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Abstract
The endogenous opioid peptide dynorphin A is distinct from other endogenous opioid peptides in
having significant neuronal excitatory and neurotoxic effects that are not mediated by opioid
receptors. Some of these non-opioid actions of dynorphin contribute to the development of abnormal
pain resulting from a number of pathological conditions. Identifying the mechanisms and the sites
of action of dynorphin is essential for understanding the pathophysiology of dynorphin and for
exploring novel therapeutic targets for pain. This review will discuss the mechanisms that have been
proposed and the recent finding that spinal dynorphin may be an endogenous ligand of bradykinin
receptors under pathological conditions to promote pain.
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Introduction
Endogenous opioid neuropeptides are classified into the enkephalins, the endorphins and the
dynorphins [30]. The peptides are characterized by their high affinity for opioid mu, delta and
kappa receptors and the ability of the opioid receptor antagonist, naloxone, to block or reverse
agonist actions of these substances. The physiological actions of enkephalins and endorphins
are the result of inhibitory effects, predominately on neuronal cells, to elicit analgesia, to alter
motor and secretory functions of the gastrointestinal tract, as well as other functions including
respiration, cardiovascular activity, hormonal balance, temperature and responses to stress.
The physiological role of the dynorphins, on the other hand, remains somewhat more obscure.

The dynorphins are all C terminal extensions of leu-enkephalin [16]. Dynorphin A(1–17) is
one of the major proteolytic fragments of prodynorphin [8] [Figure 1] and is widely distributed
in the CNS [8,53]. Dynorphin A(1–17) has been suggested to inhibit neuronal activity through
opioid kappa receptors[5]. In vivo, dynorphin A is converted rapidly to the des-tyrosyl fragment
by aminopeptidase activity, which is considered to be the major inactivation mechanism of its
opioid actions upon release [58] because these des-tyrosyl fragments of dynorphin A (e.g.,
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dynorphin A(2–13)) have very low affinity for opioid receptors [49]. However, subsequent
analyses showed that dynorphin A is distinct from other prodynorphin-derived peptides by its
neuronal excitatory actions and excitotoxicity that are not mediated by opioid receptors.
Dynorphin A given intracerebroventricularly [50] or intrathecally [12,37] produces little or no
antinociception. Relatively low doses of dynorphin A induce pronociceptive behaviors
including biting, licking and scratching [41], or transient hypersensitivity to innocuous touch
and noxious heat stimuli to the hind paw [19]. At non-paralytic doses, dynorphin A elicits long-
lasting tactile hypersensitivity and thermal hyperalgesia [45]. At higher doses, intrathecal
dynorphin A produces paralysis which is indicative of severe motor effects [12,37]. At these
doses, dynorphin A is neurotoxic, depleting sensory neurons, motor neurons, and interneurons
in the spinal cord [22], and potentiating excitatory neurotransmitter release [10,34]. The
pronociceptive and excitotoxic effects of dynorphin A are not reversed by naloxone, and can
be elicited by the des-tyrosyl fragments of dynorphin. Other dynorphin fragments, namely
dynorphin B and neo-endorphin, do not produce these effects [40].

The level of spinal dynorphin expression appears to be easily perturbed [7]. Many experimental
models of pathological pain show significant regional elevations of dynorphin A in the spinal
cord. These include inflammatory pain [31], neuropathic pain [17,27,48], bone cancer pain
[29], chronic pancreatitis[46], abnormal pain (hyperalgesia) following sustained exposure to
morphine [44] or nicotine[25], spinal cord trauma [1,13,39], and arthritis [54]. Elevated levels
of dynorphin A are critical for the expression of chronic pain because approaches that inhibit
dynorphin A activity consistently normalize the enhanced sensory responses (i.e., diminish
hyperalgesia). Spinal administration of an anti-dynorphin A antiserum reduces neurological
impairment after nerve injury [11], blocks the hypersensitivity sensory input and attenuates
trauma induced changes in the spinal cord [55], but does not alter normal sensory thresholds
in non-injured rats [27,47]. Transgenic mice that carry a null mutation in the prodynorphin
gene do not exhibit persistent pain states after peripheral nerve injury when compared with
their wild type littermates [52]. These observations suggest that approaches that prevent or
reverse the excitatory actions of dynorphin A in the spinal cord are likely to have potential
therapeutic relevance.

The NMDA receptor as a non-opioid site of action of dynorphin A
The underlying mechanism(s) of this pronociceptive and neuroexcitatory actions of dynorphin
A has been proposed to be a direct agonist action of dynorphin A at the NMDA receptor based
on the following evidence: First, dynorphin A-induced neurological damage, including hind
limb paralysis, loss of tail-flick reflex, and loss of neuronal cell bodies, can be prevented by
antagonists and modulators of the NMDA receptor [3,23,38]. Second, the long-lasting
hyperresponsiveness to sensory stimuli by intrathecal dynorphin A is prevented by
pretreatment with the NMDA receptor antagonist MK-801[45].Biting and scratching
precipitated by intrathecal dynorphin likewise is blocked by antagonists of the NMDA receptor
[40]. More recently, we reported that spinal infusion of dynorphin A(2–13) stimulated the
release of excitatory amino acids and PGE2, and the effect could be blocked by the NMDA
receptor antagonist, AP5 [18]. Although the evidence suggests that NMDA receptor may
ultimately mediate the neuroexcitatory effects of dynorphin A, it is not sufficient to differentiate
between direct versus indirect actions of dynorphin A at the NMDA receptor.

The evidence that implicates a direct interaction of dynorphin A at the NMDA receptor came
from radioligand binding studies showing that dynorhpin A competes for the binding of
radioligands that are selective for the NMDA receptor, e.g., [3H]MK-801 or [3H]CGP39,653
[9,28,32]. The inhibition constants based on the indirect binding analysis suggest moderate to
low affinity. Attempts to define the affinity of dynorphin at the NMDA receptor using [125I]
dynorphin A(2–17) suggest the existence of a low capacity, high affinity binding site (~10 nM)
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[42]. The most direct functional electrophysiological study used recombinant, heteromeric
NMDA receptors expressed in Xenopus oocytes. Data showed that dynorphin inhibited
NMDA-induced currents [4] except under conditions of low extracellular concentrations of
glycine (<0.1 µM), where dynorphin potentiated the NMDA-induced currents probably by
mimicking the action of glycine at the NMDA receptor [59]. The excitatory effects of
dynorphin seen in vivo may not be a consequence of this interaction. Studies using primary
neuronal cultures further illustrate the complex effects of dynorphin A on NMDA currents
[6,20]. Overall, the in vitro evidence did not satisfactorily validate a direct agonist action at
the NMDA receptor as the primary mechanism for the excitatory actions of dynorphin in
vivo.

In cultured cortical neurons, dynorphin A(2–17) stimulates a transient increase in intracellular
calcium in response to dynorphin A [43]. Similar response is seen in embryonic spinal cord
neurons, while prolonged exposure of these cells to dynorphin A results in a significant loss
of neurons [15]. Thus dynorphin A may exert its excitatory actions on neurons through a
calcium dependent mechanism, which could account for both the acute neuroexcitatory effect
as well as the excitotoxic actions upon prolonged exposure to dynorphin. In cortical neurons,
the acute effect of dynorphin A on the intracellular calcium persists despite the blockade of
NMDA receptors by MK-801, suggesting that the acute effect of dynorphin A(2–17) is not
mediated by the NMDA receptor [43]. In spinal cord neurons, the neuronal loss due to
prolonged treatment with dynorphin A(1–13) was blocked by MK-801; thus the neurotoxic
effect of dynorphin is contributed at least in part through the NMDA receptors [15]. Sustained
exposure to dynorphin A(1–17) induces caspase-mediated apoptotic cell death via AMPA/
kainate receptor activation, presumably due to glutamate release from the cultured cells[33].
Dynorphin A(2–13) also potentiates the release of CGRP evoked by capsaicin from spinal cord
tissues [14]. Taken together, these findings link the excitatory actions of dynorphin A to
transmitter release through a non-opioid, calcium dependent mechanism, but the question
remains as to the primary site(s) of action of dynorphin that mediate the increase in intracellular
calcium and excitatory transmitter release.

The bradykinin receptor as a non-opioid site of action of dynorphin A
We recently reported that dynorphin A and its des-tyrosyl fragment, dynorphin A(2–13),
stimulate calcium influx via L-type and P/Q type voltage sensitive calcium channels through
interaction with bradykinin receptors in a dorsal root ganglion X neuroblastoma hybrid cell
line, F-11[19]. This novel, non-opioid agonist action of dynorphin was not predicted by any
structural similarity either between dynorphin and bradykinin, or between the opioid receptor
and the bradykinin receptor. Dynorphin A displaced the binding of [3H]bradykinin and [3H]
kallidin in brain tissues as well as cell lines that express either endogenous or heterologous
bradykinin B1 and B2 receptors with apparent moderate affinity (~ 1 µM). Despite the moderate
affinity, the interaction between dynorphin and bradykinin receptors appears to have
physiological relevance because intrathecal injection of a B2 selective bradykinin receptor
antagonist, HOE 140, blocks the hyperalgesia induced by intrathecal injection of dynorphin A
(2–13), suggesting that spinal bradykinin receptors ultimately mediate the pronociceptive
actions of spinal dynorphin. In addition, intrathecal dynorphin does not induce hyperalgesia in
transgenic mice that lack B2 receptors, further supporting bradykinin receptors as a site of
action of spinal dynorphin. Our observation that dynorphin A may activate bradykinin
receptors identifies an unexpected putative direct neuroexcitatory target of dynorphin.

Bradykinin receptors in the spinal cord are associated with the central terminals of the primary
afferent projecting to the superficial laminae of the dorsal horn [36,56] as well as spinal cord
neurons [24]. The contribution of these receptors to pain and hyperalgesia has been implicated
by the effects of bradykinin receptor antagonists injected intrathecally. For example, both the
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B2 antagonist HOE140, and the B1 antagonist des-Arg9-Leu8-bradykinin (DALBK) given
intrathecally attenuate thermal hyperalgesia in rats with peripheral nerve injury [19]. The
antihyperalgesic effect of DALBK is delayed, which is consistent with the upregulation of the
B1 receptor at 2 weeks but not at 48 hr after injury. The source of kinins in the spinal cord and
their prospective role as transmitters is subject to debate. Kinins are extremely labile, with a
half life of around 30 seconds. This makes kinin levels very difficult to measure in any tissue.
Measurements of kininogen, the precursor of bradykinin in the spinal cord by quantitative RT-
PCR showed no appreciable expression in either naïve rats, rats that had been treated with the
inflammatory agent complete Freud’s adjuvant [26], or nerve injured rats [19]. Hence, there is
a lack of evidence of de novo action of kinins in the spinal cord. It is also difficult to evaluate
the possible actions of kinins in the spinal cord by intrathecal administration because the
peptides would have been degraded before they can reach the site of action. Prior reports on
intrathecal injection of bradykinin have yielded conflicting nociceptive behavior, ranging from
transient hyperalgesia followed by increased thermal latency in the tail flick test attributed to
the release of norepinephrine [21], to long lasting hyperalgesia that peaks at 75 min and slowly
recovers over 4 hr [51]. The effect of bradykinin also appears to vary with dose, which was
found to be hyperalgesic at low dose, but antinociceptive at high dose [35].

In our hands, several doses of bradykinin ranging from 0.15 to 10 µg given i.t. to male, Sprague
Dawley rats elicited immediate but transient bouts of hyperactivity and escape behaviors that
lasted less than 30 sec, and normal behavior returned within one min (Chen and Porreca,
unpublished observations). Spinal bradykinin did not alter behavioral responses to either tactile
stimuli elicited by von Frey filaments, or to noxious thermal stimuli using noxious radiant heat
or hot-plate test. Therefore, whether spinal bradykinin receptors contribute to pain and
hyperalgesia due to their activation by kinins remains to be clarified.

Both bradykinin B1 and B2 receptors are primarily coupled to the phospholipase C (PLC)
pathway via Gq/11 resulting in the mobilization of intracellular calcium by inositol
trisphosphate. The activation of calcium influx by dynorphin via the bradykinin receptors as
seen in the F-11 cells is not due to the PLC pathway and is not sensitive to PKC inhibitors
[19], suggesting that dynorphin and bradykinin induce different coupling mechanisms via the
bradykinin receptor. Our observation that dynorphin A activation of calcium influx via
bradykinin receptors is blocked by the PKA inhibitor, H89 [19], links this function to the cAMP
pathway, where the downstream effectors may be the phosphorylation activation of the L-type
and P/Q type channels.

The pathophysiological relevance of the agonist action of dynorphin A at the
bradykinin receptors

The agonist activity of dynorphin A at bradykinin receptors is a possible mechanism for the
pronociceptive actions of dynorphin A based on the following considerations. First,
prodynorphin and bradykinin receptors are both localized to the superficial laminae of the
dorsal horn of the spinal cord making potential interactions between the two anatomically
feasible. Second, bradykinin receptors are localized to small diameter DRG neurons that
express substance P or CGRP; the receptors’ distribution is relevant to dynorphin A’s
enhancing effect on neuropeptide release from the central terminals of the primary afferent in
spinal cord tissues[14]. Third, activation of bradykinin receptors activates sensory neurons.
Fourth, the calcium channels that are modulated by dynorphin A via the bradykinin receptors
are associated with neuronal excitability and transmitter release.

Indeed, transient hyperalgesia induced by the intrathecal administration of the non-opioid
fragment, dynorphin A(2–13), was blocked by intrathecal HOE140 [19] suggesting that spinal
B2 receptors are essential for the pronociceptive actions of spinal dynorphin. In neuropathic
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rats, both HOE140 and a B1 receptor selective antagonist, des-Arg9Leu-bradykinin (DALBK),
acutely reversed neuropathic pain states when given intrathecally, seen about a week after nerve
injury. At the earlier time points (first 4 to 6 days), however, the antagonists had no significant
effect. This delayed effect of bradykinin receptor antagonists correlated with the time course
of the upregulation of spinal dynorphin but not with changes in expression of bradykinin
receptors. An important consideration is that there is no evidence for de novo synthesis of
bradykinin precursors in the spinal cord either in control rats or nerve injured rats. The data
support the postulation that activation of spinal bradykinin receptors promotes pain, and they
are likely activated by dynorphin when the latter is present in elevated concentration. Elevated
concentrations of spinal dynorphin may also enhance its opioid activity at the kappa opioid
receptors as proposed by Xu et al[57], showing that transgenic mice that lack kappa opioid
receptors exhibited enhanced hyperalgesia upon injury when compared to that of injured wild-
type mice. The enhanced opioid activity, however, is insufficient to counter the peptide’s non-
opioid, pronociceptive actions.

Future directions
Despite the in vitro and in vivo evidence stated above, many questions remain regarding this
putative binding site for dynorphin at the bradykinin receptors. First and foremost is the
apparent moderate affinity of dynorphin for the bradykinin receptor based on indirect
competitive binding analysis, which raises the issue about the specificity of this interaction in
vivo, and whether a low affinity agonist has physiological relevance. In principle, having a
moderate affinity for the bradykinin receptor is consistent with the pronociceptive action of
dynorphin only upon its elevated production in the spinal cord upon an injurious insult, such
that dynorphin’s action at spinal bradykinin receptors does not occur under normal,
physiological conditions but is promoted by an overabundance of dynorphin. Thus, dynorphin
may be considered a “pathogenic” endogenous ligand for bradykinin receptors [2]. This
concept, however, raises a second question of whether the extent of upregulation of spinal
dynorphin in vivo is sufficient to directly activate bradykinin receptors. Third, our data show
that dynorphin activates the bradykinin receptor to stimulate voltage gated calcium channels;
this is different from the action of bradykinin, which primarily stimulates the coupling of the
B2 bradykinin receptor to phospholipase Cβ via Gαq/11. The differential coupling induced by
dynorphin and bradykinin suggests that the two peptides may occupy the receptor in different
manner to induce two distinct functional receptor conformations.

The distinct signaling pathways activated by bradykinin and dynorphin, perhaps indicative of
their structure-activity relationship, raise the possibility that dynorphin may bind to a distinct
or allosteric site from that for bradykinin. Strategies that give a direct measure of dynorphin’s
affinity are necessary to address the issue of its affinity and specificity at the bradykinin
receptors, as well as a comparative analysis of the binding of dynorphin versus bradykinin at
the same receptor. Ultimately, the pathophysiological relevance of this interaction between
dynorphin and bradykinin receptors will be ascertained by identifying bradykinin receptor
antagonists that are designed based on the structure of dynorphin and can block the actions of
dynorphin at the bradykinin receptors in vitro and in vivo. Their effect on the pronociceptive
actions of spinal dynorphin, either by intrathecal administration of dynorphin, or by elevated
spinal dynorphin after injury, will establish whether this binding site of dynorphin at the
bradykinin receptor is necessary for abnormal pain. The validation of bradykinin receptors as
a non-opioid site of action of dynorphin will represent an important breakthrough in elucidating
the mechanisms of the excitatory and pronociceptive actions of dynorphin in pathological pain
states. Furthermore, antagonists of bradykinin receptors that selectively block the action of
dynorphin but not that of endogenous bradykinin may be effective against abnormal pain states
without disrupting the normal physiological actions (e.g., cardiovascular) of bradykinin.
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Figure 1.
Dynorphin A(1–17) is a major proteolytic fragment from the precursor peptide, prodynorphin.
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