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Abstract Cannabinoids have been proposed as clinically
promising neuroprotective molecules, as they are capable to
reduce excitotoxicity, calcium influx, and oxidative injury.
They are also able to decrease inflammation by acting on
glial processes that regulate neuronal survival and to restore
blood supply to injured arca by reducing the vasoconstriction
produced by several endothelium-derived factors. Through
onc or more of these processes, cannabinoids may provide
neuroprotection in different ncurodegencrative disorders
including Parkinson’s disease and Huntington’s chorea, two
chronic diseases that are originated as a consequence of the
degeneration of specific nuclei of basal ganglia, resulting in a
deterioration of the control of movement. Both diseases have
been still scarcely explored at the clinical level for a possible
application of cannabinoids to delay the progressive degen-
cration of the basal ganglia. However, the preclinical
evidence seems to be solid and promising. There are two
key mechanisms involved in the neuroprotection by canna-
binoids in experimental models of these two disorders: first, a
cannabinoid receptor-independent mechanism aimed at
producing a decrease in the oxidative injury and second, an
induction/upregulation of cannabinoid CB2 receptors, mainly
in reactive microglia, that is capable to regulate the influence
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of these glal cells on neuronal homeostasis. Considering the
relevance of these preclinical data and the lack of efficient
neuroprotective strategies in both disorders, we urge the
development of further studies that allow that the promising
expectatives generated for these molecules progress from the
present preclinical evidence till a real clinical application.
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The Cannabinoid System and the Basal Ganglia

The cannabinoid system is a novel intercellular signaling
system that plays modulatory roles in different neurobiolog-
ical functions, including the control of the basal ganglia
function (1). Thus, a series of anatomical, biochemical,
electrophysiological, and pharmacological studies have
strongly demonstrated (a) that the basal ganglia contain
high levels of endogenous cannabinoids, as well as of the
receptors for these ligands, including the cannabinoid CBI
and CB, receptor types and also the related transient
receptor potential vanilloid 1 (TRPV)) receptor (2,3); (b)
that the activation or the blockade of these receptors
produces important changes in the control of movement
(2,4), (c) that thesc motor cffects are caused by the
modulatory action exerted by the cannabinoid system on
various classic neurotransmitters, such as y-aminobutyric
acid, dopamine, or glutamate, that opcrate at the basal
ganglia (2,5); and (d) that different clements of the
cannabinoid signaling system, in particular the CB; and
CB; receptors, experience important changes in various
basal ganglia disorders (2,6). This solid evidence relating
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endocannabinoids and their receptors to the function of the
basal ganglia, both in the healthy and the pathological brain,
provides support to the possibility that cannabinoid-based
medicines, with selectivity for different targets of the
cannabinoid signaling system (enzymes, receptors, inacti-
vation system), might have therapeutic potential in basal
ganglia disorders, in particular Parkinson’s disease (PD) and
Huntington’s discase (HD) (2,6). These are the two
disorders related to the control of movement that have
concentrated more interest in terms of a potential therapeu-
tic application of cannabinoids. This therapy might cover
the alleviation of specific motor symptoms, such as the
antthyperkinetic effects demonstrated by direct or indirect
agonists of cannabinoid receptors in HD (7,8) or the
improvement of the motor inhibition caused by CB,
receptor antagonists in PD (9, 10). However, this type of
cffects on symptom relief will be addressed here only
marginally (see Table 1 for a comparative summary of
symptom relieving effects of cannabinoids in different
neurological disorders), because the objective of this article
is to concentrate on the capability of cannabinoids to delay
the progression of both discases (6,11,12). This is
particularly important in view of the poor clinical outcome
with substances that might exert a neuroprotective action in
HD, PD, and also in other neurodegencrative disorders
affecting other brain functions (13). In this sense, over the
last decade, a considerable volume of preclinical work has
accumulated solid evidence to assume that the cannabinoid
system plays a role in the protection against acute or chronic
brain damage (6,11,12; seec Table 1 for a comparative
summary of neuroprotective effects of cannabinoids in
different neurological disorders), which would be a part of
an important dual function exerted by cannabinoids and
their receptors on the control of the cell decision of death/
survival (14). The pharmacological exploitation of this

function would represent a clinically promising goal for
next years with a likely application for the treatment of
neurodegenerative disorders and brain tumors (15). The
present article will review the basic knowledge on the
neuroprotective potential of cannabinoids in these two
neurodegenerative disorders, HD and PD, trying to establish
the future lines of research for the clinical application of this
potential in patients affected by this type of basal ganglia
disorders.

Activation of the Cannabinoid System in Response
to Neuronal Damage

There 1s solid evidence indicating that the cannabinoid
system, in concordance with its suggested role in the
protection of the brain, becomes activated in response to
different stimuli that may damage nerve cells. This has been
documented in different experimental paradigms of neuro-
degeneration, although with variable results, depending on
the age, animal species, type and severity of injury, and
mechanism(s) activated for cell death (reviewed in 6, 11, 16,
17). For instance, a repeated observation is that neuronal
damage of different cthiology is frequently accompaniced by
an incrcase in the production of endocannabinoids in the
brain (11,16). This has been observed in response to
excitotoxic conditions in the rat (18, 19) and the mouse
(20). In both cases, the levels of anandamide (arachidonoyl-
ethanolamide |AEA]) increased, but this did not occur with
the levels of 2-arachidonoylglycerol (2-AG) (18-20). Simi-
lar results were reported by Gubellini et al. (21) in a rat
model of PD. However, other authors found that 2-AG is the
endocannabinoid that is massively produced in the mouse
brain after closed head injury (22). This endogenous
response has been also described in humans where elevated

Table 1 Summary of therapeutic benefits of the management of the cannabinoid system in neurodegencrative disorders

Neurological disorder Symptom relief

Discasc progression

Huntington’s discase TRPV1 agonists reduce hyperkinesia

CB1 agonists produce only modest cffects

Parkinson’s discasc CB1 antagonists reduce bradykinesia
CB1 agonists reduce tremor

Tourctte’s syndrome

CB2 agonists reduce inflammatory cvents
Cannabidiol and A°-THC reduce oxidative stress
Antioxidant cannabinoids arc ncuroprotective

Plant-derived cannabinoids and analogs reduce tics

Dystonia Classic and non-classic cannabinoid agonists have
antidystonic cffects

Dyskinesia CB1 agonists or antagonists delay L-dopa-induced
dyskinesia

Amyotrophic lateral Unknown

sclerosis
Alzheimer’s discasc CB1 antagonists reduce memory deficits
CB1 agonists increasc appetite

Multiple sclerosis

Direet or indircet cannabinoid agonists reduce spasticity

A®-THC dclays ncurological declinc
CB2 agonists are also cffective
CB1 and CB2 agonists reduce f-amyloid toxicity

CBI1 agonists reduce spinal inflammation and
degencration
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levels of AEA and other fatty acid amides have been
recorded around the site of damage in a microdialysis study
performed on a single stroke patient (23). Similar findings
were obtained in studies with inhibitors of the endocanna-
binoid uptake. For instance, the compound UCM707
increased protection against kainate-induced seizures in
mice, where AEA levels were reported to be elevated (20).
By contrast, other authors (24) found a protection after
exogenous administration of AEA in a neonatal model of
secondary excitotoxicity, but they did not record any
increases in AEA or 2-AG levels and, concomitantly, they
did not find any effect of another uptake inhibitor, VDM11,
on lesion volume.

As happens with endocannabinoid ligands, their receptors
are also induced/upregulated in brain cells in response to
injury and/or inflammation (6, 19,25,26). Thus, CB, recep-
tors were upregulated in response to experimental stroke
generated in adult animals (25) or in response to excitotoxic
stimuli in neonatal rats (19). As regards to CB, receptors, a
receptor type that is relatively scarce in the brain in healthy
conditions (sec below), recent reports have shown induction
of this receptor type in Alzheimer’s discase and HD
(6,15,26). This occurs mainly in recactive microglia that
surround senile plaques in human Alzheimer’s discase brain
samples (26) or that migrate at lesioned sites in rats with
striatal atrophy generated by mitochondrial complex [I
inhibition, an experimental model of HD (6, 15). As will
be detailed below, these observations suggest that CB,
receptors might play a role in reducing cytotoxic intfluence
exerted by reactive microglia on neurons.

Mechanisms Involved in Neuroprotection
by Cannabinoids

The molecular mechanisms underlying the neuroprotectant
properties of cannabinoids are quite diverse and, frequently,
complementary. They include some events not mediated by
cannabinoid receptors, such as the blockade of N-methyl-p-
aspartate (NMDA) receptors or the reduction of oxidative
injury exerted by some specific groups of cannabinoids
with particular chemical characteristics (6). By contrast,
other neuroprotective actions of cannabinoids are defini-
tively mediated by either CB (6) or CB; receptors (15) and
even through the activation of TRPV| receptors (27). These
receptor-mediated events would be involved in the inhibi-
tion of glutamate release, reduction of calcium influx,
improvement of blood supply to the injured brain, and/or
decrease of local inflammatory events exerted by cannabi-
noids (for review, sec 6,11, 12].

Events Mediated Preferentially by CB; Receptors Canna-
binoids are certainly antiglutamatergic substances, as they

arc able to reduce excitotoxicity (6,11,12,17). This has
been demonstrated both in vitro (28, 29) and in vivo (30).
This antiglutamatergic effect seems to be dual. On one side,
most of cannabinoid agonists reduce glutamate release, an
effect likely exerted by the activation of CB, receptors
located presynaptically on glutamatergic terminals, as it is
sensitive to the blockade of these receptors with rimonabant,
a sclective CB; receptor antagonist (see 6,17,31 for
reviews). In fact, rimonabant by itself increased lesion
volume in a rat model of HD (32), although there are some
studies reporting no effects (24) or, even, improvement
(33). On the other side, some specific cannabinoids, such as
dexanabinol (34) and also anandamide, although only in
special circumstances (35), are also able to directly act on
NMDA glutamatergic receptors. This i1s an action not
mediated by CB, receptors, but it may be an alternative
way to reduce, at the postsynaptic level, the influence of
high glutamate concentrations typical of excitotoxic situ-
ations. Concomitantly to their antiglutamatergic effects,
cannabinoid agonists, acting again through the activation of
CB, receptors, may also close voltage-sensitive calcium
channels (36) that arc activated in responsc to the
depolarization associated with NMDA receptor overactiva-
tion. This results in a reduction of the overall intracellular
calcium levels avoiding the negative influence of numerous
destructive pathways that are overactivated by an excessive
clevation of intracellular levels of this ion (6,37). Finally,
cannabinoid agonists may also reduce neuronal degenera-
tion by improving blood supply to the injured brain, an
effect particularly interesting in the case of ischemic
episodes. This vasodilation effect would be exerted by
inhibiting the production of several endothelium-derived
mediators, such as endothelin-1 or nitric oxide (38 —40),
that arc associated with the vasoconstriction typical of
ischemic episodes. This would be certainly a CB, receptor-
mediated event (38-40), although the involvement of other
additional novel types of cannabinoid receptors that have
been recently proposed for cardiovascular effects of
cannabinoids cannot be ruled out (41).

Events Mediated Preferentially by CB; Receptors Canna-
binoid agonists also behave as anti-inflammatory molecules
able to reduce local inflammatory events that frequently
accompany both acute and chronic neurodegenerative
disorders and that have been related to the activation of
glial cells at the lesioned sites (i.c., recruitment of reactive
microglia and astrogliosis). Cannabinoids possibly act
through the control of specific functions exerted by glial
cells that are aimed at regulating the neuronal homeostasis
(sce 6 for review). For instance, cannabinoids would reduce
the release of cytotoxic factors, such as inflammatory
cytokines (tumor necrosis factor-oc [TNF-ox], interleukin-
1 [IL-1(3]), reactive oxygen species, or nitric oxide, by






