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The consistency, efficacy, and safety of cannabis-based medicines have been
demonstrated in humans, leading to the approval of the first cannabis-based therapy
to alleviate spasticity and pain associated with multiple sclerosis (MS). Indeed, the
evidence supporting the therapeutic potential of cannabinoids for the management of
pathological events related to this disease is ever increasing. Different mechanisms
of action have been proposed for cannabis-based treatments in mouse models
of demyelination, such as Experimental Autoimmune Encephalomyelitis (EAE) and
Theiler's Murine Encephalomyelitis Virus-Induced Demyelinating Disease (TMEV-IDD).
Cells in the immune and nervous system express the machinery to synthesize and
degrade endocannabinoids, as well as their CB1 and CB2 receptors, each mediating
different intracellular pathways upon activation. Hence, the effects of cannabinoids on
cells of the immune system, on the blood-brain barrier (BBB), microglia, astrocytes,
oligodendrocytes and neurons, potentially open the way for a plethora of therapeutic
actions on different targets that could aid the management of MS. As such, cannabinoids
could have an important impact on the outcome of MS in terms of the resolution of
inflammation or the potentiation of endogenous repair in the central nervous system
(CNS), as witnessed in the EAE, TMEV-IDD and toxic demyelination models, and
through other in vitro approaches. In this mini review article, we summarize what is
currently known about the peripheral and central effects of cannabinoids in relation
to the neuroinflammation coupled to MS. We pay special attention to their effects on
remyelination and axon preservation within the CNS, considering the major questions
raised in the field and future research directions.

Keywords: cannabinoids, endocannabinoids, immunomodulation, neuroprotection, oligodendrocyte, astrocyte,
microglia, multiple sclerosis

INTRODUCTION

In the traditional pharmacopeia of human history, both recreational and medicinal uses of
the Indian hemp Cannabis sativa L. have been described for several centuries. Introduced into
Western medicine by William O’Shaughnessy in 1838 to treat a variety of conditions, including
rheumatic pain and epilepsy (Russo, 2017), the use of cannabinoids (CBs) in clinical practice
entered a period of latency and oblivion due to political barriers and problems in establishing
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quality control. Nevertheless, this did not stop researchers from
demonstrating the important benefits that they may potentially
be gained from their therapeutic administration. Starting
with the isolation of the first cannabis compound in 1899
(Cannabinol; Dunstan, 1989), more than 120 phytocannabinoids
(pCBs) have since been isolated, including the most abundant
tetrahydrocannabinol (THC) and cannabidiol (CBD; Morales
et al,, 2017). A significant revolution began in the early 1990’s
with the discovery of endogenous cannabinoid receptors (CBRs),
CBIR (Matsuda et al., 1990) and CB2R (Munro et al.,, 1993),
along with the finding of the two major endogenous lipid
mediators referred to as endocannabinoids (eCBs): anandamide
(AEA; Devane et al, 1992) and 2-arachidonoylglycerol
(2-AG; Mechoulam et al, 1995; Sugiura et al, 1995). The
activity of eCBs depends on the activation of classical
and non-classical CBRs, and on a sophisticated regulatory
system mediated by biosynthetic and hydrolytic enzymes
involved in the generation and degradation of eCBs (Morales
et al., 2017). In addition, distinct transporters mediate the
movement of eCBs, both intracellularly and across the
plasma membrane, further controlling the availability of
eCBs in the cellular milieu (Maccarrone et al., 2014). THC,
2-AG and AEA share homologies in their three-dimensional
structure, despite displaying certain chemical differences
(Maccarrone et al., 2017), a resemblance that explains why
pCBs bind to the same cellular receptors that recognize eCBs
(Friedman et al., 2019).

PHYSIOLOGICAL CONTEXT OF
CANNABIS-BASED THERAPY: THE
ENDOCANNABINOID SIGNALING SYSTEM

The effects of CB-based medicines depend on a refined
eCB signaling system comprised of the membrane and
intracellular receptors that ultimately determine the cell fate
and survival outcomes in multiple sclerosis (MS), and disease
progression. CB1R and CB2R are coupled to G proteins,
and they trigger multiple signal transduction pathways that
can lead to the inhibition of cAMP formation, as well
as the modulation of ion channels, nitric oxide synthase,
extracellular regulated kinases or B-arrestin (Maccarrone et al.,
2017). The CBIR is the most abundant G protein-coupled
receptor (GPCR) in the human brain. CBIR is also present
in the spinal cord and peripheral nervous system (PNS),
predominantly located at neuronal synapses where it is
responsible for suppressing synaptic transmission through
eCB-mediated retrograde signaling (Araque etal., 2017). As eCBs
can move easily across cell membranes and reach intracellular
compartments, it is especially relevant that CBIRs have been
seen to be functional in neuronal mitochondrial membranes
modulating bioenergetics processes (Bénard et al., 2012). CB1Rs
can also be found in astrocytes, oligodendrocytes and microglia,
albeit less prevalent (Zou and Kumar, 2018), as well as in
other body tissues outside the central nervous system (CNS),
like the gastrointestinal (GI) tract, liver, heart, adipose tissue,
bone, skin, eye, skeletal muscle and the reproductive system

(Maccarrone et al., 2015). CB2R expression has been described
in the PNS, GI tract, cardiovascular system, liver, bone, adipose
tissue and reproductive system, yet it has classically been
most closely associated with cells of the immune system,
including microglia (Maresz et al., 2005; Miller and Stella,
2008; Cabral et al., 2015). A variety of studies have shown
that CB2Rs are also present in the brain, although much
less prominent than CB1Rs. CB2R mRNA is expressed by
neurons in specific brain areas, including the hippocampus,
cerebral cortex, cerebellum, globus pallidus, Nucleo accumbens
and dorsal striatum (Lanciego et al., 2011; Zhang et al,
2014; Stempel et al.,, 2016). CNS CB2Rs are highly inducible
and they are mainly associated with the anti-inflammatory
and immunomodulatory activity of CBs (Miller and Stella,
2008; Correa et al., 2010). Non-CBRs, like the orphan GPCR
GPR55 (Moriconi et al., 2010), the transient receptor potential
vanilloid 1 (TRPV1; Xia et al, 2011), and the peroxisome
proliferator-activated receptor (PPAR) o and y (Pistis and Melis,
2010), may also mediate the activity of pCBs and eCBs in
the body.

THC/CBD (1:1) IN THE MANAGEMENT OF
SPASTICITY AND PAIN ASSOCIATED WITH
MS

Over the past two decades, much interest has been generated
in the therapeutic potential of CBs for the management
of neurological disorders and pain. It is worth noting that
the use of cannabis in clinical practice required preclinical
studies to determine the preliminary safety, pharmacokinetics,
toxicology, and efficacy of CBs. As such, the safety, efficacy
and consistency of cannabis-based medicines have been clearly
demonstrated, leading to regulatory approval for their use to
manage spasticity in MS and in Dravet’s and Lennox-Gastaut’s
syndromes (Russo, 2018). The first study of CBs in MS was
published in 1981 on the basis of the sporadic improvement
claimed by spastic patients after cannabis inhalation and the
inhibition of polysynaptic reflexes by THC in animal studies
(Petro and Ellenberger, 1981). Thereafter, other clinical studies
were performed to assess the effects of CBs in the relief of
MS symptoms, using different plant-derived or synthetic CBs,
and different routes of administration. However, it was difficult
to infer the potential beneficial effects of cannabinoids in
these initial reports (Rog, 2010). Since 2002, many randomized,
controlled clinical trials of cannabis-based medicines have been
completed, with the Cannabis in MS (CAMS) trial the largest
to date, providing limited evidence of the effects of CBs in
spasticity (Zajicek et al., 2005). The CUPID study in primary
and secondary MS showed that Dronabinol has no effect on
the progression of the disease even in a long term followed
study (Zajicek et al., 2013). Although the FDA has approved
Epidiolex® (oral formulation of 99% pure plant-derived CBD)
for the treatment of different forms of epilepsies and CBD has
beneficial effects in animal models of MS (Kozela et al., 2011;
Mecha et al,, 2013), no clinical trials have been proposed for
this disease.
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Preliminary studies with different plant-derived CB
preparations, including THC, CBD or both THC and CBD
in a 1:1 ratio, showed improved pain relief, bladder control,
muscle spasms and spasticity in the MS patients administered
THC and CBD (Wade et al.,, 2003). This prompted trials to
be carried out with the THC/CBD mixture, which led to the
approval of cannabis-based medicine for the management of
spasticity, neuropathic pain and bladder dysfunction associated
with MS in 2011 (Maccarrone et al, 2017). Sativex® (GW
Pharmaceuticals Limited, Salisbury, UK) is a 1:1 mixture
of THC and CBD (27 mg/ml THC and 25 mg/ml CBD)
that contains less than 10% of other cannabis compounds,
terpenes and flavonoids that may be present in the plant, and
that might influence the actions of the main cannabinoids
(Russo, 2011). This mixture is formulated and delivered as an
Oromucosal spray to achieve rapid absorption into the systemic
circulation, by-passing metabolism through the liver (Rog,
2010). Studies for the management of resistant MS spasticity
have established that the first 6 weeks are enough time for
identifying those patients in which Sativex® can be effective
(Messina et al., 2017).

THE FIRST LINE OF EVIDENCE:
ALTERATIONS TO THE
ENDOCANNABINOID SYSTEM IN MS AND
ANIMAL MODELS

The first evidence for the potential benefits of cannabis-
based medicines in the management of MS came from the
alteration to different components of the eCB system in
patients and animal models of MS. Although these results
are often controversial as they might depend on disease
activity and methodological variables, the increase in eCBs
can potentially limit the inflammatory processes ongoing
in the CNS. As such, more AEA was found in the CSF
of relapsing MS patients (Di Filippo et al., 2008), as well
as in the plasma (Jean-Gilles et al, 2009) and peripheral
lymphocytes, and there was an association between increased
synthesis and reduced degradation of eCBs in MS (Centonze
et al., 2007). A reduction in the expression of one of the
enzymes responsible for eCB degradation, FAAH (fatty acid
amide hydrolase), was detected in the blood of secondary
progressive MS patients (Jean-Gilles et al., 2009). Interestingly,
an induction in the expression of CBIR, CB2R, and FAAH
was described in glial cells within demyelinated plaques of
MS patients, supporting a role of the eCB system in the
disease pathogenesis (Benito et al, 2007). There is more
AEA in inflammatory lesions of patients with active MS
(Eljaschewitsch et al., 2006) and in the brains of mice with
Experimental Autoimmune Encephalomyelitis (EAE; Centonze
et al, 2007), whereas less eCB was detected in different
brain areas when EAE was induced in rats (Cabranes et al.,
2005). In terms of CBRs, less CBIR was found in the
brain of EAE rats (Cabranes et al., 2005), while more
CB2R was evident in the spinal cord of TMEV-IDD mice
(Loria et al., 2008).

SECOND LINE OF EVIDENCE:
IMMUNOMODULATORY ACTIONS OF
CANNABINOIDS AND THEIR EFFECTS ON
THE BLOOD-BRAIN BARRIER

MS is a multifactorial disease and it is widely accepted that CNS
neuroinflammation is responsible for demyelination. As such,
the main objective in patients management is the modulation
of different components of the immune system through first
and second-line therapies that include Interferon B (IFNB),
Glatiramer Acetate, Fingolimod, and Dimethyl Fumarate. These
and other treatments involve the blockade of lymphocyte homing
to the CNS (e.g., natalizumab, rituximab, ocrelizumab and
alemtuzumab), a reduction in the B lymphocyte counts through
the use of humanized antibodies, the dampening of lymphocyte
proliferation (e.g., Teriflunomide), and the promotion of an
anti-inflammatory profile of immune cells (Yanagawa et al,
1998; Ziemssen and Schrempf, 2007; Reder and Feng, 2014).

Despite controversial results, there is strong evidence for a
therapeutic effect of CBs in animal models of MS, given that
the exogenous administration of pCBs, eCBs and synthetic
CBs ameliorates motor symptoms and improves the disease
outcome by decreasing neuroinflammation; reviewed in
(Chiurchiu et al., 2018). Cannabis-based therapies are thought
to dampen the immune responses associated with a plethora
of neuropathological conditions by selectively targeting CB2Rs
expressed by immune cells, including that of CNS resident
microglia. Evidence is accumulating that CBs modulate immune
responses during inflammatory processes and their effects have
been studied in many disease models of MS. Animal studies show
that CBs exert their immunomodulatory properties by targeting
various cell types: (i) inducing apoptosis in peripheral and central
T cells (Palazuelos et al., 2008; Sianchez and Garcia-Merino,
2012); (ii) promoting a reparative activation state of microglia
and macrophages (Mecha et al., 2016, 2018); (iii) inhibiting
the expression of adhesion molecules by cerebral endothelial
cells (Ni et al., 2004; Mestre et al., 2009); (iv) suppressing T
cell proliferation (Lombard et al, 2007; Rieder et al., 2010);
and (v) inhibiting pro-inflammatory cytokine/chemokine
production while increasing anti-inflammatory cytokines
(Kozela et al., 2011).

The BBB shields the CNS from toxins and immune cells
in the blood, and it allows molecules, ions, and cells from the
brain to be passed into the blood, ensuring an adequate milieu
is maintained for neuronal and glial cell functions. Immune
surveillance takes place in physiological conditions as a necessary
aspect of neuroimmunity (Ousman and Kubes, 2012) and new
evidence suggests the existence of a meningeal lymphatic system
(Da Mesquita et al., 2018). As CNS inflammation occurs in
the early stages of MS, it boosts the recruitment of activated
immune cells by promoting adhesion and transmigration across
the activated BBB (Ransohoff, 1999), a multi-step process
that requires the induction of adhesion molecules (ICAM-1,
PECAM-1), chemokines (CCL2) and integrins (04 integrin,
1 integrin: reviewed by Engelhardt et al., 2017). In homeostatic
conditions, the CB2R is expressed at low levels in endothelial
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cells of the BBB (Schley et al, 2009), as well as in vitro
(Mestre et al., 2006). During neuroinflammation, the brain
endothelium enhances the expression of CB2R, a mechanism
perhaps designed to regulate endothelial activation since these
cells produce further eCBs upon inflammation (Golech et al.,
2004; Ramirez et al., 2012). In the TMEV-IDD model of
MS, administration of the non-selective CB1R/CB2R agonist
WIN55, 212-2 inhibits the infiltration of leukocytes into the CNS
(Arévalo-Martin et al., 2003; Ni et al., 2004) and ameliorates
disease progression (Croxford and Miller, 2003). Furthermore,
this agonist suppresses ICAM-1 and VCAM-1 expression in
the brain endothelium, which is concomitant with reduced
CD4* T lymphocyte infiltration into the CNS and the ensuing
neuroinflammation (Mestre et al., 2009). Indeed, CB2R agonists
dampen the induction of ICAM-1 and VCAM-1 in brain
endothelial cultures exposed to proinflammatory mediators
(Ramirez et al.,, 2012). A role for CBIR in endothelial cells
has also been described, as AEA administration inhibits
the induction of VCAM-1 in endothelial cells after TMEV
infection and decreases leukocyte transmigration in an in vitro
model of the BBB, an effect that is absent in the presence
of CBIR selective antagonists (Mestre et al., 2011). Finally,
other mechanisms independent of CB signaling have been
proposed, since effects on the BBB and the infiltration of

leukocytes into the CNS are also observed when the pCB,
CBD is administered in vivo or in vitro (Mecha et al., 2013;
Hind et al., 2016).

THIRD LINE OF EVIDENCE: CNS REPAIR
MECHANISMS MEDIATED BY
CANNABINOIDS

Substantial advances have been made in the past decades
to control the exacerbated immune activity associated with
MS, yet current treatments have yet to halt the progression
of the disease or to enhance endogenous repair mechanisms
in the CNS. Neuroprotective therapies, and those targeting
oligodendrocyte progenitors and other CNS cells, such as
astrocytes and microglia, are likely to promote recovery
and prevent long-term neurodegeneration. Indeed, the
neuroprotective effects of CBs have been confirmed in
different models of injury and CNS disease, like Alzheimer’s
Disease (Martin-Moreno et al., 2012; Schubert et al., 2019),
stroke (Zarruk et al, 2012; Kolb et al, 2019), ischemic
injury (Ferndndez-Lopez et al., 2007), Parkinson’s Disease
(Garcia et al, 2011) and ALS (Rodriguez-Cueto et al.,
2018). In the TMEV-IDD model of progressive MS, the
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administration of synthetic CBs (Arévalo-Martin et al,
2003) or pCBs (Mecha et al, 2013; Felia et al, 2015)
has been associated with an improvement in neurological
defects, also observed by inhibiting selective AEA uptake
(Ortega-Gutiérrez et al.,, 2005) or the enzymatic hydrolysis of
2-AG (Felit et al., 2017). In this latter study, both remyelination
and axon preservation was showed, while chondroitin sulfate
proteoglycans diminished through the involvement of CBIR
and CB2R. In addition, 2-AG administration or inhibition
of its hydrolysis favors oligodendrocyte precursor cell (OPC)
differentiation (Gomez et al, 2015) and, by diminishing the
excitotoxicity of oligodendrocytes, demyelination is prevented
in the EAE (Bernal-Chico et al., 2015) and the cuprizone model
(Manterola et al., 2018).

CONCLUSIONS AND FUTURE
DIRECTIONS

The eCB system plays an important role in CNS homeostasis
and neuroprotection, participating in immune control and
maintaining the fine-tuned homeostatic balance of the central
immune system. In MS and other neurodegenerative diseases,
the neuroprotective effects of cannabinoids have been attributed
to stimulation of CBIR, the most abundant GPCR in the brain,
whereas CB2R, the non-psychotropic cannabinoid receptor, has
almost exclusively been associated with immunomodulatory
effects. This view was challenged by the discovery of functional
CB2R in specific neurons and in other critical cells in MS,
such as endothelial cells. Here, we have reviewed data on the
pathophysiological relevance of CB1R and CB2R signaling in
the context of MS (Figure 1). There is significant evidence
that CB2Rs may contribute to the protective mechanisms
operating at multiple levels to orchestrate homeostatic responses.

REFERENCES

Araque, A., Castillo, P. E., Manzoni, O.]., and Tonini, R. (2017). Synaptic functions
of endocannabinoid signaling in health and disease. Neuropharmacology 124,
13-24. doi: 10.1016/j.neuropharm.2017.06.017

Arévalo-Martin, A., Vela, J. M., Molina-Holgado, E., Borrell, J., and Guaza, C.
(2003). Therapeutic action of cannabinoids in a murine model of multiple
sclerosis. J. Neurosci. 23, 2511-2516. doi: 10.1523/JNEUROSCI.23-07-02
511.2003

Bénard, G., Massa, F., Puente, N., Lourenco, J., Bellocchio, L., Soria-Gémez, E.,
et al. (2012). Mitochondrial CB; receptors regulate neuronal energy
metabolism. Nat. Neurosci. 15, 558-564. doi: 10.1038/nn.3053

Benito, C., Romero, J. P., Tolén, R. M., Clemente, D., Docagne, F., Hillard, C. J.,
et al. (2007). Cannabinoid CB; and CB; receptors and fatty acid amide
hydrolase are specific markers of plaque cell subtypes in human multiple
sclerosis. J. Neurosci. 27, 2396-2402. doi: 10.1523/J]NEUROSCI.4814-06.2007

Bernal-Chico, A., Canedo, M., Manterola, A., Victoria Sinchez-Gomez, M.,
Pérez-Samartin, A., Rodriguez-Puertas, R., et al. (2015). Blockade of
monoacylglycerol lipase inhibits oligodendrocyte excitotoxicity and prevents
demyelination in vivo. Glia 63, 163-176. doi: 10.1002/glia.22742

Cabral, G. A., Ferreira, G. A., and Jamerson, M. J. (2015). Endocannabinoids
and the immune system in health and disease. Handb. Exp. Pharmacol. 231,
185-211. doi: 10.1007/978-3-319-20825-1_6

Cabranes, A., Venderova, K., de Lago, E., Fezza, F., Sanchez, A., Mestre, L., et al.
(2005). Decreased endocannabinoid levels in the brain and beneficial effects

However, it is extremely difficult to decipher the specific roles of
CBIR and CB2R, and how they differ, particularly, in relation
to the pathogenic events associated with neurodegeneration
in MS. Future research will be necessary to identify the
precise mechanisms triggered by cannabinoid signaling in
order to regulate key homeostatic pathways in the brain.
In addition, since both CB1 and CB2 may co-exist in
the same cell, there is a need to define what type of
interaction exists between these two receptor subtypes, and
what could be its physiological and pharmacological relevance.
The potential therapeutic exploitation of CB2R in MS via the
targeting of neuroinflammation, the BBB, oligodendrogenesis,
remyelination, axon preservation and neuronal survival, is likely
to be of particular interest regarding neurodegenerative diseases.
In summary, pharmacological activation of CB2Rs needs to
be explored in-depth to develop innovative drugs that can
counteract the motor and neurological deterioration in MS.
The added value of this potential therapeutic strategy appears
to be the reduced risk of psychoactive effects associated with
CB2R manipulation.

AUTHOR CONTRIBUTIONS

MM and CG designed and wrote the manuscript. FC-S illustrated
Figure 1. LM and AF revised the manuscript.

FUNDING

This work was supported by grants from the Ministerio de
Economia y Competitividad (MINECO SAF2016 76449-R)
and the Red Espanola de Esclerosis Multiple (REEM:
RD16/0015/0021), sponsored by the Fondo de Investigacion
Sanitaria (FIS).

of agents activating cannabinoid and/or vanilloid receptors in a rat model of
multiple sclerosis. Neurobiol. Dis. 20, 207-217. doi: 10.1016/j.nbd.2005.03.002

Centonze, D., Bari, M., Rossi, S., Prosperetti, C., Furlan, R., Fezza, F., et al.
(2007). The endocannabinoid system is dysregulated in multiple sclerosis
and in experimental autoimmune encephalomyelitis. Brain 130, 2543-2553.
doi: 10.1093/brain/awm160

Chiurchiu, V., Van Der Stelt, M., Centonze, D., and Maccarrone, M. (2018). The
endocannabinoid system and its therapeutic exploitation in multiple sclerosis:
clues for other neuroinflammatory diseases. Prog. Neurobiol. 160, 82-100.
doi: 10.1016/j.pneurobio.2017.10.007

Correa, F., Hernangémez, M., Mestre, L., Loria, F., Spagnolo, A., Docagne, F.,
etal. (2010). Anandamide enhances IL-10 production in activated microglia by
targeting CB; receptors: roles of ERK1/2, JNK, and NF-kB. Glia 58, 135-147.
doi: 10.1002/glia.20907

Croxford, J. L., and Miller, S. D. (2003). Immunoregulation of a viral model
of multiple sclerosis using the synthetic cannabinoid R+WIN55,212. J. Clin.
Invest. 111, 1231-1240. doi: 10.1172/jci200317652

Da Mesquita, S., Fu, Z., and Kipnis, J. (2018). The meningeal lymphatic system:
a new player in neurophysiology. Neuron 100, 375-388. doi: 10.1016/j.neuron.
2018.09.022

Devane, W. A, Hanus, L., Breuer, A., Pertwee, R. G., Stevenson, L. A., Griffin, G.,
et al. (1992). Isolation and structure of a brain constituent that binds to the
cannabinoid receptor. Science 258, 1946-1949. doi: 10.1126/science.1470919

Di Filippo, M., Pini, L. A, Pelliccioli, G. P., Calabresi, P., and Sarchielli, P. (2008).
Abnormalities in the cerebrospinal fluid levels of endocannabinoids in multiple

Frontiers in Cellular Neuroscience | www.frontiersin.org

February 2020 | Volume 14 | Article 34


https://doi.org/10.1016/j.neuropharm.2017.06.017
https://doi.org/10.1523/JNEUROSCI.23-07-02511.2003
https://doi.org/10.1523/JNEUROSCI.23-07-02511.2003
https://doi.org/10.1038/nn.3053
https://doi.org/10.1523/JNEUROSCI.4814-06.2007
https://doi.org/10.1002/glia.22742
https://doi.org/10.1007/978-3-319-20825-1_6
https://doi.org/10.1016/j.nbd.2005.03.002
https://doi.org/10.1093/brain/awm160
https://doi.org/10.1016/j.pneurobio.2017.10.007
https://doi.org/10.1002/glia.20907
https://doi.org/10.1172/jci200317652
https://doi.org/10.1016/j.neuron.2018.09.022
https://doi.org/10.1016/j.neuron.2018.09.022
https://doi.org/10.1126/science.1470919
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Mecha et al.

Cannabinoids and Multiple Sclerosis

sclerosis. J. Neurol. Neurosurg. Psychiatry 79, 1224-1229. doi: 10.1136/jnnp.
2007.139071

Dunstan, W. R. H. T. A. (1989). On oxycannabin from Indian hump. Proc. Chem.
Soc. 14, 44-45.

Eljaschewitsch, E., Witting, A., Mawrin, C., Lee, T., Schmidt, P. M., Wolf, S.,
et al. (2006). The endocannabinoid anandamide protects neurons during CNS
inflammation by induction of MKP-1 in microglial cells. Neuron 49, 67-79.
doi: 10.1016/j.neuron.2005.11.027

Engelhardt, B., Vajkoczy, P., and Weller, R. O. (2017). The movers and shapers
in immune privilege of the CNS. Nat. Immunol. 18, 123-131. doi: 10.1038/
ni.3666

Feliu, A., Bonilla Del Rio, I., Carrillo-Salinas, F. J., Hernandez-Torres, G.,
Mestre, L., Puente, N., et al. (2017). 2-arachidonoylglycerol reduces
proteoglycans and enhances remyelination in a progressive model of
demyelination. J. Neurosci. 37, 8385-8398. doi: 10.1523/JNEUROSCI.2900-
16.2017

Feli, A., Moreno-Martet, M., Mecha, M., Carrillo-Salinas, F. J., de Lago, E.,
Fernandez-Ruiz, J., et al. (2015). A Sativex® -like combination of
phytocannabinoids as a disease-modifying therapy in a viral model of
multiple sclerosis. Br. J. Pharmacol. 172, 3579-3595. doi: 10.1111/bph.13159

Fernandez-Lopez, D., Pazos, M. R,, Tolon, R. M., Moro, M. A., Romero, J.,
Lizasoain, I., et al. (2007). The cannabinoid agonist WIN55212 reduces brain
damage in an in vivo model of hypoxic-ischemic encephalopathy in newborn
rats. Pediatr. Res. 62, 255-260. doi: 10.1203/pdr.0b013e318123fbb8

Friedman, D., French, J. A., and Maccarrone, M. (2019). Safety, efficacy, and
mechanisms of action of cannabinoids in neurological disorders. Lancet Neurol.
18, 504-512. doi: 10.1016/s1474-4422(19)30032-8

Garcia, C., Palomo-Garo, C., Garcia-Arencibia, M., Ramos, J., Pertwee, R., and
Ferndndez-Ruiz, J. (2011). Symptom-relieving and neuroprotective effects of
the phytocannabinoid A°-THCV in animal models of Parkinson’s disease. Br.
J. Pharmacol. 163, 1495-1506. doi: 10.1111/j.1476-5381.2011.01278.x

Golech, S. A., McCarron, R. M., Chen, Y., Bembry, J., Lenz, F., Mechoulam, R,,
etal. (2004). Human brain endothelium: coexpression and function of vanilloid
and endocannabinoid receptors. Mol. Brain Res. 132, 87-92. doi: 10.1016/j.
molbrainres.2004.08.025

Gomez, O., Sanchez-Rodriguez, M. A. Ortega-Gutierrez, S., Vazquez-
Villa, H., Guaza, C., Molina-Holgado, F., et al. (2015). A basal tone of
2-arachidonoylglycerol contributes to early oligodendrocyte progenitor
proliferation by activating phosphatidylinositol 3-kinase (PI3K)/AKT and
the mammalian target of rapamycin (MTOR) pathways. J. Neuroimmune
Pharmacol. 10, 309-317. doi: 10.1007/s11481-015-9609-x

Hind, W. H., England, T. ], and O’Sullivan, S. E. (2016). Cannabidiol
protects an in vitro model of the blood-brain barrier from oxygen-glucose
deprivation via PPARy and 5-HT1A receptors. Br. J. Pharmacol. 173, 815-825.
doi: 10.1111/bph.13368

Jean-Gilles, L., Feng, S., Tench, C. R., Chapman, V., Kendall, D. A,, Barrett, D. A,,
etal. (2009). Plasma endocannabinoid levels in multiple sclerosis. J. Neurol. Sci.
287, 212-215. doi: 10.1016/j.jns.2009.07.021

Kolb, B., Saber, H., Fadel, H., and Rajah, G. (2019). The endocannabinoid system
and stroke: a focused review. Brain Circ. 5, 1-7. doi: 10.4103/bc.bc_29_18

Kozela, E., Lev, N., Kaushansky, N., Eilam, R., Rimmerman, N., Levy, R,, et al.
(2011). Cannabidiol inhibits pathogenic T cells, decreases spinal microglial
activation and ameliorates multiple sclerosis-like disease in C57BL/6 mice.
Br. . Pharmacol. 163, 1507-1519. doi: 10.1111/j.1476-5381.2011.
01379.x

Lanciego, J. L., Barroso-Chinea, P., Rico, A. J., Conte-Perales, L., Callén, L.,
Roda, E., et al. (2011). Expression of the mRNA coding the cannabinoid
receptor 2 in the pallidal complex of Macaca fascicularis. J. Psychopharmacol.
25,97-104. doi: 10.1177/0269881110367732

Lombard, C., Nagarkatti, M., and Nagarkatti, P. (2007). CB2 cannabinoid receptor
agonist, JWH-015, triggers apoptosis in immune cells: potential role for
CB2-selective ligands as immunosuppressive agents. Clin. Immunol. 122,
259-270. doi: 10.1016/j.clim.2006.11.002

Loria, F., Petrosino, S., Mestre, L., Spagnolo, A., Correa, F., Hernangomez, M., et al.
(2008). Study of the regulation of the endocannabinoid system in a virus model
of multiple sclerosis reveals a therapeutic effect of palmitoylethanolamide.
Eur. ]J.  Neurosci. 28, 633-641. doi: 10.1111/j.1460-9568.2008.
06377.x

Maccarrone, M., Bab, 1., Biro, T., Cabral, G. A., Dey, S. K., Di Marzo, V., et al.
(2015). Endocannabinoid signaling at the periphery: 50 years after THC. Trends
Pharmacol. Sci. 36, 277-296. doi: 10.1016/j.tips.2015.02.008

Maccarrone, M., Guzmén, M., Mackie, K., Doherty, P., and Harkany, T. (2014).
Programming of neural cells by (endo)cannabinoids: from physiological rules
to emerging therapies. Nat. Rev. Neurosci. 15, 786-801. doi: 10.1038/nrn3846

Maccarrone, M., Maldonado, R., Casas, M., Henze, T., and Centonze, D. (2017).
Cannabinoids therapeutic use: what is our current understanding following the
introduction of THC, THC:CBD oromucosal spray and others? Expert Rev.
Clin. Pharmacol. 10, 443-455. doi: 10.1080/17512433.2017.1292849

Manterola, A., Bernal-Chico, A., Cipriani, R., Canedo-Antelo, M., Moreno-
Garcid, A., Martin-Fontecha, M., et al. (2018). Deregulation of the
endocannabinoid system and therapeutic potential of ABHD6 blockade in
the cuprizone model of demyelination. Biochem. Pharmacol. 157, 189-201.
doi: 10.1016/j.bcp.2018.07.042

Maresz, K., Carrier, E. J., Ponomarev, E. D., Hillard, C. J., and Dittel, B. N. (2005).
Modulation of the cannabinoid CB2 receptor in microglial cells in response
to inflammatory stimuli. J. Neurochem. 95, 437-445. doi: 10.1111/§.1471-4159.
2005.03380.x

Martin-Moreno, A. M., Brera, B., Spuch, C., Carro, E., Garcia-Garcia, L.,
Delgado, M., et al. (2012). Prolonged oral cannabinoid administration
prevents B-amyloid levels and improves
cognitive performance in Tg APP 2576 mice. J. Neuroinflammation 9:8.
doi: 10.1186/1742-2094-9-8

Matsuda, L. A., Lolait, S. J., Brownstein, M. J., Young, A. C., and Bonner, T. L
(1990). Structure of a cannabinoid receptor and functional expression of the
cloned cDNA. Nature 346, 561-564. doi: 10.1038/346561a0

Mecha, M., Carrillo-Salinas, F. J., Felit, A., Mestre, L., and Guaza, C. (2016).
Microglia activation states and cannabinoid system: therapeutic implications.
Pharmacol. Ther. 166, 40-55. doi: 10.1016/j.pharmthera.2016.06.011

Mecha, M., Felit, A., Inigo, P. M., Mestre, L., Carrillo-Salinas, F. J., and Guaza, C.
(2013). Cannabidiol provides long-lasting protection against the deleterious
effects of inflammation in a viral model of multiple sclerosis: a role for Ay
receptors. Neurobiol. Dis. 59, 141-150. doi: 10.1016/j.nbd.2013.06.016

Mecha, M., Felit, A., Machin, I, Cordero, C., Carrillo-Salinas, F., Mestre, L.,
et al. (2018). 2-AG limits Theiler’s virus induced acute neuroinflammation
by modulating microglia and promoting MDSCs. Glia 66, 1447-1463.
doi: 10.1002/glia.23317

Mechoulam, R., Ben-Shabat, S., Hanus, L., Ligumsky, M., Kaminski, N. E.,
Schatz, A. R, et al. (1995). Identification of an endogenous 2-monoglyceride,
present in canine gut, that binds to cannabinoid receptors. Biochem. Pharmacol.
50, 83-90. doi: 10.1016/0006-2952(95)00109-d

Messina, S., Solaro, C., Righini, I., Bergamaschi, R., Bonavita, S., Bossio, R. B., et al.
(2017). Sativex in resistant multiple sclerosis spasticity: discontinuation study
in a large population of Italian patients (SA.FE. study). PLoS One 12:e0180651.
doi: 10.1371/journal.pone.0180651

Mestre, L., Correa, F., Docagne, F., Clemente, D., and Guaza, C. (2006).
The synthetic cannabinoid WIN 55,212-2 increases COX-2 expression and
PGE2 release in murine brain-derived endothelial cells following Theiler’s virus
infection. Biochem. Pharmacol. 72, 869-880. doi: 10.1016/j.bcp.2006.06.037

Mestre, L., Docagne, F., Correa, F., Loria, F., Hernangémez, M., Borrell, J., et al.
(2009). A cannabinoid agonist interferes with the progression of a chronic

neuroinflammation, lowers

model of multiple sclerosis by downregulating adhesion molecules. Mol. Cell.
Neurosci. 40, 258-266. doi: 10.1016/j.mcn.2008.10.015

Mestre, L., Inigo, P. M., Mecha, M., Correa, F. G., Hernangémez-Herrero, M.,
Loria, F., et al. (2011). Anandamide inhibits Theiler’s virus induced VCAM-1
in brain endothelial cells and reduces leukocyte transmigration in a model of
blood brain barrier by activation of CB; receptors. . Neuroinflammation 8:102.
doi: 10.1186/1742-2094-8-102

Miller, A. M., and Stella, N. (2008). CB2 receptor-mediated migration of immune
cells: it can go either way. Br. J. Pharmacol. 153, 299-308. doi: 10.1038/sj.bjp.
0707523

Morales, P., Hurst, D. P., and Reggio, P. H. (2017). Molecular targets of the
phytocannabinoids: a complex picture. Prog. Chem. Org. Nat. Prod. 103,
103-131. doi: 10.1007/978-3-319-45541-9_4

Moriconi, A., Cerbara, I., Maccarrone, M., and Topai, A. (2010). GPR55: current
knowledge and future perspectives of a purported “Type-3” cannabinoid
receptor. Curr. Med. Chem. 17, 1411-1429. doi: 10.2174/092986710790980069

Frontiers in Cellular Neuroscience | www.frontiersin.org

February 2020 | Volume 14 | Article 34


https://doi.org/10.1136/jnnp.2007.139071
https://doi.org/10.1136/jnnp.2007.139071
https://doi.org/10.1016/j.neuron.2005.11.027
https://doi.org/10.1038/ni.3666
https://doi.org/10.1038/ni.3666
https://doi.org/10.1523/JNEUROSCI.2900-16.2017
https://doi.org/10.1523/JNEUROSCI.2900-16.2017
https://doi.org/10.1111/bph.13159
https://doi.org/10.1203/pdr.0b013e318123fbb8
https://doi.org/10.1016/s1474-4422(19)30032-8
https://doi.org/10.1111/j.1476-5381.2011.01278.x
https://doi.org/10.1016/j.molbrainres.2004.08.025
https://doi.org/10.1016/j.molbrainres.2004.08.025
https://doi.org/10.1007/s11481-015-9609-x
https://doi.org/10.1111/bph.13368
https://doi.org/10.1016/j.jns.2009.07.021
https://doi.org/10.4103/bc.bc_29_18
https://doi.org/10.1111/j.1476-5381.2011.01379.x
https://doi.org/10.1111/j.1476-5381.2011.01379.x
https://doi.org/10.1177/0269881110367732
https://doi.org/10.1016/j.clim.2006.11.002
https://doi.org/10.1111/j.1460-9568.2008.06377.x
https://doi.org/10.1111/j.1460-9568.2008.06377.x
https://doi.org/10.1016/j.tips.2015.02.008
https://doi.org/10.1038/nrn3846
https://doi.org/10.1080/17512433.2017.1292849
https://doi.org/10.1016/j.bcp.2018.07.042
https://doi.org/10.1111/j.1471-4159.2005.03380.x
https://doi.org/10.1111/j.1471-4159.2005.03380.x
https://doi.org/10.1186/1742-2094-9-8
https://doi.org/10.1038/346561a0
https://doi.org/10.1016/j.pharmthera.2016.06.011
https://doi.org/10.1016/j.nbd.2013.06.016
https://doi.org/10.1002/glia.23317
https://doi.org/10.1016/0006-2952(95)00109-d
https://doi.org/10.1371/journal.pone.0180651
https://doi.org/10.1016/j.bcp.2006.06.037
https://doi.org/10.1016/j.mcn.2008.10.015
https://doi.org/10.1186/1742-2094-8-102
https://doi.org/10.1038/sj.bjp.0707523
https://doi.org/10.1038/sj.bjp.0707523
https://doi.org/10.1007/978-3-319-45541-9_4
https://doi.org/10.2174/092986710790980069
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Mecha et al.

Cannabinoids and Multiple Sclerosis

Munro, S., Thomas, K. L., and Abu-Shaar, M. (1993). Molecular
characterization of a peripheral receptor for cannabinoids. Nature 365,
61-65. doi: 10.1038/365061a0

Ni, X., Geller, E. B., Eppihimer, M. J., Eisenstein, T. K., Adler, M. W,,
and Tuma, R. F. (2004). Win 55212-2, a cannabinoid receptor
agonist, attenuates leukocyte/endothelial interactions in an experimental
autoimmune encephalomyelitis model. Mult. Scler. 10, 158-164.
doi: 10.1191/1352458504ms10090a

Ortega-Gutiérrez, S., Molina-Holgado, E., Arévalo-Martin, A., Correa, F., Viso, A.,
Lépez-Rodriguez, M. L., et al. (2005). Activation of the endocannabinoid
system as therapeutic approach in a murine model of multiple sclerosis. FASEB
J. 19, 1338-1340. doi: 10.1096/f].04-2464fje

Ousman, S. S., and Kubes, P. (2012). Immune surveillance in the central nervous
system. Nat. Neurosci. 15, 1096-1101. doi: 10.1038/nn.3161

Palazuelos, J., Davoust, N., Julien, B., Hatterer, E., Aguado, T., Mechoulam, R.,
et al. (2008). The CB, cannabinoid receptor controls myeloid progenitor
trafficking: involvement in the pathogenesis of an animal model of multiple
sclerosis. J. Biol. Chem. 283, 13320-13329. doi: 10.1074/jbc.m707960200

Petro, D. J., and Ellenberger, C. Jr. (1981). Treatment of human spasticity with
A 9-tetrahydrocannabinol. J. Clin. Pharmacol. 21, 4135-416S. doi: 10.1002/j.
1552-4604.1981.tb02621.x

Pistis, M., and Melis, M. (2010). From surface to nuclear receptors: the
endocannabinoid family extends its assets. Curr. Med. Chem. 17, 1450-1467.
doi: 10.2174/092986710790980014

Ramirez, S. H., Hasko, J., Skuba, A., Fan, S., Dykstra, H., McCormick, R., et al.
(2012). Activation of cannabinoid receptor 2 attenuates leukocyte-endothelial
cell interactions and blood-brain barrier dysfunction under inflammatory
conditions. J. Neurosci. 32,4004-4016. doi: 10.1523/JNEUROSCI.4628-11.2012

Ransohoff, R. M. (1999). Mechanisms of inflammation in MS tissue: adhesion
molecules and chemokines. J. Neuroimmunol. 98, 57-68. doi: 10.1016/s0165-
5728(99)00082-x

Reder, A. T., and Feng, X. (2014). How type I interferons work in multiple sclerosis
and other diseases: some unexpected mechanisms. J. Interferon Cytokine Res.
34, 589-599. doi: 10.1089/jir.2013.0158

Rieder, S. A., Chauhan, A., Singh, U, Nagarkatti, M., and Nagarkatti, P.
(2010). Cannabinoid-induced apoptosis in immune cells as a pathway to
immunosuppression. Immunobiology 215, 598-605. doi: 10.1016/j.imbio.2009.
04.001

Rodriguez-Cueto, C., Santos-Garcia, I, Garcia-Toscano, L., Espejo-Porras, F.,
Bellido, M., Fernandez-Ruiz, J., et al. (2018). Neuroprotective effects of the
cannabigerol quinone derivative VCE-003.2 in SOD19%34 transgenic mice, an
experimental model of amyotrophic lateral sclerosis. Biochem. Pharmacol. 157,
217-226. doi: 10.1016/j.bcp.2018.07.049

Rog, D. J. (2010). Cannabis-based medicines in multiple sclerosis—a review of
clinical studies. Immunobiology 215, 658-672. doi: 10.1016/j.imbi0.2010.03.009

Russo, E. B. (2011). Taming THC: potential cannabis synergy and
phytocannabinoid-terpenoid entourage effects. Br. J. Pharmacol. 163,
1344-1364. doi: 10.1111/j.1476-5381.2011.01238.x

Russo, E. B. (2017). “History of cannabis as medicine: nineteenth century irish
physicians and correlations of their observations to modern research,” in
Cannabis Sativa L.: Botany and Biotechnology, eds S. Chanda, H. Lata and
M. Elsohly (Cham: Springer), 63-78.

Russo, E. B. (2018). Cannabis therapeutics and the future of neurology. Front.
Integr. Neurosci. 12:51. doi: 10.3389/fnint.2018.00051

Séanchez, A. J., and Garcia-Merino, A. (2012). Neuroprotective agents:
cannabinoids.  Clin. Immunol. 142, 57-67. doi: 10.1016/j.clim.2011.
02.010

Schley, M., Stinder, S., Kerner, J., Vajkoczy, P., Schiipfer, G., Dusch, M.,
et al. (2009). Predominant CB2 receptor expression in endothelial cells
of glioblastoma in humans. Brain Res. Bull. 79, 333-337. doi: 10.1016/j.
brainresbull.2009.01.011

Schubert, D., Kepchia, D., Liang, Z., Dargusch, R., Goldberg, J., and Maher, P.
(2019). Efficacy of cannabinoids in a pre-clinical drug-screening platform for
Alzheimer’s disease. Mol. Neurobiol. 56, 7719-7730. doi: 10.1007/s12035-019-
1637-8

Stempel, A. V., Stumpf, A., Zhang, H. Y., C)zdogan, T., Pannasch, U, Theis, A. K.,
et al. (2016). Cannabinoid type 2 receptors mediate a cell type-specific
plasticity in the hippocampus. Neuron 90, 795-809. doi: 10.1016/j.neuron.2016.
03.034

Sugiura, T., Kondo, S., Sukagawa, A., Nakane, S., Shinoda, A., Itoh, K., et al. (1995).
2-Arachidonoylglycerol: a possible endogenous cannabinoid receptor ligand
in brain. Biochem. Biophys. Res. Commun. 215, 89-97. doi: 10.1006/bbrc.19
95.2437

Wade, D. T., Robson, P., House, H., Makela, P., and Aram, J. (2003). A
preliminary controlled study to determine whether whole-plant cannabis
extracts can improve intractable neurogenic symptoms. Clin. Rehabil. 17,
21-29. doi: 10.1191/0269215503cr5810a

Xia, R, Samad, T. A, Btesh, ], Jiang, L. H. Kays, I, Stjernborg, L.,
et al. (2011). TRPV1 signaling: mechanistic understanding and therapeutic
potential. Curr. Top. Med. Chem. 11, 2180-2191. doi: 10.2174/156802611796
904843

Yanagawa, Y., Sugahara, K., Kataoka, H., Kawaguchi, T., Masubuchi, Y., and
Chiba, K. (1998). FTY720, a novel immunosuppressant, induces sequestration
of circulating mature lymphocytes by acceleration of lymphocyte homing in
rats. II. FTY720 prolongs skin allograft survival by decreasing T cell infiltration
into grafts but not cytokine production in vivo. J. Immunol. 160, 5493-5499.
doi: 10.1046/j.1365-2567.1998.00639.x

Zajicek, J. P., Ball, S., Wright, D., Vickery, J., Nunn, A., Miller, D., et al.
(2013). Effect of dronabinol on progression in progressive multiple sclerosis
(CUPID): a randomised, placebo-controlled trial. Lancet Neurol. 12, 857-865.
doi: 10.1016/s1474-4422(13)70159-5

Zajicek, J. P., Sanders, H. P., Wright, D. E., Vickery, P. J., Ingram, W. M.,
Reilly, S. M., et al. (2005). Cannabinoids in multiple sclerosis (CAMS) study:
safety and efficacy data for 12 months follow up. J. Neurol. Neurosurg.
Psychiatry 76, 1664-1669. doi: 10.1136/jnnp.2005.070136

Zarruk, J. G., Fernandez-Lépez, D., Garcia-Yébenes, I., Garcia-Gutiérrez, M. S.,
Vivancos, J., Nombela, F., et al. (2012). Cannabinoid type 2 receptor
activation downregulates stroke-induced classic and alternative brain
macrophage/microglial activation concomitant to neuroprotection. Stroke 43,
211-219. doi: 10.1161/strokeaha.111.631044

Zhang, Y., Chen, K,, Sloan, S. A., Bennett, M. L., Scholze, A. R., O'Keeffe, S.,
et al. (2014). An RNA-sequencing transcriptome and splicing database of glia,
neurons, and vascular cells of the cerebral cortex. J. Neurosci. 34, 11929-11947.
doi: 10.1523/JNEUROSCI.1860-14.2014

Ziemssen, T., and Schrempf, W. (2007). Glatiramer acetate: mechanisms of action
in multiple sclerosis. Int. Rev. Neurobiol. 79, 537-570. doi: 10.1016/s0074-
7742(07)79024-4

Zou, S., and Kumar, U. (2018). Cannabinoid receptors and the endocannabinoid
system: signaling and function in the central nervous system. Int. J. Mol. Sci.
19:E833. doi: 10.3390/ijms19030833

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Mecha, Carrillo-Salinas, Feliti, Mestre and Guaza. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org

February 2020 | Volume 14 | Article 34


https://doi.org/10.1038/365061a0
https://doi.org/10.1191/1352458504ms1009oa
https://doi.org/10.1096/fj.04-2464fje
https://doi.org/10.1038/nn.3161
https://doi.org/10.1074/jbc.m707960200
https://doi.org/10.1002/j.1552-4604.1981.tb02621.x
https://doi.org/10.1002/j.1552-4604.1981.tb02621.x
https://doi.org/10.2174/092986710790980014
https://doi.org/10.1523/JNEUROSCI.4628-11.2012
https://doi.org/10.1016/s0165-5728(99)00082-x
https://doi.org/10.1016/s0165-5728(99)00082-x
https://doi.org/10.1089/jir.2013.0158
https://doi.org/10.1016/j.imbio.2009.04.001
https://doi.org/10.1016/j.imbio.2009.04.001
https://doi.org/10.1016/j.bcp.2018.07.049
https://doi.org/10.1016/j.imbio.2010.03.009
https://doi.org/10.1111/j.1476-5381.2011.01238.x
https://doi.org/10.3389/fnint.2018.00051
https://doi.org/10.1016/j.clim.2011.02.010
https://doi.org/10.1016/j.clim.2011.02.010
https://doi.org/10.1016/j.brainresbull.2009.01.011
https://doi.org/10.1016/j.brainresbull.2009.01.011
https://doi.org/10.1007/s12035-019-1637-8
https://doi.org/10.1007/s12035-019-1637-8
https://doi.org/10.1016/j.neuron.2016.03.034
https://doi.org/10.1016/j.neuron.2016.03.034
https://doi.org/10.1006/bbrc.1995.2437
https://doi.org/10.1006/bbrc.1995.2437
https://doi.org/10.1191/0269215503cr581oa
https://doi.org/10.2174/156802611796904843
https://doi.org/10.2174/156802611796904843
https://doi.org/10.1046/j.1365-2567.1998.00639.x
https://doi.org/10.1016/s1474-4422(13)70159-5
https://doi.org/10.1136/jnnp.2005.070136
https://doi.org/10.1161/strokeaha.111.631044
https://doi.org/10.1523/JNEUROSCI.1860-14.2014
https://doi.org/10.1016/s0074-7742(07)79024-4
https://doi.org/10.1016/s0074-7742(07)79024-4
https://doi.org/10.3390/ijms19030833
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Perspectives on Cannabis-Based Therapy of Multiple Sclerosis: A Mini-Review
	INTRODUCTION
	PHYSIOLOGICAL CONTEXT OF CANNABIS-BASED THERAPY: THE ENDOCANNABINOID SIGNALING SYSTEM
	THC/CBD (1:1) IN THE MANAGEMENT OF SPASTICITY AND PAIN ASSOCIATED WITH MS
	THE FIRST LINE OF EVIDENCE: ALTERATIONS TO THE ENDOCANNABINOID SYSTEM IN MS AND ANIMAL MODELS
	SECOND LINE OF EVIDENCE: IMMUNOMODULATORY ACTIONS OF CANNABINOIDS AND THEIR EFFECTS ON THE BLOOD-BRAIN BARRIER
	THIRD LINE OF EVIDENCE: CNS REPAIR MECHANISMS MEDIATED BY CANNABINOIDS
	CONCLUSIONS AND FUTURE DIRECTIONS
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES


