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This review focuses on what endocannabinoid means related to its possible action in the treatment of Parkinson's
disease symptoms, also presenting the role of cannabinoid receptors in these symptoms, but also in terms of the
cause and treatment of this pathology.

Current pharmacotherapy of Parkinson’s disease (PD) is symptomatic and palliative, with levodopa/carbidopa
therapy remaining the prime treatment, and nevertheless, being unable to modulate the progression of the
neurodegeneration. No available treatment for PD can enhance the patient’s life-quality by regressing this diseased
state. Various studies have encouraged the enrichment of treatment possibilities by discovering the association of
the effects of the endocannabinoid system (ECS) in PD. These reviews delineate the reported evidence from the
literature on the neuromodulatory role of the endocannabinoid system and expression of cannabinoid receptors in
symptomatology, cause, and treatment of PD progression, wherein cannabinoid (CB) signalling experiences
alterations of biphasic pattern during PD progression. Published papers to date were searched via MEDLINE,
PubMed, etc., using specific key words in the topic of our manuscript. Endocannabinoids regulate the basal ganglia
neuronal circuit pathways, synaptic plasticity, and motor functions via communication with dopaminergic,
glutamatergic, and GABAergic signalling systems bidirectionally in PD. Further, gripping preclinical and clinical
studies demonstrate the context regarding the cannabinoid compounds, which is supported by various evidence
(neuroprotection, suppression of excitotoxicity, oxidative stress, glial activation, and additional benefits) provided by
cannabinoid-like compounds (much research addresses the direct regulation of cannabinoids with dopamine
transmission and other signalling pathways in PD). More data related to endocannabinoids efficacy, safety, and

pharmacokinetic profiles need to be explored, providing better insights into their potential to ameliorate or even

regress PD.
endocannabinoid system endocannabinoids cannabinoid 1 receptor cannabinoid 2 receptor
Parkinson’s disease neuroprotection

| 1. Introduction

Endocannabinoids, also known as endogenous cannabinoids (eCBs), are the endogenous lipid-based retrograde
neurotransmitters that comprise of cannabinoid receptors and imitate the psychomotor effect of Cannabis sativa !
281 The endocannabinoid system (ECS) is widely known for its ability to regulate numerous physiological roles

(modulation of immune system, cognition, appetite regulation, motor function, and pain). In recent times, a variety
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of studies have been investigating the function of cannabinoids (CBs) in several pathological conditions, including

the neurological diseases [IRI6],

The considerable rise in the scientific interest of promising therapeutic benefits of cannabinoids have displayed a
remarkable improvement in parkinsonian symptoms like dyskinesia or tremors & Moreover, it has led to an
increasing interest in research exploring the potential of these CBs and ECS as possible medical interventions for
the treatment of various diseases, including neurodegenerative disorders . The involvement of the cannabinoid 1
(CB1) receptor in ECS is a well expressed phenomenon in basal ganglia, which is reported to be affected in case
of different motor dysfunctions and other neurodegenerative disorders including PD &, Additionally, the role of ECS
in basal ganglia functioning and cortico-striatal pathway regulation has been explored competently in PD models
(L0ILLI12]13] pD js known as a progressive, chronic neurodegenerative disorder, which has become a considerable

social and medical concern, while becoming a financial burden on public health systems in many countries.

The dopaminergic neuronal loss and a-synuclein aggregation in the Lewy bodies that invades the substantia nigra
pars compacta (SNpc) are the major pathognomonic hallmarks of this disease 1415, Considered to be a multiplex
of various environmental, genetic, and age-related factors, the aetiology of PD is still a widely disputed topic 18],
Although well-marked environmental or genetic factors tend to be correlated by several cases, the combination of
unknown and unspecified genetic and environmental processes accounted for the majority of cases LJ18] The
deterioration of motor functions is easy cognoscible because of the following typical clinical observable symptoms
in PD patients: rigidity, akinesia, bradykinesia, hypokinesia, stooped posture, postural instability, rest tremors, etc.,
all of them often existing. Cognitive impairment, olfactory dysfunction, psychiatric symptoms, and autonomic
dysfunction are common non-motor features. Such motor functions are used to track the therapy response and
assess improvement in PD patients 1229211 However, levodopa remains the main symptomatic therapy of PD. Its
persistent use in the initial years of the therapy is associated with motor fluctuations in 62% of patients and
levodopa-induced dyskinesia (LID) that affects 91% of the patients, as reported by a 10-year prospective study in
PD patients [22]123],

Thus, the ongoing study aims at employing newer non-dopaminergic substances that can prevent LID and alleviate
motor symptoms. One such engrossing group of agents is represented by the CBs that have not only revealed their
neuroprotective capability but also their potential to relieve motor and non-motor symptoms as detected in patients
with PD, in various preclinical and clinical studies [2311241251126] However, there is a shortfall of clinical data on the
utilization of CBs in patients with PD but preclinical findings indicate that the modulation of the CB signalling
pathway could incapacitate and improve motor impairments and symptoms 241281129 The present review aims to
lay out an overview of endocannabinoid and its probable influence for the treatment of parkinsonian symptoms, as
well as for the expression of cannabinoid receptors in the symptomatology, cause, and treatment of PD
progression (wherein cannabinoid signalling experiences alterations in the biphasic pattern and biochemical
interactions between CBs, dopamine (DA), and ECS-targeted therapeutic interventions). Published literature data
in the field were searched via the most well-known medical data bases (MEDLINE, PubMed, etc.), using specific
key words in the topic of our manuscript, and resulting in 202 references mentioned at the final of this review type

article.
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| 2. The Endocannabinoid System

Notable advancement in our comprehension of the ECS had been established from the last 15 years. The ECS is a
biological lipid-transmitting cascade that includes eCBs, molecules derived from arachidonic acid, and membrane
phospholipids. The activity of CBs is expressed via Gi/o protein-coupled receptors, the CB1 receptor, and the
cannabinoid 2 (CB2) receptor, being mediated via binding of the ligands to the metabotropic receptor; as well, other
receptors are mentioned below, along with the enzymes and agents responsible for the synthesis, degradation, and
transportation of eCB, which are essential elements of the body in both physiological and pathological aspects 2%
B2l The detailed understanding of cannabinoid receptors, their specific locations and actions in the brain was
followed by isolation of 2-endogenous arachidonic acid-derived ligands, anandamide/arachidonoyl ethanol amide
(AEA), and 2-arachidonoyl glycerol (2-AG), the best-identified eCBs where the former was first to be isolated from
porcine brain, and the latter obtained from canine intestines [E31(34135](361[37][38][39]

2.1. Cannabinoid Receptors (CB1 and CB2 Receptors) and Other ECS Associated
Receptors

Cannabinoid 1 receptors (CB1 receptors) are crucial signalling mediators predominantly found in the peripheral
and central neurons and are best characterized on both the gamma-aminobutyric acid (GABA) and glutamatergic
neurons, possessing an excitatory or inhibitory activity. They are enabled in response to the depolarization
regulating functions such as pain perception, memory, etc. “9[41142]143] Except for conventional neurotransmitters,
eCBs are not retained in the synaptic vesicles; rather they act on presynaptic receptors in a retrograde manner
after their synthesis and release on demand. It is assumed to be an essential aspect of the neuronal CB1 receptor
element that modulates the neurotransmitter release, further establishing homeostasis by avoiding an extreme
neuronal activity developing in the central nervous system (CNS) 44, Higher levels of CB1 receptor are observed
in the globus pallidus (GP), the molecular layer of the cerebellum, substantia nigra (SN), hippocampus, and
caudate putamen . The GP and SN (two protruding regions engaged in movement control) not only have the
strongest CB1 receptor concentrations but rather the strongest eCB concentrations, specifically the N-
arachidonoyl-ethanol amine (AEA) 22481 The CNS and supraspinal areas of the brain are extensively expressed
with one of the primary receptors of CB compounds, i.e., the CB1 receptor involved in nociceptive transmission in
the brain. The CB1 receptor is also found to be expressed in the frontal-limbic regions of the brain, which
significantly regulate the emotional manifestations of the human brain 44, CB1 receptor regulates a descending
inhibitory pathway from the supraspinal level to the spinal cord nociceptive system via inhibiting GABA release 48!
49 At the spinal cord level, the CB1 receptor significantly mediates the noxious stimulation to the brain B9,
Furthermore, the CB1 receptor is also responsible for confining pain signal propagation, contributing to the

peripheral analgesic effects B4,

The expression of CB2 receptors is primarily observed in the immune system such as macrophages, lymphoid
organs, T and B cells, and immunocompetent cells at the peripheral regions and modifies numerous aspects such
as lymphocytes proliferation, development of cytokines, and cell-mediated immune reactions. Indeed, scientific

findings have shown that they often exist in CNS but at rates lower than the CB1 receptor. CB2 receptors situated
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on astrocytes and microglia, do not seem to play a major role in the cortico-striato-pallidal-circuit modulation.
Instead, these are primarily upregulated in response to cytotoxic and neuroinflammatory injury 2. However, the
CB1 receptor is abundantly expressed in the basal ganglia and is actually denser in the substantia nigra (SN),
indicating a probable role in the motor control movement 2354l Though, these nigrostriatal neurons do not express
CB1 receptor themselves, they do express transient receptor-potential type-1 vanilloid (TRPV1) receptors that are
activated by AEA [33],

Cannabinoid 2 receptor (CB2 receptor) activation mainly regulates microglial stimulation and recruitment and
therefore plays a significant part in neuroinflammation, along with the inflammatory reaction identified in
neurological disorders as demonstrated in animal models B8IRABEE |t could be specifically critical in controlling
astrocyte action caused by various cytotoxic insults that could solely be caused by CB2 receptor stimulation or may
include the CB1 receptor, individually or collectively with the CB2 receptor. Regardless of the type of CB receptor-
associated, the advantages that are delivered seem to be correlated mostly with the trophic function performed by
the glial cells (enhancements within the distribution of metabolic substrates to neurons). They may indeed promote
the levels of anti-inflammatory mediators (transforming growth factor-3 as pro-survival; TGF-B), interleukin (IL)-1
receptor antagonists, IL-10, or neurotropin production that could retrieve impaired neurons B2, The CB2 receptor
activation by microglial cells diminishes the generation of neurotoxic elements (i.e., tumour necrosis factor-a (TNF-
a)), which is a key player in the pathology involved in brain injury. Activation of CB2 receptors restricts TNF-a
development by suppressing nuclear factor-kappa B protein (NF-kB), a transcription factor that plays a vital role in
monitoring the inflammatory reaction [%. The latest evidence revealed the involvement of the CB2 receptor in
some neural subpopulations in the brain, endorsing the potential role of the receptor in synaptic processing, though
it has still not been established comprehensively. There is no confirmation about the stimulation of such neuronal
CB2 receptor showing the neuroprotective effect, but they can appear as a reliable biomarker for neuronal
dysfunction in neurodegenerative conditions such as PD [61[62](63][64](65]

Another receptor implicated in the movement control is a protein named transient receptor potential cation channel
subfamily V member 1 (capsaicin receptor and vanilloid receptor 1, encoded TRPV1 gene), found in the
dopaminergic neurons mainly basal ganglia circuit and sensory neurons. Endo-vanilloid-nociceptive stimuli
particularly activate the molecular integrators, namely the TRPV1 receptors. TRPV1 communicates with the eCB,
wherein AEA is one of the principal endogenous activators. Studies have also shown that the stimulation of

vanilloid receptors can inhibit motor activity, indicating that TRPV1 receptors may perform a role in regulating motor
function [6EI67I(68][69]

G protein-coupled receptor 55 (GPR55), an orphan G-protein receptor expressed widely in the brain (mainly in the
striatum), is also a promising target in the PD therapy as it is thought to be involved in the motor function 7L,
Even though, it lacks a classic CB binding pocket, GPR55 was regarded as “the 3rd CB receptor” and its signalling
can be affected and activated by CBs Z2[Z3ll74] |n the PD mouse model, downregulation of the GPR55 expression
was reported in the striatum and treatment with the abnormal-cannabidiol (Ab-CBD, a synthetic cannabidiol (CBD)
isomer and GPR55 agonist) has shown a neuroprotective effect on dopaminergic neuronal cells and improved the

motor behaviour /3, An anatomical, molecular, and behavioural analysis of GPR55-/- mice models showed
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normal brain structure development and did not influenced ECS and motor learning. The mice displayed flaws in
motor coordination, suggesting the involvement of GPR55 signalling in neurodegeneration and modulation of
cytokines 78], The symptomatic impact of Abn-CBD and two other GPR55 agonists (CID1792197 and CID2440433)

was studied using the catalepsy test, which indicated GPR55 as a probable symptomatic target for PD .

2.2. Dopamine and Cannabinoid Interactions

Throughout the areas of the brain mentioned above that are significant for many of these neuropsychiatric

disorders, CB-1R stimulation could render any of the following:

» Directly interacts and regulates the expression of dopaminergic neurons (by forming heteromers with

dopaminergic receptors, as shown in Figure 1).
« Impedes the transduction of dopamine (DA) signals in CB-co-localized postsynaptic DA receptors.

CB1 receptors are not located on dopaminergic cells but influence the output of DA by modulating the release of
neurotransmitters from projecting excitatory and inhibitory terminals via CB1 receptor stimulation A8l As
revealed by additional evidence, the existence of the CB2 receptor in nigrostriatal dopaminergic cells may permit
the direct dopaminergic activity control via the endogenous CB mechanism (i.e., the random and elicited discharge,
production, secretion of DA, etc.) L2 ECS stimulation has been correlated with motor suppression and declined

dopaminergic function (shown in Figure 1).

e e

s

Figure 1. Basal ganglia circuitry and mechanisms depicting the cannabinoid (CB) targets in motor disability

improvement in Parkinson’s disease (PD). CB1—Cannabinoid 1 receptor; GABA—y-aminobutyric acid; GPe—
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Globus pallidus (external); GPi—Globus pallidus (internal); SNpc—Substantia nigra pars compacta; SNpr—
Substantia nigra pars reticulata; STN—subthalamic nucleus; TRPV1—Transient receptor potential type-1 vanniloid;

dotted line arrows—underactive; full line arrows—overactive.

The heteromer of the CB1-dopamine 2 receptor (D2) creates a better example of G-protein switching within the
heteromer. Thus, CB1 and D2 receptors are generally coupled with Gi/o proteins. Co-stimulation of CB1-D2
receptors in these cellular models leads to a protein-dependent activation of adenylyl-cyclase by Gs [B1IE2l Several
other researches described simple co-expression of D2 and CB1 receptors is likely to elicit the stimulation of
adenylyl cyclase in response to CB1 receptor activation B2, In various elements of striatal spine modules, D2 and
CB1 receptor are colocalized. As stated above, D2 receptors are widely expressed in GABAergic dendritic spines.
In addition, D2 receptors are also identified to be widely distributed in dopaminergic, GABAergic, and glutamatergic
terminals in the striatal spine modules, wherein their stimulation suppresses the release of neurotransmitters 84183l
[88] Hence the probable localization of CB1-D2 receptor heteromeric may occur both pre- and post-synaptic (i.e.,
GABAergic enkephalinergic neuron dendritic spines) [BZ. Experimental studies in rat striatal membrane provided
extra strong evidence, demonstrating an intramembrane receptor—receptor interaction. CB1 receptor stimulation in
these preparations declined D2 receptor affinity to DA 8880 These two features of the CB1-D2 receptor
heteromeric, the antagonistic intramembrane interaction and G protein switching, would assume that activation of
the CB1 receptor in functional experimental studies must antagonize the effects of striatal neurotransmission
mediated by the D2 receptor. It is well established that agonists and antagonists of the CB1 receptor prevent and
potentiate motor-mediated effects of D2 receptors, respectively 2192931 Thys, it was proposed that the agonist-
mediated motor-depressant effects of the CB1 receptor rely on their ability to prevent the neurotransmission of DA.
Since motor activation induced by D2 receptor agonists is mostly dependent on postsynaptic D2 receptors, the
behavioural studies strongly suggest that striatal CB1-D2 heteromers are localized in the dendritic spines of
GABAergic enkephalinergic neurons. As indicated by this study, another locus where CB1-D2 heteromerisation
could partially explain the CB1-D2 receptor interactions at the behavioural level are the terminals of the GABAergic

enkephalinergic neurons in the GP [24],

Conventionally, limited eCB tone in hyperkinetic situations accompanies greater dopaminergic activity and the
reversible pattern is noticed in hypokinetic motion disorders [23l. CBs could enhance the hypokinetic influence of
DA-depleting agents in experimental PD models and lessen the incidence of drugs that produce DA receptor
hyperstimulation 28], Interaction between CB and DA appears to be much more complicated at the cellular level. In
the striatum, the levels of eCBs are affected by the dopaminergic transmission initially as depicted by the higher
levels of AEA following the stimulation of the D2 receptors as shown in Figure 1 [97]. Such phenomenon is based
on either the suppression of its inhibition or the stimulation of its synthesis as proposed by the ability of the D2
receptor agonists to further modify the activity of the fatty acid amide hydrolase (FAAH) and N-acyl-
phosphatidylethanolamine (NAPE) phospholipase D. Such activity of CBs stimulated by DA counteracts the action
of D2 receptor in the striatum, indicating an inhibitory process focused at restricting the hyperkinetic effect of DA.
To introduce extra entanglements, the observations that AEA generated by DA stimulation may intensify the
effectiveness of D2 receptor activation, are also indicating cooperative behaviour of CB1 and D2 receptors [10,98—

100]. However, suppression of GABA transmission through D2 receptors may slightly be avoided by the CB
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receptor blockade, indicating eCBs to serve as downward effectors for D2 receptors. While both CB1 and D2
receptors are presented on striatum at the GABA terminals, the intricate relationship between DA and eCBs clearly
defines the reconfiguration of such systems in both experimental and idiopathic PD [2Z. Earlier studies showed
improved eCB behaviour in the basal ganglia of experimental PD along with increased levels of CB1 receptors,
AEA, CB1 messenger ribonucleic acid (mMRNA), and reduced CB clearance. Similarly, the cerebrospinal fluid of
untreated PD patients was found to possess elevated rates of AEA. In the basal ganglia, higher expression of CB1
receptor has indeed been reported. Such alterations are linked with movement inhibition and might even be altered
by persistent levodopa therapy. While some of these modifications that represent endogenous compensatory
processes have been pointed to minimize the impact of DA failure in the basal ganglia, others would be likely to
lead to the progression of typical motor symptoms of PD [27I[28][29](100]

| 3. Alterations Observed in ECS and Basal Ganglia in PD

The significant function of the ECS in PD is shown by the latest shreds of evidence gathered from various studies.
The ECS elements are distributed strongly in the basal ganglia neural circuit (as presented in Figure 1) that is part
of a dynamic neuronal network that connects bidirectionally with the glutamatergic, GABAergic, and dopaminergic

signalling processes in the basal ganglia (Figure 2) 104,

Cannabinoids (CBs) play a prominent part in regulating communication of the striatal and cortical neuronal
synapses, controlling the activation of a specific type of synaptic plasticity and altering motor functions. The
dopaminergic neuronal cell depletion occurs in PD, mainly results in reduced DA rates in striatum that leads to the
alterations in the equilibrium between both the directly and indirectly acting eCB expression and basal ganglia
pathways 192 The foregoing cannabinoid signalling mechanism exhibits a biphasic transition pattern during PD
progression 293 |nitially, presymptomatic and early stages of PD are marked by neuronal deterioration along with
very little proof of cell death of neurons, which are correlated with CB1 receptor desensitization and exacerbation of
cytotoxic damage (i.e., oxidative stress, excitotoxicity, and glial activation) 294, The advanced/later and
intermediate phases of PD are marked by extreme nigral deterioration and severe symptoms of PD, along with

upregulated CB1 receptor activities and eCB ligands [104],

Figure 2. Basal ganglia organization. CB1—Cannabinoid 1 receptor; D1—Dopamine 1 receptor; D2—Dopamine 2
receptor; GABA—y-aminobutyric acid; GPe—Globus pallidus external; GPi—Globus pallidus internal; SNpc—

Substantia nigra pars compacta; STN—subthalamic nucleus; TRPV1—Transient receptor potential type-1.

This might elaborate the capability of ligands with CB receptors to alleviate common PD symptoms. GABAergic
neurons engages the internally and externally located parts of the SN and GP within the projecting GABAergic
neurons of the brain, also regarded as medium spiny neurons (MSNSs) that project to the nuclei of the basal ganglia
and provide the striatal output via CB1 receptor expression223i196] The CB1 receptor is found in immune-reactive
parvalbumin, interneurons, nitric oxide synthase (NOS) neurons, and cholinergic interneurons in the striatum 197,

On presynaptic axons, eCBs stimulate the CB1 receptor to diminish the release of neurotransmitters and
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glutamates and to serve as synaptic retrogressive messengers produced from post-synaptic neurons. In the same
way, the CB1 receptor activation restrains both the release of GABA from striatal afferents and glutamate from
cortex and thalamus . CB1 presynaptic receptor activation in the outer parts of the GP may elevate the amount of
GABA by minimizing its reuptake to the nucleus from striatal afferents and by lowering its release from striatal
afferents in the SN as shown in Figure 2. Depending on all of these pieces of evidence, the activity of the neuronal
basal ganglia system is considered to be regulated by the eCBs. The involvement of eCB signalling processes and
their association with glutamatergic, GABAergic, and dopaminergic neurotransmitter signalling routes in various

neuronal structures renders the ECS as a suitable prospective for a novel PD therapy .

4. Consequences of Basal Ganglia and Cortico-Striatal
Plasticity in PD Associated Long Term Depression (LTD)

It is well established that synapses serve durable morphological and functional modulations throughout the basal
ganglia neural circuit, especially in the striatum following the continuous stimulation of neuronal mechanisms. This
interesting ability regarded as “synaptic plasticity” is assumed to take place at the levels of neuronal circuit
dynamics and development, cortico-striatal synapses, and various key cognitive processes, mainly motor
associated learning features . DA plays a crucial role in creating two opposing kinds of synaptic cortico-striatal
plasticity: long-term depression (LTD) and long-term potentiation (LTP). LTD renders glutamatergic synapses quite
less excitable for potential future activation and LTP strengthens the connection between the cortical and striatal
neurons. The LTP reversal is called depotentiation (LTP-D) and manages to adjust synaptic signalling to its natural
state [208I109] AJthough, LTD and LTP-D decrease the strength of synaptic signalling, depotentiation is itself unable
to drag down non-potentiated synapses and necessitates the activation of N-methyl-d-aspartate (NMDA) receptors.
Prior observations have already revealed that heterosynaptic LTP-D necessitates these receptors (CB1, adenosine
Al, GABA-A, p38, mitogen-activated protein kinase (MAPK), and extracellular signal-regulated kinase (ERK) 1/2
signalling), implying that eCBs play a convoluted function in both pre- and post-synaptic changes [11QI[111][112][113]
In the mesencephalic brain areas, CB1 receptor activation has been shown to elevate the release of acetylcholine,
thereby reducing the cholinergic deficit locally in PD 114!, Furthermore, CBs interact with the serotonergic system to
influence the LID; loss of nerve supply in striatal dopaminergic renders a levodopa conversion that contribute to a
non-physiologic throbbing DA release (false transmitter) 113, As per one study, 2-AG metabolism takes place
through the monoacylglycerol lipase (MAGL), the hydrolysing enzyme in this process. As per another experimental
study, serine hydrolase ABHDG6 (alpha/beta-hydrolase domain-6) knockdown has shown to decline the hydrolysis of
2-AG, influencing the migration of cells-induced by 2-AG stimulation in vitro 116l In some studies, alteration in the
synaptic plasticity (by genetic ablation of MAGL in mouse cerebellum and hippocampus) is reported to contribute to
their desensitization through the mobilization of 2-AG and constant stimulation of CB1 receptor LLAL18] Similarly,
the elevation of CB1-dependent LTD occurs by ABHDG6 inhibition in mouse cortical excitatory synapses. ABHD6

also regulates the concentration of 2-AG that extends to the presynaptic CB1 receptor 116,
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