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Abstract

Notable findings point to the significance of the dynorphin peptide neurotransmitter in chronic
pain. Spinal dynorphin neuropeptide levels are elevated during development of chronic pain.
Importantly, knockout of the dynorphin gene prevents development of chronic pain in mice, but
acute nociception is unaffected. Intrathecal (IT) administration of opioid and non-opioid
dynorphin peptides initiate allodynia through a non-opioid receptor mechanism; furthermore, anti-
dynorphin antibodies administered by the IT route attenuate chronic pain. Thus, this review
presents the compelling evidence in the field supporting the role of dynorphin in facilitating the
development of a persistent pain state. These observations raise the question of the control
mechanisms responsible for the upregulation of spinal dynorphin leading to chronic pain
development. Also, spinal dynorphin regulation of downstream signaling molecules may be
implicated in hyperpathic states. Therapeutic strategies to reduce spinal dynorphin may provide a
non-addictive approach to improve the devastating condition of chronic pain that occurs in
numerous human diseases.

Keywords
Dynorphin; chronic pain; neuron; glia; spinal cord; secretory vesicles; spinal ganglia

l. INTRODUCTION

An acute, high intensity, potentially tissue injuring stimulus will activate well-characterized
afferent circuits to generate a pain state. This pain state is characterized by a constellation of
physiological responses (autonomic, hormonal and motor withdrawal/escape), and
accompanied by a psychological state possessed of a negatively reinforcing component,
revealed by escape behavior and verbal report. In the face of tissue injury and inflammation,
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there is the development of an ongoing pain, which typically resolves over days to weeks in
parallel with wound healing. It is increasingly appreciated that in many instances, resolution
of injury and inflammation may not lead to a resolution of the pain state (1, 2). In this
manner there appears to be a functional similarity of persistent inflammation with nerve
injury, which leads to enduring changes in function and a persistent or chronic pain state.

This development of a chronic pain state is a matter of major public health concern. There is
a high prevalence of chronic pain in the population with estimates ranging from 11% to over
50% (3, 4) and a higher instance among the economically disadvantaged and women (3, 5).
Decades of studies have led to the conclusion that chronic pain is not simply a persistence of
the nociceptive processing that occurs with an acute high intensity stimulus (Fig. 1, 2), but
arises from secondary adaptations in the somatosensory system that persist after the
initiating nerve injury or inflammatory condition resolves (6, 7) (Figure 3). Rodent models
have been established to mimic the underlying pathologies arising secondary to persistent
inflammatory conditions and nerve injury, and to define these changes in functional systems
responsible for behavioral manifestations that characterize the pain state observed in humans
(8,9).

This review compiles evidence that dynorphin, an endogenous opioid peptide
neurotransmitter (neuropeptide), participates as a key factor in the transition from the acute
pain condition to the chronic pain state through unique non-opioid spinal mechanisms.
Findings in the field that illustrate the role of spinal dynorphin in chronic pain development
have been under-appreciated. This review, therefore, highlights the salient scientific data that
provide strong support for involvement of dynorphin in chronic pain. The observed
upregulation of spinal dynorphin in chronic pain indicates that that dynorphin biosynthesis
intervenes critically in the neural circuitry of chronic pain, together with proinflammatory
and related factors in chronic pain. The current knowledge about the neurobiology of spinal
dynorphin in chronic pain supports a dynorphin targeted gene silencing strategy to block
dynorphin upregulation as a rational drug approach for the treatment of chronic pain,
without addiction.

II. SPINAL NEUROBIOLOGY OF CHRONIC PAIN IS DISTINCT FROM ACUTE
PAIN

Heuristically, a pain state, as defined by the behavior of the organism, may be generated by
three general classes of events: (1) events evoked by an acute and potentially injurious high
intensity stimulus, (2) events secondary to tissue injury and inflammation and (3) events
secondary to nerve injury. In the following paragraphs, we will provide a brief overview of
the associated mechanisms.

1. Acute pain

An acute high intensity stimulus will generate an acute pain state, the magnitude and
duration of which coincides with the site, time course, and intensity of the stimulus. The
essential underlying mechanism is the activation of populations of high threshold sensory
afferents (Ad/C afferent) with the frequency of discharge increasing monotonically with
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increasing stimulus intensity. This acute afferent traffic provides excitatory input mediated
by the release of glutamate in populations of dorsal horn neurons lying superficial in the
dorsal horn (lamina I: marginal layer) and the distal dendrites of more deeply lying dorsal
horn neurons (Lamina V) (figures 1 and 2). These deep neurons also receive convergent
input from large low threshold afferents. Thus, these cells respond with increasing frequency
over a wide range from low (innocuous) to high intensity (noxious) and are referred to as
wide dynamic range neurons. (10, 11).

2. Post tissue injury pain

Should the application of the stimulus persist, tissue injury will occur. The associated pain
states display a characteristic behavioral phenotype: i) an ongoing pain state in the absence
of the initiating stimulus (dysesthesia); ii) a low intensity stimulus (allodynia); iiii) an
enhancement of the pain behavior initiated by a moderately intense stimulus (hyperalgesia);
iv) pain referred to dermatomal areas distant to the injury (extraterritorial pain). The
associated pain state will parallel the time-course of stimulus application and wound healing,
often days to weeks. (9, 12). Mechanistically, the ongoing sensation following the injury
reflects ongoing afferent input generated by the release of proinflammatory products
proximal to the site of injury, which act upon eponymous receptors present on the terminals
of the small high threshold afferents (13). The enhanced response of the organism to a
stimulus applied to the injury site (1° hyperalgesia) is a result of the phosphorylation of
channels and receptors by kinases at the afferent nerve terminal and the initiation of a variety
of subsequent adaptive changes that facilitate neural responsiveness to subsequent
stimulation. These adaptations involve neuronal and glia reorganization of spinal circuits in
the spinal dorsal horn (SDH) and the dorsal root ganglia (DRG), and have been termed
“central sensitization” (14, 15). Central sensitization leads to a long-term potentiation (LTP)-
like synaptic strengthening leading to an enhanced activation of spinal sensory projection
neurons (16). This central sensitization state involves activation of spinal glia and neurons to
release excitatory and neuroinflammatory factors into the DRG and SDH (illustrated in
figure 3). As primary afferents display extrasegmental collateral projections in to the dorsal
horn (17), enhanced excitability of 2@ order neurons in a given segment may increase the
responsiveness of these neurons to primary collateral inputs. In this case, these neurons may
now be driven by afferent input from adjacent, non injured dermatomes and provide a
mechanisms of a pain state being driven by input from an adjacent non-injured region (e.g.
2"d hyperalgesia or allodynia) (18).

3. Nerve injury evoked pain

Anomalously, injury to the nerve (as in a mononeuropathy) or the distal terminals (as in a
polyneuropathy) can lead to chronic changes characterized by an ongoing pain state
(dysesthesia) and an enhanced response to an otherwise innocuous, typically mechanical,
stimulus (e.qg tactile allodynia) (6). The underlying mechanisms of these changes in
processing may be broadly summarized in terms of the appearance of ongoing afferent
traffic arising from the neuroma formed at the nerve injury site and from the dorsal root
ganglion of the injured axon. The mechanical sensitivity is believed to be mediated by large
low threshold mechanically sensitive primary afferents (Ap). The appearance of ectopic
activity in the afferent after injury reflects the large scale increase in the expression of
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channels (e.g. sodium and calcium) and receptors (e.g., adrenergic, TNF) in the neuroma and
DRG and the migration of inflammatory cells into the DRG and dorsal horn (19, 20). In the
spinal dorsal horn, massive and persistent activation of glia (astrocytes and microglia) are
noted (21, 22). Clinically, the neuropathic state displays important differences in their
pharmacological management as compared to inflammatory pain states (23).

4. Chronic pain states - A convergence of tissue and nerve injury mechanisms

In contrast to the acute phase after tissue injury and inflammation, evidence has evolved
suggesting that pain states may evolve that persist after the resolution of the original injury
state (1, 2). Thus, in animal models of persistent inflammation (24, 25) there is a hyperpathic
state that parallels the inflammation. However after resolution of the inflammation, the
hyperpathia remains. Importantly, the early, but not late phase hyperpathia, is sensitive to a
variety of anti-inflammatory agents. In the late phase however, agents with efficacy in the
neuropathic facilitated state remain active. This observation corresponds with the lack of
covariance in arthritic patients between pain and the state of joint inflammation (26, 27).
There is now a growing appreciation that in the face of injury states, such as in arthritic pain
(28), reorganization of mechanisms leading to a chronic pain state occur in combination with
mechanisms that converge with those observed in the face of nerve injury.

lll. EVIDENCE FOR THE KEY ROLE OF SPINAL DYNORPHIN IN THE
DEVELOPMENT OF CHRONIC PAIN

Extending from the general principles outlined above, we now consider the potential role
played by dynorphin in the systems underlying the evolution of a persistent pain state.

Upregulation of spinal dynorphin
Findings in the pain research field have demonstrated strong evidence supporting the
hypothesis that upregulation of dynorphin occurs in spinal pain processing cells as a critical
event in the transition to chronic pain. First, increases in spinal dynorphin occur in chronic
pain models of nerve injury and inflammation (29-32) (discussed in more detail below),
consistent with elevated dynorphin in CSF of cohorts of chronic pain patients (33, 34) and in
polyarthritic rats (35, 36). During elevated spinal dynorphin in rodents caused by nerve
injury and peripheral inflammation, elevation of spinal preprodynorphin (PPD) gene
expression occurs approximately 4 days following injury, and persists while the chronic pain
state is maintained from weeks to months after injury (29, 30). Increased spinal levels of the
active dynorphins A and B occur in several chronic pain models of nerve injury and
inflammation (Table 1) together with the adaptations leading to chronic pain, occurring 5-7
days following injury. The elevated dynorphins persist while chronic pain sensations are
elevated, occurring up to several months (30, 37, 38). Elevated dynorphin expression is also
reported in the DRG (39, 40). Because primary afferents innervate neurons and glia in
Lamina | and Il in the SDH, this source of spinal dynorphin may additionally contribute to
the elevated levels of dynorphin neuropeptides in the SDH that cause phenotypes initiated by
peripheral nerve injury and inflammation (Figure 3). Furthermore, a single intrathecal (IT)
spinal delivery of opioid (e.g. Dyn 11-17) and non-opioid dynorphin (e.g. des-Tyr-Dyn
1-17) peptides in rodents induces a robust allodynia lasting more than 45 days ((41, 42),
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Table 2B), mimicking the behavioral phenotype of nerve injury and inflammation models.
Thus, IT dynorphin increases extracellular spinal dynorphin and, thereby, facilitates chronic
pain development (41, 43).

Reduction of dynorphin attenuates chronic pain development

Key experiments testing the hypothesis that spinal dynorphin upregulation is essential for
development of chronic pain have used strategies to deplete dynorphin /7 vivoin animals
prepared with a mononeuropathic injury. Knockout of the prodynorphin (PPD) gene results
in mice that do not show chronic pain behaviors following nerve injury (> 7 days), but have
similar acute pain responses to that in wild-type mice (31). Also, in nerve-injured rodent
strains that lack dynorphin upregulation (44, 45), there is no chronic pain phenotype. In
further agreement with these data, intrathecal (IT) delivery of anti-dynorphin A (Dyn A)
antibodies diminishes pain hypersensitivity (37, 44). These findings demonstrate that
elevation of spinal dynorphin is a key factor participating in the development of chronic
pain.

IV. SPINAL INTRATHECAL DYNORPHIN PHARMACOLOGY
DEMONSTRATES A NON-OPIOID MECHANISM IN CHRONIC PAIN

Intrathecal dynorphin displays a non-opioid mechanism in chronic pain development

Behavioral pharmacology investigations into spinal receptor systems of dynorphin peptides
have revealed evidence for multiple receptors through which dynorphin mediates spinal
nociceptive processing. These studies were conducted at times corresponding to short-term
acute (< 2 days) and long-term chronic pain (> 2 days) (Table 2). In studies of short-term
pain responses, intrathecal (IT) spinal administration of dynorphin peptides during thermal
hyperalgesia resulted in modulated nociceptive responses involving the k-opioid receptor
(KOR) and the bradykinin (BK) receptor (45-47) (Table 2A). It is of interest to note that
Dyn A and Dyn B produced analgesia through KOR based on blockade by the antagonist
naloxone. But IT administration of the N-terminally modified des-Tyr-Dyn A-(2-13) resulted
in hyperalgesia that was blocked by an antagonist to the BK receptor (45-47).

In long-term studies, the effects of a single IT administration of dynorphin peptides on von
Frey induced tactile allodynia was assessed in naive mice and mice subjected to chronic pain
(Table 2B). In naive rats, IT Dyn A(1-17) and Dyn A(1-13) produced allodynia that was
blocked by an antagonist to the NMDA receptor. These long-term effects of IT dynorphins
were not affected by naloxone, indicating a non-opioid mechanism that does not involve
KOR (41, 42). In mouse chronic pain models (spinal nerve ligation (SNL) and CFA paw
inflammation) the developed hyperalgesia was blocked by antagonists to the bradkykinin
receptor when there is a sustained elevation of spinal dynorphin during maintenance of
neuropathic pain (45, 46). These findings suggest non-opioid dynorphin mechanisms
occurring in chronic pain development.

Dynorphin pharmacology: variant sensitivities and effects

Dynorphin was first identified by Goldstein and colleagues (48, 49) as a novel porcine
pituitary peptide containing the sequence for Leu-enkephalin (Figure 4A) (50). Dynorphin
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interacted with a naloxone-sensitive opioid receptor having k-opioid characteristics (51).
Early work showed x-opioid receptor (KOR) activation by various benzomorphans
suppressed contraction in ex vivo bioassays (52) and reduced nociceptive processing /n vivo
after systemic (53) and spinal (54, 55) delivery.

In spite of evidence supporting the association of dynorphin as an agonist at the KOR (56,
57) (i.e. reversible by naloxone and KOR specific antagonists, Table 2A) associated with the
actions of non-peptides delivered IT (e.g. U50,488, MR 1452, or ethylkeotcyclazocine),
spinal IT delivery of dynorphins has complex effects (54, 55). Among these findings,
interpretation of analgesic actions of spinal IT delivered dynorphin peptides in behavioral
pain assays relying on reflexive movement away from a noxious stimulus are confounded by
reports of prolonged motor dysfunction (58, 59). Two studies utilized vocalization in
response to an electrical shock applied to the tail as an alternative assessment of Dyn
A(1-13)-mediated analgesia that does not rely on movement (60, 61). These studies reported
a transient Dyn A-mediated analgesia up to one hour that was reversible by a KOR
antagonist (60). But studies of IT des-Tyr-Dyn A showed short-term hyperalgesic responses
that were not naloxone reversible (Table 2A) (62, 63).

Excitatory actions of dynorphins

Single unit recording in the dorsal horn frequently showed both excitation and inhibition
with dynorphin that were naloxone insensitive, in contrast to suppressant effects produced
by x-opioid agonists (64). These observations suggested excitatory effects of spinal
dynorphin, leading to an apparent neurotoxicity (65, 66), which supported the notion that the
dynorphin peptide could exert a paradoxical excitatory effect upon neuronal function in
general and spinal activity in particular (46, 67, 68). Similar findings in other studies (Table
2) showed that spinal IT delivery of des-Tyr-dynorphins caused acute hyperalgesia through
NMDA-R (67), and these actions were not reversible by an antagonist of KOR. Surprisingly,
big dynorphin, which is an intermediate precursor of Dyn A and Dyn B containing the entire
sequence for both peptides, has potent excitatory activity at the NMDA-receptor but is not
naloxone reversible (62, 63).

Potential mechanisms mediating paralysis and neurotoxicity have also suggested paradoxical
excitatory effects through KOR and NMDA-R (69). Dyn A(1-13) causes extracellular
release of excitatory amino acids through both receptor systems, although a more prominent
mechanism of dynorphin-induced neurotoxicity and necrosis in dorsal horn neurons appears
to be mediated through NMDA-R mediated release of aspartate in particular (69).

An additional excitatory component by both Tyr- and des-Tyr-dynorphin species is through
NMDA-R mediated release of prostaglandins through COX-2 activation (70). These results
indicate that the acute neurotoxic, paralytic and excitatory effects of dynorphin are complex,
and may be mediated by both KOR and NMDA-R receptor systems. Downstream effects of
IT dynorphin-induced hyperpathias are not well defined, but involve elevation of nitric oxide
(71) and proinflammatory cytokines through NF-kB transcription in persistent allodynia
(72). Furthermore, if IT dynorphin causes neuronal necrosis, and the behavioral output is
hyperalgesic, one could hypothesize that the neurons affected by elevated spinal dynorphin
are involved in an inhibitory mechanism of nociceptive processing.
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It now seems apparent that this excitatory component of the effects of endogenous
dynorphins may play an important role in the evolution of the chronic pain state (39, 73).
Studies investigating the spinal receptor systems of dynorphin in chronic pain behavior show
that a single spinal IT injection of Dyn A or des-Tyr-Dyn A produces allodynia that lasts
over 45 days and which is reversed by NMDA receptor antagonists, but not by pan opioid or
KOR preferring antagonists (41, 42). Therefore, exogenous spinal delivery of dynorphin
causes an analogous profile of chronic pain behavior as assessed in most nerve injury and
inflammation models that also show elevated spinal dynorphin levels in chronic pain
(findings summarized in Table 1), and upon which expression of dynorphin is dependent
(31). The observation that persistent abnormal pain caused by IT dynorphin is NMDA-R
antagonist reversible would support post-synaptic excitatory effects of dynorphin acting
through NMDA-R in chronic pain models. The fact that a single dose of dynorphin is
sufficient to produce long-lasting allodynia suggests the short-term release of excitatory
amino acids (69) and prostaglandins (70) may be involved in the ability of dynorphin to
cause chronic pain states after a single injection, and suggests a role for dynorphin as an
initiator of LTP-like central sensitization in chronic pain.

V. DYNORPHIN BIOSYNTHESIS BY PROTEASES IN SPINAL NEURONS AND
GLIA CELLS

Proteases for production of dynorphins

The upregulation of spinal dynorphin in chronic pain development suggests that increases in
the biosynthesis of dynorphins occur to result in elevated spinal levels. However, studies
investigating regulation of the prodynorphin processing proteases for the production of
spinal dynorphins during chronic pain development have not yet been conducted. Current
understanding of dynorphin production in brain is considered below. Spinal dynorphin
neuropeptides are present in neurons and glia cells, but the roles of neurons and/or glia cells
in producing spinal dynorphins have yet to be characterized. In addition, proteolytic
degradation may also participate in regulating the increased levels of dynorphins during
chronic pain.

Dynorphin neuropeptides are derived from the prodynorphin precursor (PDYN) by
proteolytic processing occurring largely in secretory vesicles (74—76). Dynorphins A and B,
and a—neo-endorphin (a—NE) contain the peptide sequence for the endogenous opioid Leu-
enkephalin, a 8-opioid receptor (DOR) agonist (Figure 4A). Proteases responsible for
production of dynorphin peptides from PDYN have been defined largely by protease gene
knockout studies in mice (74, 76). The cysteine protease cathepsin L and the subtilisin-like
proprotein convertases (PC1/3 and PC2) are two protease pathways (77) involved in the
production of Dyn A, Dyn B and a-NE (74, 76). The data suggest that different groups of
proteases participate in generating each of the distinct Dyn A, DynB, and a-NE
neuropeptides. In particular, production of Dyn A utilizes cathepsin L and PC1/3, whereas
Dyn B production involves primarily cathepsin L alone, and a—NE production utilizes both
cathepsin L and PC2 (74, 75) (Figure 4B). In addition, N-truncated species of Dyn A,
particularly Dyn A (2-17) (78) have activity in chronic pain development (41, 42); however,
the identity of the aminopeptidase protease(s) that remove N-terminal Tyr is not known.
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Investigation of the proteolytic processing mechanisms for generation of dynorphin
neuropeptides, as well as des-Tyr dynorphin, will provide understanding of how dynorphin
levels are increased during chronic pain development. These efforts may lead to the utility of
protease inhibitors as drug targets.

Degradation of dynorphins by proteases

Neuropeptide activities are also regulated by the proteases responsible for their degradation
(79, 80). Proteolytic degradation of dynorphins into inactive peptides may also contribute to
the chronic pain state. In the inflamed peripheral nerve in rat, inhibition of neprilysin/neutral
endopeptidase E (NPE) and aminopeptidase N (AP-N) elevated Dyn A (1-17) levels and
alleviated pain (81). Furthermore, in dorsal horn neurons, inhibition of these proteases
preserved Dyn A bioactivity at opioid receptors (82).

Dynorphin production in neuronal and glial cells

Studies have indicated that dynorphin is produced in both neuronal and glial cells within the
brain. However the relative contribution of each cell type to the synthesis of spinal
dynorphins continues to be explored.

Spinal cord tissue at the nerve injury site shows dynorphin immunoreactivity in neurons to
be upregulated at chronic pain time points (83, 84), and a time-course analysis shows
increased immunolabeling from 1-7 d.p.i. (days post injury) (85). In uninjured tissue,
prodynorphin immunoreactivity has been shown in galanin-positive, GABAergic
interneurons in lamina I/11 (86), and glutamatergic (VGLUT2+) interneurons that contact
projection neurons in lamina 111 that also express dynorphin (87). Recent evidence confirms
the role of dynorphinergic inhibitory interneurons in the SDH in chronic pain processing
(88).

Spinal astrocytes and microglia demonstrate expression of dynorphin A, dynorphin B, and
a-neoendorphin that are released upon stimulation with agonists of purinergic and toll
receptors (89) and Wahlert, Yaksh, & Hook unpublished data). Such receptors have been
implicated in chronic pain signaling (90, 91). Participation of glia type cells in chronic pain
is suggested by the finding that minocycline, an inhibitor of microglial activation (92)
substantially attenuates the upregulation of spinal prodynorphin and DRG prodynorphin
following nerve injury. This suggests that microglia activation following injury participates
in the up-regulation of dynorphin (39, 40).

Future investigation of the biosynthetic mechanisms of dynorphins by spinal neurons and
glia will reveal how dynorphin biosynthesis and metabolism may be regulated in chronic
pain development.

VI. HUMAN CHRONIC PAIN AND DYNORPHIN

Differential spinal cell-cell communication distinguishes the quality of pain experienced by
chronic pain patients compared to acute nociception. In acute injury pain (Figure 2), tissue
injury or inflammation lowers nociceptive threshold because of the presence of
inflammatory and excitatory factors released from responding cells at the injury site, but the
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pain threshold is restored as the injury heals. Persistent, chronic pathological pain
transmission involves long-lasting alterations in primary sensory neurons, DRG, and spinal
cord neurons and glia that continue to transmit a pain signal in absence of a nociceptive
stimulus (Figure 3). Changes that occur among spinal pain processing cells of human tissues
are investigated in detail in animal models of nerve injury and peripheral inflammation (93).
Combined with discovery of genetic susceptibilities to chronic pain in humans and analysis
of potential fluid biomarkers, modern drug discovery approaches hold promise for the
development of new treatments for chronic pain that circumvent the addictive potential of
many current analgesics. Investigations of chronic pain in patients and in animal models are
providing insight into new drug targets and the underlying mechanisms of chronic pain
treatment, including the conributions of dynorphin.

Dynorphins in human chronic pain

Thus far, two studies in cohorts of cancer pain (34) and fibromyalgia (33) have identified
elevated dynorphin in lumbar CSF. This observation is consistent with the observations of
elevated dynorphin in a mouse model of chronic pain (spinal nerve ligation, SNL, model)
described in this review. These data suggest animal model studies to be representative of
human chronic pain development. More detailed studies of dynorphin regulation in human
chronic pain will be needed understand its human neurobiology.

One important question to assess is the role of human proteases for producing human
dynorphins from prodynorphin. The mouse protease gene knockout studies confirm the
involvement of cathepsin L in the production of dynorphin peptides (74). But analysis of the
human genome revealed that cathepsin V and cathepsin L are closely related homologues,
suggesting a potential role for cathepsin V in the biosynthesis of human dynorphins (94, 95).
The cathepsin V gene is present only in humans and no orthologues have been found in
other mammalian or other species. Notably, human cathepsin V is capable of processing
proenkephalin to active enkephalin neuropeptides in human neural cells (96). It will,
therefore, be important to define the roles of human cathepsin V compared to human
cathepsin L in processing prodynorphin to generate active dynorphin neuropeptides.

Transient potential receptors (TRP)

The pronociceptive action of dynorphin A has been found to involve the transient receptor
potential ankyrin channel (97), and such ion channels have been investigated in human pain
conditions. Human nerve biopsies show changes in cation channel expression in injured
nerves. The heat and pain-sensing channel TRPV1 is upregulated in such patients (98).
Deletion of the TRPV1 gene in mice reduces spinal glia activation related to pathological
pain (99); a receptor antagonist produced similar effects (100). The heat-sensing cation
channel TRPV3 is upregulated in human neuropathic nerves, but down-regulated in DRG
(98). TRPV3 knockout mice show diminished heat sensation (101), suggesting a role for
TRPV3 in abnormal thermal sensation in chronic pain (102). TRPMS, a cold and touch-
sensing channel is decreased in neuropathic human nerves (98). TRPM8 knockout mice
show decreased cold sensitivity (103).. These data demonstrate the role of TRP ion channels
in human nerve injury and chronic pain.
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Regulation of inflammatory responses

Dynorphin induced allodynia involves cytokines in rodent models of neuropathic pain (72,
104). Notably, evidence for cytokine mechanisms in human pain conditions has also been
found. IL-1B, a proinflammatory cytokine, is elevated in patients with neuropathic pain
(105). IL-6 is upregulated in human and rat neuropathic nerves (105, 107), and in CSF of
human CPRS (106) (complex regional pain syndrome) as well as in serum of nerve-injured
rats (108);, gene knockout of I1L-6 attenuates allodynia in the SNL mouse model (109).
Monocyte chemoattractant protein-1 (MCP-1), a biomarker for human CRPS, is also
upregulated in rats (108, 110). The cytokine TNFa is elevated in spinal cord of human
inflammatory neuropathy (105). Such increases in TNFa are also found in nerve-ligated rats
(111, 112). These findings support the role of inflammatory factors in chronic pain.

Spinal glia cells

Glia cells have classically been assessed for adopting an “activated” state, producing and
releasing proinflammatory and excitatory factors that are correlated with expression with
cell-specific protein “markers.” GFAP is classically used to identify activated astrocytes, and
it is upregulated in the SDH of neuropathic pain in humans (113) and rat (114). The
microglia marker CD68 is upregulated in human and rat DRG (115, 116), supporting the
contribution of microglia to neuropathic pain. Following SNL in rats, minocycline, which
prevents activation of microglia to the proinflammatory state, results in attenuation of
chronic pain (117).

Cyclooxygenase-2 (COX-2) and enzymes that produce proinflammatory prostaglandins are
elevated in human spinal microglia in the nerve injury and in the persistent pain condition
(118). Moreover, COX-2 knockout mice show decreased allodynia and hyperalgesia (119).
COX-2 inhibitors have been utilized to treat mild to moderate pain and inflammation. These
findings indicate that COX-2 inhibitors may reduce the spinal glia inflammatory response in
chronic pain.

Purinergic receptors are ligand-gated ion channels that have a substantial role in chronic pain
development and are linked to release of IL-1p (120). In human DRG, P2X7 receptor levels
are elevated and co-localizes with satellite glia cells and Schwann cells (121). Furthermore,
knockout of the P2X7 gene in mice abolishes chronic neuropathic pain (121). Activation of
the P2X receptor stimulates the secretion of dynorphins from spinal astrocytes in primary
culture (74). It will be of interest to investigate the role of P2X7 receptors in dynorphin
regulation in human chronic pain

Single nucleotide polymorphisms (SNPs)

SNPs identified by genomic association studies in chronic pain patients are contributing to
understanding molecular mechanisms of chronic pain. Two SNPs in genes encoding a
voltage-gated sodium channel elevating nociceptor transmission are associated with chronic
widespread pain syndrome (CWPS (122)) and erythromelalgia (123). Antagonist of
Na(Vv)1.7 studies in nerve-injured mice showed reversal of allodynia (124). A SNP in the
KCNJ6 (GIRK2) gene that encodes in inward rectifying potassium channel that couples with
K-OR is associated with chronic low back pain.
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Monoamine and catecholamine transmission is linked to enhanced descending facilitation of
chronic pain (125). A SNP in the HTR2A serotonin receptor is associated with human
CWPS (126) indicating a higher risk with the HTR2A gene variant. Catechol-O-Methyl
Transferase (COMT) is an enzyme that inactivates dopamine, epinephrine, and
norepinephrine. A SNP in COMT, linked to fibromyalgia (127; 128), results in lower
activity, increasing the half-life of catecholamines. In the rat SNL mode, a COMT inhibitor
reduces development of neuropathic (129).

While dynorphin levels are elevated in CSF in chronic pain patients (33, 34), so far no SNPs
in PDYN have been identified. But PDYN SNPs have been identified that are associated
with addiction (130), and schizophrenia (131).

Chronic pain in male compared to female patients

Gender differences in chronic pain have long been reported in human patients (133), with
women experiencing chronic pain at a higher rate than men. Thus, there is Increasing
emphasis on the inclusion of both females and males in animal studies of chronic pain
models (132). Interestingly, female rodents show lower pain thresholds to noxious stimuli
and lower stress-induced analgesia than male rodents (134). Estrogen derivatives modulate
CNS processing of chronic pain (135, 136), and female mice have slower nerve regeneration
at the injury site and more reactive gliosis in the SDH than male mice. Furthermore, the
administration of sex steroids in studies of pain responses can influence levels of spinal
dynorphin (135, 137). Women respond differently to opioid treatments for chronic pain
conditions, experiencing higher rates of opioid-induced hyperalgesia (OIH) than men (134).
Evidence for dynorphin modulation of the gender-specific responses to morphine has been
provided as part of a growing body of studies describing gender differences in pain and
analgesia (138; 138)

VII. THERAPEUTIC PERSPECTIVE FOR DYNORPHIN IN THE TREATMENT
OF CHRONIC PAIN

The evidence presented here support a key role for dynorphin in chronic pain development.
Because prodynorphin gene knockout mice do not develop hyperpathic pain responses
during the chronic pain phase after nerve injury (31), and spinal IT delivered anti-dynorphin
antibodies attenuate allodynia and hyperalgesia in chronic pain models (31, 37), lowering
dynorphin levels is a logical approach for development of drugs to treat chronic pain. The
clinical detection of elevated dynorphin levels in CSF of chronic pain patient cohorts,
fibromyalgia (33) and cancer pain (34), supports the hypothesis for targeting dynorphin to
ameliorate chronic pain development. Therefore, strategies to block spinal dynorphin
upregulation will be important for development of effective therapeutic agents to alleviate
chronic pain without the addictive liability of current medications used for chronic pain
treatment.

Targeting dynorphin by gene silencing approaches for alleviation of chronic pain has several
predicted advantages that differ from existing clinical drugs, as well as those in clinical
trials, for treating chronic pain. The opiates, NSAIDS, and anticonvulsant drugs can relieve
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pain for short periods of time, but they are considerably less effective for chronic pain
treatment which requires frequent medication beset with the problems of addiction and
severe side effects of Gl distress and respiratory problems.

Among patients with severe chronic pain, morphine and ziconotide medications are given by
intrathecal (IT) administration into the spinal cord. But these pain medications have limited
efficacy and cause significant side effects. A further issue and limitation in the use of the
spinal route for administration of morphine and ziconotide is that continued analgesia
requires continuous delivery of these agents, meaning that the patient must endure a chronic
catheter and pump implant. This clearly restricts the population to be aided by the IT route
with morphine or ziconotide.

Two agents currently in clinical trials are resniferotoxin (targeting the TRPV1 receptor) and
substance P saporin (targeting the NK1 bearing spinal pain transmitting neuron). Both
candidate agents are neurolytic and lead to an irreversible loss of neurons. While this may be
appropriate for late stage terminal patients, the issue of neuronal cell death will restrict use
of these agents in chronic pain patients.

These drugs are in contrast to a dynorphin gene silencing approach which may provide long
durations of actions (e.g., weeks to months) without loss of neuronal cells necessary for
normal functions (151, 152). This feature is relevant to broad populations of chronic pain
patients for long-term treatment.

In summary, future discovery of anti-dynorphin targeted strategies will be of significant
interest for development of efficacious agents, without addiction, for the treatment of
chronic pain.
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Summary Points

Spinal dynorphin is a key peptide neurotransmitter (neuropeptide) responsible
for development of chronic pain.

Spinal dynorphin is upregulated during the development of chronic pain, and
chronic pain is blocked by mouse gene knockout of prodynorphin, the pro-
neuropeptide precursor of active dynorphin neuropeptides.

Acute pain processing is not affected by prodynorphin gene knockout in mice,
indicating the distinct role of dynorphin in chronic pain but not acute pain.

Elevated cerebrospinal fluid levels of dynorphin are found in human chronic
pain patients.

Upregulation of dynorphin is accompanied by a change in receptor
pharmacology, switching from an inhibitory, endogenous opioid role to an
excitatory non-opioid role.

Elevated dynorphin during chronic pain is hypothesized to involve protease
biosynthetic mechanisms to convert prodynorphin into active dynorphin
neuropeptides.

A rational therapeutic approach for the treatment and likely prevention of
chronic pain is to reduce spinal dynorphin neuropeptides.
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Future Issues List

1. Design therapeutic strategies to reduce spinal dynorphin levels to prevent
chronic pain development, for a non-addictive approach in the treatment of
chronic pain.

2. Evaluate prodynorphin gene knockout in multiple animal models of chronic pain
development.

3. Determine protease mechanisms for upregulation of spinal dynorphin in neurons
and/or glia cells during chronic pain.

4. Determine whether endogenous spinal des-Try-dynorphin participates in chronic
pain, since IT des-Tyr induces chronic pain.

5. Evaluate prodynorphin gene knockout and spinal dynorphin during chronic pain
in male and female mice.
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Inset area (Figures 2,3)

Pain input

Ventral

Spinal cord

Figure 1. Anatomical regions of ascending pain processing via the spinal cord
Pain information from a noxious peripheral stimulus travels along the nociceptor afferent

(red line) into the primary sensory neuron soma, located in the Dorsal Root Ganglion (DRG)
adjacent to the spine. The primary sensory neuron then synapses onto the sensory lamina
(1/11) of the Spinal Dorsal Horn (SDH). Here, interneurons will modulate pain signals and
synapse onto projection neurons in lamina I1l. This neuron integrates information from
spinal cells in lamina I and I1, decussates in the spinal cord to the contralateral spinothalamic
tract (orange line) and sends pain information to somatosensory areas of the brain. Details of
the inset area in short-term and chronic pain states are illustrated in Figures 2 and 3.
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Figure 2. Short-term post-injury pain processing involves spinal glial and neuronal cells

In acute pain processing, nociceptive information (red line) travels from the peripheral nerve
ending into the primary sensory neuron cell soma (yellow) in the DRG. Excitatory factors
(e.g. K+, ATP, substance P) are released from the cell soma, and the immediate area is
modulated by chains of Satellite Glial Cells (SGCs, green) surrounding the neuron cell
soma, which responds to these factors through cognate receptors. In turn, SGCs can further
release excitatory factors (e.g. IL-1B, TNFa) propagating primary sensory neuron
transmission of glutamate, dynorphin, and other transmitters (147) into the sensory lamina
of SDH of the spinal cord. Endogenous opioid peptides are released from inhibitory
interneurons (pink) and excitatory interneurons (red). Primary afferents are modulated
presynaptically through inhibitory opioid receptors, including KOR (86, 148). GABAergic
interneurons and glutamatergic interneurons express dynorphin (86, 88, 148). These
interneurons will integrate signals onto the lamina 111 projection neurons (orange).
Astrocytes (purple) express KOR and modulate the synaptic environment, maintaining
homeostasis. Microglia (blue) are ramified and surveillant in the SDH, with no critical role
in acute pain processing established to date.
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Figure 3. Chronic pain processing involving spinal glial and neuronal cells
In chronic pain processing, activated glia and neurons release excitatory and inflammatory

factors into the extracellular environment of the DRG and SDH causing “central
sensitization,” persistent hyperexcitability of neurons (BDNF, substance P, nitric oxide,
glutamate, CGRP, altered ion channel composition on neurons leading to facilitated
depolarization) (14, 15). Continued input from the injured nerve activates DRG neurons
(yellow), which increase synaptic release of excitatory and inflammatory transmitters (ATP,
substance P, nociceptin, cytokines, chemokines, nitric oxide) (147). SGCs (green)
persistently release excitatory neuropeptides (substance P, CGRP) and inflammatory
molecules (e.g. IL-1B) (147) and have altered membrane conductance. Together, this
produces an allodynic phenotype. C1q+ cells (white) proliferate in the DRG and induce
substantial dynorphin upregulation (39). In the SDH, synaptic inhibition by inhibitory
interneurons (pink) is additionally lost (149), and excitatory interneurons (red) increase
glutamate release onto projection neurons (orange) (16). Glial cells play a strong role in
chronic pain processing by proliferating) and releasing inflammatory chemokines, cytokines
and excitatory neurotransmitters which affect synaptic activity of spinal neurons (15). The
altered extracellular environment in chronic pain processing in the sensory lamina leads to
central sensitization of lamina 11l projection neurons, amplifying pain signals (16). These
findings demonstrate that spinal neurons and glia participate in chronic pain processing.
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Figure 4. Bioactive dynor phin peptides are derived from the prodynor phin precur sor
(A) Dynorphin neuropeptides. The primary sequences of the dynorphin neuropeptides are

shown. They share the sequence of Leu-enkephalin (red).
(B) Protease processing of prodynorphin to generate active dynorphins. Proteases that

participate in converting prodynorphin to generate dynorphin A, dynorphin B and a-
neoendorphin are illustrated, based largely on protease gene knockout studies (74, 76, 150).
The differential utilization of cathepsin L and the proprotein convertases (PC1/3 and PC2) to
generate each of the dynorphin species — dynorphin A, dynorphin B, and a-neoendorphin —

are illustrated.
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Upregulation of Spinal Dynorphins in Chronic Pain
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Pain Model Phasel, Acute Pain Phasell, Chronic Pain (Hyperpathic) | References
(Prehyperpathic)
Nerve Injury Models
L5/L6 Spinal Nerve Ligation, mouse No change compared to sham * Dyn A(1-17) (31)
4 Dyn B(1-13) (37)
Lamina 1,11,V (32)
Chronic Constriction Injury of the Sciatic No change compared to sham + Dyn A(1-8) (38)
Nerve, rat
Sciatic Cryoneurolysis, rat No change compared to sham 4 Dyn * Dyn A(1-8) (84)
Lamina l, Il, V
Inflammation M odels
Carrageenan in paw, rat No change compared to sham 4 Dyn * Dyn A(1-8) (30)
No change- Dyn B (1-13) (32)
Freund’s Adjuvant in paw or tail, rat No change compared to sham 4+ Dyn * Dyn A(1-8) (139)
* Dyn A(1-17) (140)
Mycobacterium in paw or tail, rat No change compared to sham 4 Dyn * Dyn A(1-8) (139)
4 Dyn A(1-17) (140)
4 Dyn A(1-13) 823
t -
Dyn A(1-17), Lam /1l (143)

* aNeo-Endorphin

Levels of spinal dynorphin (Dyn) peptides were assessed in rodent models of acute and chronic pain in nerve injury and inflammatory states. Phase
| acute pain (prehyperpathic) is described as pain responses that may be elevated due to nociceptor transmission at the injury or inflammation site,
but is reduced as the injury site heals. Phase Il chronic pain (hyperpathic) has an elevated pain threshold and abnormal pain states that persist after
the injury or inflammation heals due to sensitization of central nervous system pain processing neurons. This phase develops about 4-7 days post-
injury and lasts several months. In models of nerve injury and inflammation, dynorphin levels are consistently found to be elevated in Phase I1

chronic pain states.
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