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Abstract

Dynorphins, endogenous opioid neuropeptides derived from the prodynorphin gene, are involved 

in a variety of normative physiologic functions including antinociception and neuroendocrine 

signaling, and may be protective to neurons and oligodendroglia via their opioid receptor-

mediated effects. However, under experimental or pathophysiological conditions in which 

dynorphin levels are substantially elevated, these peptides are excitotoxic largely through actions 

at glutamate receptors. Because the excitotoxic actions of dynorphins require supraphysiological 

concentrations or prolonged tissue exposure, there has likely been little evolutionary pressure to 

ameliorate the maladaptive, non-opioid receptor mediated consequences of dynorphins. Thus, 

dynorphins can have protective and/or proapoptotic actions in neurons and glia, and the net effect 

may depend upon the distribution of receptors in a particular region and the amount of dynorphin 

released. Increased prodynorphin gene expression is observed in several disease states and 
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disruptions in dynorphin processing can accompany pathophysiological situations. Aberrant 

processing may contribute to the net negative effects of dysregulated dynorphin production by 

tilting the balance towards dynorphin derivatives that are toxic to neurons and/or oligodendroglia. 

Evidence outlined in this review suggests that a variety of CNS pathologies alter dynorphin 

biogenesis. Such alterations are likely maladaptive and contribute to secondary injury and the 

pathogenesis of disease.
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2. INTRODUCTION—Physiological and pathophysiological mechanisms of 

dynorphin action

Dynorphin A [dynorphin A (1–17)], an important posttranslational product of the 

preprodynorphin gene (figure 1) (1–4), binds with high affinity to kappa opioid receptors 

(KOR) and is an endogenous ligand that acts preferential at this receptor type. The amino 

acid sequence of dynorphin A (YGGFLRRIRPKLKWDNQ) is highly conserved and is 

identical in humans, rat, mouse, bovine, and porcine species (1,3,5), as well as in 

amphibians (6,7). In addition to dynorphin A, other peptides derived from the 

preprodynorphin gene (collectively referred to as “dynorphins”), including shorter cleavage 

products of dynorphin A that lack the first amino acid residue essential for opioid receptor 

binding, are also biologically active (3,8–10). Moreover, both tissue-specific and age-related 

differences in the types and ratios of the particular prodynorphin products produced have 

been reported (3). Dynorphin and other prodynorphin-derived peptides with high affinity for 

opioid receptors have a defined role as inhibitory neurotransmitters involved in pain 

reduction in the spinal cord. However, there is growing evidence that injury and disease can 

lead to pathophysiological changes in the biogenesis, processing, or cellular response to 

dynorphins, which contribute to the maladaptive neuroplasticity (hyperalgesia and 

allodynia) and neurotoxicity that characterize these states (11–28). Evidence that dynorphin 

per se is mediating pathophysiological changes is provided from in vivo studies in which 

SCI pathophysiology is reduced by anti-dynorphin immunoneutralizing antibodies [e.g., 

(29–31)] and direct in vitro evidence (discussed below). Studies utilizing dynorphin 

knockout mice [see (32)] are likely to be an additional strategy to address the role of 

dynorphins in secondary injury and disease. This review will focus on the pathobiology of 

dynorphins and the molecular basis for their pathophysiological effects.

As noted, dynorphin A binds to KOR with somewhat higher affinity than mu (MOR) or 

delta (DOR) opioid receptors, and is considered to be an endogenous ligand for KOR (4). 

Consistent with a preferential KOR action, dynorphin A can alter excitatory amino acid 

levels in the CNS and these changes can be attenuated by the opioid antagonist nalmefene or 

the selective KOR antagonist, nor-binaltorphimine (33,34). However, it is also apparent that 

at higher concentrations these peptides activate the NMDA receptor complex and can alter 
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excitatory amino acid neurotransmission (9,12,17,19,20,22–26,35–37,37–42). These effects 

are clearly not mediated through opioid receptors since they are not reversed by opioid 

receptor antagonists and are mimicked by peptide fragments that lack the N-terminal opioid 

Tyr [e.g. dynorphin A (2–17) and dynorphin A (2–13)] (see (22,40,42–44)]. At present, the 

evolutionary significance of these dual actions is unclear, and the relationship between 

individual prodynorphin-derived products, particular opioid and non-opioid actions, and 

cellular pathology is incompletely understood. In general, the activation of opioid receptors 

by normal extracellular titers of dynorphins is a natural physiological function of benefit to 

the cell, and, in fact, may serve a neuroprotective role. Recent evidence indicates that high 

levels of dynorphins, or particular prodynorphin-derived products, can induce cell death 

through multiple independent pathways involving glutamate receptors—at least one of 

which involves activation of the caspase-3 apoptotic cascade (45). More novel are recent 

findings indicating that dynorphins can be cytotoxic through direct protein-protein 

interactions that seemingly do not involve traditional receptors (10,46). Accumulating 

evidence suggests that the dynorphins can exert protective or proapoptotic effects depending 

on whether they activate opioid receptors or non-opioid mechanisms (glutamate receptors or 

protein-protein interactions). Irrespective of the particular mechanism(s) involved, it appears 

evident that dynorphins can contribute to nervous system pathology through complex 

interactions involving multiple receptors and signaling pathways.

2.1 Dynorphin toxicity and/or protection: Opioid receptor mechanisms

Some of the effects of dynorphin which result in neural dysfunction in vivo can be 

attenuated by broad acting (MOR, DOR, and KOR) antagonists such as naloxone or 

selective KOR antagonists such as nor-binaltorphimine (21,40,42,47–52). Similarly, opioid 

antagonists are reported to be beneficial in experimental models of spinal cord injury (SCI) 

or traumatic brain injury (TBI) suggesting that endogenous dynorphins (or potentially other 

endogenous opioid peptides) are disrupted and contribute to secondary CNS injury (47,53–

57). The components of dynorphin-induced secondary injury or neuropathic pain attributable 

to opioid receptor activation are complex and somewhat more controversial than the non-

opioid mediated neuropathologic effects of dynorphins. Aspects of these studies have been 

extensively reviewed previously (16,17,19,40,42,44,58–60), and need not be fully reviewed 

here. Nevertheless, consistent findings that opioid receptor activation contributes to 

secondary injury was a rationale for clinical trials assessing the effects of high dose, 

systemic naloxone as a treatment for SCI (61–63). Although naloxone was clinically safe 

with no real negative consequences, there were fewer beneficial effects noted than had been 

anticipated (61,64). The positive findings in animal models and relative safety of naloxone, 

suggest that further assessment of opioid antagonists is warranted [reviewed by (60)].

Though the consequences of opioids following CNS injury have been reported to be 

deleterious, there are also numerous reports that opioid receptor activation is inconsequential 

or even beneficial depending on the type of insult and parameter measured (44,65–72). 

Some inconsistencies undoubtedly arise from the complexity of opioid effects especially in 

intact animals. Opioid receptor blockade improves blood pressure resulting from 

hypovolemic (73), experimental endotoxin shock (74), or injury (54). Effects include 

complex peripheral and central opioid effects on cardiovascular function (21,34,54,75,76), 
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multiple opioid receptor types and reported subtypes (77–79), as well as cell- and tissue-

specific CNS responses. While KOR activation may have deleterious cardiovascular effects, 

in vitro studies suggest that KOR activation can be moderately protective in isolated neurons 

and oligodendroglia (discussed below). Although possible neuroprotective effects of opioid 

receptor activation might be inconsequential in the face of an acute cerebrovascular crisis, 

the complex effects of opioid system activation need to be considered in their entirety. One 

proposal is that pharmacologically distinct KOR1 and KOR2 subtypes mediate 

neuroprotective or pathological changes (21), respectively; while MOR activation is 

neuroprotective (77). Last, as will be discussed later, the non-opioid, excitotoxic effects of 

dynorphins are exceedingly potent and likely override positive or negative signals 

originating from opioid receptors.

A number of studies suggest that KOR activation in particular affords protection to neurons 

subsequent to injury (figure 2). Synthetic KOR agonists as well as dynorphin A (1–13) can 

improve outcome of some neurological measures of neural injury or stroke 

(65,66,68,69,71,72). Nerve damage resulting from TBI or SCI in mice is also reduced by 

KOR activation (80). Highlighting the complexity of these issues within the whole animal, 

rats receiving drugs with generally opposing effects, i.e., either a KOR agonist (U54,488H) 

or the opioid antagonist nalmefene, had improved open field behavior after SCI (53). Some 

of the detrimental effects of dynorphin may stem from KOR-mediated alterations in vascular 

function subsequent to injury [see (55,58,76,81,82)] or local disruptions in the 

concentrations of excitatory amino acids including glutamate (33,49,83,84). Circumstantial 

evidence suggests that dynorphin-induced KOR activation may concurrently protect against 

the non-opioid, neurotoxic effects of dynorphin (38). administration of the non-selective 

antagonist naloxone or the KOR selective antagonist nor-binaltorphimine) exacerbates the 

neurotoxicity induced by high levels (≥ 10 nM) of dynorphin A (1–17) or dynorphin A (1–

13) in spinal cord cultures (38).

The idea that KOR activation might be neuroprotective has support from a variety of models 

(30,31,53,85–91). The underlying mechanism(s) for KOR neuroprotection is not completely 

understood, though several possible explanations can be envisioned. The activation of 

postsynaptic KORs typically inhibits the electrical activity of neurons by modulating cAMP, 

opening K+ channels, and closing Ca2+ channels (92–96). Membrane hyperpolarization may 

reduce [Ca2+]i and increase the excitotoxic threshold (97,98). Selective KOR agonists (e.g., 

U50,488H) attenuate both the release of glutamate and increases in [Ca2+]i in synaptosomes 

in response to K+-induced membrane depolarization (99,100). Although KOR receptor-

mediated reductions in [Ca2+]i may result from decreased activity of voltage-dependent 

Ca2+ channels, KOR stimulation may also increase Ca2+ efflux (101) and/or modulate the 

organization of NMDA induced-oscillations in [Ca2+]i (97). Interestingly, kainate-induced 

excitation in sensory spinal cord neurons can be attenuated by activation of MOR and 

kainate agonists, suggesting interactions between opioid and glutamate systems in spinal 

cord (102).

Besides the traditional roles ascribed to opioids (neuronal hyperpolarization mentioned 

above), which might increase the threshold for excitotoxic insult, opioid receptors can 

couple to signaling pathways involved in trophic support and cell survival (103–107). For 
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example, G-protein coupled opioid receptors (MOR, DOR and KOR) can activate specific 

phosphotyrosine pathways, such as that involving extracellular signal-regulated protein 

kinase (ERK), typically associated with trophic factors (104,108–112). Stimulation of 

traditional opioid signaling pathways versus mitogen-activated protein kinase (MAPK) 

pathways may explain the varied effects of opioids on cell viability (35,105,113–115). MOR 

agonists, via G-beta-gamma-protein subunit complexes, have been shown to activate the 

phosphatidylinositol 3-kinase (PI-3-kinase) pathway to prevent apoptosis (105), and 

preliminary evidence indicates that dynorphin-induced KOR activation may also stimulate 

this pathway in striatal neurons (Singh and Hauser, unpublished). Recently, Coscia and 

coworkers have extended the above findings to show that opioid signaling can converge at 

both epidermal growth factor (EGF) and fibroblast growth factor (FGF) neurotrophic 

pathways (106,116,117). Similar opioid and FGF-2 signaling convergence is likely to occur 

in adult hippocampal, neural progenitors (AHP) (118,119). Although the activation of 

MEK1/2-ERK1/2 is mediated by MOR or DOR in AHPs (118), it is likely that KOR might 

similarly activate these MAPKs in other cell types (120,121), which is likely to be 

neuroprotective (122). Together, the above findings suggest that opioids can be intrinsically 

neuroprotective.

In addition to neurons, dynorphin A may enhance survival in oligodendroglia, effects that 

appear to be mediated through KOR. Oligodendrocytes express KOR in a specific 

developmental timeframe coinciding with the production of myelin basic protein within 

individual cells. MOR is expressed in extremely immature oligodendrocytes, prior to the 

time of appearance of KOR (123). Both receptors are constitutively expressed in mature 

oligodendrocytes in vivo and in culture. Interestingly, oligodendroglia also express 

proenkephalin and prodynorphin-derived peptides in a transient and coordinated manner 

during development. Endogenous opioids appear to modulate programmed cell death in 

oligodendroglia, since KOR blockade is cytotoxic to immature oligodendroglia and 

exacerbates glutamate-induced toxicity towards mature oligodendrocytes (115). 

Endogenously produced dynorphin peptides with KOR activity might act as autocrine/

paracrine survival factors, at least under in vitro conditions. It is interesting to speculate that 

similar opioid-evoked protective mechanisms might be operative in oligodendroglia within 

the CNS and that pathophysiological changes in dynorphins caused by injury or disease 

might affect oligodendroglial function or viability.

Because a majority of the maladaptive effects of dynorphin A are thought to be mediated 

through glutamate receptors, and because the excitotoxic effects of sustained actions at 

glutamate receptors likely override any actions at opioid receptors (38), much of the 

discussion that follows will focus on non-opioid effects of dynorphins (figure 2).

2.2 Dynorphin toxicity: Non-opioid Mechanisms

2.2.1 Dynorphin Neurotoxicity—role of NMDA receptors—What is the nature of 

dynorphin interactions with NMDA receptors? Direct evidence that dynorphin A and other 

prodynorphin-derived peptides can interact with the NMDA receptor has been obtained from 

radioligand binding and neurophysiological studies (23,25,26,39,94,124,125). Radioligand 

studies have shown that dynorphin A (1–13) as well as dynorphin A (2–13) bind to the 
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NMDA receptor complex (126). High affinity binding of dynorphin A (2–17) to NMDA 

receptors has also been shown (125). As noted, the N-terminal tyrosine is critical for activity 

at opioid receptors. Interestingly, however, both inhibitory and facilitatory actions of 

dynorphins on NMDA receptor function have been observed. While dynorphins can 

potentiate binding of competitive antagonists at the glutamate recognition site, they can 

alternatively inhibit binding of non-competitive antagonists such as MK-801 (16,125,127–

129). Depending on the neuronal population under study, both facilitation and inhibition of 

NMDA receptor channels has been reported (23,24,124,130–133). At present, an 

explanation for these opposing effects remains unclear. However, the findings that 

dynorphin peptides inhibit NMDA-receptor gated currents in the presence of high glycine 

concentrations (e.g. 10 μM) but facilitate NMDA receptor currents under conditions of low 

glycine suggest that the concentration of this amino acid may determine whether facilitation 

or inhibition is seen (130). Consistent with this hypothesis, glycine or glycine site 

antagonists block dynorphin A (1–13)-induced enhancement of NMDA receptor-antagonist 

binding (128). In this regard, it is noteworthy that in Xenopus oocytes transiently transfected 

with NR1 and various NR2 subunits (NR2A, NR2B, NR2C, and NR2D), the degree of 

dynorphin-induced inhibition varies with the subunit composition of the NMDA receptor 

(134). Since local glycine concentrations, as well as NMDA receptor subunit composition, 

exhibit regional differences and are altered in response to neuronal injury, it appears likely 

that the effects of dynorphin may be determined by various physiological factors. Selective 

NR2B antagonists can reportedly differentiate antinociception from motor impairment at 

loci in the dorsal spinal cord (135), suggesting that tissue and region-specific differences in 

the expression of specific NMDA receptor subtypes may determine physiological or 

pathophysiological outcomes following nerve injury and excitotoxic insults.

What is (are) the site(s) of dynorphin interaction with NMDA receptors? Evidence that 

dynorphin acts at the polyamine site of the NMDA receptor complex has been obtained (66). 

An additional provocative observation is that dynorphin interacts with a portion of the 

NMDA receptor that is conformationally linked to the redox modulatory site (24,136). Work 

in progress has shown that a specific domain on the NMDA receptor forms a non-covalent 

complex through selective interactions with a dynorphin epitope that is distinctive from the 

sequence that interacts with opioid receptors. Blocking the NMDA receptor epitope cancels 

the dynorphin-mediated neurotoxicity (Woods A. et al., unpublished observations).

Taken together, our studies and others suggest that dynorphin interacts with various factors 

to modulate the response of NMDA receptors to excitatory stimuli. If dynorphin modulates 

the cellular response to glutamate itself, then subtle changes in dynorphins could exacerbate 

injury-induced increases in glutamate. Assuming that the effects of dynorphin at glutamate 

receptors are aberrant, a negative feedback mechanism that limits dynorphin overproduction 

may be lacking. Unchecked dynorphin production concurrent with reduced neuroprotection 

via KOR activation would tend to escalate the excitotoxic events driving secondary injury. 

In addition, vascular dysfunction has also been reported to result from the glutamatergic 

effects of dynorphin (34,89,137–139). It is our belief that at some level of increased 

dynorphin production, the injurious effects of activating NMDA receptors are very likely to 
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outweigh the more modest benefits conferred by KOR mediated protection, so that the net 

result of dynorphin overproduction will be to drive neuropathology.

2.2.2 Dynorphin Neurotoxicity—role of AMPA/kainate receptors—In addition to 

modulating NMDA receptor gated channels, dynorphin can modulate AMPA/kainate 

responses in spinal cord dorsal horn neurons, initially depressing AMPA/kainate currents 

but then slowing the rate of desensitization (89,140). In certain neurons, the role of AMPA/

kainate receptors in signaling dynorphin toxicity may be quite important. For example, 

Dynorphin A (1–17) is toxic to medium spiny neurons in striatal cultures through an 

apoptotic mechanism involving cytochrome c release from mitochondria and caspase-3 

activation (45). Evidence for caspase-3 involvement is provided by findings that the 

caspase-3 inhibitor (Asp-Glu-Val-Asp-O-methyl-fluoromethylketone, also known as 

DEVD-fmk) significantly attenuates dynorphin-induced striatal neuron death in vitro (45). 

Striatal neurons, unlike many other neuronal types, express AMPA receptors early, while 

NMDA receptors appear later during ontogeny (141). We have found that, in contrast to 

spinal cord neurons, striatal toxicity is largely mediated by AMPA/kainate receptors, and 

only to a lesser extent by NMDA receptors (142). Evidence that AMPA receptors are 

involved include results showing that dynorphin-induced increases in caspase-3, can be 

blocked by the AMPA antagonist CNQX, and are mimicked by the ampakine CX546 (142). 

Moreover, the dying neurons preferentially express GluR2/3 subunits (142). Western-blot 

analysis showed that dynorphin also significantly elevated the levels of cytochrome c release 

from mitochondria and that the release was markedly attenuated by CNQX. Importantly, 

opioid antagonists fail to block, while NMDA antagonists only partially reduce the toxic 

effects of prolonged dynorphin exposure (72 h), suggesting that NMDA-mediated effects are 

secondary to AMPA/kainate-induced depolarization and loss of the magnesium block at 

NMDA receptors. This disproportionately high AMPA/kainate sensitivity is unique to 

striatal neurons, and may reveal a toxic mechanism normally present in other neuron types 

that is overshadowed by overwhelming NMDA toxicity (142).

Studies in progress indicate that dynorphin A-induced apoptosis in striatal neurons is 

mediated by mixed-lineage kinases (MLKs) such as p38-kinase and c-jun-N-terminal 

kinases 1 and 2 (JNK) (143). In cultured mouse striatal neurons, toxic concentrations of 

dynorphin A (≥ 10 nM) activate both p38-kinase and JNK. The extent of p38-kinase and 

JNK levels and their phosphorylation following dynorphin exposure coincided with the 

activation of caspase-3, as well as the translocation of cytochrome c from mitochondria to 

the cytosol. Because p38-kinase and JNK can act in a coordinated manner to signal stress-

activated programmed cell death (143,144), we used selective inhibitors (SB 203580 [4-(4-

fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)1 H-imidazole]) to inhibit p38-

kinase and SP 600125 (anthrax[1,9-cd]pyrazol-6(2H)-one) to inhibit JNK1,2) to assess their 

role in dynorphin-induced apoptosis. Our findings indicate that the phosphorylation of p38-

kinase, but not JNK-1 and 2, is necessary for dynorphin to activate caspase-3. To explore the 

event(s) preceding the activation of p38-kinase, we are studying the cascade involving PI-3-

kinase, PTEN, and Akt (PKB). Preliminary findings suggest that PI-3-kinase is involved. 

Ongoing gain of function/loss of function gene targeting studies of PTEN and Akt are 
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assessing the role of these downstream targets of PI-3-kinase in dynorphin-mediated 

apoptosis.

Certain dynorphin peptides can be toxic to oligodendroglia in culture. Dynorphin toxicity 

preferentially targets mature cells and is likely to be mediated through a non-NMDA 

receptor mechanism, since oligodendroglia are generally reported to express AMPA/kainate, 

but not NMDA, receptors. In support of this idea, the toxicity of dynorphin A (2–17) on 

cultured oligodendroglia is blocked almost entirely by pretreatment with CNQX (Knapp, 

unpublished). Alternative targets might also include metabotropic glutamate receptors. 

mGluR3 and mGluR5 receptors have recently been shown to be expressed on immature 

oligodendroglia (145,146).

2.2.3 Dynorphin toxicity may reside in the basic amino acid residues—The C-

terminal region of dynorphin A, as well as the core region of big dynorphin which contains 

dynorphin A, are comprised of highly basic amino acid sequences. In fact, dynorphin A is 

one of the most basic peptides found in nature—effectively remaining positively charged 

throughout a pH range of 1–12. Dynorphin can directly bind to glutamate non-covalently 

(147). Structure-activity relationship (SAR) studies in vitro indicate that dynorphin A-

derived peptide fragments containing Lys13 and either N-terminal [dynorphin A (3–13)] or 

C-terminal [dynorphin A (13–17)] flanking positions are neurotoxic (35), while a somewhat 

different neurotoxic SAR profile has been observed in vivo (148). Conversion of “peptides 

to bioactive products with retained or modified activities” can be a significant mechanism of 

peptide action (149).

The dichotomous effects of dynorphin A (opioidergic and glutamatergic) are an inherent 

feature of the peptide and revealed in structure-activity relationships (SAR) for particular 

receptors. Dynorphin A toxicity is mediated through C-terminal basic residues. Those 

fragments that lack basic residues and possess opioid activity alone, such as Leu-enkephalin 

[dynorphin A (1–5)] or [dynorphin (1–11)], are non-toxic (35). Some metabolites of 

dynorphin, e.g., dynorphin A (2–13), which are neurotoxic but lack opioid receptor activity, 

contain Lys and/or Arg residues. C-terminal peptide fragments of dynorphin A that lack the 

N-terminal tyrosine essential for opioid function can activate NMDA and potentially 

AMPA/kainate receptors. SAR studies indicate that both dynorphin A (3–13) and dynorphin 

A (13–17) fragments are toxic (35). While dynorphin A (3–13) toxicity in spinal cord 

neurons can be attenuated by NMDA antagonists (38), the 13–17 fragment is unique since 

its toxicity is not blocked by NMDA antagonists in spinal cord neurons (35) or AMPA 

antagonists in striatal neurons (142). Equimolar amounts of dynorphin A are more toxic than 

either the (3–13) or (13–17) fragments, suggesting a cumulative toxic effect when both 

domains are combined on the parent molecule.

Dynorphin A is highly conserved evolutionarily, suggesting that dynorphin’s roles as both 

an opioid and glutamate agonist are important. Following this logic, dynorphin’s role at 

glutamate receptors is likely to be quite significant and may not be entirely maladaptive. The 

bipotent nature of dynorphin underscores the well-established “near-symbiotic” 

interrelatedness of the opioid and glutamatergic systems. This is revealed not only in the 

pathophysiology of neurotrauma, neuropathic pain, and drug addiction, but also in the 
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interactions of each of the two systems in normal CNS function [see for example, (86,150–

154)].

2.3 Non-receptor mediated actions of dynorphins

Dynorphins may act through protein-protein interactions that are not mediated by cell 

surface receptors (9,10,46). We have found pronounced cytotoxicity when intracellular 

levels of big dynorphin are increased artificially (10). Toxicity was evoked by sub-

nanomolar concentrations of big dynorphin, and was markedly more toxic than equimolar 

amounts dynorphin A, inferring that the toxicity was not due to its conversion to dynorphin 

A. It is uncertain how readily big dynorphin forms smaller dynorphin A or other fragments 

under these experimental conditions. Nevertheless, since big dynorphin’s toxicity was 

mimicked by dynorphin A, suggests that a component of parent peptide’s intrinsic toxicity 

resides within the dynorphin A sequence (10). Big dynorphin appeared to induce toxicity 

through an apoptotic mechanism that may involve synergistic interactions with the p53 

tumor suppressor protein. It was proposed that big dynorphin induces cell death by virtue of 

its clusters of basic amino acids and resulting net positive charge that mimics (and thereby 

perhaps interferes with) basic domains involved in protein-protein interactions. We have 

recently characterized RNA and protein products of the human prodynorphin gene and, in 

addition to the previously described mRNAs coding for the full-length protein, have 

identified novel 5′-truncated transcripts (155). These transcripts give rise to N-terminally 

truncated proteins lacking a signal peptide that are located in the cell nucleus or cytoplasm, 

suggesting that they have functions other than those of the full-length protein. Interestingly, 

the shortest prodynorphin consisting of 52 amino acid residues includes the 32 residue big 

dynorphin fragment as a main component, and when this peptide is delivered into cells by 

transfection or electroporation, it is located in the cytosol but not in the cell nucleus, similar 

to big dynorphin. Truncated prodynorphin or its shorter fragment big dynorphin may 

interfere with intracellular processes by binding to cytoplasmic proteins. The potential for 

such interference was demonstrated in the study when dynorphins were delivered into the 

cells. Many human tumor cell lines and tumors naturally express prodynorphin lacking the 

signal peptide, which therefore does not translocate into the ER but degrades in the cytosol; 

these degradation products may potentially be involved in the control of tumor cell fate.

Although it is premature to speculate whether big dynorphin might act via this mechanism in 

neurons and glia, any potential disruptions in dynorphin biogenesis/degradation due to 

trauma or disease might have disastrous consequences for neuronal and glial function. Few 

studies have systematically explored whether perturbations in dynorphin posttranslational 

processing accompany trauma or disease, or whether imbalances in dynorphin products 

might disrupt neural function.

Many of the maladaptive effects of dynorphin are revealed in experiments in which 

dynorphin levels are increased beyond the normal physiological range, relying on exposure 

to large amounts of exogenously administered dynorphins. Although these studies provide 

compelling evidence for dualistic (beneficial versus maladaptive) roles for dynorphin, they 

are artificial and do not demonstrate that endogenous dynorphins actually cause 

pathophysiological changes. Important questions that have been less well addressed are 
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whether “native” dynorphins act in a maladaptive manner, and what regulatory events 

govern pathophysiological biogenesis of dynorphins. Growing evidence indicates that 

aberrant dynorphin actions contribute to CNS pathology observed in a wide variety of 

diseases.

3. DYNORPHINS IN SECONDARY NEURAL INJURY AND THE 

PATHOGENESIS OF DISEASE

3.1 Neuropathic pain and pathological changes in dynorphins

Pathophysiological levels of dynorphins result in a variety of actions unrelated to the 

analgesic effects commonly observed at more physiological levels. For example, dynorphin 

immunoreactivity in the spinal cord is observed in both interneurons and projection neurons. 

Following nerve injury induced by nerve ligation or constriction, dynorphin 

immunoreactivity and the percentage of spinal neurons receiving dynorphin-immunoreactive 

contacts is dramatically increased (156,157). Preprodynorphin gene expression is also 

elevated (28,158,159). Similar changes are observed in animal models of chronic 

inflammatory pain (17,160). These increases are temporally correlated with the expression 

of tactile allodynia and hyperalgesia, suggesting that enhanced dynorphin transmission may 

contribute to the development of neuropathic pain states. Evidence that peripheral 

inflammation is associated with increased dynorphin release in the spinal cord has also been 

obtained (161). The findings that the intrathecal infusion of high doses of dynorphin 

peptides produces long-lasting tactile allodynia and hyperalgesia, which in contrast to the 

analgesia produced by low doses of dynorphin A (1–13), cannot be blocked by opioid 

antagonists. This suggests that the enhanced nociceptive effects are mediated through 

alternative, non-opioid mechanisms. Because the relationship between dynorphin A-related 

peptides and pain have been previously reviewed (22,40,42,162–165), we briefly summarize 

those findings here and discuss some more novel findings concerning nociceptive effects of 

big dynorphin.

The neurotoxicity produced by intrathecal peptide infusion, as well as the tactile allodynia 

and hyperalgesia, observed in animal models of neuropathic and chronic inflammatory pain 

can be reversed by the intrathecal infusion of dynorphin antiserum or antagonists of the 

NMDA receptor complex. This suggests that many of the deleterious effects are mediated by 

non-opioid, NMDA receptor-dependent mechanisms, although opioid receptors also 

participate in this response (22,40,42,162–166). The intrathecal infusion of other 

dynorphins, including the non-opioid peptides dynorphin A (2–17) and dynorphin A (2–13), 

also results in hyperalgesia, paralysis and neuronal loss, confirming that the 

pathophysiological effects of dynorphin peptides involve NMDA-receptor dependent 

mechanisms. Alternative evidence for dynorphin modulating pain is provided by studies that 

modulate DREAM, a Ca2++-sensing transcriptional repressor of prodynorphin (167), 

DREAM knockout mice have increased levels of dynorphin expression and reduced 

sensitivity to otherwise painful stimuli (168,169). Interestingly, in DREAM null mice, 

dynorphin increases may be limited to within physiological ranges (rather than the 

supraphysiological), since preprodynorphin transcription rates are still constrained in the 

absence of additional enhancers. This might explain why increased dynorphin levels do not 
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result in neuropathic pain in mice lacking DREAM. Interestingly, artemin, a member of the 

GDNF family which is expressed along blood vessels and may be instrumental in attracting 

developing sympathetic axons to these sites (170) also reverses pathological increases in 

dynorphin A levels and prodynorphin immunoreactivity in the dorsal spinal cord (171). In 

this respect, it is intriguing that artemin has been suggested to be neuroprotective in some 

adult neuron populations (172,173).

In addition to dynorphin A, other prodynorphin-derived products may modulate pain. For 

example, big dynorphin can induce nociceptive behavior via NMDA receptors. The NMDA 

receptor-mediated effects of dynorphin A include neurological deficit and long-lasting 

mechanical, tactile, and thermal allodynia. These effects may be relevant for neuropathic 

pain, TBI and SCI. However, they are induced at relatively high micromolar doses. 

Endogenous dynorphin A appears to be involved in chronic allodynia and hyperalgesia. An 

important question, which remains is the identity of the most active nociceptive 

prodynorphin fragment, which likely contains the dynorphin A sequence as a core.

In earlier studies big dynorphin, a 32 amino acid peptide consisting of dynorphin A and 

dynorphin B (see figures 1 and 3), was identified in the brain as an abundant prodynorphin 

derived peptide. We reevaluated these observations using the combination of HPLC and 

RIA with antibodies, which specifically recognize the C-terminal fragment of big dynorphin 

and dynorphin B and which do not interact with the C-terminally extended versions of these 

peptides and dynorphin A. After separation of peptide fractions eluted from the SEP-PAC 

columns on the reverse phase HPLC column, big dynorphin was identified in several 

structures of human brain including the nucleus accumbens. We then tested whether big 

dynorphin induces nociceptive behavior similarly to dynorphin A in mice, and compared the 

effective doses of both peptides (9). In these experiments, intrathecal injection of big 

dynorphin induces a characteristic behavioral response consisting of biting and licking of the 

hindpaw and the tail, as well as slight hindlimb scratching directed toward the flank. 

Importantly, the effects occur at very low doses such as 1–10 fmol/animal. Morphine 

inhibited this behavior, inferring its nociceptive character. Dynorphin A produced a similar 

response, although the effective doses were 100-fold higher than morphine; whereas, 

dynorphin B had no effect even at 3 to 104-fold higher doses. The absence of effects of 

naloxone on big dynorphin-induced nociceptive behavior indicated that opioid receptors are 

not involved. The big dynorphin-induced behavior was inhibited by D-APV, a competitive 

NMDA receptor antagonist, and MK-801, an NMDA ion-channel blocker whereas CNQX, a 

non-NMDA receptor antagonist, [D-Phe7, D-His9]-substance P (6–11), a specific antagonist 

for NK1/substance P receptors, and MEN-10,376, a tachykinin NK2 receptor antagonist, had 

no effect. Big dynorphin-induced behavior may have direct or indirect actions through the 

NMDA receptor ion-channel complex and does not involve non-NMDA glutamate receptor 

mechanisms or the tachykinin system. Thus, big dynorphin is a more potent nociceptive 

peptide than dynorphin A, and it may be involved in the pathophysiology of chronic pain.

3.2 Drug abuse and pathological changes in dynorphins

A characteristic effect of various drugs of abuse is their ability to increase dopamine 

neurotransmission in the nucleus accumbens, a major projection area of dopamine neurons 
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arising in the ventral tegmental area, and in the dorsal striatum, a terminal projection area of 

mesostriatal dopamine neurons (174,175). These actions are thought to mediate the 

rewarding effects of these agents and to contribute to the compulsive drug-seeking that 

characterizes drug addiction (176,177) [see reviews (178,179)]. Evidence that glutamate-

dependent neuroplasticity in limbic corticostriatal systems is critical for the maintenance and 

reinstatement of psychostimulant addiction has also been obtained and is consistent with the 

documented role of glutamate systems in plasticity and learning (180–182); see review 

(183).

KORs are located on dopaminergic nerve terminals in the striatum and nucleus accumbens 

as well as on glutamatergic nerve fibers that synapse on dopamine terminals (184,185). 

Their activation decreases dopamine release (175,186–188). Extensive colocalization of 

opioid peptide precursors and dopamine receptors is also observed in these brain regions. 

Medium spiny neurons, which receive dense dopaminergic input, are rich in 

preprodynorphin and can modulate dopamine neurotransmission indirectly via efferent 

projections to the ventral tegmental area, substantia nigra, and ventral pallidum and directly 

via axon collaterals that feedback on dopamine nerve terminals (184,185,189,190).

The administration of psychostimulants and other drugs that increase dopamine 

neurotransmission induce preprodynorphin gene expression in both the nucleus accumbens 

and striatum, an effect that results from the activation of D1 dopamine receptors (190–193). 

More recent studies have shown that a single injection of methamphetamine is sufficient to 

increase extracellular levels of dynorphin A and B in the nucleus accumbens (194) (Zangen,, 

A., et al.; unpublished observations). Increased levels of dynorphin A immunoreactivity 

precede the induction of gene expression suggesting that enhanced release of prodynorphin-

derived peptides and the depletion of releasable peptide pools leads to enhanced peptide 

synthesis. Synthetic KOR agonists inhibit dopamine release and prevent alterations in 

behavior and dopamine neurotransmission that occur as a consequence of repeated 

psychostimulant administration (187,188,195); see review (196). For this reason, it was 

hypothesized that the induction of prodynorphin gene expression and the ensuing increase in 

KOR activation is a compensatory mechanism that opposes the effects of psychostimulant 

administration. To date, however, it remains unclear as to whether the processing of 

dynorphin peptides is altered in response to drugs of abuse. Furthermore, if, as has been 

demonstrated in the spinal cord, high concentrations of dynorphin A and its des-tyrosine 

fragments bind to the NMDA receptor, thereby enhancing excitatory amino acid 

transmission, then the induction of preprodynorphin gene expression may, in fact, be a 

pathophysiological response that contributes to the addiction process. Depending upon the 

concentration and processing of dynorphin, as well as the density of opioid versus NMDA or 

possibly AMPA receptors, induction of preprodynorphin may oppose or promote 

neuroplastic changes in the brain that lead to compulsive drug-seeking behavior. As noted 

previously, the synthesis and release of dynorphin is dramatically increased in response to 

methamphetamine. Exposure to high doses of this psychostimulant is neurotoxic producing 

loss of dopamine neurons in the striatum and apoptotic cell death. An important question 

that arises is whether the activation of dynorphin systems protects against, or promotes, 

methamphetamine-induced toxicity. In this regard, it is important to note that a 

dysregulation of striatal dynorphin neurons is associated with various neurological disorders 
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including Parkinson’s disease (197,198), neuroleptic-induced tardive dyskinesias (199), 

Tourette’s syndrome (200) and Huntington’s disease (201). To what extent the opioid and 

non-opioid actions of the dynorphins contribute to the pathogenesis and pathophysiology of 

these disorders has not yet been examined.

3.3 Spinal cord injury (SCI) and pathological changes in dynorphins

A large number of studies have implicated dynorphins in the neuropathology which occurs 

after TBI and SCI (9,12,17–26,35,37–42,84). Intrathecal dynorphin injections result in a 

wide spectrum of pathologies including hindlimb paralysis, vascular dysfunction, and 

neurodegeneration (44,202). As noted in previous sections, the deleterious effects are 

markedly reduced by MK-801 and/or competitive NMDA receptor antagonists, suggesting 

that NMDA receptors mediate many of these maladaptive effects (12,22,33,77,84,148,203–

205). By contrast, opioid antagonists have fewer effects on injury outcome suggesting a lack 

of involvement by opioid signaling pathways. To assess whether dynorphins were 

intrinsically toxic to spinal cord neurons, we isolated sensory neurons from the dorsal spinal 

cord, which co-expressed KOR and NMDA receptors. Within individual neurons, we 

examined dynorphin-induced cytotoxicity by assaying intracellular Ca2+ ([Ca2+]i) and cell 

death using time lapse photomicrography and viability assays (35,38). Interestingly, our 

findings indicated that dynorphin A (1–13) has paradoxical effects on neurotoxicity through 

concurrent actions both at opioid and glutamate receptors (38). Dynorphin A (1–13)-induced 

neurodegeneration was preceded by abnormal increases in [Ca2+]i and accompanied by a 

loss of cell viability (failure to exclude ethidium ions and loss of esterase activity as 

measured by calcein-AM incorporation). The neurotoxicity was prevented by the NMDA 

antagonists MK-801, 2-amino-5-phosphopentanoic acid (AP-5), or 7-chlorokynurenic acid, 

suggesting the toxic effects were mediated by NMDA receptors. By contrast, KOR blockade 

exacerbated neurotoxicity, but only in the presence of excitotoxic levels of dynorphin. This 

provided circumstantial evidence that dynorphin also stimulates KOR and suggests that 

KOR activation may be moderately neuroprotective, but only in the presence of an 

excitotoxic insult (38). Thus, dynorphin seemingly modulates neurodegeneration in the 

spinal cord through complex mechanisms involving KOR and NMDA receptors and 

multiple signaling pathways.

Dynorphin A and its metabolites are released into the confines of the CNS extracellular 

space (3,206), and levels of expression can increase significantly during experimentally-

induced injury or inflammation (11,15,44,160,207–213). Typical dynorphin increases in 

whole-CNS extracts following trauma are 2–3-fold, which agrees with increases in Leu-

enkephalin-Arg6 [a dynorphin-derived peptide (214)] following SCI (215). Increases in 

preprodynorphin mRNA following TBI coincide with increases in peptide levels (15). 

However, depending on the prodynorphin metabolite measured, sustained concentrations 

greater than 10 micromolar have been proposed within the confined extracellular space of 

the CNS (24,206). Moreover, C-terminal dynorphin A fragments are not typically examined 

in normal CNS because almost all antibodies made against dynorphin are by design directed 

against the N-terminal tyrosine (which imparts opioid activity) to assure selectivity. Smaller 

dynorphin fragments are present in the CNS and may have longer half lives than dynorphin 
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A (206,216). Many of the C-terminal fragments, which can be toxic, have sustained half-

lives in vitro and in vivo (45,217).

It is challenging to measure the exact concentrations of dynorphins present within the 

extracellular compartment following SCI, and measurements in whole tissue homogenates 

will greatly underestimate actual dynorphin concentrations within the extracellular 

compartment (38). Concentrations of native dynorphin A within dense core vesicles are 

estimated to be 1 mM (218), while native- or partially processed “cryptic” dynorphin (held 

within prodynorphin precursors, protein aggregates and/or oligomers) are present at 3–100-

fold higher concentrations than native levels and can be liberated with resulting increased 

activity (Yakovleva et al., in preparation). Concentrations of other, non-prodynorphin-

derived aggregate peptides in dense core vesicles have been estimated to be ~42 mM (219). 

Only transient exposure to dynorphin A may be required to set off toxic cascades and a “hit 

and run” phenomenon may be operative (38).

The volume and geometry of the extracellular space of the CNS is highly dynamic. 

Following excitotoxic injury or trauma the volume and tortuosity of the extracellular space 

may decrease 10-fold, effectively concentrating substances within this compartment, while 

altering ion homeostasis and the kinetics of enzymes that might otherwise degrade 

dynorphins (220–223). Up to 10-fold SCI-induced decreases in extracellular space would act 

synergistically with increased dynorphin production to increase the concentration of 

dynorphins within the extracellular compartment. We recently found in cultured cortical and 

striatal neurons that K+-depolarization stimulated 2–6-fold increases in the release of 

dynorphin B and Leu-enkephalin-Arg6 into the medium (Yakovleva et al., in preparation). 

Peptide levels in the medium at times exceeded the levels in neurons by ~100-fold. 

Furthermore, the amounts of mature processed peptides released by depolarization were 

substantially higher (3 to100-fold) than their amounts in cells, suggesting activity-dependent 

processing (Yakovleva et al., in preparation) which might be greatly exaggerated following 

SCI.

4. Therapeutic Intervention

Since the pathophysiological effects of dynorphin are complex and can be manifest through 

multiple receptor and non-receptor mechanisms, multifaceted approaches may be needed to 

ameliorate the negative effects of dynorphin. Although opioid receptors mediate some 

aspects of dynorphin-mediated neural dysfunction in vivo and the net effect is seemingly 

harmful—opioid actions following trauma may be tissue specific. The potentially beneficial 

effects of KOR activation in some neurons and oligodendroglia would be lost with opioid 

receptor blockade, though this is seemingly offset by limiting the more disruptive effects of 

opioids on cardiovascular function. As noted earlier, we propose that any negative or 

positive KOR-mediated effects of dynorphin will be largely overridden by more potent and 

irrecoverable consequences via glutamatergic receptors. For example, spinal cord neurons 

continuously exposed to lethal concentrations of dynorphin sufficient to activate glutamate 

receptors will not survive—despite chronic activation of KOR on the same cells (38).
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In general, the most severe toxicity is seen via activation of excitotoxic events signaled 

through glutamate (NMDA and/or AMPA/kainate) receptors. For this reason, broad 

strategies to reduce the negative consequences of excitotoxicity and oxidative stress, such as 

free radical scavengers or antioxidants, would be likely to attenuate the bulk of the 

deleterious effects of dynorphins. An alternative strategy might consider blocking dynorphin 

action at NMDA and/or AMPA/kainate receptors through specific receptor blockade. The 

NMDA antagonist memantine, which is in clinical trials, would likely be efficacious in 

attenuating the negative effects of elevated levels of dynorphins. In instances where a 

glutamate receptor is the therapeutic target, little or no distinction can be made between the 

two ligands, dynorphin, and glutamate. Since this strategy interferes with normal glutamate 

signaling, which is essential for neural functioning, it has distinct disadvantages as an 

ongoing therapeutic measure. An alternative strategy might be to target dynorphins directly.

Dynorphins are intriguing targets for therapeutic intervention since dynorphins can modulate 

excitotoxic glutamate signaling, either via an additive or perhaps synergistic manner, 

without modulating glutamate itself. Because of the profound ability of dynorphins to 

modify/mimic glutamate, modulating the bioactivity of dynorphins may be an excellent 

strategy for modulating excitatory amino acid neurotransmission and for ameliorating 

excitotoxic CNS damage resulting from trauma or disease. The unique-highly basic structure 

of dynorphin A might make it an exceptionally good target for peptide scavengers that 

interact and neutralize dynorphin through selective peptide-peptide interactions (Woods A. 

and T. Shippenberg, unpublished observations).

5. PERSPECTIVE

Dynorphins are multi-functional peptides with the potential to act via multiple receptor-

effector pathways in either a protective or a toxic manner. The types of interactions that 

dynorphins will have in any particular biological context are ultimately defined and guided 

by the bioavailability of the different peptides based on the manner in which dynorphins are 

processed, degraded, and trafficked between subcellular compartments. Although normal 

processing and production of dynorphins must have a net adaptive effect, these processing 

and trafficking events are likely to be disrupted following disease or injury. Altered receptor 

expression within CNS tissues in pathological situations could also drive the net effects of 

dynorphin signaling in a negative direction.

Because of the pleiotropic nature of dynorphin effects, it is critically important to understand 

the changes in processing of dynorphin A, which accompany injury or disease states. This 

information will be predictive in determining not only the toxic mechanisms involved in 

aberrant dynorphin signaling, but also will aid in identifying potential therapeutic 

approaches. For example, changes in processing might result in accumulation of 

glutamatergic, C-terminal dynorphin fragments to a level where they drive significant losses 

of neurons and oligodendroglia. Alternatively, an acutely injured cell that is energetically 

compromised might be unlikely to expend the energy needed to undertake extensive 

posttranslational processing of prodynorphin. In that scenario, intact or partly processed and 

larger peptides such as big dynorphin might accumulate or redistribute into inappropriate 

subcellular compartments leading to anomalous protein-protein interactions with deleterious 
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consequences for cell survival. Either of these situations might converge with other 

proapoptotic or excitotoxic events occurring within injured tissues, and the additive effects 

might differ according to the insult and the brain regions involved.

Dynorphin peptides are undoubtedly important modulators of disease / injury outcome in the 

CNS. The emerging picture from a number of laboratories suggests that effective therapeutic 

strategies to target dynorphins’ pathophysiological effects are likely to require a 

comprehensive approach that evaluates the effect of aberrant dynorphin production in the 

context of overlapping and converging pathological processes in a given CNS region.
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ABBREVIATIONS

SB 203580 [4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-

pyridyl)1 H-imidazole]

SP 600125 anthrax[1,9-cd]pyrazol-6(2H)-one

PKB or Akt protein kinase B

AP-5 2-amino-5-phosphopentanoic acid

AMPA alpha-amino-3-hydroxy-5-methylisoxazole-4-

propionate

CX546 ampakine

JNK c-jun-N-terminal kinase

CNQX 7-chlorokynurenic acid

p38 p38-kinase

D-APV D-(−)-2-amino-5-phosphonovaleric acid

Dyn A dynorphin A

Dyn B dynorphin B

any peptide derived from the 
preprodynorphin gene

dynorphins

EGF epidermal growth factor

ERK extracellular signal-regulated protein kinase

FGF fibroblast growth factor

[Ca2+]i intracellular calcium

MAPK mitogen-activated protein kinase

MLKs mixed-ligand kinases
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MK-801 dozacilpine

NMDA N-methyl-D-aspartate

PI-3-kinase phosphoinositide-3-kinase

PKC protein kinase C

PKB or Akt protein kinase B

PTEN phosphatase and tensin homolog on chromosome 10

SCI spinal cord injury

TBI traumatic brain injury
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Figure 1. 
Summary of the major posttranslational products of prodynorphin. Prodynorphin is 

converted into multiple bioactive peptide fragments (3,224,225), including alpha-

Neoendorphin (α-NE), Big Dynorphin (Dyn AB 1–32), Leumorphin (Dyn B 1–29), 

dynorphin A (Dyn A 1–17), dynorphin B (Dyn B 1–16), Leucine-enkephalin-arginine (Leu-

enkephalin-Arg), and potentially Leucine-enkephalin (Leu-enkephalin). Processing is likely 

to be altered following injury or disease. Additional bioactive derivatives of prodynorphin 

likely exist besides those shown here. Many of the C-terminal fragments of dynorphin A, 

which are intrinsically neurotoxic, can be isolated from neural tissue in vivo or in vitro. 

Prodynorphin is highly basic, containing multiple lysine (K) and arginine (R) residues.
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Figure 2. 
Summary of the neuroprotective and deleterious affects of dynorphin A (1–17) in neurons, 

astroglia, and oligodendroglia. Dynorphin A has intrinsic activity at both opioid and non-

opioid, i.e., glutamatergic receptors. The N-terminal peptide derivatives are active at opioid 

receptors, whereas C-terminal-derived fragments can activate glutamate receptors. At 

physiological concentrations, dynorphin functions normally by activating kappa-opioid 

receptors (KOR). The activation of opioid receptors can have beneficial effects in isolated 

neurons, but may also have negative consequences depending on the particular neural cell 
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type affected, as well as the nature and timing of the insult. By contrast, at 

supraphysiological levels, dynorphin A acts via glutamate receptors and has excitotoxic 

effects in neurons and oligodendroglia, and potentially destabilizes astroglia. Abbreviations: 

adenylyl cyclase (AC); alpha-amino-3-hydroxy-5-methylisoxazole-4-propionate receptors 

(AMPA); cyclic AMP (cAMP); extracellular signal-regulated protein kinase (ERK); growth 

factor receptor-bound protein 2 (Grb2); G-protein complex (G); G-protein-alpha subunit 

(Gα); G-protein-beta-gamma subunit complex (Gβγ); inositol trisphosphate (IP3); p38 

mitogen-activated protein kinase (p38kinase); N-methyl-D-aspartate receptors (NMDAR); 

phosphatidylinositol 3-kinase (PI-3-kinase), phospholipase C-beta-gamma (PLCβ/γ); 

proline-rich tyrosine kinase-2 (Pyk2); protein kinase C (PKC);.
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Figure 3. 
Primary sequence of big dynorphin, dynorphin A and dynorphin B. Big dynorphin has 

intrinsic biological activity that differs from both dynorphin A and dynorphin B. Big 

dynorphin’s novel effects are not mediated by opioid receptors. The highly basic nature of 

the big dynorphin peptide may permit big dynorphin to interact selectively with other target 

molecules (46).
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