Gareth Pryce and David Baker

Contents

I INtrodUCHION ..o cne ettt e e 214

2 Multiple SCIEIOSIS . ..ttt ittt ettt et 215
2.1 Natural HiStOTY ...ttt e 215
2.2 Pathology, Symptoms and Disability .............cooooiiiiiiiiiiiiiiiiiiiiii, 216
2.3 Endocannabinoids in Multiple SClerosis ...........cccoouiiiiiiiiiiiiiiiiiiiee . 218

3 Amyotrophic Lateral SCIErosis .........oooiiiiiiiiiiiiii i 222
3.1 Natural HiStOry ...ttt et e 222
3.2 Pathology, Symptoms and Disability .............oooiiiiiiiiiiiii ... 222
3.3 Endocannabinoids in ALS ... ... 223

LN 111111 225

RETEICNCES .. .ottt ettt e e 225
Abstract

There are numerous reports that people with multiple sclerosis (MS) have for
many years been self-medicating with illegal street cannabis or more recently
medicinal cannabis to alleviate the symptoms associated with MS and also
amyotrophic lateral sclerosis (ALS). These anecdotal reports have been con-
firmed by data from animal models and more recently clinical trials on the ability
of cannabinoids to alleviate limb spasticity, a common feature of progressive
MS (and also ALS) and neurodegeneration. Experimental studies into the biol-
ogy of the endocannabinoid system have revealed that cannabinoids have effi-
cacy, not only in symptom relief but also as neuroprotective agents which may
slow disease progression and thus delay the onset of symptoms. This review
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discusses what we now know about the endocannabinoid system as it relates to
MS and ALS and also the therapeutic potential of cannabinoid therapeutics as
disease-modifying or symptom control agents, as well as future therapeutic
strategies including the potential for slowing disease progression in MS

and ALS.
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Abbreviations

2-AG 2-Arachidonoyl glycerol

AEA Anandamide

ALS Amyotrophic lateral sclerosis
EDSS Expanded disability status scale
EPSC Excitatory post-synaptic current
FAAH Fatty acid amide hydrolase
FTD Fronto-temporal dementia
GABA Gamma aminobutyric acid
MAG lipase Monoacylglycerol lipase

MS Multiple sclerosis

OEA Oleoylethanolamide

PEA Palmitoylethanolamide

SOD-1 Superoxide dismutase 1

THC A°-tetrahydrocannabinol

1 Introduction

Multiple sclerosis (MS) and amyotrophic lateral sclerosis (ALS) are two relatively
common neurological conditions which are major causes of disability in adults (and
also some children in the case of paediatric MS). The course of disease in MS is
typically slow, with eventual increasing disability leading to death whereas the
course of disease in ALS is typically rapid from diagnosis, with rapidly evolving
disability and typically death within 2 years. This review will discuss what is known
about the influence of the endocannabinoid system in these diseases, what is the
potential influence of endocannabinoids in disease progression and what these
findings may hold for the potential exploitation of the endocannabinoid system as
a therapeutic strategy in MS and ALS.
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2 Multiple Sclerosis
2.1 Natural History

Multiple sclerosis (MS) is an inflammatory, autoimmune, demyelinating disease of
the central nervous system (CNS) and is the most common cause of non-traumatic
neurological disability in young adults of northern European descent (Compston
and Coles 2002, 2008). This disease affects approximately 100,000 people within
the United Kingdom. The absolute number of cases of MS around the world has
gradually increased, which may be as a result of improved diagnosis, as well as
other factors, and currently affects 2—3 million people worldwide (Kurtzke 1993).
The incidence of MS is geographically restricted and particularly occurs with a high
incidence in Northern Europe and in regions colonized by white Northern
Europeans, such as Canada and Northern USA, Australia and New Zealand, with
a gradient of higher incidence further from the equator (Compston and Coles 2002).
MS is more common in females compared to males, with an increasing ratio of
historically 2:1-3:1 today, with a more pronounced female incidence in younger
MS patients with relapsing-remitting disease (RRMS) (Runmarker and Andersen
1993). The highest incidence of MS reported is in the Orkney Isles with an
incidence of 1 in 170 females (Visser et al. 2012). The susceptibility to the
development of MS is influenced by genetics, as shown by an increased concor-
dance of MS in monozygotic twins (~30 %) compared to dizygotic twins (~5 %
concordance rate), and this susceptibility is polygenically controlled (Compston
and Coles 2002, 2008). MS is associated with the expression of certain MHC
haplotypes such as HLADRB1*1501 and is also influenced by over 150 other
immune-related, susceptibility genes (Prat et al. 2005; Sawcer et al. 2011). How-
ever, the discrepancy in concordance of disease incidence in identical twins
demonstrates that other, environmental, factors may influence susceptibility.
Migration studies from low to high incidence areas suggest that the environmental
trigger is acquired before the age of 15 (Compston and Coles 2002). Some have
suggested that it may relate to age of infection and there is a long-standing
hypothesis that this could relate to Epstein Barr Virus (EBV) infection (Ascherio
and Munger 2010). The vast majority of people with MS, if not all, have been
shown to have been infected with EBV compared to 90 % of the general population,
and there is increased frequency of MS in people who developed glandular fever
(Handel et al. 2010). This is indirectly supported by the geographic distribution of
people with MS (Ebers and Sadovnick 1993). Vitamin D levels can influence the
immune response and may even be important in utero (Willer et al. 2005), and a
“month of birth” effect has been reported in a number of studies where in the
northern hemisphere, there was a 5 % excess of cases among patients born in April
and 5-8 % reductions in MS risk associated with birth in October or November.
This suggests that ambient UV radiation and hence maternal vitamin D levels are
prenatal environmental modulators of MS risk. Importantly, a number of genes
associated with MS, such as certain human leucocyte antigen (HLA) haplotypes,
contain vitamin D responsive elements in their promoter regions that can influence
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expression and may link environmental and genetic susceptibility elements
(Ramagopalan et al. 2009, 2010). MS most commonly (approximately 80 %)
presents as a series of relapsing-remitting episodes of loss of neurological function
due to conduction block in axons that eventually develops into a chronic, secondary
progressive MS (SPMS) phase with no remission and with increasing disability
over time, which correlates with CNS atrophy and axonal loss, particularly in the
spinal cord (Bjartmar et al. 2000). In addition, a subtype of MS, primary progressive
MS (PPMS) presents as a progressive degenerative phenotype in 10-15 % of
patients after an initial bout of CNS inflammation (particularly in those with a
disease onset later in life), which along with secondary progressive MS is largely
refractory to currently available MS therapies such as immunomodulation (Miller
and Leary 2007) and where neuroprotective strategies are urgently indicated.
Clinically, PPMS develops at a later age than RRMS, with onset in the fourth
decade rather than the third decade as seen in RRMS (Andersson et al. 1999) and
with a lower female preponderance. As such, about 80 % of people with MS will be
severely disabled within 25 years from disease onset.

2.2 Pathology, Symptoms and Disability

MS is associated with blood:brain barrier dysfunction due to high levels of mono-
nuclear cell infiltration that arises around post-capillary venules in the CNS in a
tissue where the normal level of leucocyte traffic is extremely limited. Leucocytes
then invade the brain parenchyma leading to an expanding ring of macrophage-
mediated myelin destruction. This leads to the pathological hallmark of MS, which
is demyelination of the white and grey matter, due to loss of oligodendrocytes and
myelin. Although initially there is remyelination (shadow plaques), the innate
capacity to repair eventually becomes exhausted and astrogliotic scars are formed
within demyelinated plaques and there is significant neuronal loss. Whilst lesion
load is decreased following successful immunosuppressive treatment (Jones and
Coles 2010; Polman et al. 2006), suggesting that leucocyte infiltration to the CNS is
part of the primary insult in MS, it has also been suggested that damage to the
astrocyte or oligodendrocyte may be the primary event followed by infiltration of
mononuclear cells (Barnett and Prineas 2004; Parratt and Prineas 2010).

As the disease evolves, inflammatory attacks in the CNS increase the burden of
demyelination and a dystrophic environment that leads to eventual neuronal and
axonal loss, which impairs normal levels of neurotransmission. As a consequence
of neuronal/axonal loss, there is the increasing development of additional
distressing symptoms such as incontinence, limb tremor, pain, spasms, fatigue
and spasticity, which have a major negative impact on quality of life indices
(Compston and Coles 2002; Confavreux and Vukusic 2006). The time taken to
convert to a secondary progressive neurodegenerative phenotype can vary widely
between individuals and may reflect differences in an individual’s ability to cope
with episodes of neuronal insult, perhaps consistent with genetic control and
heterogeneity of disease (Compston and Coles 2002). In approximately a quarter
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of cases, neurological disability does not reach a level where it impinges on daily
living, but conversely, in around 15 % of cases the progression to disability is rapid.
The prognosis for patients is better in cases where sensory symptoms dominate the
course of disease, and there is a complete recovery from these symptoms at
remission whereas the prognosis is poorer when there is motor involvement such
as deficits of pyramidal, visual, sphyncteric and cerebellar systems (Amato and
Ponziani 2000). Frequent relapses and incomplete recovery plus a short time period
between the initial neurological event and the subsequent relapse also have a poorer
prognosis. There is also a poorer prognosis for the disease in older men who
develop MS (Compston and Coles 2002). However, once a threshold of disability
has been reached, disability progression is remarkably uniform (Confavreux
et al. 2000), and approximately 90 % of RRMS patients will develop progressive
disease after 25 years of clinical follow-up (Weinshenker et al. 1989). It may be that
given enough time, all RRMS patients will eventually convert to the progressive
phase of the disease. A recent study demonstrated that disability progression seems
to follow a two stage course. The first stage, corresponding to clinical disease onset
to irreversible Kurztke expanded disability status scale (EDSS) level 3, is depen-
dent on ongoing focal neuroinflammation. There is a second stage, from irreversible
disability scale 3 to irreversible disability scale 6, which is independent of ongoing
focal neuroinflammation where neuroprotective strategies are indicated, rather than
immunomodulatory therapies which are indicated for the phase one stage of MS
(Leray et al. 2010).

Whilst immune-mediated conduction block and destruction of CNS myelin,
followed by lesion resolution and limited myelin repair, may account for the
relapsing-remitting nature of the disease, what is less clear are the mechanisms
that account for the conversion to the chronic neurodegenerative secondary phase,
which appears to be independent of, though worsened by, the accumulated neuronal
dysfunction accompanying relapses (Bjartmar et al. 2003). A gradual degeneration
of predominantly the pyramidal and cerebellar systems evolves which is often
accompanied by sphincter and sexual dysfunction (Amato and Ponziani 2000).
Axonal pathology during MS has been re-examined in recent years, a shift away
from the predominant focus on demyelination, and it has been established that CNS
atrophy and axonal loss occurs, coincidentally with inflammatory lesion formation,
early in the relapsing-remitting phase. This may be accommodated initially by
utilisation of spare neuronal capacity in the CNS, remodelling of neuronal circuits
(neural plasticity) or an increase in the number of neural precursors in some
lesioned areas contiguous with subventricular zones (Chang et al. 2008). However,
as the disease continues, a threshold is reached, beyond which permanent
impairment and increasing disability are established (Bjartmar et al. 2000, 2003;
Confavreux et al. 2000; Confavreux and Vukusic 2006). This suggests that axonal
loss rather than myelin damage is the key determinant of progressive disability in
MS. In addition, a doubling in the levels of glutamate, an excitatory amino acid that
has been shown to be neurotoxic in excess, is seen in the CSF of MS patients
undergoing an inflammatory episode (Stover et al. 1997).
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In experimental allergic encephalomyelitis (EAE), an animal model of MS
induced by the development of autoimmunity against myelin antigens, 15-30 %
of spinal cord axons can be lost before permanent locomotor impairment is noted
(Bjartmar et al. 2000). After a number of relapse events, permanent disability
develops with significant axonal loss in the spinal cord (40-80 %, as also occurs
in MS), and the development of hind limb spasticity and tremor (Baker et al. 2000),
which may reflect preferential loss of inhibitory circuits in certain locations of the
spinal cord and their influence on signalling to skeletal muscles. Whilst inflamma-
tory events are associated with axonal transections, chronic demyelination may
contribute to a slow degenerative process.

As increasing numbers of axons are lost, this creates an extra burden on the
remaining neurons and potential neurototoxicity due to increased metabolic
demand or excitotoxic mechanisms on these neurons within the neural circuitry.
Thus, a slow amplifying cascade of neuronal death may be triggered, which could
occur independently of significant inflammation. This would be compatible with
the slow progression in secondary progressive MS and the inability of potent
immunosuppressive agents, which successfully suppress disease activity during
the relapsing-remitting phase, to inhibit this aspect of disease despite their efficacy
in reducing blood:brain barrier dysfunction and the relapse rate (Confavreux and
Vukusic 2006). During all neurodegenerative diseases, symptoms occur because
homeostatic control of neurotransmission is lost and may result from increased
neurotransmission by excessive signalling of excitatory circuits or loss of inhibitory
circuits or vice versa. As it appears that an important function of the endogenous
cannabinoid system is the modulation of neurotransmitter release via CB, receptor
expression at pre-synaptic nerve terminals (Wilson and Nicoll 2002), this raises the
possibility of therapeutic intervention in CNS events for symptom control or
disease modification by the manipulation of this system.

2.3 Endocannabinoids in Multiple Sclerosis

2.3.1 Experimental Evidence

The first evidence for the involvement of the endocannabinoid system in multiple
sclerosis was obtained from a mouse model of multiple sclerosis (EAE). Here it was
shown that mice that had entered the chronic phase of disease, accompanied by
profound neurodegeneration leading to the development of hind-limb spasticity,
had elevated levels of the endocannabinoids anandamide [arachidonoyletha-
nolamide (AEA)], the anandamide congener palmitoylethanolamide (PEA) and
2-arachidonoyl glycerol (2-AG) in the brain and spinal cord, compared to
non-spastic EAE mice and normal controls. Spasticity was ameliorated by CB;
receptor agonists but also by elevation of the endogenous Ilevels of
endocannabinoids via inhibition of their uptake or degradation (Baker et al. 2000,
2001). Importantly, spasticity was transiently increased after the administration of
Rimonabant®, a CB, receptor inverse agonist/antagonist and strongly suggested the
presence of an endogenous endocannabinoid tone which was elevated in response
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to the development of limb spasticity. This amelioration of hind-limb spasticity is
CB,-dependent (Pryce and Baker 2007) and can be achieved by the elevation of the
endogenous levels of endocannabinoids via inhibition of the putative AEA trans-
porter (Baker et al. 2001; de Lago et al. 2004, 2006), inhibition of the degradation of
AEA via fatty acid amide hydrolase (FAAH) inhibition (Pryce et al. 2013) or
inhibition of the degradation of 2-AG via the inhibition of monoacylglycerol lipase
(MAG lipase) (Pryce et al. 2013).

Endocannabinoids also have an important role in neurodegenerative processes
arising from neuroinflammation, which was confirmed by the observation that CB;-
deficient mice show an increased rate of neurodegeneration compared to wild-type
mice undergoing EAE or experimental autoimmune uveitis (Jackson et al. 2005;
Pryce et al. 2003).

In another study, EAE-induced alterations of glutamate-mediated cortico-striatal
excitatory postsynaptic current (EPSC) frequencies were exacerbated in mice
lacking CB; receptors on glutamatergic neurons (Glu-CB1R-KO), indicating that
this subset of receptors controls the effects of inflammation on glutamate release
and mediates the potential excitotoxic effects of enhanced glutamate levels
(Musella et al. 2014).

The rate of neurodegeneration in EAE can be decreased by the exogenous
administration of either CB; agonists (Croxford et al. 2008), by exogenous 2-AG
administration (Lourbopoulos et al. 2011), via pharmacological inhibition of
endocannabinoid (AEA) degradation/uptake (Cabranes et al. 2005) or by the
genetic ablation of FAAH, the enzyme that degrades AEA (Webb et al. 2008;
Rossi et al. 2011; unpublished observation from this laboratory). Also, oligoden-
drocyte (the cell responsible for the production of myelin) excitotoxicity and white
matter damage have been reported to be ameliorated by the administration of a
MAG lipase inhibitor via enhancing endogenous levels of 2-AG, in contrast to the
inhibition of FAAH, which had no effect in this animal model of MS (Bernal-Chico
et al. 2015). In another study, EAE was also ameliorated via the selective inhibition
of MAG lipase (Hernandez-Torres et al. 2014).

Endocannabinoid (AEA and 2-AG) levels have been reported to be decreased in
EAE in response to neuroinflammation (Cabranes et al. 2005) and in another study
2-AG was also found to be decreased (Witting et al. 2006). However, in contrast, an
increase in AEA but not 2-AG has also been reported in EAE (Centonze
et al. 2007). Excessive glutamate-mediated synaptic transmission and secondary
excitotoxicity have been proposed as key determinants of the neurodegenerative
damage in MS arising from neuroinflammation (Smith et al. 2000), and the primary
action of neural CB; receptors is to regulate synaptic transmission via regulation of
glutamate release from synaptic vesicles (Marsicano et al. 2003). Further evidence
that supports this hypothesis is the observation that mice with genetically deleted
CB, receptors show enhanced neurodegeneration as a result of neuroinflammation
(Pryce et al. 2003), via enhanced neuronal apoptosis mediated by caspase-3
(Jackson et al. 2005) and loss of the neuroprotective effect of pharmacological
potentiation of CB; signalling during neuroinflammation (Croxford et al. 2008).
This protective action of CB; receptors may be via the suppression of tumour



220 G. Pryce and D. Baker

necrosis factor o (TNFa)-mediated potentiation of striatal spontaneous glutamate-
mediated EPSCs, which may contribute to the inflammation-induced neurodegen-
erative damage observed in EAE mice (Rossi et al. 2011). Decreases in CB;
receptor levels in certain brain regions (striatum and cortex) in rat EAE have
been reported, but this is accompanied by an increased coupling to GTP-binding
protein-mediated signalling pathways, indicating a potential compensatory mecha-
nism is in play here (Berrendero et al. 2001).

The role of the endocannabinoids in CB, receptor-mediated modulation of cells
of the immune system in neuroinflammation is more contentious. It has been
reported that selective stimulation of CB, receptors in C57B1/6 mouse EAE can
ameliorate disease (Kong et al. 2014). However, in a study with CB,-deficient mice
using a genetic strain (Biozzi ABH) that shows far more robust disease than C57Bl/
6, it was shown that immunosuppression obtained by administration of high-dose
A9-tetrahydrocannabinol (THC) is maintained in CB,-deficient mice. This indicates
that THC-induced suppression of neuroinflammation does not result from CB,
receptor activation but probably, rather from CB; receptor-mediated stimulation
of glucocorticoid release via the hypothalamic/pituitary/adrenal axis (Sisay
et al. 2013), with no immunomodulatory effect induced by a CB, selective receptor
agonist in wild-type mice. That this immunosuppressive activity of THC is CB,
receptor mediated is confirmed by the observation that THC-induced immunosup-
pression is lost in either global CB; knockout animals or where CB; is conditionally
deleted in nerve cells (Maresz et al. 2007).

In summary, experimental studies have revealed that the endocannabinoid
system is actively involved in protection against neurodegeneration arising from
neuroinflammation and also positive benefits from CB; agonists such as THC and
Sativex® in symptom control in MS point to the potential benefits of
endocannabinoid modulation in these conditions.

2.3.2 Clinical Evidence

Endocannabinoids have been reported to be implicated in the pathophysiology of
MS. AEA has been reported to be elevated in the cerebrospinal fluid (CSF) of MS
patients compared to controls. Elevated levels of AEA were also seen in peripheral
blood lymphocytes in this patient cohort (Centonze et al. 2007). In another study,
increased plasma levels of AEA, oleoylethanolamide (OEA) and PEA were
detected in MS patients, and increased AEA was seen in relapsing-remitting
(RRMS), secondary progressive (SPMS) and primary progressive (PPMS) MS
(Jean-Gilles et al. 2009). An increase in PEA was seen in RRMS and SPMS plasma
but not PPMS. OEA was increased in the plasma of SPMS patients only. The levels
of 2-AG was unchanged compared to controls across all three MS variants. A
caveat here is that blood levels of endocannabinoids may not correlate to the levels
of endocannabinoids that pertain to the more clinically relevant setting of the CNS.
However, it has also been reported that both AEA and 2-AG levels are significantly
reduced in the CSF of MS patients versus control subjects with lower values
detected in the SPMS group. Higher levels of AEA and PEA, although below
those of controls, were found in the CSF of relapsing-remitting MS patients during
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a relapse and increased levels of AEA, 2-AG and OEA were found in patients with
active neuroinflammatory lesions (Di Filippo et al. 2008). Further evidence for the
potential reduction of endocannabinoids in MS was provided by the observation
that enhanced FAAH expression was detected in active lesions in MS brain tissue
(Benito et al. 2007).

To date there are no reports of clinical trials on the efficacy of the modulation of
endocannabinoid levels in multiple sclerosis for either symptom relief or
neuroprotection. However, the efficacy of cannabinoid agonists (THC, Sativex®)
in the amelioration of spasticity has now been proven in a number of clinical studies
(Fernandez et al. 2014; Flachenecker et al. 2014; Lorente Serpell et al. 2013;
Zajicek et al. 2005, 2012). Sativex™ has been licensed for the treatment of spasticity
in MS. There has also been one study investigating the neuroprotective potential of
THC to slow the development of disability in MS (Zajicek et al. 2013). This
stemmed from follow-up studies in symptomatic trials that suggested a
neuroprotective effect of THC (Zajicek et al. 2005). Participants in the
neuroprotective trial were randomly assigned to receive THC capsules or placebo
capsules, to be taken by mouth over a period of 3 years. 329 people were allocated
to receive the THC capsules and 164 were allocated to the placebo group. For each
participant, the first 4 weeks of the trial were devoted to establishing the best
tolerated dose of study treatment. For the remainder of the study period, participants
remained on a stable dose of trial treatment, as far as possible, before the dose was
gradually reduced to zero at the end of the treatment period. The study was “double-
blind”, meaning that neither the participants nor the doctors and nurses involved at
the study sites knew which treatment group they were in. Despite the abundant
experimental evidence that cannabinoid therapy has a neuroprotective role in a
spectrum of neurological diseases, overall the study found no evidence that THC
had an effect on MS progression in either of the main outcomes [the EDSS
neurological assessments conducted by doctors at the study clinics or the 29-item
multiple sclerosis impact scale (MSIS-29) questionnaire responses provided by the
participants]. The EDSS and MSIS-29 scores showed little change over the course
of the study, and no difference was found between the active and placebo groups. A
confounding finding was that the placebo group had not progressed as expected,
which complicates assessing the value of the trial. However, and potentially
importantly, there was some evidence from subgroup analysis that THC might
have a significant (p < 0.01) beneficial effect in participants at the lower end of the
EDSS disability scale (<5.5 EDSS) where people tend to progress more rapidly
(Leray et al. 2010). There was also some evidence from the two main study
assessments (EDSS and MSIS-29) that participants with less disability had some
slowing of MS progression, but the number of people in this category was too small
(in statistical terms) to conclude with any certainty that THC is effective in slowing
MS progression. More research will be needed to investigate these findings, and
patients will need to be selected at the lower end of the disability spectrum before
meaningful conclusions on the neuroprotective ability of cannabinoids or
endocannabinoids to slow the rate of disease progression in MS can be drawn.
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3 Amyotrophic Lateral Sclerosis
3.1 Natural History

ALS is a fatal progressive neurodegenerative condition predominantly of later life
that primarily affects motor neurons in the spinal cord, brainstem and motor cortex,
leading to complete paralysis and death usually within 3-5 years from diagnosis.
The majority of cases of ALS are sporadic, but there are also familial cases which
are now increasingly identified. One is the inheritance of autosomal dominant
mutations in the superoxide dismutase (SOD-1) gene encoding for the antioxidant
enzyme Cu/Zn-superoxide dismutase (Rosen et al. 1993). Another more recently
discovered cause of hereditary ALS is the inheritance of an autosomal dominant
hexanucleotide repeat expansion in the non-coding region of the gene COORF72
(De Jesus-Hernandez et al. 2011; Renton et al. 2011), which is also associated with
fronto-temporal dementia (FTD).

The annual incidence rate of ALS in Europe is 2.16 per 100,000 person years,
with similar incidence rates across all countries studied. The incidence was higher
among men (3.0 per 100,000 person years) than among women (2.4 per 100,000
person years), and incidence decreases dramatically after 80 years of age
(Logroscino et al. 2010). Both upper motor neurons and lower motor neurons
degenerate in ALS and the communication between the neuron and muscle is
lost, prompting progressive muscle weakening and the appearance of fasciculations
(persistent muscle twitches). In the later disease stages, the patients become pro-
gressively paralyzed and up to 50 % of people with ALS can show cognitive
impairment, particularly involving more severe executive dysfunction and mild
memory decline.

To date the anti-glutamatergic agent Riluzole (Rilutek®) is the only licensed
medication for ALS whose mechanism of action is by blockade of voltage-
dependent sodium channels on motor neurons (Cheah et al. 2010). However, only
a modest increase in survival time is seen with Riluzole, indicating the urgent need
for better therapeutics for ALS. The major problem with ALS currently is that at the
time of diagnosis, the disease progression is already well advanced, with significant
motor neuron loss, and so the administration of therapeutics is unlikely to signifi-
cantly affect disease course. However, particularly in familial ALS, those at risk of
developing ALS could be identified well before significant pathology has devel-
oped, and so neuroprotective agents may be administered prophylactically to
hopefully delay or prevent the development of ALS.

3.2 Pathology, Symptoms and Disability

The pathogenesis of ALS is still incompletely understood, but a number of
mechanisms have been implicated including neurofilament accumulation leading
to cellular inclusions via defective protein processing, disruption of axonal trans-
port, neurotransmitter-mediated excitotoxicity, oxidative stress, mitochondrial
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dysfunction and also neuroinflammation with extensive microglial activation
(Bilsland et al. 2008; Malik et al. 2013; Rao and Weiss 2004; Strom et al. 2008;
Zhao et al. 2008). An established hallmark of ALS is the presence of various
inclusion bodies in degenerating neurones and surrounding reactive astrocytes.
Ubiquitinated inclusions are the most common and specific type of inclusion in
ALS and are found in lower motor neurons of the spinal cord and brainstem
(Matsumoto et al. 1993). ALS typically presents as muscle weakness and/or
fasciculations, which gradually worsen, bulbar symptoms (speech problems and
difficulty swallowing) and eventually respiratory problems leading to failure.
Spasticity can develop in weakened atrophic limbs affecting dexterity and gait,
and at the later stages of disease flexor spasms may develop due to excessive
activation of the flexor arc in a spastic limb (Wijesekera and Leigh 2009).

Many of these mechanisms and symptoms may be amenable to manipulation via
the pharmacological action of cannabinoid receptor agonists or by the manipulation
of the levels of endogenous endocannabinoids.

3.3 Endocannabinoids in ALS

3.3.1 Experimental Evidence

Compared to MS, there is a relative paucity of studies on endocannabinoids and
ALS. The main source of evidence for the potential role of endocannabinoids and
cannabinoids in the amelioration of ALS comes from studies conducted in the
G93A-SODI1 mouse, which is a transgenic mouse strain expressing the human
mutated SOD-1 autosomal dominant gene expressed in familial cases of ALS
(Tu et al. 1996). This mouse model displays many of the clinical and pathological
hallmarks of ALS, and evidence for the involvement of the endocannabinoid
system has been obtained by several groups using this model system.

Increases in the levels of both AEA and 2-AG have been reported in the lumbar
regions of the spinal cords of G93A-SOD 1 mice, which is the first portion of the
spinal cord to show neurodegeneration before overt motor impairment (Witting
et al. 2004). It is postulated that the increase in endocannabinoid levels is an
endogenous neuroprotective mechanism in response to neurodegenerative pro-
cesses. Supportive evidence for this was provided by the observation that genetic
ablation of FAAH in G93A-SOD 1 mice, thereby increasing AEA levels, signifi-
cantly delayed disease progression, which was also demonstrated by treating
G93A-SOD 1 mice with the CB;/CB, agonist WIN 55,212 (Bilsland et al. 2006).
However, WIN 55,212-2, or elevation of endocannabinoid levels by FAAH abla-
tion, had no effect on life span. Genetic depletion of the CB; receptor, in contrast,
had no effect on disease onset in G93A-SOD 1 mice but significantly extended life
span. These results showed that cannabinoids have significant neuroprotective
effects in this model of ALS but suggested that these beneficial effects may be
mediated by non-CB; receptor mechanisms such as the activation of CB, receptors
(also activated by WIN 55-212) that putatively suppress neuroinflammatory pro-
cesses. Further evidence for the involvement of the CB, receptor was demonstrated
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by the observation that CB, receptors are dramatically upregulated in the spinal
cords of G93A-SOD 1 mice. This is presumably in activated cells of the immune
system such as microglia, and administration of the selective CB, agonist
AM-1241 at onset of neurological signs increased the survival interval after disease
onset by 56 % (Shoemaker et al. 2007).

The sensitivity of cannabinoid CB; receptors controlling both glutamate and
gamma aminobutyric acid (GABA) transmission was potentiated in ALS mice,
indicating that adaptations of the endocannabinoid system might be involved in the
pathophysiology of ALS (Rossi et al. 2010). Excitatory and inhibitory synaptic
transmission was investigated in the striatum of G93A-SOD1 ALS mice, along with
the sensitivity of these synapses to cannabinoid CB; receptor stimulation. There
was a reduced frequency of glutamate-mediated EPSCs and increased frequency of
GABA-mediated spontaneous inhibitory postsynaptic currents recorded from
striatal neurons of ALS mice, possibly due to presynaptic defects in neurotransmit-
ter release via CB; receptor overactivity (Rossi et al. 2010). In hippocampal neuron
cultures, there was a blocking of the TNF-a (a proinflammatory cytokine), induced
increase of the expression of AMPA glutamate receptors via CB; receptor stimula-
tion and a subsequent protection from excitotoxic death (Zhao et al. 2010).

Increases in N-acylphosphatidylethanolamine phospholipase D (one of the
enzymes responsible for the generation of AEA) and CB, receptors were detected
in the spinal cords of male G93A-SOD 1 mice but in female mice only increases in
CB, receptors were reported, pointing to an increase in neuroinflammation in these
animals (Moreno-Martet et al. 2014). Treatment of these mice with a Sativex®-like
combination of phytocannabinoids only produced weak improvements in the pro-
gression of neurological deficits and survival, particularly in females (Moreno-
Martet et al. 2014). These experimental data point to the potential role of the
endocannabinoid system as a promising therapeutic avenue for the treatment of
ALS although much further work needs to be done.

3.3.2 (Clinical Evidence

To date, there is little clinical evidence on endocannabinoids or cannabinoid
therapy in ALS, but the preclinical experimental data indicate that there may be a
clinical state of endocannabinoid deficiency involved. People with ALS have
reported that cannabis can alleviate some of the symptoms associated with ALS
such as pain and muscle spasms, appetite improvement and alleviation of depres-
sion and excessive drooling (sialorrhea) due to the reduction in saliva production
(Amtmann et al. 2004). Patients who were able to get access to cannabis found it
preferable to prescribe medication for their symptoms (Carter et al. 2010). In
addition to pain, spasticity is also a major problem for patients with ALS and
patients report that cannabis can subjectively improve spasticity (Amtmann
et al. 2004). However, a small scale study on cramps in ALS did not demonstrate
a subjective improvement in cramp intensity in 27 ALS patients in a randomised
double-blind crossover trial with 5 mg THC twice daily (Weber et al. 2010). The
situation for cannabis and ALS is analogous to that of MS at the beginning of this
century, with anecdotal patient reports of potential efficacy that needs to be
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followed up by properly designed randomised clinical trials that can properly
examine the therapeutic benefit of cannabis or the endocannabinoids in symptom
management or their potential for disease modification.

4 Summary

The beneficial therapeutic effects of cannabinoids and potentially the
endocannabinoids in symptom management in MS can now be said to be proven,
particularly for symptoms such as spasticity. The potential for cannabis in slowing
disease progression in MS is less clear, but experimental evidence clearly suggests
that cannabis and the endocannabinoids are definitely neuroprotective, and the
findings of a single clinical trial performed with THC capsules, though certainly
not definitive, do suggest that there was a neuroprotective benefit in a sub-group of
patients with a lower initial level of disability (although the numbers in this group
were too low for a definitive conclusion). Such a clinical trial needs to be repeated
in a larger group of MS patients with lower levels of disability on entering the study.
In ALS, the field is some years behind that of MS. Experimental studies do point to
a potential role of cannabis and the endocannabinoids in the management of this
disease, particularly with regard to symptoms such as pain and spasticity, but also
potentially in the modification of disease progression, and the need for clinical trials
in this area to investigate this is indicated.
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