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Abstract All higher organisms possess a sensory system that allows them to detect po-
tentially tissue-damaging (or noxious) stimuli. The proper functioning of this system is es-
sential to protect their bodies from tissue damage. However, under pathological conditions
after severe tissue injury and in inflammatory or neuropathic diseases, this system can be-
come sensitized, and pain can then turn into a disease. Such exaggerated pain sensation (or
hyperalgesia) can arise at different levels of integration. It can originate from an increased
responsiveness of primary nociceptors, specialized nerve cells, which sense noxious stimuli,
or from changes in the central processing of nociceptive input. Like other sensory input, no-
ciceptive signals are relayed in the central nervous system by neurons, which communicate
with each other mainly through chemical synapses. Changes in the excitability of these neu-
rons or in the strength of their synaptic coupling provide the cellular basis for many forms
of pathological pain. This review focuses on the synaptic processing of pain-related signals
in the spinal cord dorsal horn, the first site of synaptic integration in the pain pathway. Par-
ticular emphasis is paid to synaptic processes underlying the generation of pathological pain
evoked by inflammation or neuropathic diseases.

Introduction

Our bodies sense potentially tissue-damaging stimuli using specialized nerve cells called no-
ciceptors. These are thinly myelinated or unmyelinated slowly conducting C and Aδ nerve
fibers, which connect the peripheral tissue with the central nervous system (CNS). When-
ever a noxious stimulus hits such a nociceptor, a generator potential is elicited, which, if it
exceeds a certain threshold, evokes an action potential that travels along the peripheral nerve
to the spinal cord dorsal horn. Here, the nociceptors make synaptic connections with projec-
tion neurons and local excitatory and inhibitory interneurons. Projection neurons transmit
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Fig. 1 Transmission of nociceptive signals from the peripheral tissue to the spinal cord dorsal horn. a Nox-
ious stimuli elicit depolarizing generator potentials in the peripheral terminals of nociceptive C and Aδ fibers.
Suprathreshold depolarizations evoke action potentials, which travel along the peripheral nerve to the spinal
cord dorsal horn, where they make synaptic contact with projection neurons and excitatory and inhibitory
interneurons. b Innervation of the dorsal horn by primary afferent nerve fibers. C fibers terminate mainly in
laminae I, II, and V; Aδ fibers in laminae I and V; and Aβ fibers in the deep dorsal horn (laminae III, IV, and
V).

the nociceptive information through several relay stations to higher brain areas, where the
conscious phenomenon of pain arises (Fig. 1a).

The proper functioning of this nociceptive system is essential to protect the body from
tissue damage. However, under pathological conditions, such as in inflammatory or neuro-
pathic diseases, this system can become sensitized, and pain can then turn into a disease.
Such exaggerated pain sensations can either originate from an increased responsiveness of
peripheral nociceptors (primary or peripheral hyperalgesia) or from changes in the central
processing of nociceptive input (secondary or central hyperalgesia). Central changes in no-
ciceptive processing can also lead to allodynia, the phenomenon that stimuli not normally
sensed as painful evoke pain.

The spinal cord dorsal horn is the first site of synaptic integration in the pain path-
way and critically contributes to pathologically exaggerated pain sensations. According to
Rexed, the spinal cord can be divided into 10 different laminae (I–X). Primary nociceptive
afferents terminate mainly in the superficial dorsal horn in laminae I and II; the latter is also
called substantia gelatinosa. A subset of primary nociceptive afferents also makes synaptic
connections with so-called wide dynamic range neurons located in the deep dorsal horn,
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mostly in lamina V. In addition, the area around the central canal (lamina X) participates in
the processing of nociceptive signals (Fig. 1b).

Synaptic transmission between primary afferent nerve fibers and dorsal horn projection
neurons is not a fixed process but is subject to the dynamic control by local interneurons,
descending pro- or antinociceptive pathways and chemical mediators released from neurons
and glial cells.

This review will concentrate on the synaptic processing of nociceptive input in the spinal
cord dorsal horn with particular emphasis on the contribution of specific isoforms of ion
channels and receptors to inflammatory and neuropathic pain and their role during activity-
dependent changes in spinal nociceptive processing.

Glutamatergic synaptic transmission in the spinal cord dorsal horn
and its contribution to activity-dependent changes in nociceptive processing

AMPA receptors

Primary sensory neurons use the amino acid L-glutamate as their principle fast excita-
tory neurotransmitter. Synaptically released L-glutamate primarily acts on postsynaptic
ionotropic glutamate receptors of the (±)-α-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid (AMPA), kainate, and N-methyl-D-aspartate (NMDA) subtypes and on
G-protein-coupled (metabotropic) glutamate receptors. Four different types of AMPA
receptor subunits, termed GluR-A through GluR-D or GluR-1 through GluR-4, are known.
Although all four types are expressed in the spinal cord, their relative abundance varies
considerably among the different laminae. GluR-A is most prevalent in laminae I and II,
while GluR-B is rather homogeneously distributed throughout the dorsal horn, and GluR-C
and GluR-D are relatively weakly expressed in the superficial laminae (Nagy et al. 2004).
The strong expression in the superficial dorsal horn of GluR-A suggests a prominent
role in spinal nociceptive processing. In the hippocampus, GluR-A plays an important
role in activity-dependent plasticity, namely in long-term potentiation (LTP) at CA3-CA1
pyramidal cell synapses. Induction of LTP increases the phosphorylation of GluR-A by
calcium- and calmodulin-dependent kinase II (CaMKII) at Ser 831 (Barria et al. 1997).
Phosphorylation at this site increases the single channel conductance of AMPA receptors
expressed in human embryonic kidney (HEK) 293 cells by about 40% (Roche et al. 1996;
Derkach et al. 1999) and promotes the insertion of AMPA receptors into the postsynaptic
membrane of glutamatergic synapses in cultured rat hippocampal neurons (Esteban et al.
2003). The latter process probably constitutes the final step in the generation of activity-
dependent increases in synaptic strength at glutamatergic synapses and is essential for the
expression of hippocampal LTP (Zamanillo et al. 1999; Mack et al. 2001). Incorporation
of GluR-A into AMPA receptor channels hence enables AMPA receptors to function as
endpoints in the generation of activity-dependent changes in synaptic transmission (Fig. 2).

The prominent expression of this “plasticity-permitting” GluR-A fits nicely with the fact
that among the various afferent inputs to the spinal cord, input from nociceptors is the one
that is most sensitive to plastic changes and central sensitization (Wall and Woolf 1984;
Cook et al. 1987). Similar to tetanic stimulation in the hippocampus, intense nociceptive in-
put to the dorsal horn leads to phosphorylation of GluR-A at Ser831 (and Ser845; Fang et al.
2003; Nagy et al. 2004). Furthermore, recruitment of GluR-A to the neuronal plasma mem-
brane via an activity- and CaMKII-dependent process has recently been demonstrated in
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Fig. 2 Activity-dependent changes at glutamatergic synapses in the superficial dorsal horn. Low-frequency
activity of C fibers mainly activates postsynaptic (±)-α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid
(AMPA) receptor channels. N-methyl-D-aspartate (NMDA) receptors remain inactive due to their blockade by
extracellular Mg2+. Under conditions of exaggerated C-fiber activity, glutamate released from C-fiber termi-
nals also activates NMDA receptors and triggers Ca2+ influx through NMDA and, if present, through Ca2+-
permeable AMPA receptor channels into the postsynaptic neuron. The subsequent increase in intracellular
free Ca2+ activates CaMKII, which phosphorylates GluR-A, leading to its translocation to the subsynaptic
membrane and to an increase in channel conductance. Other kinases, including protein kinase A (Zou et al.
2002), protein kinase C (Chen and Huang 1992), and scr (Guo et al. 2004), activated by metabotropic gluta-
mate receptors also phosphorylate NMDA receptor subunits and probably facilitate their activation. Phospho-
rylation by protein kinase C reduces the Mg2+ block and thereby further facilitates NMDA receptor activation
(Chen and Huang 1992).

response to intracolonic instillation of capsaicin (Galan et al. 2004). It is therefore probably
not too farfetched to speculate that phosphorylation of GluR-A also contributes to activity-
dependent pain sensitization, or wind-up (Mendell 1966), seen during intense and prolonged
nociceptive input to the dorsal horn. In light of these findings, it is not surprising that a recent
study indeed demonstrated that mice lacking the GluR-A subunit exhibit reduced nocicep-
tive sensitization in tests of tonic nociceptive stimulation (Hartmann et al. 2004). These
results suggest that the generation of central nociceptive sensitization and hippocampal LTP
have at least some basic events in common (for a review, see Ji et al. 2003).

Ca2+-permeable AMPA receptors

Despite the similarities discussed above, AMPA receptors in the dorsal horn exhibit a
number of rather peculiar features that may also be important for central nociceptive
sensitization. Perhaps most striking among these is an unusually high number of Ca2+-
permeable AMPA receptors (Engelman et al. 1999), which reside both on γ-aminobutyric
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acid (GABA)ergic interneurons and on excitatory projection neurons (Albuquerque et al.
1999). Because Ca2+ plays an important role in synaptic plasticity, these receptors may
critically contribute to LTP-like phenomena in the spinal cord (Gu et al. 1996). The low
Ca2+ permeability of most AMPA receptors results from the insertion of the edited form
of the GluR-B subunit in the channel complex. In most GluR-B transcripts, a certain
adenosine residue is deaminated, leading to an exchange of glutamine to arginine at a
critical position in the pore-forming M2 segment (Seeburg et al. 1998). It is not clear
whether the high number of Ca2+-permeable AMPA receptors in the dorsal horn results
from a low expression of GluR-B (in relation to, for example, GluR-A) or from incomplete
RNA editing. Despite this uncertainty, Ca2+-permeable AMPA receptors seem to play
an important role in central nociceptive sensitization. Both pharmacological and genetic
evidence suggest that Ca2+ influx through dorsal horn AMPA receptors can trigger plastic
changes in dorsal horn nociceptive circuits. Intrathecal injection of Joro spider toxin, which
selectively blocks Ca2+-permeable AMPA receptors, prevents the generation of mechanical
allodynia in response to burn injury in rats (Sorkin et al. 1999, but see also Stanfa et al.
2000), and mice lacking the GluR-B subunit show not only increased Ca2+ influx in the
superficial dorsal horn assessed by cobalt uptake but also a facilitation of nociceptive
responses in the formalin test (Hartmann et al. 2004).

Presynaptic glutamate receptors

Ionotropic glutamate receptors are widely considered as sole postsynaptic sensors for gluta-
mate, the primary function of which is the transmission of electric signals between neurons
across synapses. However, all three types of ionotropic glutamate receptors (AMPA, kainate,
and NMDA receptors) are also expressed in presynaptic axon terminals. This presynaptic ex-
pression is perhaps nowhere more prominent than in the spinal cord dorsal horn (Liu et al.
1994; Tachibana et al. 1994; Popratiloff et al. 1996; Hwang et al. 2001; Lu et al. 2002).
The functional significance of these presynaptic receptors has been investigated for kainate
and NMDA receptors. Activation of presynaptic kainate receptors located on primary af-
ferent terminals inhibited glutamate release (Kerchner et al. 2001b), whereas those located
at presynaptic terminals of inhibitory interneurons facilitated action-potential-independent
release of GABA and glycine (Kerchner et al. 2001a). Similar results have been reported for
presynaptic NMDA receptors. Liu et al. (1997) found that intrathecally injected NMDA trig-
gered the release of substance P and glutamate from primary afferents, a process that may
promote sensitization. However, more recently, Bardoni et al. (2004) provided evidence that
activation of presynaptic NMDA receptors can also inhibit glutamate release. These ap-
parently conflicting results are not as surprising as they seem at first glance. Whether the
activation of a depolarizing presynaptic receptor may facilitate or inhibit transmitter release
depends on the magnitude and steepness of depolarization. A similar paradox is discussed
below for GABA-mediated primary afferent depolarization, which can either reduce trans-
mitter release—as long as it remains subthreshold—or give rise to pronociceptive dorsal
root reflexes when it becomes suprathreshold (Willis 1999).

NMDA receptors

The pivotal role of NMDA receptors in the induction of synaptic plasticity in many CNS
areas has been so widely accepted that this review will focus on some aspects that might
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be particularly relevant to nociceptive processing in the dorsal horn. NMDA receptor ac-
tivation contributes to pain sensation in at least two respects: first, it is important for the
transmission of acute pain through the spinal cord, as drugs that block NMDA receptors,
such as ketamine, can produce profound analgesia, and, second, it is required for central
sensitization and LTP-like phenomena in the dorsal horn (Liu and Sandkühler 1995). Plastic
changes in excitatory synaptic transmission onto dorsal horn projection neurons in response
to intense C-fiber input probably contribute to the generation of enduring hyperalgesia af-
ter tissue trauma (Sandkühler 2000). Although the high firing frequency used in initial in
vitro studies in spinal cord slices is not observed in C fibers in vivo, other more physiolog-
ical paradigms used more recently have yielded similar results (Sandkühler and Liu 1998).
Interestingly, the susceptibility to long-lasting changes in synaptic strength varies consider-
ably within dorsal horn neurons. It is most prominent in spinothalamic projection neurons
expressing NK1 (substance P) receptors (Ikeda et al. 2003). Because a pivotal role of NK1
receptor-positive neurons for a number of different forms of pain has been demonstrated
previously (Mantyh et al. 1997; Nichols et al. 1999; Khasabov et al. 2002), this result en-
dorses an important contribution of dorsal horn synaptic plasticity to the development of
chronic pain syndromes.

One important difference between central sensitization in pain pathways and “typical”
LTP is that the latter is input-specific. In the hippocampus, increases in synaptic strength are
largely restricted to those synapses that have been active during the conditioning stimulation.
This feature corresponds to specificity, one of three characteristics that have been postulated
by the Canadian psychologist Donald Hebb for neuronal correlates of associative learning
(Hebb 1966). Unlike hippocampal LTP, central sensitization in pain pathways is not fully
specific. Intense stimulation of cutaneous C fibers elicits secondary (central) hyperalgesia
in an area significantly exceeding the field of conditioning stimulation, indicating that pri-
mary afferent fibers not activated during the conditioning stimulus can become sensitized.
Yet intense C-fiber input can even potentiate Aβ fiber (touch)-evoked responses of dorsal
horn neurons (e.g., Coderre and Melzack 1987). Hence, central sensitization is also het-
erosynaptic and could thus be either totally unrelated to LTP or could be made less specific
by mechanisms involving LTP in the dorsal horn.

One such possibility could be the spread of diffusible messengers released during in-
tense nociceptive stimulation. Glycine is one such diffusible messenger required for NMDA
receptors to become fully active (Johnson and Ascher 1987; Kleckner and Dingledine 1988).
In the first years after the discovery of the glycine binding site at NMDA receptors, it was
unclear whether glycine binding could contribute to NMDA receptor modulation in vivo or
whether this site was permanently saturated by micromolar concentrations of glycine in the
cerebrospinal fluid (Westergren et al. 1994). During the last few years, however, increasing
evidence has accumulated indicating that plasma membrane glycine transporters, in particu-
lar the glial glycine transporter GlyT1, can lower extracellular glycine concentrations in the
vicinity of NMDA receptors to subsaturating concentrations (Bergeron et al. 1998; Berger
et al. 1998; Gabernet et al. 2005). Perhaps nowhere else in the CNS is a contribution of
synaptically released glycine to NMDA receptor facilitation more likely to occur than in the
spinal cord, where glycinergic neurons are very abundant. Using nocistatin (Okuda-Ashitaka
et al. 1998), a peptide that in the dorsal horn selectively inhibits the release of glycine (and
GABA; Zeilhofer et al. 2000), Ahmadi et al. (2003) demonstrated that during intense noci-
ceptive stimulation, glycine synaptically released in the dorsal horn can overcome reuptake
by glycine transporters and reach neighboring NMDA receptors to facilitate their activation
through a process called spillover. Increased activation of NMDA receptors through glycine
spillover apparently contributed to sustained formalin-induced pain behavior and to neu-
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Fig. 3 Spillover of synaptically released glycine facilitates NMDA receptor activation in the dorsal horn.
a Under conditions of exaggerated nociceptive input to the dorsal horn, glycine released from inhibitory in-
terneurons or descending glycinergic fiber tracts can escape the synaptic cleft of the glycinergic synapses
and reach nearby NMDA receptors to facilitate their activation (Ahmadi et al. 2003). b Evidence for a phys-
iological role of this process in central sensitization has been obtained in the rat formalin test. Nocistatin
(NST), a peptide that in the dorsal horn selectively reduces the release of glycine (and GABA), evokes pro- or
antinociceptive effects after intrathecal injection, depending on the dose injected. The antinociceptive effect is
specifically antagonized by D-serine, an activator of the glycine binding site of NMDA receptors, indicating
that nocistatin suppressed nociception by reducing the availability of glycine at NMDA receptors. Artificial
cerebrospinal fluid (ACSF) and L-serine were ineffective (for details, see Ahmadi et al. 2003). **P≤0.01;
***P≤0.001

ropathic pain in the chronic constriction injury in rats (Muth-Selbach et al. 2004). During
intense nociceptive stimulation, spillover of glycine might thus promote the potentiation of
synaptic input at sites not fully activated during the conditional stimulation (Fig. 3).
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An interesting hypothesis that has again originated from previous findings in the hip-
pocampus postulates that pathological pain might come from the functional activation of
previously silent excitatory synapses in the dorsal horn (Li and Zhuo 1998). Early in hip-
pocampal development, glutamatergic synapses are silent at resting potential but can be
activated when the postsynaptic neuron is depolarized to positive membrane potentials (Du-
rand et al. 1996). The reason behind this unusual behavior is that these silent synapses lack
functional AMPA receptors, while NMDA receptors present in these synapses are blocked
at negative membrane potentials by extracellular Mg2+. An LTP-like mechanism appears
to be required for the recruitment of functional AMPA receptors to these synapses. Similar
silent synapses have also been found in the neonatal dorsal horn (Li and Zhuo 1998) but not
in adult animals (Baba et al. 2000a). A possible contribution of the activation of previously
silent synapses to the generation of pathological pain in the adult therefore remains to be
demonstrated.

Besides LTP, NMDA receptor-dependent long-term depression (LTD) can be evoked
in the dorsal horn by conditioning stimulation of primary afferent Aδ fibers both in slices
(Randic et al. 1993; Sandkühler et al. 1997) and in vivo (Liu et al. 1998). Long-lasting de-
pression of Aδ fiber-mediated postsynaptic responses can also be elicited by activation of
group I metabotropic glutamate receptors and subsequent phospholipase C activation (Chen
et al. 2000). Very recently, Klein et al. (2004) demonstrated perceptual correlates for LTP
and LTD in human volunteers after cutaneous electrical stimulation.

It should finally be noted that NMDA receptors are not only important for the induction
of LTP and LTD by permitting the necessary postsynaptic Ca2+ increase but are themselves
regulated by neuronal activity and protein kinases. Peripheral inflammation and tonic no-
ciceptive stimulation induce PKA-dependent phosphorylation of the NR1 (Zou et al. 2002)
and scr-dependent phosphorylation of the NR2B subunit (Guo et al. 2004) of NMDA recep-
tors. scr is activated by group I metabotropic glutamate receptors, a process that explains
the contribution of these receptors to dorsal horn LTP (Azkue et al. 2003). Protein kinase
C-dependent phosphorylation of NMDA receptors reduces their susceptibility to blockade
by extracellular Mg2+ (Chen and Huang 1992). Some mechanisms of activity-dependent
plasticity in the dorsal horn are summarized in Fig. 2. A possible contribution of these phos-
phorylation events to inflammatory pain is discussed below.

AMPA and NMDA receptors as targets for analgesic drugs

Although both competitive [e.g., 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)] and non-
competitive (e.g., GYKI 52466) AMPA receptor antagonists exhibit antinociceptive prop-
erties in a variety of animal models of pain (Szekely et al. 2002), their use as analgesics is
severely hampered by their widespread action in the CNS. However, in contrast to most CNS
areas, where fast excitatory neurotransmission is almost exclusively mediated by AMPA re-
ceptors, kainate receptors composed of GluR-5, GluR-6, and GluR-7 significantly contribute
to primary afferent nociceptive transmission in the spinal cord (Li et al. 1999). Kainate re-
ceptor antagonists exert antinociceptive properties in different neuropathic pain models and
in the formalin test (for a review, see Ruscheweyh and Sandkühler 2002). Whether selective
kainate receptor blockers are better tolerated than unspecific ones is unknown at present.

N-methyl-D-aspartate receptor antagonists have attracted significantly more attention as
possible analgesics than AMPA receptor blockers have. This is probably for two reasons.
First, NMDA receptors are typically not required for fast excitatory synaptic transmission
under basal conditions. Second, the pivotal role of NMDA receptors for synaptic plasticity
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has raised the hope that the “preemptive” blockade of NMDA receptors might prevent the
generation of chronic pain after tissue injury. Blockers of NMDA receptors are clearly anal-
gesic, as exemplified by the intravenous anesthetic ketamine and a variety of experimental
drugs (e.g., Qian et al. 1996). However, sedation and the impairment of motor coordination
preclude their long-term use as analgesics. Competitive antagonists at the glycine-binding
site (e.g., L-701324) of NMDA receptors show less maximal effect compared with channel
blockers (e.g., ketamine or MK-801) or competitive antagonists at the glutamate binding
site (e.g., AP-5), but they are probably also less efficient as analgesics. Finally, specific an-
tagonists of NMDA receptors containing the NR2B subunit (such as ifenprodil), which is
preferentially expressed in the dorsal horn, have raised new hope but still have not begun
clinical application (Chizh et al. 2001).

Disinhibition of spinal nociception:
a common mechanism in inflammatory and neuropathic pain

As outlined above, AMPA and NMDA receptors are critically involved in activity-dependent
changes in spinal nociceptive processing. Their contribution to the pathogenesis of inflam-
matory pain or to pain originating from peripheral nerve damage, however, is less clear.
Accordingly, recent evidence points to a critical role of disinhibition—that is, a reduction in
the activity of glycinergic and GABAergic neurons and receptors—rather than direct exag-
gerated excitation as the dominant source of inflammatory and neuropathic pain.

Glycinergic and GABAergic inhibition in the dorsal horn

Inhibitory synaptic transmission onto superficial dorsal horn neurons probably originates
from different sources. Local inhibitory interneurons can be activated by primary nocicep-
tive afferents (Narikawa et al. 2000) or by descending antinociceptive fiber tracts. Inhibitory
input can also directly come from descending GABAergic and glycinergic fiber tracts pro-
jecting from the rostral ventromedial medulla to the dorsal horn (Antal et al. 1996). GABA
and glycine open ligand gated ion channels, which permit the permeation of chloride and,
to a lesser extent, bicarbonate ions through the plasma membrane. In most neurons, both
transmitters inhibit neuronal activation by hyperpolarizing the cell membrane and by ac-
tivating a shunting conductance, which impairs the propagation of excitatory postsynaptic
potentials along the dendrite of neurons. Early in postnatal development, both transmitters
are coreleased from the same vesicles. In the adult a most likely postsynaptic specialization
occurs, which makes mixed GABA/glycinergic postsynaptic events less frequent (Keller et
al. 2001). Several lines of evidence suggest that synaptic inhibition in the superficial dorsal
horn is mainly mediated by glycine, whereas synaptically released GABA primarily acts on
presynaptic GABAB (Chery and de Koninck 2000) and extrasynaptic GABAA receptors to
provide tonic inhibition (Chery and de Koninck 1999). It has repeatedly been speculated that
the proper functioning of this inhibitory input is essential to prevent the generation of painful
sensations by normally innocuous stimuli. It has long been known that pharmacological re-
moval of inhibitory GABAergic or glycinergic inhibition contributes to central sensitization
in the spinal cord (Sivilotti and Woolf 1994). More recent publications now indicate that
a reduction in the inhibitory tone in the spinal cord dorsal horn by endogenous mediators
underlies several forms of pathological pain.



82 Rev Physiol Biochem Pharmacol (2005) 154:73–100

Actions of prostaglandins on synaptic transmission in the dorsal horn

Tissue damage and inflammation trigger the release of arachidonic acid from phospholipids
of the cell membrane through the activation of phospholipase A2. Arachidonic acid is
then converted by constitutively expressed cyclooxygenase-1 (COX-1) and inducible
cyclooxygenase-2 (COX-2) into the two prostaglandin (PG) precursors PGG2 and PGH2.
Tissue-specific isomerases or prostaglandin synthases further process arachidonic acid
into the biologically active prostaglandins (PGE2, PGD2, PGI2, and PGF2α) and into
thromboxane A2. For a long time it has generally been assumed that prostaglandins sensitize
the nociceptive system only at the level of the peripheral nociceptor. However, during the
last 15 years increasing evidence has accumulated indicating that prostaglandins can also
cause hyperalgesia in the CNS, in particular in the spinal cord dorsal horn. Peripheral
inflammation induces the expression of COX-2 and of the microsomal prostaglandin E
synthase (mPGES) in the spinal cord and possibly also elsewhere in the CNS (Beiche et al.
1996; Samad et al. 2001; Guay et al. 2004; Kamei et al. 2004). Inhibition of prostaglandin
formation in the spinal cord by cyclooxygenase inhibitors or nonsteroidal antiinflammatory
drugs (NSAIDs) produces antinociception in a variety of pain models, while injection of
prostaglandin E2 into the spinal canals of mice and rats causes profound hyperalgesia to
thermal and mechanical stimuli and allodynia (for a review, see Vanegas and Schaible 2001).
Despite this overwhelming evidence for a central pronociceptive action of prostaglandins,
the molecular mechanisms of central inflammatory hyperalgesia have long remained
elusive. A better understanding of which prostaglandins and which prostaglandin receptors
are responsible for central pain sensitization is, however, essential for the development of
novel better-tolerated analgesics.

Prostaglandin E2 exerts its cellular effects through the activation of four different types
of G-protein-coupled rhodopsin-like receptors, called EP1 through EP4, which differ in
their tissue distribution and signal transduction (Narumiya et al. 1999). Electrophysiological
studies in both the intact spinal cords of rats and in isolated slice preparations have led re-
searchers to propose several different possible mechanisms of action (Fig. 4). These include
a prostaglandin-mediated increase in the release of the excitatory transmitter glutamate (Mi-
nami et al. 1999), an increased responsiveness of postsynaptic AMPA or NMDA receptors
(Vasquez et al. 2001; Bär et al. 2004), a direct depolarization of deep dorsal horn neu-
rons (Baba et al. 2001), and an inhibition of postsynaptic inhibitory (strychnine-sensitive)
glycine receptors (Ahmadi et al. 2002). Among those, the direct depolarization of deep dor-
sal horn neurons and the inhibition of glycine receptors have been studied in detail. Baba
et al. (2001) demonstrated that low micromolar concentrations of prostaglandin E2 depolar-
ize a subpopulation of neurons mainly but not exclusively located in the deep dorsal horn
through the activation of a cationic conductance by EP2 or EP2-like receptors. Ahmadi et al.
(2002) found that low nanomolar concentrations of prostaglandin E2 inhibited glycinergic
neurotransmission through a postsynaptic mechanism involving EP2 receptors and the acti-
vation of protein kinase A. Interestingly, both groups found no evidence for a direct effect of
prostaglandin E2 on either glutamate release or on the responsiveness of postsynaptic gluta-
mate receptors. The identification of the glycine receptor subunit inhibited by prostaglandin
E2/protein kinase A and the advent of genetically engineered mice deficient in this glycine
receptor subunit has recently allowed the relevance of both mechanisms for inflammatory
hyperalgesia in vivo to be determined.

Native glycine receptors in the adult are heteropentameric protein complexes (for re-
cent reviews, see Lynch 2004 and Legendre 2001). Five different glycine receptor subunits,
termed GlyRα1 through GlyRα4 and GlyRβ, are known. GlyRα subunits bind glycine and
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Fig. 4 Synaptic mechanisms proposed for the pronociceptive defects of prostaglandin E2. a Prostaglandin
E2 facilitates the release of L-glutamate from nociceptive C fibers (Minami et al. 1999). b Prostaglandin E2
blocks inhibitory glycine receptors in the superficial dorsal horn (Ahmadi et al. 2002, Harvey et al. 2004).
c Prostaglandin E2 directly depolarizes deep dorsal horn neurons (Baba et al. 2001). Experimental evidence
for a contribution to inflammatory pain in vivo has so far been obtained only for the inhibition of glycine
receptors (Harvey et al. 2004, Reinold et al. 2005).

are capable of forming functional homomeric channels, while the so-called structural GlyRβ

subunit confers subsynaptic clustering through an interaction with the postsynaptic pro-
tein gephyrin. The most prevalent isoform of glycine receptors in the adult is composed
of GlyRα1 and GlyRβ subunits. GlyRα3 is another much less prevalent adult glycine recep-
tor isoform; GlyRα2 is widely believed to be an embryonic and juvenile isoform in most
parts of the CNS; and GlyRα4 may even be a pseudogene in humans.

Harvey et al. (2004) reconstituted the inhibitory effect of prostaglandin E2 on glycin-
ergic membrane currents in a heterologous expression system. After cotransfection of
HEK293 cells with EP2 receptors and different glycine receptor subunits, it became appar-
ent that currents through glycine receptors containing the GlyRα3 subunit were inhibited
by prostaglandin E2, whereas GlyRα1 was not. As expected from the experiments in spinal
cord slices, this inhibition was prevented by perfusion of the recorded neurons with a PKA
inhibitor peptide. Further experiments revealed that PKA inhibited GlyRα3-containing
glycine receptors most likely through the phosphorylation of a serine residue (Ser346)
located in the long intracellular loop between transmembrane segments S3 and S4. Figure 5a
shows a schematic representation of the synaptic signal transduction. Interestingly, glycine
receptor subunits show a distinct pattern of expression in the spinal cord. GlyRα1 and
GlyRβ are found throughout the grey matter spinal cord, while the GlyRα3 subunit is
expressed only in the superficial layers of the dorsal horn where most nociceptive afferents
terminate (Fig. 5b; Harvey et al. 2004) and where prostaglandin E2-mediated inhibition of
glycinergic neurotransmission had been observed in slices (Ahmadi et al. 2002).

The availability of mice lacking GlyRα3 permitted the relevance of this pathway for
inflammatory pain sensitization in vivo to be determined. GlyRα3-deficient mice not only
lack inhibition of glycinergic neurotransmission by prostaglandin E2 but also show a dra-
matic reduction in the pronociceptive effects of spinal prostaglandin E2 in vivo. In addition,
these mice recover much faster from inflammatory hyperalgesia following subcutaneous
injection of the yeast extract zymosan A or of complete Freund’s adjuvant than their wild-
type littermates do. Mice lacking the EP2 subtype of prostaglandin E2 receptors exhibit a
nearly identical phenotype after subcutaneous zymosan A injection (Fig. 5c,d) and also lack
prostaglandin E2-induced inhibition of glycinergic neurotransmission (Reinold et al. 2005;
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Fig. 5 Synaptic disinhibition underlies inflammatory hyperalgesia in the dorsal horn. Cyclooxygenase-2
(COX-2) is induced in the spinal cord in response to peripheral inflammation. a Prostaglandin E2 (PGE2)
acts on postsynaptic EP2 receptors and leads to protein kinase A (PKA)-dependent phosphorylation and inhi-
bition of the glycine receptor subunit α3 (GlyRα3). b GlyRα3 is distinctly expressed in the superficial dorsal
horn where most nociceptive afferents terminate. c, d Mice lacking either the EP2 receptor or the GlyRα3
subunit exhibit dramatically reduced inflammatory hyperalgesia to c thermal and to d mechanical stimuli.
Filled symbols indicate zymosan A-injected paw, and open circles indicate contralateral noninjected paw.
Thermal hyperalgesia was assessed as latency of paw withdrawal in response to exposure to a defined radi-
ant heat stimulus. Mechanical sensitization was assessed in response to stimulation with calibrated von Frey
filaments (for details, see Depner et al. 2003).Data inpart taken from Reinold et al. 2005

Zeilhofer 2005). These findings correspond nicely to previous observations by Malmberg
et al. (1997), who have reported that mice lacking the neuronal isoform of protein kinase
A show reduced nociceptive sensitization after intrathecal injection of prostaglandin E2.
Protein kinase A-dependent phosphorylation and inhibition of GlyRα3 in response to EP2
receptor activation appears, therefore, as the dominant mechanism of central inflammatory
pain sensitization (Fig. 5a). This disinhibition renders excitatory input more effective and
thereby probably facilitates the induction of activity-dependent plasticity through NMDA
receptor activation, eliciting many of the molecular events described in the previous section.
In light of these findings, it is reasonable to propose that the antihyperalgesic action of cy-
clooxygenase inhibitors is mainly due to the inhibition of this process. From a therapeutic
perspective, future EP2 receptor antagonists and drugs enhancing the function of GlyRα3
might be considered as centrally acting nonopioidergic antihyperalgesic agents.
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GABAA receptors on the central terminals of primary nociceptive afferent nerve fibers

Under physiological conditions, activation of GABAA receptors hyperpolarizes the postsy-
naptic neuron through an influx of chloride ions in almost all areas of the adult CNS. In
this respect the central terminals of primary afferent nerve fibers are important exceptions.
Due to an unusually high intracellular chloride concentration, the opening of GABAA recep-
tor channels in these terminals induces a depolarization, which under “normal” conditions
inhibits transmitter release. These presynaptic GABAA receptors residing on the spinal ter-
minals of primary afferents are probably activated by local dorsal horn interneurons, which
make axoaxonic synapses with other primary afferent terminals. It has been proposed that
these inhibitory interneurons are excited by low threshold mechanoreceptors (Aβ fibers) and
contact the central terminals of primary afferent nociceptors (for a review, see Willis 1999).
Peripheral Aβ fiber activation would thereby inhibit nociceptive transmission. It has further
been proposed that inflammation and perhaps neuropathy could increase primary afferent
depolarization to become suprathreshold and to elicit action potentials. These action poten-
tials would travel in anterograde and retrograde directions to elicit transmitter release both
at the central and peripheral terminals of nociceptors. Under these conditions, Aβ fiber acti-
vation would give rise to so-called dorsal root reflexes (Rees et al. 1995). This or a similar
mechanism could contribute to central hyperalgesia and allodynia (Cervero and Laird 1996).
It may also contribute to heterosynaptic potentiation, a typical feature of central pain sen-
sitization. If these GABAergic interneurons are also contacted by nociceptors, dorsal root
reflexes could also explain the spread of neurogenic inflammation and hyperalgesia beyond
the site of peripheral stimulation.

Synaptic disinhibition in the dorsal horn as a possible source of neuropathic pain

Neuropathic pain results from the damage of neurons or nerves through trauma, poisoning,
or metabolic diseases. Damage of peripheral nerves through mechanical injury or metabolic
diseases is probably the most frequent cause of neuropathic pain. As in inflammatory pain,
the initial focus of research was on peripheral processes. It could be demonstrated that dam-
aged nerves become spontaneously active (Sheen and Chung 1993) and that irregular electric
contacts may be formed between nerve fibers (e.g., Seltzer and Devor 1979). Both processes
probably explain some aspects of neuropathic pain, but they cannot fully account for all
aspects of neuropathic pain syndromes. Central processes have therefore become the center
of present research. During the last decade, a number of cytokines and other mediators have
been identified that contribute to the development of pain after peripheral nerve injury (Som-
mer 2003). However, insight into how these mediators affect sensory information processing
has only very recently been gained.

One of the most unpleasant sensations in neuropathic pain is the painful sensation of
stimuli that are normally not sensed as painful, such as light touch. A consistent finding of
many studies addressing this issue appears to be a loss of the inhibitory tone in the spinal
cord dorsal horn. Although it might be speculated that the production of cytokines in the
CNS after peripheral nerve trauma stimulates prostaglandin production, a significant con-
tribution of cyclooxygenase-2 to neuropathic pain appears rather unlikely (e.g., Broom et
al. 2004). Mice deficient in the EP2 receptor develop normal hyperalgesia and allodynia in
the chronic constriction injury model of neuropathic pain, although they completely lack
the pronociceptive effects of spinally administered prostaglandin E2 (Hösl et al., in prepara-



86 Rev Physiol Biochem Pharmacol (2005) 154:73–100

tion). However, several recent publications suggest that relief from GABAergic or glyciner-
gic inhibition of spinal nociceptive neurons through prostaglandin-independent mechanisms
contributes to neuropathic pain. Possible actions include an inhibition of glycine or GABA
release from inhibitory interneurons; a reduction in the transmembrane chloride gradient,
rendering inhibition by glycinergic and GABAergic synaptic input less efficient; and a loss
of inhibitory innervation due to a selective death of GABAergic or glycinergic interneurons.

There is indeed experimental evidence for all three possibilities, but their contribution
to pain sensitization is far from being fully clear. A reduction in the transmembrane chloride
gradient in dorsal horn neurons following peripheral nerve injury has recently been reported
by Coull et al. (2003). Peripheral nerve trauma induces a transsynaptic reduction in the ex-
pression of the potassium chloride exporter KCC2 in dorsal horn neurons and thereby shifts
the chloride equilibrium potential to more depolarized values. This shift reduces the in-
hibitory effect of GABA and glycine receptor activation, yet it might even cause glycinergic
or GABAergic input to become excitatory.

Another extensively discussed report suggests that peripheral nerve injury induces a spe-
cific loss of spinal inhibitory GABAergic neurotransmission in the dorsal horn of rats in the
chronic constriction injury model and the spared nerve injury model of neuropathic pain
(Moore et al. 2002a). This original report has suggested that the loss of GABAergic input
was due to the selective apoptotic death of GABAergic interneurons. Subsequent studies
have, however, shown that such a loss is at least unnecessary for the development of ther-
mal hyperalgesia in the chronic nerve injury model of neuropathic pain (Polgar et al. 2003,
2004).

Inhibitory neurotransmitter receptors: targets for novel analgesic drugs?

Given that a relief from glycinergic and GABAergic inhibition underlies inflammatory and
neuropathic pain, pharmacological enhancement of the function of these neurotransmitter
receptors should be considered a future therapeutic option. Bearing in mind the pivotal role
of the glycine receptor α3 subunit in the spinal processing of nociceptive signals, a selec-
tive agonist at GlyRα3 or, even better, a positive allosteric modulator would be desirable.
Unfortunately, so far no specific agonists for GlyRα3 have been identified, and only a few
agents are known to potentiate GlyR-mediated currents, with most of them lacking receptor
specificity (Breitinger and Becker 1998; Laube et al. 2002).

Unlike glycine receptors, GABAA receptors are extensively used as therapeutic targets.
The classical benzodiazepines, which enhance GABA responses at benzodiazepine-sensitive
GABAA receptors, cause sedation, anxiolysis, and central muscle relaxation and are anti-
convulsive. Antinociceptive actions of benzodiazepines have been repeatedly described in
animal models of pain, in particular after spinal injection (e.g., Goodchild and Serrao 1987),
and a few studies have reported analgesic effects of agonists at GABAA receptors in human
patients (for reviews, see Jasmin et al. 2004 and Krogsgaard-Larsen et al. 2004). However,
classical benzodiazepines are not routinely used as analgesics. Underlying reasons may in-
clude the accompanying sedation, which probably occurs at lower doses than that needed
for analgesia, and possible pronociceptive effects of benzodiazepines at supraspinal sites
(Tatsuo et al. 1999), which may counteract spinal antinociception. This may not necessar-
ily be the case for future subunit-specific benzodiazepines. The generation of “knock-in”
mice carrying point mutations at the benzodiazepine binding sites of the different GABAA
receptor subunits has proven that the different actions of benzodiazepines can be assigned
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to different GABAA receptor subunits (Rudolph and Möhler 2004). This has already led to
the discovery of nonsedative anxiolytic “benzodiazepines” (Löw et al. 2000; McKernan et
al. 2000). Future research will have to determine whether subunit-specific drugs can reverse
the loss of neuronal inhibition occurring during inflammation and neuropathy.

Modulators of synaptic transmission not discussed above

In the previous sections, I have concentrated on synaptic mechanisms underlying the gener-
ation of pathological pain through activity-dependent sensitization, inflammation, and neu-
ropathy. It should, however, be noted that the conscious perception of pain is strongly de-
pendent on our psychological context. The biological correlate for this probably lies in the
large number of neuromodulators that are released under various conditions in the CNS and
that interfere with nociceptive processing at different levels of integration. In the following
section I will briefly summarize synaptic effects in the dorsal horn of mediators and recep-
tors not discussed in the previous sections, which modulate neurotransmission in the dorsal
horn either through presynaptic (Table 1) or postsynaptic mechanisms (Table 2).

Table 1 Presynaptic modulators in the dorsal horn

Target of
modulation

Modulator
(receptor)

Receptor Effect Reference

Glutamate Opioids µ, δ Inhibition Light and Willcockson 1999; Kohno et al.
1999

N/OFQ NOP Inhibition Liebel et al. 1997; Zeilhofer et al. 2000;
C. Luo et al. 2002a

Norepinephrine α2A Inhibition Pan et al. 2002; Kawasaki et al. 2003

GABA GABAB Inhibition Ataka et al. 2000

Serotonin -HT-1D Inhibition Travagli and Williams 1996; Garraway
and Hochman 2001

-HT3 Facilitation/
inhibition

Khasabov et al. 1999; Hori et al. 1996

Acetylcholine Nicotine Inhibition Takeda et al. 2003; Kiyosawa et al. 2001

Cannabinoids CB-1 Inhibition Harris et al. 2000; Kelly and Chapman
2001; Morisset and Urban 2001

ATP P2X Facilitation Gu and MacDermott 1997; Li et al. 1998

Adenosine, ADP P2Y Inhibition Lao et al. 2004

Prostaglandin E2 ?? Facilitation Minami et al. 1999

GABA/ Opioids µ Inhibition Grudt and Henderson 1998

glycine Nocistatin ?? Inhibition Zeilhofer et al. 2000; Ahmadi et al. 2001

Norepinephrine α2 Inhibition Baba et al. 2000b, 2000c

Adenosine A1 Inhibition Yang et al. 2004; Hugel and Schlichter
2003

GABA GABAB Inhibition Iyadomi et al. 2000

Serotonin P2X Facilitation Rhee et al. 2000; Jang et al. 2001; Hugel
and Schlichter 2000
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Table 2 Postsynaptic modulators in the dorsal horn

Target of
modulation

Modulator Effect Mechanism Site Reference

AMPA Neuronal
activity, Ca2+

Potentiation,
incorporation
into
postsynaptic
membrane

CaMKII-dependent
phosphorylation of
GluR-A

Probably
ubiquitous
superficial
dorsal horn

Barria et al. 1997;
Roche et al. 1996;
Derkach et al. 1999;
Fang et al. 2003;
Nagy et al. 2004

NMDA Opioids (?) Potentiation PKC-dependent
reduction in Mg2+

block

Trigeminal
nucleus

Chen and Huang
1992

Glutamate
(group I
mGluRs)
glycine

Potentiation scr-dependent
phosphorylation of
NR2B

Dorsal horn Guo et al. 2004

Glycine Potentiation Direct binding to
NR1

Probably
ubiquitous

Johnson and Ascher
1987

Superficial
dorsal horn

Ahmadi et al. 2003

GABAA Serotonin Potentiation PKC Lamina X Xu et al. 1998

Superficial
dorsal horn

Li et al. 2000

Glycine Norepinephrine
(α2)

Potentiation cAMP ↓, inhibition
of PKA

Lamina X Nabekura et al. 1999

Serotonin Potentiation PKC Lamina X Xu et al. 1996

Prostaglandin
E2 (EP2)

Inhibition cAMP ↑,
PKA-dependent
inhibition of GlyRα3

Superficial
dorsal horn

Ahmadi et al. 2002;
Harvey et al. 2004;
Reinold et al. 2005

Opioid receptors

Opioids are the prototypes of centrally acting analgesics. Part of their analgesic activity
results from inhibition of nociceptive transmission in the dorsal horn. At this site, activa-
tion of µ and δ opioid receptors hyperpolarizes nociceptive neurons, most likely through an
activation of G-protein-coupled K+ channels (Schneider et al. 1998; Mitrovic et al. 2003),
and inhibits the release of glutamate from primary nociceptive afferents (Light and Will-
cockson 1999; Kohno et al. 1999), possibly through inhibition of voltage-gated Ca2+ chan-
nels (Schroeder and McClesky 1993; Taddese et al. 1995). The effects of Tyr-D-Ala-Gly-
N-methyl-Phe-Gly-ol (DAMGO), a selective µ-opioid receptor agonist, on GABAergic or
glycinergic inhibitory postsynaptic currents (IPSCs) in substantia gelatinosa neurons are
controversial. Although Kohno et al. (1999) found no effect at all, Grudt and Henderson
(1998) reported an inhibition of glycinergic and GABAergic postsynaptic currents via a
presynaptic mechanism. Work with mice deficient in the individual subtypes of opioid re-
ceptors has shown that both desired analgesic and unwanted effects of morphine derive from
µ-opioid receptor activation (Matthes et al. 1996), disappointing hopes that a separation of
desired and unwanted opioid actions could be obtained through selective activation of a
single opioid receptor subtype.
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In 1994 a receptor closely related to the classical opioid receptors was identified and
termed ORL-1 receptor (Mollereau et al. 1994). Activation of this receptor by its endoge-
nous ligand called nociceptin (Meunier et al. 1995) or orphanin FQ (N/OFQ; Reinscheid
et al. 1995) selectively inhibits glutamate release in the dorsal horn (Liebel et al. 1997;
Zeilhofer et al. 2000; C. Luo et al. 2002a). Interestingly, N/OFQ has antiopioidergic activ-
ity at supraspinal sites, namely the nucleus raphe magnus (Grisel et al. 1996). At this site,
classical opioids preferentially inhibit the release of GABA and thereby disinhibit descend-
ing antinociceptive fiber tracts (Basbaum and Fields 1984), whereas N/OFQ inhibits nearly
all cell types (Vaughan et al. 2001). In behavioral experiments, N/OFQ exerts profound
antinociception after spinal injection (e.g., Erb et al. 1997) but exerts antiopioidergic and
hyperalgesic effects after injection at supraspinal sites (Meunier et al. 1995; Reinscheid et
al. 1995). Mice lacking either the N/OFQ precursor peptide or the N/OFQ receptor exhibit
increased nociceptive responses in tests of tonic chemical or inflammatory pain (Depner
et al. 2003), suggesting that N/OFQ contributes to endogenous pain control in vivo. For a
review focusing on the pain modulating action of N/OFQ, see Zeilhofer and Calò (2003).

Another peptide released from the N/OFQ precursor peptide is nocistatin (Okuda-
Ashitaka et al. 1998). This peptide specifically inhibits GABA and glycine release in the
dorsal part of the spinal cord, but it has no effect on glutamate release (Zeilhofer et al.
2000). After intrathecal injection, it increases nociceptive responses in the rat formalin
test (Zeilhofer et al. 2000) and in the chronic constriction injury model of neuropathic
pain (Muth-Selbach et al. 2004). Although nocistatin has been found in the cerebrospinal
fluid of humans and animals (Lee et al. 1999), a contribution of endogenous nocistatin to
thermal hyperalgesia evoked by inflammation (zymosan A) or to nociceptive responses in
the formalin test could not be detected (Depner et al. 2003).

Norepinephrine and serotonin

Norepinephrine and serotonin (5-hydroxytryptamine, 5-HT) are important transmitters in
antinociceptive fiber tracts descending from the raphe magnus nucleus to the dorsal horn
and interfere with synaptic transmission in the dorsal horn in several ways. Norepinephrine
reduces the release of glutamate from primary afferent terminals in the substantia gelatinosa
(Pan et al. 2002; Kawasaki et al. 2003) and at the same time facilitates glycine release in the
spinal cord dorsal horn (Baba et al. 2000b, 2000c). Both effects are mediated through the
activation of α2 adrenoceptors and impair the transmission of nociceptive signals through
the spinal cord. They probably underlie the analgesic effects of the α2 adrenoceptor agonist
clonidine and related substances. Unfortunately, at least the inhibition of glutamate release
is mediated by the α2A subtype (Hunter et al. 1997; Lakhlani et al. 1997), which also causes
sedation, disabling the pharmacological dissociation of sedative and analgesic effects of α2
adrenoceptor agonists (Kable et al. 2000).

In addition to these presynaptic actions, postsynaptic changes have been described.
Glycinergic membrane currents in rat sacral commissural neurons (lamina X) are potenti-
ated by norepinephrine acting on α2 adrenoceptors (Nabekura et al. 1999). This potentiation
is mediated by a decrease in cAMP and inhibition of PKA, and is prevented by pretreatment
with pertussis toxin, clearly indicating that potentiation is due to a reversal of PKA-mediated
inhibition. Although GlyRα3 is not expressed in lamina X of the spinal cord (at least not in
adult mice), these features are very reminiscent of the inhibition of GlyRα3 by prostaglandin
E2 discussed above. Norepinephrine might thus act as an endogenous functional antagonist
counteracting prostaglandin E2-mediated central pain sensitization.
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The actions of serotonin are more complex. Activation of G-protein-coupled 5-HT re-
ceptors by serotonin potentiates GABAA receptor-mediated responses in lamina X (Xu et
al. 1998) and superficial dorsal horn (Li et al. 2000) neurons through activation of protein
kinase C. A similar effect also occurs in glycine receptors (Xu et al. 1996). In addition,
5-HT1D receptors reduce the occurrence of spontaneous glutamatergic excitatory postsy-
naptic currents (EPSCs; Travagli and Williams 1996). These effects probably account for
the antinociceptive effects of descending serotoninergic fiber tracts. Activation of ionotropic
5-HT3 receptors has been reported both to inhibit (Khasabov et al. 1999) and to increase
(Hori et al. 1996) glutamate release from primary afferents. Apart from its acute effects
on inhibitory and excitatory synaptic transmission, serotonin also appears to trigger longer-
lasting changes. The incidence of long-term depression after conditioning stimulation was
increased in deep dorsal horn neurons, although baseline excitatory synaptic transmission
was reduced (Garraway and Hochman 2001). In addition, serotonin induces a long-lasting
facilitation of evoked action potentials and spontaneous glutamate release (Hori et al. 1996).

Cannabinoid receptors

Since the discovery of the two cannabinoid receptors CB-1 and CB-2 and of their endoge-
nous activator anandamide, intense research efforts have been made to address their physio-
logical role and to probe their potentials as drug targets. Besides central spasticity (such as in
patients suffering from multiple sclerosis) and anxiety, pain has been the focus of research
right from the beginning of cannabinoid research. Activation of CB-1 receptors by anan-
damide, arachidonyl-2-chloroethylamide, and WIN-55,212–2 inhibits glutamatergic trans-
mission between primary nociceptive afferents and second-order neurons in the superficial
dorsal horn (Harris et al. 2000; Kelly and Chapman 2001; Morisset and Urban 2001). The
functional consequences of CB1 receptor activation in the spinal cord are thus somewhat
reminiscent of those of opioid receptors, with which CB-1 receptors are coexpressed in the
dorsal horn (Salio et al. 2001). It should, however, be noted that the physiological function
of endogenous anandamide in the dorsal horn is at present difficult to judge because anan-
damide also possesses agonistic activity at pronociceptive capsaicin receptors (Tognetto et
al. 2001).

Nicotine receptors

Activation of nicotinic receptors evokes profound analgesia. Unfortunately, nicotinic ago-
nists exert toxic effects at doses only slightly higher than those needed for analgesia (for a
review, see Flores 2000). In the dorsal horn, nicotinic receptors are expressed on presynap-
tic terminals of inhibitory neurons (Takeda et al. 2003) and on the spinal terminals of sero-
toninergic neurons descending from the raphe magnus (Cordero-Erausquin and Changeux
2001). In both cases, nicotinic receptor activation facilitates transmitter release and en-
hances nociceptive inhibition. The facilitating effect on glycine and GABA release persists
in the presence of dihydro-beta-erythroidine and methyllycaconitine, indicating that it is not
mediated through α4β2- or α7-containing nicotine receptors (Takeda et al. 2003, but see
also Kiyosawa et al. 2001). Expression analysis employing single-cell reverse transcription-
polymerase chain reaction suggests a dominant role of α4α6β2 nicotine receptors on in-
hibitory neurons in the dorsal horn (Cordero-Erausquin et al. 2004), making this receptor
isoform a preferred target for possible nicotinergic analgesics.
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Purines

Adenosine triphosphate (ATP) facilitates glycine (Rhee et al. 2000; Jang et al. 2001), GABA
(Hugel and Schlichter 2000), and glutamate (Gu and MacDermott 1997; Li et al. 1998) re-
lease through the activation of P2X receptors in the spinal cord. Because ATP is coreleased
with GABA from many dorsal horn interneurons (Jo and Schlichter 1999), it is likely that
ATP plays a role as an endogenous regulator of dorsal horn neurotransmission. It has also
been proposed that ATP functions as a fast synaptic transmitter in primary afferents (Bar-
doni et al. 1997), but the majority of reports favor the function of a modulator rather than
of a principle transmitter. Interestingly, ADP and adenosine, which originate from the fast
breakdown of ATP in the extracellular space, exert opposite effects. Activation of G-protein-
coupled P2Y receptors by ADP inhibits N-type Ca2+ currents in presumed nociceptive rat
dorsal root ganglion neurons (Gerevich et al. 2004). Adenosine inhibits glycine and GABA
release (Yang et al. 2004; Hugel and Schlichter 2003), but at the same time it also reduces
synaptic transmission between primary afferent C and Aδ fibers via a presynaptic mecha-
nism (Lao et al. 2004). Both effects are consistent with the dense expression of A1 adenosine
receptors in the inner part of lamina I (Schulte et al. 2003). Inhibition of excitatory trans-
mission between primary nociceptive afferents and spinal neurons probably underlies the
well-documented spinal antinociceptive effects of adenosine.

GABAB receptors

In behavioral tests, baclofen and CGP-35024, two GABAB receptor agonists, evoke
antinociception after systemic or intrathecal injection (Patel et al. 2001). Mice lacking one
of the GABAB receptor subunits exhibit increased acute pain sensitivity, suggesting that
GABAB receptor activation contributes to tonic pain control (Schuler et al. 2001; Gassmann
et al. 2004). On the cellular level, baclofen inhibits transmitter release from primary afferent
C fibers and to a lesser extent from Aβ fibers (Ataka et al. 2000), but also from inhibitory
nerve terminals in the dorsal horn (Iyadomi et al. 2000).

Presynaptic Ca2+ channels

Many of the antinociceptive neuromodulators discussed above exert their effects through in-
hibiting transmitter release from primary afferent nerve fibers. In most cases this inhibition
probably occurs through a direct G-protein-mediated inhibition of voltage-gated Ca2+ chan-
nels in the membrane of presynaptic terminals. Glutamate release from primary nociceptive
afferents is triggered by voltage-gated Ca2+ channels of the Cav2 family, which comprises
P/Q-type (Cav2.1), N-type (Cav2.2), and R-type (Cav2.3) Ca2+ channels. All three chan-
nel types can be blocked with high specificity by peptide toxins derived from marine snails
and spiders. In particular, blockade of N-type channels with N-type Ca2+ channel toxins has
proved to provide efficient analgesia after intrathecal injection (e.g., Bowersox et al. 1996).
Accordingly, mice lacking the pore-forming subunit α1B of N-type Ca2+ channels or the
accessory β3 subunit, which preferentially associates with N-type Ca2+ channels, exhibit re-
duced nociceptive responses in different tests of nociception (Saegusa et al. 2001; Murakami
et al. 2002). These observations have already led to the use of other N-type channel toxins
(ziconotide, also SNX-111 or ω-conotoxin MVIIC, and AM336 or ω-conotoxin CVID) for
treating otherwise intractable pain (reviewed by Miljanich 2004). A clear advantage of di-



92 Rev Physiol Biochem Pharmacol (2005) 154:73–100

rect Ca2+ channel blockade over modulation by, for instance, opioids is the lack of tolerance
development; a disadvantage is certainly that the peptide toxins available at present do not
penetrate the blood–brain barrier and therefore have to be injected via chronically implanted
intrathecal catheters.

The contribution of other Ca2+ channel subtypes of the Cav2 family to spinal nocicep-
tive transmission is less clear. Blockade of P/Q-type Ca2+ channels with ω-agatoxin IVA is
analgesic in arthritic but not in normal rats (Nebe et al. 1997). Similarly, mice lacking the
pore-forming subunit α 1E of R-type (Cav2.3) Ca2+ channels also show normal responses
to acute pain, but reduced inflammatory pain (Saegusa et al. 2000).

A Ca2+ channel targeting drug that is already very successful on the market as a
centrally-acting analgesic is gabapentin. Gabapentin, 1-(aminomethyl) cyclohexane acetic
acid, was originally developed as an anticonvulsant, but in the meantime it has been widely
used for treating neuropathic pain (Bennett and Simpson 2004). Despite numerous studies
that have demonstrated clear analgesic activity in both clinical and preclinical tests (Mao
and Chen 2000), the mode of action of gabapentin is still ill-defined. In contrast to its
structural similarity to GABA, it does not bind to ionotropic GABAA or G-protein coupled
GABAB receptors. The only known high-affinity binding site is the accessory Ca2+ channel
subunit α2δ, which exists in four isoforms (Marais et al. 2001), of which only two (α2δ-1
and α2δ-2) bind gabapentin (Klugbauer et al. 2003; Marais et al. 2001). Recent data
using mice carrying a mutation in the α2δ-1 isoform suggest that binding of gabapentin
to this subunit is indeed responsible for gabapentin’s antinociceptive (and anticonvulsive)
effects (Taylor 2004). The importance of gabapentin binding to α2δ–1 is also supported by
increased expression of this subunit in dorsal root ganglion neurons during neuropathic pain
(Luo et al. 2001), which correlates with the antinociceptive effect of gabapentin (Z.D. Luo
et al. 2002b) and with its spinal site of action (Shimoyama et al. 2000; Jun and Yaksh 1998;
Kaneko et al. 2000). However, the effects that induction of α2δ has on Ca2+ functions and
the ways that Ca2+ channel function is affected by the binding of gabapentin remain elusive.
Several studies, including one in the spinal cord (Bayer et al. 2004), suggest that binding of
gabapentin to Ca2+ channels impairs neurotransmitter release mediated by P/Q-type Ca2+

channels (Meder and Dooley 2000; Dooley et al. 2002; Fink et al. 2000, 2002). As a con-
sequence of Ca2+ channel inhibition, gabapentin reduces the release of neurotransmitters in
the dorsal horn without discriminating between excitatory and inhibitory neurotransmitters
(Bayer et al. 2004). It should, however, also be noted here that the preferential action on
Ca2+ channel types may vary between different CNS areas (Brown and Randall 2005), as
association of the type-determining Ca2+ channel subunits with accessory subunits differs
considerably within the CNS. It is therefore not surprising that a number of conflicting
reports have been published (Gu and Huang 2002, Moore et al. 2002b). At present, how
this inhibition relates to the analgesic action of gabapentin is unknown.

Conclusions

Significant progress has been made during the last decade in our understanding of the molec-
ular events leading to activity-dependent and inflammation-induced pain sensitization. In
particular, the use of genetically engineered mice in pain research has helped to unravel a
number of new potential targets for the development of novel analgesics. These range from
specific prostaglandin receptor antagonists and blockers of prostaglandin synthases to al-
losteric modulators of inhibitory neurotransmitter receptors and protein kinase inhibitors.
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Unlike inflammatory pain, neuropathic pain is still a scientific mystery and a great therapeu-
tic challenge. Although several important findings have been made recently, a clear concept
of how peripheral nerve injury affects the excitability of central nociceptive neurons is only
gradually emerging.
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