurosci 83:929-947.
Hollmann M, Heinemann S (1994) Cloned glutamate receptors. Annu Rev
Neurosci 17:31-108.
Honda K, Harada A, Takano Y, Kamiya H (2000) Involvement of M(3)
muscarinic receptors of the spinal cord in formalin-induced nociception
in mice. Brain Res 859:38-44.
Houser CR (1990) Cholinergic synapses in the central nervous system:
studies of the immunocytochemical localization of choline
acetyltransferase. J Electr Microsc Techn 15:2-19.
Houtani T, Nishi M, Takeshima H, Nukada T, Sugimoto T (1996) Structure
and regional distribution of nociceptin/orphanin FQ precursor. Biochem
Biophys Res Commun 219:714-719.
Huettner JE (1991) Competitive antagonism of glycine at the N-methylD-aspartate (NMDA) receptor. Biochem Pharmacol 41:9-16.
Hugel S, Schlichter R (2000) Presynaptic P2X receptors facilitate inhibitory
GABAergic transmission between cultured rat spinal cord dorsal horn
neurons. J Neurosci 20:2121-2130.
Hylden JL, Wilcox GL (1983) Intrathecal serotonin in mice: analgesia and
inhibition of a spinal action of substance P. Life Sci 33:789-795.
Igwe OJ, Kim DC, Seybold VS, Larson AA (1990a) Specific binding of
substance P aminoterminal heptapeptide [SP(1-7)] to mouse brain and
spinal cord membranes. J Neurosci 10:3653-3663.
Igwe OJ, Sun X, Larson AA (1990b) Correlation of substance P-induced
desensitization with substance P amino terminal metabolites in the
mouse spinal cord. Peptides 11:817-825.
Igwe OJ, Sun X, Larson AA (1990c) Role of substance P amino terminal
metabolites in substance P-induced desensitization in mice. Neurosci
36:535-542.
Ishikawa T, Marsala M, Sakabe T, Yaksh TL (2000) Characterization of
spinal amino acid release and touch-evoked allodynia produced by
spinal glycine or GABA(A) receptor antagonist. Neurosci 95:781-786.
Jahr CE, Jessell TM (1983) ATP excites a subpopulation of rat dorsal horn
neurones. Nature 304:730-733.
Jancsó G, Karcsú S, Király E, Szebeni A, Tóth L, Bácsy E, Joó F, Párducz
Á (1984) Neurotoxin induced nerve cell degeneration: possible
involvement of calcium. Brain Res 295:211-216.
Jancsó G, Király E, Jancsó-Gábor A (1977) Pharmacologically induced
selective degeneration of chemosensitive primary sensory neurones.
Nature 270:741-743.
Johnson JW, Ascher P (1987) Glycine potentiates the NMDA response in
cultured mouse brain neurons. Nature 325:529-531.
Jones DJ, Kendall DE, Enna SJ (1982) Adrenergic receptors in rat spinal
cord. Neuropharmacol 21:191-195.
Kamisaki Y, Hamada T, Maeda K, Ishimura M, Itoh T (1993) Presynaptic
alpha-2 adrenoceptors inhibit glutamate release from rat spinal cord
synaptosomes. J Neurochem 60:522-526.
Kása P (1986) The cholinergic systems in brain and spinal cord. Prog
Neurobiol 26:211-272.
Kása P, Morris D (1972) Inhibition of choline acetyltransferase and its
histochemical localization. J Neurochem 19:1299-1304.
Kawabata A, Umeda N, Tagaki H (1993) L-Arginine exerts a dual role in
nociceptive processing in the brain: involvement of the kyotorphinMet-enkephalin pathway and NO-cyclic GNP pathway. Br J Pharmacol
109:73-79.
Keil GJ, 2 nd , Delander GE (1995) Time-dependent antinociceptive
interactions between opioids and nucleoside transport inhibitors. J

Neurotransmission in spinal dorsal horn
Pharm Exp Ther 274:1387-1392.
Kellstein DE, Price DD, Hayes RL, Mayer DJ (1990) Evidence that
substance P selectively modulates C-fiber-evoked discharges of dorsal
horn nociceptive neurons. Brain Res 526:291-298.
Kimura H, McGeer PL, Peng JH, McGeer EG (1981) The central
cholinergic system studied by choline acetyltransferase immunohistochemistry in the cat. J Comp Neurol 200:151-201.
Kimura S, Yajiri Y, Uchiyama S, Takahashi HE, Shibuki K (1999) Nitric
oxide release from substantia gelatinosa of the rat spinal cord in vitro.
Neurosci Lett 275:199-202.
King MA, Rossi GC, Chang AH, Williams L, Pasternak GW (1997) Spinal
analgesic activity of orphanin FQ/nociceptin and its fragments.
Neurosci Lett 223:113-116.
Kitto KF, Haley JE, Wilcox GL (1992) Involvement of nitric oxide in
spinally mediated hyperalgesia in the mouse. Neurosci Lett 148:1-5.
Kleckner NW, Dingledine R (1988) Requirement for glycine in activation
of NMDA-receptors expressed in Xenopus oocytes. Science 241:835837.
Knowles RG, Palacios M, Palmer RM, Moncada S (1990) Kinetic
characteristics of nitric oxide synthase from rat brain. Biochem J
269:207-210.
Kovács KJ, Larson AA (1994) Density of NMDA-coupled and uncoupled
1-[1-(2-[3H]thienyl) cyclohexyl]piperidine recognition sites in the brain
and spinal cord: differential effects of NMDA agonists and antagonists.
J Neurochem 63:1757-1765.
Kovács KJ, Larson AA (1997) Zn2+ inhibition of [3H]MK-801 binding is
different in mouse brain and spinal cord: effect of glycine and
glutamate. Eur J Pharmacol 324:117-123.
Krumins SA, Kim DC, Larson AA (1990) Substance P modulation of
DAMGO binding in the brain of CXBK and Swiss-Webster mice.
Peptides 11:281-285.
Krumins SA, Kim DC, Seybold VS, Larson AA (1989) Modulation of
[3H]DAGO binding by substance P (SP) and SP fragments in the mouse
brain and spinal cord via MU1 interactions. Neuropeptides 13:225233.
Kushner L, Lerma J, Zukin RS, Bennett MV (1988) Coexpression of Nmethyl-D-aspartate and phencyclidine receptors in Xenopus oocytes
injected with rat brain mRNA. Proc Natl Acad Sci USA 85:3250-3254.
Kwiat G, Basbaum AI (1990) Organization of tyrosine hydroxylase- and
serotonin-immunoreactive brainstem neurons with axon collaterals to
the periaqueductal gray and the spinal cord in the rat. Brain Res 528:8394.
Lai CC, Wu SY, Dun SL, Dun NJ (1997) Nociceptin-like immunoreactivity
in the rat dorsal horn and inhibition of substantia gelatinosa neurons.
Neurosci 81:887-91.
Larson AA (1988) Desensitization to intrathecal substance P in mice:
possible involvement of opioids. Pain 32:367-374.
Larson AA, Beitz AJ (1988) Glycine potentiates strychnine-induced
convulsions: role of NMDA receptors. J Neurosci 8:3822-3826.
Lee JH, Price RH, Williams FG, Mayer B, Beitz AJ (1993) Nitric oxide
synthase is found in some spinothalamic neurons and in neuronal
processes that appose spinal neurons that express Fos induced by
noxious stimulation. Brain Res. 608:324-333.
Li J, Perl ER (1995) ATP modulation of synaptic transmission in the spinal
substantia gelatinosa. J Neurosci 15:3357-3365.
Liebel JT, Swandulla D, Zeilhofer HU (1997) Modulation of excitatory
synaptic transmission by nociceptin in superficial dorsal horn neurones
of the neonatal rat spinal cord. Br J Pharmacol 121:425-432.
Lima D (1996) Endogenous pain modulatory system in the light of the
gate control theory. Pain Forum 5:31-39.
Lin Q, Palecek J, Paleckova V, Peng YB, Wu J, Cui M, Willis WD (1999)
Nitric oxide mediates the central sensitization of primate spinothalamic
tract neurons. J Neurophysiol 81:1075-1085.
Luo ZD, Chaplan SR, Scott BP, Cizkova D, Calcutt NA, Yaksh TL (1999)
Neuronal nitric oxide synthase mRNA upregulation in rat sensory
neurons after spinal nerve ligation: lack of a role in allodynia development. J Neurosci 19:9201-9208.

Magoul R, Onteniente B, Geffard M, Calas A (1987) Anatomical
distribution and ultrastructural organization of the GABAergic system
in the rat spinal cord. An immunocytochemical study using anti-GABA
antibodies. Neurosci 20:1001-1009.
Mansour A, Fox CA, Burke S, Akil H, Watson SJ (1995) Immunohistochemical localization of the cloned mu opioid receptor in the
rat CNS. J Chem Neuroanat 8:283-305.
Martin-Schild S, Gerall AA, Kastin AJ, Zadina JE (1998) Endomorphin-2
is an endogenous opioid in primary sensory afferent fibers. Peptides
19:1783-9.
Martin-Schild S, Gerall AA, Kastin AJ, Zadina JE (1999) Differential
distribution of endomorphin 1- and endomorphin 2-like immunoreactivities in the CNS of the rodent. J Comp Neurol 405:450-471.
Marubio LM, del Mar Arroyo-Jimenez M, Cordero-Erausquin M, Lena C,
Le Novere N, de Kerchove d’Exaerde A, Huchet M, Damaj MI,
Changeux JP (1999) Reduced antinociception in mice lacking neuronal
nicotinic receptor subunits. Nature 398:805-810.
Mason P (1999) Central mechanisms of pain modulation. Curr Opin
Neurobiol 9:436-441.
Mayer DJ, Mao J, Holt J, Price DD (1999) Cellular mechanisms of
neuropathic pain, morphine tolerance, and their interactions. Proc Natl
Acad Sci USA 96:7731-7736.
Meller ST, Dykstra C, Gebhart GF (1992a) Production of endogenous nitric
oxide and activation of soluble guanylate cyclase are required for Nmethyl-D-aspartate-produced facilitation of the nociceptive tail-flick
reflex. Eur J Pharmacol 214:93-96.
Meller ST, Gebhart GF (1993) Nitric oxide (NO) and nociceptive processing
in the spinal cord. Pain 52:127-136.
Meller ST, Pechman PS, Gebhart GF, Maves TJ (1992b) Nitric oxide
mediates the thermal hyperalgasia produced in a model of neurpathic
pain in the rat. Neurosci 50:7-10.
Mendell LM (1966) Physiological properties of unmyelinated fiber
projection to the spinal cord. Exp Neurol 16:316-332.
Mendell LM (1984) Modifiability of spinal synapses. Physiol Rev 64:260324.
Mendell LM, Wall PD (1965) Responses of single dorsal cord cells to
peripheral cutaneous unmyelinated fibres. Nature 206:97-99.
Mezey E, Tóth ZE, Cortright DN, Arzubi MK, Krause JE, Elde R, Guo A,
Blumberg PM, Szállási A (2000) Distribution of mRNA for vanilloid
receptor subtype 1 (VR1), and VR1-like immunoreactivity, in the
central nervous system of the rat and human. Proc Natl Acad Sci USA
97:3655-3660.
Miletic V, Hoffert MJ, Ruda MA, Dubner R, Shigenaga Y (1984)
Serotoninergic axonal contacts on identified cat spinal dorsal horn
neurons and their correlation with nucleus raphe magnus stimulation.
J Comp Neurol 228:129-141.
Millan MJ (1997) The role of descending noradrenergic and serotoninergic
pathways in the modulation of nociception: Focus on receptor
multiplicity. In A Dickenson, J-M Besson, eds., Handbook of Experimental Pharmacology. Springer-Verlag, Berlin, 385-446.
Millan MJ (1999) The induction of pain: an integrative review. Prog
Neurobiol 57:1-164.
Millhorn DE, Hökfelt T, Seroogy K, Oertel W, Verhofstad AA, Wu JY
(1987a) Immunohistochemical evidence for colocalization of gammaaminobutyric acid and serotonin in neurons of the ventral medulla
oblongata projecting to the spinal cord. Brain Res 410:179-185.
Millhorn DE, Seroogy K, Hökfelt T, Schmued LC, Terenius L, Buchan A,
Brown JC (1987b) Neurons of the ventral medulla oblongata that
contain both somatostatin and enkephalin immunoreactivities project
to nucleus tractus solitarii and spinal cord. Brain Res 424:99-108.
Moises HC, Rusin KI, Macdonald RL (1994) µ-Opioid receptor-mediated
reduction of neural calcium current occurs via Go-type GTP-binding
protein. J Neurosci 14:3842-3851.
Monteillet-Agius G, Fein J, Anton B, Evans CJ (1998) ORL-1 and mu
opioid receptor antisera label different fibers in areas involved in pain
processing. J Comp Neurol 399:373-383.
Moore PK, Oluyomi AO, Babbedge RC, Wallace P, Hart SL (1991) L-NG-

35

Budai
nitro arginine methyl ester exhibits antinociceptive activity in the
mouse. Br J Pharmacol 102:198-202.
Morton CR, Hutchison WD (1989) Release of sensory neuropeptides in
the spinal cord: studies with calcitonin gene-related peptide and galanin.
Neurosci 31:807-815.
Nagahisa A, Kanai Y, Suga O, Taniguchi K, Tsuchiya M, Lowe JA, Hess
HJ (1993) Antiinflammatory and analgesic activity of CP-96,345 - an
orally active non-peptide substance-P receptor antagonist. Regul Pept
46:440-443.
Nakano H, Minami T, Abe K, Arai T, Tokumura M, Ibii N, Okuda-Ashitaka
E, Mori H, Ito S (2000) Effect of intrathecal nocistatin on the formalininduced pain in mice versus that of nociceptin/orphanin FQ. J Pharm
Exp Ther 292:331-336.
Nasu F (1999) Analysis of calcitonin gene-related peptide (CGRP)containing nerve fibres in the rat spinal cord using light and electron
microscopy. J Electr Microsc 48:267-275.
Neal CR, Jr., Mansour A, Reinscheid R, Nothacker HP, Civelli O, Watson
SJ, Jr. (1999) Localization of orphanin FQ (nociceptin) peptide and
messenger RNA in the central nervous system of the rat. J Comp Neurol
406:503-547.
Neugebauer V, Chen PS, Willis WD (1999) Role of metabotropic glutamate
receptor subtype mGluR1 in brief nociception and central sensitization
of primate STT cells. J Neurophysiol 82:272-282.
Nicholas AP, Hökfelt T, Pieribone V (1996) The distribution and
significance of CNS adrenoceptors examined with in situ hybridization.
Trends Pharmacol Sci 17:245-256.
Nicholas AP, Pieribone V, Hökfelt T (1993) Distributions of mRNAs for
alpha-2 adrenergic receptor subtypes in rat brain an in-situ
hybridization study. J Comp Neurol 328:575-594.
O’Dell TJ, Hawkins RD, Kandel ER, Arancio O (1991) Tests of the roles
of two diffusable substances in long term potentiation: evidence for
nitric oxide as a possible early retrograde messenger. Proc Natl Acad
Sci USA 88:11285-11289.
Okuda-Ashitaka E, Minami T, Tachibana S, Yoshihara Y, Nishiuchi Y,
Kimura T, Ito S (1998) Nocistatin, a peptide that blocks nociceptin
action in pain transmission. Nature 392:286-289.
Okuda-Ashitaka E, Tachibana S, Houtani T, Minami T, Masu Y, Nishi M,
Takeshima H, Sugimoto T, Ito S (1996) Identification and characterization of an endogenous ligand for opioid receptor homologue RORC: its involvement in allodynic response to innocuous stimulus. Mol
Brain Res 43:96-104.
Omote K, Kitahata LM, Collins JG, Nakatani K, Nakagawa I (1990) The
antinociceptive role of mu- and delta-opiate receptors and their
interactions in the spinal dorsal horn of cats. Anesth Analg 71:23-28.
Ozaki S, Kawamoto H, Itoh Y, Miyaji M, Iwasawa Y, Ohta H (2000) A
potent and highly selective nonpeptidyl nociceptin/orphanin FQ
receptor (ORL1) antagonist: J-113397. Eur J Pharmacol 387:R17-8.
Pan HL, Chen SR, Eisenach JC (1999) Intrathecal clonidine alleviates
allodynia in neuropathic rats: interaction with spinal muscarinic and
nicotinic receptors. Anesthesiol 90:509-514.
Parsons AM, Honda CN, Jia YP, Budai D, Xu XJ, Wiesenfeld-Hallin Z,
Seybold VS (1996) Spinal NK1 receptors contribute to the increased
excitability of the nociceptive flexor reflex during persistent peripheral
inflammation. Brain Res 739:263-275.
Pezet S, Ont niente B, Grannec G, Calvino B (1999) Chronic pain is
associated with increased TrkA immunoreactivity in spinoreticular
neurons. J Neurosci 19:5482-5492.
Phelps PE, Barber RP, Vaughn JE (1988) Generation patterns of four groups
of cholinergic neurons in rat cervical spinal cord: a combined tritiated
thymidine autoradiographic and choline acetyltransferase immunocytochemical study. J Comp Neurol 273:459-472.
Pin JP, Duvoisin R (1995) The metabotropic glutamate receptors: structure
and functions. Neuropharmacol 34:1-26.
Polgár E, Szücs P, Urban L, Matesz K, Nagy I (1999) Immunohistochemical
localization of neurokinin-l receptor in the lumbar spinal cord of young
rats: morphology and distribution. Somatosens Mot Res 16:361-368.
Powell JJ, Todd AJ (1992) Light and electron microscope study of GABA-

36

immunoreactive neurones in lamina III of rat spinal cord. J Comp
Neurol 315:125-136.
Price GW, Wilkin GP, Turnbull MJ, Bowery NG (1984) Are baclofensensitive GABAB receptors present on primary afferent terminals of
the spinal cord? Nature 307:71-74.
Proudfit HK (1988) Pharmacologic evidence for the modulation of
nociception by noradrenergic neurons. Prog Brain Res 77:357-370.
Przewlocka B, Mika J, Labuz D, Tóth G, Przewlocki R (1999) Spinal
analgesic action of endomorphins in acute, inflammatory and
neuropathic pain in rats. Eur J Pharmacol 367:189-196.
Przewlocki R, Labuz D, Mika J, Przewlocka B, Tomboly C, Tóth G (1999)
Pain inhibition by endomorphins. Ann N Y Acad Sci 897:154-164.
Radhakrishnan V, Henry JL (1993) L-NAME Blocks Responses to NMDA,
Substance-P and Noxious Cutaneous Stimuli in Cat Dorsal Horn.
Neuroreport 4:323-326.
Randic M, Cheng G, Kojic L (1995) κ-Opioid receptor agonists modulate
excitatory transmission in substantia gelatinosa neurons of the rat spinal
cord. J Neurosci 15:6809-6826.
Reddy SVR, Maderdrut JL, Yaksh TL (1980) Spinal cord pharmacology of
adrenergic agonist-mediated antinociception. J Pharm Exp Ther 213:
525-533.
Ribeiro-da-Silva A, Cuello AC (1990) Choline acetyltransferaseimmunoreactive profiles are presynaptic to primary sensory fibers in
the rat superficial dorsal horn. J Comp Neurol 295:370-384.
Rivot JP, Sousa A, Montagne-Clavel J, Besson JM (1999) Nitric oxide
(NO) release by glutamate and NMDA in the dorsal horn of the spinal
cord: an in vivo electrochemical approach in the rat. Brain Res 821:101110.
Roberts PJ (1995) Pharmacological tools for the investigation of metabotropic glutamate receptors (mGluRs): phenylglycine derivatives and
other selective antagonists: an update. Neuropharmacol 34:813-819.
Roudet C, Savasta M, Feuerstein C (1993) Normal distribution of alpha-1adrenoceptors in the rat spinal cord and its modification after
noradrenergic denervation: a quantitative autographic study. J Neurosci
Res 34:44-53.
Rudomin P, Quevedo J, Eguibar JR (1993) Presynaptic modulation of spinal
reflexes. Curr Opin Neurobiol 3:997-1004.
Saito S, Kidd GJ, Trapp BD, Dawson TM, Bredt DS, Wilson DA, Traystman
RJ, Snyder SH, Hanley DF (1994) Rat spinal cord neurons contain
nitric oxide synthase. Neurosci 59:447-456.
Salmon AM, Damaj I, Sekine S, Picciotto MR, Marubio L, Changeux JP
(1999) Modulation of morphine analgesia in αCGRP mutant mice.
Neuroreport 10:849-854.
Salt TE, Eaton SA (1996) Functions of ionotropic and metabotropic
glutamate receptors in sensory transmission in the mammalian
thalamus. Prog Neurobiol 48:55-72.
Sandkühler J (1996) The organization and function of endogenous
antinociceptive systems. Prog Neurobiol 50:49-81.
Sawynok J (1998) Adenosine receptor activation and nociception. Eur J
Pharmacol 347:1-11.
Schroder HD, Skagerberg G (1985) Catecholamine innervation of the caudal
spinal cord in the rat. J Comp Neurol 242:358-368.
Schulz S, Schreff M, Koch T, Zimprich A, Gramsch C, Elde R, Hollt V
(1998) Immunolocalization of two mu-opioid receptor isoforms
(MOR1 and MOR1B) in the rat central nervous system. Neurosci 82:
613-622.
Schuman EM, Madison DV (1991) A requirement for the intracellular
messenger nitric oxide in long-term potentiation. Science 254:15031506.
Schuman EM, Madison DV (1994) Locally distributed synaptic potentiation
in the hippocampus. Science 263:532-536.
Seybold VS (1985) Distribution of histaminergic, muscarinic and
serotonergic binding sites in cat spinal cord with emphasis on the region
surrounding the central canal. Brain Res 342:291-296.
Seybold VS, Elde RP (1984) Receptor autoradiography in thoracic spinal
cord: correlation of neurotransmitter binding sites with sympathoadrenal neurons. J Neurosci 4:2533-2542.

Neurotransmission in spinal dorsal horn
Shu YS, Zhao ZQ, Li MY, Zhou GM (1998) Orphanin FQ/nociceptin
modulates glutamate- and kainic acid-induced currents in acutely
isolated rat spinal dorsal horn neurons. Neuropeptides 32:567-571.
Skagerberg G, Lindvall O (1985) Organization of diencephalic dopamine
neurones projecting to the spinal cord in the rat. Brain Res 342:340351.
Snyder SH (1992) Nitric oxide: first in a new class of neurotransmitters?
Science 257:494-496.
Spike RC, Todd AJ (1992) Ultrastructural and immunocytochemical study
of lamina II islet cells in rat spinal dorsal horn. J Comp Neurol 323:359369.
Stamford JA (1995) Descending control of pain. Br J Anaesth 75:217-227.
Stanfa LC, Chapman V, Kerr N, Dickenson AH (1996) Inhibitory action of
nociceptin on spinal dorsal horn neurones of the rat, in vivo. Br J
Pharmacol 118:1875-1877.
Stanfa LC, Dickenson AH (1999) The role of non-N-methyl-D-aspartate
ionotropic glutamate receptors in the spinal transmission of nociception
in normal animals and animals with carrageenan inflammation.
Neurosci 93:1391-1398.
Stevens CW, Lacey CB, Miller KE, Elde RP, Seybold VS (1991)
Biochemical characterization and regional quantification of mu, delta
and kappa opioid binding sites in rat spinal cord. Brain Res 550:7785.
Stevens CW, Seybold VS (1995) Changes of opioid binding density in the
rat spinal cord following unilateral dorsal rhizotomy. Brain Res 687:5362.
Stone LS, Broberger C, Vulchanova L, Wilcox GL, Hökfelt T, Riedl MS,
Elde R (1998) Differential distribution of α2a and α2c adrenergic receptor immunoreactivity in the rat spinal cord. J Neurosci 18:5928-5937.
Stone LS, MacMillan LB, Kitto KF, Limbird LE, Wilcox GL (1997) The
α2a adrenergic receptor subtype mediates spinal analgesia evoked by
α2 agonists and is necessary for spinal adrenergic-opioid synergy. J
Neurosci 17:7157-7165.
Szállási A, Blumberg PM (1996) Vanilloid receptors: new insights enhance
potential as a therapeutic target. Pain 68:195-208.
Szállási A, Blumberg PM (1999) Vanilloid (Capsaicin) receptors and
mechanisms. Pharmacol Rev 51:159-212.
Szállási A, Blumberg PM, Nilsson S, Hökfelt T, Lundberg JM (1994a)
Visualization by [3H]resiniferatoxin autoradiography of capsaicinsensitive neurons in the rat, pig and man. Eur J Pharmacol 264:217221.
Szállási A, Nilsson S, Hökfelt T, Lundberg JM (1994b) Visualizing vanilloid
(capsaicin) receptors in pig spinal cord by [3H]resiniferatoxin autoradiography. Brain Res 655:237-240.
Szolcsányi J (2000) Are cannabinoids endogenous ligands for the VR1
capsaicin receptor? Trends Pharmacol Sci 21:41-42.
Taddese A, Nah SY, McCleskey EW (1995) Selective opioid inhibition of
small nociceptive neurons. Science 270:1399-1369.
Tang R, Stockman R, Camara A, Fujimoto JM, Tseng LF (1989) Brainstem
sites sensitive to beta endorphin and morphine for analgesia and spinal
release of Methionine enkephalin in anesthetized rats. FASEB Journal
3:A422.
Thomson AM (1990) Glycine is a coagonist at the NMDA receptor/channel
complex. Prog Neurobiol 35:53-74.
Todd AJ (1991) Immunohistochemical evidence that acetylcholine and
glycine exist in different populations of GABAergic neurons in lamina
III of rat spinal dorsal horn. Neurosci 44:741-746.
Todd AJ, Maxwell DJ, Brown AG (1991) Relationships between hair-follicle
afferent axons and glycine- immunoreactive profiles in cat spinal dorsal
horn. Brain Res 564:132-137.
Todd AJ, Millar J (1983) Receptive fields and responses to ionophoretically
applied noradrenaline and 5-hydroxytryptamine of units recorded in
laminae I-III of cat dorsal horn. Brain Res 288:159-167.
Todd AJ, Russell G, Spike RC (1992) Immunocytochemical evidence that
GABA and neurotensin exist in different neurons in laminae II and III
of rat spinal dorsal horn. Neurosci 47:685-691.
Todd AJ, Spike RC (1992) Co-localization of Met-enkephalin and

somatostatin in the spinal cord of the rat. Neurosci Lett 145:71-74.
Todd AJ, Spike RC (1993) The localization of classical transmitters and
neuropeptides within neurons in laminae I-III of the mammalian spinal
dorsal horn. Prog Neurobiol 41:609-645.
Todd AJ, Sullivan AC (1990) Light microscope study of the coexistence of
GABA-like and glycine-like immunoreactivities in the spinal cord of
the rat. J Comp Neurol 296:496-505.
Tsuda M, Ueno S, Inoue K (1999) Evidence for the involvement of spinal
endogenous ATP and P2X receptors in nociceptive responses caused
by formalin and capsaicin in mice. Br J Pharmacol 128:1497-1504.
Tuchscherer MM, Seybold VS (1989) A quantitative study of the
coexistence of peptides in varicosities within the superficial laminae
of the dorsal horn of the rat spinal cord. J Neurosci 9:195-205.
Ugolini A, Corsi M, Bordi F (1999) Potentiation of NMDA and AMPA
responses by the specific mGluR5 agonist CHPG in spinal cord
motoneurons. Neuropharmacol 38:1569-1576.
Unnerstal JR, Kopajtic TA, Kuhar MJ (1984) Distribution of α2 agonist
binding sites in the rat and human central nervous system: analysis of
some functional anatomic correlates of the pharmacologic effects of
clonidine and related analgesic agents. Brain Res Rev 7:69-101.
Urban L, Thompson SW, Dray A (1994) Modulation of spinal excitability:
co-operation between neurokinin and excitatory amino acid neurotransmitters. Trends Neurosci 17:432-438.
Urban L, Willetts J, Murase K, Randic M (1989) Cholinergic effects on
spinal dorsal horn neurons in vitro: an intracellular study. Brain Res
500:12-20.
Valtschanoff JG, Weinberg RJ, Rustioni A (1992a) NADPH diaphorase in
the spinal cord of rats. J Comp Neurol 321:209-222.
Valtschanoff JG, Weinberg RJ, Rustioni A, Schmidt HH (1992b) Nitric
oxide synthase and GABA colocalize in lamina II of rat spinal cord.
Neurosci Lett 148:6-10.
Vincent SR, Hope BT (1992) Neurons that say NO. Trends Pharmacol Sci
15:108-113.
Wamsley JK, Lewis MS, Young WSd, Kuhar MJ (1981a) Autoradiographic
localization of muscarinic cholinergic receptors in rat brainstem. J
Neurosci 1:176-191.
Wamsley JK, Zarbin MA, Kuhar MJ (1981b) Muscarinic cholinergic
receptors flow in the sciatic nerve. Brain Res 217:155-161.
Wang JL, Zhu CB, Cao XD, Wu GC (1999) Distinct effect of intracerebroventricular and intrathecal injections of nociceptin/orphanin FQ in the
rat formalin test. Regul Pept 79:159-163.
Watling KJ (1992) Nonpeptide antagonists herald new era in tachykinin
research. Trends Pharmacol Sci 13:266-269.
Weight FF, Salmoiraghi GC (1966) Responses of spinal cord interneurons
to acetylcholine, norepinephrine and serotonin administered by
microelectrophoresis. J Pharm Exp Ther 153:420-427.
Werz MA, Grega DS, MacDonald RL (1987) Actions of mu, delta and
kappa opioid agonists and antagonists on mouse primary afferent
neurons in culture. J Pharm Exp Ther 243:258-263.
Westlund KN, Bowker RM, Coulter JD (1982) Descending noradrenergic
projections and their spinal terminations. Prog Brain Res 57:219-238.
Wiesenfeld-Hallin Z, Hao J-X, Xu X-J, Hökfelt T (1993) Nitric oxide
mediates ongoing discharges in dorsal root ganglion cells after
peripheral nerve injury. J Neurophysiol 70:2350-2353.
Wilcox GL (1991) Excitatory neurotransmitters and pain. In Bond MR,
Charlton JE, Woolf JC, eds., Elsevier, New York, 97-117.
Wilcox GL (1993) Spinal mediators of nociceptive neurotransmission and
hyperalgesia. Relationships among synaptic plasticity, analgesic
tolerance, and blood flow. APS J 2:265-275.
Wilcox GL, Seybold V (1997) Pharmacology of spinal afferent processing.
In TL Yaksh ed., Anesthesia: Biologic Foundations. Lippincott-Raven
Publishers, Philadelphia, pp. 557-576.
Wu J, Fang L, Lin Q, Willis WD (2000) Fos expression is induced by
increased nitric oxide release in rat spinal cord dorsal horn. Neurosci
96:351-357.
Xu IS, Hashemi M, Calo G, Regoli D, Wiesenfeld-Hallin Z, Xu XJ (1999)
Effects of intrathecal nocistatin on the flexor reflex and its interaction

37

Budai
with orphanin FQ nociceptin. Neuroreport 10:3681-3684.
Xu XJ, Hao JX, Wiesenfeld-Hallin Z (1996) Nociceptin or antinociceptin:
potent spinal antinociceptive effect of orphanin FQ/nociceptin in the
rat. Neuroreport 7:2092-2094.
Yaksh TL, Chipkin RE (1989) Studies on the effect of SCH-34826 and
thiorphan on [methionine] enkephalin levels and release in rat spinal
cord. Eur J Pharmacol 167:367-374.
Yaksh TL, Hua XY, Kalcheva I, Nozaki-Taguchi N, Marsala M (1999) The
spinal biology in humans and animals of pain states generated by
persistent small afferent input. Proc Natl Acad Sci USA 96:7680-7686.
Yamamoto T, Nozaki-Taguchi N, Kimura S (1997) Analgesic effect of
intrathecally administered nociceptin, an opioid receptor-like1 receptor
agonist, in the rat formalin test. Neurosci 81:249-254.
Yamamoto T, Nozaki-Taguchi N, Sakashita Y, Kimura S (1999) Nociceptin/
orphanin FQ: role in nociceptive information processing. Prog
Neurobiol 57:527-535.
Yokoyama C, Okamura H, Nakajima T, Taguchi J, Ibata Y (1994)
Autoradiographic distribution of [3H]YM-09151-2, a high-affinity and
selective antagonist ligand for the dopamine D2 receptor group, in the
rat brain and spinal cord. J Comp Neurol 344:121-136.

38

Young WS, Kuhar MJ (1980) Noradrenergic α1 and α2 receptors: light
microscopic autoradiographic localization. Proc Natl Acad Sci USA
77:1696-1700.
Yu LC, Zheng EM, Lundeberg T (1999) Calcitonin gene-related peptide
8-37 inhibits the evoked discharge frequency of wide dynamic range
neurons in dorsal horn of the spinal cord in rats. Regul Pept 83:21-24.
Zadina JE, Hackler L, Ge LJ, Kastin AJ (1997) A potent and selective
endogenous agonist for the mu-opiate receptor. Nature 386:499-502.
Zhuo M, Gebhart GF (1990a) Characterization of descending inhibition
and facilitation from the nuclei reticularis gigantocellularis and
gigantocellularis pars alpha in the rat. Pain 42:337-350.
Zhuo M, Gebhart GF (1990b) Spinal cholinergic and monoaminergic
receptors mediate descending inhibition from the nuclei reticularis
gigantocellularis and gigantocellularis pars alpha in the rat. Brain Res
535:67-78.
Zieglgansberger W, Tolle TR (1993) The pharmacology of pain signalling.
Curr Opin Neurobiol 3:611-618.
Zorumski CF, Izumi Y (1993) Nitric oxide and hippocampal synaptic
plasticity. Biochem Pharmacol 46:777-785.

