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ABSTRACT
The opioid peptide dynorphin has been demonstrated to be both
nociceptive and antinociceptive. This article will review the poten-
tial mechanisms through which dynorphin contributes to spinally
mediated nociception. Specifically, we will examine the interaction
of dynorphin with multiple sites on the NMDA receptor complex.
Dynorphin-induced opioid activity is generally inhibitory, with a

tendency to impede nociceptive signals and serve in a neuropro-
tective capacity. In contrast, dynorphin’s interaction with multiple
sites on the NMDA receptor complex produces excitatory re-
sponses resulting in nociceptive and even toxic effects. Thus, it is
hypothesized that dynorphin has both physiological and patho-
logical roles in acute and chronic pain states.

Background
The opioid peptide dynorphin A (H-Tyr-Gly-Gly-Phe-

Leu-Arg-Arg-Ile-Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gln-OH) was
first isolated from the porcine pituitary (Chavkin et al., 1982)
and has since been shown to be distributed widely throughout
the central nervous system. Although its role in many areas is
not clear, an extensive line of investigation suggests that dynor-
phin located in the spinal cord plays a pivotal role in the sen-
sitization of nociceptive neurons. Whereas relatively low doses
of dynorphin produce analgesia, higher doses (3 nmol in mice
and 15 nmol in rat) produce hyperalgesia that persists for
greater then 60 days after a single intrathecal injection (Van-
derah et al., 1996; Laughlin et al., 1997). This protracted effect
appears to be independent of activation of opioid receptors
(Vanderah et al., 1996; Laughlin et al., 1997). Increasing the
dose beyond that necessary for hyperalgesia results in severe
motor dysfunction, characterized by flaccid extension and com-
plete loss of muscle tone (Stevens and Yaksh, 1986), demon-
strating a pathological action of dynorphin. This review will
address the potential mechanisms by which dynorphin contrib-
utes to the development of spinal cord sensitization that leads to
an apparently irreversible nociceptive state.

The increased levels of dynorphin in the spinal cord asso-
ciated with several nociceptive models have been suggested
to play a role in the nociceptive state (Dubner and Ruda,

1992). Dynorphin immunoreactivity in spinal cord is con-
tained in both interneurons and projection neurons (Nahin et
al., 1989), and the dynorphin released from interneurons in
persistent nociceptive states is thought to initiate dynor-
phin’s excitotoxic effects (Dubner and Ruda, 1992). Mice with
osteolytic tumors in the lumen of the femur show increased
nociceptive responsiveness associated with increased inci-
dence and intensity of dynorphin immunoreactivity in spinal
cord dorsal horn neurons (Schwei et al., 1999). The induction
of a neuropathic state in rats by nerve ligation or constriction
is associated with an up-regulation of dynorphin synthesis,
reflected by enhanced expression of preprodynorphin protein
and mRNA, increased dynorphin immunoreactivity (Ka-
jander et al., 1990; Malan et al., 2000), and a greater per-
centage of spinal neurons receiving dynorphin-immunoreac-
tive contacts (Nahin et al., 1992). Furthermore, the enhanced
dynorphin expression correlates both temporally and spa-
tially with behavioral signs of tactile allodynia (Malan et al.,
2000). Thus, the development of segmental pain commonly
associated with the neuropathic condition may be due to the
resulting extrasegmental increases in spinal dynorphin con-
tent. The up-regulation of dynorphin observed in laboratory
animals resembles similar effects in humans: the concentra-
tion of dynorphin in the cerebrospinal fluid of patients with
fibromyalgia, a condition involving widespread mechanical
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pain, is increased compared with that of controls (Vaeroy et
al., 1991).

The augmented spinal cord expression of dynorphin in
peripheral inflammation must be accompanied by increased
spinal release to initiate its excitatory effects. In support of
this hypothesis, increased spinal cord levels of dynorphin
peptide and mRNA induced by peripheral inflammation
(Dubner and Ruda, 1992) are accompanied by increased
dynorphin release, detected by dorsal horn microprobes, from
spinal cord cells (Riley et al., 1996). Although noxious com-
pression of the hind paw of normal rats does not evoke spinal
release of dynorphin, noxious compression of ankles inflamed
by complete Freund’s adjuvant (CFA) does increase dynor-
phin release in spinal cord laminae 2 to 5, where it is nor-
mally distributed, and evokes an additional novel release in
laminae 6 and 7 (Riley et al., 1996). This result suggests that
the hyperalgesia associated from CFA-induced inflammation
may be the result of enhanced release of dynorphin in the
spinal cord.

Correlational studies showing elevated expression and re-
lease of dynorphin in nociceptive models do not exclusively
prove dynorphin’s contribution to nociception. In support of
these studies, many groups have demonstrated that manip-
ulation of spinal dynorphin, either addition or removal, alters
nociception. Intrathecal administration of dynorphin in rat
has been demonstrated to alter C-fiber reflexes (Caudle and
Isaac, 1988) and enlarge receptive field size of dorsal horn
neurons to hindpaw mechanical stimulation (Hylden et al.,
1991), suggesting that dynorphin modulates pain transmis-
sion by an action at the spinal cord level. Furthermore, a
single intrathecal injection of dynorphin A (1–17) (3 nmol)
elicits mechanical allodynia in mice lasting for more than 100
days (Fig. 1) (Laughlin et al., 1997). A single injection (15
nmol) of dynorphin A (1–17), dynorphin A (2–17), or dynor-
phin (2–13) similarly elicits allodynia in rats lasting more
than 60 days (Vanderah et al., 1996). Conversely, removing
the endogenous dynorphin from the spinal cord can decrease
nociception. For example, the attenuated potency of mor-
phine in various neuropathic pain models is restored by the
intrathecal administration of dynorphin antiserum to rats

with spinal nerve ligation, suggesting that the enhanced
expression of dynorphin following injury contributes to cen-
tral sensitization in the spinal cord (Nichols et al., 1997).
Together these results argue that dynorphin may contribute
to ongoing spontaneous activity as well as the pathology
underlying neuropathic pain.

Involvement of NMDA Receptors in
Dynorphin Nociception

Although dynorphin is an endogenous opioid peptide, the
nociceptive actions of dynorphin may require activation of
the N-methyl-D-aspartate (NMDA) receptor complex (Shukla
and Lemaire, 1994). Released during peripheral inflamma-
tion, dynorphin induces its own synthesis, an apparently
regenerative, feed-forward process via a pathway involving
NMDA receptor activity. In support of this, pre-emptive
treatment with MK-801 (10 �g/ml/h), a noncompetitive an-
tagonist of NMDA receptor channels, almost completely
blocks increased expression of dynorphin following CFA-in-
duced inflammatory hyperalgesia in rats (Zhang et al., 1998).
Up-regulation of dynorphin via an NMDA receptor-mediated
pathway appears to be an ongoing process underlying hyper-
algesia that accompanies inflammation. This process is evi-
denced by the observation that pre-emptive administration of
MK-801 also attenuates the development of CFA-induced
hyperalgesia under these conditions, in part, perhaps,
through suppression of dynorphin up-regulation (Zhang et
al., 1998). This regenerative cycle of dynorphin production
may underlie the persistence of some dynorphin effects. Up-
regulation of its own synthesis may also explain the ability of
dynorphin to outlast the nociceptive effects of NMDA recep-
tor agonists.

Allodynia is a painful sensation elicited by a stimulus that
does not normally provoke pain. When induced by exogenous
dynorphin, allodynia, like hyperalgesia, is inhibited in a
dose-related fashion by intrathecal pretreatment with
NMDA receptor antagonists (MK-801 and LY235959, a com-
petitive NMDA receptor antagonist) but is unaffected by the
opioid receptor antagonist naloxone (Vanderah et al., 1996;
Laughlin et al., 1997). Importantly, allodynia is similarly
induced by intrathecal administration of dynorphin A (2–17)
(Vanderah et al., 1996; Laughlin et al., 1997), the N-termi-
nally truncated fragment of dynorphin that has no activity at
opioid receptors (Walker et al., 1982). Together these data
support the conclusion that exogenous dynorphin produces
chronic allodynia by activation of NMDA, rather than opioid
receptors.

NMDA receptors are also instrumental in the neurotoxic
effects, such as paralysis, observed at higher doses of dynor-
phin. Dynorphin-induced neurotoxicity is blocked by NMDA
receptor antagonists, whereas opioid receptor antagonists
are without effect, reinforcing the view that effects induced
by higher doses of dynorphin are brought about by mecha-
nisms that are independent of opioid receptor activity
(Caudle and Isaac, 1988; Shukla et al., 1997).

Binding Studies
The importance of NMDA receptor activity in many of the

actions of dynorphin focused extensive research into the pos-
sibility that dynorphin interacts directly with one of the

Fig. 1. Time course of mechanical sensitivity after i.t. treatment with 3
nmol of dynorphin A (1–17) (filled squares) compared with saline (open
circles). Mechanical allodynia measured with the 0.4 mN von Frey fila-
ment lasted for at least 100 days after the dynorphin injection. The
mean � S.E.M. represents the percentage of response frequency of foot
withdrawals to six stimulations. n � 9 mice per group.
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many binding sites on the NMDA receptor complex. The
NMDA receptor is composed of a glutamate agonist (ligand)
binding site as well as several auxiliary sites providing mod-
ulatory input from glycine, protons, zinc, redox states, and
polyamines. In addition, [3H]MK-801, a noncompetitive an-
tagonist at the NMDA receptor complex, binds to a site inside
the open channel of the NMDA receptor complex. Because of
the critical location of [3H]MK-801 binding, glutamate, by
virtue of its effect on the ligand binding site, and glycine, by
virtue of its positive modulation of the NMDA receptor cur-
rent, both increase [3H]MK-801 binding by promoting the
open channel state. [3H]MK-801 is, therefore, a useful
marker, predictive of NMDA receptor channel activity. These
interactions suggest that dynorphin interacts with multiple
sites on the receptor complex.

Inhibition of Glutamate Binding. Dynorphin was first
shown to interact directly with the NMDA receptor complex
at a naloxone-insensitive site (Massardier and Hunt, 1989).
Here dynorphin has two opposing actions on NMDA receptor
ligands: potentiating binding of competitive antagonists at
the glutamate recognition site but inhibiting binding of non-
competitive antagonists, such as MK-801, within the ion
channel (Shukla et al., 1997). Dynorphin accomplishes the
latter by binding preferentially to the NMDA receptor in its
closed or desensitized states, thereby promoting the closed
state. Consistent with this model, binding of radiolabeled
dynorphin is enhanced by competitive NMDA receptor an-
tagonists, strychnine-insensitive glycine-site antagonists,
and a polyamine-site antagonist (Tang et al., 1999), all of
which enhance the population of receptors easily accessible
in the closed state. In contrast, noncompetitive antagonists,
like MK-801, that interact only when the channel is open,
promote an open but inhibited state, attenuating [3H]dynor-
phin binding (Tang et al., 1999). Once bound, dynorphin
apparently produces its effects by negatively influencing the
NMDA ligand-binding site on the receptor complex. Although
the binding sites of excitatory amino acid receptors are likely
to be very similar, by this indirect action on NMDA receptors,
dynorphin exhibits a high degree of selectivity among these
sites, potently displacing binding of [3H]glutamate on the
NMDA receptor complex, while sparing [3H]kainate or [3H]�-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid sites.
Consistent with a nonopioid inhibitory action at low concen-
trations, dynorphin prevents the potentiating effects of glu-
tamate and glycine on [3H]MK-801 binding (Massardier and
Hunt, 1989), suggesting that dynorphin interferes with ago-
nist-induced opening of the channel.

Enhancement of Glutamate Binding. Additional bind-
ing studies support inhibitory (Massardier and Hunt, 1989;
Shukla et al., 1992; Shukla et al., 1997; Tang et al., 1999) as
well as excitatory effects (Dumont and Lemaire, 1994) of
dynorphin on NMDA receptor activity. Specifically, dynor-
phin enhances binding of competitive NMDA receptor antag-
onists to the glutamate ligand binding site on rat brain
membranes. This enhancement is not mediated by an opioid
receptor because it is insensitive to a �-opioid receptor an-
tagonist (norbinaltorphimine), is replicated with the nonopi-
oid peptide dynorphin (2–13), and is unaltered by opioid
receptor agonists (U50488H and enkephalin). Glycine and
the glycine site antagonist HA-966 block the augmentation of
NMDA receptor antagonist binding by dynorphin in rat brain
membranes (Dumont and Lemaire, 1994). These in vitro

studies predict enhancement of NMDA receptor activity by
dynorphin in vivo. Consistent with this prediction, 200 pmol
of dynorphin coadministered intrathecally with NMDA grad-
ually potentiates mouse nociceptive behavioral responses in-
duced by repeated intrathecal injections of NMDA, an injec-
tion schedule that normally results in a gradual
desensitization to responses produced by NMDA alone (Skill-
ing et al., 1992). These data suggest that the potentiative
effect of dynorphin in vivo is most important during the
maintenance of sustained NMDA receptor activity.

Glycine Sites. Several groups postulate that augmenta-
tion of the NMDA receptor by dynorphin occurs by an inter-
action at the glycine site (Jarvis et al., 1997; Zhang et al.,
1997), perhaps via the glycine amino acid residues in the
dynorphin peptide (Zhang et al., 1997). Glycine and glycine
site antagonists (HA-966, kynurenic acid) have been reported
to alter dynorphin’s enhancement of NMDA binding to rat
brain membranes (Dumont and Lemaire, 1994) and dynor-
phin’s amplification of NMDA-receptor activation (Zhang et
al., 1997), while other studies suggest that glycine site li-
gands have no influence on the effect of dynorphin on NMDA
receptor activity (Chen et al., 1995; Lai et al., 1998). Addi-
tional support in favor of this possibility is that a 15-min
intrathecal pretreatment with NMDA receptor glycine site
antagonists, 5-fluoroindole-2-carboxylic acid or kynurenic
acid, attenuates dynorphin-induced (20 nmol, i.t.) paralysis
and mortality (Bakshi and Faden, 1990). Thus, an interac-
tion of dynorphin with glycine binding sites on the NMDA
receptor complex may account for the excitotoxic effect of
dynorphin.

Oxidation-Reduction Sites. A 30-min intrathecal pre-
treatment with a reducing agent, dithiothreitol, enhances
mechanical allodynia induced by dynorphin (3 nmol, i.t.) in
mice, whereas a 48-h post-treatment with an oxidizing agent,
5,5�-dithio-bis-(2-nitrobenzoic acid), attenuates the dynor-
phin-induced mechanical allodynia for 5 days (Laughlin et
al., 1998a). These results may be interpreted to mean that a
reduced NMDA receptor contributes to the development and
maintenance of the chronic nociceptive effect of dynorphin.
Thus, dynorphin may inhibit NMDA receptor function by an
interaction with the redox-modulatory site located on that
complex (Chen et al., 1995), which influences the intensity of
dynorphin-induced allodynia (Laughlin et al., 1998a).

Polyamine Sites. The positively charged basic amino ac-
ids on dynorphin may allow it to bind to the polyamine site of
the NMDA receptor complex, thereby enhancing the NMDA
receptor current. Dynorphin A (1–17) (100 nM) enhances
synaptically evoked NMDA receptor-mediated currents in
guinea pig hippocampal slices. This effect was blocked by the
NMDA receptor polyamine site antagonist ifenprodil (Caudle
and Dubner, 1998).

It has been well established that dynorphin interacts with
the opioid receptor, but now multiple lines of evidence from
binding studies indicate that dynorphin interacts with mul-
tiple sites on the NMDA receptor complex. Many studies
have demonstrated that the excitatory amino acids and the
NMDA receptor are key components involved in the process-
ing of nociception (for review, see Dubner and Ruda, 1992). It
is believed that dynorphin’s interactions with NMDA recep-
tors produce the excitatory and thus toxic/nociceptive effects
observed in many animal models of pain, and possibly the
enhanced release of dynorphin leads to its binding to NMDA
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receptors, thus resulting in a the development and mainte-
nance of a chronic nociceptive state. Many of the details of
this process remain to be worked out; as described above,
dynorphin has been shown to interact both negatively and
positively with multiple sites on the NMDA receptor. How-
ever, the multiple splice variants and subunits of the NMDA
receptor may provide multiple regulatory sites with which
dynorphin can interact. Diverse effects of dynorphin on
NMDA receptor activity may be elicited based on the vari-
ability of subunit composition in tissues.

Electrophysiological Studies
Traditionally, the endogenous opioid peptides have been

shown to inhibit neuronal transmission (for review, see Sim-
mons and Chavkin, 1996); however, recently dynorphin has
been demonstrated to have multiple effects on neuronal
transmission. Consistent with binding studies described
above, dynorphin is able to enhance (Jarvis et al., 1997;
Zhang et al., 1997; Lai et al., 1998), inhibit (Chen et al., 1995;
Brauneis et al., 1996), or produce mixed (Caudle et al., 1994;
Caudle and Dubner, 1998) effects on NMDA receptor-induced
depolarization. Based on these in vitro studies, it would be
predicted that responses to NMDA in vivo might be influ-
enced by dynorphin in a fashion that reflects the concentra-
tion of dynorphin available to the receptor population, the
subunit composition of NMDA receptors in the area, the
presence of other ligands at the NMDA receptor complex, and
the open/closed state of the receptors. These variables pro-
vide room for an array of responses which, as indicated
below, have been documented in a variety of systems.

Inhibition. Dynorphin inhibits all NMDA-activated cur-
rents in Xenopus oocytes expressing NMDA receptors (NR1
and NR2A, -2B, -2C, or -2D) in a nonopioid receptor-mediated
fashion because inhibition is neither blocked by opioid recep-
tor antagonists nor mimicked by other opioid receptor ago-
nists (Brauneis et al., 1996). Dynorphin-induced inhibition of
NMDA receptor function does not alter the EC50 value of
NMDA, indicating that dynorphin is neither competing with
the NMDA receptor agonist at the binding site nor decreas-
ing the affinity of agonist binding by an allosteric interaction
(Chen et al., 1995; Brauneis et al., 1996). Inhibition of NMDA
receptor-induced depolarization is voltage-independent in
isolated trigeminal neurons (Chen et al., 1995), isolated peri-
aqueductal gray neurons (Lai et al., 1998), and Xenopus
oocytes (Brauneis et al., 1996), suggesting that dynorphin
does not act as an open-channel blocker. The ability of dynor-
phin to block NMDA-activated currents in isolated rat tri-
geminal neurons is dependent on chain length with the fol-
lowing potency sequence: dynorphin (1–32) � dynorphin (1–
17) � dynorphin (1–13) �� dynorphin (1–10) � dynorphin
(1–8) (which have no effect) (Chen and Huang, 1998). Ami-
dation of the dynorphin peptide reduces (�25 fold) the IC50

value for dynorphin blockade of NMDA receptor-mediated
currents in isolated rat trigeminal neurons, suggesting that
the negative charge at the C terminus of dynorphin pro-
foundly influences the affinity of dynorphin on the NMDA
receptor complex (Chen and Huang, 1998).

Enhancement. Dynorphin rapidly and reversibly aug-
ments NMDA-activated currents in a subpopulation of iso-
lated rat periaqueductal gray neurons (Lai et al., 1998). This
enhancement is mimicked by the nonopioid peptide dynor-

phin (2–17) but not by the �-opioid receptor agonist U50,488.
Furthermore, the opioid receptor antagonist naloxone and
�-opioid-selective antagonist norbinaltorphimine do not com-
promise this potentiation (Lai et al., 1998). In one study,
dynorphin both inhibited (�300 nM) and enhanced (�300
nM) NMDA receptor-induced currents in the CA3 region of
the guinea pig hippocampus. The inhibitory effects were at-
tributed to �-opioid receptors (because the �-opioid agonist
bremazocine mimicked the inhibitory effects) (Caudle et al.,
1994), and the excitatory effects were attributed to an inter-
action at the polyamine site of the NMDA receptor (Caudle
and Dubner, 1998). Taken together, these electrophysiologi-
cal studies are in agreement with the binding studies de-
scribed above. It is believed that dynorphin’s diverse effects
on the NMDA receptor activity may be the result of the
multiple splice variants and subunits of the NMDA receptor
producing assorted responses.

Other Nociceptive Mechanisms of Dynorphin
Dynorphin at submicromolar concentrations reduces cal-

cium influx via �-opioid receptor activity, but higher concen-
trations (10–100 �M) enhance depolarization-enhanced
NMDA receptor-mediated current in mouse spinal cord cul-
tures (Hauser et al., 1999). Although activity involving spinal
NMDA receptors is necessary for dynorphin-induced allo-
dynia, such action is not sufficient for its induction. For
example, when injected intrathecally to mice, relatively high
doses (1 and 3 nmol) of NMDA induce allodynia that lasts for
only 3 days compared with over 100 days of allodynia (see
Fig. 1) induced by dynorphin (3 nmol) administered intrathe-
cally (Laughlin et al., 1997). Thus, other mechanisms must
contribute to dynorphin-induced nociception. Not only does
spinal application of dynorphin increase the concentration of
glutamate and aspartate in the extracellular fluid of the rat
dorsal spinal cord (Skilling et al., 1992), but neuronal acti-
vation appears to release dynorphin, along with excitatory
amino acids from primary afferent sensory fibers in mouse
spinal cord (Arts et al., 1992) and mossy fibers in rat hip-
pocampus (Conner-Kerr et al., 1993). Besides glutamate,
dynorphin also increases the release of substance P from
primary afferent C-nociceptors in an NMDA receptor-depen-
dent and opioid receptor-independent manner (Arcaya et al.,
1999). Very recent work suggests that dynorphin may utilize
a nonopioid and non-NMDA mechanism to enhance intracel-
lular calcium in cultured rat cortex neurons (Tang et al.,
2000). This group speculates that such an action could en-
hance excitatory transmission indirectly.

In addition to the direct depolarizing effect of calcium
influx, the increase in intracellular calcium can activate ni-
tric-oxide synthase (NOS) activity. Dynorphin-induced me-
chanical allodynia and spinal cord injury both involve acti-
vation of NOS. In a rat model of spinal cord injury induced by
dynorphin A 1–17 (20 nmol, i.t.), the expression of neuronal
NOS (nNOS) protein and mRNA as well as enzymatic activ-
ity is increased as early as 30 min, persisting for 1 to 4 h after
induction of paralysis. On the other hand, inducible NOS
(iNOS) mRNA expression is increased at 2 h, and enzymatic
activity is increased at 4 h, persisting for 24 to 48 h after
induction of paralysis (Hu et al., 2000). These results suggest
that nNOS is predominantly involved in the early stages of
toxicity, whereas iNOS perpetuates the later stages of dynor-
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phin-induced rat spinal cord injury (Hu et al., 2000). Fur-
thermore, nitric oxide produced by iNOS (as evidenced by
aminoguanidine antagonism) is required for the development
of dynorphin-induced allodynia in mice, whereas that gener-
ated by nNOS (as evidenced by 7-nitro indazole antagonism)
maintains the ongoing nociceptive signal (Laughlin et al.,
1998b).

Intrathecal administration of high doses (25 and 50 nmol)
of dynorphin causes dose-related cell loss in the rat spinal
cord gray matter (Long et al., 1988), which corresponds to the
onset of paralysis. Dynorphin inhibits presynaptic inhibitory
mechanisms, resulting in disinhibition and, thus, excitation
(Stewart and Isaac, 1991; Randic et al., 1995). Dynorphin,
applied topically to the exposed spinal cord, increases the
excitability of rat lumbar spinal cord dorsal horn neurons
(Knox and Dickenson, 1987; Hylden et al., 1991), enhancing
their utilization of oxygen, yet decreasing spinal blood flow
(Long et al., 1987). This action probably contributes to isch-
emia and related mechanisms of toxicity (Long et al., 1987a).

Finally, dynorphin may modulate nociception and toxicity
by an action on immune function, as demonstrated by obser-
vation of opioid receptor-independent actions on macrophage/
glial cell cultures (Ichinose et al., 1995; Kong et al., 1997). A
30-min intrathecal pretreatment with the anti-inflammatory
cytokines IL-10 and IL-1ra impedes the development of
dynorphin-induced allodynia in mice (Laughlin et al., 2000).
Because inhibition of protein synthesis prevents dynorphin-
induced allodynia (Laughlin et al., 2000), we speculate that
the pro-inflammatory cytokine cascade (i.e., synthesis of IL-�
together with subsequent activation of the nuclear transcrip-
tion factor NF-�B), as well as de novo synthesis of dynorphin,
may be necessary for these effects.

Presynaptic or Postsynaptic Mechanism of
Dynorphin Action

Whether dynorphin interacts presynaptically or postsyn-
aptically relative to primary afferent fibers in spinal cord
is unclear. Several studies suggest that dynorphin inter-
acts presynaptically toward the production of a hyperalge-
sic state. First, exogenously applied dynorphin increases
the release of neurotransmitters (glutamate, aspartate,
substance P) in the rat spinal cord (Skilling et al., 1992)
and trigeminal nucleus slices (Arcaya et al., 1999). Second,
dynorphin (6 nmol, i.t.) facilitates, via a nonopioid mech-
anism, cutaneous C-fiber-evoked responses of rat spinal
cord dorsal horn neurons (Knox and Dickenson, 1987).
Third, dynorphin (10 nM) increases A�- and C-fiber-evoked
rat spinal cord dorsal horn neuronal excitatory postsynap-
tic potentials, an action that is associated with no change
in resting membrane resistance or input resistance, sug-
gesting a presynaptic site of dynorphin-induced excitation
(Randic et al., 1995). However, this dynorphin action is
likely postsynaptic relative to the primary afferent be-
cause it involves inhibition of GABAergic or glycinergic
interneurons, enhancing postsynaptic depolarization of
spinal cord neurons (Stewart and Isaac, 1991; Randic et
al., 1995). In addition to presynaptic mechanisms, dynor-
phin may interact postsynaptically to produce nociception.
Dynorphin (10 �M) potentiates �-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid- and kainate-induced
current responses in cultured rat spinal cord neurons by

modifying postsynaptic membrane resistance as well as
activating protein kinase A (Kolaj et al., 1995). Thus, it
would appear that dynorphin produces its effects through
both pre- and postsynaptic mechanisms.

Dynorphin at NMDA Receptor Sites Is Toxic;
Dynorphin at Opioid Receptors Protects

As described above, dynorphin exerts both inhibitory and
excitatory actions on neurons. Dynorphin both inhibits and
enhances guinea pig hippocampal NMDA receptor-induced
currents (Caudle et al., 1994; Caudle and Dubner, 1998) and
C-fiber-evoked potentials in rat spinal cord dorsal horn neu-
rons (Randic et al., 1995); the inhibitory effect of dynorphin
results from action at �-opioid receptors (Caudle et al., 1994),
and the excitatory effect results from action at NMDA recep-
tors (Vanderah et al., 1996). Furthermore, intracerebroven-
tricular administration of a synthetic dynorphin peptide in
mice evokes analgesia through the opioid receptor and motor
dysfunction through NMDA receptors (Shukla et al., 1992).
The concentration- and calcium-dependent production of cell
death in mouse spinal cord neuron cultures is prevented by
NMDA receptor antagonists (MK801, AP5, and 7-chlo-
rokynurenic acid) but enhanced by opioid receptor antago-
nists (naloxone and the �-selective antagonist norbinaltor-
phimine) (Hauser et al., 1999). Lastly, application of
dynorphin (1 nM–3 �M) with naloxone is neurotoxic to
guinea pig hippocampal neurons, although cells are stable in
the presence of dynorphin or naloxone alone. Neurotoxicity is
blocked by the addition of the NMDA polyamine site receptor
antagonist ifenprodil (Caudle and Dubner, 1998). These re-
sults suggest that the opioid site protects cells from the toxic
effects of dynorphin. Therefore, it is hypothesized that dynor-
phin’s interaction at opioid receptors produces the inhibitory
and thus protective effects, whereas dynorphin’s interactions
with the NMDA receptors produce the excitatory and thus
toxic/nociceptive effects (Fig. 2). Thus, opioid receptors im-
pede the nociceptive signal. Consequently, if dynorphin’s ac-
tion at NMDA receptors outweighs that at opioid receptors,

Fig. 2. Dynorphin acting at NMDA receptors elevates intracellular cal-
cium, which elicits neurotoxicity via inter cellular (NOS3 NO) or intra-
cellular [protein kinase C (PKC)] signaling together with increased trans-
mitter release, whereas its action at opioid receptors would likely be
neuroprotective via Gi-coupled signaling. glu, glutamate; asp, aspartate;
SP, substance P; ROS, reactive oxygen species.
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there will be an excitatory outcome, and vice versa for a
stronger action at the opioid receptors.

In conclusion, this review has explored several different
potential mechanisms of dynorphin’s contribution to the de-
velopment and maintenance of spinal cord sensitization and
nociception. It is believed that dynorphin may have both a
physiological (through opioid receptors) and a pathological
(through NMDA receptors) role in acute and chronic pain
states. The increased spinal cord levels of endogenous dynor-
phin observed in many nociceptive models may participate in
the development and maintenance of prolonged nociception.
Inflammation results in a greater then 400% increase in
dynorphin peptide expression (Iadarola et al., 1988), levels
that may reach the nociceptive and toxic range.
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