Chapter 12
The Opioid System in Levodopa-Induced
Dyskinesia

Tom H. Johnston, Paula Ravenscroft, and Michael P. Hill

Abstract A wealth of evidence underlies the pivotal role of opioidergic neurotrans-
mission in both normal and pathological basal ganglia function. Accompanying the
development and expression of levodopa-induced dyskinesia (LID), following long-
term dopamine replacement therapy in Parkinson’s disease (PD), are myriad changes
in both opioid receptor levels as well as the stoichiometry and processing of endoge-
nous opioid peptides. Notably, in both patients and animal models of PD, dopamine
denervation and chronic levodopa therapy are associated with an enhancement of basal
ganglia opioid transmission. Whether this and other alterations are wholly causative or
compensatory remains to be fully elucidated. Nevertheless, such observations have
formed the basis for utilizing a variety of small molecules and other potential therapies
to modulate the opioid system for the treatment of motor complications in PD. This
chapter will provide an overview of the opioid system and describe both preclinical and
clinical studies concerning the role of opioids in LID. New insights such as the role of
receptor dimerization and potential role for biased ligands are also reviewed.
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The Endogenous Opioid System

The first description of a related group of endogenous opioid peptides, the enkeph-
alins, and their structures was reported by Hughes and colleagues [1]. Other endog-
enous opioids were quickly discovered including dynorphin and B-endorphin
[2-5]. All these peptides share the enkephalin sequence (Tyr-Gly-Gly-Phe-Leu or
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Tyr-Gly-Gly-Phe-Met) at the N-terminus, with differing extensions at the
C-terminus. Subsequently, another set of endogenous peptides with opioidergic
properties, the endomorphins, were discovered and were found to be distinct from
the classic opioid peptides in that they were highly p-opioid receptor selective and
did not contain the enkephalin sequence [6]. A further opioid-like peptide that has
similarities to dynorphin A [7] was discovered independently by two groups and
termed orphanin FQ by one [8] and nociceptin by the other [9].

Opioid Peptide Precursors

Enkephalins are pentapeptides, produced from the proteolysis of the polypeptide
precursor molecule preproenkephalin-A (PPE-A), which contains six copies of
methionine-enkephalin (met-enkephalin) and one copy of leucine-enkephalin (leu-
enkephalin) [10, 11]. Dynorphins are produced from the proteolysis of preproen-
kephalin B (PPE-B, also known as preprodynorphin), which also contains sequences
for leu-enkephalin, a-neoendorphin, and f-neoendorphin [12—15]. In addition, pre-
proopiomelanocortin contains sequences for 3-endorphin [16]. Nociceptin/Orphanin
FQ (N/OFQ) is derived from prepronociceptin and is found almost exclusively in
the CNS [17]. No precursor for the endomorphins has been found to date.

Opioid Receptors

The existence of opioid receptors was first demonstrated in 1973 by a number of
groups [18-20], and around 20 years later molecular sequencing and cloning stud-
ies confirmed the existence of three distinct classes; -, 8-, and k- [21-23]. Each
class displays at least two pharmacological subtypes in vivo (reviewed in [24]).
Opioid receptors, as well as other G-protein-coupled receptors, exist in oligomeric
complexes [25, 26]. Homo-oligomerization of p-, 8-, and k-opioid receptors has
been demonstrated, suggesting a critical functional role for receptor—receptor inter-
actions. Of more interest perhaps is the phenomenon of hetero-oligomerization.
Hetero-dimerization between 8- and x-opioid receptors was the first opioid receptor
complex identified and was shown to display novel pharmacology [27]. Hetero-
dimerization between 8- and p-opioid receptors has been extensively documented
[28, 29], and recently a selective ligand was identified for this complex [30]. It has
also been shown that the endogenous opioids endomorphin-1 and leu-enkephalin
have a higher affinity for the p—8 complex than either receptor alone [31]. Thus,
specifically targeting opioid hetero-oligomers may open up new opportunities for
therapeutic development. To add to the complexity, at least 31 splice variants of the
p-opioid receptor have been isolated from mice, 16 from rats, and 19 from humans
(reviewed in:[32]). The endogenous opioid peptides have
different degrees of selectivity for opioid receptors. Leu-enkephalin and
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Table 12.1 Mammalian endogenous opioid ligands and receptors

Precursor Endogenous peptide Opioid receptor selectivity

Preproenkephalin-A

Preproenkephalin-B

Preproopioimelanocortin
No precursor discovered

Prepronociceptin

Met-enkephalin
Leu-enkephalin
Dynorphin A
Dynorphin B
Leu-enkephalin
a-neoendorphin
B-neoendorphin
f-endorphin
Endomorphin-1
Endomorphin-2
N/OFQ

d-opioid receptor
d-opioid receptor
K-opioid receptor
k-opioid receptor
d-opioid receptor
k-opioid receptor
k-opioid receptor
p-opioid receptor
p-opioid receptor
p-opioid receptor
N/OFQ receptor

met-enkephalin are predominantly endogenous ligands of the &-opioid receptor
[33], B-endorphin, and the endomorphins predominantly bind to the p-opioid recep-
tor [6, 34, 35], whereas the dynorphins and neoendorphins act mainly via the
k-opioid receptor [36]. N/OFQ binds to the nociceptin receptor (also referred to as
the orphanin FQ receptor) [17]. The nociceptin receptor has a high degree of homol-
ogy to other opioid receptors, but the classic endogenous opioids exhibit little or no
affinity for it [37]. A summary of key endogenous opioids and their preferred target
receptor is described in Table 12.1.

Opioid receptors are distributed throughout the structures of the basal ganglia
and the distribution is relatively conserved across species. The distribution of opioid
receptor mRNA and opioid receptor binding sites in the rat CNS has been reviewed
by Mansour et al. [38]. There is a high correlation between p-opioid receptor mRNA
expression and binding in the clusters and patches of the striatum and nucleus
accumbens and pallidal complex [38, 39], suggesting local receptor synthesis.
0-Opioid receptor mRNA and binding is also highly correlated in the striatum,
nucleus accumbens, and globus pallidus [39, 40]. While mRNA and binding of
k-opioid receptors are highly correlated in the striatum and nucleus accumbens,
there are differences in the substantia nigra pars compacta and ventral tegmental
area which may be due to receptor transport [39]. The subthalamic nucleus also
contains high levels of k-opioid receptors [41].

Changes to the Opioid System in PD and LID

Many studies in both rodent [42-63] and nonhuman primate [64—72] models of
Parkinson’s disease have consistently demonstrated increased striatal PPE-A mRNA
expression compared to normal control animals. Similarly, studies in PD patients
show the same pattern of increase in striatal PPE-A mRNA expression [73-75].



216 T.H. Johnston et al.

Conversely, rodent [46, 47, 49, 51, 52, 60, 76-78] and nonhuman primate [66—68,
79] models of PD show reduced striatal PPE-B mRNA expression. It has also been
demonstrated that prepronociceptin is increased in the substantia nigra in rodent
models of PD [80-83]. Following repeated D,/D, dopamine receptor stimulation in
rodents, striatal PPE-A mRNA is either further elevated compared to that in the par-
kinsonian state or remains the same, while PPE-B mRNA levels are elevated [46—48,
50, 52, 57, 59, 63, 76, 78, 84-90]. The same pattern is seen in nonhuman primate
models of PD [65-68, 70, 91-94] and in PD patients [73—75]. In contrast to the num-
ber of studies looking at precursor expression, relatively few studies have looked at
the expression of the opioid peptides being produced from these precursors. However,
arecent study in MPTP-lesioned nonhuman primates demonstrated significant eleva-
tions in met- and leu-enkephalin in the putamen and external segment of the globus
pallidus [66]. Elevated levels of N/OFQ have also been demonstrated in the CSF of
PD patients [95]. Recent studies have looked at the levels of opioid peptides in rat
[87, 96] and nonhuman primate [66] models of LID. The rodent studies used the
sensitive technique of matrix-assisted laser desorption ionization (MALDI) imaging
mass spectrometry (IMS) that allows comprehensive detection of multiple molecular
species in a single tissue section. They found elevated levels of the PPE-B derived
peptides, dynorphin B and a-neoendorphin, in the dorsolateral striatum [87] and sub-
stantia nigra [96] of severely dyskinetic rats compared with mildly dyskinetic or
non-dyskinetic rats. A similar elevation in the PPE-B derived peptide, dynorphin A,
has been seen in dyskinetic nonhuman primates [66]. Changes in receptor levels and
receptor signaling in PD and dyskinetic states have been extensively reviewed by
Huot and colleagues [97] and are summarized in Table 12.2.

Potential of Selective vs. Nonselective Classical Opioid
Receptor Therapies

The plethora of changes in basal ganglia function such as underactivity of output
nuclei (i.e., internal segment of the globus pallidus and substantia nigra pars reticu-
lata) likely represent key mechanisms underlying dyskinesia in PD (reviewed in [98]).

Table 12.2 Changes to opioid receptor levels and receptor signaling in PD and dyskinetic states

p-receptor levels are reduced in the striatum and GPi of dyskinetic NHPs killed in the ON state

p-receptor-mediated signaling is overactive in the striatum and GPi of MPTP-lesioned NHPs
killed in the ON state

d-receptor levels are unchanged in the striatum of dyskinetic NHPs killed in the ON state

d-receptor-mediated signaling is overactive in the striatum of MPTP-lesioned NHPs killed in
the ON state

k-receptor levels are reduced in the GPe and GPi of dyskinetic NHPs killed in the ON state

k-receptor-mediated signaling is overactive in the caudate nucleus and motor cortex of
MPTP-lesioned NHPs killed in the ON state

Adapted from: Huot et al. [97]
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Concomitantly, a substantial preclinical literature has implicated aberrant opioid
transmission in the expression of LID. As discussed, these include the classic observa-
tions of increases in the synthesis of basal ganglia PPE-B and associated opioid pep-
tides in animal models of LID and in postmortem tissue from dyskinetic PD patients
[46, 74, 75, 91, 99, 100]. Additionally, functional imaging studies using positron
emission tomography showed that PD patients with LID displayed heightened opioid
transmission [101]. Such observations have lent support to the hypothesis that antago-
nism of opioid transmission, in the first instance using the approach of nonselective
receptor subtype blockade, might be associated with anti-dyskinetic actions. Indeed,
the nonselective opioid receptor antagonist naloxone was shown to alleviate estab-
lished abnormal involuntary movements (AIMs), a correlate of dyskinesia seen in PD
patients, in the 6-OHDA-lesioned rat model of PD [102], but was alternately proven
both ineffective [103] and effective [104] at reducing LID in the MPTP-lesioned
macaque. Responses to another nonselective opioid antagonist, naltrexone, were also
ambivalent showing an alleviation of established LID evident in the MPTP-lesioned
marmoset [92] while lacking effect on, or even exacerbating, LID in the macaque
[105-108]. The lackluster display of benefit attributed to use of non-subtype-selective
blockade was borne out in clinical studies examining both naloxone [109] and naltrex-
one [110, 111] in which either a total absence of, or only modest, anti-dyskinetic
benefit was revealed. Such lack of clear anti-dyskinetic actions possibly reflects the
interaction of non-subtype-selective ligands with multiple opioid receptors, which
might provide competing pro- and anti-dyskinetic effect. Strikingly, recent advanced
mass spectrometry studies have for the first time afforded insight into the exact nature
of the PPE-B-derived opioid peptide species generated in the dyskinetic state that
could shed light on why generalized blockade of all opioid actions likely represents
too blunt a therapeutic strategy. Thus, the aforementioned MALDI-TOF-based imag-
ing in nigral and striatal tissues of levodopa-treated, 6-OHDA-lesioned rats has
revealed a strong positive correlation between AIMs severity and levels of the PPE-B
derived peptides, dynorphin B and a-neoendorphin. Of note, these dyskinesia-associ-
ated peptides were not those with the highest affinity to k-opioid receptors, but also
activate p- and 8-opioid receptors [87, 96]. Such data provide compelling evidence
that enhanced activation of non-kx-opioid receptors by select peptide products of
PPE-B may contribute to the development of dyskinesia after chronic levodopa ther-
apy. In keeping with heightened activity of p-opioid function, the selective p-opioid
receptor antagonists cyprodime and ADL5510 both alleviated LID in the MPTP-
lesioned nonhuman primate, without affecting levodopa anti-parkinsonian efficacy
[92, 105]. Likewise, and in agreement with hyperactive 8-opioid receptor-mediated
transmission in dyskinesia, the 5-opioid receptor antagonist naltrindole reduced LID
in the MPTP-lesioned nonhuman primate, also without affecting levodopa anti-par-
kinsonian efficacy [92]. While earlier studies remain pertinent in suggesting overac-
tivity of x-opioid-mediated signaling in LID (based on elevated PPE-B-heightened
expression), as being a key element in the generation of LID, the more recent MALDI
data described perhaps temper this assertion. Indeed, behavioral studies in which
k-opioid receptors were blocked with nor-binaltorphimine (nor-BNI) showed no
reduction in LID in the MPTP-lesioned nonhuman primate [92]. Conversely,
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stimulation of k-opioid receptors with U50,488 reduced established AIMs in the
6-OHDA-lesioned rat and dyskinesia in the MPTP-lesioned squirrel monkey, though
at the expense of impairing levodopa anti-parkinsonian action [112]. In addition,
TRK-820, a selective kx-opioid receptor agonist, effectively ameliorated levodopa-
induced AIMs in the 6-OHDA-lesioned rat, an effect which was blocked by prior
treatment with nor-BNI [113]. Thus, the lack of clear efficacy of non-subtype selec-
tive opioid receptor antagonists may reflect that any anti-dyskinetic benefit conferred
by blocking p- and 8-opioid receptors may be offset by blockade of k-opioid recep-
tors. If the failure of non-subtype selective opioid antagonists to alleviate LID in clini-
cal trials is indeed due to their blockade of k-opioid receptors, and if the anti-dyskinetic
efficacy of the non-subtype selective opioid agonists is primarily mediated via an
agonist effect at k-opioid receptors, then selective stimulation of these receptors may
yet represent a promising anti-dyskinetic target. Any k-opioid agonist-based strategy
will of course have considerable challenges to overcome in dealing with the dyspho-
rogenicity implicit with this class of compound [114].

The optimal balance of opioid receptor stimulation and blockade with which to
achieve peak anti-dyskinetic effect has yet to be fully elucidated. Indeed, an alterna-
tive explanation for the rise in levels of PPE-B and derived opioid peptides observed
in striatal tissue from dyskinetic patients or animal models, is as a compensatory
response to prolonged levodopa therapy and onset of dyskinesia rather than a direct
causative event (reviewed in: [115]). Evidence to support this alternate hypothesis is
no less compelling. Thus, nonselective stimulation of opioid receptors with meperi-
dine alleviated LID in the MPTP-lesioned nonhuman primate [103] while not affect-
ing the anti-parkinsonian action of levodopa. Likewise, morphine alleviated established
LID as well as dyskinesia elicited by selective stimulation of either D, or D, dopamine
receptors in the MPTP-lesioned nonhuman primate [116] and showed efficacy in a
small open-label clinical report [117]. Given the anti-dyskinetic actions afforded by
selective x-opioid agonists, it is fair to assume that at least part of the benefit exhibited
by morphine and meperidine as nonselective agonists is exerted via activity at this
receptor. The obvious challenges of advancing an opioid agonist for this indication
aside, the potential benefit of a selective p-opioid agonist would be interesting to see
although similar mood-altering side effects to those observed with k-opioid selective
agonists have been reported for p-opioid agonist-based approaches [118]. It can how-
ever be said with certainty that stimulation of the 8-opioid receptor is unlikely to
underlie such effects. In the untreated parkinsonian state (prior to advent of dopamine
replacement therapy), 8-opioid receptor agonists can provide robust anti-parkinsonian
effects. In both haloperidol-administered rats and MPTP-lesioned nonhuman pri-
mates, the selective d-opioid receptor agonist, SNC80, reversed all parkinsonian defi-
cits [119]. While &-opioid receptor agonists have considerable potential as
anti-parkinsonian agents, their use in more advanced patients, where dyskinesia has
already emerged, may be limited. Thus, in MPTP-lesioned nonhuman primates with
established levodopa-induced dyskinesia, d-opioid agonists elicit dyskinesia even as
monotherapy and exacerbate dyskinesia if given in combination with levodopa [120].

Recent work has examined both agonist and antagonist effects at the nociceptin/
orphanin FQ (N/OFQ) receptor as a strategy to alleviate LID. Systemic administration
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of J-113397, an N/OFQ receptor antagonist, enhanced the anti-parkinsonian actions
of low-dose levodopa in 6-OHDA-lesioned rats [121] but worsened established LID
in the MPTP-lesioned nonhuman primate [122]. Conversely, both native N/OFQ
peptide and a synthetic N/OFQ agonist, Ro 65-6570, given via intracerebroven-
tricular injection reduced established AIMs in the 6-OHDA-lesioned rat and, given
systemically to MPTP-lesioned nonhuman primates, Ro 65-6570 significantly
reduced established LID without compromising the anti-parkinsonian benefit of
levodopa [123].

New Avenues in Therapeutic Development

Given the multiplicity of effects, both positive and negative, offered by modulation
of the opioid system in PD and LID, a combination approach that simultaneously
yields the best of multiple strategies may be of value. The concept of opioid ligands
with “agonist/antagonist” properties is hardly new, having been described several
decades ago for pentazocine and related compounds [124]. Recent work has identi-
fied single chemical entities with dual 5-opioid receptor agonist and p-opioid antag-
onist (DAMA) characteristics [125]. Such compounds, with inherent
anti-parkinsonian actions (mediated via actions at the d-opioid receptor) also, via
p-opioid receptor blockade, have the potential to suppress both the development of
dyskinesia in early disease, when given as monotherapy, and its expression, when
combined with levodopa, in later stages of the disease. A similar strategy centered
on dual-actions of a single compound at the k- and p-opioid receptors has also
recently been promulgated [126]. Specifically, nalbuphine, a semisynthetic opioid
used clinically as an analgesic, with activity as both a weak p-opioid receptor antag-
onist and a k-opioid receptor partial agonist, has been shown to ameliorate estab-
lished dyskinesia in MPTP-lesioned nonhuman primates without worsening
parkinsonian symptoms. This strategy offers the combined anti-dyskinetic potential
of both p-opioid antagonism and k-opioid agonism reportedly using sub-analgesic
doses of nalbuphine below those at which any propensity for side effects relating to
k-opioid receptor stimulation (dysphoria and loss of anti-parkinsonian action) might
compromise therapeutic benefit.

Avoidance of such psychotomimetic effects and other opioid agonist-related
complications such as the development of tolerance with chronic administration
[127] would represent a considerable advance on current therapies. Possible solu-
tions to these issues may be forthcoming with some profound advances in the fun-
damental understanding of GPCR biology witnessed over the last decade. Chief
among these may be the recognition that in addition to the classical repertoire of
agonists and antagonists which activate or inactivate the entirety of a receptor’s
signaling network, “biased” ligands can selectively activate a subset of the signal-
ing pathways available to that receptor by a particular ligand [128, 129]. For
instance, a newly developed k-opioid receptor agonist, 6'-guanidinonaltrindole,
was shown to display bias toward the activation of signaling through non-f-arrestin
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2 pathways [130, 131], a mechanism associated with the loss of dysphoria [132].
Such preferential signaling that avoids f-arrestin engagement is also being explored
in the context of enhancing 8-opioid receptor agonist strategies in an attempt to
limit seizure activity associated with “classical” agonists such as SNC80 [133].
Separation of seizure and locomotor effects may however be challenging. For
example, some of the newer d-opioid receptor agonists such as ADL5747 and
ADLS5859, while showing a lack of seizure activity at doses associated with anal-
gesia, also show a total lack of SNC80-like anti-parkinsonian effect [134]. Future
therapeutic development may also take into consideration discovery of yet another
class of new opioid receptor ligands, those, as discussed earlier, with the capacity
to selectively bind to, and activate, heteromeric opioid receptors, rather than either
receptor expressed in monomeric form [30].

Conclusion

It is clear that opioidergic neurotransmission is significantly altered in Parkinson’s
disease and levodopa-induced dyskinesia. Current data suggest that the elevated
level of opioids derived from PPE-B plays the most prominent role in dyskinesia
expression following long-term dopamine replacement therapy. The most promis-
ing target explored to date appears to be the p-opioid receptor where selective antag-
onists afford anti-dyskinetic activity without compromising the anti-parkinsonian
benefit of levodopa. However, new avenues that utilize compounds with combined
opioid agonist and antagonist properties, biased ligands, in particular k-opioid ago-
nists lacking f-arrestin activity or those selective for opioid receptor heterodimers,
may provide novel strategies in the treatment of levodopa-induced dyskinesia.
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