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Abstract

Research on cannabinoids has been growing significantly in the last five years. More than fifty percent of this
research corresponds to “cannabinoids and brain”, particularly about neurodegeneration. In this sense, there is
evidence reporting that specific phyto cannabinoids show some specific action on each one of main pathogenic
mechanisms involved in neurodegeneration such as oxidative stress, neuroinflammation and excitotoxicity.
However, by using the same targets, cannabinoids may also induce the opposite effects, this is, excitotoxicity and
inflammation. In fact, both tetrahydro cannabinol and cannabidiol activate cannabinoid receptors, but they also may
act as antagonists of those receptors. It seems to be a dose-dependent issue; nonetheless, as reviewed in this
paper, many other factors such as timing, type of cell and its state of activity even the activation of different, non-
cannabinoid receptorsseem to have a role related to those unexpected antagonic effects.
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Abbreviations: CBIR: cannabinoid receptor type 1; CB2R:
cannabinoid receptor type 2; PPARs: peroxisome proliferator activated
receptors; TPRV1: transient receptor potential vanilloid transmitter-
gated channels; CNS: central nervous system; ATP: adenosine
triphosphate; NLRP3:nucleotide-binding domain; leucine-rich-repeat-
containing family; pyrin domain-containing 3; IL: interleukin; GPx:
glutathione peroxidase; NADPH: nicotinamide adenine dinucleotide
phosphate; O,-superoxide anion; H,0,: hydrogen peroxide; SO:
superoxide dismutase; OH-: hydroxyl radicals; NO: nitric oxide;
ONOO-:peroxynitrite anion; ROS: reactive oxygen species; GSH:
reduced glutathione; GSSG: glutathione disulfide; NMDA: N-Methyl-
D-aspartic acid; IP.: inositol 1,4,5, triphosphate; TNF: tumor necrosis
factor; AEA:anandamide; 2-arachidonylethanolamide (2-AG);
2-AGE: 2-Arachidonyl glyceryl ether; AD: Alzheimer disease; TBI:
traumatic brain injury; GPRs: G protein coupled receptors; AMPA,
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor;
THC: tetrahidro cannabinol; CBD: cannabidiol; CBN: cannabinol;
CBC: Cannabichromen; CBG: Cannabigerol; VCAM-1: vascular cell
adhesion molecule-1; NF-kB: nuclear factor kappa-B; PKA: protein
kinase A; NOS: Nitric oxide synthase; FCCP: carbonyl cyanide-4-
(trifluoromethoxy) phenylhydrazine

Introduction

Cannabinoids are a class of signaling lipids consisting of amides
and esters of long-chain polyunsaturated fatty acids synthesized by
Ca2+ or G-protein-dependent processes from lipid precursors in
plasma membranes and exert their actions by binding to receptors
[1]. These receptors can be 7-transmembrane receptors (CB1R, CB2R,
GPR18, GPR55 and GPR119), nuclear receptors (PPARa, PPARB/y
and PPARy) and the transient receptor potential vanilloid transmitter-
gated channels (TPRV1) [2]. Primary effects are mediated by CB1R and
CB2R, which are coupled to G, or G, protein, modulating negatively
to adenylyl cyclase, therefore cannabinoids attenuate the production
of the second messenger cyclic adenosine monophosphate (cAMP).
CBIR and CB2R are also coupled to ion channels via G protein signal
transduction pathways [3].

There is a long list of undesirable effects of cannabis going from

acute effects such as, impaired short-term memory and attention,
reduced motor skills, anxiety, panic, even psychotic symptoms, to
chronic effects such as, addiction, or subtle impairments of attention
and memory [4]. Indeed, cannabis use has been related to psychosis
or schizophrenia [5]. Certain cannabinoids, on the other hand,
may induce neuroprotective pathways either by using cannabinoid
receptors or by interacting with other receptors, such as the peroxisome
proliferator-activated receptors (PPARs), as mentioned before. In such
a manner that cannabinoids could go further and become involved
in the promotion of neural stem cell proliferation, either through
CB2R [6], or by activating PPARs [7]. It is the purpose of this short
review to analyze the role of cannabinoids in the three key aspects
of neurodegeneration: oxidative stress, neuroinflammation and
glutamate-induced excitotoxicity.

Neuroinflammation, Oxidative Stress and Excitotoxicity
in Neurodegeneration

There is a sophisticated scheme of vigilance of the environment
by astrocytes and microglia, which maintain simultaneously a precise
communication with neurons through specific mediators. This
isachieved through specific mediators, such as Ca*, cytokines and a
group of molecules known as damage-associated molecular patterns
(DAMPs) acting as stimulators of the immune system, similar to
pathogen-associated molecular patterns (PAMPs). In such a manner
that astrocytes and neurons regulate the activity of microglia during
neuroinflammatory processes, while astrocyte calcium waves may
modulate neuronal activity [8]. Minimal alterations in the redox
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environment, or molecular alert signals modulate the activity of
microglia, the resident macrophages of the central nervous system
(CNS). A brief, non-intensive primary stimulus in the brain, such
as a brief ischemic episode followed by reperfusion, may cause a
neuroinflammatory response and some reversible changes in the
redox environment, in such a manner that cells may return to
homeostasis. It is a preconditioning tuning, which not only allows
returning to homeostasis but also increases the resistance to further
ischemic damage. On the other hand, a real pathological stimulus,
such as protein aggregates, stroke, trauma, or the presence of DAMPs
will cause a persistent neuroinflammatory response and a significant
increase of oxidative stress, impairing the return to homeostasis. The
persistence of the stimulus perpetuates the cell damage and induces
even more oxidative stress, and both pathological events feed the
neuroinflammatory response, forming a vicious cycle which ultimately
leads to disease [9].

Following an electrical stimulation or by injecting adenosine
triphosphate (ATP) locally, Ca®* waves are elicited and spread out
over hundreds of micrometers, as observed in acute brain slices
[10]. This is an extraneuronal pathway for rapid long-distance signal
transmission within the CNS. Following the application of glutamate
in vitro, astrocytes undergo oscillatory elevation of cytoplasmic free
calcium which propagates as waves within the cytoplasm of individual
astrocytes and between adjacent astrocytes in confluent cultures [11].
Via stimulation of G protein-coupled calcium sensing receptors,
extracellular Ca**may amplify the inflammatory response activating
the nucleotide-binding domain, leucine-rich-repeat-containing family,
pyrin domain-containing 3 (NLRP3) inflammasome assembly, as
shown in monocytes and macrophages [12]. The process occurs via the
inositol/Ca**pathway leading to the release of high levels of interleukin
1B and other proinflammatory cytokines, such as IL-1a, IL-6 and TNF.
A kinetic curve of proinflammatory cytokines during amyloid beta-
induced oxidative stress in brain shows the same pattern of cytokines
in function of time following the intracerebral amyloid beta injection
[13].

A high metabolic rate of the brain (the brain consumes 49 ml
of oxygen in a minute, 20% of the total body O, consumption [14],
plus a low concentration of glutathione peroxidase (GPx) as occurs
in neurodegenerative processes [13,15] in addition to a high content
of polyunsaturated fatty acids [16], these three factors make the brain
particularly susceptible to oxidative damage [17].

There are several different phenomena leading to oxidative and/
or nitrosative stress in brain. The mitochondrial free radical leakage
and the NADPH-oxidase activation are the main neurodegeneration-
related mechanisms, having the aging as a key intervening variable
[18]. Under physiological conditions, up to 1% of the flow of electrons
in the mitochondrial respiratory chain may lead to the formation of
a dangerous by-product, superoxide anion (O,”) [8]. However, the
interference with energy metabolism, as occurs in neurodegenerative
processes, dramatically increases the production of O,, [19]. Partially
reduced species of molecular oxygen may attack iron/sulfur cores in
a variety of enzymes. Even though O, is rapidly transformed into
hydrogen peroxide (H,0,) by the enzyme superoxide dismutase
(SOD), H,0, reacts with reduced transition metals (Fenton reaction)
to produce the highly reactive hydroxyl radicals (OH-). Additionally,
O, reacts with nitric oxide (NO) to generate peroxynitrite anion
(ONOO") which in turn reacts with carbon dioxide causing damage to
proteins through nitrotyrosine adducts and peroxidation of membrane
lipids [20]. Either directly oxidized by reactive oxygen species (ROS),

through the Fenton reaction or by addition to double bonds of DNA
bases, or indirectly through alkylating agents, nucleic acids are also a
sensitive target of oxidative stress [21].

An essential component of the redox control is the glutathione
system that detoxifies reactive oxygen and nitrogen species as well
as electrophiles produced by xenobiotics. By taking an electron from
chemical species with an unpaired electron (free radical), the reduced
glutathione (GSH) is completely oxidized to form GSSG by bonding
two glutathionyl radicals. GSSG eventually may be reduced back to
GSH by the action of the glutathione reductase enzyme and using
NADPH reducing equivalents. The glutamate/cystine-antiporter
system catalyzes the exchange of L-cystine for L-glutamate. Inside
the cell, cystine transforms into cysteine, which provides thiol groups
for replenishing the GSH system. The excitatory neurotransmitter
glutamate, acting on its receptors, particularly N-methyl-D-aspartate
(NMDA) receptors, activates channels that allow the influx of
extracellular calcium. Thus, during neurodegenerative processes the
overstimulation of ionotropic NMDA receptors leads to excessive
calcium and sodium influx, precipitating membrane depolarization
and the activation of voltage-dependent calcium channels. Glutamate
activates also metabotropic receptors (mGluR), which couple to G
proteins. By modulating intracellular second messengers, such as the
inositol-1,4,5-trisphosphate (IP3), mGluR induce neuroprotective
pathways. However, they also increase cytosol calcium concentrations
[22]. The massive entrance of Ca*"activates a number of signaling
pathways including calpains, proteases, protein kinases, nitric oxide
synthase (NOS), calcineurin, calmodulin and endonucleases, in
addition to the uncoupling of mitochondrial electron transfer from
ATP synthesis. Interestingly, microglia metabolizes tryptophan via
the kynurenine pathway, to produce kynurenic acid first and then
quinolinic acid, both of them modulate NMDA receptors. Kynurenic
acid antagonizes NMDA receptors, whereas quinolinic acid is a
NMDAagonist. Proinflammatory cytokines favor quinolinic acid
overproduction, which in turn activates NMDA receptors, leading
to depression symptoms and excitotoxicity due to a glutamatergic
effect [23]. Depression comes from the neurotransmitter serotonin
depletion due to a deviation of the regular pathway tryptophan to
5-hydroxytryptamine (serotonin), the clinical translation of this
phenomenon is known as “cytokine-induced sickness behavior” [24].
Additionally, quinolinic acid may directly increase synaptosomal
glutamate release, as observed in vivo following the intra
cerebroventricular quinolinic acid administration [25].

Glutamate also activates microglia and these cells, in addition to
destructive free radicals, overproduce inflammatory cytokines such
as interleukin 1-f (IL-1f) and tumor necrosis factor (TNF), which in
turn feedback the release of glutamate. Specifically, IL-1F stimulates
glutamate uptake in glial cells by accelerating membrane trafficking
of Na'/K*-ATPase via actin depolymerization [26], whereas TNF
potentiates glutamate neurotoxicity by inhibiting glutamate uptake
[27] or releases glutamate from hemi-channels of activated microglia in
an autocrine manner [28]. Both IL-1p and TNF-a induce glutaminase
expression, associated with an intracellular and extracellular increased
concentrations of glutamate and with neuronal death via an apoptosis-
like mechanism, which selectively targets neurons expressing glutamate
receptors [29-31]. Finally, the activation of the Ca?* permeable NMDA
receptor alters the mitochondrial potential, causing membrane
depolarization, affecting the mitochondrial electron transport linked
to cytochrome c releasing [32]. These alterations are associated with a
significant leak of superoxide anion toward the cytosol.
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Thus, excitotoxicity and oxidative stress, as occurs with oxidative
stress and inflammation, are closely related phenomena, so that these
mechanisms feedback each other constantly, creating synergies.
This brief summary of neuroinflammation and free radicals and their
vicious relationship with glutamate along the neurodegenerative
pathology, may aid to understand the possible role of cannabinoids in
neurodegeneration.

Endocannabinoids

Anandamide (AEA) and 2-arachidonylethanolamide (2-AG) are
the best-known endogenous cannabinoids. They are bioactive lipids
acting on specific G, protein-coupled cannabinoid receptors (CB1R
and CB2R), widely distributed in the CNS in both neurons and glial
cells [33-35].

The activation of CB receptors by endocannabinoids has a
protective role in CNS homeostasis. For example, microglial cells
synthesize the 2-AG ligand from phosphatidic acid, as well as CB1R
and CB2R. 2-AG via a CB2R-dependent mechanism activates ERKI,
and microglia proliferation [36], contributing to the proliferative
response of microglial cells, as occurs in neurodegenerative disorders.
In fact, CB2R as well as its degrading enzyme fatty acid amide
hydrolase (FAAH) are selectively over expressed in neuritic plaque-
associated glia in Alzheimer’s disease (AD) brains [37]. In fact, the
phyto cannabinoid cannabidiol (CBD) acts mostly stimulating the
endogenous cannabinoid signaling by suppressing FAAH [38]. In
acute neuroinflammation, following a traumatic brain injury (TBI),
microglial over reactivity diminishes with minocycline, which
also activates CB1R and CB2R. However, microglial reactivity and
the other TBI-derived pathological issues, such as brain edema,
neurological impairment and diffuse axonal injury, are prevented with
the administration of CBIR and CB2R antagonists [39]. It is worth to
remember that CB2R in microglia are not constitutive but inducible
receptors, particularly under neuroinflammatory conditions [40].
Recently, microglia harvested from an AD mouse model brain, but
lacking CB2R also, have been demonstrated to be less responsive to pro-
inflammatory stimuli than the CB2R** mice [41]. Additionally, non-
CBI1R/non-CB2R G protein-coupled receptor (GPR) subtypes, such as
GPR55, are new cannabinoid receptors that exert microglia-dependent
neuroprotection after excitotoxic lesion. They act independently of
intracellular Ca**and p38 or p44/p42 MAPK phosphorylation [42]
(Figure 1).

Endocannabinoids are produced in response to excitotoxic
challenges and activate CBIR and CB2R, but also PPARY, a powerful
metabolic regulator. By these means, endocannabinoids become
neuroprotective against AMPA-induced excitotoxicity, as evaluated
in a model of multiple sclerosis [43]. In the presence of quinolinic
acid, a metabolite of the kynurenine pathway, analog of glutamate,
into rat striatal culturedcells and rat brain synaptosomes, initiates an
excitotoxic process as the above described. However, by adding agonists
of cannabinoid receptors the excitotoxicity is prevented, as well as the
associated mitochondrial dysfunction and oxidative stress [44].

Depolarization of a postsynaptic neuron, as occurs following a
traumatic brain injury or by overstimulation of ionotropic NMDA
receptors as occurs in neurodegenerative processes (see above),
facilitates the release of endocannabinoids via Ca®* influx [45].
Endocannabinoids may diffuse across the synaptic cleft toward
inhibitory or excitatory presynaptic terminals containing CBIR, acting
in this manner as retrograde messengers. Activated CBIR inhibit
voltage-gated Ca** channels through the activation of heterotrimeric

G-proteins, which it results in release inhibition of glutamate, related
to excitotoxicity. 2-arachidonylglycerol (2-AG), 2-arachidonyl glycerol
ether (2-AGE), and anandamide (AEA), as well as the cannabimimetic
amino alkylindole WIN, may initiate a voltage-dependent N-type Ca*
channel inhibition via CB1R, as demonstrated in dissociated superior
cervical ganglion neurons [46]. Also, by inhibiting adenylyl cyclase,
that outlasts direct action at the CB1R receptor, endocannabinoids may
prevent cell death, being capable of reducing cytosolic free Ca*'via a
cAMP/PKA-dependent process during a neurotoxic event [47].

The pathogenic mechanisms in neurodegenerative disorders
involve sodium, potassium, and calcium channels, as well as the
glutamate receptors NMDA and AMPA. In this context, cannabinoids
can also interact with ion channels through CBIR, but not through
CB2R, by modulating voltage-dependent ion channels, decreasing
calcium currents through both N- and P/Q type voltage-sensitive
Ca*channels [48,49] and increasing G-protein—coupled inwardly
rectifying K* channels [49] and A-type K* channels [50-52]. By all
these means, cannabinoids could be implicated in the inhibition of
neurotransmitter release at presynaptic level. The effect, carried out by
a mechanism known as retrograde signaling (see above) may affect the
release of neurotransmitters, such as acetylcholine, dopamine, GABA,
histamine, serotonin, glutamate, cholecystokinin, D-aspartate, glycine,
and noradrenaline [50,53].

As outlined above, the majority of these effects are CB1R receptor
dependent, although there is evidence to suggest that cannabinoids can
modulate ion channel function directly. Physiological modulation of
voltage-gated ion channels including Ca**channels, Na* channels, some
types of K* channels, and ligand-gated ion channels such as serotonin
type 3, nicotinic acetylcholine, and glycine receptors are observed
at significant pharmacologic concentrations of endocannabinoids
[3,48,50,54]. At the same time, it has also been demonstrated a
modulatory effect of endocannabinoids on other ion-transporting
membrane proteins such as gap junction channels, and the transporters
for neurotransmitters and transient potential receptor-class (TRP)
channels, related to influx of extracellular Ca?* [1]. Probably these direct
actions of endocannabinoids are due to their lipophilic structures;
however, the mechanisms are poorly understood.

Despite the role of endogenous cannabinoids against oxidative
stress, neuroinflammation and excitotoxicity in brain, the use of
phytocannabinoids reveals controversial results.

Phytocannabinoids

Cannabis is a “chemical factory”, producing more than 500 different
chemical compounds. Seventy of them are cannabinoids produced
by the enzymatic condensation of terpens (geranyldiphosphate)
and phenols, like olivetolic or divarinic acid. Thus, they are
terpenophenols, classified into different categories: cannabigerols
(CBG), cannabichromenes (CBC), cannabidiols (CBD), tetrahydro
cannabinols (THC), cannabinol (CBN),cannabinodiol (CBDL) and
other cannabinoids such as cannabicyclol (CBL), cannabielsoin (CBE),
cannabitriol (CBT).

Except THC and CBD, there are few reports about a role for
the other phytocannabinoids on neurodegenerative processes. For
example, a cannabigerol quinone may alleviate neuroinflammation,
decreasing microglia reactivity and modulating the expression of genes
involved in the neuroinflammatory pathophysiology, as observed in a
chronic model of multiple sclerosis [55].

Cannabinol may have a role in microglial cell migration. Microglial
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cells express both CBIR and CB2R. Some CB2R are expressed at the
leading edges of microglial motile protrusions and may be involved in
recruiting microglial cells toward dying neurons. Such a cell migration is
triggered by chemo attractants acting on transmembrane/Gi/o-coupled
receptors as occurs with THC, which is involved in the migration of
macrophages [56]. The same occurs by using endocannabinoids, such
as the glutamate-induced 2-AG. However CBN the same as CBD may
antagonize the 2-AG-induced recruitment of microglial cells [57]
reducing the neuroinflammation promoted by glutamate.

THC and CBD have been widely explored in neuroinflammation,
excitotoxicity and oxidative stress, which are key pathogenic events in
neurodegeneration.

The non-psychoactive CBD reportedly reduces the over-reactivity
in microglial cells. Apart from reducing microglial recruitment, as seen
above, CBD also decreases the transmigration of blood leukocytes by
downregulating the expression of vascular cell adhesion molecule-1
(VCAM-1), chemokines (CCL2 and CCL5) and the proinflammatory
cytokine IL-1p, as observed in a viral model of multiple sclerosis [58].
Also, CBD may increase significantly microglial phagocytosis in a
Ca’*-dependent manner and mediatedby PI3K signaling, via transient
receptor potential (TRP) channel activation [59]. In PC12 neurons
stimulated with amyloid-beta, the major constituent of senile plaques
observed in AD brains, CBD also have demonstrated an antioxidant
effect by inhibiting inducible nitric oxide synthase protein expression
and nitric oxide production which is achieved, in a dose-dependent
manner, by blocking phosphorylated form of p38 MAP kinase and the
transcription factor nuclear factor-xB activation [60]. Both antioxidant
and anti-inflammatory effects appear in a mouse model of AD
inoculated with human A following the administration of CBD [61].

Additionally, CBD may have a role on excitotoxicity as well. This
phenomenon, measured by the glutamate/N-acetylaspartate ratio,
can be prevented by using CBD, as demonstrated in vivo in a model
of hypoxic-ischemic brain injury in newborn. Oxidative stress and
inflammation parameters may also significantly decrease in that model
when using CBD. The neuroprotective effect implicates CB2R and
5-hydroxytryptamine [SHT(1A)] receptors [62].

Despite all the above, CBD could have a deleterious effect on cell
functioning. Inhibition of microglia by CBD can be suppressive, as
demonstrated in murine primary microglial cultures treated with
CBD. The result is induction of apoptosis in a timeand concentration-
dependent manner [63]. In order to regulate intracellular Ca*levels,
CBD may also target mitochondria. Nonetheless, it is a bidirectional
regulation, depending on the excitability of cells. Under a physiological
K*/Ca*level, CBD may cause a subtle rise in free cytosolic Ca?*; however,
under high-excitability conditions a reduction of free cytosolic Ca?*is
observed once CBD is applied. Even CBD may prevent Ca**oscillations
under high-excitability conditions [64] (Figure 1).

THC reduces lipopolysaccharide-induced mRNAs of pro-
inflammatory cytokines, such as IL-1a, IL-1f, IL-6, and TNF-a, as
observed in cortical microglial cells from neonatal rat [65]. The effect
seems to be not mediated by CBIR or CB2R. However, the most
noticeable effect of THC on neurodegenerative pathways is preventing
excitotoxicity [66]. Via a CB1R-receptor-mediated mechanism, THC
may reduce the volume of cytotoxic edema and reduces neuronal
damage induced by excitotoxicity. Such a neuroprotective effect may be
inhibited by using a CB1R antagonist. During the acute and late phase
after induction of excitotoxicity THC may also inhibit astrogliosis, but
this is a non-CB1R-receptor-controlled mechanism [67].

Oxidative Stress

Figure 1: Main pathogenic mechanisms behind neurodegeneration. The
grey area corresponds to a feedback and synergy zone. The homeostatic
activity of endocannabinoids and their receptors is defined within this
zone. The alleged neuroprotective activity of phytocannabinoids, such as
CBD and THC or its combination, should find the right dose to produce
the desired effect. The type and state of activity of their receptors as well
as the level of cell damage are factors worth to consider.(the original
illustration is attached in .tiff and eps format).

CBIR receptor reduces excitotoxicity by inhibiting Ca*influx
through voltage-gated Ca?*channels [48]. Additionally, THC acting
on CBIR may also inhibit cAMP formation and this affects signaling
events through the cAMP pathway distal to adenylatecyclase, leading
to a decrease in forskolin-inducible protein kinase A (PKA) activity
[68]. In addition, downstream the cAMP cascade THC may inhibit
the transcriptionfactor NF-kB and, by this mean, THC attenuates
the inducible nitric oxide synthase (iNOS) gene expression, as
demonstrated in LPS-activated macrophages [69]. By inhibiting NOS
and PKA cannabinoids may protect neurons from excitotoxic injury,
as demonstrated when NMDA-induced neuronal cell death and NO
production were evaluated in cell cultures as well as in vivo using both
wild-type and CB1R-knockout mice [70].

Acting on CBIR, THC also exerts a close regulation of Akt and
GSK-3 phosphorylation in brain, being the Akt/GSK-3 modulation a
THC dose-dependent event, which it follows to the activation of PI3K,
but does not involves the MAPK/ERK signaling pathway, as observed
in vivo in the hippocampus of mice brains [70]. The PI3K/Akt/GSK-3
pathway is widely known to be involved in survival neuron signaling,
and its inhibition leads to excitotoxicity and neurodegeneration [18,71].

The Opposite Effect

THC may induce a transient, modest increase in Ca**in cultured
neuronal cells in a process involving phospholipase C and via a
CB1R-receptor-mediated mechanism [79]. It has a low efficacy on the
stimulation of the CB2R-receptor, indeed. This holds in the acute phase
as well as the late phase, after inducing excitotoxicity and testing THC
at a micromolar range.

THC may also induce the activation of the stress-activated protein
kinase, c-Jun N-terminal kinase (JNK) via the CBIR receptor. In
this manner THC promotes cytochrome c release and activates the
caspase-3 cell death pathway resulting in DNA fragmentation and
programmed cell death, as observed in rat cultured cortical neurons
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[80,81]. It is worth to mention that THC was employed also in the
micromolar range in these experiments.

It is well-known the psychoactive effects of THC. By injecting
THC in Nrgl HET mice, an animal model of schizophrenia, the
expression of the NMDA receptor in the hippocampus is increased,
which is not observed in THC-treated wild type mice. Overexpression
of NMDA receptors induce differential expression of proteins involved
in NMDA receptor trafficking to the synaptic membrane, as well as
lipid raft stabilization of synaptic NMDA receptors, and homeostatic
responses to dampen excitotoxicity [82]. In addition, by interfering
in cAMP formation, as mentioned above, THC may also inhibit
synaptic function. In fact, chronic administration of THC impairs
spatial memory and reduces a learning-related transcription factor
(zif268) expression in the mouse forebrain [83]. This is consistent with
the significant reduction in the number of synapses per unit volume
(44%) as well as a reduction in the dendritic length of CA3 pyramidal
neurons, as observed in rats receiving high doses of THC (10 to 60 mg/
kg), during a long period of treatment (90 days) [84].

Applied in vitro upon oligodendrocyte cultures CBD induces a
mitochondrial Ca**which is related to a membrane potential disruption,
critical in mitochondrial viability, and subsequently an intracellular
Ca**and ROS rise, reducing oligodendroglial viability [85]. Indeed, in

vitro experiments using BV-2 microglial cells have demonstrated that
CBD colocalizes with voltage-dependent anion channel (VDAC)-rich
mitochondrial membranes, by this mean CBD induces mitochondrial
swelling, loss of mitochondrial membrane potential with increased
ROS production and, eventually, dose-dependently cell death after
2 h treatment, under serum-free conditions [86]. Interestingly, these
lethal effects appear by adding CBD in the order of 5 to 10 uM,
even for 2 hours. The opposite, neuroprotective effects against the
uncoupler carbonyl  cyanide-p-trifluoromethoxyphenylhydrazone
(FCCP), or against hydrogen peroxide were observed in vitro by using
a significantly lower dose of CBD (1 pM) [64] (Table 1).

Conclusions

Research on cannabinoids has been growing exponentially in the
last few years. Searching for “cannabinoids” in PubMed, between the
years 2010 and January 2015, results in 1827 publications, which is
140% of the published papers in thirty years, between 1970 and 2000.

There is a growing body of evidence about the role of CBD and THC,
or the combination of both acting on key features of neurodegeneration,
such as inflammation, oxidative stress and excitotoxicity. Thus,
cannabinoids have been proposed for the treatment of Alzheimer
Disease [87], Parkinson [88], multiple sclerosis [89], amyotrophic

Cannabinoid

Delta-9

Tetrahydrocannab

Cannabidiol

Target receptors

CBIR. Less active
with CB2R. Even it
may antagonize
CB2R (72).

il PPARSs agonist (73).
5-HT(1A) antagonist
(74).

It binds to TPRV1,
activates 5-HT1A (at
high concentration
levels), antagonizes
GPRS55 (75), and it is
a PPARSs agonist
(76).

It binds less actively
to CB2R and CBIR

(77).

Best known mechanisms Effects in Ref.
of action Neurodegeneration

Acting on G protein- It affects microglial (56,

coupled receptors THC migration; possesses anti- 65-

regulates second inflammatory and 69)

messenger systems. It antiexcitotoxic effects;

affects potassium and reduces edema, astrogliosis

calcium ion channels as and it is antioxidant.

well as cyclical AMP.

It suppresses the CBD reduces the over- (28,

endocannabinoid degrader  reactivity in microglial 57-

FAAH (38), enhancing cells, reduces the microglial  60)

endocannabinoid recruitment, but increases

responses. It controls
vascular tone, immune cell
function and cell
migration.

Acting on PPARs, CBD
reduces the inflammatory
cascade and may promote

neurogenesis (60, 61, 78).

the microglial phagocytosis
diminishes VCAM-1 and
chemokines expression. It
is a potent antioxidant and
inhibits the NF-XB
expression. Antagonizes the

effect of 2-AG.

Table 1: The effects of THC and CBD on key neurodegenerative mechanisms.
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lateral sclerosis [90], stroke [91], Huntington’s disease (HD) and basal
ganglia disorders in general [92], or traumatic brain injury [93].

However, evidence of proinﬂammatory, excitotoxic, even pro-
apoptotic effects induced by cannabinoids are worth to consider,
particularly when pretending to employ them as therapeutics in
neurodegenerative diseases. “The rule of thumb” that cannabinoids
typically exhibit nanomolar affinities at CB1R and CB2R, in such a
manner that testing them at concentrations two orders of magnitude
above their affinity will produce off-target effects [94], it might find
some other factors to consider, such as dose, treatment lasting, type
of cells and state of activity or pathological condition (Figure 1). It is
worth evaluating in multiple experiments the THC: CBD ratio when
used in combination, in order to avoid not only the psychoactive
effects, but also the unexpected antagonic effects once cannabinoids
find their receptors.

It would be unwise to draw major conclusions and defining to
cannabinoids as neuroprotective or neurotoxic substances if conditions
related to contradictory reports remain confusing.
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